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Abstract

Hydrogen sulphide (H2S) is an unpleasant, harmful gas commonly found in the environment, 

released from geothermal vents, and produced as a byproduct in industries such as oil refining 

and wastewater treatment. Because of its extreme toxicity, there is growing concern about its 

presence, necessitating timely detection to ensure human welfare. However, detecting H2S in 

various environments, including air and water, remains a significant challenge. To develop a 

probe for sulphide ion detection, herein, we report the synthesis of a highly selective, sensitive, 

and colorimetric chemosensor (NATRP) for the detection of sulphide ions (S2-) in a 50% aqueous 

medium. NATRP demonstrates exceptional sensitivity and selectivity for S2- ions relative to other 

ions, with a limit of quantification of 26 nM and a detection limit of 7.9 nM. It shows aggregation-

induced emission quenching, which upon the addition of S2- ions, disaggregates with enhancement 

in fluorescence intensity. This enables NATRP to detect S2- ions within 15 seconds and 

demonstrates good pH stability, suggesting that NATRP can detect sulphide ions across a broad 

pH range. The mechanism underlying the detection involves the reduction of azide groups to 

amine groups in the presence of S²⁻ ions, confirmed by NMR titrations and HRMS analysis. 

Further, NATRP successfully detects S2- ions in water, serum and solid samples, as well as in live 

cell imaging in bacterial cells. Moreover, UV-visible and fluorescent data have been employed to 

construct 1-to-2 decoders. 

Keywords: Naphthalimide; Sulphide ions; Aggregation; Chemosensor; 1-to-2 decoders; Live cell 
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1. Introduction 

Sulphide ions (S2−) are highly toxic and cause various health issues, including respiratory system 

failure. It is mostly derived from the growth of petrochemical and leather manufacturing industries 

as well as human metabolism.1,2 Both protonated (HS− and H2S), and non-protonated (S2- ions) 

species are hazardous, which makes the situation worse, due to their presence in the environment 

and wastewater in certain quantities.3 Exposure to water contaminated with S²⁻ ions, which 

dissociate into HS⁻ and H₂S, has been linked to diseases such as Alzheimer’s, liver cirrhosis, and 

Down syndrome.4,5 Hydrogen sulphide (H2S) is involved in various critical physiological 

processes, including inflammation, angiogenesis, neuromodulation, etc., and it has drawn interest 

as an essential endogenous gasotransmitter.6,7 In addition, it plays vital role in the biological 

system and is extensively distributed throughout in various organs, including the brain, spleen, 

liver, and heart.8 This underscores the importance of regulating sulfide discharge and adhering to 

environmental protection guidelines. However, accurate and efficient detection of S2− ions in 

aqueous environments and living systems has become an urgent necessity.9,10 A number of 

techniques for detecting S2- ions has been ascribed, including ion chromatography, colorimetric, 

electrochemical methods, and inductively coupled plasma atomic emission spectroscopy.11

        These conventional techniques have number of inherent shortcomings, such as operation 

complexity, limited sensitivity, and poor precision, which limit their use for quick and precise 

detection of S2− ions, especially in biological systems.12,13 Addressing these challenges requires 

innovative, user-friendly, and efficient detection methods capable of tracking S²⁻ ions in complex 

and dynamic physiological environments.14 In recent years, the fluorogenic probes have gained 

significant attention because of their non-invasive nature, ease to use, high selectivity, amazing 

fluorescence changes, and real-time imaging capabilities that can also be applied to living cells, 

and organisms.15,16 While several fluorescent probes for S²⁻ detection have been reported, their 

design strategies typically rely on the reactive characteristics of S²⁻ ions, such as amide-iminol 

tautomerism, nitro and azide reduction, H₂S-mediated hydroxyl amide reactions, copper-sulfide 

precipitation, spiro-lactam ring opening, and dual nucleophilic addition.17-19 The development of 

innovative S2− ion probes is still important because of the intricacy of the molecular activities 

involved in signaling transduction and other issues connected to the probes.20 Recently, 

fluorescent probe and transition metal complexes have been specifically produced for the 

detection of H2S in aqueous media using coordination approach. Organic azide-based 

chemosensors have also been explored,21 but challenges such as synthetic complexity, reliance on 

organic solvents, interference from other biothiols, and limited biological imaging capabilities 
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remain to be addressed.22 Naphthalimide-based sensor systems have emerged as promising tools 

for H₂S detection, offering several advantages, including a simple single-step reaction, good yield, 

high sensitivity and selectivity, low cost, rapid response, and non-destructive nature.23 These 

attributes make naphthalimide-based sensors an appealing solution for detecting sulfide ions in 

diverse applications. 

