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Abstract
An ethyl 3-aminobenzo[b]thiophene-2-carboxylate derived ratiometric Schiff base fluorescent sensor R was devised and 
synthesized. R exhibited a highly sensitive and selective ratiometric response to  In3+ in DMF/H2O tris buffer solution. R 
exhibited a colorimetric/fluorescent dual-channel response to  In3+. More importantly, R can distinguish  In3+ from  Ga3+ 
and  Al3+ in less than 5 min. R exhibited a good linear correlation with the concentration of  In3+ in the 5–25 μM range and 
the limit of detection for  In3+ was found to be 8.36 ×  10–9 M. According to the job`s plot and MS spectra, R formed a com-
plex with  In3+ at 1:2 with a complexation constant of 8.24 ×  109  M2. Based on Gaussian theory calculations, the response 
mechanism of R to  In3+ can be explained by photo-induced electron transfer (PET) and intramolecular charge transfer (ICT) 
mechanisms. In addition, R can be used for the detection of indium in tap water with satisfactory recoveries. Meanwhile, R 
displayed a linear relationship to micromolar concentrations (0-50 μM) of  Pb2+ and recognized  Pb2+ in a ratiometric response 
with a detection limit of 8.3 ×  10–9 M.
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Introduction

Indium is a transition metal belonging to the third main 
group. Its content in the earth's crust is very small, only 
about one-sixth of gold. It is widely used in related fields 
such as liquid crystal display (LCD), semiconductor mate-
rials, and solar cells [1–4]. Due to the widespread use of 
indium, the harm caused by indium to the environment and 
human beings directly or indirectly cannot be underesti-
mated [5, 6]. Recent research has revealed that indium is 
hazardous to people and animals, exhibiting carcinogenicity, 
embryotoxicity, and teratogenicity [7–9]. In addition, other 
studies have shown that indium may be interfering with iron 
metabolism and damage liver cells [10–12]. Therefore, syn-
thesizing efficient and sensitive detection sensors for  In3+ is 
of great significance. On the other hand, lead is one of the 
poisonous metal ions that widely exist in nature. Due to its 
low degradability and water solubility, lead usually exists 
in nature for a long time [13–16]. The use of lead seriously 

endangers human health and destroys natural ecosystems 
[17, 18]. Excessive lead can affect the human kidneys, stom-
ach, blood, and nervous system, resulting in a variety of 
human diseases.

Metal ions have been monitored using traditional detec-
tion methods such as inductively coupled plasma mass spec-
trometry (ICP-MS), atomic absorption spectrometry (AAS), 
inductively coupled plasma atomic emission spectrometry 
(ICP-AES), and electrochemical methods, but these meth-
ods are expensive, time-consuming, and require professional 
operation [19–22]. In recent years, fluorescent sensors have 
been gradually replacing traditional detection methods with 
simple operation, low cost, and rapid response, and have 
become a new technology widely used for detecting metal 
ions [23–27]. As a commercial fluorescent sensor, Schiff 
base has received increasing attention due to its unique abil-
ity to recognize metals and its one-step synthesis process 
[28, 29]. Among them, Schiff base chemical sensors based 
on thiophene and its derivatives are widely used in the detec-
tion of metal ions, anions, and amino acids [30–35].

The use of strong fluorophores is required to guarantee 
that Schiff base sensors operate well. In addition, molecules 
containing push–pull electron groups are highly fluores-
cent due to intramolecular charge transfer from the donor 
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group to the acceptor group. Consequently, we present 
3-aminobenzo[b]thiophene as a novel chromophore system 
in which the appropriate structure promotes intramolecu-
lar charge transfer (ICT). Scattered reports with benzo[b]
thiophene based chemosensors are documented for  Fe3+, 
 F−,  CN−, and  OH− ions [36–38]. As far as we know, this 
is the first publication to systematically investigate the 
ability of 3-amino-benzo[b]thiophene as a ratio sensor to 
detect indium ions. On the other hand, it is well known that 
single-channel emission intensity measurements are often 
influenced by factors such as ambient temperature, solution 
polarity, and instrument efficiency [39]. On the contrary, 
ratiometric fluorescent sensors respond to the detection 
effect by the intensity ratio of two emission wavelengths, 
which can eliminate the influence of the above factors and 
thus improve the accuracy of detection [40].

