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The synthesis and photophysical properties of a novel pyrimido fused benzothiazole-tetraphenylethene (TPE-1) 
chromophore, incorporating both electron-donating (–SCH3) and electron-withdrawing (–CN) groups, are reported. 
TPE-1 exhibits aggregation-induced emission (AIE), mechanochromic, and electrochemical characteristics. The recognition 
behavior of TPE-1 towards various metal cations is investigated by fluorescence spectroscopy. TPE-1 shows a selective and 
sensitive response towards ferric (Fe3+) ion over other tested cations in DMSO: water (90:10, v/v ratio) with a limit of 
detection of 102 nM. Time-correlated single photon counting (TCSPC) plot displays dynamic and static quenching of 
TPE-1 with the addition of Fe3+ ions. Computational studies have been performed to demonstrate the binding mode of TPE-
1 towards Fe3+ ions. Most importantly, the application of TPE-1 in the detection of Fe3+ ions in various water sources 
showcases its promising utility in environmental monitoring and pollution control, underscoring its potential for substantial 
contributions to environmental chemistry and sensor technology. 
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Iron (Fe3+), a transition metal ion, is among the most 
physiologically abundant elements on Earth and plays 
a crucial role in biological systems1-3. Fe3+ ion plays 
an important role in electron transfer, oxygen 
metabolism and transcriptional regulations in the 
living systems4-8. Excess presence of Fe3+ ions 
chronically causes various diseases e.g. cancers, heart 
diseases, hepatitis and diabetes9-11. On the other hand, 
Fe3+ deficiency results into anaemia, neurobehavioral 
disorder such as Alzheimer’s, and Parkinson’s 
diseases12. Consequently, monitoring Fe3+ levels in 
the human body is a critical task for medical 
practitioners. Additionally, there is a growing demand 
for sensitive and selective detection methods for Fe3+ 
ion recognition in drinking water.A review of the 
literature indicates that numerous sophisticated 
instrumental techniques have been utilized for 
detecting Fe3+ ions13-17. However, these methods have 

their own limitations regarding result reproducibility, 
technique reliability, high costs, maintenance of 
ambient conditions, and instrument handling. To 
address these challenges, simpler and more reliable 
methods based on colorimetric and fluorescence 
recognition of Fe3+ ions have emerged as attractive 
alternatives. Fluorescent probes, including organic 
small chromophores, polymers, and quantum dots, are 
extensively used for sensing in chemistry and imaging 
in biology18-24.These methods typically rely on "turn-
on" and "turn-off" fluorescent mechanism25-26. 
However, some of these approaches exhibit 
disadvantages such as low photo-stability, poor water 
solubility, high toxicity, and the requirement for 
organic solvents. These drawbacks limit their 
practical applications in environmental and biological 
systems. Researchers are continuously striving to 
design and develop efficient, highly sensitive, 
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selective, and cost-effective fluorescent probes for 
Fe3+ ion detection. Recently, aggregation-induced 
emission (AIE) probes have been specifically 
designed and developed to enhance sensitivity and 
selectivity for Fe3+ ion recognition in aqueous 
media27-29.AIE molecular architectures are an efficient 
recognition method for the colorimetric and 
fluorescence recognition of metal ions without 
employing expensive instruments30.Therefore, the 
design and development of new AIE materials for 
recognition of selective metal ions is of significant 
interest. Inspired from the fascinating literature 
reports based on AIE materials for Fe3+ ion detection, 
we are interested to design and develop a new 
chromophore which could recognize Fe3+ ion in 
aqueous media. 

In this study, we introduce a novel chromophore, 
TPE-1, which bears a unique molecular architecture, 
blending a benzothiazole-tetraphenylethene structure 
with a pyrimidine fluorophore, enhanced by 
strategically placed electron-donating and electron-
withdrawing groups. This innovative design facilitates 
impressive aggregation-induced emission (AIE) and 
mechanochromic properties, setting TPE-1 distinct 
from existing chromophores. Moreover, TPE-1 
exhibits very high sensitivity and selectivity towards 
ferric (Fe3+) ions in aqueous environments, achieving 
a detection limit as low as 102 nM. This sensitivity is 
critical for applications in environmental monitoring 
and biomedical diagnostics, where precise detection 
of metal ions is essential. Furthermore, the reversible 
color change under mechanical stress opens avenues 
for the application of TPE-1 in developing smart 
materials and responsive sensors. Complementing our 
experimental findings, computational studies provide 
a deep insight into the binding interactions and 
stoichiometry of TPE-1 with Fe3+ ions, thereby 
offering a comprehensive understanding of its 
functionality. Collectively, these novel attributes of 
TPE-1 mark a significant contribution in the synthesis 
of multifunctional chromophores and pave the way 
for new research directions in sensing and material 
science. 

