
 Environmental
Science
Advances
rsc.li/esadvances

ISSN 2754-7000

Volume 4
Number 2
February 2025
Pages 183–328

PAPER
Paresh N. Patel et al. 
Benzothiophene based semi-bis-chalcone as a 
photo-luminescent chemosensor with real-time hydrazine 
sensing and DFT studies 



Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

1/
08

/2
5 

00
:2

1:
32

. 
 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
View Journal  | View Issue
Benzothiophene
Laboratory of Bio-Organic Chemistry, Tarsa

Uka Tarsadia University, Bardoli 394 350

yahoo.com

† Electronic supplementary informa
https://doi.org/10.1039/d4va00306c

Cite this: Environ. Sci.: Adv., 2025, 4,
235

Received 3rd August 2024
Accepted 29th October 2024

DOI: 10.1039/d4va00306c

rsc.li/esadvances

© 2025 The Author(s). Published by
based semi-bis-chalcone as
a photo-luminescent chemosensor with real-time
hydrazine sensing and DFT studies†

Nidhi H. Oza, Dinkal Kasundra, Amar G. Deshmukh, Niteen Borane,
Rajamouli Boddula and Paresh N. Patel *

Hydrazine is a very toxic chemical that poses a major threat to human health and the environment. As

a further expansion of our ongoing research, this report validates the enhanced real-time hydrazine

sensing using benzothiophene-based semi-bis-chalcone (SBC). Hypothesized SBC molecules that can

be easily attacked by nucleophilic groups were synthesised via classical Claisen–Schmidt condensation.

Two derivatives of novel SBC scaffolds were synthesised by the reaction of simple acetone with

benzothiophene carbaldehydes. This reaction involved the use of KOH and pyrrolidine as catalysts, and

they demonstrated two different processes in comparative studies. KOH worked as a speedy catalyst,

while pyrrolidine was demonstrated to be a more efficient catalyst. The structures of the synthesised

compounds were established by various spectral techniques. The optical properties of the prepared

SBCs were studied in different solvent systems and demonstrated that methanol was the more suitable

solvent. Density functional theory (DFT) calculations of both compounds in methanol were performed

using the Gaussian software. Time-dependent density functional theory (TDDFT) calculations were

performed to study the dynamic behaviour of electrons in both molecules and materials by considering

their density as a function of time. Both DFT and TDDFT calculations were observed to have a good

correlation with the experimental results. The obtained absorption and photoluminescence results and

their theoretical correlation suggested that the prepared SBCs can be optimized for applications in

optoelectronics, sensing, and bioimaging. As an improvement to our earlier protocol, more efficient real-

time hydrazine sensing SBCs probes were established with prolonged p-conjugation. An exhaustive

protocol with a working pH range, analyte selectivity, and real sample test was developed. The studied

SBCs showed a broad working pH range and excellent hydrazine sensing selectivity. With these two

included in our large library of photoresponsive molecules, we aim to construct a model device for

hydrazine sensing in real life applications.
Environmental signicance

As per the journal scope, the present study highlights the synthesis of highly conjugated novel hetero-aryl substituted semi-bis-chalcone (SBC) scaffolds of the
benzothiophene moiety. Structures of the prepared molecules were determined using various spectral techniques. As per our knowledge, this is the rst report
on a hetero-aryl substituted semi-bis-chalcone (SBC) of acetone. The photophysical properties of these conjugated scaffolds were investigated by dual spec-
troscopic techniques. They exhibited very effective photo-luminescent properties. DFT calculations of both compounds in methanol were performed using
Gaussian soware. TDDFT calculations were performed to study the dynamic behaviour of electrons in both molecules by considering their density as a function
of time. The obtained results from all these studies suggested that the prepared SBCs can be optimized for their applications in optoelectronics, sensing, and
bio-imaging. Therefore, these molecules were investigated for hydrazine sensing studies. Various solvent screening and titrations with different hydrazine
concentrations were performed. The competitive selectivity of the prepared probe to different analytes and the pH dependence were also studied. A mechanistic
study of the sensing reaction was also performed. These results prove that, compared to our earlier reports and other literature, these SBCs are highly selective
and efficient sensors for hydrazine.
dia Institute of Chemical Science (TICS),