Now, we designed and synthesized a new benzo[b]thio-
phene-based bifunctional Schiff base sensor R, which dis-
tinguished  In3+ from  Al3+ and  Ga3+ with a relatively low 
detection limit. The addition of  In3+ ions caused the solu-
tion to change from colorless to yellow and the fluorescence 
color to change from colorless to green. What`s more, R can 
be used for the quantitative detection of  In3+ in tap water. At 
the same time, we found that  Pb2+ caused a large red-shift in 
the emission spectrum of R.

Experimental Section

Sample Preparation

All chemicals were analytically pure and not treated before 
use; all metal cations  (AgNO3,  CrCl3,  FeCl3,  FeCl2,  CoCl2, 
 ZnCl2,  AlCl3, KCl,  CdCl2,  NiCl2,  GaCl3, NaCl,  MgCl2, 
 InCl3,  CaCl2,  CuCl2,  BaCl2,  HgCl2,  MnCl2, LiCl,  ZrCl4, 
 SnCl2, Pb(NO3)2) stock solution prepared by deionized water 
unified into 0.01 M. Sensor R was best soluble in DMF; 
water was added to exclude water from interfering with R 
selectivity. Considering the solubility of the sensor R, the 
stock solution of R was prepared with DMF/H2O tris buffer 
(v/v, 9:1, 10 mM, pH 7.4).

Measurements

Fluorescence data and UV–vis spectra were obtained by 
fluorescence spectrometer F-7000 and Shimadzu UV– 
visible spectrophotometer UV-2600, respectively. The 
fluorescence spectrum was measured at an excitation 
wavelength of 275 nm, and both the excitation and emis-
sion slits were 5 nm. 1H NMR spectra was obtained from 
Bruker 500 MHz AVANCE III spectrometer using tetra-
methylsilane (TMS) as an internal standard and DMSO-
d6 as the solvent. Infrared spectra were obtained using 

a WQF-530 FT-IR spectrometer with KBr pellets. All 
reaction processes were monitored by TLC (thin layer 
chromatography).

Job’s Plot

Sensor R (1 ×  10–4 M) stock solution and blank solution in 
DMF/H2O (v/v, 9:1, 10 mM, pH 7.4) were prepared. Then R 
stock solution 1, 2, 3…8, and 9 mL were placed in nine vials 
and diluted to 10 mL with a blank solution. the solution was 
configured to 1 ×  10–5 M, 2 ×  10–5 M, 3 ×  10–5 M…8 ×  10–5 M, 
and 9 ×  10–5 M sensor solution. Then 3 mL diluted R solu-
tion was taken, and a certain amount of  In3+ ion solution was 
added to each to get the sum of sensor concentration and ion 
concentration to 1 ×  10–4 M. Each solution was measured for 
its fluorescence spectrum by placing it in a cuvette.

Synthesis of Sensor R

Compound 1 (Ethyl 3-aminobenzo[b]thiophene-2-carboxylate) 
and compound 2 (3-aminobenzo[b]thiophene-2-carbohydrazide) 
were synthesized according to the methods that have been previ-
ously reported in the literature [41].