 

Experimental Section 
 

Materials and Methods 
All chemicals and solvents were bought from 

Sigma-Aldrich and AVARA Pvt. Ltd., India and used 
without further purification. The reaction progress 
was monitored by thin-layer chromatography (TLC) 
and spots were visualized with short UV light. IR 

spectra of the synthesized compounds were measured 
on a Thermo Nicolet Nexus 670 spectrometer. 1H and 
13C NMR spectra were recorded using a Bruker 
Avance 400 MHz and 100 MHz spectrometer, 
respectively. Chemical shifts were reported in parts 
per million shifts (δ value) from tetramethyl silane 
(TMS, δ scale) as internal standards with the solvent 
resonances. HRMS data were taken on Shimadzu lab 
solutions (Fig. S1 to Fig. S10). UV-Vis and 
Fluorescence Spectra were recorded on a Shimadzu 
UV-1800 spectrophotometer and RF-6000 Shimadzu 
Spectrofluorometer, respectively. 

 

Synthesis of 2-(methylthio)-4-oxo-8-(1,2,2-
triphenylvinyl)-4H-benzo[4,5]thiazolo[3,2-
a]pyrimidine-3-carbonitrile [TPE-1] 

6-(1,2,2-triphenylvinyl)benzo[d]thiazol-2-amine 1 
(0.2 g, 0.49 mmol), ethyl 2-cyano-3,3-
bis(methylthio)acrylate 2 (0.193 g, 0.889 mmol), 
potassium carbonate (0.341 g 2.47 mmol) in dry 
toluene (10 mL) dissolved and reaction mixture was 
refluxed for 12h. The progress of reaction was 
monitored by TLC plate. After completion, the 
reaction solution was cooled to r.t. The solvent was 
evaporated by rotary evaporation and the obtained 
residue was washed with water. The crude product 
was purified by column chromatography using a 
mixture of hexane: dichloromethane (1:1) as eluent to 
obtain compound TPE-1 as a white solid yield: 70%. 
FT-IR (cm–1 KBr) 3014, 2213, 1688, 1536, 1479, 
1338, 1241, 1190, 1037, 880, 838, 766, 698; 1H NMR 
(400 MHz, CDCl3) δ ppm: 8.73-8.71 (d, J = 8.80 Hz, 
1H), 7.38.7.37 (d, 1H, J = 1.589 Hz,), 7.28  
(d, 1H, J=1.71 Hz), 7.16-7.11 (m, 9H), 7.04-7.01  
(m, 6H), 2.64 (s, 3H); 13C NMR (100 MHz, CDCl3)  
δ 173.4, 156.9, 144.2, 143.3, 142.8, 138.6, 131.5, 
131.5, 131.3, 131.2, 131.1, 128.1, 127.8, 127.2, 127.0, 
127.0, 124.3, 123.3, 119.3, 113.6, 13.7; ESI-mass  
m/z: calcd 527.11 [M]+, found 528 [M+H] +; HRMS 
m/z: [M+H] + calcd. for C32H21N3OS2 528.1198; found 
528.1218.  
 
Preparation of stock solutions 

The stock solution of TPE-1 was prepared 2 x10–3 

M in DMSO and various metal cations such as Hg2+, 
Co2+, Ni2+, Ba2+, Cd2+, Fe3+, In3+, Mn2+, Cr3+, Mg2+, 
Zn2+ and Cu2+ were 8 x 10–3 M prepared in water at 
room temperature respectively. As-prepared stock 
solutions were utilized for all UV-Vis and 
fluorescence spectroscopic investigation upon 
appropriate dilution. 
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UV-Vis and Fluorescence experiments 
The required amount of stock solution is diluted to 

3 mL of the TPE-1 receptor TPE-1 (1 x 10–5 M, in 
DMSO and DMSO: water). These samples were 
examined by taking directly into the cuvette for  
UV-Vis and fluorescence measurements as well as for 
the tested cations (0-80 equiv.) at room temperature. 
 
Stern-Volmer equation 

Stern–Volmer quenching constant (KSV) was 
determined using the titration data with the help of the 
following Stern–Volmer equation31. 
I0/I = 1 + KSV  
 

where, 
I0: Emission intensity in the absence of Fe3+ 
I: Emission intensity in presence of Fe3+ 
KSV: Stern-Volmer Quenching constant 

 
Limit of detection calculations 

The limit of detection (LOD) was determined 
based on fluorescence titration experiments. The 
standard deviation of TPE-1 was estimated from three 
repeated measurements. The slopes of the calibration 
plot from the fluorescence intensity and the 
concentration of the Fe3+ was utilized to calculate the 
LOD using following equation:  
 

LOD = 3σ/S 
 

where σ is the standard deviation of the probe 
and s is the slope value from the calibration plot. 
 
Thermogravimetric Analysis (TGA)  

Thermogravimetric analysis (TGA) was carried out 
on TA Q 500 Sample and was heated up to 800°C 
heating rate of 10°C per minute under nitrogen gas 
flow. 5% weight loss at 365°C respectively. 
 