Designing of the NATRP

Over the past few years, naphthalimide-based fluorescent probes have been extensively developed 

for the detection of H2S, utilizing the azide group as the primary site for sensing (Table S1). 

However, these sensors often exhibit limitations, including detection limits in the micromolar 

(µM) range and slow response times, which hinder their practical applicability for rapid and 

efficient H₂S detection across diverse sample types. In 2022, Jothi et. al developed a 

naphthalimide-based fluorescent matrix for detecting H2S with the pyridyl group at an anhydride 

position.6 This probe detected the H2S in a 20% water medium with a detection limit of 1.2 µM. 

To address the above issues, we have modified the probe, replacing the pyridyl group with 

tryptamine. Tryptamine is known to regulate gastrointestinal motility by activating 5-HT4 

receptors in the human gut, which may aid in the specific detection of sulphide ions. The 

synthesized probe demonstrated remarkable selectively and sensitively, detected S2- ions in a 50% 

aqueous medium with a detection limit in the nanomolar (nM) range. Additionally, the 

synthesized compound exhibited aggregation-induced emission quenching, which was reversed 

upon interaction with S²⁻ ions, resulting in “Turn-On” fluorescence. This feature not only 

enhances sensitivity but also provides a reliable fluorescence-based tool for selective recognition 

of S²⁻ ions. The probe proved effective in detecting sulfide ions in water, serum, and solid samples, 

as well as in live cell imaging in bacterial cells, establishing it as a versatile and efficient solution 

for real-world applications (Figure 1).  
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Figure 1. Designing of probe NATRP

2. Experimental section 

2.1 Synthesis of 2-(2-(1H-indol-3-yl)ethyl)-6-azido-1H-benzo[de]isoquinoline-1,3(2H)-

dione (NATRP): 

To a stirred solution of compound 4 (0.5 g, 2.09 mmol) in ethanol (30 ml), tryptamine (0.33 g, 

2.09 mmol) was added in the presence of zinc acetate (0.038 g, 0.16 mmol), and the reaction 

mixture was refluxed for 8h. The reaction was monitored with the help of TLC, and on completion 

of the reaction, 100 ml cold water was added resulting in the formation of dark yellow precipitates, 

which were filtered and vacuum-dried to obtain crude product. The product was purified by 

column chromatography using chloroform and ethyl acetate (8:2) as eluents to get the pure 

brownish-yellow product with 83% yield. The formation of compound NATRP was confirmed 

by NMR spectroscopy technique (Figures S1 and S2). 1H NMR (400 MHz, CDCl3 + DMSO- d6): 

δ 8.50 (dd, 2J = 11.9, 3J = 7.5 Hz, 2H, ArH), 8.38 (d, J = 7.7 Hz, 1H, ArH), 7.79 – 7.73 (m, 1H, 

ArH), 7.70 (d, J = 7.7 Hz, 1H, ArH), 7.60 (d, J = 8.0 Hz, 1H, ArH), 7.27 (d, J = 7.9 Hz, 1H, ArH), 

7.09 (d, J = 2.0 Hz, 1H, ArH), 7.00 (t, J = 7.1 Hz, 1H, ArH), 6.94 (t, J = 7.2 Hz, 1H, ArH), 4.31 

– 4.23 (m, 2H, CH2), 3.04 – 2.95 (m, 2H, CH2); 13C NMR (DMSO-d6, 100 MHz): δ (ppm) 162.3, 

161.8, 142.0, 135.3, 130.6, 130.4, 127.5, 126.2, 125.8, 122.9, 121.5, 120.0, 117.4, 114.1, 110.3, 

28.2, 22.8; HRMS (ESI) Calcd. for C27H22N8O3 [M+H]+ 382.1297 Found; 382.1299

Page 4 of 23Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
5 

4:
56

:0
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00103J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00103j


5

O OO

Br

O OO

N3

N OO

N3

HN

HN

NH2

NaN3

Ethanol

Br

NBS

DMF

Na2Cr2O7

CH3COOH
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Scheme 1: Synthetic route for synthesis of NATRP

2.2 Detection of Na2S in real samples

To detect S2- ions for real time applications, the water samples were collected from different 

sources like Ganga River water (Haridwar), Ghaggar River water (Ambala), and tap water (from 

the laboratory). The quantitative applications of S2- ions were estimated through a calibration 

curve. All these samples were further spiked with different concentrations of S2- ions (10, 20, 30, 

40 µM). NATRP (20 µM) was added to these solutions (3 mL) having different S2- ion 

concentrations. The spiked samples were estimated over the calibration curve.