, Gujarat, India. E-mail: pareshn111@

tion (ESI) available. See DOI:

the Royal Society of Chemistry
1 Introduction

Hydrazine has considerable industrial uses due to its strong
alkalinity, nucleophilicity and high reducing power.1 It has been
used to produce pesticides, drugs, pharmaceutical intermedi-
ates, catalysts, textile dyes, plastic polymers, anti-hypertensive
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Fig. 1 Hydrazine-diversified multipurpose applications.

Scheme 1 Bis-[2 + 1] condensation to synthesize SBCs.
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hydralazine and photographic compounds.2,3 Additionally, it
has been used as a high-energy fuel propellant for rocket pro-
pulsion systems, missiles and satellites (Fig. 1).4–6

However, one deadly consequence of hydrazine is environ-
mental pollution.7,8 The effects of hydrazine on biological
systems and numerous biochemical processes at the cellular
level are also a major concern.9 Excessive exposure to this highly
hazardous substance can cause skin irritation and damage to
the liver, kidney, and central nervous system.10 As a result, its
negative impacts create safety issues for its widespread usage in
bulk production, transport and waste water disposal opera-
tions, which might result in major environmental contamina-
tion. The US Environmental Protection Agency (EPA) has since
classied it as a potential carcinogen to living organisms and
has advised a low threshold limit value (TLV) of 10 ppb hydra-
zine in drinking water.11,12

As a result, there has been a pressing need to develop effi-
cient, sensitive and selective probes for monitoring hydrazine-
contaminated environments. So far, hydrazine has been iden-
tied and quantied using a range of traditional
techniques.13–15 In the last few years, numerous strategies have
been established to sense hydrazine, including gas and high-
performance liquid chromatography,16,17 atomic absorption
spectroscopy,18 colorimetric19 and electrochemical analysis.20

These techniques all have signicant inadequacies, such as
awkward operation, complex sample preparation and the huge
quantities of samples required. Due to its on-site detection and
relevance to biological and environmental applications, spec-
troscopic determinations are more common and favoured
among these approaches.21 However, to improve the operational
convenience, cost-effectiveness, quick detection and high
selectivity at low ppm level, efforts have been made in recent
years to create novel uorescent sensors.21–23

Fluorescent sensors are a modern analytic tool with better
reliability, simplicity, operability and low-cost, among other
advantages.24–26 Some of the most recent uorescent sensors for
hydrazine detection are based on three different reaction
mechanisms: (i) hydrazine-assisted cleavage of protecting
groups of levulinoyl ester or acetyl groups, 4-bromobutyrate; (ii)
selective reaction with vinyl maleonitrile, barbituric acid; and
(iii) hydrazine addition on an unsaturated system.27–30 Although
a large number of hydrazine uorescent sensors have been
236 | Environ. Sci.: Adv., 2025, 4, 235–244
established,31–35 these methods usually limit their applicability
due to their low selectivity, sensitivity, limited pH range, specic
temperature, long detection period, as well as multistep
synthesis. As a result, there is a need to develop simple uo-
rescent probes for the detection of hydrazine that will overcome
all these limitations from the previously reported probes.36–40

Herein, we report a one-step design strategy for the building of
benzothiophene-treated SBCs as ratio-metric uorescent sensors,
which can detect hydrazine efficiently in real sample analysis. We
have demonstrated two comparative methods catalysed by the
cost-effective organic base pyrrolidine and inorganic base KOH.
This hypothesized [2 + 3] Claisen–Schmidt condensation can be
performed at room temperature (Scheme 1).

It starts via amphiphilic (i.e., 1C, 2C) acetone having
a nucleophilic methyl carbon and an electrophilic carbonyl
carbon. It follows the ve-carbon-centre condensation with an
electrophilic aldehyde (i.e., 1O, 3C) to form SBCs. The resultant
product with a strong photoluminescent nature is used to
develop an effective technique for the selective detection of
hydrazine, and the results are presented here. These sensors are
capable of providing the real time determination of hydrazine
levels in the environment. The mechanistic investigation for the
hydrazine detection study is also proven by spectral analysis
and presented here.

