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A highly selective “turn-on” water-soluble
fluorescent sensor for gallium ion detectionf

Pengfei Wan\/‘%\a Fanda Meng,” Hao Su,? Lijie Liu,® Maroof Ahmad Khan?
and Hui Li@®*

In this work, a novel sensor, (E)-N'-(3-(tert-butyl)-2-hydroxybenzylidene)thiophene-2-carbohydrazide (1),
based on salicylaldehyde and thiophene hydrazide moieties was designed and synthesized. The single-
crystal structure of 1 was achieved and studied for understanding its functional properties. The
interaction and recognition abilities of 1 with different metal ions were investigated. Sensor 1 showed
excellent “turn-on” fluorescence with highly selective and specific recognition ability in the presence of
gallium ions (Ga®*) in an aqueous solution. The sensing behavior of 1 with Ga®* was also studied by
photophysical experiments, ESI-MS analysis, and *H NMR titration. The limit of detection (LOD) and limit
of quantification (LOQ) of 1 for the detection of Ga®* in an aqueous solution were calculated as 58 nM,
and 192 nM, respectively. DFT calculations were carried out to optimize the configuration of 1 and 1-
Ga®* complexes and rationalize the photophysical experimental data. Highly selective test strips based
on sensor 1 were developed for Ga*" detection. Sensor 1 was also used to detect Ga*" in actual water

rsc.li/rsc-advances

Introduction

Gallium is a silvery-white rare metal that does not exist in its
simple form in nature.“” It exists in trace amounts in bauxite
and zinc earth in the form of Ga** salt.* Gallium is employed in
the manufacture of many electronic products such as LEDs and
solar cells because of its excellent chemical and physical prop-
erties.*® Ga** salt is also used as an anticancer drug because of
its excellent biological affinity for tumor tissues.'*** Owing to its
excellent physical, chemical, and biological applications, the
use of Ga’" is gradually increasing, resulting in the gradual
accumulation of Ga** in the environment. Although Ga®" plays
a critical role in human life activities, disease problems caused
by Ga** ion exposure cannot be ignored. Long-term exposure to
Ga** can cause numerous side effects to the human body, such
as gastrointestinal diseases, anemia, and coma, and may even
lead to death.''> However, there are few reports on Ga*" sensors
and even fewer reports on fluorescent sensors. To the best of our
knowledge, reports on Ga®" fluorescent sensors are rare.'®2®
Among the reported sensors, few work in aqueous solutions. In
addition, most reported Ga®* sensors recognize not only Ga*",
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samples, and a considerable recovery rate was obtained.

but also other interfering ions*®% (such as AI** and In*")
simultaneously, which will interfere with the judgment of
detection results. A sensor that can specifically recognize
a certain ion will avoid misjudgment in actual use. Fluorescent
sensors have the characteristics of high sensitivity, good selec-
tivity, convenient operation, and intuitive observation.****
Therefore, it is necessary to develop a fluorescent sensor that
can recognize Ga®" specifically and selectively in an aqueous
solution.

Acylhydrazone Schiff bases are widely studied because of
their simple synthesis, excellent easy-to-adjust photoelectric
properties, multiple coordination sites, and easy combination
with metal ions.*” In recent decades, a large number of Schiff
base-based fluorescent sensors have been reported.**™*®
However, most sensors reported are related to identifying
common metal ions and heavy metal ions such as aluminum
and mercury.*>*® There are limited reports on the sensors of
some trace elements (such as Ga®*). Therefore, it is also
significant to study trace element sensors. In the past few years,
our group has reported some research in fluorescence detection
fields.**>* Based on previous research, a novel fluorescent
sensor based on acylhydrazone Schiff base was designed and
synthesized in this work. It exhibits high selectivity and speci-
ficity for fluorescence “turn-on” recognition of Ga®" in an
aqueous solution. To study the working mechanism and the
internal molecular interaction, we grew a single crystal of sensor
1 and carried out photophysical experiments, "H NMR titration,
and ESI-MS mass spectrometry analysis. DFT calculations were
also carried out to study the energy levels of the molecular
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orbitals and the change in the HOMO-LUMO band gaps before
and after the coordination process. Moreover, highly selective
test strips based on sensor 1 were developed for Ga** detection.
Sensor 1 was also used to detect Ga®" in actual water samples.
We expect this work will contribute to the development and
application in Ga** detection fields.