(E)-3-amino-N`-(2-hydroxybenzylidene) benzo[b]
thiophene-2-carbohydrazide (R) was synthesized via the 
synthetic route in Scheme 1. The compound 2 (0.0518 g, 
0.25 mmol) and salicylaldehyde (0.0794 g, 0.65 mmol) 
were mixed in ethanol solution and refluxed for four hours. 
After the solution was cooled to room temperature, it was 
filtered under reduced pressure and dried naturally to give 
a yellow powdery solid. 0.044 g, yield 59.59%. Elemen-
tal analysis: calculated for  C16H13N3O2S, calculated: C, 
62.154; H, 3.672; N, 13.552; O, 10.366; S, 10.236%. 1H 
NMR (500 MHz, DMSO-d6) δ 11.40 (s, 1H), 8.43 (s, 1H), 
8.13 (d, J = 8.1 Hz, 1H), 7.87 (d, J = 8.1 Hz, 1H), 7.60 (s, 
1H), 7.50 (t, J = 7.6 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 7.26 
(t, J = 7.7 Hz, 1H), 6.98–6.89 (m, 2H). 13C NMR (126 MHz, 
DMSO) δ 166.29, 157.04, 151.83, 141.91, 139.29, 131.44, 
128.71, 126.94, 124.23, 123.33, 123.12, 121.24, 120.03, 
116.76, 94.79. FT-IR (KBr,  cm−1): ν = 3101 (CONH), 1843 
(C = O), 1574 (C = N), 1439 (C-N). ESI–MS: m/z = 312.0802 
[M +  H]+.

Results and Discussion

The dual-effect sensor R was synthesized through the syn-
thetic route in Scheme 1. Based on 1H NMR, 13C NMR, 
FT-IR and MS spectra, the molecular structure of R was 
consistent with the experimental part (Figs. S1–S4). Sensor 
R provides multiple oxygen and nitrogen atoms as binding 
sites and is expected to coordinate with metal ions to form 
stable complexes.
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Spectroscopic Studies of R to  In3+

Selectivity of R to  In3+

To evaluate the selectivity of sensor R to metal ions, vari-
ous metal ions  (AgNO3,  CrCl3,  FeCl3,  FeCl2,  CoCl2,  ZnCl2, 
 AlCl3, KCl,  CdCl2,  NiCl2,  GaCl3, NaCl,  MgCl2,  InCl3, 
 CaCl2,  CuCl2,  BaCl2,  HgCl2,  MnCl2, LiCl,  ZrCl4,  SnCl2, 
Pb(NO3)2) were added to DMF/H2O tris buffer solution (v/v, 
9:1, 10 mM, pH 7.4). As shown in Fig. 1(a) and (b), free 
R showed weak fluorescence at 420 nm. The fluorescence 
spectrum was modified in the long-wave direction by  In3+, 
 Al3+, and  Ga3+, but only  In3+ was able to cause a significant 

fluorescence ratio response and showed a color change. The 
addition of  In3+ caused the solution to become yellow and 
caused the fluorescence emission of R to shift from 420 to 
480 nm. Surprisingly, fluorescence emission was red-shifted 
from 420 to 525 nm when only  Pb2+ was present, suggesting 
that R also has the potential to detect  Pb2+. The fluores-
cent color change was shown in Fig. 1(c), the fluorescent 
color of the solution changed from colorless to green only 
after the addition of  In3+, while the other cations remained 
unchanged. From the fluorescence data, it was clear that R 
can be used as an efficient colorimetric ratio measurement 
sensor for  In3+. In particular, it can be distinguished from 
the cognate elements  Al3+ and  Ga3+.

Scheme 1  Synthetic route of R. Conditions: (1) DMSO,  NEt3, reflux, 100 ℃, 3 h; (2) ethanol, reflux, 9 h; (3) ethanol, reflux, 4 h

Fig. 1  a and b Selectivity of R (5 ×  10–5 M) in the presence of various metal ions (2 equiv.). c Fluorescence color change under 365 nm UV light
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Photophysical Properties of R to  In3+