2 Experiments
2.1 Synthesis of SBCs from benzothiophene aldehydes41

Benzothiophene aldehydes (1a/1b; 10 mmol) were dissolved in
the least amount of ethanol (3 mL) as a solvent, and stirred to
form a homogenous mixture in 10 mL RBF. Acetone (2; 5 mmol)
was added dropwise to the stirred solution, and the resultant
mixture was continually stirred at room temperature for 5
minutes. Later, a catalytic quantity of KOH or pyrrolidine
solution in ethanol (4%, 2 mL) was added dropwise (Scheme 2).
Finally, the resultant reaction mixture was stirred at room
temperature for 1–2 h (for KOH)/3–4 h (for pyrrolidine). The
completion of the reaction was monitored by thin layer chro-
matography (TLC) using ethyl acetate/n-hexane (1 : 3 v/v) as
a solvent system. The product began to precipitate out in the
reaction mixture as the reaction continued. Aer completion of
the reaction, the precipitated product (3a/3b) was cooled and
collected by ltration. The obtained residues were washed with
cold ethanol, and puried by recrystallization through chloro-
form–methanol (2 : 1 v/v, 8 mL).

2.2 Photophysical properties of SBCs and their hydrazine
detection study

The photophysical properties of both prepared SBCs were
investigated by UV-visible absorption and uorescence
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthetic root for SBCs formation from benzothiophene aldehydes.
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emission experiments using their 5 mM solution. To nd the
more appropriate solvent for the UV-visible absorption and
uorescence emission experiments, the solvents were screened
with the same concentration in different HPLC grade solvents.
Based on the Stokes shi values of both SBCs in different
solvents, methanol was chosen for absorption-emission titra-
tions of the hydrazine detection study with a xed concentra-
tion of SBCs (5 mM) and varied concentration of hydrazine in
methanol (0–8 mM). The operational solutions with different
concentrations (2–8 mM) of hydrazine for detection studies were
made by serial dilution in HPLC grade methanol.
3 Results and discussion
3.1 Synthesis of novel SBCs derivatives

Two novel Semi-Bis-Chalcone molecules (3a/3b) were synthe-
sized by Claisen–Schmidt condensation of acetone (2) and
benzothiophene aldehydes (1a/1b) in EtOH at room tempera-
ture (Scheme 2). These derivatives were synthesized with two
separate catalysts, i.e., pyrrolidine and KOH, to evaluate their
inuence on the product isolated yield and reaction time. These
experimental results have clearly shown that pyrrolidine is an
efficient substitute of KOH. The reactions were completed in
a shorter reaction time for the KOH-catalysed experiments.
However, there were signicantly lower yields compared to the
pyrrolidine-catalysed experiments. The lower isolated yield
could be because of the signicant solubility of the obtained
chalcone in ethanolic KOH. These results show that pyrrolidine
is an efficient catalyst for the reaction under milder conditions
with a higher isolated yield in an extended reaction time. The
prolonged reaction time could be because of the weak basic
nature of pyrrolidine.
3.2 Structure conrmation of the prepared SBCmolecules by
spectral studies