Experimental
Chemicals and solvents

All chemicals and solvents (analytical and spectral) were used as
standard and purchased from Sigma-Aldrich.

Measurements and instruments

"H NMR and >C NMR spectra were recorded using a Bruker
AVANCE III HD 400 MHz nuclear magnetic resonance spectrom-
eter and a Bruker AVANCE III HD 700 MHz nuclear magnetic
resonance spectrometer. Absorption spectra were recorded using
a PERSEE TU-1950 double-beam UV-vis spectrophotometer at
room temperature. Fluorescence emission spectra were recorded
using a HITACHI F-7000 fluorescence spectrophotometer.
Quantum yield was collected using a QuantaurusQY Absolute PL
quantum yield spectrometer, C11347-11|Hamamatsu Photonics.
ESI-MS spectra were recorded using a Q-TOF 6520 LC-MS AGI-
LENT instrument. IR spectra were recorded using a Thermo IS5
Fourier transform infrared spectrometer. Elemental analysis was
performed using an EA3000 elemental analyzer at the Analysis and
Testing Center of Beijing Institute of Technology.

Preparation and characterization of 1

(E)-N'-(3-(tert-Butyl)-2-hydroxybenzylidene)thiophene-2-
carbohydrazide (1). A typical synthesis of sensor 1 was performed
by refluxing a mixture of 3-(tert-butyl)-2-hydroxybenzaldehyde
(1.0 mmol) and thiophene-2-carbohydrazide (1.01 mmol) in
10 mL methanol for 24 h. After the reaction was complete, the
obtained mixture was cooled to room temperature. The product
was filtered off and then washed with cold methanol and cold
water. The resulting solid product was obtained in 98% yield as
a white powder. "H NMR (400 MHz, DMSO-dg) 6 12.32 (s, 1H),
12.26 (s, 1H), 8.55 (s, 1H), 7.93 (s, 1H), 7.91 (d, J = 0.9 Hz, 1H),
7.31 (s, 1H), 7.29 (s, 1H), 7.28-7.22 (m, 1H), 6.89 (t, ] = 7.7 Hz,
1H), 1.40 (s, 9H). *C NMR (176 MHz, DMSO-d,) 6 157.43, 156.83,
150.58, 137.17, 136.36, 132.30, 129.52, 129.38, 128.54, 128.21,
118.77,117.64, 34.46, 29.22. HRMS caled. C;6H;gN,0,S 302.1089,
caled. C14H;oN,0,S" 303.1162, found M + H* 303.1163. Elemental
analysis: caled for C;6H;5N,0,S: C, 63.55; H, 6.00; N, 9.26; O,
10.58; S, 10.60. Found C, 63.49; H, 5.95; N, 9.04; S, 10.46.

UV-vis titration experiments

A solution of sensor 1 (3 mM, dissolved in DMSO) was prepared,
and the sensor 1 solution (10 uL, 3 mM in DMSO) was diluted to
2.990 mL bis-tris buffer solution (pH = 7.4) to achieve a final
concentration of 10 uM (0.3% DMSO/H,0). Then, 1-5 uL
Ga(NO3); (3 mM) aqueous solution was added to 3 mL above 1
solution. After mixing for 5 minutes, UV-vis absorption spec-
trum experiments were performed at room temperature.
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Fluorescence titration experiments

A solution of sensor 1 (3 mM, dissolved in DMSO) was prepared,
and the sensor 1 solution (1 pL, 3 mM in DMSO) was diluted to
2.999 mL bis-tris buffer solution (pH = 7.4) to achieve a final
concentration of 1 uM (0.03% DMSO/H,0). Then, 1-5 pL of
0.3 mM Ga(NOs); aqueous solution was added to 3 mL above 1
solution. After mixing for 5 minutes, fluorescence spectrum
experiments were performed at room temperature.