Computational calculations 

The DFT calculations were performed at B3LYP 
def2-SVP def2/J level of theory32 and the CASSCF 

was carried out at RIJCOSX def2-SVP def2-svp/c 
def2/J level of theory33. 

 

Results and Discussion 
 

Design and Synthesis of TPE-1 
In this study, a new molecular structure, TPE-1, 

was designed based on an aggregation-induced 
emission (AIE) subunit. This structure consists of a 
benzothiazole-incorporated tetraphenylethylene (TPE) 
fused with a pyrimidine fluorophore (Fig. 1). 
Additionally, the inclusion of electron-donating  
(–SCH3) and electron-withdrawing (–CN) functional 
groups on the pyrimido unit imparts distinctive 
photophysical characteristics. These features enable 
manipulation of the fluorescence properties of the 
chromophore in the blue region34-35. 
 
Synthesis of TPE-1 

The condensation between 6-(1,2,2-
triphenylvinyl)benzo[d]thiazol-2-amine (1)28 and ethyl 
2-cyano-3,3-bis(methylthio)acrylate (2) in the 
presence of oven dried K2CO3 in dry  
toluene furnished 2-(methylthio)-4-oxo-8-(1,2,2-
triphenylvinyl)-4H-benzo[4,5]thiazolo[3,2-a] 
pyrimidine-3-carbonitrile (TPE-1) in 70% yield 
(Scheme 1). The FT-IR spectra of TPE-1 showed 
characteristic peaks of –CN at 2213 cm–1 and –C=O at 
1688 cm–1 (Fig. S6 in SI). The 1H NMR of the TPE-1 

 
 

Fig. 1 — Design of TPE-1 

 

Scheme 1 — Synthetic scheme of TPE-1 
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displayed singlet at 2.64 ppm corresponding to –SCH3 
protons (Fig. S7, SI). The mass and HRMS spectrum 
of TPE-1 exhibited a molecular ion peak at m/z 528 
[M+1] + (Fig. S9 in SI) and 528.1218 [M+H]+ 
(Fig. S10 in SI), respectively. These spectroscopic 
data corroborate the structure of TPE-1 (Fig. 2, 
Scheme 1). Thermogravimetric method was employed 
to examine the thermal stability of TPE-1. As 
displayed in Fig. S11, TPE-1 exhibited 5% wt. loss at 
365°C, suggesting the molecular architecture is 
thermally stable enough to utilize at higher 
temperature.  

The formation of compound TPE-1 can be 
described with the plausible mechanism as 
demonstrated in Scheme 236.  
 
Optical properties of TPE-1 

The ultraviolet-visible (UV-Vis) absorption and 
fluorescence spectra of TPE-1 were evaluated in 
various solvents, as shown in Fig. 2. In all tested 
solvents, absorption peaks at approximately 335 nm 
were consistently observed. However, deviations were 
noted in specific solvents: acetonitrile showed no 
peak around 355 nm, and MCH exhibited peaks at 
358 nm and 371 nm. In contrast, in CHCl3, DMSO, 

and MeOH, a new absorption band emerged around 
370, 366, and 365 nm, respectively (Fig. 2a). These 
observations suggest additional interactions between 
TPE-1 and the solvents in CHCl3, DMSO, and 
MeOH. Despite these variations, the absorption 
maxima of TPE-1 showed negligible shifts across the 
tested solvents. This indicates that the electronic 
ground state of TPE-1 is largely independent of 
solvent polarity, implying an association with a low 
dipole moment change37. 

Fluorescence (FL) emission spectra of TPE-1 in the 
above solvents are shown in Fig. 2b. In MCH, TPE-1 
displayed less intense peaks at 403 nm and 431 nm 
and the calculated quantum yield (ɸ) was found to be 
2.47%. Whereas, in DMSO very weak emission peak 
was observed at 542 nm with quantum yield of about 
ɸ = 1.92%. In CHCl3 and DCM, intense FL peaks are 
observed at 414 and 435 nm along with shoulder peak 
at 365 nm. The quantum yields (ɸ) of TPE-1in CHCl3 
and DCM found to be 24.18% and 19.26%, 
respectively. Similarly, ACN and MeOH exhibited FL 
peaks 411 nm 430 nm with significant intensity. The 
estimated quantum yield for TPE-1 in acetonitrile and 
MeOH was found to be ɸ = 5.26% and (ɸ = 3.80%), 
respectively. Moreover, in MeOH shoulder peak was 

 
 

Fig. 2 — (a) UV–vis absorption spectra of TPE-1 (1 X 10−5 M), and (b) fluorescence spectra (λex=360 nm) of TPE-1 in various solvents at 
room temperature respectively.  
 