The structures of all of the newly prepared molecules were
conrmed by different spectroscopic techniques, like NMR, IR
and HRMS. All of the spectra and spectral data are given in the
ESI.† In the 1H NMR spectrum of SBC 3a, two clear peaks as
a doublet with a similar coupling constant of 15.5 Hz were
observed at 7.965 and 6.905 dppm. These peaks conrmed the
© 2025 The Author(s). Published by the Royal Society of Chemistry
presence of two a and two b symmetric protons with trans
geometry on the bis-a,b-unsaturated carbonyl system, respec-
tively. One clearer singlet was observed at 7.574 dppm corre-
sponding to two symmetric protons on the third position of the
thiophene ring of the benzothiophene moieties. An additional
two multiplets were observed at 7.794–7.841 and 7.386–7.417
dppm, corresponding to eight protons of the benzene ring of the
benzothiophene moieties. The presence of the carbonyl group
was further supported with the 13C NMR spectrum by the peak
observed at 187.46 dppm, along with twelve symmetric carbons
in the aromatic region of 122.58–140.22 dppm. The structure of
SBC 3a was also conrmed by its HRMS spectrum. Here, the
observed molecular weight (347.0716 gm per mole) perfectly
matched with its calculated molecular weight (347.0712 gm per
mole). The presence of a carbonyl group was additionally
conrmed by FT-IR spectrum with a band at 1789 cm−1, along
with a C–S stretching mode at 825 cm−1, aromatic C]C
stretching mode at 1600 cm−1 and a C–H stretching at
3025 cm−1. Similarly, the structure of SBC 3b was also
conrmed with 1H NMR, 13C NMR, HRMS and FT-IR spectral
analyses.
3.3 Photophysical properties of the prepared SBCs

To study the hydrazine sensing ability of the synthesized novel
Semi-Bis-Chalcone molecules, screening of both SBCs was
performed. Based on the Stokes shi values of both SBCs in
methanol (Table 1), SBC 3b with the highest Stokes shi was
chosen for the absorption-emission titrations of the hydrazine
detection study. The most suitable solvent for this investigation
was selected by studying the photophysical properties of SBC 3a
and 3b in different solvents with varied polarity from hexane to
water (Fig. 2A and S7†). The main absorption peak at ∼360 nm
was observed in all absorption spectra of SBC 3b in different
solvents. Hexane and toluene, as less polar solvents, show the
longer absorption peak (362 nm, 3 = 3.51 × 104 cm−1 M−1).
Conversely, methanol and DMSO as polar solvents show the
shorter absorbance (340 nm, 3 = 2.25 × 104 cm−1 M−1) of the
SBC 3b. The photophysical characteristics of SBC 3a and 3b in
different solvents with varied polarity were also studied by
uorescence spectra (Fig. 2B and S7†). As seen in the normal-
ized uorescence spectra, the emission maxima of SBC 3b
Environ. Sci.: Adv., 2025, 4, 235–244 | 237

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00306c


Table 1 Photophysical parameters of SBCs

SBCs

Solvent

ParametersHexane Toluene ACN THF Acetone Methanol DMSO

3a 352 366 351 357 349 370 344 labs (nm)
430 405 473 407 — 532 433 lem (nm)
78 39 122 50 — 162 89 Dl (nm)
3.37 × 104 4.50 × 104 2.78 × 104 3.02 × 104 1.29 × 104 3.17 × 104 2.08 × 104 3 (M−1 cm−1)

3b 362 370 349 355 352 368 340 labs (nm)
427 398 465 408 — 537 436 lem (nm)
65 28 116 53 — 169 96 Dl (nm)
3.51 × 104 4.60 × 104 2.92 × 104 3.18 × 104 1.57 × 104 3.52 × 104 2.25 × 104 3 (M−1 cm−1)
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gradually varied with the change of the solvent polarity from
hexane to water. The emission peak positions show an obvious
red shi from 427 nm in hexane to 537 nm (methanol), as
anticipated for the increase in solvent polarity. Methanol shows
better UV absorption and uorescence emission properties of
SBC 3b among all the studied solvents. Thus, all the hydrazine
sensing studies were carried out in methanol (Fig. 3).
3.4 Hydrazine sensing study by 3b

To determine the hydrazine sensing range of SBC 3a and 3b, the
titration of hydrazine with varied concentration (0 to 5 mM) vs.
SBC 3a/3b with xed concentration (5 mM) was carried out via
absorption and emission spectroscopy (Fig. 4a and S8†). The
absorption maxima of SBC 3b at 368 nm gradually decreased
with increasing hydrazine concentration and a major blue shi
(368 to 335 nm) in the absorption maxima was also observed.
The color also changed from yellow to colorless (graphical
abstract). This shows that SBC 3b can be used as a sensor for
hydrazine that can be observed by naked eye. The compound
SBC 3b shows uorescence emission at 537 nm, which is similar
to the bright blue uorescence. Aer the increase of the
hydrazine concentration, a quenching in the uorescence
emission at 537 nm (lex = 368 nm) was observed. The detection
limit of the studied molecule (5 mM) in terms of the minimum
amount of hydrazine is 5 mM with 90% accuracy. Additionally,
the uorescence color before and aer the titration changes
Fig. 2 (A) UV-vis absorption and (B) normalized fluorescence spectra of