Job's plot measures

First, 0.1 uM sensor 1 bis-tris solution (dissolved in 0.03%
DMSO/H,0) and Ga(NO;); bis-tris solution were prepared
respectively. A series of solutions containing 1 and Ga(NOs);
were prepared to keep the volume of each solution at 3 mL. The
volume ratio of 1 and Ga*" are10:0,9:1,8:2,7:3,6:4,5: 5,
4:6,3:7,2:8,1:9,and 0: 10. After mixing for 5 minutes, the
fluorescence data were collected at room temperature. Job's plot
curve was obtained by plotting the volume ratio of Ga> ion to 1
+ Ga®" ion and the fluorescence intensity on the X and Y axes,
respectively.

Competition experiments

A solution of sensor 1 (3 mM, dissolved in DMSO) was prepared,
and 1 pL sensor 1 solution (3 mM) was diluted to 2.999 mL bis-
tris buffer solution to achieve a final concentration of 1 uM.
Solutions of various metal ions (4.5 pL, 20 mM, 30 eq.)
including Na*, K*, Ag*, Mg**, Hg*", Pb**, Ca®*, Cd**, Co*", Cu*",
Mn?*, Ni**, zn?", Fe?', Fe?*, AI*", Cr*", and Ga*' were added to
each 1 solution (3 mL, 1 uM in bis-tris solutions). Ga(NO3);
aqueous solutions (4.5 mL, 20 mM, 30 eq.) were then added to
the above solutions. After mixing for 5 min, fluorescence spectra
were recorded at room temperature.

'H NMR titration

NMR samples of sensor 1 (3.02 mg, 0.01 mmol) were dissolved
in DMSO-d, (500 pL), and different amounts of Ga(NO3); (0-0.5
eq.) were added to each sample. After the mixtures were mixed
for 30 minutes, '"H NMR spectroscopy was performed at room
temperature.

Theoretical calculation

The structures of 1 and 1-Ga** were fully optimized by DFT
calculations using the Gaussian 09 program.*® The B3LYP
functional adopted the 6-31G basis set for H, C, N, O, and S
atoms and Lanl2DZ basis set for Ga atoms. The input files were
generated using GaussView 6.0 (scaling radii of 75%, isovalue of
0.05). GaussSum 3.0 (ref. 56) was adopted to calculate the
contribution of molecular orbitals (MO) in electronic transi-
tions and the theoretical absorption spectrum.

Fluorescent test strips

In order to facilitate rapid detection and analysis, fluorescent
test strips for Ga*>" detection were developed. A series of rect-
angle test strips were prepared by adding 10 uL of 10 uM sensor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1 solution and then dried to make Ga®" test strips. Following
this, 10 uL 10 uM different metal ions (Na*, K*, Ag", Mg”*, Hg*",
Pb2+ Ca2+ Cd2+ C02+ Cu2+ Mn2+ Ni2+ Zn2+ FeZ+ Fe3+ A13+
Cr**, and Ga®") were added to each test strip.

Crystallographic data collection and refinement

A suitable single crystal with a size of 0.3 x 0.2 x 0.1 mm for
sensor 1 (CCDC number: 2064800) was selected for single-crystal
X-ray diffraction analysis. Data collection was conducted using
a Bruker-AXS CCD area detector with graphite monochromatic
MoKao, (A = 0.71073 A) radiation in the w scan mode at 296(2) K
Unit-cell parameters were determined by automatic centering of
the reflections. The diffraction data were corrected for Lorentz
and polarization effects and absorption (empirically from y scan
data). Using Olex2-1.3,%” the structure was solved using the
SHELXT®® structure solution program by Intrinsic Phasing and
refined using the SHELXL* refinement package by least squares
minimization. The relevant crystallographic data for 1 are
presented in Table 1, and the selected bond lengths and angles
are given in Tables S1 and S2, ESL