 
 

Scheme 2 — Proposed Reaction Mechanism Pathway for the Formation of TPE-1. 
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also found at 453 nm. As the solvent polarity shifted 
from MCH to CHCl3~DCM, there was an initial 
increase in the fluorescence intensity of TPE-1, 
followed by a decrease when progressing to ACN and 
MeOH, and ultimately, the fluorescence completely 
diminished in DMSO, as illustrated in Fig. 2b. It 
provides information about TPE-1 molecular 
architecture whose fluorescence is highest in the 
medium polarity solvents. These fluorescence 
properties are ascribed to the suppression of the 
proximity effect (SOPE), which is exhibited by 
carbonyl and nitrogen bearing heterocyclic 
compounds38-39.Thus, our TPE-1 molecular design 
exhibited nonmonotonic responses to polarity stimuli.  

 
AIE characteristics of TPE-1 

The AIE characteristics of compound TPE-1 was 
investigated using UV-Vis and fluorescence emission 
experiments in DMSO and DMSO/H2O solvent 
mixture with varying volume (0-95%) of water 
fraction. The AIE property results were shown in 
Fig. 3a, 3b and 3c. In DMSO, TPE-1 exhibited four 
peaks at 262 (ε = 4.22 × 104 M–1 cm–1), 308 nm (ε = 
2.55 × 104 M–1 cm–1), 334 (ε = 2.70 × 104 M–1 cm–1) 
and 366 nm (ε = 3.31 × 104 M–1 cm–1) (Fig. 3a). UV-
Vis spectra displayed small decrease in peaks 
intensity at 308 nm (ε = 2.84 × 104 M–1 cm–1), 334 nm 
(ε = 2.92 × 104 M–1 cm–1), and 362 nm (ε = 3.7 × 104 
M–1 cm–1), under H2O at 40% volume fraction. When 

H2O was further added up to fw ~ 50%, the peaks were 
shifted bathochromically and appeared at 257 nm  
(ε = 4.48 × 104 M–1 cm–1), 312 nm (ε = 2.79 × 104 M–

1 cm–1), and 370 nm (ε = 3.13 × 104 M–1 cm–1) with 
decrease in intensity. Further, increase in fwater to 95%, 
the peaks were appeared at 256 nm (ε = 4.75 × 104 M–

1 cm–1), 308 nm (ε = 2.57 × 104 M–1 cm–1), and  
355 nm (ε = 2.49 × 104 M–1 cm–1) with significant 
change in intensities. The UV-Vis absorption spectra 
of TPE-1 are less sensitive to change in the different 
volume ratio of water in DMSO.  

The aggregation induced emission (AIE) properties 
of TPE-1 was examined in DMSO with the addition 
of different water volume (0-95%) (Fig. 3b). When 
excited at 360 nm, TPE-1 exhibited a very weak 
emission peak at 542 nm in pure DMSO. The addition 
of water in increasing fractions from 10 to 30% did 
not significantly alter the emission peak. However, 
with a 40% water fraction (fw), a small peak at 450 nm 
emerged. The emission intensity doubled when the 
water fraction was increased to 50%. A notable 
enhancement in emission intensity, approximately 
tenfold, was observed with 60 to 80% water fractions, 
where the peak appeared at 490 nm. This significant 
increase in emission intensity is attributed to the 
aggregation of TPE-1, as shown in Fig. 3b, which is 
ascribed to the AIE phenomenon. Conversely, upon 
adding 90% and 95% water, a decrease in the 
fluorescence peak intensity was noted, indicating the 

 
 

Fig. 3 — (a) UV–vis absorption spectra (b) fluorescence spectra (λex=360 nm) of TPE-1 (1 X 10 −5 M) in DMSO: H2O with varying%’s of 
H2O at room temperature respectively, and (c) necked eye images of TPE-1 in DMSO: H2O (10:90) at room temperature respectively.  
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precipitation of TPE-1. The bathochromic shift in the 
fluorescence peak, correlating with increasing water 
fraction from 60 to 95%, is attributed to the formation 
of various aggregate states40.The AIE properties of 
TPE-1 was also confirmed by recording quantum 
yield, which was increased from ϕ = 1.92% (DMSO) 
to 85.63% for water fraction of 90%. Thus, for fw 

90%, the fluorescence emission was dramatically 
enhanced, which was about 100-fold higher than that 
of TPE-1 in DMSO. The notable enhancement in 
emission intensity confirms the aggregation-induced 
emission (AIE) property41 of TPE-1. This increase in 
emission properties are attributed to the restriction of 
intramolecular rotation (RIR) caused by the addition 
of water, which inhibits the free rotation of the phenyl 
ring system within the molecule42,43.Furthermore,  
the photographic image of TPE-1 in DMSO and 
DMSO: water (0- 95%) solvent mixture under 365 nm 
UV light also confirmed the AIE properties of TPE-1 
(Fig. 3c).  
 
Mechanochromic Property of TPE-1 

The mechanochromic characteristic of TPE-1 was 
studied to investigate color variation upon mechanical 
action. As displayed in Fig. 4, the TPE-1 powder 
exhibited deep blue color under 254 nm as well as 
365 nm. TPE-1 upon grinding with pestle and mortar, 
the deep-blue color changed into deep green. These 
color change results monitored under 254 and 365 nm 
wavelength exhibited that highly ordered TPE-1 
structure was disturbed upon the anisotropic grinding. 
The color change with mechanical grinding from deep 
blue to deep green could be completely restored by 
annealing at 150°C and fuming in acetone. Thus, the 

reversible TPE-1 color change demonstrated the 
excellent TPE-1 crystallizability properties. Herein, 
we presume that such material is important for optical 
sensing applications. 
 
