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1. Introduction

La®, a transition metal ion, is useful for radiotherapeutic
applications, catalysis, and the synthesis of nanosized
materials.'® Additionally, La*" binds strongly to the Ca**
binding sites in proteins owing to their size equivalence.*® Due
to the increased utility of lanthanum compounds in the
industry, their discharge into the environment poses a greater
threat to life.”*° Therefore, the accurate determination of La*" is
of great significance for human health and environmental
monitoring. In recent years, fluorescent probes have been
developed as a useful tool for analyte detection because of their
low cost, simple operation and potential applications in envi-
ronmental and biological systems."”** Thus, the development
of fluorescent probes for sensing La** is necessary.

Huang's team synthesized a calix[6]arene-based fluorescent
probe for fluorescence enhancement detection of La®" ions in
solution.'® Areti et al. developed a glucopyranosyl conjugate as
a fluorescent probe for the fluorescence turn on detection of
La*" in solution and living cells."”

Yang's team reported a coumarin-based fluorescent probe
for the fluorescence turn-on detection of La*" in solution and
living cells.*® However, these reported fluorescent probes dis-
played “turn on” response to La**, which is not obvious for La**
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selectively and sensitively accompanied with an obvious fluorescence and color change from green to
blue. Moreover, with the help of AIE properties, probe N achieved the detection of La*" in the solid state.

detection by the naked eye. To date, AlE-active fluorescent
probes have received considerable attention because they can
emit strongly in the aggregated or solid state, detecting analytes
in the aggregated states via a fluorescence colorimetric
method.'** Therefore, the development of AIE probes for La**
is urgent.

In this work, we reported an AIE probe N, which displayed
fluorescence colorimetric response towards La**. Additionally,
the sensing mechanism of probe N for La*" was proved using
FT-IR, NMR and HRMS and further demonstrated through DFT
calculations. Furthermore, probe N exhibited intense yellow—
green emission in the solid state and could detect La** in the
solid state, resulting in obvious fluorescence and color change.
In addition, the comparison of the common methods and probe
molecules of probe N with the previously reported La** probes is
shown in Table S1.}

2. Experimental

2.1. General comments

"H NMR spectra were recorded on a Bruker AV-600 spectrometer
in d¢-DMSO. IR spectra were recorded with a PerkinElmer IR
spectrophotometer. A Pgeneral TU-2550 UV-vis spectropho-
tometer and a PerkinElmer LS55 fluorescence spectrometer
were employed to measure absorption and fluorescence spectra,
respectively. Mass spectra were acquired on an Agilent 6220
Quadruple LC/MS (Agilent Co, USA). X-ray diffraction data were
collected on a Bruker Smart CCD X-ray single-crystal diffrac-
tometer. TEM studies were carried out using a Maerwen zs90
scanning electron microscope at 100 kV. DLS data were ob-
tained using a JEM-2100F nanometer laser particle analyzer.
All the materials for synthesis and spectral analysis are
commercially available and used without further purification.
The stock solutions (10 mM) of various metal ions were
prepared from AgNO; KCl, MgCl,-6H,0, Ba(ClO,),, Zn(NO3),-
-6H,0, Cu(NO;),3H,0, Cd(NO,), -4H,0, Pb(NO;)C0SO,- 7H,0,
NiCl,-6H,0, CaCl,, Al(NO;);-9H,0, MnCl,-4H,0, HgCl,,
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Scheme 1 Synthesis route of probe N.

Na,SO,, FeCl,-4H,0, FeCl;-6H,0, LiNO;, La(NOs);-6H,O0,
SrCl,-6H,0, and Bi(NOj);-5H,0. The pH of L solution was
adjusted with HCl and NaOH aqueous solutions. For fluores-
cence measurements, the excitation wavelength was 380 nm
and the excitation and emission wavelength band passes were
both set at 5 nm.