To investigate the photophysical properties of sensor R for  In3+, 
the fluorescence and UV–vis titration experiments were carried 
out in DMF/H2O tris buffer solution (v/v, 9:1, 10 mM, pH 7.4). 
As can be seen from Fig. 2(a), the addition of  In3+ (0–2 equiv.) 
resulted in a gradual decrease in fluorescence emission intensity 
at 420 nm and a gradual increase at 480 nm. With the increase 
of  In3+ concentration, the emission intensity ratio  (I480nm/I420nm) 
gradually increased (Fig. 2(a) insert). Furthermore, as shown in 
Fig. S5, the emission intensity ratio  (I480nm/I420nm) of R exhib-
ited a good linear correlation with the  In3+ concentration in the 
5 to 25 μM range, indicating that R can quantitatively analyze 
and detect  In3+. Through the corresponding linear equations 
y = 2.7653x-0.9748  (R2 = 0.9978), the LOD of  In3+ was calcu-
lated to be 8.36 ×  10–9 M based on the formula LOD = 3σ/S, and 
the detection limit was lower than those of previously reported 
sensors (Table S3). Furthermore, according to the Benesi-Hilde-
brand equation, the association constant of the sensor R-In3+ 
complex was 8.24 ×  109  M2 (Fig. S6), indicating that the sen-
sor had a good complexation ability to  In3+. In addition, the 
UV–Vis spectrum showed that the absorption band of R was 
about 375 nm, and the absorption bands at 420 nm and 445 nm 
gradually increased with the increase of  In3+ (0–2 equiv.). The 
occurrence of new absorption peak at 420 nm may be due to 
charge transfer jump and d-d* jump in the ligand field pertur-
bation. A distinct isochromatic spot was observed at 388 nm, 
indicating that R combined with  In3+ to form a stable complex.

Competition Study of R to  In3+

In addition, the competitive experiment was carried out 
to verify the selectivity of R for  In3+ in the presence of 

competing metal ions  (Ag+,  Al3+,  Ba2+,  Ca2+,  Cd2+,  Co2+, 
 Cr3+,  Cu2+,  Fe3+,  Ga3+,  Hg2+,  In3+,  K+,  Li+,  Mg2+,  Mn2+, 
 Na+,  Ni2+,  Pb2+,  Sn2+,  Zn2+,  Zr4+) in DMF/H2O tris buffer 
solution (v/v, 9:1, 10 mM, pH 7.4). The emission intensity 
of R was recorded after the addition of  In3+ (2 equiv.) con-
taining the other cations (Fig. 3). The fluorescence intensity 
of  Co2+,  Cr3+,  Cu2+, and  Fe3+ were attenuated due to their 
strong quenching mechanism. However, the fluorescence of 
the R-In3+ was still evident in the presence of  Co2+,  Cr3+, 
 Cu2+, and  Fe3+. These results indicated that R has high 
selective sensing for  In3+ ions and can distinguish  In3+ ions 
from common interfering metal ions.

The Response Time and pH Range Study of R to  In3+

The reaction time determines the usefulness of the sensor 
for detection in real samples. Therefore, the time-dependent 
response of R toward  In3+ was studied in DMF/H2O tris 
buffer solution (v/v, 9:1, 10 mM, pH 7.4). As depicted in 
Fig. S7, the complexation of R with  In3+ was completed 
within a few seconds, and the rapid reaction indicated that 
R could be used for the detection of  In3+ in real samples.

It is important to note that one of the most basic and rele-
vant parameters for chemosensor performance is pH. To gain 
an optimal pH range for monitoring  In3+, the fluorescence 
intensity changes of R in a series of DMF/H2O solutions 
(v/v, 9:1, 10 mM) at pH 2–13 were studied. As displayed in 
Fig. S8, the fluorescence signal of R did not change signifi-
cantly within the wide range of pH 2–13. As for R-In3+, the 
emission intensity of R-In3+ was essentially unchanged at 
pH values below 5. This may be due to the protonation of the 
sensor at acidic pH. And then, the emission intensity ratio 
 (I480nm/I420nm) significantly enhanced at pH ranged between 

Fig. 2  a Fluorescence titration spectra of R (5 ×  10–5  M) with the 
addition of  In3+ (0–2 equiv.). Inset: change of the fluorescence inten-
sity ratio  (I480nm/I420nm). b Changes in the absorption spectrum of R 

(5 ×  10–5  M) with the incremental addition of  In3+ (0–2 equiv.) in 
DMF/H2O tris buffer solution (v/v, 9:1, 10 mM, pH 7.4)
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6 and 12. Therefore, R has a strong detection capability for 
 In3+ at physiological pH.

