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CHAPTER -1

Introduction and Review of Literature

This chapter provides an overview of naphthalimide-based chemosensors and an in-depth

~

discussion of the detection mechanism of different ions. It thoroughly explores the synthetic route

and evaluates their sensing ability concerning optical alterations and their ability to detect a

.

particular analyte with a low detection limit.
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1,8-Naphthalimide-Based Chemosensors: A Promising
Strategy for Detection of Metal lons in Environmental and

Biological Systems

Gurdeep Kaur," Iqubal Singh," Nitin Tandon,** Runjhun Tandon," and

Aeyaz Ahmad Bhat'”

The advancement of optical chemosenson has achweved
success with the advent of Supcamolecular Chemistry. Uniike
ather scaffolds, the 1,8-naphthalienide motif has emerged as an
exceflent fMluorescent chemosenior due to ity photophysical
properties like thermostability, cytotaxicity, membrane perme-
ability, selectivity, and sensitivity. The naphthalimide scaffold is
distinctive In 83 ways of tracking blological analytes and
diagnosing its role in various diseases, This review provides

1. Introduction

The research arena In the 21 century has witpessed a
revolution in the field of design and facile synthests of chemo-
serors with commendable results for thelr selective and subtie
tracking of analytes such a3 metal lons, anlons, blomolecules,
et A probe comprises various subunits such as a receptor,
spacer, and photoactive units which are capable of transducing
the molecular leved changes im0 analytical signals via color or
Nuorescence and is known as a chemosensor. ™ A major attempt
In this fleld & 10 develop optical chemosernsorns as a dynamic
tool for sensing various analytes having facile synthesis
selectivity, sensitivity, and exhitstion of the broed range of
emission characteristics™ '™ Moreover, these tools are disting-
tive In their way of sensing various biological analytes and
diagnosing thek role in a given disease state. Recent years have
witnessed tremendous research In supcamolecular chemistry
with incredible outcomes in terri of sensitivity and the
working of chemosensors. Also, sclentific retearch Is payng
attenton to the development of a maolecular marker for
selectively detecting blologically impartant cations.” ' The
molecular scalfold displaying metal-induced tum-on emission is

insght into current developmaents in the synthess and design-
ing of 1.8-naphthalimide-based chemasensors for the recogni-
tion of metal lond. Its mechanistic approsch for Its sensithity,
selectivity, and practical applications in & real environment, We
hope that this review will ald to develop & novel approach to
sense toxdc analytes in real water samples and improve ool
time applications.

organism by offering less  Interference from background
fluorescence, photobleaching, Bight scattedng, etc thereby
Cauung less injury to tissue with enhanced theee-dimensional
spatial localization, resolution, observation time and penetra-
tion depth. ™ ™ Further, these versatile photo physical peoper
thes can be refined by varying the substituents on its aromatic

n

nng

Such Intriguing properties of 1 8-napthalimide derivatives
make it an excellent marker for displaying woramt potential in
the fleid of bioinorganic chemistry, matenal chesmistry, analyt-
il chemistey, medical soence communities, etc™ Thess
captivating properties of the naphthalienide motif mark them as
exceptional maolety for displaying wide application in the fields
of biclogical and medical science, analytical chematry, materials
chemistry, bioorganic chemistry, etc™ and are employed as
matal lon sensors, ™ pH sensors,” ™ cellutar Imaging agents, ™
optoslectronic materiats ™ ght emitting diodes™ and as well
o solar eneegy collectors,™ The sensory features of 15
naphthalimide-based derivatives are attributed to several
processes, induding Photoinduced Electromic Tranafes (PET),"
Intra-molecular Charge Transfer (ICT),™ FosterResonance En-
ergy Transfer (FRET),"™ and Aggregation induced Emission/



VV ith the advent of industrialization and modernization, the research fraternity has also

undoubtedly evolved, enhancing the quality of life. Scientists have substantially developed
ubiquitous technological tools with efficient research efforts in various fields. Supramolecular
Chemistry is one such field that deals with the advancement of superlative optical sensors for the
selective detection of harmful analytes in the ecosystem. There are a significant number of ions
and small molecules that hold a supreme place in human life, various physiological processes, as
well as in the environment. Despite being benign, the analytes exceeding the threshold values
produce catastrophic effects, therefore, their recognition in a particular system is of relevant
interest!. The research arena in the 21 century has witnessed a revolution in the field of design
and facile synthesis of chemosensors with commendable results for their selective and subtle
tracking of analytes such as metal ions, anions, biomolecules, etc.

There are several traditional methods for the detection of metal ions, like Atomic
absorption spectroscopy (AAS), Inductively coupled plasma mass spectroscopy (ICP-MS),
inductively coupled atomic plasma emission spectroscopy (ICP-AES), voltammetry, and anodic
strip voltammetry>® are used which generally require high cost and specialized man-power without
recovery of samples. On the other hand, chemosensors are regarded as a suitable option for
detecting ions owing to their properties, including high sensitivity, specificity, selectivity, low
response time, versatility, colorimetric, and fluorescence response. A chemosensor is a molecular
device comprising a receptor unit that transforms the chemical modification occurring at the
molecular level into electrical signals’. Amongst the sensors, fluorescent and colorimetric
chemosensors can afford real-time information along with quantification of the target analyte of
particular interest® °. In general, it is a cost-effective analytical device designed with excellent
selectivity and sensitivity towards a specific analyte in an organic, semi-aqueous, or aqueous

medium to yield electrical signals at a particular concentration!® !!

. Hence, it is of paramount
importance to develop colorimetric or fluorometric sensors for the detection of anions, cations,
and other molecules of biological relevance.

A major attempt in this field is to develop optical chemosensors as a dynamic tool for
sensing various analytes having facile synthesis, selectivity, sensitivity, and exhibiting a broad

range of emission characteristics'?"!6. Moreover, these tools are distinctive in their way of sensing

various biological analytes and diagnosing their role in a given disease state!” !*. Recent years
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have witnessed tremendous research in supramolecular chemistry with incredible outcomes in
terms of sensitivity and the working of chemosensors. Also, scientific research is paying attention

to the development of a molecular marker for selectively detecting biologically important cations
19,20

1.1. Why Naphthalimide Only?

Several photophysical properties must be taken into consideration for designing the molecular
chemosensor, such as sensitivity, selectivity?!, photostability?’, cytotoxicity, membrane

23,24 " and solvatofluorochromism?’. The derivatives of numerous structural moieties,

permeability
such as boron dipyrromethene difluoride, cyanide, fluorescein, squaraine, and 1,8-napthalimide,
have been used for the selective detection of various chemical species?® 2’. Amongst these
structural motifs, 1,8-napthalimide possesses remarkable properties and was found to be
chemically stable. It exhibits excellent optical, electrochemical, photophysical, and thermal
properties, which mark the basis for its synthesis and the design of novel fluorescent
chemosensors!® 13, The property of high two-photon absorption cross-section displayed by 1,8-
naphthalimide is a uniquely beneficial property for the imaging of analytes in bio-organisms by
offering less interference from background fluorescence, photobleaching, light scattering, etc.,
thereby causing less injury to tissue with enhanced three-dimensional spatial localization,

resolution, observation time, and penetration depth®® ?°. Further, these versatile photo-physical

properties can be refined by varying the substituents on its aromatic ring (Figure 1.1)*.
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Figure 1.1: Naphthalimide as a chemosensor model displaying fluorometric and colorimetric change



Such intriguing properties of 1,8-napthalimide derivatives make it an excellent marker for
displaying vibrant potential in the field of bioinorganic chemistry, material chemistry, analytical
chemistry, medical science communities, etc. These captivating properties of the naphthalimide
motif mark them as exceptional moiety for displaying wide application in the fields of biological
and medical science, analytical chemistry, materials chemistry, bioorganic chemistry, etc.?! and are

32, 33 cellular imaging agents®*, optoelectronic

employed as metal ion sensors’, pH sensors
materials®>, light emitting diodes®, and as well as solar energy collectors®’. The sensory features
of 1,8-naphthalimide-based derivatives are attributed to several processes, including Photoinduced
Electronic Transfer (PET)*, Intra-molecular Charge Transfer (ICT)’, Foster-Resonance Energy
Transfer (FRET)*, and Aggregation Induced Emission/Quenching (AIEE/AIEQ)*!. In addition to
these, naphthalimides have exceptional pharmacological capabilities, making them important
scaffolds in a variety of anti-inflammatory, antiprotozoal, antibacterial, anticancer, and
antidepressant medicines, among other things*> **. Numerous derivatives based on the 1,8-
naphthalimide moiety have been created and used for the sensing of various types of substances
due to the myriad benefits that this moiety offers. 1,8-napthalimide and its derivatives have played
a significant role in supramolecular chemistry, and with the continuous structural modification in
the naphthalimide motif, it has become possible to achieve a considerable detection value’ 4.
In addition, in the case of 1,8-naphthalimide derivatives, two approaches are generally employed
for the detection of analytes i.e. binding site signaling approach and the other is the
chemodosimeter approach. In the former approach, the analyte transforms the signaling subunit
into chemical modification via various interactions and forces occurring at the molecular level that
transforms them into signals (color or fluorescent change)*® while in the later approach, the

chemosensor and analyte interaction leads to breaking of bonds and formation of new bonds

forming a chemically new moiety having different optical properties than initial molecule*’.
1.2. Review of Literature

The recent advancement in the development of the 1,8-naphthalimide-based chemosensor for the
detection of ions has been studied and covered for the optical transformations that involve broad

and real-time applications.



1.2.1. Detection of cations

Metal ions are present widely in the environment and contribute to various chemical and biological
systems to perform numerous functions in all life forms. These metal ions are split into two types
from a physiological perspective, i.e. non-essential metal ions and essential metal ions. The non-
essential metal ions, which are generally harmful to health, came into existence through volcanic
eruptions, soil erosion, geological weathering, etc., while these are also the result of many
anthropogenic activities like mining, smelting, waste dumping, livestock, automobiles, etc., 4.
On the other hand, the essential metal ions play a pivotal role in the ecosystem by regulating
transcription, electron chain transport, intra- and inter-cellular communications, Krebs’ cycle,
photosynthesis, etc.’’. However, if both non-essential and essential metal ions are present above
the threshold value, they could result in serious health issues. Therefore, detecting metal ions has
gained serious concern and encouraged researchers to design a fluorogenic and colorimetric
chemosensor to detect their presence even in trace amounts.

The accumulation of toxic metal ions in the environment is a growing concern due to their
aggravating toxicological effects on sustaining life forms>!. Heavy metal ions like mercury, cobalt,
lead, palladium, and chromium are hazardous metal ions even in trace concentrations®” >3, These
are ubiquitously distributed in the biosphere, posing a threat to mankind and the environment if
present above the threshold values®. These are non-biodegradable and their accumulation in living
forms occurs through an alimentary chain, thereby leading to severe health impacts>®. These metal
ions are contemplated as “Environmental Health Hazards” as they rank in the top ten in listing
from “Agency of Toxic Substances and Disease Registry Priority List of Hazardous Substances”
based on their exposure to water, soil, and air, and their toxicity. Its toxicity is being assessed by
several international organizations, including the World Health Organization (WHO)>®, the Center
for Disease Control (CDC)*’, the Joint Food and Agricultural Organization (FAO), and the
International Agency for Research on Cancer (IARC)®,

Therefore, its detection even in trace amounts plays a very crucial role in the environment
and also in biological systems. If we were able to maintain a certain limit on these metal ions, then
various serious diseases like Alzheimer’s, renal toxicity, lung cancer, Minamata, impaired
neurologic development, reproductive toxicity, carcinogenicity etc., can be controlled to a certain
extent™ %, So, fluorescent chemosensors play a significant role in the detection of metal ions in

an environment as well as in human cells for the detection of various diseases.



1.2.1.1. Detection of mercury (Hg**) ions

Mahata et al. synthesized a fluorescent chemosensor (5) possessing hydrazine carbothioamide and
1,8-napthalimide moieties as skeleton structures, which were evaluated for sensing Hg?* and Ag*
ions. Its synthesis followed three steps in which 6-bromo-1,8-naphthalic anhydride (1) reacted with
2-aminoethanol at high temperature, forming a white solid intermediate 2 in moderate yield in the
first step, which was further reacted with hydrazine hydrate, forming a yellow solid compound 3.
Finally, an acetonitrile solution of 1-isothiocyanatonaphthalene (4) was added to compound 3 at a

high temperature to afford compound 5 in good yield (Scheme 1.1).

OH

OH H
OH H N
Oy ° H,oN H N
2N~
OH N NHoNH; H,0 ' ‘ CH3CN
—_— —_— _
OO EtOH 2-Methoxyethanol OO OO reflux, 72 h, 82 °C
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, ARG

Scheme 1.1: Synthetic route of 5

According to the UV-Vis studies, free chemosensor 5 exhibited an absorption band at 410
nm, while no change was seen in the presence of other metal ions. In addition, the gradual addition
of Hg?" caused a drop in absorption intensity and the formation of a new peak at 452 nm with an
isosbestic point at 446 nm. On the other hand, a similar decrease was observed at 410 nm with the
addition of Ag®, while two new peaks were observed at 432 nm and 528 nm. In addition, the
emission studies revealed that upon excitation with 410 nm, weak fluorescence at 529 nm was
observed. The addition of Hg?" ions led to an increase in fluorescent intensity imparting a yellow-
green color with a gradual shift in emission spectra at 213 nm (Figure 1.2). On the other hand, the
Ag" exhibits a similar increase in intensity, imparting an orange color with the shift in emission
peak to 527 nm. This increase in the intensity in the presence of Hg?" and Ag* did not exhibit any
significant effect in the presence of other metal ions such as Li*, Na*, K*, Ca?*, Mg*", AI**, Cr’*,
Mn?*, Fe?*, Co**, Ni**, Cu?’, Zn*', Cd*", Pb*", Pd**, Pt**, Au*" and Fe’". Further, the 'HNMR gave
insight into the interaction between the chemosensor and targeted metal ions. The findings of
Density Functional Theory (DFT) studies supported the PET mechanism, which is responsible for
the switch-on response of chemosensor 5. In addition, the Job’s plot analysis revealed a 1:1 binding
ratio between chemosensor 5 and the tested metal ions. Further, the association for the metal-ligand

was found to be 1.9x10° M and 0.9x10° M™! towards Hg?" and Ag" ions, respectively. The turn-



on fluorescence response of the chemosensor marked its practical utility for the intercellular

detection of metal ions®'.

CHEF on

Figure 1.2: Sensing mechanism of 5 towards Hg?" and Ag*

Jothi et al. synthesized a naphthalimide-based fluorescent chemosensor (11) for the
recognition of Hg?" ions. The chemosensor was synthesized in a three-step reaction initially
reacting 6-bromo-1,8-naphthalic anhydride (1) with 4-(2-aminoethyl)morpholine (7) at a high
temperature to afford intermediate 8 in good yield. Further, the Suzuki reaction between 8 and 4-
formylphenylboronic acid (9) produced compound 10 in moderate yield, which on reaction with
1,3-propanedithiol (11) at high temperature afforded targeted chemosensor 12 (Scheme 1.2).
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Scheme 1.2: Synthesis of chemosensor 12
The chemosensor 12 exhibited peak originally at 370 nm causing a blue shift of the
absorption maxima with substantial changes that were only seen in the absorption and emission

spectra in the presence of Hg?" while other metal ions (Cu?’, A, Ba*', Bi**, Ca?*, Cd**, Ce**,



Co?", Li", Mg*", Mn*", Fe**, Ni**, Pb*", Ru*", Se?’, Sr**, Pd**, Th*', Zr**, Zn**, Ag" and Hg*") did
not significantly alter the absorption spectra of the chemosensor 12. In addition, the emergence of
anew peak at 451 nm was observed with an isosbestic point at 409 nm. The fluorescence emission
of 12 was observed at 429 nm, which was gradually enhanced with the addition of Hg*" ions, while
the presence of other metal ions produced no effect. The addition of Hg?" ions to 12 exposed its
turn-on behaviour by changing color from colorless to blue when viewed under a UV lamp, which
could be attributed to the ICT process (Figure 1.3). Further, the DFT studies and 'HNMR
spectroscopy support and illustrate the mechanism of formation of 13 in the presence of Hg?" ions.
The detection limit of 12 for Hg** was found to be 3.3 nM with an association constant of 3.429 x
57 M. Moreover, the chemosensor was efficiently applied for bioimaging Hg*" ions in the liver
cells of Escherichia coli %>,

Tian et al. synthesized and reported a fluorescent marker (18) for the detection of Hg?"
ions. In the first step, 6-bromo-1,8-naphthalic anhydride (1) was reacted with n-butylamine to
introduce a non-polar tail on the moiety, forming compound 14, which on further reaction under
basic conditions in the presence of methanol at high temperature, produced compound 15.

Deprotection of 15 in strongly acidic conditions yielded 16, which was converted to formyl

A

o

0 —

S

1]

C

12 13
Figure 1.3: Sensing mechanism of 12 towards Hg?"
derivative (17) under oxidizing conditions. Finally, compound 17 was reacted with 1,2-

ethanedithiol under acidic conditions to give target compound 18 in good yield (Scheme 1.3).
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Scheme 1.3: Synthetic route of chemosensor 18

The spectroscopic performance of chemosensor 18 revealed a 20-fold enhancement of
fluorescence emission intensity at 510 nm with the addition of Hg?" ions. The co-existence of Hg**
ions with other metal ions exhibited almost no change in the fluorescence intensity. It was further
observed that the presence of Hg?* ions leads to the deprotection of chemosensor 18, which triggers
the transformation of the disulfide group into an aldehyde group, forming compound 17 (Figure
1.4). Chemosensor 18 depicted an absorption peak at 461 nm, while compound 17 exhibited a peak
at 417 nm. Meanwhile, the color of the chemosensor solution changed from pale yellow to light
green which could be attributed to the formation of compound 17 due to the deprotection reaction
of dithioacetal triggered by Hg?" The limit of detection for 18 was found to be 4x10®* M. The non-
cytotoxicity of compounds 17 and 18 found its practical application in confocal imaging of Hg**

in PC-12 cells®?.

CHO

18 17
Figure 1.4: Sensing mechanism of 18 towards Hg**
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1.2.1.2. Detection of cobalt (Co**) ions

Li et al.developed a new fluorescent complex (20) to efficiently sense Co*" ions. Synthesis of the
targeted compound was achieved by the reaction of compound 6-bromo-1,8-naphthalic anhydride
(1) with butylamine under acidic conditions to afford intermediate 14 in good yield, followed by
a reaction with hydrazine at reflux temperature to give compound 19. Finally, compound 19 was
reacted with methyl-isothiocyanate (20) to afford the target compound 21 in moderate yield
(Scheme 1.4).

(@) (0] O "~ 5= C N
WMz O N NHoNH
—_— 2 2
CH3;COOH e
O refl3ux 6h CH30C2H4OH CH3CN
9 flux, 4 h reflux, 5 h, 80 °C
Yield = 90.6% reflux, R
Br Yield = 82% o
! 14 19 21 HN s

Scheme 1.4: Synthetic route of chemosensor 21

In the case of chemosensor 21 spectrum analysis found the highest absorption peak at 390
nm, which underwent a 16 nm blue shift in the presence of Co?". Interestingly, the presence of
additional metal ions had no impact on the spectra. On the other hand, the fluorescence spectrum
of 21 exhibited a switch-on response with negligible influence of other metal ions on the
introduction of Co?" metal ions (Figure 1.5). Further evaluation of the 21 with anions viz. F~, C1",
Br ,I ,NO; ,ClOs ,SO4* ,HSOs , NO> and SCN™ did not elicit any response keeping the
chemosensor in an off state confirming its selectivity and sensitivity towards Co®* ions. In addition,
Job’s plot indicated 1:1 stoichiometric binding between chemosensor 21 and Co?". Further the
chemosensor metal association was confirmed by 'HNMR titrations and DFT studies. The
detection limit of 21 was calculated as low as 7.82 nM. Also, the chemosensor-metal complex
exhibited remarkable detection ability for tri-ketone 4-hydroxyphenylpyruvate dioxygenase
(HPPD) inhibitor®.

10
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Figure 1.5: Sensing mechanism of 21 towards Co?*
1.2.1.3. Detection of palladium (Pd**) ions

Kumar et al. designed and synthesized a bis-naphthalimide-based crown ether
chemosensor (25) for the detection of Pb®" and tris(2-aminoethylamine) (TAEA). The
chemosensor 25 was synthesized in a three-step reaction in which the first step involved an
electrophilic aromatic substitution reaction of compound 23 under basic conditions at high
temperature, followed by reaction with cyclohexylamine at room temperature to afford compound
24. Compound 24 was further refluxed in the presence of pentamethylene glycol at 100 °C to give
25 (Scheme 1.5). Further, the treatment of 25 with Pb** (25 equiv.) generated ensemble 26.

c Y
OxO~P i Bry, 4M KOH, Q Pentaethylene glycol,
reflux, 65 °C [e) N (o) NaH OO O‘
OO ii. cyclohexylamine, DMF, reflux, 10 h,
ethanol, reflux, 70 °C OO 100 °C 07 >N Yo O N Yo
23 Yield = 95% Yield = 20%
Br
24 25

Scheme 1.5: Synthesis of chemosensor 25

Chemosensor 25 revealed a drastic change in fluorescent spectra in the presence of
Pd**/Pd° and Fe*'/Fe’" with quenching of 65% in the case of Pd**, whereas 25-30% quenching
was observed in the case of Pd’, Fe**, and Fe?* ions. On the other hand, less than 20% quenching
was observed in the case of other metal ions (Hg*", Pb**, Cs*, K*, Co?", Ca%*, Zn?", Cd*", Li", Ni**,
Ba®", La*", Cu?"). In addition, the studies of non-fluorescent ensemble 26 revealed turn-on
perturbations with the gradual addition of TAEA (Figure 1.6). However, ligand-to-metal charge
transfer (LMCT) from naphthalimide to Pb>* was observed, which further quenches the complex.