2.2. Synthesis

As shown in Scheme 1, naphtho[2,3-c]furan-1,3-dione (198 mg,
1 mmol) and 2-hydrazinylbenzo[d]thiazole (165 mg, 1 mmol)
were dissolved in 10 mL glacial acetic acid solution and stirred
for 5 h.*® After the completion of the reaction, the solvent was
cooled to room temperature and filtered to obtain a pale green
compound (169 mg, yield 49%). "H NMR (Fig. S11) (600 MHz,
DMSO) 6 11.07 (s, 1H), 8.63 (s, 2H), 8.29 (t, 2H), 7.82 (m, 3H),
7.43 (m, 1H), 7.30 (m, 1H), 7.16 (m, 1H). *C NMR (Fig. S21) (151
MHz, DMSO-d6) é (ppm) 191.21, 179.17, 171.63, 162.30, 160.82,
133.05, 131.69, 130.72, 130.25, 127.87, 127.39, 126.69, 124.64,
124.11, 116.54, 112.49, 106.47, 60.97, 55.87. ESI-MS (Fig. S37):
caled for C,,H,6N;0S: 346.06502 [N + H]', found: 346.06381.

3. Results and discussion
3.1. The optical properties of AIE

As shown in Fig. 1a, probe N displayed obvious green fluores-
cence with emission peaks at 515 nm and 467 nm. The fluo-
rescence spectra of probe N (10~° M) in EtOH/H,O mixture with
different water fractions (f,,) were illustrated in Fig. 1b for
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studying the AIE properties. The probe N in pure ethanol
solution displayed a maximum emission near 475 nm and blue
fluorescence was observed. The fluorescence intensity at
475 nm starts to decrease after water fraction higher than 10%
and a new shoulder peak appeared at 545 nm. When f;, = 90%,
the emission peak at 545 nm reached the maximum. In addi-
tion, probe N showed average particle diameter with 255 nm in
EtOH and 295 nm in 90% water, respectively (Fig. S41). The
result suggested that water molecule induced the aggregation of
probe N molecules. The above results indicated that the probe N
possessed AIE activity.

3.2. Fluorescence spectra studies of probe N

The sensing ability of probe N towards various analytes (Ag", K',
Na“, Li*, Pb*", Mg?*, Ca**, Zzn>**, Cd**, Mn*", Ba®**, Hg*>*, Co™",
Ni*", sr**, AI**, Fe*", Cr*, Bi*", La®" and Cu®") was examined in
the EtOH-H,0 (v/v = 1/9, pH 7.4) system (Fig. 2a). The emission
peak at 545 nm of probe N was blue-shifted to the 460 nm along
with obvious fluorescence enhancement and the fluorescence
and color changed from green to blue under 365 nm UV lamp
after the addition of the La*" ion. However, upon the addition of
the above other metal ions, the fluorescence intensity of probe
N displayed insignificant changes. Therefore, the selectivity of
probe N towards La®" was supported by fluorescence spectra or
naked eyes.

The competition experiments were carried out in the pres-
ence of the above metal ions by measuring the fluorescence
intensity at 475 nm under the same condition (Fig. S51). The
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(a) The emission spectra of probe N in the solid state. (b) Fluorescence spectra of probe N (10 uM) in EtOH/H,O with different water
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(a) Fluorescence spectra of probe N (10 pM) in the presence of various metal ions (50 uM) in EtOH/H,O (9/1, v/v, pH = 7.4) medium. Inset:

The color change of probe N (10 uM) before and after the addition of La®>* (50 M) in the EtOH/H,O (1/9, v/v, pH = 7.4) medium under 365 nm UV
light. (b) The fluorescence spectra of probe N (10 M) upon the addition of different concentrations of La®* in the EtOH/H,O (1/9, v/v, pH = 7.4)

medium.

probe N (10 uM) was treated with La®" (50 uM) in the presence of
the above metal ions (50 uM) with the same concentration,
respectively. N-La>" still displayed the obvious emission in the
presence of other metal ions except for Co”* and Cu®", indi-
cating that probe N showed high sensitivity to La*".