Detection of Fe3+ in Solution 

Further, to display the application of TPE-1, AIE 
active materials for recognition of metal ions, we 
investigated the fluorescence behaviour of TPE-1 
towards different metal ions e.g. Hg2+, Co2+, Ni2+, Ba2+, 
Cd2+, Fe3+, In3+, Mn2+, Cr3+, Mg2+, Zn2+ and Cu2+. The 
fluorescence measurements of TPE-1 (1 × 10–5 M) was 
carried out in DMSO: H2O (10:90, v/v ratio) (Fig. 5). 
As shown in Fig. 5a, before addition of metal ions, 
TPE-1 emitted a strong fluorescence peak at 542 nm in 
DMSO: water (fw = 90%). Among the tested metal ions 
(Hg2+, Co2+, Ni2+, Ba2+, Cd2+, Fe3+, In3+, Mn2+, Cr3+, 
Mg2+, Zn2+ and Cu2+), the fluorescence emission peak 
intensity was significantly decreased with the addition 
of 80 equiv. of Fe3+ ions (Fig. 5a). The percentage 
quenching for TPE-1 in the presence of Fe3+ ion was 
70% (Fig. 5b). Such significant fluorescence emission 
changes were not observed in the case of other metal 
cations (Fig. 5a and Fig. 5b). The significant decrease 
in TPE-1 fluorescence intensity with the addition of 
Fe3+ ions was ascribed to the interaction of TPE-1 ring 
nitrogen and sulphur with Fe3+ ions. In addition, 
colorimetric responses of TPE-1 to the metal cations 
were investigated at a 100 equiv. concentration of each 
under 365 nm light source. The color of TPE-1 
solutions in DMSO: H2O (10:90, v/v ratio) in the 
presence of these metal cations remains unaltered 
under the given experimental conditions at room 
temperature, except for the Fe3+ ion (Fig. 5c). The full 
bright blue color of TPE-1 turned to off green in the 
presence of Fe3+ ions (Fig. 5c). It is notable that the 
influence of other metal ions at high concentrations 
such as 100 equiv., 200 equiv, 300 equiv. and  
500 equiv. unable to produce such color changes of 
TPE-1 solution (Fig. S12).  

To get detailed insight about the efficiency of  
TPE-1 towards detection of Fe3+ ion, we performed 
fluorescence titration experiments. As exhibited in 
Fig. 6a, upon progressive addition of Fe3+ ions (0- 80 
equiv.), the gradual decrease in the fluorescence 
intensity of TPE-1 was observed, suggesting 
complexation of Fe3+ with the receptor. The 
quenching efficiency of TPE-1 in the presence of Fe3+ 
ions was evaluated using the Stern-Volmer plot 
(Fig. 6b) and the Stern-Volmer equation. The Stern-
Volmer plot for TPE-1 with Fe3+ showed a linear 

 
 

Fig. 4 — Mechanochromic characteristic of TPE-1 and the
recovery of color after fuming by treating acetone and annealing
at 150 °C under 254 nm and 365 nm.  
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relationship in fluorescence intensity at lower 
concentrations of Fe3+, while at higher concentrations,  
the plot exhibited an upward bend. This pattern 
suggests that the mechanism behind the fluorescence 
quenching of TPE-1 in the presence of Fe3+ ions is 
predominantly due to complex formation, rather than 
collisional deactivation. The estimated Stern-Volmer 

constant was found to be 2.34 × 103 M–1, suggesting 
the high sensitivity of TPE-1 towards Fe3+ ions in the 
complex formation of TPE-1 with Fe3+ ion.The lower 
limit of detection of TPE-1 for Fe3+ was calculated 
using the calibration curve (Fig. 6c) and an equation 
3σ/S. The evaluated LOD was found to be 1.02 × 10–7 
M (102 nM). Therefore, TPE-1 receptor has great 

 
 

Fig. 5 — Fluorescence emission spectra (λex= 360 nm) of TPE-1 (1 × 10–5 M) in DMSO: H2O (1:9) (a) addition of 80 equiv. of various
metals; (b) quenching percentage of TPE-1 upon the addition of various analytes respectively; (c) naked eye images of TPE-1 with 100 
equiv. of various metals ions in DMSO: H2O (10:90) at room temperature respectively.  
 