Results and discussion
Synthesis and structural characterization of 1

As shown in Scheme 1, 1 was synthesized by direct condensa-
tion of 3-(tert-butyl)-2-hydroxybenzaldehyde and thiophene-2-
carbohydrazide with a 98.6% yield in a methanol solution and
characterized by "H NMR, *C NMR, and ESI-MS spectra (see
ESI, Fig. S1-S37). Sensor 1 has good solubility in common
organic solvents such as methanol, ethanol, DMF, and DMSO,
and slight solubility in water. The single crystal of 1 was ach-
ieved by slowly evaporating the solvent (MeOH : MeCN = 4 : 1,
v/v) at room temperature. The single-crystal data (Fig. 1, Table 1)

Table 1 Crystallographic details for sensor 1

Identification code 1

Empirical formula C16H13N,0,S
Formula weight 302.38
Temperature/K 296.15

Crystal system, space group
Unit cell dimensions

Volume/A®

Z, Pcalc g cm’3

w/mm™", F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [I = 20(I)]
Final R indexes [all data]
Largest diff. peak/hole/e A~

© 2021 The Author(s). Published by the Royal Society of Chemistry

Monoclinic, P2,/c
a=19.277(4) A, a = 90°

b =9.640(2) A, § = 81.711(7)°
c = 8.8871(18) A, v = 90°
1634.2(6)

4,1.229

0.204, 640.0

0.3 x 0.2 x 0.1

Mo Ka. (A = 0.71073)

4.27 to 46.184
—21=h=21,-10 = k=10,
—9=]=9

12 926

2295 [Ring = 0.0377, Ryigma = 0.0283]

2295/0/194

1.038

R, = 0.0567, WR,, = 0.1576
Ry = 0.0824, WR, = 0.1782
0.39/—0.41
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Scheme 1 Synthesis route of 1.

CH,0H/ Conc. HCI

Reflux, 12 h

of 1 were collected using an X-ray single-crystal diffractometer
and solved using the Olex2-1.3 program.®® As shown in Fig. 1a,
there is an intra-molecular H-bonding (O2-H2:N2, 1.87 A,
2.601 A, 148.1°) between the hydroxyl proton and the adjacent
imine nitrogen, which can reduce the molecular flexibility.
However, the rotation of the N-N single bond makes the thio-
phene ring and the salicylaldehyde part form a dihedral angle
with 24.52° (Fig. 1e). Clearly, the molecular rotation of 1 in the
solution will be more significant than that in the crystallized
state, which contributes to the difference in the solution and
solid-state fluorescence emissions (see ESI, Fig. S4t). The
molecules of 1 were connected by a strong intermolecular
hydrogen bond N1-H1/01 (1.992 A, 2.815 A, 159.9°) into a one-
dimensional chain. Then, these 1D chains are stacked by van
der Waals interactions along 2D and 3D directions in the crystal
lattice (Fig. 1b-d).

UV-vis absorption studies

The UV-vis absorption spectrum of sensors is an essential
photophysical property for the investigation on sensing prop-
erty. The absorption spectrum of 1 and 1-Ga** in a bis-tris
buffer solution (about 0.3% DMSO/H,0) was recorded at room
temperature. As shown in ESI, Fig. S5, the UV-vis spectrum of 1
shows two prominent absorption bands at 306 nm and 338 nm,
corresponding to w-7* and n-m* transitions, respectively. 1-
Ga** shows two notable absorption bands at 315 and 405 nm.