11



Further, this “on-off” switching aids in studying its bio-imaging in MG-31 cells. The sensing of
the TAEA ensemble was proved with experimental methods such as optical and DLS techniques.
Furthermore, the limit of detection of 25 towards Pd** was found to be 0.1 uM, and the ensemble

(26) exhibited a 0.8 uM detection limit towards TAEAS.
(9P Sho °
o o O.. = .0
[0 Oj @ [o"',@\*oj HZN/\/SN\/\NHZ [O Oj (\NLNZ]H
HiN, o 2N
OENjO oéo oéo 07 N 0o O™ °'N” 7O 07 "N o
25 26 ©

Figure 1.6: Sensing mechanism of 25 towards Pb*"

1.2.1.4. Detection of lead (Pb**) ions

Jiang et al. synthesized a novel fluorescent chemosensor, a thiosemicarbazide-appended
naphthalimide derivative (30), in three steps of synthesis (Scheme 1.6). In the first step, 6-bromo-
1,8-naphthalicanhydride (1) was treated with n-butylamine in ethyl alcohol at a high temperature
to give compound 14 in moderate yield. Further reaction with hydrazine under nitrogen
atmosphere led to the formation of compound 28 in good yield through nucleophilic aromatic
substitution of Br. The compound 28 was further reacted with 1-methoxy-1-thionitrosoethene (29)
to give fluorescent chemosensor 30 in moderate yield. The fluorescent chemosensor 30 revealed
the excitation wavelength at 390 nm. The presence of Pb** ions augments fluorescence, while the
co-existence of other metal ions (K*, Na*, Mn?", Mg?*, Zn**, Hg**, Cu®’, Ni**, Ca*', Fe**, AI**,
Sn**, Ba®*, Ag" and Cr**) produces a negligible response. Meanwhile, a notable color change from
weak green to yellow was observed at 365 nm under a UV lamp exhibiting a “turn-on” response
(Figure 1.7). The Job’s plot analysis revealed 1:1 stoichiometric binding of the complex. In
addition, the detection limit of 30 was found to be 4.7 nM. The remarkable sensitivity, selectivity,
and lower cellular toxicity of chemosensor 30 found its practical applicability in environmental

samples and bio-imaging of HSC cells®®.
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Figure 1.7: Sensing mechanism of 30 towards Pb*"

1.2.1.5. Detection of bismuth (Bi**) ions

Treto-Sudrez et al. reported an optical dual-selective chemosensor (31) for the detection of Bi’".
Chemosensor 31 revealed two absorption bands at 342 nm and 233 nm. The turn-on behaviour of
the chemosensor was observed after interaction with Bi** and it was found that the variation in the
intensity of the absorption band was pH dependent. In an alkaline medium, a slight blue shift was
observed at 338 nm with the emergence of a new absorption band at 406 nm. Also, 31 exhibited a
red shift in the absorption band and Chelation Enhanced Fluorescence (CHEF) effect in response
to Bi*" (Scheme 1.7). This enhancement in the spectrum could be attributed to the inhibition of
PET after the coordination of the metal ion with the N atom of the sensor. The presence of other
metal ions does not exhibit any variation in the fluorescence intensity of the sensor. The
stoichiometric ratio between metal-ligand was found to be 1:1. However, a slight change in the

concentration of metal-sensor implies a decrease in the emission intensity of the chemosensor®’.
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Scheme 1.7: Proposed sensing mechanism of the chemosensor 31 in the presence of metal ions [109]
1.2.1.6. Detection of copper (Cu?*) ions

Liu et al. designed and synthesized a novel turn-off fluorescent 1,8-napthalimide-based
chemosensor (36) for the selective detection of Cu®* ions employing a hydrolysis mechanism in
three steps (Scheme 1.8). The first step involved the treatment of compound 6-bromo-1,8-
naphthalic anhydride (1) with n-butylamine in ethanol at reflux temperature to form compound 14
followed by nucleophilic aromatic substitution of Br in the presence of hydrazine to form
compound 34. Finally, target compound 36 was synthesized in good yield by reaction of 34 with

thiophene-2-carbaldehyde (35) under nucleophilic reaction conditions.

: S e
O O® ~U~UNHy O N0 NH2NH2 EtOH, 2 h
OO EtOH, 20 h OO CH3OCHZCH20H g ] refux 25°C OO
reflux 4 h, reflux Yield = 78.6% HN‘N
Br Br s |
1 14 34 35 \

Scheme 1.8: Synthetic route of chemosensor 36

Chemosensor 36 exhibited two bands at 452 nm and 328 nm, while a sharp decline in
intensity was observed in the former with the addition of Cu?* ions, accompanied by a red shift of
the absorption peak at 328 nm to 338 nm. This could be attributed to the decomposition of 36 in
the presence of Cu®" ions to compound 38. In addition, the absorption peak of compound 36 was
found to emerge at 340 nm, which could be ascribed to the n-n* transition of the naphthalimide
core unit. Other cations such as K*, Na*, Ag*, Cu®, Mn**, Mg?*, Zn**, Co?**, Hg*", Pb**, Ni*", Cd*",
Ca?’, Ba?", Sn**, Fe?*, Fe**, A" and Cr*" have exiguous effects on the absorption spectra. In
addition, the fluorescent studies revealed an evident yellow emission of the independent

chemosensor (36) when excited at 450 nm. The subsequent presence of Cu?" ions, along with other
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metal ions quenched the fluorescence significantly, making the chemosensor act as a turn-off
chemosensor with noticeable color change visible to the naked eye which could further pave the
way for calorimetric detection of Cu?" ions (Figure 1.8). The binding stoichiometric of the
complex determined by the Job's plot analysis was found to be 1:1, and the limit of detection was
as low as 9.15 nM. Further, the binding mechanism was supported by FT-IR and 'H-NMR
spectroscopic techniques. In addition, chemosensor 36 was useful in determining the quantity of

Cu?" ions present in environmental samples®®.
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Figure 1.8: Sensing mechanism of 36 towards Cu**

Li et al. synthesized a 1,8-phthalimide-based hydrazone fluorescent turn-on chemosensor
41 for the detection and imaging of Cu®* ions in lysosomes. The synthesis of chemosensor 41 took
place in a step reaction in which compound 39 reacted with compound 40 via a condensation
reaction (Scheme 1.9). The free solution of chemosensor 41 displayed absorption bands at 500 and
343 nm. Further, the absorption and fluorescent studies revealed vivid enhancement in
fluorescence with the addition of Cu" ions with the shift in the band from 550 to 210 nm while
spectrum interferences from other metal ions (Ag*, AI**, Ca?", Cd**, Co*", Cr*", Cu**, Fe**, Hg*",
K*, Mg**, Mn?*, Na®, Ni**, Pb**, and Zn**) were barely noticeable. Also, as the concentration of
Cu?" ions increased, bands with centers at 480 and 343 nm gradually decreased; this could be
attributable to the suppression of the PET process. In addition, the emergence of two isosbestic
points at 440 and 345 nm revealed the formation of new chemical species. The detection limit of
chemosensor 41 was found to be 68 nM, which could be attributed to the formation of the 41-Cu?®*
complex with a 1:1 stoichiometric binding ratio, and the binding constant was calculated to be 2.88
x 54 M"! (Figure 1.9). Moreover, the low toxicity of the chemosensor found its application in the

bioimaging of the HeLa cells for monitoring Cu?" in lysosomes®.
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Figure 1.9: Sensing mechanism of 41 towards Cu**

Nur et al. designed and synthesized a 1,8-napthalimide-based fluorescent chemosensor 44
for the detection of Cu?" ions in environmental samples. In the first step, 6-bromo-1,8-naphthalic
anhydride (1) was reacted with n-butylamine under acidic conditions, forming compound 14,
which, on further reaction with hydrazine at high temperature, yielded compound 34 via
nucleophilic substitution reaction. Finally, 34 reacted with 2-hydroxy-1-naphthaldehyde (43) at
high temperature, yielding target chemosensor 44 (Scheme 1.10).

H .
OO
i i ~o~NH2 NH2NH2 HO EtOH OO
OO CH3;COOH OO OO reflux 24 h
CH30CH,CH,0H Yield = 78% HN .
Br (i

4 h, reflux

| OH
1 14 34 43 44

Scheme 1.10: Synthetic route of chemosensor 44

The colorimetric and fluorescence response of 44 revealed the presence of two absorption
bands at 325 nm and 460 nm and an emission band at 550 nm and 551 nm when excited at 290
nm. The fluorescent studies showed a remarkable blue shift from 550 to 545 nm was observed

with a visible color change from yellow to blue in the presence of Cu®" ions, (Figure 1.10). The
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colorimetric studies exhibited a substantial decrease in absorbance at 325 and 460 nm in the
presence of Cu?" ions which could be attributed to the n-n* and n-m* transitions. The presence of
various cations (Ni**, Mg?*, Co?*, Pb**, Ca?", Cd*", Fe*", Zn*", Hg*", Ba>", K", Ag", AI’" and Fe*"),
anions (CIO ,NO; , H,POs , HCO3™ ,NO3; ,OH , Br , F and Cl"), and amino acids (L—valine
(Val), L—arginine (Arg), L-phenylalanine (Phe), L—threonine (Thr), L—serine (Ser), L—isoleucine
(Ile), glycine (Gly), L-tyrosine (Tyr), cysteine (Cys), L—proline (Pro), L-methionine (Met))
exhibited no significant difference in the intensity of the spectra supporting the excellent
performance of 44 and its affinity towards Cu®" ions. In addition, Job’s plot analysis revealed 1:1
stoichiometry of the complex between 44 and Cu?* which was further supported by mass
spectrometry. Also, the DFT findings further corroborate with the experimental results. The limit
of detection of 44 was found to be 9.21 nM. Further, the chemosensor was also used to detect the

Cu?" ions in experimental samples of bottled drinking water and real food samples’’.
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Figure 1.10: Sensing mechanism of 44 towards Cu?*
1.2.1.7. Detection of aluminum (AP*) ions

Zhang et al. designed and synthesized a new turn-on napthalimide picolinohydrazide
fluorescent chemosensor 48 for the selective detection of AI** ions in a real water sample. The
synthesis of the chemosensor was carried out by reacting compounds 46 and 47 in methanol at
reflux temperature to give 48 in good yield (Scheme 1.11). Chemosensor 48 exhibited an
absorption band at 470 nm, which was shifted to 403 nm with a visual color change on the addition
of AI** ions. At 10 uM concentration of metal ion, the intensification of the absorption band at 350
and 403 nm was observed along with the consistent decrease in intensity of bands at 310 and 470
nm. In addition, the fluorescent studies revealed an increase in the emission intensity at 500 nm

with an increase in the concentration of AlI*" with a change in color from dodger blue to spring
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green, which was accompanied by the formation of a 1:1 complex between 48 and Al**. This
distinctive color change of the chemosensor could be attributed to the C=N isomerization and
inhibition of the PET process, which were supported by 'H-NMR spectroscopy and DFT studies.
The detection limit of chemosensor 48 was found to be 39 nM (Figure 1.11). Furthermore, the
chemosensor could be used efficiently for the detection and quantification of AI** ions in real and

biological samples’!.
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Scheme 1.11: Synthetic route to chemosensor 48
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Figure 1.11: Sensing mechanism of 48 towards AI**

Xu et al. developed a naphthalimide appended isoquinoline “switch-on” fluorescent
chemosensor 51 for the detection of Al** ions. Chemosensor 51 was fabricated as a Schiff base in
good yield by reacting compounds 46 and isoquinoline-1-carbohydrazide (50) in methanol
(Scheme 1.12). The fluorescent spectroscopic studies revealed weak fluorescence of 51 at 510 nm
when excited at 394 nm, which could be ascribed to C=N isomerization and the ESIPT process.
The sensing behaviour of chemosensor 51 revealed that the addition of AI** ions caused a
progressive increase in intensity at 510 nm and a colorimetric shift from colorless to bright
greenish under UV light. This switch-on response could be ascribed to the formation of a complex
between 51 and AI** with the stoichiometric binding ratio of 1:1 as indicated by Job’s plot with
binding constant of 3.27x10° M™! (Figure 1.12). Moreover, the detection limit of 51 was found to
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be 52 nM. Furthermore, this turn-on behaviour of the chemosensor (51) found its practical

applicability in bio-imaging the AI** ions in living cells’
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Scheme 1.12: Synthetic route to chemosensor 51
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Figure 1.12: Sensing mechanism of 51 towards AI**

1.2.1.8. Detection of zinc (Zn’*) ions

Xiang et al. synthesized a novel Schiff base turn-on fluorescent chemosensor 54 for selective
detection of Zn** ions. The chemosensor was synthesized by the condensation reaction of
compounds 46 and furan-2-carbohydrazide (53) in methanol at high temperature to afford pure
pale-yellow compound 54 in good yield (Scheme 1.13). Chemosensor 54 exhibited very weak
fluorescence emission when excited at 404 nm. Further, the UV-Vis experiments showed an
increase in intensity at 400 nm with a decrease in absorbance at 500 nm of 54 on the addition of
Zn**. Also, the fluorescence intensity at 506 nm exhibited an increment with the addition of Zn?",
accompanied by a distinctive colorimetric change from green to bright greenish visible to the
naked eye at 365 nm under the UV lamp, which could be ascribed to inhibition of the PET and
ESIPT process (Figure 1.13). The experimental results agreed with the findings of the DFT studies
that revealed a decreased HOMO-LUMO energy gap, suggesting a more stable metal ligand
complex (104). In addition, Job’s plot revealed a 1:1 binding ratio of the complex between 54 and

A1

Zn>" and association constant of 1.18x10° M. Interestingly, the practical usefulness of
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chemosensor 54 in detecting Zn*>' in actual environmental samples as well as test strips was

supported by its low limit of detection of 39 nM .
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Figure 1.13: Sensing mechanism of 54 towards Zn**
Das et al. designed and synthesized a new “turn-on” fluorescent chemosensor 57 for the
recognition of Zn>" ions. The chemosensor was synthesized by a one-pot amidation reaction
between compound 56 and hydrazine at a high temperature, which yielded brownish-yellow solid

compound 57 in moderate yield (Scheme 1.14).
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Scheme 1.14: One-pot synthesis of 57

The fluorescent studies revealed that the chemosensor (57) displayed weak fluorescent emission
at 508 nm when excited at 430 nm. The addition of metal ions (Cd**, Co**, Fe?*, Cu**, Mg?*, Ni**,
Mn?", Ba**, AI**, Ce*", Sn?*, Pb?*, Cr**, and Ca*") exhibited no change in intensity except for Cd**

and Co?" that showed little fluorescence, however, Zn** caused a dramatic change in fluorescence
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intensity and a change in color from light green to fluorescent green. Further, with an increase in
the concentration of Zn** ions, no significant changes were observed for absorption bands at 268
nm and 429 nm. Further, the interference studies revealed no major perturbations except for Co?*,
Cd**,and AI*" ions in the presence of the target ion. However, a slight increase in the intensity was
observed in the former band, accompanied by a decrease in the intensity of the latter band with an
isosbestic point at 325 nm. Additionally, the PET process was inhibited which could be attributed
to the binding of Zn?* with the chemosensor, thereby restoring the emission intensity with the ICT
process (Figure 1.14). Further, the binding ratio between the Zn>* and 57 was found to be 1:2, and
chemosensor 57 found its practical utility in the mapping of Zn" ions in biological systems in the
nanomolar range. Also, the association constant was found to be 62.007 M! indicating weak

binding of chemosensor 57 with Zn** in the ground state’.
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Figure 1.14: Sensing mechanism of 57 towards Zn*"

1.2.2. Detection of anions

1.2.2.1. Detection of fluoride (F) ions

Chen et al. synthesized a chemosensor comprising 3-hydroxy-4-cyano-1,8-naphthaleneimide (59),
and 4-(tert-butyl-diphenylsilyloxy) benzyl bromide (60) in the presence of potassium carbonate
and was allowed to reflux for 24 hours in acetonitrile (Scheme 1.15). The residue obtained was
treated with dilute hydrochloric acid, followed by its extraction with ethyl acetate. After the
removal of the solvent, the crude product was purified using column chromatography to obtain the
desired chemosensor 61. The synthesized chemosensor acts as a chromogenic and fluorescent
chemosensor to detect F~ions. The chemosensor exhibits remarkable absorption spectra at 345 and
390 nm in THF. On addition of F~ions, the new peaks formed at 270 and 510 nm accompanied by
a color change from colorless to yellow. Further, upon excitation at 410 nm, the chemosensor

shows significant emission at 250 nm while other ions (F~, CN~, AcO™, H,PO47, I 7, CI', NOs",

21



HSO4~, ClO4-, BF4, Br, and OH") revealed no changes. To study the sensing mechanism, 'H-
NMR titrations were performed, which revealed that the synthesized chemosensor follows
chemodosimetric approach. The results revealed that compound 61 undergoes classical
desilylation in the presence of F~ion with the formation of compound 62 (Figure 1.15). These

chromogenic and fluorescent changes led to the development of a test-strip kit for the detection of
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Scheme 1.15: Synthetic route of chemosensor 61
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Figure 1.15: Sensing mechanism of 61 towards F-ions.

Xiao et al (2020) developed a 1,8-Naphthalimide appended with antharcarbaldehyde
exhibiting a naked-eye chemosensor for the detection of F~ion. The sensor was synthesized in one
step using (N-butyl-1,8-naphthalimide)hydrazine (65) and 9-anthracenecarboxaldehyde (66) in
acetic acid at reflux conditions for 6 hours to obtain the desired chemosensor (67) in good yield as
red precipitates (Scheme 1.16). The UV-visible absorption study of the chemosensor revealed an
absorption band centered at 490 nm in DMSO: H>O (v/v, 7:1). The introduction of F~ion into the
free chemosensor solution led to the gradual decrease of the band at 490 nm with the emergence
of the new band at 364 and 690 nm with naked-eye color change from yellow to blue (Figure
1.16). Further, the formation of an isosbestic point at 511 nm depicts the formation of new species,

while other ions F~, CI', Br, I, HPO4~, AcO™, HSO4, and ClO4 reveal no significant changes.
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In addition, the emission peak of the chemosensor was found at 556 nm, which decreases in the
presence of F ions. To investigate the binding mode, Job’s plot analysis and 'H-NMR titration

exhibited a 1:1 stoichiometric ratio’®.
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Scheme 1.16: Synthetic route of chemosensor 67
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Figure 1.16: Sensing mechanism of 69 towards F-ions.

Pati et al (2020) designed compounds by varying the substituents at 4-position of the
naphthalimide ring for the detection of F~ ions through the deprotonation mechanism of NH
protons. These adenine-linked naphthalimide motifs were synthesized in a one-step reaction under
harsh conditions. Compound 1 was treated with different aromatic compounds (70, 73, 76) in the
presence of CS2CO3 and PACl>(PPh); in dry toluene. The reaction mixture was allowed to reflux
at 140 °C under an N, gas atmosphere. The reaction mixture was quenched with water, followed
by its sequential extraction with the organic solvent. The organic layer was collected, and the
solvent evaporated till dryness, yielding the crude product, which was further purified using
column chromatography. This led to the formation of the desired chemosensors 71, 74 and 77.

The chemosensors were treated with different anions to know their behavior, particularly towards
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the F-ions. The selectivity studies were one in CH3CN 1% DMSO solution. Compound 71 exhibits
an absorption band at 395 nm which decreases with the emergence of a new band at 546 and 362
nm. This could be attributed to the deprotonation of the NH proton which led to the accumulation
of charge on the N atom of the amino group thereby creating a push-pull effect between the
electron-rich and electron-withdrawing naphthalimide ring, leading to ICT. This deprotonation was
confirmed by the addition of protic solvents like MeOH, which led to the regain of the original
peak and confirmed the re-protonation of the chemosensor. While the fluorescence studies revealed
quenching of the fluorescence band at 470 nm. Similarly, chemosensor 73 exhibits an absorption
band at 410 nm, which concomitantly decreases with the appearance of a new band at 546 nm,
leading to the ratiometric response. The color of the free chemosensor transforms from light yellow
to pink with the addition of F- ions. Also, the emission intensity of the free chemosensor exhibits
a peak at 516 nm, which is significantly quenched on the introduction of F- ions. This quenching
in emission intensity could be attributed to the PET process from the electron-rich nitrogen center
to the electron-deficient naphthalimide ring. On the other hand, chemosensor 77 revealed no
significant perturbations in the presence of anions. It was observed that the substitution of the
adenine ring with benzothiazole in chemosensor 75 influenced the acidic character of the amine
proton, which was responsible for the selectivity of F~ ions. This highlighted the role of acidic
proton amine, which was absent in chemosensor 77, thereby exhibiting no alterations (Scheme

1.17)"7.
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Scheme 1.17: Synthetic route and sensing mechanism of chemosensor 71, 74, and 77 towards F~ions.

Yang et al (2021) developed a dual-platform colorimetric and ratiometric chemosensor 82
to detect F- ions. The chemosensor was synthesized from n-butyl-4-amino-1,8-naphthalimide (80)
and 2-hydroxy-1-naphthaldehyde (81) in ethanol yielding a Schiff base (82) (Scheme 1.18). The
absorption study revealed a band at 422 nm which showed a red shift to 583 nm with the addition
of F- ions while other ions s (CI", Br, I, NOs~, HSO4, SCN", ClO4, AcO", OH and CN")
exhibits no response in DMSO. Also, the chemosensor solution's color turned yellow to purple
(Figure 1.17) with the formation of the isosbestic point at 500 nm, revealing the formation of a
new species. The detection limit was found to be 0.61 uM with a stoichiometric ratio of 3:2
between the chemosensor and F- ions. The changes could be attributed to the deprotonation of the
OH proton, which was also validated by theoretical studies. The chemosensor possesses practical

application in real water samples’®.
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Figure 1.17: Sensing mechanism of 83 towards F-ions.