 
Fig. 6 — (a) Fluorescence emission spectra (λex=360 nm) of TPE-1 (1 x10–5 M) in DMSO: H2O (1:9) in the presence of Fe3+ ion (80 
equiv.); (b) Stern−Volmer plot for TPE-1 with concentration of Fe3+ using emission of 493 nm (c) calibration curve of TPE-1 versus
increasing concentration of Fe3+; (d) TCSPC measurements of TPE-1 (1 × 10–5 M) and TPE-1 (1 × 10–5 M) + 80 equiv. of Fe3+ ions in 
DMSO-H2O (fwater = 90%).  
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potential for quantitative estimation of the Fe3+ ion 
concentration. To get in detail about the fluorescence 
quenching mechanism of TPE-1 up on addition of 
Fe3+ ions, TCSPC measurements were carried out and 
the results were depicted in Fig. 6d. 
 
TCSPC measurements 

Multiexponential functions are used to fit the decay 
traces according to the equations 1 and 2, 

 

𝐼ሺ𝑡ሻ ൌ 𝐼ሺ0ሻ෍𝛼௜exp ሺെ 𝑡 𝜏௜⁄ ሻ                              … ሺ1ሻ 
 

Also, the average fluorescence lifetime is calculated 
using 

 

𝜏௔௩௚ ൌ  ෍𝐴௜𝜏௜ 𝑤ℎ𝑒𝑟𝑒 𝐴௜

ൌ  𝛼௜𝜏௜/෍𝛼௜𝜏௜             … ሺ2ሻ 
 

The excited-state lifetime of TPE-1 was analyzed 
in different environments: DMSO, a DMSO: H2O 
mixture (water fraction = 90%), and in the presence of 
Fe3+ in a DMSO: H2O mixture (water fraction = 
90%). This analysis was conducted through 
biexponential fitting of the excited-state decay traces, 
as shown in Fig. S13 and Fig. 6d, with the decay time 
constants summarized in Table 1. The decay traces 
fitting revealed multiple lifetime components, such as 
τ1 and τ2, indicating the presence of diverse emissive 
characteristics in their excited state. The 
measurements for TPE-1 in DMSO (Fig. S13) showed 

rapid decay kinetics, with an average excited-state 
lifetime (τavg) of 0.41 ns. This suggests that non-
radiative decay processes are predominant in this 
environment. In contrast, TPE-1 in the DMSO-H2O 
mixture (fw = 90%) exhibited a significantly longer 
τavg of approximately 4.67 ns (Fig. 6d, Table 1), which 
is considerably higher than in pure DMSO. This 
extended lifetime is attributed to the AIE properties of 
TPE-1, where the non-radiative pathways are reduced 
in the aggregated state induced by a higher volume of 
water. Furthermore, in the presence of Fe3+ ions, TPE-
1 in the DMSO-H2O mixture (fw = 90%) demonstrated 
a τavg of 3.11 ns (Fig. 6d, Table 1), indicating a 
noticeable quenching effect. These excited-state 
lifetime results, combined with steady-state emission 
measurements, suggest that both dynamic and static 
quenching mechanisms are involved in the process. 
 
Selective recognition of Fe3+ ions 

Furthermore, to examine the practical applicability 
of the receptor TPE-1 as selective Fe3+ sensor over 
other interfering metal ions, competitive 
measurements were carried out in the presence of Fe3+ 
ions (80 equiv.) mixed with different metal ions 
including Hg2+, Co2+, Ni2+, Ba2+, Cd2+, In3+, Mn2+, 
Cr3+, Mg2+, Zn2+ and Cu2+ ions (80 equiv.) in DMSO: 
H2O (10:90, v/v ratio). The results are depicted in 
Fig. 7a and 7b. The fluorescence emission data 
revealed that the presence of other metal ions did not 
significantly affect the fluorescence (FL) peak 

Table 1 — Excited-state lifetime components of TPE-1 (DMSO), TPE-1 (DMSO- H2O, fwater = 10:90) and TPE-1 + Fe3+ 80 equiv.  
(DMSO- H2O, fwater =10:90) 

Sample a1 1 (ns) a2 2 (ns) avg (ns) χ2 

TPE-1 (DMSO) 86.39 0.111 13.61 0.709 0.411 1.44 
TPE-1 (DMSO-H2O 10:90) 42.11 1.602 57.89 5.077 4.673 1.42 

TPE-1 + Fe3+ 80 equiv. 
(DMSO-H2O 10:90) 

44.79 0.966 55.21 3.58 3.110 1.70 

 

 
 

Fig. 7 — (a) TPE-1 with Fe3+ in presence of other metals analytes; (b) bar graph plots (green color bar represents TPE-1 + respective 
metal ions and red color bar represents TPE-1 + respective metal ions + Fe3+ ions) shows changes of fluorescence emission intensity of 
TPE-1 towards Fe3+ in presence of other metals analytes (80 equiv.) respectively. 
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intensity of the sample. This observation was 
consistent when comparing the FL peak intensities 
with and without the presence of interfering metal 
cations. These results suggested that the receptor 
TPE-1 can be utilized to detect selectively Fe3+ ions in 
environmental and real world applications.  
 