238 | Environ. Sci.: Adv., 2025, 4, 235–244
from bright blue to almost zero emission. These titration
experiments were accomplished within 2 minutes of each other,
showing the sensitivity of the probe towards hydrazine. Overall,
this investigation proves the efficacy of compound SBC 3b for
the exposure of hydrazine even at very low concentrations.
3.5 Interfering analytes of hydrazine sensing studies for SBC
3b

To check the discrimination and anti-interference of SBC 3b for
its actual application, a competitive study for the preference of
SBC 3b with other interfering chemicals was conducted.
Initially, the emission studies at 537 nm were done with solu-
tions of 5 mM SBC 3b and 5 mM of various interfering chemicals.
The obtained results clearly showed the negligible effect of the
interfering chemicals on the emission property of SBC 3b
(Fig. 4, solid column). Later, 5 mM hydrazine was added to all of
these solutions and the emission was studied at 537 nm. The
observed results clearly showed very high quenching in the
emission property of SBC 3b in the presence of interfering
chemicals (Fig. 4, dotted column). This study demonstrated
SBC 3b as an exceptional optical sensor for hydrazine with great
selectivity and anti-interference in the presence of all of the
studied interfering chemicals.
SBC 3b (5 mM) in various solvents.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00306c


Fig. 3 Hydrazine (0.0 to 5.0 mM) vs. SBC 3b (5.0 mM) titration by (A) UV-vis absorption and (B) fluorescence emission (lex = 358 nm) studies in
methanol.
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3.6 Mechanistic exploration of the detection study by 3b

As per our earlier studies,28–30 to nd the mechanistic track
(Scheme 3) for the sensing of hydrazine, the resultant mixture of
3b and hydrazine in methanol aer the emission study was
injected into a GC-MS (Fig. S6†). The witnessedm/z value clearly
ratied the formation of 1H-pyrazole (3b-NH2NH2). Similarly, it
was also conrmed by NMR and FT-IR analysis, as discoursed in
Fig. 4 Selectivity of SBC 3b (5 mM; 537 nm) for hydrazine against differe

© 2025 The Author(s). Published by the Royal Society of Chemistry
ESI.† The sensing mechanism possibly progressed through the
unsteady intermediate imine formation by nucleophilic
attachment on the carbonyl carbon, followed by dehydration.
3.7 Effect of pH on the SBC 3b emission

The pH value has a great inuence on the chemosensing study.
Therefore, a study involving the pH effect on the SBC 3b (Fig. 5)
nt interfering analytes.

Environ. Sci.: Adv., 2025, 4, 235–244 | 239
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Scheme 3 The mechanistic path for the sensing of hydrazine by SBC 3b.

Fig. 5 Effect of pH on the hydrazine sensing study by SBC 3b (5 mL;
537 nm).
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emission property was executed to nd out the working pH
range for 3b. The attained results conrmed that it has excellent
sensing capability for hydrazine in the 5.0–10.0 pH range, which
was observed in our earlier reports.28–30
3.8 The real time hydrazine sensing by SBC 3b in water and
soil samples

The above studies show that 3b may have reasonable sensing
capability for hydrazine in real water and soil samples. There-
fore, the use of SBC 3b for sensing of hydrazine in various soils
was also investigated.

As a part of the 1st investigation, 1 g of clay soil/eld soil/
sandy soil was added to SBC 3b (5 mM) solution in methanol
(5 mL). The uorescence emission spectra of the supernatants
were recorded (Fig. 6), which showed that there is no major
inuence from the different soil samples on the emission
nature of 3b. This observation has shown that the chemicals in
the different soils did not affect the emission nature of 3b. As
Fig. 6 Emission intensity of SBC 3b (0.5 mM; 537 nm) after the addition
of different soils in methanol with and without hydrazine.