@) 0\
% fg ‘
Planes Angle: 24.52°

Fig.1 Views of sensor 1: (a) ORTEP representation showing the crystal
structure of 1 with 30% thermal ellipsoid probability; (b) the 1D belt
linked by H-bondings (N1-H1---01,1.992 A, 2.815 A, 159.9°); (c) the 2D
and (d) 3D structures formed by van der Waals interactions viewed
down from the b axis (hydrogen atoms without forming H-bonds are
omitted for clarity); and (e) dihedral angle of the molecule of 1.
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The maximum absorption peaks of sensor 1 and 1-Ga** are 338
and 404 nm, respectively. The binding ability of 1 and Ga®" ion
was initially studied by UV-vis titration analysis. As shown in
Fig. 2a, upon the addition of Ga®* (0-0.5 eq.), the absorption
peaks near 306 and 338 nm of 1 gradually decreased. 1-Ga®" has
a new absorption band near 404 nm, which are attributed to the
m-mt* transition of the thiophene unit and the charge transfer
transition in the Ga®* complex. As a result, the maximum
absorption peak shifted from 338 nm to 404 nm. Two clear
isosbestic points (266 and 354 nm) indicates the formation of
complex 1-Ga®" between 1 and Ga®*. As shown in Fig. 2b, $6 and
S7,t the calculated spectrum shows the calculated maximum
absorption peaks of 1 and 1-Ga®*" to be 348 and 406 nm (a
similar red-shift occurs from 1 to 1-Ga**). The calculated results
are consistent with the experimental results, validating the
experimental results.

In order to determine the stoichiometry of 1 towards Ga®",
we carried out Job's plot in a bis-tris buffer solution (Fig. 2c).
According to Job's plot, when the abscissa value is 0.33, the
fluorescence intensity is the strongest, which is equivalent to
the sensor-to-ion ratio of 2:1. The ESI mass spectrum was
regarded as the direct evidence to determine the stoichiometry
between metal ions and sensors (Fig. 2d). Furthermore, the ESI
mass spectrum of 1-Ga** in CH;OH was achieved. The ESI-MS
mass spectrum peak at m/z 671.1275, corresponding to [2-1 +
Ga**-2H']" (caled = 671.1272), can be observed when an excess
amount of Ga** was added to 1, suggesting a 2 : 1 ligand-Ga**
binding stoichiometry (Fig. 2d). This result is consistent with
the result of Job's plot.

In order to further study the linear relationship between 1
and Ga’', the absorption intensity graph of 1 versus Ga*'
concentrations was achieved (see ESI, Fig. S81). The association
constants (K,) of 1-Ga** complex were calculated to be 8.5 x 10°
through Benesi-Hildebrand expression (see ESI, Fig. S9t). In
practical applications, LOD and LOQ are important parameters
to measure the detection ability of a sensor. The calibration

(a)° (b)
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~——1+Ga(Il)-Calcd
006
2
<
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' 1007
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/1 » 8.0x10°
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’ \ 6010 NN A
S05 , 1 N }/O
£ / I N
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o 02 W A w0 M s o LK
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Fig. 2 (a) Absorption spectra of 1 (10 pM) upon the addition of Ga>*
(0-0.5 eq) in 0.3% DMSO/bis—tris buffer solution. (b) Theoretical
calculated UV-vis absorption spectrum of 1 and 1-Ga**. (c) Job's plot
for determining the stoichiometry of 1 and Ga** in 0.03% DMSO/bis—
tris buffer solution. (d) ESI-MS spectrum of 1-Ga>*.
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curve was plotted as 1 versus Ga®* concentrations (0-5 pM),
which was found linear [R> = 0.9951, SD = 0.0002, 7 =11, and m
= 0.0104]. The LOD and LOQ of sensor 1 towards Ga®" were
calculated according to the eqn (1) and (2),2® and were found as
58 nM, and 192 nM, respectively. In eqn (1) and (2), m refers to
the slope of the calibration curve, and SD is the standard
deviation of the absorption intensity of different Ga** concen-
trations. The comparative analysis of 1 with previously reported
Ga** sensors is shown in Table S3, ESL It can be seen from the
comparison results that sensor 1 has the following advantages:
easy synthesis, determined structure, water solubility, lower
LOD, and specific recognition of Ga>".