Pati et al. constructed three colorimetric and ratiometric chemosensors for the detection of
F~ 1ons. The chemosensors were synthesized by displacement reaction of 4-bromo-1,8-naphthalic
anhydride (1) with butylamine (84), aniline (85), and 2-aminopyridine (86). Then the 4-position
of the naphthalimide ring was substituted with diethyl malonate (90), yielding three chemosensors.
The absorption studies of the chemosensor revealed the appearance of the chemosensor band in a
non-visible region at 265 nm. However, the addition of F~ ions to chemosensors 91, 94, and 97
exhibits a red shift at 560 nm with a decrease in the peak at 265 nm. This remarkable shift exhibits
a visible change from colorless to violet, revealing remarkable colorimetric properties. Despite a
similar change in the presence of F~ ion, the detection limit was determined to be 7.6 x 10®* M, 9.4
x 10 M, and 1.1 x 107 M for 91, 94, and 97, respectively. The Job’s plot was investigated for
determining the binding ratio, revealing 1: 1 stoichiometry. Although there is no acidic proton like
OH, NH; still the chemosensors detected F~ ion due to the activation of methylene proton due to

keto-enol tautomerism, which led to significant spectral changes with F~ion (Scheme 1.19)”°.
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Scheme 1.19: Synthetic route and sensing mechanism of chemosensors 91, 94, and 97 towards F-ions.

1.2.2.2. Detection of hyphochlorite (CIO) ions

Bi et al. synthesized a fluorescent chemosensor with AIE characteristics for the ratiometric
detection of F~ ion. The synthesis of chemosensor 103 involved a two-step reaction. Initially,
compound 1 was treated with 2-dimethylaminoethylamine (100) in ethanol, yielding compound
101 at reflux conditions. Further, compound 101 was reacted with coupled with 4-(methylthio)
phenyl (102) in ethanol under a N> environment to get the desired chemosensor 103 in good yield
(Scheme 1.20). The optical studies of the chemosensor 103 revealed an absorption band at 378
nm, which shifts to a lower wavelength on gradual addition of CIO™ ions using DMF: H>O (1:9,
v/v). On the other hand, the free chemosensor reveals no fluorescence, while the addition of C1O"
ions leads to significant enhancement in the fluorescence at 425 nm accompanied by a blue shift
to 427 nm. Also, the fluorescence color of the chemosensor shifted from yellow to blue on
increasing the concentration of ClO™ ions, which could be attributed to the transformation of
thioether to thiosuphoxide thereby generating a push-pull effect (Figure 1.18). In addition, the
presence of other ions, Ag*, Cu*’, Ni**, Fe?", Fe**, Mg?*, H,0,, NO2, NO5", HCO5", COs%, SO3%,
and SO4>~ has no effect on the chemosensor 103. The detection limit was found to be 1.22 pM for
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ClO  ions. Further, the visual detection led to the development of test strips, and the fluorescent

behavior was exploited for the confocal fluorescent imaging of endogenous CIO™ ions in HelLa

cells®,
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Figure 1.18: Sensing mechanism of 104 towards C1O" ions.

Zhang et al (2023) developed a phenothiazine appended naphthalimide-based chemosensor
for the detection of C1O™ ions with naked eye color changes. The chemosensor was synthesized in
a single-step process in ethanol. Compound 107 and compound 110 were synthesized as reported
in the literature and were allowed to be stirred at reflux temperature of 12 h in ethanol with a few
drops of acetic acid (Scheme 1.21). This led to the formation of yellow precipitates which were
filtered and recrystallized in ethanol to obtain the desired chemosensor in good amounts. The
chemosensor was further analyzed for the detection of ClO™ ion using spectroscopic studies in
DMSO: PBS buffer (1:1, v/v). The free chemosensor solution reveals an absorption band at 433

nm which gradually disappeared on the introduction of ClO™ ions with the emergence of a new
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peak in the range of 556-600 nm, along with the formation of isosbestic point at 480 nm. No other
ions reveal any significant changes (K*, Na*, Ca?*, Mg?", AI**, Zn?*, Fe**, Fe*", Sn**, Pb**, Cu*",
Hg*", Ag®, F, CI', Br, I', HSOs", SO4*, SOs%", NO3*, NOy, POs*, HPOs*, H,PO4>, HzS, Ho0»,
HCl104, ONOO", O™ ).Also, a naked eye color change was observed from green to brown (Figure
1.19). In addition, the fluorescence studies revealed a “turn-oft” effect on the addition of C1O™ ions
at 211 nm on excitation at 370 nm. This could be ascribed to the oxidation of sulphur into
sulphoxide group, leading to the inhibition of ICT process. This reveals the selectivity of the
chemosensor for C10 ion with a detection limit of 9.5 nM. Moreover, the chemosensor was found
to be suitable under physiological pH, revealing its practical application in the endogenous
detection of ClO™ ion in MCF-7 cells. Also, the naked eye changes led to the development of test

strips and efficient tools for detecting C1O" ion in tap water analysis®!.
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Scheme 1.21: Synthetic route of chemosensor 111
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Figure 1.19: Sensing mechanism of 112 towards ClO" ions

Shirashi et al (2020) fabricated a naphthalimide-sulphonylhyrazine conjugate for the
fluorescent detection of C1O™ ion. The chemosensor was synthesized in a single-step condensation
reaction between 3-formyl-4-hydroxy-N-butyl-1,8-naphthalimide (46) and p-toluenesulfonyl
hydrazide (113) in ethanol at reflux conditions for 21 hours. This led to the formation of yellow
color precipitates affording the desired chemosensor 114 (Scheme 1.22). The optical analysis of
chemosensor 114 towards different ions was investigated using the emission spectroscopic
technique in H>O: CH3CN (8:2, v/v) as the solvent medium. The free solution exhibits a weak
fluorescence intensity on excitation at 370 nm, whereas a strong fluorescence response was
triggered in the presence of ClO™ ions at 519 nm (Figure 1.20). While the presence of other ions
barely exhibits any effect on the spectrum. Further, the yellow color of the chemosensor solution
turns green with the addition of C1O" ions. A linear relationship between the fluorescence emission
and the concentration of ClO™ ions was found revealing the detection limit to be 1.6 pM. The results

were found to be useful in the detection of C1O" ions in living cells®.
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Scheme 1.22: Synthetic route of chemosensor 114
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Figure 1.20: Sensing mechanism of 116 towards ClO" ions.

1.2.2.3. Detection of cyanide (CN) Ions

She et al (2025) developed a FRET-based ratiometric chemosensor to detect CN™ ion in DMF: H>O
(9:1, v/v). The chemosensor comprises of coumarin and naphthalimide ring which was synthesized
initially by classical Boc-deprotonation reaction using trifluoroacetic acid (TFA), followed by the
subsequent displacement of the O atom at reflux in ethanol yielding the targeted chemosensor 119
(Scheme 1.23). The free chemosensor solution, green in color revealed a band at 425 nm in
DMF/H;O0 solution. The presence of CN™ ion revealed a colorimetric and ratiometric response with
the formation of a new peak at 211 nm accompanied by a color change from green to pink. While
the addition of other metal ions (Br, Cl', AcO", DTT, F-, Gly, GSH, H,0O,, HSO3", HSO4, I', Leu,
NOgs7, S27) didn’t induce any change. Further, the fluorescent study revealed a blue emission band
at 468 nm which gradually decreased with the formation of a new emission band at 582 nm (orange
in color). These changes could be attributed to the FRET mechanism and cyanide-induced SNArH
reaction followed by denitration and hydroxylation (Figure 1.21) which was confirmed through
NMR titrations and LC-MS spectra, Further, the pH studies revealed its physiological activity to
detect CN™ in the pH range of 4-12 with a detection limit of 5.3 uM. In addition, the paper strips
loaded with chemosensors serve as a portable device for on-site monitoring of CN" ions due to

visible color changes. Also, it was used in the real-time detection of food and water samples®’.
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Scheme 1.23: Synthetic route of chemosensor 119

31



)
o) \
HN. N
HN™ N
0o
0{ N__0O CN- 0" g
., ol N_oO
“OO No B
2 o
: CN
120

119

Figure 1.21: Synthetic route and sensing mechanism of 119 towards CN"ions.

Zhang et al (2024) fabricated a fluorescent chemosensor (122) for the detection of CN-
ions. The chemosensor comprising of compound 46 and 8- Hydroxyquinaldine (121) was
synthesized in acetic anhydride at reflux conditions yielding a brown color targeted chemosensor
122 (Scheme 1.24). The optical studies of the free chemosensor revealed the absorption band at
455 nm in DMF: PBS (1: 1, v/v). While excitement at 380 nm, an emission peak at 479 nm was
observed. In addition to different anions, a significant decrease was observed in the addition of
CN- ion in the absorption spectra. Also, the quenching in fluorescent spectra was observed with
the introduction of CN™ ions, revealing its selectivity. These changes could be ascribed to the
inhibition of the ICT phenomenon on the addition of CN ions, which hinders the conjugated
system hence, weakening the fluorescence intensity (Figure 1.22). The stoichiometric ratio was
calculated to be 1: 1. Further, the practical applicability of the chemosensor was determined in sea-

water, river water, and tap water®*,
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Scheme 1.24: Synthetic route of chemosensor 122
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Figure 1.22: Sensing mechanism of 122 towards CN"ions.
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CHAPTER -2

Materials and Methodology

This chapter outlines the detailed protocols employed in this research, covering the
methodologies and procedures used to achieve the objectives of the study. Each protocol is

systematically described to ensure reproducibility and provide a comprehensive

understanding of the experimental approaches undertaken.
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2.1. Materials and Instrumentation

Acenaphthene, ethylenediamine, hydrazine hydrate, Morpholine, 2-morpholinoethan-1-amine, 6-
methoxybenzo[d]thiazol-2-amine, salicylaldehyde, triethylamine (TEA), sodium dichromate, N-
bromosuccinimide (NBS), hexane, and ethyl acetate were purchased from SD Fine-Chem Limited.
We bought solvents like 2-methoxyethanol, dimethyl sulphoxide (DMSO), chloroform (CHCls),
acetonitrile (CH3CN), dimethylformamide (DMF), methanol (CH30H), ethanol (CoHsOH) from
Loba Chemie. The acetate and chloride salts of cations, and tetrabutylammonium salts of anions
and other reagents were from the Sigma Aldrich company. Also, thiophene-2-carbaldehyde, 6-
methoxybenzo[d]thiazol-2-amine, morpholine, 2-morpholinoethan-1-amine, and salicylaldehyde
were purchased from Sigma Aldrich. Silica gel Faes plates were used to monitor the reaction, while
silica gel (60-120 mesh) was used for column chromatography. Tetramethylsilane (TMS) was used
as an internal standard in 'H and '*C-NMR spectra using CDCl3 or DMSO-ds as solvent. The
Nuclear Magnetic Resonance (NMR) spectra were recorded on a JOEL-500 NMR spectrometer.
On the Brucker MicroToff/QII, high-resolution mass spectra (HRMS) were recorded. In addition,
the absorption spectra were recorded on SHIMADZU-1900i using a quartz cell of 1 cm path length
in the range of 200-800 nm. On a PerkinElmier 5600, fluorescence spectra were captured in a 1cm
quartz cuvette. All the spectroscopic experiments were performed in HPLC-grade solvents. The
time-resolved studies were carried out on a DeltaFlex Modular Fluorescence Lifetime

Spectrofluorimeter (HORIBA Scientific).
2.2. Preparation of Stock Solutions

To carry out the spectroscopic studies i.e., absorption and emission studies, the stock solution of
probe (1-5) of concentration 10 M was prepared in DMSO, which was subsequently diluted as
per the requirement for photophysical studies. For cations, the stock solution of the acetate salts of
various cations, viz. Mn**, Fe?*, Co**, Ni**, Cu**, Cd**, Cs*", Zn**, Hg*" and Pb** whereas chloride
salts of AI** and Mn?" were prepared at a concentration of 1x10" M in deionized water. Further,
the stock solutions of tetrabutyl ammonium (TBA) salts of various anions, viz. CN, I', AcO", Br’,
SO4%, CI, NO3*, F, PO4*, P,Os™ of concentration 1x10* M were prepared in acetonitrile. The

solutions were further diluted as per the suitable solvent system to the desired concentrations.
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2.3. Spectroscopic Measurements

Spectroscopic studies of probes (1-5) were conducted at concentrations ranging from 20 to 40 uM,
using the appropriate solvent system as the medium. For the UV-Vis absorption study, a baseline
was recorded using the reference cell, followed by the measurement of the desired solution (2 ml)
in the sample cell over a wavelength range of 200-800 nm. Initially, various solvent systems were
tested to determine the solubility of the probes and identify their maximum absorption wavelength
(Amax). Subsequently, screening was performed in the presence of different ions in various solvents
to assess the probes' selectivity toward a specific ion. Any alterations in the spectrum, such as
bathochromic (redshift), hypsochromic (blueshift), hypochromic, or hyperchromic shifts, indicate
the detection of a particular ion in the selected solvent system. Similarly, fluorescence
spectroscopy was conducted using a quartz cuvette with a path length of 1 cm. Different solvents
were tested in fluorescence spectroscopy, and the selectivity of ions was observed in the specific
solvent system at a particular excitation wavelength (Aex). The perturbations in fluorescence
intensity, whether an increase or decrease, or shifts in wavelength (toward longer or shorter
wavelengths) indicated the detection of a specific ion. The screening of selected ion(s) in a
particular solvent medium was followed by their titration study with the detected ion of
concentration 1 x 107> M, with subsequent addition of aliquots till saturation was attained. Further,
the titration data obtained were used for quantitative analysis. All the parameters were kept the

same to get precise and accurate results.

2.4. Quantitative Analysis

The limit of detection (LOD) was determined from the following equation 1:
30
LOD = = (1)
The limit of quantification (LOQ) is calculated from the following equation 2:

LOQ = =~ )

c
K

Where o is the standard deviation of the ten blank samples and K is the slope of the graph.
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Further, the association constant was calculated by using the Benesi-Hildebrand method using

equation (3) as follows:

1 1 1
Iy~ Kamax—I0IC T Tmax—To 3)

where Io is the absorption intensity of the probe (1-5) in the absence of the ion, I is the intensity at
an intermediate level of interaction with the ion, and Imax is the intensity when there is complete
interaction (saturation) with the ion, K. is the binding constant, which determines the affinity
between the probe and ion, C is the concentration of analyte and n is the number of analytes bound

per compound molecule.
The Stern-Volmer equation was employed to calculate the quenching constant (Ksv) as follows:
FO/F = 1+KSV[M]: 1+Tokq (4)

Where Fo is the emission intensity of probe (1-5) without ions while F is the emission intensity of
probe (1-5) with ions, Ksv is the Stern-Volmer quenching constant, and M is the concentration of

ions, T, 1s is the average fluorescence decay free from quencher, and kq is linear quenching constant.
In addition, to calculate the fluorescence quenching efficiency (n), the following equation was
employed:

n = [Io—1)/Io] x 100 % (5)

Where Io is the fluorescent intensity before the addition of ions, and I is the fluorescent intensity

after the addition of ions.
2.5. Quantum Yield

The fluorescence quantum yield of probe 1 and its complex with the Fe*" ion was determined by
Williams' method using the gradients methodology®. The quantum yield of the sample was
calculated in methanol, and quinine sulfate was used as the standard (¢ = 0.55 in 0.1 M H2SOg).
The determination of fluorescence quantum yield for probe 1 (¢s) and its complex (¢c) was

calculated by using the following formula:

0.0 v, () (2) 0
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Where “®” represents quantum yield; “Grad” is the slope of the plot from integrated fluorescence

v/s absorbance; “n” is the refractive index of the solvent used; and s, c, and r denote probe 1,

complex, and standard, respectively.

2.6. Time-Resolved Emission Spectroscopy
To investigate the excited-state fluorescence lifetime analysis, time-resolved emission
spectroscopy of probe 1 (20 uM) was performed in the absence and presence of Fe*"ions. The
value of the average decay time was calculated with the help of the following equation®®:

T= XTQ; (7)
where 7 is the average lifetime decay and a; is the relative amplitude along the value of decay time,

Ti.

To understand the radiative and non-radiative decay, the radiative decay (k;) constant and non-
radiative decay constant (knr) of probe 1 and its complex were calculated using the equation

mentioned below:

k, =2 (8)

¢ ©)

knr = (1/1t)=kr
Where ¢ and 1 are the quantum yield and average lifetime of probe 1 and its complex with Fe**

ions, respectively.
2.7. Job’s Plot

The Job’s plot experiment has been carried out to determine the stoichiometric ratio between the
probe (1-5) and the detected ions. A series of solutions containing probe (1-5) (20 uM) and ions
(20 uM) were prepared in the chosen solvent system. The experiment has been carried out by
keeping the total volume (3 ml) and total concentration (20 uM) constant of probe 1 and selected
ion(s). The study was performed at different mole fractions, and the highest absorbance to the

concentration of ions reveals the stoichiometric ratio of the complex.
2.8. Interference Studies

To gain further insights into the selectivity of the probe (1-5), the interference of other ions present
in the environment was evaluated. To examine this, various ions were added to the mixture of

probe (1-5) and detected ions individually, and the absorption/emission was recorded, respectively.
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Any deviation from the peaks exhibits its interference, while no deviation exhibits the unaltered

nature of the chemosensor, revealing no effect of other ions in the environment.
2.9. pH Study

In a pH titration experiment, solutions of different pH were prepared, and the variations were done
by adding small aliquots of 0.1 M hydrochloric acid (HCI) or 0.1 M sodium hydroxide (NaOH).
The change in the pH was continuously monitored by a digital pH meter. The solutions were
allowed to equilibrate with each addition for 1 min. and were then transferred into a dry quartz
cuvette of path length 1.0 cm each time, and spectral data were recorded. Notably, the digital pH
was calibrated with standard solutions each time before conducting the measurements. All the

spectroscopic measurements were carried out at room temperature.
2.10. "TH-NMR titrations, ATR-FTIR analysis, and HR-MS

The binding of the ion was determined with various spectroscopic analyses. To investigate the
plausible binding mechanism, the "TH-NMR of the free probe was recorded using ds-DMSO. Then
the addition probe equivalent of the detected ion (in ds-DMSO) solution was added, and the
spectrum was recorded. The disappearance or any noticeable shift in the spectra revealed the
coordination of a particular ion and was interpreted. Additionally, the ATR-FTIR analysis of the
free probe and after the addition of a selected ion was performed to determine the binding site of
the guest with the probe. To further validate the stoichiometric ratio, the HR-MS analysis of the

probe was performed in the presence of ions, which was complementary to the Job’s plot analysis.
2.11. Reversibility Study

To investigate the reversibility of the probe-ion complex, spectroscopic studies including
absorption/fluorescence were performed. The complex containing a metal ion was checked in the
presence of ethylenediaminetetraacetic acid (EDTA) to determine the reversibility due to its greater
chelation capability. While the cationic complex was checked in the presence of methanol or TFA,
in case of deprotonation in the probe. This further led to the development of different types of
molecular logic gates. In addition, the number of cycles was performed with subsequent addition
of ions, followed by a chelating agent, and again an ion, followed by an agent, and so on, to

determine the recyclability of the designed probe.
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2.10. Test-Strip Development

To develop test strips, Whatman filter paper was cut into thin strips of equal dimensions of 0.5%2
cm. Then the paper strips were soaked for 1 h in the probe solution, followed by drying at room
temperature. The developed test strips were observed in visible light, short UV rays, and long UV
rays. This was followed by application of the detected ion(s) of various concentrations onto the
test strip with a narrow mouth capillary tube to avoid spreading. The test strips were then studied
under visible light, short UV rays, and long UV rays. The pictures of the same were recorded with
high resolution camera. This further led to the development of concentration-dependent test strips

for on-site monitoring of the ion(s) in real-time applications.
2.11. Smartphone Analysis

The smartphone analysis was performed by the free mobile app (Color Picker), which was
downloaded on Android (RedmiNote 10T 5G). This app provides red, green, and blue (RGB)
values against a particular color. The color of the free probe solution was clicked, followed by the
gradual addition of the ions. The color changes observed with each addition of an aliquot were
noted, and the variation in the RGB ratio was studied. The linear plot between the R/G ratio and
concentration of the ion revealed its detection limit, guaranteeing inexpensive and real-time

application.