3. Results and discussion 

3.1. Photophysical behaviour of NATRP

Additional measurements of steady-state absorption and emission spectra were observed in a 

variety of solvents. It was found that the absorption maxima lies between 344 and 378 nm and 

emission maxima exists between 435 and 530 nm, at different solvent systems (Figure S3). These 

redshifts in the absorption and emission spectra suggested the occurrence of intramolecular charge 

transfer (ICT). These findings were also corroborated with subsequent computational 

calculations, which showed shifting of electron density from tryptamine to naphthalimide unit. 

3.2 Aggregation studies 

Aggregation studies were conducted by recording absorption and emission spectra in CH3CN 

with progressive addition of H2O in order to check the aggregation behaviour of the synthesized 

compound. The solution of NATRP (20 µM, CH3CN) exhibited an absorption band at 370 nm. 

With gradual addition of water from 0 to 40%, a slight increase and a shift in absorption maxima 

were observed. Further increase in water ratio from 50 to 100%, a decrease in absorption maxima 

was recorded with a levelling off at 750 nm, indicative for the formation of aggregates in the 

medium (Figure 2a). Emission studies were also performed to confirm aggregation in the 

solution of NATRP which exhibited an intense emission band at 530 nm in CH3CN with 
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quantum yield (Φf) of 0.45. With progressive addition of water in solution, a constant decrease 

in emission intensity of NATRP was observed with decrease in quantum yield to 0.27 in 

CH3CN:H2O (1:1); and in pure water, the emission intensity of the compound was quenched 

entirely with quantum yield (Φf) of 0.10, indicating the existence of aggregation-induced 

emission quenching (Figure 2b). 

Figure 2: (a) Absorption and (b) emission spectra of NATRP (20 µM) with incremental addition 

of H2O in CH3CN; (c) hydrodynamic size of NATRP in CH3CN, varying concentrations of 

CH3CN: H2O and in the presence of S2- ions. 

      A dynamic light scattering (DLS) experiment was performed to examine the effect of 

increasing water concentration on the particle size of NATRP which also confirmed the 

aggregation behaviour of compound. In pure CH3CN, NATRP exhibited an average particle size 

of 133 nm with PDI value of 0.262. On increasing water ratio in CH3CN, the average 

hydrodynamic size of NATRP was increased. In 50% H2O/CH3CN, the average particle size was 

found to be 226 nm having PDI value of 0.347, and in 90% H2O/CH3CN, the particle size was 

increased to 269 nm with PDI value of 0.363, indicating the formation of aggregates and the 

increase in PDI value assisted the homogeneity of the particles with increase in H2O. The 

maximum change in particle size of approximately 100 nm was recorded from pure CH3CN to 
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50% H2O/CH3CN ratio, afterwards no such significant change in the size of particle was observed 

and only change of 40 nm was recorded from 50% to 90% H2O/CH3CN ratio. Further, upon 

addition of S2- to the solution of NATRP in 50% H2O/CH3CN, the average particle size of a 

molecule was recorded to be 142 nm with PDI value of 0.753, inferring the disaggregation of 

formed aggregates and resulting in homogeneity of the solution. (Figure 2c)

       Further, FE-SEM images of NATRP were recorded to check the morphological changes in the 

structure upon increasing water concentration. NATRP exhibited circular shape morphology in 

pure CH3CN. In contrast, upon increase in water concentration to 50%, compound exhibited needle-

like structures. With further increase to 80% water, long needle-like structure were observed. In 

contrast, in 90% water, the particle size increased, showing more random structures whereas in pure 

H₂O, the compound exhibited needles as well as rod-like morphologies. (Figures 3a- 3e). This 

change in the morphology of the structure confirmed the formation of aggregates. Further, with 

addition of S2- ions to the solution of NATRP in 50% H2O/CH3CN, the compound displayed cubical 

shape morphology (Figure 3f). This might be due to the reduction of the azide group into an amine 

upon the addition of sulfide ions. Further, the size of a particle of NATRP in pure CH3CN was 

found to 163.2 nm and in 50% H2O:CH3CN, aggregates were formed with particle size of 230 nm 

while upon addition of S2- ions, the particles size was reduced to 150 nm. Thus, both FE-SEM 

and DLS results were in coherence. 