Lop — 3P (1)
m

LoQ = 1022 2)
m

1H NMR titrations

In order to clarify the binding mode and coordination position of
Ga’" to 1, and better explain the detection mechanism, '"H NMR
titration was performed by adding different amounts of Ga** (0-0.5
eq.) to sensor 1. The chemical shifts of H atoms of sensor 1 were
assigned in the "H NMR spectrum, as shown in Fig. 3. The N-H
(H4) chemical shift is at 12.32 ppm, and O-H (H,) chemical shift is
at 12.26 ppm. After the addition of Ga*" to sensor 1, the "H NMR
spectrum significantly changed (Fig. 3). The chemical shift signals
of H, and Hy gradually weakened. After the addition amount of
Ga®" reached 0.5 eq., chemical shift signals disappear entirely.
These results can also verify that the binding stoichiometry of 1 to
Ga®"was 2 : 1. The disappearance of the strong N-H (H,) and O-H
(Hg) peaks of phenol-OH suggests that H4 participating enol
tautomeric carbonyl and H9 involving interaction between the
phenolic hydroxyl group and Ga®'. All changes in the '"H NMR
spectrum suggest that two molecular of sensor 1 are coordinated
with one Ga®* through two O atoms of the carbonyl group, two
azomethine-N atoms, and two phenolic-OH O atoms.

Ga**:1=0.25:1

4

Ga**:1=0: 1

2.5 12.0 1.5 1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.
1 (ppm)

Fig. 3 'H NMR titration of 1 upon the addition of Ga®* (0-0.5 eq.) in
DMSO-dg (inset: photograph of 1 and 1-Ga>* in the NMR tube under
the irradiation of a 365 nm UV lamp).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fluorescence studies

The fluorescence spectrum of 1 in the presence of various metal
ions (Na*, X', Ag", Mg**, Hg*", Pb**, Ca®’, cd*', Co*', Cu™,
Mn**, Ni**, zn**, Fe**, Fe**, AI**, Cr**, and Ga®") was studied
(Fig. 4). The fluorescence spectra of all these ions were recorded
under the same condition. As shown in Fig. 4a and d, apparent
spectral changes were observed only in the presence of Ga*". In
contrast, treatment with other metal ions resulted in no
apparent phenomenon, evidencing that 1 is a highly selective
and specific sensor for Ga*>" over other metal ions. In order to
study the anti-interference ability during the detection process
of sensor 1, we conducted competitive ion experiments (Fig. 4e).
The operation of the competitive ion experiments is to add
other metal ions to the 1-Ga®' solution, and then test the
fluorescence intensity of the mixed ion solution. We can observe
that the fluorescence intensity of complex 1-Ga®* was not
significantly affected by most of the coexistent metal ions.
Therefore, sensor 1 can be used as an effective fluorescent
sensor for Ga®* in the presence of most competing metal ions.
In order to observe and compare the effect of fluorescence
changes more intuitively, we conducted experiments on sensor
1 with different metal ions in a series of sample bottles (Fig. 4c).
The results indicate that the fluorescence in most sample
bottles has almost no change, except for those containing Ga>*
under the irradiation of an UV lamp. Compared with 1, the
fluorescence intensity of its Ga®* complex changed dramatically
with a strong blue-green fluorescence emission (see ESI,
Fig. S10t). However, no obvious fluorescence colour and
intensity changed when other metal ions were added to 1
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Fig. 4 (a) Fluorescence spectra of 1 (1 uM) with metal ions (30 puM)
(Na*, K+, Ag*, M92+, Ca2+, H92+, Pb2+, Cd2+l MI’]2+, Ni2+l C02+, Cu2+,
Zn?*, Fe?*, Fe®*, Cr¥*, A®* and Ga®"). (b) Fluorescence spectra of 1 (1
uM) upon addition of Ga®* in 0.03% DMSO/tris—bis buffer solution
(inset: photo of 1 and its Ga®>* complex solution under 365 nm UV lamp
irradiation). (c) Fluorescence photo of 1 (10 pM) and 1 with metal ions
(10 uM) under the irradiation of a 365 nm UV lamp. (d) Fluorescence
intensity of 1 (1 uM) with different metal ions. (e) Competitive experi-
ments of 1-Ga>* toward other metal ions.
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(Fig. 4c). Moreover, because Ga®>" and Al’**" have similar chemical
properties, the task of distinguishing them is a well-known
challenge.® Therefore, we also carried out UV titration experi-
ments on AlI*" with sensor 1 (see ESI, Fig. S117). The result
indicates that with the addition of AI**, even if the amount
reaches 30 equivalents, the wavelength of the absorption spec-
trum does not change significantly. There is also no equivalent
absorption point in the titration curve, which is completely
different from the titration result of sensor 1 by Ga®*. Therefore,
sensor 1 has high selectivity and specificity for recognizing Ga**.