2.12. Computational Studies

The electronic structural calculation was performed using Gaussian 09W package®’ for the target
probe (1-5) and its complexes. The molecules were viewed using Gauss View 6. The frequency
optimization of the probe and its complexes were carried out using the DFT and Becke 3-parameter
Lee—Yang—Parr (B3LYP) function method with 6-31G (d,p) as a basis set. Usually, B3LYP along
with DFT calculation is widely used and shows better results with experimental values. The 6-31G
(d,p) basis set was used for all the non-metal (H, C, O, and N) while the lanL2DZ basis set was
used for the metal ion. The Integral Equation Formalism PCM (IEFPCM) solvent model was
applied to determine the effect of the solvent. Furthermore, to confirm that the optimized structures
represent a true minimum, stability checks and frequency calculations were conducted. The Time
Dependent- Density Functional Theory (TD-DFT) calculations were performed to calculate the
various electronic transitions and UV-visible absorption spectrum. HOMO and LUMO images

were generated from the corresponding checkpoint files of the optimization process and global
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chemical descriptors were studied. Also, the electrostatic potential (ESP) maps were analyzed
using the same basis set. Multiwfn 3.8 tool is used to calculate various parameters electron

localization function (ELF) and localized orbital locator (LOL) for topological analysis.
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/ CHAPTER -3

Synthesis and photophysical study of Naphthalimide appended Salicylaldehyde

(Probe 1)

In this chapter, a Schiff base derived from naphthalimide and
salicylaldehyde was designed and prepared for the detection of Cu’", F",
and CN ions in CH3CN as the medium. The designed probe exhibits
ratiometric behaviour in the presence of ions, accompanied by a naked eye
Qlor change. While a “turn-off” behaviour was noticed in the fluorescent

spectrum.
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ARTICLE INFO ABSTRACT
Keywards: The development of selective chemosensor for the detection of detrimental analytes in the environment is crucial
Napthalimide due to their catastrophic effects. In this study, a novel Schiff base derived from naphthalimide and salicylalde-
Absorbance hyde was designed and prepared for the detection of Cu*’, F, and CN' ions in CH;CN as medium. The che-

Chemuosensor
Limit of detection

TD- DFT the presence of F" and CN’ ions. On the other hand, a “turn-off” response was observed

Cu"*, F, and CN ions in the fluorescent spectrum. The good anti-interference characterist

mosensor exhibits a red shift in the presence of cu®', F, and CN ions accompanied by naked eye color change in

in the presence of ion
ics, strong binding, and

low limit of detection (LOD) of the chemosensor revealed its sensitivity against Cu®*, F, and CN ions ie. 1.25 x

105 M, 1.07 x 10° M, and 0.98 x 10 M, respectively. The binding ratio (1:1) was de

termined by Job's plot

between the chemosensor and ions. In addition, the binding of ions with the chemosensor was proposed which
was further supported by time-dependent density functional theory (TD-DFT) and IR spectrum data,
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3.1. Introduction
The field of Supramolecular Chemistry has witnessed a tremendous revolution in recent years. The
advanced properties of low cost, facile synthesis, excellent sensitivity, and good operability that
are capable of detecting harmful analytes in biological as well as environmental systems have
gained significant attention in the research field. lons play a crucial role in governing biological
processes and affect human health®®. Copper (Cu?*) is one of the third most copious metals found
in the human body, responsible for various biological functions®. Cu?" is the most common ionic
form of copper that is present in the environment and is responsible for various biological
activities. Various physiological processes, including enzyme-catalyzed procedures and redox
reactions depend severely on Cu®" ions”. It possesses wide application in different areas such as
electrical wires, fertilizers, pesticides, water pipes, machinery parts, used in valves, feeds used for
animals or birds, and the release of industrial effluents is the major cause of water contamination®’.
The augmented level of Cu®" ions can be the cause of severe diseases like Wilson's disease®?,
Alzheimer's disease, Menkes syndrome”*, Parkinson's disease®®, etc. The wide-ranging application
of this metal in different spheres, including agriculture, domestic, construction, and industry, is the
primary cause of metal pollutants globally®”. The permissible amount of copper ions in the human
body usually ranges from 1-5 mg/day. Amongst anions, fluoride (F) and cyanide (CN") have been
widely studied due to their wide use in chemical and industrial fields. F~ is one of the imperative
anions possessing a significant role in numerous activities like water fluoridation, dental care, and
chemical components in medical systems”®. It is also used in various materials like toothpaste,
medicine, tea, and food”’. Its ingestion in minute amounts can avert bone deformity and various
other dental problems’®. However, as per the WHO, the level of fluoride should be less than 1.5
ppm in drinking water”. Also, the presence of a high level of CN" in the biological systems can
lead to disruption of various processes due to its ability to bind with Fe** ions'®. It can cause
severe damage and in certain cases death if ingested more than 0.05mg/kg body weight. As per the
WHO guidelines, the acceptable amount of CN™ in drinking water is 1.6 uM due to its acute
toxicity'%!. Therefore, it has become essential to monitor the level of anions by developing such
effective methods.

In this study, a novel “turn-off” schiff base (E)-6-bromo-2-((2-hydroxybenzylidene)
amino)-1H-benzo[delisoquinoline-1,3(2H)-dione (probe 1) has been prepared for the selective

detection of Cu?’, F> and CN- ions. The probe (1) was synthesized through a condensation reaction
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between 2-hydroxybenzaldehyde and 2-amino-6-bromo-1H-benzo[de]isoquinoline-1,3(2H)-
dione. The absorption studies revealed a hypochromic shift accompanied by a red shift on the
addition of Cu?", while a significant red shift was observed on the addition of F-and CNion. A
visible color change from colorless to faint yellow was observed with the addition of F-and CN-
ions. Further, TD-DFT was performed to get a deeper insight into the binding mode with respective

ions.

3.2. Synthesis of Probe 1

To the solution of 1, NBS was added with constant stirring at room temperature to yield
intermediate 2. The intermediate 2 was further reacted with sodium dichromate at reflux conditions
which produced intermediate 3 in moderate yield. The intermediate 3 was then further reacted with
hydrazine hydrate in ethanol at reflux temperature to produce 4. The intermediate 4 undergoes a
condensation reaction with salicylaldehyde in ethanol at reflux conditions, yielding probe 1. The
precipitates formed were allowed to cool down to room temperature, then filtered under vacuum
and washed subsequently with ethanol. Hence, probe 1 was obtained as brown-yellow precipitates

(Scheme 3.1). The compound was further characterized by 'H-NMR, *C-NMR, and HRMS.

N OH
0w 0. _O ou 1 2 OHC HO
‘ ‘ Na;Crz07 NHZNH, H0 S
NBS, DMF _— 0w N__O
—_—
OO CHZCOOH, CHsCHzOH OO CH3CH,OH
stirring, 87% 6 hrs., 77% Br
1 2 3 4 10 hrs., 73%

rt, 3 hrs,, reflux, reflux,
3 hrs., 84% CH;COOH,
reflux,

Br
Probe 1

Scheme 3.1: Synthetic route for the synthesis of probe 1

3.3. Photophysical Properties of Probe 1

The optical performance of probe 1 was examined in the presence of several metal ions (Mn**,
Fe?", AI*Y, Co*", Ni**, Cu?*, Cd**, Cs*, Zn**, Hg?" and Pb*") (10 equv.) in CH3CN as medium.
The fluorescence response revealed a feeble emission of 1, which could be attributed to the C=N
isomerization and the prevalence of the ESIPT process (Aex= 330 nm, Aem= 390 and 509 nm).
Notably, a naked eye “turn-off” behavior of the probe was observed in the Cu®" ions under UV

light (A = 365 nm). Whereas no other ion exhibits any significant color change or perturbation in
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the fluorescent behavior under UV light. Also, the anionic detection ability of the 1 was determined
in the individual presence of different anions (Br, CI', P.O7*, CN", H,PO*, HSO*, NO*, AcO"
and SCN") (10 equv.) using CH3CN as a medium to study the optical changes. The presence of F-
and CNions exhibits a visible color change at ambient conditions, whereas a similar “turn-off”

response was observed under UV light (A = 365 nm) on the addition of F-and CN ions.

3.3.1. UV-Visible Spectroscopic Study

The UV- Vis absorption spectrum of probe 1 (20 pM) was recorded in CH3CN as a medium
exhibiting a maximum absorption band at a wavelength of 341 nm, which could be attributed to
n-m* transitions. During the addition of up to 10 equivalents of various ions (Mn?*, Fe**, AI**,
Co?*,Ni**, Cd**, Cs**, Zn?*, Hg*" and Pb*") to probe 1, the intensity of the band at 341 nm remains
unaltered or with slight change except for Cu®" ions (Figure 3.1a). The presence of Cu®" leads to
the formation of new bands at 275 nm and 370 nm. After the introduction of Cu?* ions, the presence
of equilibrium was assured with the formation of two isosbestic points at 307 nm and 360 nm.
Moreover, the incremental introduction of Cu?* ions (0-2 equv.) separately to probe 1 lead to a
decrease in the band intensity at 341 nm while the intensity of newly emerged bands at 275 nm
and 370 nm increases (Figure 3.1b).

Further, the selectivity of probe 1 (20 uM) was studied amongst different anions (Br’, CI",
P,O7*, CN-, H.PO*, HSO*, NO*, AcO", and SCN") (10 equv.) using CH3CN as a medium (Figure
3.1¢). The presence of other ions didn’t display any change except fluoride (F°) and cyanide (CN-
) ions, which exhibited a decrease in intensity of probe 1 at 341 nm, accompanied by redshift at
415 nm and 409 nm. An isosbestic point at 364 nm was observed by adding both CN"and F ions.
In addition, a change in the color of the naked eye from colorless to faint yellow was observed in
ambient conditions. These color changes also confirm the red shift of absorption bands. So, it can
be concluded that probe 1 enables the visual detection of CN™and F~ ions. It is also pertinent that
no such red shift was observed with other ions. To better understand the absorption properties, the
changes in the absorption spectra were studied with increments in the concentration of both CN-
and F~ ions (Figure 3.1d and 3.1e). The UV-titrations revealed that with the gradual addition of
CNand F ions, the intensity of the absorption band at 341 nm of the ligand gradually decreases

with a concomitant increase in intensity at 409 nm and 415 nm.
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Figure 3.2: Interference study of probe 1 a) with Cu®"ions; b) with F-ions and ¢) with CN~ions.

Further, the interference study of probe 1 was performed to determine the selectivity of the
probe in the presence of other ions. In the typical competition study, probe 1 was treated with the
same equivalents of competing ions and then with the Cu?’, F, and CN" ions. The results revealed
that in the presence of different metal ions, the absorbance didn’t exhibit any change, revealing its
selectivity. On the other hand, in the case of Fions, the presence of other competing ions didn’t
alter the absorbance except for ClI" and SCN™ ions. In addition, the presence of competing ions

revealed slight interference in the presence of CN™ ions (Figure 3.2).
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3.3.2. Fluorescence Spectroscopic Study

Further investigating the sensing property, the fluorescent studies of probe 1 (20 uM) were
conducted using acetonitrile as solvent. On photoexcitation at 330 nm, probe 1 displayed emission
at 390 nm and 509 nm. As illustrated in Figure 3.3a, the presence of metal ions (Mn?*, Fe?*, AI**,
Co?", Ni**, Cd*", Cs**, Zn>", Hg*" and Pb*") (10 equiv.) displayed no change in the emission
properties of probe 1. However, the addition of Cu®" ions results in a significant decrease in
emission intensity at 509 nm. Further, for quantitative estimation, titrations were performed with
Cu**ions (0-1.5 equiv.) exhibiting a decrease in intensity at 509 nm on every addition, leading to

“turn-off” behavior (Figure 3.3b).
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Figure 3.3: Fluorescence spectra of probe 1 (20 uM) in CH3CN a) in presence and absence of cations (10
equv.); b) on incremental addition of Cu®*" ions (0-1.5 equv.); c) in presence and absence of anions (10

equv.); d) titration with addition of F~ions (0-10 equv.); e) titration with addition of CN" ions (0-8 equv.)

On the other hand, amongst the different anions (Br, CI', P.O7*, CN", H.PO*, HSO*, NO*
, OAc” and SCN") (10 equv.) using CH3CN as a medium, no change was observed in the
fluorescence intensity whereas enhancement in intensity at 409 nm with a simultaneous decrease
in intensity at 509 nm was observed with the formation of isosbestic point at 478 nm for F~ and
CN- ions was observed (Figure 3.3c). Further, the subsequent addition of F~ions (0-10 equv.)

revealed enhancement in intensity at 309 nm with a concomitant decrease in intensity at 509 nm
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(Figure 3.3d). A similar behavior was noticed on incremental addition of CN™ions (0-8 equv.)

(Figure 3.3e)
3.4. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The LOD of probe 1 was calculated from the calibration graph based on the linearity range from
equation 1 ie. 3o/k (Figure 3.4). Further, the linearity range values were computed to 100/k
(equation 2) for the calculation of the LOQ through absorption and fluorescent studies, as given

in Table 3.1.

Table 3.1: Values of LOD and LOQ of probe 1 for Cu*" F-,and CN-ions through spectroscopic techniques.

Tons LOD (M) LOQ (M)
UV-Vis Fluorescence UV-Vis Fluorescence
Cu®* 5.08x107 1.25x107° 1.69x10* 4.16x107
F- 2.56x10° 1.07 x10°¢ 8.54x10° 3.57x10°
CN 5.08x10¢ 0.98x10¢ 1.78x107° 3.31x10°

3.5. Association constant (Ka) and Quenching Constant (Ksv)

The association constant (Ka.) was calculated using a Benesi-Hildebrand plot (equation 3)
exhibiting a linear relationship between 1/(A-Ao) v/s 1/[M], revealing the association constant
(Ka). The association constant was found to be 5.83x10* M, 1.24x10* M™!, and 2.43x10° M"! for
Cu?*, F> and CN ions, respectively. (Figure 3.5). Also, in the presence of Cu?*, F~ and CNions,
the quenching of fluorescence was observed, revealing quenching constants (Ksv) of 9.24x10* M
1, 4.16x10° M, and 1.03x103M! for Cu**, F-, and CN" ions, respectively calculated from Stern-
Volmer equation 4 (Figure 3.6)
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3.6. Time-Dependent Study

Further, the potential of probe 1 with ions at varying times has been recorded for investigating
their role in sensing. The time dependence study of the free probe 1 as well as ion bound was
analyzed using the absorption spectra, which remain unaffected after prolonged standing. This

implies the strong and stable interactions between the ligands and their ion complexes (Figure
3.7).
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Figure 3.7: Time course study of complexes a) probe 1 + Cu?*; b) probe 1 + F-and c) probe 1 + CN-

3.7. Binding Mechanism of Probe 1 with Ions

3.7.1. Job’s plot and ATR-FTIR analysis

The stoichiometric ratio was calculated by Job’s plot between probe 1 and Cu?’, F, and CN" ions.
Probe 1 and the ions were taken in equimolar concentration (20 pM), and the stochiometric
calculations were performed. Figure 3.8 shows that the absorbance value reached a maximum as

the concentration fraction ([C]/[C+M]) was 0.5. It was found that the stochiometric ratio was 1:1

50



between probe 1 and Cu?*, F-, and CN~ ions, respectively. In addition, the plausible mechanism of
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Figure 3.8: Job’s plot analysis of probe 1 with a) Cu®"ions; b) F-ions, and ¢) CN"ions.
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Figure 3.9: a) Proposed binding mechanism of Cu?**, CN-and F-ions with ligand 5; b) ATR-FTIR
spectrum of probe 1, probe 1 + Cu**, probe 1 + F, and probe 1 + CN-ions

binding is explained in Figure 3.9a, which unfolds the binding mechanism of Cu** ions with the
N atom of the C=N group, the O atom of the OH group, and the O atom of the -N=0O group of the
probe 1. Further, we speculated that in the addition of F, the F~ binds with the probe 1 via. H-
bonding while deprotonation of OH group takes place in the presence of CN ions. Further to
support the binding mechanism, the IR spectra of probe 1, probe 1-Cu?", probe 1-CN, and probe
1-F complexes were studied. The peak at 1632 cm™! exhibits the v(C=N) group in the free ligand,
and the peaks in the region of 3200-3500 cm! exhibit v(-OH) group. In the presence of Cu®" ions,

the shift in the frequency of C=N was observed along with a decrease in the stretching and bending
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frequency of the OH group at 3607 cm™ and 1440 cm™!, which shows a slight shift to lower
wavenumber. This could be attributed to decrease in the strength of the OH bond on binding with
Cu?* ions. Further, on the addition of CN"ions, a decrease in the intensity of the OH band at 3606
cm! with a slight shift in the bending frequency. Also, the wavenumber of the C=N group decreases
and exhibits a slight shift to 1630 cm™. However, in the presence of F~ ions, a prominent broad
peak at 3049 cm™! indicates coordination of F~ions with the OH group of the ligand via. H-bonding
is accompanied by a shift to a lower frequency in comparison to the free ligand. This could be
attributed to the weakening of the OH bond, which shifts it to a lower wavelength. . In addition,
the peaks near the region at 2900-3000 cm™! represent the C-H stretch (Figure 3.9b). Further, the
binding was validated by the TD-DFT studies.

3.7.2. TH-NMR titrations and HR-MS analysis

Further, the "TH-NMR titrations were performed to study the interaction of probe 1 with CN"and F-
ions. The 'H-NMR study revealed a clear peak of O-H proton at 10.90 & in the ligand, while H-
C=N peak was observed at 9.00 5. On addition of F" (1 equv.), the O-H peak (10.90 &) completely
disappeared, confirming the abstraction of a proton from the O-H group. In addition, most of the
aromatic protons of the benzene ring also shifted upfield, which suggests that the negative charge
originating from the deprotonation of the O-H group might be delocalized on the whole moiety.
Further, an additional peak at 16.00 & appeared, indicating the formation of [HF,7] species '°2. On
the other hand, the addition of CN"ions revealed the shift in the H-C=N peak from 9.00 & to 8.82
9, revealing the nucleophilic addition of CN™ across the C=N bond. In addition, intramolecular
proton transfer occurs from the OH group to the N atom of the C=N group, resulting in the
disappearance of the O-H peak at 10.90 & as depicted in Figure 3.10. The upfield shift of aromatic
protons (h-k) could be due to the delocalization of the electron on the benzene ring resulting from

the intramolecular proton transfer.

3.8. Theoretical Studies

The geometry of probe 1, probe 1 + Cu?*, probe 1 + F-, and probe 1 + CN- were optimized and
vertical excitations were calculated using the TD-DFT method (Figure 3.11). Due to the presence
of single bond rotation at the C-N bond, 5 was optimized in two configurations and each
configuration has similar energies. Further, three low-lying vertical excitations were calculated at

396 nm (f=0.0035), 353 nm (f=0.4424), and 339 nm (f=0.0039) for So—S1, So—S», and So—S3,
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respectively. Among these transitions, only the So—S, transition has significant oscillation
strength and is therefore discussed further, and this consideration was also incorporated with
excitation of probe 1 + Cu®*, probe 1 + F-, and probe 1 + CN~. Sy—S; transition involved the
transition from HOMO-1—LUMO with a contribution of 96 %. The electron density distribution
showed that the electron density shift from the bromine atom to the naphthalimide unit infers n-*
electronic transition (Figure 3.11a). Further, the vertical excitation corresponds to So state
geometry probe 1 + Cu?" displayed an excitation peak at 391 nm corresponding to So—Si4
transition from single occupied molecular orbital (SOMO) to single unoccupied molecular orbital
(SUMO) +1 and SUMO + 2. The electronic distribution demonstrated the electron density shift

from the metal center to the Schiff base unit and therefore demonstrated metal-to-ligand charge
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Figure 3.11: Optimized structure of probe 1, probe 1 + Cu?’, probe 1 + F~ and probe 1 + CN- along frontier
molecular orbitals

transfer (Figure 3.11b). Similarly, the three low-lying vertical excitations were calculated
corresponding to the SO optimized structure of probe 1 + F~ and probe 1 + CN". For probe 1 + F-,
So—S1, So—S2 and So—S3 were calculated at 612 nm (f=0.00040), 418 nm (f=0.00570) and 361
nm (f = 0.01250), respectively. The molecular orbital involved in So—S3 showed an electron
density shift from Schiff base unit to the naphthalimide unit, inferring the ICT (Error! Reference
source not found.3.11¢). For 5.CN-, So—Si, So—S», and So—S3 were calculated at 692 nm (f =
0.00640), 456 nm (f = 0.00060) and 394 nm (f = 0.01120), respectively The molecular orbital
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involved in So—S3 showed electron density shift from bromine atom to naphthalimide unit

inferring the n-n* transition (Figure 3.11d).

3.9. Test Strips Application

The practical applicability of probe 1 was evaluated by a test strip experiment. Initially, the test
strips were allowed to be immersed in the solution of probe 1 and then kept for some time to
evaporate the excess solvent. Further, the coated test strips were treated with the standard solution
of Cu**, CN", and F~ ions (0.5 equv.) for an additional twenty minutes and then dried naturally.
Subsequently, the test strips were observed under long UV rays, short UV rays, and visible light.
The results revealed a “turn-oft” response under long UV rays, while the short UV rays showed a
yellow color (CN™ and F") of strips. In addition, naked eye color change was vividly observed on
treating the coated strips with CN™ and F" ions, changing their color from colorless to light
yellowish-brown (Figure 3.12). This indicated the practical relevance of test strips, which could

be employed for the rapid analysis of ions using test strips.

Probe 1 Probe 1 Probe |
Probe 1 4

Cu*' ions CN- ions F-ions
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Figure 3.12: Detection of Cu?**, CN-and F- (0.5 equv.) on probe 1 coated test strips under UV lamp and
visible light

3.10. Conclusion

In summary, a probe 1 with a naphthalimide core appended with a salicylaldehyde unit was
synthesized, exhibiting a “turn-off” response towards Cu**, F-, and CN" ions in CH3CN as the

medium. The Job’s plot studies revealed 1:1 stochiometric binding between the probe 1 and ions
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with an association constant (Ka) of 5.83x10%, 1.24x10% and 1.24x10* for Cu*", F> and CN" ions,
respectively. Further, the detection limit was found to be as low as 1.46x10° M, 1.07 x10° M, and
0.99x10° M in the case of Cu?*, F> and CN-ions, respectively. In addition, the binding mechanism
was proposed and was supported by the FT-IR spectrum and TD-DFT. The theoretical studies
reveal metal-to-ligand charge transfer in the case of Cu?* ions, while the ICT process was observed

in the case of F- and CN" ions.

3.11. Synthetic Procedure for Probe 1

2.9.1. Synthesis of intermediate 2

To a solution of acenaphthene (1) (2.00 g, 12.9 mmol) and DMF (5 ml), N-bromosuccinimide (2.23
g, 12.5 mmol) was stirred at room temperature for 3 h. After the completion of the reaction, the
reaction mixture was poured into cold water to get solid. Then the solid was filtered and washed
with water. A light brown crystal of 4-bromoacenaphthene (2) (Yield: 87%) was obtained!®.
2.9.2. Synthesis of intermediate 3

To the solution of 2 (1.50 g, 7.9 mmol) in acetic acid (20 ml), sodium dichromate (11.82 g, 39.6
mmol) was added while stirring at room temperature. The suspension was refluxed at 80°C for 6
h. After the completion of the reaction, the reaction mixture was added to cold water to get solid.
Then the solid was filtered and washed with water. A white product of 4-bromo-1,8-naphthalic
anhydride (3) (Yield: 77%) was obtained'®’.