Figure 3: FE-SEM images of NATRP in (a) CH3CN; (b) 50 % (H2O:CH3CN); (c) 80 % 

(H2O:CH3CN); (d) 90 % (H2O:CH3CN); (e) H2O; (f) presence of S2- ions in 50% H2O:CH3CN

In Addition to this, we further explore the aggregation-induced emission quenching 
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behaviour of the NATRP upon increasing the water concentration by performing the time-

correlated single photon counting studies. We have recorded the average lifetime of NATRP in 

CH3CN and with increasing water concentration. In CH3CN, NATRP exhibited an average 

lifetime of 4.52 ns with two decay components having lifetime values of 1.86 ns and 7.52 ns, with 

populations of 53% and 47% (Table 1). On increasing water concentration, i.e., CH3CN: H2O 

(8:2), a drop in lifetime of NATRP from 4.52 ns to 3.63 ns was observed, having two decay 

components with lifetime values of 1.77 ns and 6.32 ns and populations of 59% and 41%. Further 

increasing the water content to 50%, i.e., CH3CN: H2O (1:1), a significant decrease in average 

lifetime of NATRP was recorded, and the lifetime was reduced to 2.98 ns with decay components 

having lifetimes values and populations of 1.66 ns, 6.46 ns and 72%, 26% respectively. Further 

increasing the water content i.e. CH3CN: H2O (2:8) no significant change in the average lifetime 

of NATRP was observed compared to average lifetime of NATRP in CH3CN: H2O (1:1). The 

average lifetime of NATRP in CH3CN: H2O (2:8) was found to be 2.67 ns with two decay 

components having lifetime values of 1.54 ns and 5.80 ns, with populations of 74% and 26%. 

Meanwhile, in water, the average lifetime of NATRP was found to be 2.63 ns, with two decay 

components having lifetime values of 1.60 ns and 6.77 ns, with populations of 80% and 20%. The 

decrease in average lifetime of NATRP with increasing water concentration may be due to the 

formation of aggregates, which causes quenching; therefore, the lifetime decreases. The results 

obtained from time-resolved studies were in accordance with the results obtained from steady-

state fluorescence, DLS, and SEM studies.  

Table 1: Fluorescence lifetime measurements of NATRP with increasing concentration of water

τ 1 (ns) τ2 (ns) α1 α2 τav (ns) χ2

CH3CN 1.86 7.52 0.53 0.47 4.52 1.10

CH3CN: H2O (8:2) 1.77 6.32 0.59 0.41 3.63 0.97

CH3CN: H2O (1:1) 1.66 6.46 0.72 0.28 2.98 1.10

CH3CN: H2O (2:8) 1.54 5.80 0.74 0.26 2.67` 1.12

H2O 1.60 6.77 0.80 0.2 2.63 1.10

Summing up the above studies conducted to understand the aggregation behaviour of NATRP 

with increasing concentration of water, it is observed that maximum aggregates of NATRP are 

formed upto 50% CH3CN: H2O (1:1) with significant decrease in lifetime of NATRP. Further 

increasing the water concentration, little change in particle size and lifetime of NATRP was 

observed indicating that maximum changes are achieved till 50% CH3CN: H2O (1:1) after that 

less changes are seen due to quenching in the emission intensity of NATRP. 
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3.3 Sensing properties of NATRP 

3.3.1 UV-visible response of NATRP towards anions 

UV-visible spectroscopy technique was employed to determine the sensing properties of 

NATRP towards various anions. Initially, the ability of NATRP to detect analytes was 

conducted in different solvents like CH3CN, CH3OH, H2O, CH3CN/H2O, and CH3OH/H2O. 

Promising results were obtained in CH3CN:H2O (1:1), where the maximum sensitivity and 

selectivity have been achieved. Therefore, preliminary studies were performed in CH3CN: H2O 

(1:1), and the detection of anions were examined by recording the UV-vis spectra of NATRP in 

the absence and presence of various anions (GSH, cysteine, homocysteine, S2-, NO3
-, CN-, F-, 

Br-, Cl-, I-, SCN-, H2PO4
-, HSO4

-, OAc-, P2O7
4-) (Figure 4a). NATRP exhibited an intense 

absorption band at 371 nm; upon addition of S2- ion, the absorption band of NATRP showed a 

red shift at 430 nm along with the development of light-yellow colour, visible by the naked eye 

(Figure 4, inset). Whereas, no significant change in absorption band of NATRP was observed 

with the addition of other anions. These results inferred that NATRP exhibited excellent 

selectivity towards S2- ions than other ions. Upon progressive addition of S2- ion (0-25 µM) to 

the solution of NATRP, the absorption band at 371 nm was diminished along with the 

development of a new band at 430 nm and isosbestic point at 395 nm, indicating the existence 

of two species in equilibrium (Figure 4b).  