Computational study 
Theoretical in vacuo geometry optimization, 

density functional theory (DFT), complete active 
space self-consistent-field (CASSCF) and time 
dependent density functional theory (TDDFT) 
calculations were performed using the ORCA 
(Version 5.0.3) software package32. The highest 
occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) energy levels 
are displayed in Fig. 8. 

To reduce the simulation cost, a truncated  
form of the ligand was considered for the iron 
complexes modelling. The geometry optimization was 
initiated from position (A) ended in the final 
confirmation of (B), indicating that the methyl thiol 
moiety is more available for complexing with iron 
(Fig. 9). 

CASSCF and second-order N-electron valence 
perturbation theory (NEVPT2) methods were used to 
take into account the dynamic correlations. The 
chosen active space consisted of the five d electrons 
of   the   iron  d  orbitals   which  are  involved  in  the  

 
 

Fig. 9 — The geometry optimization of the interaction between 
the ligand and Fe3+. 
 
complexing interactions. The DFT was conducted at 
B3LYP def2-SVP def2/J level of theory, and the 
CASSCF was conducted at RIJCOSX def2-SVP def2-
svp/c def2/J level of theory33. 

The geometry optimization of the Fe3+: L2 and Fe3+: 
L3 complexes with two ligands to one Fe3+ and three 
ligands to one Fe3+ starting the geometry conformations 
from square and octahedral crystal fields and ending 
with a geometry optimised structures with distorted 
tetrahedral and octahedral ligand fields respectively 
(Fig. 10a and b). The DFT modelling of the Fe3+: L2 and 
Fe3+: L3 shows that the d orbitals of the Fe3+ are 
interacting with the ligands MOs and their presence can 
be observed in the frontier HOMO orbitals of the Fe3+: 
L2 complex (Fig. 10a), while the d orbitals of the Fe3+ in 
the Fe3+:L3 complex (Fig. 10b) show less presence in 
the frontier MOs. 

The CASSCF simulations were performed on the 
geometry optimised complex structures and used to 

 
 

Fig. 8 — The frontier molecular orbitals including HOMO and LUMO of L, as calculated using DFT at B3LYP def2-SVP def2/J level of 
theory. 
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evaluate the d orbitals interaction with the ligands. 
The results show that the ligand field cause a greater d 
orbital splitting in octahedral Fe3+: L3 compared  
to the distorted tetrahedral Fe3+: L2 complex  

(see Table 2). Due to the  asymmetric  nature  of L  by  
being a bidentate ligand, resulting in an asymmetric 
distorted octahedral and tetrahedral ligand fields, the 
d orbitals split into two groups in both cases that can 

 
 

Fig. 10 — The frontier molecular orbitals including HOMO and LUMO of the truncated (a) Fe3+: L2 and (b) Fe3+: L3 complexes, as 
calculated using DFT at B3LYP def2-SVP def2/J level of theory. 
 

Table 2—The frontier molecular orbitals energy states including HOMO, LUMO, HOMO – LUMO gap and HOMO → LUMO transition 
(photo-excitation) energy and oscillation strength of the L, and Fe3+: L2 and Fe3+: L3 complexes as calculated using DFT, TDDFT at 

B3LYP def2-SVP def2/J functionals, and CASSCF at RIJCOSX def2-SVP def2-svp/c def2/J level of theory. 
 L 

TDDFT 
Truncated Fe3+L2 

DFT 
Truncated Fe3+L2 

CASSCF 
Truncated Fe3+L3 

DFT 
Truncated Fe3+L3 

CASSCF 
L+5 (eV) –0.726 –2.558 –7.447 –2.326 –6.155 
L+4 (eV) –0.815 –2.799 –8.485 –3.406 –7.526 
L+3 (eV) –1.121 –3.332 –8.515 –3.445 –7.628 
L+2 (eV) –1.164 –3.954 –8.967 –3.492 –7.740 
L+1 (eV) –1.819 –7.285 –16.798 (𝑑௭మ) –7.375 –13.572 (𝑑௭మ) 

L (eV) –2.315 –7.613 –18.837 (𝑑௫మି௬మ) –7.393 –15.518 (𝑑௫మି௬మ) 
H (eV) –5.868 –8.149 –24.335 (dxz) –7.453 –21.952 (dxz) 

H-1 (eV) –6.555 –8.299 –24.628 (dyz) –7.672 –22.495 (dyz) 
H-2 (eV) –6.714 –8.551 –25.369 (dxy) –7.693 –22.921 (dxy) 
H-3 (eV) –7.075 –8.643 –16.698 –7.700 –16.423 
H-4 (eV) –7.153 –8.682 –17.176 –8.181 –16.555 
H-5 (eV) –7.344 –8.843 –17.276 –8.342 –16.572 

E HOMO-LUMO gap (eV) 3.553 0.536 - 0.060 - 
Δ dxz𝒅𝒙𝟐ି𝒚𝟐(eV) - - 5.498 - 6.434 

Wavelength (nm) 391.7 -    
f (Osc. Strength) 0.370643 -    
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be compared to T and E electronic structures 
(Fig. 11). All d orbitals energy and symmetry were 
different. Table 2 shows the energy of the frontier 
orbitals and complex active space orbitals as 
calculated using DFT, TDDFT and CASSCF with 
NEVPT2 and QDPT corrections. 