2.9.3. Synthesis of intermediate 4

To the solution of intermediate 3 (1.00 g, 3.6 mmol) in ethanol (10 ml), hydrazine hydrate (0.11 g,
3.8 mmol) was added and refluxed for 3 h. The reaction mixture was cooled and the solid obtained
was filtered and recrystallized from ethanol to produce yellow solid precipitates (Yield: 84%)'%.
2.9.4. Synthesis of probe 1

To the solution of intermediate 4 (0.50 g, 1.7 mmol) in absolute ethanol (50 ml), salicylaldehyde
(0.18 g, 2.0 mmol) was added with a few drops of acetic acid. The reaction was then allowed to
reflux for 10 h. The reaction was monitored with TLC. After the completion of the reaction, the
reaction mixture was allowed to cool at room temperature, filtered, and washed with ethanol. The
precipitates obtained were then recrystallized in ethanol. The dusty brown precipitates of probe 1
were obtained. Dustry brown solid, 73% yield; Ry 0.45 (20% ethylacetate in hexane); mp 250-
265°C; '"H-NMR (DMSO-ds, 500 MHz): § (ppm) 10.95 (s, 1H, OH), 9.00 (s, 1H, CH), 8.62 (m,
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2H, ArH), 8.39 (d, /=10 Hz, 2H, ArH), 8.27 (d, /=10 Hz, 1H, ArH), 8.05 (t, /=10 Hz 1H, ArH),
7.85 (m, 1H, ArH), 7.00 (m, 2H, ArH), *C-NMR (DMSO-ds, 125 MHz): § (ppm) 170.45, 160.51,
159.32, 134.76, 133. 29, 132.41, 131.98, 131.76, 130.39, 129.93, 129.42, 128.33, 123.63, 122.89,
120.10, 118.37, 117.26, 115.00; M/z ratio: Calculated- 394.01, Found- 395.00 (Figure A1-A3).
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CHAPTER - 4

Synthesis and photophysical study of Naphthalimide appended Thiophene-2-carboxaldehye
(Probe 2)
This chapter deals with the synthesis of naphthalimide-based Schiff base to
detect Cu*" ions in MeOH: H>0 (9:1, v/v) as a solvent medium. The optical

performance of probe 2 was determined by UV-visible and fluorescence

N
spectroscopic techniques. The DFT studies revealed a charge transfer from o N o
N
the thiophene ring towards the naphthalimide moiety, which was significantly
inhibited in the presence of Cu’* ions, thereby revealing a “turn-off” OO
response.
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Abstract

A naphthalimide-based Schiff base (probe 1) was synthesized for the selective detection of Cu®™ ions in a MeOH: H,0 (9:1,
viv) solvent system. The optical properties of the probe were investigated using UV-visible and fluorescence spectroscopy.
In the UV-visible spectrum, probe 1 displayed absorption bands at 260 nm and 330 nm. Fluorescence measurements revealed
an emission peak at 445 nm. accompanied by a shoulder at 470 nm. Upon the addition of Cu™ ions. a significant quenching
of the fluorescence intensity was observed. whereas other metal ions showed negligible interference. Quantitative analysis
revealed a limit of detection (LOD) of 1.22x 10° M and a limit of quantification (LOQ) of 4.08 x 107* M for Cu**. The asso-
ciation constant was calculated from the B~H plot which was determined to be 1.43 x 10° M™" with the quenching constant
of 1.99x 10> M calculated from the Stern-Volmer plot. Also, the binding stoichiometry of 2:1 was determined by Job's plot
between the probe 1 and Cu®* ions, respectively. Further, the results were validated by HR-MS. DLS. and computational
studies. The DFT studies revealed a charge transfer from the thiophene ring towards the naphthalimide moiety which was
significantly inhibited in the presence of Cu** ions.
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4.1. Introduction

A chemosensor typically includes a receptor unit that modifies chemical signals from the target

analyte and converts them into electrical signals'®’

. These devices are cost-effective, user-friendly,
and designed to provide accurate electrical responses at specific analyte concentrations. Recent
advancements in the synthesis of 1,8-naphthalimide have further enhanced its application in
developing fluorescent probes for ion detection across diverse environments, including biological
systems. Its structural versatility and effective fluorescence make it a valuable tool for sensitive
and selective detection of metal ions!?. Copper is a vital metal ion, that plays essential roles in
various biological processes across living organisms, including bacteria, fungi, plants, and
animals'”’. In humans, copper is crucial for blood clotting, hormone maturation, cellular energy
processing, red blood cell formation, and bone health!®11% [t also functions as an oxidant,
protecting cells from oxidative damage caused by free radicals. Moreover, copper contributes to

brain energy production and neurotransmitter regulation, influencing cognitive function and

neurological health!!!"''3 In agriculture, copper is utilized as a fungicide and for microbial control;

114 115

however, its excessive application can lead to environmental toxicity '*, impacting aquatic life
and causing soil contamination. While Cu®* ions are necessary for human health, excessive
exposure can result in toxicity and worsening genetic disorders like Wilson’s disease!!> 16, The
WHO sets the limit for copper in drinking water at 2 mg/L. Unfortunately, actual human exposure
often exceeds these levels. Therefore, the development of sensors to detect harmful metal ions and
other biologically significant molecules is essential for ensuring safety and health. So, sensors
must identify these harmful metal ions and other biologically significant molecules.

Herein, we report the naphthalimide-derived Schiff base for the selective detection of Cu®"
ions. Probe 2 displays fluorescence quenching in the presence of Cu®* ions, while other ions do
not display any significant effect. The binding ratio was found to be 2:1 between probe 2 and Cu**
ions as determined by the Job’s plot, which was further supported by the HR-MS and DLS studies.
Also, theoretical DFT studies were done to determine the ICT process and the overlap integral for

the hole electron distribution. Further, the natural transition orbitals analysis revealed that there is

an electron density shift from the thiophene to the naphthalimide unit, therefore inferring ICT.
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4.2. Synthesis of Probe 2

The synthesis of (E)-2-((thiophen-2-ylmethylene)amino)-1H-benzo[de]isoquinoline-1,3(2H)-
dione (probe 2) proceeds through the following steps. Initially, compound 1 was treated with
sodium dichromate in acetic acid under reflux conditions for 7 hours, yielding compound 2. This
intermediate was then reacted with hydrazine hydrate in ethanol at reflux temperature for 7 hours
to produce compound 3. Subsequently, compound 3 was condensed with 2-thiophene
carboxaldehyde in ethanol, with a few drops of acetic acid as a catalyst, under reflux conditions to
yield probe 2 (Scheme 4.1). The reaction mixture was then allowed to cool to room temperature,
followed by recrystallization in ethanol. The resulting product was filtered and dried, affording
shiny brown crystals of probe 2. The structure was confirmed by 'H-NMR, *C-NMR, and mass

spectrometry, supporting the successful formation of the expected probe 2.
Si /\)
NHz CHO Sy
NazCr207 NHZNHZ 2H,0 0N
CH;COOH 80°C CH3CH,0H, 55 °C CH CHZOH 50-55°C
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Probe 2

Scheme 4.1: Synthesis pathway of probe 2
4.3. Photophysical Properties of Probe 2

The photophysical analysis of probe 2 was investigated through absorption and emission
spectroscopic techniques. The absorption and emission of probe 2 was studied in different
mediums with increasing polarity i.e. THF (f'= 0.207), chloroform (f = 0.259), ethyl acetate (f =
0.228), DMF (f'= 0.386), DMSO (f = 0.444) acetonitrile (f = 0.460), methanol (f = 0.762), and
distilled water (f = 1.000) (Figures 4.1a and 4.1b). The absorption bands of 2 revealed a
bathochromic shift of 10 nm with an increase in the polarity of the medium, revealing more
polarization of the excited state in comparison to the ground state. It may also be associated with
the prevalence of the ICT phenomenon in probe 2 as a donor-acceptor (D-A) system. Also, various
water fractions (f,) from 0-100% in combination with DMSO were explored to study the
aggregation-induced emission (AIE). The absorption spectra showed no significant changes with

increasing water content, revealing the absence of an AIE effect. However, quenching in the
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emission spectrum was observed, which could be attributed to n-m stacking interactions as the
water fraction increased, since water is a poor solvent (Figures 4.1¢ and 4.1d). Further, the
absorption spectra of probe 2 in MeOH: H>O (9:1, v/v) revealed bands at 260 nm and 330 nm,
which could be attributed to n-n* and n-n* transitions, respectively. On photoexcitation at 330 nm,
an emission band at 445 nm was noticed, accompanied by a shoulder peak at 470 nm with a Stokes
shift of 115 nm. On further increasing the f beyond 20%, probe 2 started precipitating, making it

unsuitable for exploring the selectivity study towards various ions.
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Figure 4.1: Solvatochromic effect of probe 2 in different solvents: a) absorption study and b) fluorescent

study; ¢) UV-Visible study and d) fluorescent study of probe 2 for AIE characteristics

4.4. Spectroscopic Analysis of Probe 2

The spectroscopic analysis of probe 2 (20 uM) was investigated by UV-visible studies in MeOH:
H>0 (9:1, v/v) as the solvent medium. The selectivity of the probe was determined in the presence
of different ions viz. AI**, Mn?*, Pb**, Cu?*, Fe**, Hg**, Zn**, Cs**, Ni*', Co*" and Cd** (10 equv.).
It was found that probe 2 revealed perturbations in the region between 250 — 330 nm on the addition

of Cu?" ions, while other ions didn’t reveal any change (Figure 4.2a and 4.2b). Further, for the
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quantitative estimation, the titration experiments of probe 2 (20 pM) were performed with Cu?*
ions in UV-visible absorption spectroscopy. On incremental addition of Cu?* ions (0-80 pM), the

absorption intensity increased gradually at 260 nm while a slight increment at 330 nm was

.
observed (Figure 4.2c¢).
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Figure 4.2: a) UV-visible spectrum of probe 2 (20 uM) in the presence and absence of different metal ions
(10 equv.); b) Bar graph representation of absorbance of ions in the presence of probe 2; ¢) UV-visible
spectra of probe 2 (20 uM) on incremental additions of Cu?" ions; d) Fluorescence spectra of probe 2 (20
uM) in the presence and absence of different metal ions (10 equv.); ) Bar graph representation of
fluorescence of ions in the presence of probe 2; d) Fluorescence spectra of probe 2 (20 uM) on incremental
additions of Cu*"ions

In addition, the optical properties of probe 2 were explored with a fluorescence
spectrophotometer. Probe 2 on excitation (Aex) at 330 nm reveals a peak at 445 nm with a shoulder
peak at 470 nm with a moderate emission, which could be attributed to C=N isomerization.
Furthermore, the addition of various metal ions (AI**, Mn**, Pb**, Cu?*, Fe’*, Hg*', Zn**, Cs**,
Ni**, Co*" and Cd*" (10 equv.)) showed no significant alterations, except in the presence of Cu**
ions. Notably, Cu?" induced fluorescence quenching, whereas other metal ions had no observable
effect (Figure 4.2d and 4.2¢). This quenching effect can be attributed to the paramagnetic nature
of Cu?" ions, which possess vacant d orbitals and effectively quench the fluorescence intensity of
the neighboring fluorophore via electron transfer, thereby confirming the “turn-off” behavior of

probe 2. The selectivity of probe 2 towards Cu?" is likely due to the soft acidic nature and high
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polarizability of copper ions. To gain deeper insight into these changes, titration experiments were
conducted using a fluorescence spectrophotometer. With each successive addition of Cu**ions (0—
20 uM), the fluorescence intensity at 445 nm and 470 nm gradually decreased until saturation was

reached (Figure 4.2f).
4.5. LOD, Association Constant (Ka), and Quenching Constant (Ksv)

The quantitative estimations of probe 2 were conducted using the calibration plot shown in Figure
4.3a to determine various parameters. The limit of detection (LOD) was calculated using equation
1, yielding a value of 1.22 x 10~ M. Additionally, the limit of quantification (LOQ) was determined
from the fluorescence studies using equation 2 and was found to be 4.08 x 10~ M. The association
constant (Ki) was calculated using a Benesi-Hildebrand plot (equation 3) of 1/(I-lo) versus
1/[Cu?*], resulting in a value of 1.43 x 10> M™! (Figure 4.3b). Moreover, the fluorescence studies
showed quenching in the presence of Cu?** ions, and the quenching constant (Ksv) was calculated

using the Stern-Volmer equation 4, which gave a value of 1.99 x 10> M"! (Figure 4.3c).
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Figure 4.3: a) Linear plot for the determination of limit of detection (LOD) of probe 2 between F/F, v/s
[Cu?']; b) Benesi-Hilderbrand plot of probe 2 for the determination of association constant (K,); ¢) Stern-

Volmer plot of probe 2 for the calculation of quenching constant Ksy

4.6. Kinetic Assay and Effect of Environmental Factors on Probe 2

The responsiveness of probe 2 towards Cu®* ions was studied in MeOH: H,O (9:1, v/v) to explore
the coordination ability of the probe towards metal ions. Upon the addition of Cu?"ions (50 pM)
to probe 2 (20 uM), the absorbance of the system increases as the complexation progresses and
becomes stable gradually after some time at 260 nm, whereas no perturbation was observed at 330
nm (Figure 4.4a). Notably, the absorbance remains constant thereafter, indicating that the probe

is stable enough to reliably detect Cu?* ions. Additionally, the absorbance of probe 2 and its Cu**
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complex was examined across a pH range of 2.0 to 12.0 to assess the probe's potential biological
applicability. The pH of the study medium was adjusted with the subsequent addition of 0.1 M
NaOH and 0.1 M HCI solutions, followed by the addition of probe 2 (20 uM). As shown in figure
4.4b, the free probe exhibits no change in absorbance spectrum during a wide range of pH from
2.0 to 12.0. Nevertheless, the absorbance of the probe increased in the pH range 3-5 and 9-12 after
the addition of Cu?"ions (5 equiv.) Additionally, the effect of other metal ions in the environment
was investigated concerning the Cu?* complex of probe 2. The presence of competing ions showed
no significant interference with the Cu?* ion complex, demonstrating the probe's sensitivity and
selectivity towards Cu®" ions (Figure 4.4c). Furthermore, Job’s plot analysis was performed to
determine the stoichiometric ratio of the complex, which was found to be 2:1 between probe 2 and

Cu**ions, respectively (Figure 4.4d).
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4.7. Proposed Binding Mechanism of Probe 2

Job’s plot analysis was performed to determine the stoichiometric ratio between Cu?" ions and
probe 2, revealing a 1:2 binding ratio based on the absorption spectrum as shown in Figure 4.5a.
To further confirm this interaction, mass spectrometry analysis was conducted. The mass spectrum
exhibited a prominent peak at m/z 675.0240, corresponding to [Cu(probe 2), + H]*, indicating the
formation of a 2:1 complex. Additionally, a peak at m/z 307.0561 was observed, corresponding to
[probe 2 + H]* for probe 2, further supporting the complexation of Cu** with probe 2 (Figure A4).
The complexation of probe 2 with Cu?" ions was further supported by dynamic light scattering
(DLS) measurements. The initial particle size of probe 2 was found to be in the range of 200-400
nm, with a polydispersity index (PDI) of 0.446. Upon the addition of Cu®" ions, the particle size
distribution shifted to 450-650 nm, with an increased PDI of 0.550, indicating aggregation or
structural changes upon complexation. Additionally, zeta potential measures revealed values of -
11.5 mV for probe 2 and -9.5 mV for the probe 2 + Cu*" complex, suggesting a reduction in surface

charge upon binding (Figure 4.5b).
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Figure 4.5: a) Plausible binding mechanism between probe 2 and probe 2-Cu?** complex; b) DLS study of
probe 2 and probe 2-Cu?" complex

4.8. Reversibility Study

The reversibility of probe 2 was evaluated using EDTA. In the absence of Cu** ions, probe 2
exhibited a fluorescence emission band at 445 nm. Upon the addition of Cu®**, a significant
decrease in fluorescence intensity was observed, indicating fluorescence quenching. However, the
addition of 20 uL of 0.1 M EDTA to the probe 2-Cu®" complex resulted in the recovery of

fluorescence intensity, confirming the reversibility of the interaction between probe 2 and Cu**
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ions. (Figure 4.6). The fluorescence quenching in the presence of Cu?" ions and the subsequent
restoration of the original emission intensity at 445 nm upon the addition of EDTA suggest that
EDTA effectively reverses the interaction. To further validate this reversibility, multiple cycles of
sequential Cu** and EDTA additions were performed. Each cycle exhibited consistent fluorescence
intensity changes, confirming that EDTA serves as an effective chelating agent capable of

reversing the interaction between probe 2 and Cu?" ions.
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Figure 4.6: a) Reverse reaction of probe 2 (20 uM) in MeOH: H,O (9:1, v/v) in the presence of Cu*"ion
(20 pul) and EDTA (20 pl); b) reversible emission signal at 445 nm of on repetitive addition of Cu®*ion
and EDTA.

4.9. Computational Study

The geometry of probe 2 was optimized, and vertical excitations were calculated corresponding to
the ground state geometry using the TD-DFT method (Figure 4.7a). Further, a similar observation
was made. So—S1, So— Sz, and So—S3 were calculated at 336 nm (f=0.3367), 336 nm (f=0.0014),
and 326 nm (f = 0.0003), respectively, for probe 2, in that order. The HOMO—LUMO transition
contributed 97 % to So—S: excitation, which demonstrated an electron density shift from the
thiophene unit to the naphthalimide unit. Additionally, a low overlap integral (Sr = 0.18775) of the
hole/electron distribution and a large distance of the electron/hole centroid (D = 7.201 A) were
shown by the quantitative hole-electron analysis, indicating an ICT process for probe 2. It is also
noteworthy that probe 2 has a large hole/electron centroid distance and low hole/electron overlap

value, therefore probe 2 relatively shows a high value of ICT.
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Further, the geometries of probe 2 + Cu?* complexes were optimized, and several vertical
excitations were calculated (Figure 4.7b). However, we discussed only the transitions that have
significant oscillation strength. For probe 2 + Cu*" complex, the excitation values at 375.88 nm (f
= 0.2267), 361.19 nm (f = 0.2056), and 346.83 nm (f = 0.3989) were calculated for So—Ss,
So—Sss, and So—Sao, transitions, respectively. All these transitions have contributions from several
orbital transitions, and therefore, natural transition orbitals were calculated and analyzed. The
natural transition orbitals analysis revealed that there is an electron density shift from the thiophene

to the naphthalimide unit, thus inferring ICT.
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Figure 4.7: Optimized structures and Frontier Molecular Orbitals of a) probe 2 and b) probe 2 + Cu®*
complex calculated by DFT study

4.10. Logic Gate

In recent years, logic gates have gained a lot of attention from researchers. Therefore, we also
built a combinatorial molecular circuit comprising NOT and NAND logic gates, which could be
attributed to the reverse reactions of probe 2 complex in the presence of EDTA. The logic circuit
diagram, along with its corresponding truth table, is illustrated in Figure 4.8. The addition of Cu**
ions to the system leads to input I, while the addition of EDTA leads to input II. The output signals
at 445 nm were obtained through fluorescence signals. The binary codes ‘0’ and “1° illustrate the
intensity shift as input or output. For probe 2, the absorbance threshold was determined to be
12000. The ON-OFF switch correlates to the binary codes. In the non-availability of Cu** ion and
EDTA in the system, i.e. no input I and input II, there is emission at 445 nm, which turns “ON”

the system. On the other hand, in the presence of Cu**ion, when input I is 1 and input II is 0, there
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is intensity at 445 nm quenched, which switches “OFF” the system, thereby exhibiting interaction
between probe 2 and Cu®" ion. An output signal 0 at 445 nm indicates that the system is turned
“OFF” while there is no input (0,0) or only one input II there (0,1). The system turns “OFF” in the
presence of input I (1,0), while in the presence of both the input (1,1), it further switches “ON”.
As a result, NOT and NAND logic operations for probe 2 were successfully demonstrated,
highlighting its potential application in molecular devices. These operations showcase the ability
of probe 2 to function as a molecular switch, effectively responding to the presence of the Cu**ion
and enabling the manipulation of the output signals based on input signals. This capability
underscores the versatility of the probe in the development of advanced molecular systems, paving

the way for innovative applications in sensing and information processing.
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Figure 4.8: Logic gate construction of probe 2 a) absorbance output signals after various chemical inputs;
b) truth table; c¢) logic gate circuit diagram

4.11. Conclusion

A naphthalimide-based Schiff base was synthesized for the selective detection of Cu®" ions. Probe
2 revealed emission at 445 and 470 nm on excitation at 330 nm. The fluorescence quenching was
observed in the presence of the Cu** ions while no perturbations were observed with other ions.

Further, the stoichiometric ratio between the probe 2 and Cu?" ions was determined through Job’s

67



plot revealing 2:1 between the probe and metal ion, respectively. The results were further supported
by the HR-MS and DLS study. Moreover, the stability of the complex was determined by observing
the absorption changes with time. The interference studies were done to examine the selectivity
and specificity of the complex. In addition, the LOD was found to be 1.22 x 10 M and the stern-
volmer quenching constant was determined to be 1.99x10%>M. To gain deeper insights, DFT studies
were performed to optimize the structure and for FMO analysis. Also, a TD-DFT study was done
to calculate the vertical excitations and the orbital contributions for various excitations. A
significant ICT was observed from the thiophene unit to the naphthalimide which gets inhibited in

the presence of Cu*" ions thereby leading to quenching in fluorescence.