Figure 4. UV-visible spectra of NATRP (20 μM) in CH3CN:H2O ratio (1:1, [v/v], pH = 7.3); (a) 

in the presence of various anions and (b) upon increasing concentration (0–25 µM) of S2−ions; 

inset: visible color change of NATRP after adding different anions.
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3.3.2 Fluorescence response of NATRP towards anions 

The emission behaviour of NATRP towards different anions were examined using steady-state 

fluorescence spectrophotometer in order to explore the sensing ability of NATRP in the excited 

state. In CH3CN: H2O (1:1 v/v), upon excitation at 375 nm, the compound displayed a weak 

fluorescence band at 530 nm with quantum yield (Φf) of 0.27; while upon addition of S2- ions to 

NATRP solution, emission intensity enhanced dramatically, whereas no significant change in 

emission intensity of NATRP was observed upon the addition of other anions, inferring the 

excellent selectivity of NATRP towards S2- ions over other ions (Figure 5a). The visible color 

change was accompanied by enhancement in fluorescence intensity seen under the UV light 

(Figure 5, inset). Spectrofluorimetric titrations were performed to observe the progressive 

variation in the emission response of NATRP. S2- complex. The fluorescence intensity of NATRP 

was increased upon incremental addition of S2- ions (0-20 µM) into the solution of NATRP 

(Figure 5b), with a quantum yield of 0.86, indicating the reduction of azide into amine.

Figure 5. Emission spectra of NATRP (20 μM) in CH3CN: H2O ratio (1:1, [v/v], pH = 7.3); (a) 

in the presence of various anions and (b) upon incremental addition (0–20 µM) of S2−ions; Inset: 

fluorescence color change of NATRP after adding different anions as seen under the UV light.

3.3.3 Limit of detection and quantification

The results obtained manifested that the emission intensity of NATRP enhanced gradually upon 

incremental addition of S2- ions upto 20 µM (Figure S4). Therefore, fluorescence spectra were 
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used to determine the limit of detection (LOD) and limit of quantification (LOQ) were found to 

be 7.9 nM and 26 nM, respectively. These low detection limits and quantification values made 

this compound highly efficient and sensitive toward the detection of S2- ions in environmental 

and biological samples.  

3.3.4 Interferences studies 

In order to validate the selective sensing of NATRP towards sulphide ions in the presence of 

other ions, an interference study was conducted. Thus, to every solution of NATRP (20 µM), 

50 equivalents (1000 µM) of S2- ions and 50 equivalents of other anions such as GSH, cysteine, 

homocysteine, NO3
-, CN-, F-, Br-, Cl-, I-, SCN-, H2PO4

-, HSO4
-, OAc-, P2O7

4- were added and the 

emission response at 520 nm was recorded for each solution. The results showed no significant 

change in fluorescence intensity of NATRP.S2- complex in the presence of these anions. Further, 

the selectivity of the NATRP towards S2- ions in the presence of cations and biomolecules was 

assessed, and no significant change in emission intensity of NATRP.S2- complex was recorded 

(Figures S5 and S6).  This indicates that NATRP can selectively sense S²⁻ ions even in the 

presence of other potentially interfering species, demonstrating its high selectivity and suitability 

for practical applications in complex environments (Figure 6). 

Figure 6: Relative emission of NATRP (20 μM) in CH3CN:H2O (1:1, v/v, pH = 7.3), (λex = 375 

nm) with various competing ions in presence and absence of S2- ions at λem= 530 nm, in which 

blue bars show fluorescence intensity change of NATRP with various anions (50 eq.) and red 

bars show NATRP + S2- with other relevant competing anions (50 eq.).

3.3.5 Time-dependent study, pH effect and photostability of NATRP

The response time of fluorescence probe toward analytes is an important factor for the detection 

of anions in real-time samples. Therefore, the time-dependent emission kinetics were conducted 

to determine the response time of NATRP towards S2-
 ions. As shown in Figure 7a, NATRP 

exhibited weak fluorescence at 530 nm, and no noticeable change in fluorescence intensity was 

observed with time in the absence of S2- whereas the addition of S2-
 ions to NATRP resulted in 
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dramatic enhancement in emission intensity at 530 nm, which reached a plateau within 15 sec. 

These results manifested the fast response of NATRP-based emission enhancement for S2- ions. 

Thus, NATRP can be used to detect S2- ions in real-time samples. 

Further, pH titrations of NATRP in the absence and presence of S2- ions were conducted 

in order to validate the sensing ability and practical applicability of NATRP towards S2-
 ions in 

physiological conditions. The emission intensities of NATRP alone and in the presence of S2- 

ions were recorded in different pH ranges (2.0-12.0), and the results are depicted in Figure 7b. 

The fluorescence intensity of NATRP remained unchanged over a broad range of pH 2.0-12.0. 

The high stability of NATRP with varying pH ranges makes it beneficial for fast monitoring in 

environmental and biological samples. The reduction of azide into amine by S2- ions also showed 

excellent stability with varying pH, ranging from 2.0-12.0. These results indicated that NATRP 

can capable of sensing S2- ions over a wide range of pH. 