The DFT modelling study demonstrated that TPE-1 
ligand MOs interacting with the d orbitals of the Fe3+, 
confirming the experimental results of complexation 
between TPE-1 and Fe3+ ions.  
 

Real-world applications 
The TPE-1 receptor exhibited outstanding emission 

response characteristics and selective detection of 
Fe3+ ions, even in the presence of other metal ions, 
combined with an impressive detection limit. These 
qualities led to an exploration of its real-world 
applications. Specifically, TPE-1 was utilized to 
detect Fe3+ in various water samples, including 
distilled water, tap water, and lake water44.The results 
of these water sample analyses are presented  
in Table 3. Initially, no Fe3+ ions were  present  in  the  

Table 3—Real samples analysis in different water of Fe3+. 
Found 

Sample Addition Xa ± SDb (µM) Recovery 
(%) 

RSDc (%) 

Distilled 
Water 

2 1.9862±0.0150 99.31 0.75 
4 1.9862±0.0150 99.68 0.22 
6 5.994±0.0086 99.9 0.14 
8 7.9895±0.0163 99.86 020 

Tap Water 2 1.9695±0.0274 98.47 1.39 
4 3.9868±0.0341 99.67 0.85 
6 5.9601±0.0086 99.35 0.14 
8 7.9953±0.0337 99.94 0.42 

Lake Water 2 1.9545±0.0557 97.72 2.85 
4 3.9700±0.0403 99.25 1.01 
6 5.9587±0.0239 99.20 0.40 
8 7.9360±0.0094 99.68 0.11 

 

examined water samples. Subsequently, 
concentrations of 2, 4, 6, and 8 µM of Fe3+ ions were 
added to the water samples containing 1 × 10–5 M of 
the TPE-1 receptor. Each sample underwent testing 
three times to ensure reliability. This experimental 
protocol for estimating Fe3+ ion concentrations in 

 
 

Fig. 11 — The frontier molecular orbitals in the active space of the truncated (a) Fe3+:L2 and (b) Fe3+: L3 complexes, as calculated using
CASSCF at RIJCOSX def2-SVP def2-svp/c def2/J level of theory. 
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water samples  proved   to   be   effective.   Therefore,  
TPE-1 is demonstrated to be an excellent molecular 
architecture for the selective detection of Fe3+ ions in 
environmental samples. 

Xa: Mean of three determinations, SDb: Standard 
deviation, RSDc: Relative standard deviation. 
(Distilled water and Tap Water = CSIR-IICT 

Hyderabad, lake water from Hussain Sagar 
Hyderabad) 

Comparison with previous results 
A comparative detection limit of TPE-1 towards 

Fe3+ ion with previously literature reports are shown 
in Table 4. The comparison study showed that TPE-1 

Table 4 — Comparison of chemosensors for selective recognition of Fe3+ ion. 
Sr.No. Targeted Analytes Solvent System Limit of detection Reference 

1. CH3CN: H2O (4:1) 
DMF: H2O (1:1) 

8.43 x 10–6 M 
5.86 x 10–6 M 

45 

2. 
DMSO 1.3 x 10–6 M 46 

3.  THF 1.01 x 10–7 M 47 

4.  CH3CN: H2O (7:3) 0.81 µM 48 

5.  THF: H2O 
(2:98) 

1.3 µM 49 

6. DMSO: H2O (10:90) 1.74 × 10−7 M 28 

7.  DMSO: H2O 
(10:90) 

1.02 × 10–7 M 
i.e.

(102 nM) 

This Work 
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exhibited the competitive lower detection limit for 
Fe3+ ions compared to the literature AIE sensors29b, 45-49. 
Thus, the present protocol for Fe3+ ion recognition 
using TPE-1 could be employed in practical 
applications as colorimetric and fluorescent sensor. 
 
Conclusions 

In summary, we report the synthesis and 
characterization of a novel AIE-active chromophore 
TPE-1, which incorporates a benzothiazole-
pyrimidine unit with electron-donating and electron-
withdrawing groups. TPE-1 exhibits remarkable 
photophysical properties, such as high thermal 
stability, non-monotonic solvatochromism, and 
mechanochromic. TPE-1 also demonstrates selective 
and sensitive detection of Fe3+ ions over other metal 
ions in DMSO-water mixtures, with a low limit of 
detection of 102 nM. The binding mechanism of TPE-
1 with Fe3+ ions was investigated by computational 
calculations. The practical applicability of TPE-1 as a 
Fe3+ sensor is demonstrated by its successful detection 
of Fe3+ ions in various water samples, such as distilled 
water, tap water, and lake water. The manuscript 
presents a simple and efficient method for the design 
and development of a new AIE-active chromophore 
with potential applications in environmental and 
biological systems.  
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