4.12. Synthesis of Probe 2

4.12.1. Synthesis of intermediate 2

To the solution of acenaphthene (1) (1 g, 6.4 mmol) in acetic acid (15 mL), sodium dichromate
(8.38 g, 32 mmol) was gradually added while stirring at room temperature for 1 hour. After the
complete consumption of sodium dichromate, the reaction mixture was stirred at 80 °C for 7 hours,
with its progress monitored using thin-layer chromatography (TLC). Upon completion, the
reaction was quenched by transferring the mixture into cold water, leading to the formation of
precipitates. The precipitates were collected by filtration under reduced pressure and thoroughly
washed with distilled water to ensure purity. The lime yellow precipitates formed were oven dried
at 40°C yielding 1H,3H-benzo[de]isochromene-1,3-dione (2). Melting point: 230-235°C; Yield:
92%

4.12.2. Synthesis of intermediate 3

To the solution of compound 2 (0.80 g, 4.08 mmol) in ethanol (15 mL), hydrazine hydrate (0.15 g,
4.86 mmol) was added at room temperature. Further, the reaction mixture was stirred at 55°C for
7 hours. A color change from light yellow to bright yellow was observed indicating the progression,
which was further monitored by TLC. Upon completion, the reaction mixture was allowed to cool
to room temperature. The resulting precipitates were isolated by filtration and subsequently
washed with hot ethanol to remove impurities. The yellow precipitates formed were air dried,
producing 2-amino-1H-benzo[de]isoquinoline-1,3(2H)-dione (3). Melting point: 263-269 °C;
Yield: 87%

68



4.12.3. Synthesis of probe 2

Compound 3 (0.50 g, 2.35 mmol) was further reacted with thiophene-2-carbaldehyde (0.31 g, 2.83
mmol) (4) in ethanol (10 mL) with a few drops of acetic acid. The reaction was refluxed at 50-
55°C for 12 hours, with progress monitored by TLC. Upon completion, the reaction mixture was
cooled to room temperature to facilitate crystallization. The precipitates were thoroughly washed
with hot ethanol, yielding light brown crystals of the desired probe 2. Shiny light brown crystals,
83% yield; Ry 0.60 (10% ethylacetate in hexane); mp 312-320 °C; 'H-NMR (CDCl;, 400 MHz):
8.66 (s, 1H, CH), 8.56 (d, J=7.28 Hz, 2H, ArH), 8.16 (d, J = 8.28 Hz, 2H, ArH), 7.71 (t, J=7.92
Hz, 2H, ArH), 7.54 (d, J=5.00 Hz, 1H, ArH), 7.49 (d, J=2.88 Hz, 1H, ArH), 7.09 (t, J=4.92 Hz,
1H, ArH); 3C-NMR (CDCls, 100 MHz): 164.12, 161.16, 136.98, 134.36, 131.81, 131.63, 127.61,
127.49, 127.10, 122.59, 122.34; HR-MS: m/z ratio (calculated): 307.0463; m/z ratio
(experimental): 307.0561(Figure A5-A7).
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CHAPTER -5

Synthesis and photophysical study of Naphthalimide appended Phenanthroimidazole
(Probe 3)

A naphthalimide-based probe was synthesized via a Suzuki-Miyaura ‘\
cross-coupling reaction, followed by amination, yielding the desired o5 NP
probe 3. The free probe itself exhibits feeble emission, while in the OO
presence of CN ion, a “turn-on” response was observed in the
fluorescent spectra. Further, the sensor found its practical H

applicability in detecting CN" ions in real-world water samples.
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of CN ion, a “turn-on” response was observed in the fluorescent spectra. Also, the solvatochromic behaviour of
the chemosensor was studied with different solvents of increasing polarity revealing the presence of Intra-
molecular Charge Transfer (ICT) phenomenon specifically between the naphthalimide and phenanthroimidazole
units. Further, the chemosensor exhibited remarkable selectivity and sensitivity towards CN ion with a
detection limit as low as 4.2 « 10" ¥ M. At the same time, the sensor-ion ensemble was found to have a reversible
effect in the presence of Fe? ' ions (LOD = 8.9 nM) which led to the construction of molecular logic INHIBIT gate.
In addition, the plausible binding mechanism was studied through Job’s plot, 'H NMR titrations, and DFT studies
revealing a 1:1 binding ratio between the chemosensor and ion. Further, the sensor found its practical appli-
cability in detecting CN ions in real-fiecld water samples.
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5.1. Introduction

In past years, there has been a burgeoning attention in the detection of anions because of their
significant role in biological, chemical, and environmental processes''’. However, the challenge is
generally faced in terms of its diffused charges in comparison to cations while the interaction
between the receptor and anion is generally weak and electrostatic '® 1. Amongst various anions,
one of the most hazardous ions is cyanide ion (CN°). The presence of CN™ ion is abundant in nature
as well in synthetic materials. It is not just limited to industries but also has entered the normal
supplies, for instance, the seed of various fruits, and enters into the environment as by-product of
the combustion of various materials. Also, it is widely used by industries in electroplating, resin

120. 121 Further, accidental leaks,

production, pharmaceuticals, gold mining, and textiles
inappropriate discarding of industrial waste containing CN™ ion, and the breakdown of cyanide-
based chemical warfare agents pose potential threats to the environment 22, Immoderate contact
with CN™ anion can cause various health issues, acting as a poison for the lungs, stomach, and skin.
According to the Environmental Protection Agency (EPA), the suggested tolerable level of CN-
ion in drinking water is 0.2 ppm'?®. Therefore, developing a competent, quick-to-respond, and
highly selective CN”sensor holds immense significance for the environment.

In this chapter, we reported the synthesis of a naphthalimide derivative for the fluorescence
“turn-on” detection of CNion, which could be attributed to ICT. The phenanthroimidazole moiety
appended to naphthalimide provides a coordination site at the C=N group, facilitating the
nucleophilic attack of CN~ ions. This moiety undergoes ICT, which imparts notable optical
properties. However, the introduction of CN~ ions disrupts the m-conjugation between the
naphthalimide and phenanthroimidazole units, resulting in significant changes in spectroscopic
characteristics. This disruption suppresses ICT processes, thereby altering the electronic
configurations and enhancing fluorescence. Additionally, titration experiments were conducted for
quantitative analysis to determine binding constants for complexation and detection limits of the
ion using various experimental methods. The results demonstrated that the synthesized probe is
highly effective for the selective detection of CN™ ions over other ions. Furthermore, the binding
properties of probe 3 with the CN”ion were analyzed by Job’s plot, '"H NMR titration method, and
DFT studies.
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5.2. Synthesis of Probe 3

Probe 3 was synthesized in a multistep process as shown in Scheme 5.1'2*, In the first step, to the
solution of compound 1 in DMF, the solution of N-bromosuccinimide was added at room
temperature with continuous stirring at room temperature, affording intermediate 2 in good yield.
Then intermediate 2 was treated with Na,Cr2O7 in acetic acid and was heated to reflux temperature,
yielding intermediate (3). On the other hand, the condensation of compound 4 with 5 and
ammonium acetate in the presence of glacial acetic acid leads to the formation of boronates (6).
Further, the Suzuki-Miyaura cross-coupling reaction of 6 with 3 in the presence of K,CO3 and
Pd(PPh3)s in CH3CN: H>O mixture (9:1), the intermediate 7 was produced, which subsequently
was treated with butylamine in ethanol at reflux conditions, yielding probe 3 as light-yellow
colored precipitates. The precipitates were filtered and washed thoroughly with ethanol. Further,
for the purification of the crude product, column chromatography was performed using ethyl
acetate and methanol as eluents to get the desired product as probe 3. Furthermore, the desired
probe 3 was characterized by spectroscopic techniques including 'H-NMR, *C-NMR, and HRMS
(Figure S1-S3).
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Scheme 5.1: Synthetic procedure for the synthesis of probe 3
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5.3. Photophysical Properties of Probe 3

The photophysical properties of probe 3 were examined using absorption and emission
spectroscopic techniques. The UV-visible absorption spectra of probe 3 (20 uM) were recorded
using CH3CN: H>O (9:1, v/v) as the solvent system. The absorption spectra of probe 3 revealed
dual absorption bands at 320 nm and 370 nm, respectively, which could be attributed to the n-n*
transition. Further upon photoexcitation at 370 nm, probe 3 (20 uM) exhibits a dual emission band
at 460 nm and 615 nm, resulting in a notable stokes shift of 90 and 245 nm, respectively, as
illustrated in Figure S.1a and b. Consequently, with the change in the polarity of the solvent, the
absorption peak of probe 3 exhibits a bathochromic shift of 15 nm i.e. from 365 nm to 380 nm.
Also, the emission spectra exhibit significant changes with the perturbation in the environment. In
addition, the emission spectra recorded a red shift on increasing the polarity of the environment

from 450 nm to 590 nm (Table 5.1).
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Figure 5.1: a) Normalized absorption and emission spectra of probe 3 (20 uM, CH3CN: H20, 9:1, v/v; hex=
370 nm); b) emission spectra of probe 3 in different solvents; c) HOMO-LUMO orbitals of the optimized
structure of probe 3

In addition, the aforementioned changes in the absorption and emission spectra with the
change in polarity of the solvent signify the interplay of the ICT process. The observed dual
emission with varying solvent polarity is attributed to the ICT phenomenon occurring within the

molecule, specifically between the naphthalimide and phenanthroimidazole units. In addition,
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theoretical calculations further advocated the presence of the ICT phenomenon (Figure 5.1¢). The
first three vertical excitations were calculated corresponding to the ground state optimized
structure. The calculations showed that the So—S: excitation was dominated by the highest
oscillation strength of 1.4102 with a transition contribution of 99 % from the highest occupied
molecular orbital to the lowest unoccupied molecular orbital. Subsequently, Table 5.1 presents
data about the quantum yield (®) and average decay time (t avg) of probe 3 across different solvent

media.

Table 5.1: Photophysical properties of probe 3 in different polarity solvents

Molar
Stokes Average
Dielectric  Amax  absorptivity  Aem Quantum
Solvent shift Av decay time
No. constant (nm) constant (nm) . yield (@)
i (em™) (tug) (n5)
e=M'cm
1 Cyclohexane 2.02 380 3550 450 4000 17.55% 1.03
2 Toluene 2.38 365 17600 555 9000 14.58% 1.01
3 IPA 17.9 375 21700 430 3000 19.73% 0.86
4 Chloroform 4.81 370 31950 470 6000 19.66% 0.98
5 THF 7.58 380 19750 450 4000 16.84% 1.02
6 Acetone 20.7 365 21450 455 5000 22.37% 1.01
7 Dioxane 2.25 375 21600 465 5000 12.21% 1.10
8 DMSO 46.7 380 16550 465 5000 13.37% 0.90
9 Acetonitrile 37.5 370 23200 460 6000 26.50% 1.03
10 Ethanol 24.5 380 21200 575 9000 23.78% 0.88
11 Methanol 32.7 375 20100 460 5000 24.69% 0.95
12 Water 80.1 400 14150 590 8000 11.52% 0.97

5.4. Spectroscopic Analysis of Probe 3

The most vital feature of a probe is its selectivity towards target ions which adds to the precision
of analytical results. We selected common anions including CN-, SCN-, P,O7*, NO3", CH3COO",
H2PO4, HSO4, F, CI, Br, ClO", BF4, SO4>, POy4, PFs, and OH to determine the selectivity of
probe 3 (20 uM) amongst the different ions in CH3CN: H>O (9:1, v/v) solution. In addition to
being studied in a mixture of CH3CN: H,O (9:1, v/v). Probe 3's photophysical characteristics were

also explored in various other solvents, including pure CH30OH, CH3CN, and pure H>O. It was
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observed that probe 3 displayed high selectivity and sensitivity only in the CH3CN: H>O (9:1, v/v)
mixture. The absorption spectra were recorded, and no obvious changes were observed. Further,
the sensing property of probe 3 (20 uM) was evaluated by observing the perturbations in emission
spectra in the presence of several anions such as CN°, SCN", P,O-*, NOs", CH3COO", HoPOq,
HSOy4, F, CI, Br, ClO", BF4, SO4%, POy, PFs, and OH" in CH3CN: H,0 (9:1, v/v) as medium.
The free receptor exhibits a weak emission band (Aem) at 450 nm upon excitation (Aex) at 375 nm.
The emission spectra revealed no change in the presence of different ions except CN ions. It was
observed that the fluorescent intensity was significantly enhanced after the addition of CN™ ions.
(Figure 5.2) . To further examine the binding of probe 3 with CN", the association constant was
determined by linear fitting of 1/ (I-Io) to 1/ [CN] according to the B-H equation (where, n = 1).
The binding constant for probe 3 + CN” was found to be 2.0 x 10> M™!. With increasing CN-
concentration, a linear increase in the fluorescence intensity was observed up to 160 uM, and the

detection limit was 4.2 x 10 M (Figure 5.3).
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Figure 5.2: Fluorescence spectra of probe 3 (20 uM) in CH3CN: H»O (9:1, v/v) a) with various anions and
(b) upon continuous addition of 0-160 pM of CN-
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Figure 5.3: a) Benesi-Hildebrand plot for determination of binding constant; b) Plot for the determination

of the lowest detection limit of probe 3 (20 uM) in CH3CN: H,O (9:1, v/v) with CN" ions
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5.5. Time-Correlated Single Photon Counting (TCSPC) Study

The enhancement in the fluorescence on binding with the anions has been supported by the results
obtained from fluorescence decay measurement, using the TCSPC study. The decay behavior of
probe 3 and its complexes is best fitted in with a bi-exponential function. Probe 3 showed two
components having lifetimes of 0.57 ns (50.83 %) and 1.83 ns (49.17 %). The average lifetime for
probe 3 comes out to be 1.02 ns. Upon the addition of CN"ion to the solution of probe 3, again two
components were obtained with a lifetime of 1.97 ns (38.87 %) and 3.01 ns (61.13 %). The average
lifetime was calculated to be 2.50 ns. The average lifetime of probe 3 on interaction with CN™ion
was increased. Similarly, with the addition of Fe*" ions to the complex of probe 3.CN the average
lifetime again decreased to 1.06 ns (Table 5.2). Hence, we can say that probe 3 binds with anions

in a purely dynamic manner.

Table 5.2: Fluorescence lifetime measurements for probe 3 and its complex in CH3;CN: H,O (9:1, v/v)

CH;CN: Hy0 (9:1, v/v) Ti1(ns) T2(ns) a2 (D e Tav (D)
Probe 3 0.57 1.83 51.83 49.17 1.45 1.02
Probe 3 + CN- 1.97 3.01 38.87 61.13 1.09 2.50
Probe 3 + CN-+ Fe** 1.27 1.06 2.27 97.73 1.03 1.06

5.6. Job’s Plot, pH, and Interference study

To gain insights into the binding ratio of probe 3 with CN"ion Job’s plot experiment was carried
out. It is a well-established approach for determining the stoichiometry of interactions between
ligands and target analytes in liquid-phase systems. Fluorescence spectroscopy was employed to
elucidate the coordination ratio between probe 3 and CN~ ion. The findings revealed a 1:1
stoichiometry ratio between probe 3 and CN™ ion (Figure 5.4a). Given the sensor's remarkable
sensitivity and selectivity towards CN™ions, the preferential selectivity of probe 3 was investigated
in the presence of various competing anions. To assess this, a solution of probe 3 (20 uM) in
CH;CN: H20 (9:1, v/v) was exposed to CN™ ion in the presence of other potentially interfering
anions. Notably, our results indicated that the presence of these additional anions did not alter the
spectra exhibiting negligible interference in the presence of competing ions (Figure 5.4b).
Consequently, probe 3 demonstrated a practical capability to effectively detect CN™ ions in the

presence of other anionic species. In addition, the pH level of a solution plays a critical role in
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modulating charge distribution, thereby influencing the optical properties of the compound under
investigation. In this context, we conducted a systematic examination of the pH-dependent
variations in fluorescence intensity for probe 3 and its complexation with CN" in a solvent system
composed of CH3CN: H>O (9:1, v/v). Within the pH range of 6.9 to 10.3, we ascertained that probe

3 remained chemically stable (Figure 5.4c¢).
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Figure 5.4: a) Job’s plot for probe 3 for CN" ions; (b) Relative emission intensity of probe 3 (20 uM) in
CH3CN: HO (9:1, v/v) (hex= 375 nm) with different competing analytes in the absence and presence of
CN at Aem= 450 nm, where blue bars represent the emission intensity change of probe 3 on addition of
different analytes (20 uM) and red bars represents the emission intensity changes of probe 3+CN- complex

in the presence of different competing analytes (20 pM); c)Effect of pH on probe 3 (20 uM) in CH3CN:
H>O (9:1, v/v)

5.7. Counter Ion Effect of the Ensemble

In addition, the presence of counter ions plays a pivotal role in shaping the responses of
chemosensors, making it essential to investigate their impact. To this end, we conducted an
extensive examination of the influence of biologically relevant metal ions, including Ca®", AI**,
Pb**, Co**, Ni**, Cu?*, Cr**, Hg**, Mn**, Fe**, and Zn*", on the complexation between probe 3 and

CN- ions. Our observations revealed that the majority of these metal ions had either no discernible
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effect or produced negligible alterations in the emission intensity (Figure 5.5a). However, a
notable exception was found with Fe**, which exhibited a substantial quenching effect on the
emission band at 450 nm. This quenching phenomenon was particularly evident as we successively
introduced Fe** ions. Further, the titration of the ensemble, probe 3-CN”was done with Fe** ions
ranging from 0 uM to 100 uM, into the solution exhibiting “turn-off” behavior (Figure 5.5b).
Furthermore, we quantified the limit of detection (LOD) for Fe** ions, which was determined to
be 8.9x10° M, employing a linear relationship between fluorescence intensity and concentration
(Figure 5.5¢). The synthesis of reversible probe holds prime significance with high selectivity and
sensitivity for sensing harmful ions. As probe 3 exhibits reversibility with Fe*" ions, the emission
intensity at 450 nm was decreased (Figure 5.5d). The reversible nature of probe 3 and CN-

complex with Fe*" ions can be used for the construction of the molecular logic gate
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Figure 5.5: Fluorescence spectra of probe 3.CN" complex (20 uM) in CH3CN: H,O (9:1, v/v) (a) with
various cations; b) upon continuous addition of 0-120 uM of Fe** ions; ¢) plot for calculating LOD; d)

reversible emission signal at 450 nm on repetitive addition of CN"ion and Fe*" ions.
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5.8. Possible Mechanism

5.8.1. "TH NMR titrations and HR-MS analysis
To elucidate the binding mechanism between probe 3 and CN- ions, 'H NMR titrations were carried

out using DMSO-ds as the solvent. Notably, on the addition of CN" ions, the triplet observed as a
doublet of triplet at 8.86 ppm, exhibited a discernible shift to a double of a doublet at 8.78 ppm.
Also, the doublet peak at 8.4 ppm corresponding to b protons of the phenanthroimidazole moiety
shifted upfield. This could be attributed to the shift of electron density from the
phenanthroimidazole moiety to the naphthalimide moiety on addition of CN"ions. Moreover, the
protons corresponding to the naphthalimide ring (c-f and k) displayed an up-field shift
accompanied by the merging of peaks at 8.31 ppm and 8.21 ppm with the shift to 8.08 ppm.
Furthermore, a collective up-field shift was observed in all other signals, which can be attributed
to alterations in electron density resulting from the addition of CN™ ions to probe 3 (Figure 5.6a).
In addition, the plausible binding mechanism is explained as shown in Figure 5.6b. In addition,
HR-MS analysis of probe 3 + CNion ensemble was done, revealing m/z ratio [M+H]" value at
607.8184 (Figure A8), thereby confirming the 1:1 stoichiometric ratio.
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Figure 5.6: a) "H NMR titration of probe 3 with CN- ions; b) Plausible binding mechanism of probe 3
with CN-ion
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5.8.2. Computational Studies

For the first three low-lying excited states, the probe 3 + CN™ complex was further refined, and its
frontier molecular orbitals were examined (Figure 5.7). Notably, the oscillation strengths of the
So-S1, So-S2, and So-S3 were computed at 319 nm, 317 nm, and 316 nm, respectively, with values
0f0.2812, 0.1942, and 0.4744. Additionally, it was revealed that the electronic distribution mostly
resides on the phenanthroimidazole moiety, indicating that emission enhancement may be the

result of intramolecular motion restriction at the phenanthroimidazole and phenyl linkage, which
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Figure 5.7: Optimized structures and frontier molecular orbitals of probe 3 + CN"ion complex.
5.9. Practical Applicability

5.9.1. Logic gate construction of probe 3

The reversible nature of probe 3 and CN”complex with Fe** ions was used to construct a molecular
logic gate. Further, the INHIBIT molecule logic gate is designed to demonstrate its use in
biosensors and bioimaging. The two inputs Inl= CN-, In2 = Fe**, and output at Aem = 450 nm

(OUTT) were taken into consideration. The fundamental principles of Boolean algebra apply to
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the absence and presence of input, where “1° denotes the YES/ON state and “0” the NO/OFF state.
In variation 1, the output was 0 and indicated an OFF state when neither of the inputs was present.
In variation 2, the highest emission intensity was seen at 450 nm, pointing to 1 or ON state when
only CN™ was present. Similar to the second variation, the third variation’s output was 0 (OFF
state) when CN™ was absent and only Fe** was present. For variation 4, when both the inputs were
present again the output was 0 i.e. OFF state. Input 1 thus meets the prerequisites for an OR gate,
and input 2 meets those for a NOT gate. Our truth table, when all the results were taken into
account matches the truth table of the INHIBIT logic gate. As a result, the emission peak at 450
nm with CN™ and Fe*" as inputs can be accounted for an INHIBIT logic function (Figure 5.8)
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Figure 5.8: a) Emission profile of probe 3 at 450 nm with different outputs; b) circuit diagram for INHIBIT
logic gate; c) Truth table for logic gate

5.9.2. Detection of CN-in industrial effluent

Industrial effluent from industry was collected to exhibit the applicability of probe 3 as a CN-
sensor in real samples. To test for the presence of free CN” in industrial waste, we spiked it with
different concentrations of CN™ (10, 20, and 30 uM). This spiked solution was added to probe 3’s
(20 uM, CH3CN: H2O (9:1, v/v) solution, and its emission spectrum was recorded. The emission
spectrum revealed an enhancement at 450 nm in the emission band (Figure 5.9). The actual
concentration and percent recovery were calculated from spectral changes as shown in Table 5.3.
As a result, probe 3 could be used to detect CN" in real-time samples.