Time-dependent steady-state fluorescence measurements were performed on NATRP 

probe to assess its photostability against photobleaching to ensure the experiment's accuracy and 

dependability. The probe in CH3CN:H2O (1:1) was stimulated at 365 nm, and the emission was 

recorded at 530 nm. To cause photobleaching, it was then exposed to the highest level of radiation 

for 60 minutes. Interestingly, as illustrated in Figure 7c, the fluorescence intensity of the NATRP 

probe remained constant even after continuous exposure indicating the excellent photostability. 
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Figure 7: (a) Time-dependent fluorescence response of NATRP upon addition of S2- ions; (b) 

fluorescence intensity of NATRP at 530 nm obtained in the presence and absence of S2- in 

different pH ranges in CH3CN: H2O (1:1, v/v, pH = 7.3) solvent system and (c) Time-based 

fluorescence steady-state measurements of NATRP in CH3CN: H2O (1:1, v/v) excited at 365 nm 

and monitored at 530 nm.

3.4 Time-correlated single photon counting (TCSPC) study 

Further, to get insight into the behaviour of NATRP towards S2- ions at 375 nm, a time-correlated 

single photon counting experiment was performed. NATRP and its complex with S2- ions are best 

fitted in bi-exponential mode, inferring the existence of two different decay components (Figure 

8). For NATRP alone, the decay components exhibited lifetime values of 1.66 ns and 6.46 ns 

with a population of 72% and 28%, respectively. The average lifetime of NATRP was found to 

be 2.98 ns. Upon the addition of S2- to the solution of NATRP, two decay components were 

observed with lifetimes of 1.64 ns and 4.97 ns with population of 87% and 13%, respectively. The 

average lifetime was calculated to be 2.05 ns, indicating the existence of non-radiative pathway 

decay (Table 2). The decrease in decay time may also be due to the reduction of azide into an 

amine group.  

Figure 8: Time-resolved spectra of NATRP (CH3CN: H2O (1:1, v/v), pH = 7.3) in the absence 

and presence of S2- ions.

Table 2: Fluorescence lifetime measurements of NATRP in the absence and presence of S2- ions.

τ 1 (ns) τ2 (ns) α1 α2 τav (ns) χ2
NATRP 1.66 6.46 0.72 0.28 2.98 1.10

NATRP+S2- 1.64 4.97 0.87 0.13 2.05 1.10 

3.5 Sensing mechanism with 1H NMR, HRMS and FTIR 

Further, to investigate the binding mechanism of S2- ions with NATRP and the reduction of azide 

into an amine group, we performed 1H NMR titrations and HRMS analysis. The 1H NMR titrations 
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of NATRP were performed in CD3CN both in the absence and presence of S2- ions. The 1H NMR 

spectrum of NATRP exhibited 10 aromatic protons in the region of 8.51-6.95 ppm. Upon the 

addition of 0.2 equivalents of S2- ions, upfield shifts in naphthalimide protons were observed; the 

protons at 8.51 ppm (He), 8.46 ppm (Hb) and 8.38 ppm (Hc) were shifted upfield to 8.42 ppm (He), 

8.21 ppm (Hb) and 8.33 ppm (Hc), respectively (Figure 9a). Moreover, proton (Hd) resonating at 

7.75 ppm showed a slight upfield shift to 7.59 ppm, while the proton resonating at 7.54 ppm (Ha) 

showed a dramatic upfield shift to 6.38 ppm due to the reduction of the azide group into amine in 

the presence of S2- ions. A transition state was also observed upon the addition of 0.2 eq and 0.4 eq 

S2- ions to the solution of NATRP, which clearly indicated the conversion of the azide group to an 

amine group and the presence of azide form and amine form in the same solution. Further, the 

complete reduction of azide form into amine was observed upon addition of 1.0 eq. of S2- ion, and 

the significant shifting in peaks of naphthalimide protons was observed, indicating the change in 

the electron density around the naphthalimide protons with reduction of azide. Significant upfield 

shifting of Ha and Hb protons were observed inferring the complete reduction of azide group into 

amine. 

To corroborate the NMR findings, HRMS analysis of NATRP in the presence of sulphide 

ions was performed (Figure S7), which exhibited an m/z peak at 356.1396 a.m.u corresponding to 

the reduction of azide group into an amine group (NATRP-N3 to NATRP-NH2) and m/z + Na peak 

at 378.1216 corresponding to NATRP-NH2+Na+. These results, obtained from both 1H NMR 

titration and HRMS analysis, conclusively confirm the reduction of the azide group into an amine 

group in the presence of sulfide ions (Figure 9b).

Further to confirm the conversion of the azide group into an amine group in the presence of 

sulphide ion, we have recorded the FTIR spectrum of NATRP alone and in the presence of S2- ion. 