In addition, the fluorescence titrations for La** were carried
out in EtOH-H,O0 (v/v = 1/9, pH 7.4) solution. In Fig. 2b, as the
concentration of La*" increased from 10 uM to 10 pM, the
fluorescence intensity exhibited a gradual increase and the
maximum emission wavelength was blue shifted to 475 nm.
Also, the good linear fit range of probe N to La>" (0-30 pM) was
observed. The limit of detection (LOD) of probe N to La*" was
calculated to be 3.6 x 10~" M based on the 30/k criterion (where
g is the standard deviation of the blank measurements, and & is
the slope of the intensity ratio versus sample concentration
plot). Therefore, the above results indicated that probe N could
quantitatively detect La*".

3.3. Sensing mechanism of probe N for La**

To explore the sensing mechanism of probe N with La**, the "H
NMR (Fig. S67), FT-IR (Fig. S71) and HRMS spectra (Fig. S87) of
probe N and N + La*" were measured. In the "H NMR spectra
(Fig. S41), after the addition of 1 equiv. La*", the OH proton (Ha)
at 11.1 ppm disappeared, indicating the occurrence of the
deprotonation process in the presence of La** (Scheme 2). Also,
the characteristic -OH absorption peak at 3450 cm ™" and the
characteristic -C=N absorption peak at 1658 cm '

disappeared, indicating that the N atom in the -C=N group and
the O atom in the -C=N group might interact with La*".
Further, the HRMS of N + La*" were measured in the EtOH/H,O
(1/9, V/V, pH = 7.4) solution. We found m/z = 544.93903, which
could be assigned to [N — H + La*" + NO; | (m/z, Cal,
544.94354), suggesting that a certain complex was formed
between probe N and La**. Therefore, according to the above
analysis, a possible sensing mechanism of probe N for La®" is
proposed in Scheme 2. The stoichiometry of probe N with La**
was further confirmed by Job's plot analysis (Fig. S7t). The total
concentration of probe N and La** was kept constant at 10 uM
during this experimental process, and the variable molar frac-
tion of La®" was varied from 0.1 to 0.9. In the Job's plot
(Fig. S97), the fluorescence intensity at 486 nm for N + La’*
showed peaks when the molecular fraction of La** was close to
0.5, further suggesting the 1:1 binding stoichiometry between
probe N and La*". Based on the above results, the possible
sensing mechanisms of probe N with La®" are proposed in
Scheme 2.

In addition, density functional theory (DFT) calculation was
performed to further understand the sensing mechanism of
probe N to La®". First, the structures of probe N and N + La*"
were optimized, and the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
are shown in Fig. 3. For probe N, the electron cloud distribution
in the LUMO (—2.08 eV) was mainly from the naphthalene ring,
while the electron cloud distribution in the HOMO (—6.22 eV)

Scheme 2 Plausible sensing mechanism of probe N for La**.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The calculated molecular orbitals and the HOMO-LUMO gaps of probe N and N + La®*.

was determined by the entire molecular skeleton. For N + La*",
the electron cloud distribution in the LUMO was spread on the
partial molecular skeleton, while the electron cloud distribution
in the HOMO was mainly localized over the whole conjugated
skeleton. The HOMO-LUMO energy gap for probe N and N +
La®" was found to be 4.14 eV and 4.19 eV, respectively.

3.4. Application in the solid state

We investigated the solid-state sensing behaviour because of
the AIE effect of probe N. We added La*" to probe N, gently
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Fig. 4 Fluorescence spectral changes of probe N in the absence and
presence of La®* in the solid state. Inset: the color change in probe N in
the absence and presence of La®* in the solid state under 365 nm UV
light.
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mixed it and recorded the fluorescence spectrum (Fig. 4). After
the interaction of probe N with La**, the emission peak from
530 nm blue shifted to 476 nm, and the obvious fluorescence
change from yellow-green to blue emission was observed. These
results indicated that probe N could be used to colorimetrically
detect La*" by naked eye in the solid state.

4. Conclusion

In conclusion, we developed a fluorescent probe N using a one-
step reaction and it displayed AIE characteristics. Probe N could
serve as a fluorescence colorimetric probe for La®*. Further-
more, probe N exhibited fluorescence and color change from
yellow to green for La®" in the solid state.
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