In order to conduct a more in-depth study of sensor 1 and
Ga**, we performed fluorescence titration experiments on the
addition of Ga®" towards sensor 1 (Fig. 4b). As shown in Fig. 4b,
free sensor 1 showed very weak fluorescence emission in the
bis-tris buffer solution, which may be caused by the ESIPT
effect. Upon the addition of Ga®* ions (0-0.5 eq.), the fluores-
cence intensity of 1-Ga®" increases linearly with a significant
enhancement at 480 nm. The quantitative experiment of fluo-
rescence titration can also prove that the probe-to-ion binding
ratio is 2 : 1. The fluorescence quantum yields of 1 and 1-Ga*"
(1 uM) are 0.012 and 0.28, respectively. Quantum yield was
improved more than 20 times after the binding process.

The time-dependent fluorescence response spectrum shows
that it takes 30 seconds to reach the saturated steady-state
fluorescence intensity (see ESI, Fig. S121). The pH effect was
also verified because it is an important indicator of sensor
applications (see ESI, Fig. S13t). The fluorescence intensity of
free sensor 1 remains almost unchanged in the range of pH = 3-
12. However, in the presence of Ga**, the fluorescence ratio
showed a strong change in the pH range of 4-8, strongly indi-
cating that sensor 1 is suitable for monitoring Ga** under
physiological conditions.

Theoretical calculation

The possible binding mode of sensor 1 and Ga** was verified by
Job's plot, ESI-MS, and 'H NMR titration, that is, sensor 1 and
Ga** were connected through a 2:1 coordination ratio. The
possible connection mode is that one gallium atom is coordi-
nated with two imino N atoms, two phenolic hydroxyl O atoms,
and two carbonyl O atoms of two 1 ligands. The DFT calculation
was performed to optimize the possible molecular structure of
1-Ga** based on B3LYP/6-31G(d) (Fig. 5). The TD-DFT calcula-
tion was operated to study the spectral change behavior from 1
to 1-Ga®*. As shown in the calculated results, the highest
occupied molecular orbital (HOMO) of 1 is mainly located
within the benzene ring, acylhydrazine, and Schiff base frame-
work. The lowest unoccupied molecular orbital (LUMO) of 1 is
distributed in the m-conjugated skeleton of the intact molecule.
The HOMO of 1-Ga®" is also located within the benzene ring,
acylhydrazine, and Schiff base framework. The LUMO of 1-Ga>*
is also distributed in the whole-molecule m-conjugated skel-
eton. The HOMO and LUMO energy levels of 1 are —5.69 eV and
—1.78 eV. In addition, the HOMO and LUMO energy levels of 1-
Ga** are —2.26 eV and 1.10 eV (Fig. 5, Tables S4-S61). Therefore,
we can obtain the HOMO-LUMO energy gap (Egap) values of 1
and 1-Ga®" at 3.91 and 3.36 eV through the formula Eg,, =
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Fig. 5 Optimized molecular structure and HOMO and LUMO orbital
levels and energy gap of 1 and 1 + Ga®*, calculated with DFT at the
B3LYP/6-31G(d) level using Gaussian 09.

Erumo — Enomo- The energy gap value of 1-Ga®** is lower than
that of 1. The Eg,, decreased significantly from 1 to 1-Ga>',
indicating that E,,, become narrower during the combination
process, which means that it takes less energy to excite 1-Ga>*
than 1. Thus, a red-shift in the absorption spectrum occurred
from 1 to 1-Ga*". The E,,, gradually becomes narrower from 1
to 1-Ga®", which means the maximum absorption wavelength
gradually becomes more extensive and coincides with the
experimental results.