240 | Environ. Sci.: Adv., 2025, 4, 235–244
a 2nd investigation, 1 g of clay soil/eld soil/sandy soil was
polluted with hydrazine (5 mM), and then it was added to the 3b
(5 mM) solution in methanol (5 mL). Once again, the uores-
cence emission spectra of the supernatants were recorded, and
it showed a large decrease in the emission signal of SBC 3b.

Observing all these experiments with the quick reaction
time, high sensing capacity, anti-interference and excellent
selectivity of SBC 3b, the sensing study of SBC 3b on hydrazine
in real water samples was also performed. Potable water is
known to have some level of minerals and dissolved organic
substances, including Na+, Cu2+, Mg2+, Fe3+, and ClO−.

Therefore, SBC 3b was lastly examined for hydrazine sensing
in various samples of water, i.e., tap water, river water and
mineral water. Initially, the solution of SBC 3b (0.5 mM) in
methanol was mixed with all three different water samples and
the emission spectra were recorded (Fig. 7). The attained results
have evidently shown that these water samples have not inu-
enced the emission nature of 3b. A very low but substantial
decrease in emission was present in the river water sample. This
could be because of the presence of hydrazine or another
similar analyte. However, aer the addition of an equal amount
of hydrazine (0.5 mM) in all of these water samples, there was
a huge decrease in the emission intensity of SBC 3b. This shows
the competence of the hydrazine sensing process in real time
sample analysis.
3.9 DFT and TDDFT calculation

The obtained experimental analysis was conrmed further via
density functional theory. Their excited energy levels were
calculated via time-dependent density functional theory.
Fig. 7 Emission intensity of SBC 3b (0.5 mM; 537 nm) after the addition
of different water samples in methanol with and without hydrazine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Comparative study of the UV-absorption, along with its oscillation strength: (a) SBC 3a in a solvent-simulated environment, (b) SBC 3a in
a gas-simulated environment, (c) SBC 3b in a solvent-simulated environment, and (d) SBC 3b in a gas-simulated environment.
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Gaussian G09 with the B3LYP/6-31(G) base set was used to
calculate the theoretical calculation by vertical excitation.42–44

The optimized structures of SBC 3a and 3b are noted in Table
S1,† and with the respective atom labelling shown in Fig. S9.†
The UV-absorption study of SBC 3a and 3b was calculated in the
gas and solvent (methanol) phase, and compared with the
experimental outcomes. In addition, we compared their oscil-
lation strength and all the relative data incorporated in Fig. 8.
Fig. 9 Calculated HOMO and LUMO energy levels for SBC 3a and 3b w

© 2025 The Author(s). Published by the Royal Society of Chemistry
SBC 3a in the solvent shows an absorption wavelength at
396 nm with 0.67 oscillation strength, and the HOMO/ LUMO
contribution is 98%. In the case of the gas phase, SBC 3a
showed an absorption wavelength at 381 nm with 0.50 oscilla-
tion strength, and the HOMO / LUMO contribution is 97%. A
second oscillation strength of 0.41 was found at 313 nm, and
the H−1 / L+1 contribution is 89% (Table S2†). Both gas and
solvent phases are matched with experimental analysis,
ith their frontier orbitals and their singlet–triplet excited states.
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although the gas simulation is better matched, as compared
with the gas and solvent phase (Fig. 8).

SBC 3b in the solvent phase showed major oscillations at
0.39, 0.17 and 0.15 with absorption wavelengths at 385, 270 and
303 nm, and its contribution was found to be HOMO / LUMO
(94%), H−6 / LUMO (90%) and H−1 / L+1 (77%), respec-
tively. Meanwhile, the gas phase showed 367 nm absorption
with 0.30 oscillation strength and a HOMO / LUMO contri-
bution of 78%. The second highest oscillation is 0.12, and its
H−1 / L+1 contribution was found to be 50% (Fig. 8c, d and
Table S3†). SBC 3b in the solvent and gas phases nearly matched
with the experimental outcomes (10–20 nm variation).