Table 5.3: Recovery of CN ions spiked in industrial water by probe 3

S.No. Spiked amount (uM) Recovered amount (uM)  Recovery (%)

1 10 10.9 109
2 20 21.2 106
3 30 40.5 101.3
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Figure 5.9: Calibration curve of probe 3 for CN" ion detection in industrial water samples

5.10. Conclusion

In conclusion, herein a “turn-on” 1,8-naphthalimide-based fluorescent probe was synthesized that
selectively recognizes CN” ions detection in CH3CN: H20 (9:1, v/v). Probe 3 exhibited the Internal
Charge Transfer (ICT) phenomenon by treating it with a solvent to increase the polarity. Moreover,
the compound exhibited weak emission at 450 nm, which was significantly enhanced on the
addition of CN"ions. The binding stoichiometry of the complex of CN™and probe 3 was determined
by fluorescence spectroscopy, and it was calculated to be 1:1 with a detection limit as low as 4.2
x 10" M. Further, the DFT studies and "H-NMR studies were performed in support of the binding
mechanism. In CH3CN: H>O (9:1, v/v), probe 3 + CN™ ensemble was studied with different cations,
among which Fe®" ions showed high selectivity with a lowest detection of 8.9 nM. Furthermore,
the sensor finds its practical application in the designing of molecular logic INHIBIT gates and

also in the detection of CNions in industrial effluents.

5.11. Synthesis of Probe 3

5.11.1. Synthesis of intermediate 2

To the solution of N-bromosuccinimide (2.54 g, 14.28 mmol) in dimethylformamide (20 ml),
acenaphthene (1) (2 g, 12.98 mmol) was added at room temperature. The reaction mixture was
allowed to stir at room temperature for 3 h. The progress of the reaction was monitored by TLC.
After completion of the reaction, the reaction mixture was poured into ice-cold water. The
precipitates were subsequently filtered and thoroughly washed with distilled water, followed by
air drying to obtain light brown crystals as product (2) in 2.92 g, 94% yield; mp 52-55 °C.

82



5.11.2. Synthesis of intermediate 3

To the solution of intermediate 2 (2 g, 5.58 mmol) in acetic acid (50 ml) at 0 °C, sodium dichromate
(10 g) was added. The reaction was heated and transferred to a reflux condition after its completion
for 2.5 h. Further, the reaction was quenched by transferring it to ice, and the white solid precipitate
formed was filtered and thoroughly washed with hot water. The product (3) was obtained in 1.75
g, 72% yield; mp 222-225 °C.

5.11.3. Synthesis of intermediate 6

Further, the compound 4 (1 g, 6.67 mmol), 5 (1.52 g, 7.33 mmol), and ammonium acetate (10.26
g, 133.34 mmol) were allowed to heat till reflux temperature in glacial acetic acid (40 ml) for 10
h. After the completion of the reaction, the reaction mixture was poured into ice-cold water
yielding light yellow precipitates as product (6) in 1.12 g, 58% yield; mp 278-281 °C.

5.11.4. Synthesis of intermediate 7

The Suzuki-Miyaura coupling reaction was carried out between compound 3 (1 g, 3.61 mmol) and
6 (1.22 g, 3.61 mmol) was carried out using potassium carbonate (0.5 g, 3.61 mmol) and Pd(PPhs)4
(5 mol%) in CH3CN and H>O (9:1). The reaction was heated till reflux temperature for 12 h under
N> environment. The progress of the reaction was monitored with TLC and after its completion,
CH3CN was evaporated under reduced pressure.100 ml of H,O was added to the crude mixture
followed by its extraction using CHCIs;. The CHCIl; layer was dried over Na;SOs4 to obtain the
crude product. The crude was purified by column chromatography using ethyl acetate: methanol
(9.5:0.5) as eluents yielding product 7 in 0.765 g, 72% yield; mp 280-287 °C.

5.11.5. Synthesis of probe 3

To the solution of 7 (100 mg, 0.20 mmol) in ethanol (5 ml), benzylamine (0.24 mmol) was added
and heated till reflux temperature for 7-9 h. The reaction was allowed to cool to room temperature
to form precipitates. The precipitate formed was then filtered and thoroughly washed with ethanol.
For the purification of the compound, the crude product was subjected to column chromatography
using ethyl acetate and methanol as eluents to get the desired products. Light yellow solid; 88%
yield; Rr 0.6 (5% methanol in ethylacetate); mp 292-295 °C; 'H-NMR (DMSO-ds + CDCls, 400
MHz): § (ppm) 8.76-8.71 (m, 2H, ArH), 8.67 (d, J = 7.76 Hz, 1H, ArH), 8.60 (d, J = 7.56 Hz, 1H,
ArH), 8.56 (d, J = 8.20 Hz, 4H, ArH), 8.37 (d, J = 8.52 Hz, 1H, ArH), 7.84 (d, ] = 7.52 Hz, 1H,
ArH), 7.80 (t, J = 8.04 Hz, 1H, ArH), 7.73-7.68 (m, 4H, ArH), 7.64-7.59 (m, 2H, ArH), 7.46 (d, J
=7.36 Hz, 2H, ArH), 7.33 (t, ] = 7.68 Hz, 2H, ArH), 7.26 (t, ] = 7.68 Hz, 1H, ArH), 5.34 (s, 2H,
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benzyl-CH,); *C-NMR (DMSO-ds + CDCls, 100 MHz): & (ppm) 163.9, 163.7, 148.8, 146.3,
139.1, 137.6, 132.7, 131.4, 131.0, 130.5, 129.8, 128.6, 128.3, 128.1, 128.0, 127.4, 127.2, 127.1,
126.8,125.6, 125.4, 124.0, 123.6, 122.9, 122.7, 122.4, 121.6 (ArC), 43.4 (benzyl-CH>); MS (ESI):
m/z 580.2033 (M*+1); Anal Calcd for: C4H2sN302: C, 82.88; H, 4.35; N, 7.25; found C, 82.80;
H, 4.30; N, 7.32. (Figure A8-A11)
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ARTICLE INFO ABSTRACT

W . It is unanimously known that cyanide (CN ) is one of the most toxic ions because it can interfere with the body's
Wﬂl‘k physiological phenomenon causing endocrine disorders, respiratory failure, hypoxia, vascular necrosis, and even
‘-‘ymﬂtml death. Therefore, it is essential to develop cost-effective, sensitive, rapid, and efficient methods for sensing CN -
h’,‘i“f"j‘l"“?“‘“ ions. The imide-based highly selective probe 1 was successfully synthesized in a multi-step process.
TD-DFT Probe 1 displayed high selectivity and specificity against cyanide (CN ) ion and exhibited naked eye changes
Logic gate accompanied by “turn-off” tluorescence behavior. The introduction of CN~ ion into the probe solution shows a

visible color change from yellow to blue. Further, the optical methods were employed to determine the sensing
performance of probe 1 towards CN~ ion. The CN ion detection limit was 5.47 yM with a binding constant of
1.52 x 10° M™ . The tluorescence quenching efficiency towards cyanide ion was found to be 73.21 %, with the
Stern-Volmer quenching constant te be 1.22 x 1°M L Job's plot analysis revealed 1:1 stoichiometric binding
between probe 1 and CN~ ion, further supported by FT-IR analysis, mass analysis, 'H NMR titrations, and TD-
DFT study. Probe 1 finds its practical application for detecting CN~ ion using the test strip method. In addi-
tion, chemically switchable tHuorescent dyes provide helpful building blocks for developing intricate molecular
devices that communicate via adjustments in their emission characteristics; therefore, probe 1 was also used to
establish molecular logic gates.
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6.1. Introduction

Amongst various anions, one of the most hazardous ions is cyanide ion (CN"). The presence of
CN- ion is abundant in nature as well as in synthetic materials. It is not just limited to the industries
but also has entered the ordinary sources, for instance, the seed of various fruits, and enters into
the environment as a by-product of the combustion of various materials. Therefore, developing a
highly selective, rapidly responsive, and efficient CN sensor is of immense significance for the
environment. The strategy for CN™ ion sensing is usually based on coordination bonding and
nucleophilic addition'?!. The hydrogen bonding method involves CN” association with the binding
unit, resulting in the formation of hydrogen bonds, thereby causing significant alterations in color
or fluorescence signals'?> 126, However, this approach suffers from poor selectivity and inhibition
in protic solvents. In addition, the chromogenic approach involves a chemical reaction where
reactive sites are selectively attacked by CN™ nucleophiles, showing better sensitivity and
selectivity towards CN™ ion. Photophysical properties of organic fluorophores are commonly
affected in the presence of external stimuli, altering the fluorophore's electronic structure and
fluorescence signals®® 127129,

Herein, we synthesized a Schiff Base utilizing naphthalimide and chromone moiety. As per
our expectations, the cyanide ion explicitly exhibits nucleophilic attack across the C=N group
altering the electronic configuration of the probe and hence leading to spectral changes. Also, a
“naked-eye” color change was observed from yellow to blue with the addition of CN™ion, which
could be attributed to ICT. Furthermore, Job’s plot and HR-MS studies were employed to
determine the stoichiometric ratio. The binding constants and detection limits for the ion were
determined utilizing titration experiments. The experimental results were further validated by
using computational approaches, including DFT and TD-DFT, which reveal the theoretical Amax
value at 600 nm of the probe and CN™ complex, which is quite close to the experimental value i.e.
595 nm. In addition, the development of a test strip, smartphone analysis, and design of a molecular

logic gate and molecular keypad exhibit the probe's practical applicability.

6.2. Synthetic route to the synthesis of probe 4

Probe 4 was synthesized through a multistep reaction sequence, as illustrated in Scheme 1. Initially,
acenaphthene (1) was treated with NBS in DMF and stirred at room temperature for 3 hours,

yielding intermediate 2. This intermediate was then oxidized using Na.Cr.0O- in acetic acid under
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reflux conditions for 6 hours to afford 5-bromo-1,2-dihydroacenaphthylene (3). Subsequent
reaction with 2-morpholinoethanamine produced compound 4 which was then treated with
hydrazine hydrate in ethanol, leading to an aromatic substitution at the bromo position of the
naphthalimide ring, forming compound 5. Finally, compound 5 underwent a condensation reaction
with 4-ox0-4H-chromene-3-carbaldehyde (6) under reflux in ethanol for 8 hours, yielding the
desired molecular probe 4 (Scheme 6.1). The structure and purity of the synthesized probe were
confirmed through spectroscopic characterization techniques including 'H-NMR, '3C-NMR, and
HR-MS.
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Scheme 6.1: Synthetic route to the synthesis of probe 4

6.3. Photophysical Properties of Probe 4

The photophysical properties of probe 4 were explored in different solvents, including water,
dimethyl sulphoxide (DMSO), dimethylformamide (DMF), methanol (MeOH), acetonitrile
(ACN), chloroform, ethyl acetate, and hexane using UV-visible spectroscopic technique (Figure
6.1). The absorption spectra of the probe in various solvents at a concentration of 20 uM were
recorded. It was found that probe 4 was insoluble in water, exhibiting no characteristic peak on the

other hand, the peaks at 465 nm and 333 nm were observed using DMSO as solvent. Remarkably,
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the absorption of probe 4 showed a redshift, and the absorption profile became broader with
increasing solvent polarity upon changing from hexane to DMSO, which could be attributed to n-
n* and intra-molecular charge transfer (ICT) transitions from the donor moiety to the electron-
deficient acceptor moiety. From the observed results, the polar protic solvents such as MeOH is
strongly bonding with the acceptor part, which may induce the strong acceptor character and hence
influence the n-n* and ICT process in comparison to the polar aprotic solvents. Further, the
absorbance at different wavelengths and molar absorptivity value of probe 4 in different solvents

have been tabulated in Table 6.1.
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Figure 6.1: Absorption spectra of probe 4 in different solvents

6.4. Optical Performance of Probe 4

The optical performance of probe 4 towards different ions was characterized by naked-eye
detection, absorption, and emission spectroscopy. The screening of the probe towards different
anions was done at a concentration of 30 uM of probe 4 in DMSO: H>O (4:1, v/v) as the solvent
medium. Besides choosing the studied solvent medium, other solvents like H>O, EtOH, MeOH,
CH3CN, and their different water fractions were explored, but the DMSO: H,O (4:1, v/v) displayed
high selectivity, sensitivity, and naked-eye response. Also, the probe exhibits poor solubility in an
aqueous medium, and on further increasing the water fractions, probe 4 started precipitating.
Further, probe 4 shows an absorption band at 460 nm while the emission band is formed at 560

nm on photoexcitation at 465 nm. The Stokes shift was found to be 100 nm (Figure 6.2)
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Table 6.1: Photophysical properties of probe 4 in different polarity solvents

Sol Dielectric constant Wavelength Absorbance Molar extinction
olvent
(F/m) (Amax) (nm) (a.u.) coefficient (M cm™)
Water 80.1 - - -
DMSO 46.7 465 0.206 10,300
Acetonitrile 37.5 442 0.236 11,800
DMF 36.7 457 0.244 12,200
Methanol 32.7 457 0.253 12,650
Ethyl acetate 6.02 455 0.219 10,950
Chloroform 4.81 449 0.217 10,850
Hexane 1.88 445 0.191 9,550
0.5
] o= 560 nm
g 04 Jup= 460 nm
2
)
203
«
-
E 0.2
g 0.1 Stoke's shift =100 nm
z
0
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Figure 6.2: A depiction of Stokes shift between absorption (red) and emission (green) spectra

6.4.1. Visual detection

In a solution of probe 4 (30 uM) in DMSO: H>O (4:1, v/v) as medium, different anions including
I, Br, F, AcO", H.PO4", HSO4, SCN-, NOs3, CI', PO4*, S*, oxalate, lactate, and CN” were added

for visual detection. The ability of probe 4 was assessed by observing color changes both with the

naked eye and under 365 nm UV rays. At ambient conditions, it was observed that when CN~ions

were added, the probe solution transformed from yellow to violet-blue, whereas other ions did not

cause any significant change (Figure 6.3a). Under 365 nm UV light, the probe’s bright yellow

color was quenched in the presence of CNions while other ions exhibited no noticeable effect

(Figure 6.3b). These visual alterations indicate that probe 4 can be utilized as a chemosensor for

the subtle detection of CN™ion. Furthermore, the sensing performance of the probe was studied

through UV-visible and fluorescence spectroscopic techniques.
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Figure 6.3: Visible changes of probe 4 in DMSO: H20 (4:1, v/v) in the presence of different anions a) with
naked-eye and b) under UV light (365 nm)

6.4.2. UV-Visible absorption study of probe 4

The UV-visible spectroscopy was utilized to explore the sensing ability of probe 4 (30 uM) in
DMSO: H>O (4:1, v/v) towards various ions including I', Br', F, AcO", H,PO4", H2SO4, SCN’,
NOs', CI', PO4*, S*, oxalate, lactate, and CN" (10 equiv.). The UV spectra were noted in aqueous
DMSO before and after the introduction of different ions. The absorption spectra of probe 4
showed an absorption band at 460 nm (¢ = 13,333.33 M cm™) attributed to n-n* transitions
(Figure 6.4a). After adding the aforementioned ions, the absorption spectra revealed significant
perturbations only in the presence of CN™ions. The introduction of CNions decreases the band's
intensity at 460 nm with the gradual development of a new band at 595 nm, indicating the
alterations in the electronic environment of the probe. A redshift of 135 nm was noticed
accompanied by the generation of isosbestic points at 405 nm and 502 nm revealing the complex
formation (Figure 6.4b). This behavior suggests that CN™ ions are effectively interacting with the
probe, forming a new complex that alters its optical properties. The other ions show no significant
alterations in the intensity of the probe. These results show that probe 4 is highly selective towards
CN- ions. Further, the probe was titrated with CN™ ions in DMSO: H>O (4:1, v/v) solution for
detailed understanding. The titration experiments vividly exhibit that upon incremental addition of
CNions (0-3 equiv.), the intensity of the band at 460 nm gradually decreases with the simultaneous
emergence of a new band at 595 nm. Hence, the UV-visible spectra display probe 4 as a promising

tool for the selective detection of CN™ ions.
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Figure 6.4: UV-vis spectra of a) probe 4 (30 uM) in DMSO: H,O (4:1, v/v) in the presence of different
anions (10 equiv.); b) titration of probe 4 (30 uM) in DMSO: H,O (4:1, v/v) with CN"ion (0-3 equv.)
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Figure 6.5: Emission spectra of a) probe 4 (30 uM) in DMSO: H>O (4:1, v/v) in the presence of different anions (10
equiv.); b) titration of probe 4 (30 uM) in DMSO: H,O (4:1, v/v) with CN"ion (0-30 equv.); ¢) Chromaticity CIE
1931 diagram of probe 4 and its complex with CN~ion
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6.4.3. Emission characteristics of probe 4

Furthermore, fluorescence spectroscopy was implemented to scrutinize the sensing competence of
probe 4 (30 uM) in DMSO: H>O (4:1, v/v) towards various ions including I', Br', F", AcO", HoPO4
, HSO47, SCN-, NOs", CI', PO4+*, S%, oxalate, lactate, and CN" (10 equiv.) at room temperature. On
excitation at wavelength (Aexc) 465 nm, the probe exhibits an emission band (Aem) at 560 nm, which
was utilized to examine the optical performance of the probe. A significant quenching of the
emission band was noticed at 560 nm in the presence of CN ions, while other ions revealed no
significant perturbation in the emission band (Figure 6.5a). A dramatic decline in the emission
intensity was observed, which supports its high selectivity for CN"ion. Furthermore, the titration
experiments of probe 4 were performed with CNion, revealing deeper insights and for quantitative
analysis. The incremental additions of CN™ions to the probe solution revealed quenching in the
fluorescence intensity till saturation was achieved (Figure 6.5b). The exact color perception was
best visualized by the Chromaticity Commission Internationale de I’Eclairage (CIE) 1931 diagram,
utilizing CIE-X and CIE-Y coordinates whose values were found to be 0.437 and 0.543,
respectively. However, in addition to CN- ions, the coordinates shift to 0.339 and 0.348,
respectively (Figure 6.5¢), which complements the fluorescence spectroscopic results and under

UV lamp.
6.5. Quantitative Analysis

The LOD was calculated from the graph depicting absorbance/emission intensity as a function of
CN 1ons and was plotted as shown in Figure 6.6a. The LOD and LOQ were calculated to be 5.47
uM and 1.82 uM, respectively, from equations 1 and 2. In addition, the binding constant (K.) was
estimated using a B-H plot from equation 3, revealing a direct relationship between 1/(I-Io) v/s
1/[M] and was determined to be 1.52 x 103 M! (Figure 6.6b). Also, the Stern-Volmer plot reveals
a quenching constant (Ksv) of 1.22 x 10° M! (Figure 6.6¢) calculated from equation 4. In addition,
the quenching of emission intensity leads to the calculation of fluorescence quenching efficiency

(n) using equation 5, which was determined to be. 73.21%.

6.6. Interference and Reversibility Study

To further investigate the selectivity of probe 4 towards CN™ion, the competitive analysis of the

probe was carried out in the presence of various anions I', Br', F*, AcO", H,PO4>, HSO4*, SCN",
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NOs%, CI, PO4*, S*, oxalate, lactate, and CN™ (10 equiv.). As depicted in Figure 6.7, the yellow
bars correspond to probe 4 with tested anions and the blue bars correspond to probe 4 + CN-
complex with competing anions. It was noticed that the CN"ions decrease the absorption intensity
of probe 4 in the presence of tested ions, thereby revealing the high selectivity and specificity of

the probe towards CN~ions and exhibiting negligible interference in the presence of other ions.
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Figure 6.6: a) Emission plot of F/F¢v/s [CN7] for the determination of the limit of detection; b) Benesi-
Hilderbrand plot for determining the binding constant of probe 4 for CN" ion; c) Stern-Volmer plot for the

determination of the quenching constant
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Figure 6.7: Interference study of a) probe 4 (30 uM) (yellow bars) and b) probe 4 + CN" complex (blue

bars) in DMSO: H,O (4:1, v/v) in the presence and absence of various ions (in excess)

Further, the reversibility of the probe was examined with TFA as reported earlier'?!. It
was observed that in the absence of CN™ion, probe 4 exhibits an absorbance band at 460 nm. The
intensity of the absorbance band of the probe decreases upon the addition of CN"ion, leading to
the band's emergence at 595 nm. The transition is accompanied by a noticeable color change from

yellow to blue. By adding 0.12 ml of 1% TFA to the complex, the yellow color was regained,

93



indicating the reversal of the reaction between probe 4 and CNion (Figure 6.8). The observation
of the newly emerged band at 595 nm disappears, and the reappearance of the original band at 460
nm suggests that TFA effectively reverses the reaction. To further confirm this reversibility, several
cycles were conducted with repeated additions of TFA. Each cycle demonstrated consistent
changes in the absorption spectrum, reinforcing the idea that TFA acts as a reliable agent for

reversing the reaction dynamics.
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Figure 6.8: a) Reverse reaction of probe 4 (30 pM) in DMSO: H,O (4:1, v/v) in the presence of CN ion
(20 pl) and TFA (0.12 ml); b) reversible emission signal at 595 nm on repetitive addition of CN™ and TFA.
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Figure 6.9: a) Effect of pH on probe 4 and probe 4 + CN"complex; b) Time course study of probe 4
(blue) and probe 4 + CN" complex (red)

6.7. Effect of pH and Response Time

The applicability of probe 4 and its complex with CN™ ions was evaluated by measuring absorption
intensities at varying pH values (2.0-12.0) in a DMSO: H;O (4:1, v/v) solution. A distinct pH-
dependent change in absorption intensity was observed, highlighting the probe's environmental

sensitivity. The probe exhibited insolubility and negligible absorption intensity at pH 2, 3, 7, 9,
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10, and 12. The highest absorption intensity was recorded at pH 4, followed by pH 8 and 11. A
similar pH-dependent trend was observed for the probe's complex with CN™ ions (Figure 6.9a).
Additionally, a time-course UV-visible absorption study was conducted to assess the stability of
probe 4 and its complex with CN~ ions. Probe 4 exhibited no significant changes in absorption
over time, demonstrating its stability under ambient conditions. In contrast, its complex with CN~
ions showed an initial decrease in absorption intensity, which stabilized after approximately 600
seconds. Further, this study demonstrates good stability and a quick response time exhibiting the

robust nature of the chemosensor (Figure 6.9b).
6.8. Binding Mechanism

6.8.1. Job’s plot and ATR-FTIR analysis

To explore the binding between probe 4 and CN" ion, the Job plot experiment was conducted. The
change in the absorbance was plotted against the molecular fraction [Probe 4/(Probe 4 + CN")]
shown in Figure 6.10a. The results from this plot indicated a 1:1 stoichiometric binding between
probe 4 and CN"ion. The peak at 0.5 validates the stoichiometry, providing a clear understanding
of the binding dynamics with probe 4. The CN ion being nucleophilic leads to addition across the
double bond (C=N) in probe 4. This nucleophilic addition across the imine bond leads to spectral
changes, thereby perturbing the electron density (Figure 6.10b).
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Figure 6.10: a) Job’s plot for the determination of stoichiometric ratio between probe 4 and CN", b)

plausible mechanism of binding of CN"ions with probe 4

The study revealed significant perturbations between the region 1300-4000 cm™' on the
addition of CN"ions. In the presence of CN” ions, the N-H peak at 3698 cm! shifted to 3678 cm’!

with the emergence of a new broad peak at 3534 cm™'. Also, a change in intensity at 3022 cm™ was
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observed, which could be attributed to =C-H stretching. Further, the emergence of a new peak at
2255 cm! signifies the stretching of the nitriles (-CN) group in probe 4, leading to the formation
of the complex. The strong peaks between 1440 - 1350 cm™ correspond to the C-H bending of
methylene and methyl groups. The peak at 1215 cm™! corresponds to the C-N stretching of the
amine, which exhibits significant changes in addition to the CN™ ion (Figure 6.11a). In addition,
the peaks in the region near 2800 - 3000 cm™ correspond to the -C-H stretching of alkanes.
Furthermore, the DFT and TD-DFT studies were employed to investigate the possible complex

formation.