Spectroscopic Studies of R to  Pb2+

When studying the selectivity of R to metal ions, we found 
that the addition of  Pb2+ can observe a highly selective 
fluorescent ratio response, which prompted us to explore 
the fluorescence response of R to  Pb2+. The relevant tests 
were operated in the same buffer system. When treating 
solutions with different metal ions  (Ag+,  Al3+,  Ba2+,  Ca2+, 
 Cd2+,  Co2+,  Cr3+,  Cu2+,  Fe2+,  Fe3+,  Ga3+,  Hg2+,  In3+,  K+, 
 Li+,  Mg2+,  Mn2+,  Na+,  Ni2+,  Pb2+,  Sn2+,  Zn2+,  Zr4+), fluo-
rescence emission was red-shifted from 420 to 525 nm when 
only  Pb2+ was present, while other cations did not change 
significantly (Fig. 4).

To further study the photophysical properties of sensor 
R to  Pb2+, fluorescence and UV–vis titration experiments 
were carried out. The fluorescence titration experiment 
(Fig. 5(a)) depicted that R showed weak fluorescence at 
420 nm under 275 nm excitation. After adding  Pb2+ (0–3 
equiv.), the fluorescence intensity at 420 nm decreased 
with increasing  Pb2+ concentration and increased at 
525 nm, thus the emission intensity ratio  (I525nm/I420nm) 
increased (as illustrated in Fig. 5(a)) and reached a peak at 

3 equiv. concentrations. As shown in Fig. 5(b), the absorp-
tion band of R was around 375 nm, as the concentration 
of  Pb2+ (0–3 equiv.) in the solution of sensor R increased, 
the absorption band at 425 nm gradually increased, accom-
panied by a change in solution from colorless to yellow 
(Fig. 5(b) inset). There was a clear isochromatic point at 
386 nm, indicating that R binds to  Pb2+ to form a com-
plex. The parameters were calculated based on the titration 
experimental data. The fluorescence emission intensity 
ratio and the concentration of  Pb2+ showed a good linear 
relationship in the lower concentration range (Fig. 6(a)). 
By linear fitting, the relationship between the fluores-
cence emission intensity ratio and the concentration of 
 Pb2+, the detection limit (LOD) of  Pb2+ was calculated to 
be 8.3 ×  10–9 M.

Competition experiments were carried out to investigate 
the resistance of R to detect  Pb2+ in the presence of three 
equal competing cations  (Ag+,  Al3+,  Ba2+,  Ca2+,  Cd2+, 
 Co2+,  Cr3+,  Cu2+,  Fe2+,  Fe3+,  Ga3+,  Hg2+,  In3+,  K+,  Li+, 
 Mg2+,  Mn2+,  Na+,  Ni2+,  Pb2+,  Sn2+,  Zn2+,  Zr4+). As shown 
in Fig. 6(b), the fluorescence intensity of R-Pb2+ was not 
affected by most metal ions except  Fe2+and  Fe3+ having 
quenching properties [29]. While, the fluorescence of R-
Pb2+ could still be observed despite the decrease in effi-
ciency, indicating that R presented a strong anti-interference 

Fig. 3  Fluorescence intensity ratio  (I480nm/I420nm) of R (5 ×  10–5 M) towards  In3+ (2 equiv.) in the presence of various other metal ions (2 equiv.) 
in DMF/H2O tris buffer solution (v/v, 9:1, 10 mM, pH 7.4)
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against the other metal ions. What`s more, the  In3+ signal 
was strong because  In3+ enable a more complete quenching 
of the emission intensity of sensor R at 420 nm, and thus the 
emission intensity was stronger than the  I525nm/I420nm signal 
when  In3+ coexisted. Therefore, as mentioned above, R was 
remarkably selective for  Pb2+ even when coexisting with 
other cations.