In addition, the measured bond angles and their dihedral
angles of SBC 3a and 3b are tabulated in Table S1.† The bond
angle and dihedral angles of both molecules both show
a similar observation at the a,b-unsaturated carbonyl group.
Due to the presence of the sulphur group attachment at
different 2 and 3rd positions, there is a slight variation of the
3rd-degree bond angle. Overall, the molecule represented a ‘‘v’’
shape with a similar distribution towards the right and le side
of the carbonyl centre. The frontier molecular orbitals of the
SBC 3a and 3b were calculated to nd the electron distribution
in the molecule, and are represented in Fig. 8 (Fig. S10,† gas
phase). The HOMO and LUMO of SBC 3a are located at−5.98 eV
and −2.32 eV, respectively, and the calculated energy gap is
3.66 eV. In the case of SBC 3b, the HOMO and LUMO are
−5.89 eV and −2.07 eV, respectively, and the energy gap is
3.81 eV. As compared to SBC 3a, 3b exhibited a higher energy
difference of HOMO–LUMO (0.15 eV), which is expected due to
the presence of the sulphur-containing 5-membered ring
attachment at the 3rd carbon to the a,b-unsaturated carbonyl
group. The detailed HOMO–LUMO levels are represented in
Table S4.† The electron distribution on HOMO of SBC 3a is
located mainly on benzo[b]thiophen, and LUMO is located
mostly on the molecule including the carbonyl group. Mean-
while, the electron distribution of HOMO of SBC 3b is mostly
located on the conjugated portion, and the LUMO is mainly
distributed on the a,b-unsaturated carbonyl group. The pres-
ence of a position change of sulphur at 2 and 3 leads to a large
difference in the electron distribution. Furthermore, the pres-
ence of sulphur in SBC 3b supressed the electrons on benzene,
where the 5-membered ring is attached. The calculated singlet
triplet energy levels are shown with the energy difference at
approximately 1 eV, which is good for effective uorescence
emission behaviour. These outcomes indicate that the current
synthesized molecules can efficiently produce uorescence
emission, which is used for the selective detection of hydrazine.
Here, we have performed a basic asymptotic fraction functional
(Tables S3 and S4†). However, the full range-separated func-
tional may give better HOMO/LUMO and TDDFT energies
(Fig. 9).45–47

4 Conclusion

A straightforward Claisen–Schmidt condensation through two
comparative protocols catalyzed by KOH/pyrrolidine with ben-
zothiophene aldehydes and acetone yielded two different
242 | Environ. Sci.: Adv., 2025, 4, 235–244
hydrazine-detecting molecules. The results have proven KOH as
a more effective and pyrrolidine as a more efficient catalyst for
the synthesis of these semi-bis-chalcone (SBCs) scaffolds. The
structures of the synthesized compounds were conrmed by
NMR, IR and HRMS analyses. Generally, chalcones are photo-
luminescent moieties; therefore, the photophysical properties
of the prepared molecules were investigated by UV-visible and
uorescence analysis in various polar and non-polar solvents.
Due to intramolecular charge-transfer (ICT), the prepared SBCs
exhibit high uorescence in both solution and solid states. The
obtained results of the photophysical properties and their DFT-
TDDFT theoretical correlation suggest that the prepared SBCs
can be optimized for their applications in optoelectronics,
sensing, and bio imaging. Looking at their photoluminescent
nature, the selective benzothiophene 2-carbaldehyde SBC 3a
molecule has been used for hydrazine detection with dual
spectroscopies. In the presence of hydrazine, colorimetric and
ratiometric uorescence alterations for 3b were detected
because they have an activated a,b-unsaturated carbonyl group
that is highly reactive towards the nucleophilic hydrazine. The
detailed sensing studies of this approach includes the selec-
tivity, anti-interference capacity (pH, organic and inorganic),
limit of detection, and solvent-dependent sensing efficiency. We
believe that the outcome of these sensing methods will
encourage the future design of real-time probes for hydrazine
and a few other chemicals with diverse applications.
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