A characteristic peak of the azide group in the region 2100-2150 cm-1 was seen in the IR spectrum 

of NATRP alone (Figure 9c). This peak was diminished in the presence of S2- ions, and a new peak 

in the region 3300-3500 cm-1 was seen, which is characteristic of NH2. Hence, the result obtained 

from FTIR studies further confirmed the conversion of azide group into amine in the presence of 

sulphide ions, and the results were in accordance with NMR and HRMS findings.  

Page 14 of 23Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
5 

4:
56

:0
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00103J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00103j


15

Figure 9: (a) 1H NMR titrations of NATRP in CD3CN at room temperature over the incremental 

addition of S2-; (b) proposed emission response mechanism of NATRP-N3 to NATRP-NH2 and (c) 

FTIR spectrum of NATRP alone and in presence of S2- ions.  
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3.6 Computational studies

As discussed above, we have optimized compound NATRP in the ground state (S0) at 

⍵B97XD/6-311g(d) with no imaginary frequency, and three low-lying vertical excitations were 

calculated at the same level of theory to investigate the source of absorption spectra. For S0→S1, 

excitation determined the orbital transition contribution from the HOMO-2→LUMO and HOMO-

1→LUMO of 51% and 46%, respectively with oscillation strength of 0.5583 at 332 nm for 

NATRP, which is near to the experimental absorption peak at 366 nm. Additionally, for S0→S2 

and S0→S3, excitations were determined at 286 nm and 285 nm with oscillation strength of 0.0191 

and 0.0004, respectively. We have only taken into consideration S0 → S1 excitation for study 

because the second and the third excitations have weak oscillation strength. The electron density 

analysis showed that HOMO-1 and HOMO-2 have a distribution over the molecule except the 

linker ethyl unit, while LUMO has a distribution over the naphthalimide-linked azide unit. This 

shift in density signified the intramolecular charge transfer from indole to naphthalimide unit. 

(Figures 10a and 10b).

Figure 10. Optimized structure and contributing molecular orbitals for first excitation of (a) 

NATRP and (b) reduced form of NATRP. Comparison of observed changes through (c) observed 

absorption and (d) calculated excitation spectra of NATRP towards Na2S.

      Additionally, geometry optimization was done for NATRP's reduced form, and three low-

lying vertical excitations that corresponding to the ground state were calculated. For the reduced 
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form of NATRP, the S0→S₁excitation determined the orbital transition contribution from 

HOMO-1→LUMO of 96% with an oscillation strength of 0.3856 at 352 nm. Furthermore, 

oscillation strengths of 0.0002 and 0.0003 were found for S0→S₂and S0→S₃excitations at 286 nm 

and 266 nm, respectively. S0→S₁exhibited the strongest and most notable oscillation; hence, it 

was further examined. According to electron density analysis, HOMO-1 and LUMO were 

distributed over the naphthalimide unit and indicated π→π* transition. However, the red shift in 

absorption spectra, as observed in the experiment was mimicked through a computational 

approach signifying the origin of the alteration of absorption spectra (Figures 10c and 10d)

3.7 Practical applications for detection of S2- ions 

3.7.1 Detection of S2- ions in water and Serum samples 

The practical applicability of NATRP was examined by determining S2- ions quantitatively in 

environmental samples. The detection of specific analytes in real samples is a difficult task due to 

the presence of several interfering agents in a real field. Therefore, the presence of S2- ions in various 

water samples collected from different sources was determined by NATRP, as sulphide ions are 

released from various industrial sectors in water bodies, leading to contamination of water. Three 

samples were collected from various sources including (a) the Ganga River, (b) tap water from 

academic laboratory, and (c) the Ghaggar River. These samples were spiked with known 

concentrations of S2- ions (10, 20, 30, and 40 µM) externally by standard addition method. These 

water samples were treated with 20 µM of NATRP in CH3CN: H2O (1:1 v/v), and the fluorescence 

intensities were recorded at 530 nm (Figure S8). As shown in Table 3, compound can successfully 

determine the sulphide ions in water samples, thus assisting the practical application of NATRP. 

The same studies were also performed for the detection of S2- ions in serum samples with a recovery 

rate > 98%, In addition to this, the stability of the probe in serum medium was determined, and the 

results inferred that the fluorescence intensity of NATRP was relatively stable in serum medium 

(Table S4, Figure S9) 

Table 3: Determination of S2- ions in water samples.