The Mechanism of Binding Mode

The formation of the new complex R-In3+ was determined 
based on the job`s plot. The fluorescence emission intensity 
ratio  (I480nm/I420nm) showed the highest value at about 0.3 mol 

fraction (Fig. S9), indicating that the R-In3+ complex had a 
stoichiometric ratio of 1:2. Besides, the ESI–MS measure-
ments were executed further to verify the formation of the 
complex, the obvious characteristic peak at m/z 677.0722 
in Fig. S10 corresponding to [R +  2In3+-3H+ +  4Cl−] with a 
1:2 mode once more. Moreover, as displayed in the 1H NMR 
titration spectra (Fig. S11), the chemical shifts of hydroxyl 
(-OH) groups around 10 ppm and amides (-NH-) around 
11–12 ppm almost disappeared. The changes demonstrated 
that the addition of  In3+ deprotonated the OH groups and 
underwent a ketone to enol structural change, resulting in 
coordination between the sensor R and  In3+.

As illustrated in Scheme 2, the possible binding mode of 
R and R-In3+ was proposed. The nitrogen atom of the C = N 
and the oxygen atoms of the hydroxyl group and carbonyl 
group were involved in the chelation of metal ions. The free 
R exhibited feeble fluorescence, and upon binding with  In3+, 
red-shift and fluorescence enhancement were observed in 
the emission spectra, which could be attributed to the follow-
ing three reasons: (1) The red-shift of the emission spectrum 
of the sensor could be explained by the ICT mechanism [42]. 
Briefly, in the sensor R, photoinduction caused the electron 
transfer from the nitrogen atom of the imine structure to the 
benzo[b]thiophene ring; whereas in the complex R-In3+, the 
electron transfer was blocked, which led to the red-shift of 
the spectrum. (2) The sensor R exhibited weak fluorescence 
due to the photo-induced electron transfer (PET) process 
caused by nitrogen atoms containing lone pair of electrons 
[43]; upon complexation with  In3+, the PET process was 
blocked, and in turn, the sensor exhibited significant fluores-
cence enhancement. (3) The free rotation of C = N in sensor 
R allowed it to emit weak fluorescence; however, the forma-
tion of complex R-In3+ restricted the free rotation of C = N 

Fig. 4  Selectivity of R (1 ×  10–5 M) in the presence of various metal 
ions (3 equiv.) in DMF/H2O tris buffer solution (v/v, 9:1, 10 mM, pH 
7.4)

Fig. 5  a Fluorescence titration spectra of R (1 ×  10–5  M) with the 
addition of  Pb2+ (0–3 equiv.). Inset: change of the fluorescence 
intensity ratio  (I525nm/I420nm). b Absorbance titration spectrum of R 

(1 ×  10–5  M) with the incremental addition of  Pb2+ (0–3 equiv.) in 
DMF/H2O tris buffer solution (v/v, 9:1, 10 mM, pH 7.4)
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enhancing the fluorescent properties [44]. In addition, in the 
presence of EDTA, the complex R-In3+ is destroyed because 
the chelator EDTA is more capable of complexing with the 
metal ions, thus allowing the complex to be reversed.

To gain an understanding of the mechanism of R sens-
ing of  In3+, the structural optimization and energy calcula-
tions were executed and analyzed using the Gaussian 09 
program base on B3LYP/3-21G*. Figure 7 illustrated the 
optimized structure of R and R-In3+. For the free sensor 
R, 3-aminobenzo[b]thiophene and salicylaldehyde exhib-
ited an almost coplanarity. After complexing with  In3+, 
R-In3+ remained a good planar structure. Apparently,  In3+ 
ions were imbedded into their coplanar structures through 
the dual chelating sites, which will result in the complexes 
with better rigidity and stability. On the other hand, in order 
to verify the hypothesis of the sensing mechanism, the 

electronic distributions of the sensors and complexes as well 
as the energy gaps of the HOMO (highest occupied molecu-
lar orbital) and the LOMO (lowest unoccupied molecular 
orbital) have also been determined (Fig. S12). The electron 
densities on the HOMO and LOMO of R were distributed 
on the units of salicylaldehyde and 3-aminobenzo[b]thio-
phene, indicating that the excited electrons will be trans-
ferred. Thus, the non-fluorescence of R was consistent with 
the PET mechanism. Besides, the HOMO-LOMO energy 
gap of R was calculated to be 3.8791 eV, while R-In3+ pre-
sented a reduced energy gap of 3.4004 eV. The narrower 
HOMO-LOMO energy gap suggested that the R-In3+ com-
plex is more stabilized than the free R. The energy gap 
between the HOMO and LOMO orbitals decreased, which 
was consistent with the red shift of the spectrum and the 
ICT mechanism.