Possible sensing mechanism of 1

From the single-crystal structure of 1 (Fig. 1a) and the optimized
structure diagram of 1 and 1-Ga®" (see ESI, Fig. S14 and S157),
we can observe that the flexibility of 1 was restricted through the
crystallization and coordination to Ga®". Due to the existence of
intramolecular hydrogen bonds, there is the ESIPT effect in the
molecule, which can make the molecular fluorescence very
weak. The solid-state fluorescence spectrum was conducted
using bulky crystallized samples (see ESI, Fig. S4 and S167),
which is stronger than the solution fluorescence emission, as
we expect. The molecular charge distribution was also changed
after the coordination with Ga®', which is favorable to

(a)

No Fluorescence

s
ol

Strong Fluorescence

PET ON

ESIPT - NO ESIPT

Fig. 6 (a) Proposed sensing mechanism of sensor 1 to Ga®*. (b)
Photograph of test paper strips of 1 and 1 + Ga®* under the irradiation
of a 365 nm UV lamp.
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Table 2 Detection of Ga®* in water samples®

Ga* added Ga’ found Recovery RSD% (n
Sample (uMm) (uM) (%) =3)
Drinking water 0 0 — —

1.0° 0.986 98.6 0.33
Tap water 0 0 — —

1.0¢ 0.972 97.2 0.41

“ Conditions: the concentration of sensor 1 is 1 uM in bis-tris buffer
solution. 3 mM Ga®" was added artificially to the drinking water
sample to reach 1.0 puM concentration. 3 mM Ga** was added
artificially to the tap water sample to reach 1.0 uM concentration.

fluorescence emission in the energy level. Therefore, the
possible sensing mechanism of 1 was proposed, according to
which the interaction of 1 and Ga*' brings about intra-
molecular hydrogen bond (O-H---N) cleavage and enol inter-
conversion of the carbonyl group, which inhibits the ESIPT and
PET effects (Fig. 6). As a result, 1-Ga** showed fluorescence
enhancement up to 50 folds.

Application of Ga®* test strips and determination in water
samples

In order to explore the practical application of sensor 1 and
make it easily and conveniently applied in our daily lives, we
developed test strips based on sensor 1. A series of 3 mM sensor
1 solutions were dropped onto the filter paper strips and dried
to obtain test strips. Then, metal ion solutions were added
dropwise onto the strips. After a few seconds, under a 365 nm
UV lamp, we can observe that the test strip with Ga®" emitted
strong blue-green fluorescence (Fig. 6b). However, the fluores-
cence of test strips without Ga** ions was almost unchanged.
This result indicates that simple and easy-prepared test strips
can detect Ga*. As shown in Table 2, we conducted the practical
application of sensor 1 in drinking water and tap water. The
experimental results of both water samples showed appropriate
recovery rates. We also calculated the relative standard devia-
tion (RSD) of the experiment. These results indicate that 1 can
be used as a useful sensor for determining the Ga** content in
actual water samples.

Conclusions

In summary, we have synthesized and characterized a novel
sensor, 1, based on the thiophene acylhydrazone Schiff base.
Sensor 1 has outstanding highly selective and specific “turn-on”
fluorescence recognition ability for Ga*" detection in aqueous
solutions. The interaction of sensor 1 with Ga®* has been
investigated based on ESI-MS spectrometry, "H NMR titration,
fluorescence emission, and theoretical calculations. The
possible sensing mechanism was proposed with the ESIPT
effect. The LOD of 1 towards Ga®* was found to reach a 10" * M
level in an aqueous solution. Moreover, highly selective test
strips based on sensor 1 have been developed for Ga*" detec-
tion. Sensor 1 was also used to detect Ga** concentration in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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actual water samples, and a considerable recovery rate was ob-
tained. Based on the results, we believe that this work will
contribute to the development and application in gallium
detection fields.
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