Spiked amount 

(µM)

Observed amount 

(µM)

Recovery (%) RSD (%)

Ganga river 10 10.7 107 0.34

20 22.1 110.5 0.56

30 31.3 104.3 0.39

40 42.6 106.5 0.48

Tap water 10 10.2 102 0.60
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20 21.6 107 0.75

30 32.4 108 0.52

40 41.9 104.7 0.38

Ghaggar river 10 11.7 117 0.69

20 21.5 107.5 0.75

30 32.8 109.3 0.49

40 39.9 99.7 0.42

RSD : Relative Standard Deviation 

3.7.2 Detection of S2- ions in solid phase 

Further, the practical applicability of NATRP was assessed by exploring its ability to detect the S2- 

ions in solid state. In presence of S2- ions, solid-state emission properties of NATRP were explored. 

The NATRP is non-fluorescent, as seen in the UV lamp but in the presence of S2-
 ions (in solid 

state), it displayed bright greenish yellow emission (Figure 11). Further, we explored the affinity 

of NATRP towards S2- in bulk samples. The addition of solid S2-
 ions over solid NATRP displayed 

greenish yellow emission on mild mixing for 3 min under UV lamp. These results indicated that S2- 

ions can be detected in the solid phase too. 

Figure 11:  Solid state detection of S2- ions under UV light 

3.7.3 Live Cell imaging 

Fluorescence microscopy was employed to perform cell imaging experiments in S. 

aureus bacterial cells. As shown in Figure 12, the cells did not exhibit any discernible 

fluorescence after being pre-incubated with NATRP for one hour, due to the weak fluorescence 

of the probe. However, upon subsequent treatment with a 20 μM solution of sodium sulfide 

(Na₂S), the cells displayed distinct green fluorescence. This result demonstrates that NATRP is 

cell-permeable and can successfully detect sulfide ions within living cells. The fluorescence 

activation upon exposure to Na₂S highlights the probe’s potential for real-time and selective 

imaging of sulfide ions in biological systems.
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Figure 12: Bio-imaging visualization of NATRP over Na2S in live S. aureus cells. 

3.7.4 Construction of 1 to 2 decoder 

In addition to above-mentioned practical applicability of NATRP, we further constructed a 1 to 2 

decoder by taking only one input In1 = S2- and two outputs at λabs = 370 nm (OUT1) and (OUT2) 

λem = 530 nm/ λabs = 430 nm. The binary digit “1” was assigned when OUT1 λabs > 0.06 (at 370 nm), 

whereas “0” was allotted to the output when λabs < 0.06 (at 370 nm). Similarly, for OUT2, “1” was 

assigned to the output when λabs > 0.04 (at 430 nm)/ λem > 150 (at 530 nm), and “0” was given to 

the output when λabs < 0.04 (at 430 nm)/ λem < 150 (at 530 nm). These values of “1” and “0” were 

allotted according to the criteria prescribed above. In the absence of In1, OUT1 was in on-state, 

having a value of “1”, and was in off-state at OUT2 with a value of “0”. In the presence of In1, the 

system was reversed where OUT1 was in off-state with value = 0, and OUT2 was in on-state with 

value = 1. Hence, the data of truth table revealed that OUT1 and OUT2 mimicked the “NOT” and 

“YES” gates, respectively (Figure 13).  

Figure 13: 1-to-2 decoder with In1 = S2- and OUT1 = 370 nm (λabs) and OUT2
 = 430 nm (λabs) or 

530 nm (λem).
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4. Conclusion 

In the present work, we have successfully designed and synthesized naphthalimide-based “Turn-

On” fluorescent NATRP sensor for precise, selective, and highly sensitive detection of S2- ions 

in CH3CN: H2O medium (1:1). The NATRP displayed excellent selectivity and sensitivity 

towards S2- ions with LOD value of 7.9 nM and limit of quantification of 26 nM. The compound 

exhibited aggregation-induced emission quenching properties, and in the presence of S2- ions, 

disaggregation along with enhanced fluorescence was observed. The response time of NATRP 

towards S2- ions was recorded to be less than 15s. It displayed excellent pH stability, indicating 

that NATRP can detect sulfide ions over a wide range of pH. NMR titrations and HRMS results 

confirmed the reduction of azide into an amine group in the presence of S2- ions. Interference 

studies were also performed with other competitive metal ions, and compound NATRP can 

selectively detect S2- ions in the presence of other ions. Further, the experimental outcomes are 

further endorsed by computational calculation, where the observed redshift in the presence of 

S2- ions were replication through DFT/TD-DFT calculations. Further, 1-to-2 decoder memory 

devices were constructed by considering the UV-visible and fluorescence results. Furthermore, 

the compound demonstrates the ability to detect S²⁻ ions in a variety of real samples, including 

water, serum, and solid samples, in addition to its efficacy in live-cell imaging of bacterial cells. 

This versatility highlights its potential for practical applications in environmental monitoring, 

clinical diagnostics, and biological research.
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