Fig. 6  a Fluorescence intensity ratio  (I525nm/I420nm) of R (1 ×  10–5 M) 
with the addition of  Pb2+. b Fluorescence intensity ratio  (I525nm/
I420nm) of R (1 ×  10–5 M) towards  Pb2+ (3 equiv.) in the presence of 

various other metal ions (3 equiv.) in DMF/H2O tris buffer solution 
(v/v, 9:1, 10 mM, pH 7.4)

Scheme 2  The proposed binding mode of sensor R with  In3+
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Based on the Multiwfn software [45], the electrostatic 
potentials on the surface of the molecule were utilized to 
detect the recognition process of the sensor and the target 
ions. The red and blue regions represent the positive and 
negative trends of the electrostatic potentials, respectively. 
As shown in Fig. S13, the negative potential area of sensor 
R was mainly concentrated in the binding site and salicy-
laldehyde site, and the positive potential area increased 
after binding with indium ion, indicating that sensor R 
formed a stable complex with indium ion.

Potential Application of R to  In3+ Ions

Reversible Sensing Nature

Reversibility was another important property for sensors. 
Therefore, reverse experiments were performed on R using 
EDTA as the reverse reagent. As shown in Fig. 8, sensor R 
exhibited the maximum emission intensity at 420 nm. With 
the addition of  In3+, the emission intensity at 420 nm was 
weakened and enhanced at 480 nm. Then with the addition 

Fig. 7  The possible binding modes for R and R-In3+

Fig. 8  The fluorescence emis-
sion spectra of free R and the 
R-In3+ system in absence and 
presence of EDTA
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of EDTA, the emission intensity of R-In3+ diminished and 
the emission intensity of R at 420 nm recovered, ignoring 
the partial loss of fluorescence. This was attributed to the 
removal of  In3+ from the complex by EDTA. As depicted 
in Fig. S14, the emission intensity ratio  (I480nm/I420nm) of R 
went through from a higher level to a lower level after the 
successive addition of  In3+ and EDTA, fluorescence inten-
sity is recoverable despite a slight loss of fluorescence.

Application of R in Real Water Samples

The content variations of  In3+ in tap water were measured 
using suggested fluorescence techniques to determine the 
practicability of R. With the addition of varied doses of  In3+, 
the linear fluorescence response of R was seen (Fig. S15). As 
displayed in Table S1, the indium ion content was accurately 
identified with suitable recovery rates (97.27–102.93%), and 
the relative standard deviation (RSD) of four measurements 
was less than 1.13%, showing that a satisfactory agreement of 
target ions was obtained. Based on these findings, R might be 
used as a practical tool to identify  In3+ quantitatively in real-
world water samples. In addition, R also showed good results 
for  Pb2+ in tap water. As shown in Table S2, R was accurate in 
the determination of  Pb2+ in tap water, with suitable recover-
ies (98.13 ~ 102.14%), and the relative deviations were less 
than 1.73%, indicating that the results of R were calibrated 
accurately for the determination of  Pb2+.

Conclusions

A ratiometric Schiff base f luorescent sensor R was 
designed and synthesized using ethyl 3-aminobenzo[b]
thiophene-2-carboxylate as the parent compound. R exhib-
ited an efficient ratiometric response to  In3+ in MDF/H2O 
tris buffer solution with a detection limit of 8.36 ×  10–9 M. 
It was important that R could distinguish  In3+ from  Al3+ 
and  Ga3+. The possible complexation modes of R with  In3+ 
were proposed based on job`s plot and ESI–MS spectrum, 
and the sensing mechanism of R for  In3+ was rationalized 
by PET and ICT processes based on DFT calculations. 
Besides, R had potential application for quantitative detec-
tion of  In3+ in tap water. In addition, R identified  Pb2+ in a 
ratiometric response through a colorimetric response with 
a detection limit of 8.3 ×  10–9 M.
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