6.8.2. "TH-NMR titration experiment

In addition, 'H-NMR titration experiments (in ds-DMSO) were performed to acquire more
information about the plausible binding mechanism. The 'H-NMR spectra of the probe revealed a
doublet peak at 11.59 and 9.02 3 corresponding to the long-range coupling between NH and imine
protons, respectively. While the peaks of the aromatic region were found between 8.90 to 7.50 o.
On the other hand, the addition of CN"ion led to the downfield shift of the NH proton from a
doublet peak observed at 11.59 to a singlet peak at 9.07 &, which could be attributed to the
nucleophilic attack of the CN". Moreover, the protons of the imine group (CH*-N) at 9.02  exhibit
up-field shift to 5.74 6 on addition of the CN" ion (Figure 6.11b). Furthermore, a collective
downfield shift of the aromatic region reveals the alterations in the electron density of the probe
in the presence of CNion. In addition, the mass spectra of the complex were found with m/z ratio

at 524.1917, revealing the formation of the complex (Figure A12).
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Figure 6.11: a) ATR-FTIR analysis and b) '"H-NMR titrations of probe 4 (black) and the addition of 1 equv.
of CN"ions (red)
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6.9. Density Functional Theory (DFT) Study

Figure 6.12 shows the optimized structure of probe 4 and probe 4+CN-complex through B3LYP/6-
31G(d,p) basis set. Probe 4 exhibits an angle of 119.25° across the C atom of the imine bond,
leading to planarity across the naphthalimide and chromone moiety as shown in View I and II. On
the other hand, the addition of CN™ across the imine bond distorts the planarity, and the angles
change to 122.11°, thereby perturbing the electron system and inhibiting the ICT phenomenon.
This inhibition of ICT leads to spectral changes and fluorescence quenching. Also, the polarity of
the compound was examined from the molecular electrostatic potential maps which aids in
knowing the reactive component within the molecule against a charge species. The red color in the
map represents the concentration of the negative charge due to proton attraction, while the blue
region is due to the concentration of the positive charge caused by the electron repulsion (Figure
6.13). The red region is mainly localized on the O atom of the naphthalimide and morpholine unit,
while the blue region is localized on the C atom of the imine group, making it electrophilic in

nature thereby facilitating the attack of the CN™ group.
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Figure 6.12: Optimized structure of probe 4 and probe 4+ CN-ions using B3LYP/6-31G(d,p) basis set
through DFT study.

Figure 6.13: Electrostatic potential map (ESP) of probe 4 (blue regions represent positive sites and red

regions as negative sites)
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Furthermore, TD-DFT was done to study the vertical excitations calculated at 513.86 nm
(f = 0.0045), 436.71 nm (f = 0.8446), and 419.91 nm (f = 0.0000) corresponding to transitions
from Sp to Si, S, and S; excited states, respectively. Amongst this, the transition from So—S»
exhibits significant oscillation strength and also the theoretical absorption wavelength of probe 4
is 436.71 nm (Figure 6.14b), which almost corresponds to the experimental results (Amax = 460

nm).

Table 6.2: The experimental and theoretical absorption values of probe 4 and its complex.

Analyte Experimental value Theoretical value
Probe 4 460 nm 436.71 nm
Probe 4 + CN- 595 nm 600.49 nm
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Figure 6.14: a) Frontier Molecular Orbitals (FMOs) of probe 4 and probe 4 + CN"complex; simulated UV-
Vis spectrum of b) probe 4 and ¢) probe 4 + CN"complex

The above transition involves the transition from HOMO—LUMO+1 with a shift in
electron density from the chromone unit to the naphthalimide ring exhibiting n-n* electronic
transition. It was noticed that the electron density in HOMO is mainly localized on the
naphthalimide ring while in the case of LUMO+I the electron density shifted towards the
chromone moiety. This significant shift in the HOMO and LUMO+1 energy level confers the

prevalence of ICT which is also accountable for fluorescence. Similarly, the vertical excitations
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were calculated for the CN™ complex. For the complex, the vertical excitations of transitions
So—S1, So—S,, and So—S3 were calculated at 600.49 nm (f = 0.0174), 543.37 nm (0.0057), and
419.91 nm (f= 0.0209), respectively. The transition So—S; for the complex exhibits a theoretical
absorption wavelength of 600.49 nm (Figure 6.14¢), which is very close to the experimental
results i.e., 595 nm (Table 6.2). The addition of CN" distorts the planarity of the molecule, thereby
localizing the electron density mainly on the naphthalimide moiety. This further suppresses the
charge transfer process, leading to weak fluorescence. Further, the HOMO-LUMO energy gap
decreased from 0.0634 eV to 0.0097 eV in the case of probe 4 and its complex with CN" ions,

respectively, resulting in the redshift, which corroborates the experimental results (Figure 11).
6.10. Multiwave Function Analysis of Probe 4 and its Complex

ELF and LOL study can be utilized to investigate the molecular orbital and its localization in the
probe and its complex!*’. This topological analysis explicit electrical characteristics, specifically
the localization and delocalization of molecular structure, accompanied by its stability!®!. In
Figure 6.15 and 6.16, the deep blue color in the background represents the absence of electrons,
the red color indicates the localization of electrons, while the bright blue indicates the
delocalization of electrons'*2. The delocalized electrons exhibit stability as demonstrated by a
greater number of resonance structures. The number ranging from 0.000 to 1.000, along with
the color chart from deep blue to red, indicates the probability of electrons occupying specific
orbitals. In Figure 6.15a, the electrons are mainly localized on the H atom indicated by the red
color in the probe, while the delocalization between the chromone and naphthalimide is
represented by the green color of the heavy elements including carbon, nitrogen, and oxygen

atoms.

Figure 6.15: ELF diagrams of a) probe 4 and b) probe 4 + CN" complex
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On the other hand, this delocalization of electrons between the chromone and
naphthalimide moiety inhibits its complexation with the CN~ ion (Figure 6.15b). This further
supports the inhibition of the ICT phenomenon occurring in probe 4. Furthermore, the LOL
analysis revealed weak and strong m-delocalized orbitals indicated by blue and red color
respectively on the color map of the probe and complex respectively'>> *4. The scale ranging from
0.000 to 0.800 represents the extent of m orbital delocalization with color scale from blue to red
depicting weak to strong delocalization (Figure 6.16). In the probe, a strong n-delocalized orbital
between the naphthalimide and chromone unit is observed while ranging from 6.9 to -20.6 Bohr.
On the other hand, the delocalization between the two units gets disturbed upon complexation as
displayed by two separate patches of green-colored units depicting chromone and naphthalimide

respectively between 6.8 and -17.5 Bohr approximately.
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Figure 6.16: LOL diagrams of a) probe 4 and b) probe 4 + CN- complex
6.11. Practical Applicability of Probe 4

6.11.1. Test strips

For practical applications, the test strips method was employed for the detection of CN™ions. The
Whatman filter paper was allowed to be soaked in the solution of probe 4 to prepare the test strips
135 The test strips were golden brown in visible light, mint green under short UV rays, and lemon
yellow under long UV rays. When treated with CN™ion the color changes to iris purple in visible
light, turquoise under short UV rays, and indigo under long UV rays. These findings suggest that

the probe can serve as a test strip for the detection of CN"ion (Figure 6.17).

6.11.2. Smartphone analysis
For this, the free mobile app (Color Picker) was downloaded on Android (RedmiNote 10T 5G) and
the photographs were clicked following the procedure as reported in the literature '*°. The photos

were clicked before and after the addition of CN~ions. In addition, the Red/Green (R/G ratio) was
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studied with each successive addition of the ion (0-4 equiv.). Good linearity was observed between
the R/G value and the concentration of CN”ions (R?= 0.989) with a detection limit of 13.27 uM.

Therefore, smartphone analysis guarantees inexpensive and real-time application to detect CN

ions (Figure 6.18).
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Figure 6.17: a) Test strip of probe 4 and with CN~ions in visible light, under short UV rays, and long UV

rays; b) concentration-dependent performance of test strips from 0.5-3.5 equv.
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Figure 6.18: Smartphone-based application of probe 4 to detect CNion.

6.11.3. Designing of logic gate and molecular keypad
In the recent few years, logic gates have gained a lot of attention by researchers. Therefore, we
also built a combinatorial molecular circuit for IMPLICATION (IMP) and INHIBIT (INH), which

could be attributed to the reverse reactions of the probe 4 complex in the presence of TFA. The
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logic circuit diagram along with its corresponding truth table, is illustrated in Figure 6.19. The
addition of CN"ion to the system leads to input I while the addition of TFA leads to input II. Both
the output signals- output I (460 nm) and output II (595 nm) were devised through absorbance
signals. The binary codes ‘0’ and ‘1’ illustrate the chemical shift as input or output. For probe 4,

the absorbance threshold was determined to be 0.05.

b
04 Input Output
INI | INII | OP oP-11

2 (CN1) | (TFA) | (460 nm) | (595 nm)
2 0 0 1 0

1 0 0 1
ol

0 1 1 0

1 0
(0,0) (1,0) a,n 0,1

Absorbance (an)
=

o
—

e
IN-1 (CN) & —

(460 nm)

IN-T1(TFA)

oP-1

& (595 nm)

Figure 6.19: Logic gate construction a) absorbance output signals after various chemical inputs; b) truth

table; c) logic gate circuit diagram

The ON-OFF switch correlates to the binary codes. In the non-availability of CN"ion and TFA in
the system, i.e., no input I and input II, or in the presence of TFA there is no absorbance at 595 nm,
which turns “OFF” the system. On the other hand, in the presence of CNion, when input I is 1
and input Il is 0, there is absorbance at 595 nm, which switches “ON” the system thereby exhibiting
interaction between probe 4 and CN™ion. This exhibits that its output II signal turns “ON” the
system. These results led to the development of the INH logic gate at 595 nm. To examine the
performance of probe 4 with CN"ion and TFA, another logic gate was also i.e., IMP was obtained.
An output signal 1 at 460 nm indicates that the system is turned “ON” while there is no input (0,0)
or only one input II there (0,1). The system turns “OFF” in the presence of input I (1,0) while in
the presence of both the input (1,1), it further switches “ON”. As a result, complementary INH/IMP

logic operations for probe 4 were successfully demonstrated, highlighting its potential application
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in molecular devices. These operations showcase the ability of probe 4 to function as a molecular
switch, effectively responding to the presence of the CN™ion and enabling the manipulation of the
output signals based on input signals. This capability underscores the versatility of the probe in the
development of advanced molecular systems, paving the way for innovative applications in
sensing and information processing. Since probe 4 exhibits maximum absorption at 460 nm and
at 595 nm on addition of CN~ions, hence sequential input for probe and CNion could be used as
code for molecular keypad lock for molecular traffic signals for two chemical inputs. These
observations inspire us to explore probe 4 to construct molecular keypad lock. To develop this,
input 1 and input 2 was assigned ‘A’ and ‘D’ and the output signals at 460 nm and 595 nm were
assigned ‘O’ and ‘R’. Now, key ‘E’ is utilized to ‘open’ the locked state of system. Now the
password that would open the lock state of system through chemical inputs will be “ADORE”.
Also, it was observed that the addition of TFA shifts the absorption wavelength back to original
i.e. at 460 nm. Therefore, to lock the molecular keypad the input 1 would be assigned as ‘H’ with
output signal at 460 nm assigned as ‘E’. Now, key ‘R’ is utilize to ‘switch-off” or ‘lock’ the
molecular keypad. So, the password to lock the molecular keypad through various chemical inputs

will be “HER” (Figure 6.20).

a w(EYR)T v ul1 (O)r
(A)s(@)F e Hiy KL

Figure 6.20: Keypad lock for assessing secret password generated by sequential chemical inputs
6.12. Conclusion

A highly selective naphthalimide-derived probe 4 was synthesized to detect CN”1ion using DMSO:
H>O (4:1, v/v) as the medium. Probe 4 exhibits “naked-eye” changes on adding CN™ ion from
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yellow to blue. Also, the addition led to the shift of the band towards a longer wavelength at 595
nm. The fluorescence spectra reveal an emission peak at 560 nm which significantly decreases
with the addition of CN"ion which could be attributed to ICT inhibition. In addition, the TD-DFT
study reveals the localization of HOMO electrons on the naphthalimide ring which shifts towards
the chromone unit in LUMO++1 state exhibiting the prevalence of ICT which significantly got
inhibited with the addition of CN"ions leading to fluorescence quenching due to distortion in its
planarity. Further, the stoichiometric ratio was calculated by Job’s plot analysis revealing a 1:1
ratio. It was additionally supported by FT-IR, mass spectrometry, and 'H-NMR titrations revealing
the nucleophilic addition of CN"ion across the C=N bond. The ELF and LOL studies were done
to examine the topological analysis explicating electrical characteristics, specifically the
localization and delocalization of molecular structure, accompanied by its stability. Further, the
probe finds its practical application in the test strips analysis and its reversibility with TFA leads
to the fabrication of a molecular logic gate. The colorimetric effect expands its application to

smartphone analysis and molecular keypad lock.

6.13. Synthesis of Probe 4

6.13.1. Synthesis of intermediate 5:

The compound (3) was synthesized following the procedure outlined in the literature (S1)'%. The
compound 3 was then treated with morpholine in ethanol at reflux conditions, yielding compound
4% 1t was further treated with hydrazine hydrate in ethanol at reflux for 5 hours, affording
compound 5 as reported in the literature'3’. Compound 4 (1 g, 2.5 mmol) was reacted with
hydrazine hydrate (0.15 mL) in ethanol at 4050 °C for 5 hours. After completion, the reaction
mixture was cooled to room temperature, and the solvent was evaporated under vacuum. The
resulting precipitate was then filtered and dried. A yellow-orange powder was obtained, which
was further washed in ethanol and dried, affording compound 6-bromo-2-(2-morpholinoethyl)-
1 H-benzo[delisoquinoline-1,3(2H)-dione (5). Color: Orange; Yield: 67%; Melting point: 256 —
259 °C

6.13.2. Synthesis of probe 4

Further, the compound (5) (0.5 g, 1.30 mmol) was allowed to react with aldehyde 4-oxo-4H-
chromene-3-carbaldehyde (6) (0.30 g, 1.76 mmol) in ethanol (20 ml) at reflux conditions for 8 h
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with a few drops of acetic acid. Once the reaction was complete, the mixture was permitted to cool
to room temperature. The resulting precipitates were then filtered and washed with hot ethanol.
Further purification of the crude product was done by recrystallizing it in ethanol. The desired
product was acquired as solid red precipitates, and the supernatant was discarded. Finally, the red
precipitates were obtained as the desired probe 4, (E)-2-(2-morpholinoethyl)-6-(2-((4-ox0-4H-
chromen-3-yl)methylene)hydrazinyl)-1 H-benzo[de]isoquinoline-1,3(2H)-dione. Reddish brown
solid, 61% yield; Ry 0.5 (5% methanol in chloroform); mp 285-290 °C; 'H-NMR (DMSO-ds, 500
MHz): 11.59 (ds, J = 21.3 Hz, 1H, NH), 9.02 (ds, /= 3.8 Hz, 1H, CH), 8.81 (t, /J=9.45 Hz, 1H,
ArH), 8.60 (d, J= 6.1 Hz, 1H, ArH), 8.49 (m, 1H, ArH), 8.36 (t,/J=7.75 Hz, 1H, ArH), 8.14 (d, J
=7.95 Hz, 1H, ArH), 7.86 (t, /= 7.0 Hz, 1H, ArH), 7.81-7.77 (m, 2H, ArH), 7.73 (d, J= 8.45 Hz,
1H, ArH), 7.56 (t, J=7.85 Hz, 1H, ArH), 4.17 (s, 2H, ethyl-CH>), 3.55 (s, 4H, morph-CH>), 2.58
(2H, ethyl-CH», merged with solvent), 2.47 (4H, morph-CH>, merged with solvent); HR-MS m/z
ratio: 497.1819 [M+1] (Figure A13 and A14).
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CHAPTER -7

Synthesis and photophysical study of Naphthalimide appended Benzothiazole

(Probe 5)
In this chapter, we synthesized a fluorescent probe (5) based on a naphthalimide- 0~
benzothiazole skeleton for selective detection of Fe’" ions. The optical Q
performance of the probe reveals ratiometric behavior with absorption NYS
spectroscopy, while a "turn-off” response was noticed with fluorescence N
spectroscopy in the presence of Fe* ions. These perturbations could be attributed OO
to the formation of a metal-probe complex, thereby altering the electronic
configuration. ‘
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7.1. Introduction
Fluorescent probes have become indispensable tools in chemical, biological, and medical research,
owing to their sensitivity, selectivity, and versatility '*®. These probes are particularly valuable in
the detection of metal ions, which are critical for a variety of biochemical processes in living
organisms 3% %%, Among the various metal ions, the fourth most abundant metal present on earth,
Fe** (iron) plays a crucial role in several biological functions, including oxygen transport, electron
transfer, and enzymatic catalysis '#!"143, It is essential for the proper functioning of haemoglobin
and myoglobin, which are responsible for oxygen transport and storage in the human body '**.
However, both iron deficiency and iron overload can have detrimental effects on health %, A
deficiency of iron leads to anaemia, characterized by fatigue, weakness, and impaired cognitive
function, as iron is a critical component of haemoglobin in red blood cells % 47, On the other
hand, excessive iron levels can lead to iron toxicity, where free iron accumulates in tissues, causing
oxidative stress and damage to organs such as the liver, heart, and pancreas '**. This is particularly
concerning in conditions like hemochromatosis, where excessive iron accumulation can lead to
tissue damage and the development of chronic diseases '*°. Fluorescent probes have emerged as
effective tools for detecting iron levels due to their high sensitivity, selectivity, and ease of use '*°.
These probes often utilize a "turn-off" fluorescence mechanism, where binding of Fe** to the probe
results in a significant decrease in fluorescence intensity, providing a clear and real-time signal '*"
151 This approach enables accurate, non-invasive monitoring of iron imbalances, aiding in the
detection of iron deficiency or overload in biological systems.

This study investigates a naphthalimide-appended benzothiazole-based fluorescent probe
(probe 5) with high selectivity for Fe** ion detection. The optical study of the probe 5 was
investigated using absorption and emission spectroscopy. The probe 5 exhibits a "turn-off"
fluorescence response upon binding with Fe** ions, allowing for rapid and sensitive detection of
iron. The unique structural features and binding characteristics of probe 5 highlight its potential as
a valuable tool for monitoring Fe** levels in biological systems, providing a platform for future
research and applications in metal ion sensing. Additionally, the DFT study was performed to
explore the HOMO-LUMO energy levels which further reveal various parameters including,
ionization potential (I), electron affinity (A), global hardness (n), softness (s), chemical potential

(), electrophilicity ((0), and electronegativity (y). The findings of this study lay the groundwork
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for the development of highly efficient, selective, and multifunctional probes, offering new

perspectives in both chemosensing and therapeutic applications.
7.2. Synthesis of Probe 5

The synthesis of 6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (1) was done as reported in the
literature'>2. Further, compound 1 reacted with 5-methoxybenzo[d]thiazol-2-amine (2) in the
presence of triethylamine (TEA) in ethanol, and the reaction mixture was heated to reflux
temperature. The precipitates formed were allowed to cool at room temperature, yielding 6-bromo-
2-(5-methoxybenzo[d]thiazol-2-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (3). Compound 3
was then treated with morpholine in methoxyethanol at reflux conditions for 13 h, yielding probe
5 (Scheme 7.1). The structure of the molecular probe was characterized using spectroanalytical

techniques such as 'H-NMR, *C-NMR, and Mass Spectrometry.
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Scheme 7.1: Synthetic scheme for the synthesis of probe §

7.3 Spectroscopic Analysis of Probe 5

7.3.1. Photophysical properties of probe 5

The photophysical properties of probe 5 were examined using absorption and fluorescence
spectroscopy. Probe 5 (20 uM) was studied using solvents of different polarities, including
chloroform, THF, acetonitrile, and methanol. It was noticed that with increasing polarity, the band
shifts to longer wavelengths in both the absorption and emission spectra. This could be attributed
to more stabilization of the excited state in comparison to the ground state on increasing the
polarity of the solvent, hence shifting to a longer wavelength !>3. The absorption spectrum merely

revealed a bathochromic shift of 12 nm (Figure 7.1a), while a significant shift was observed in
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emission spectra (43 nm) on varying the polarity of solvents from non-polar to polar. Also, the
emission spectrum reveals the broadening of bands with increasing polarity (Figure 7.1b).
Remarkably, the non-polar solvents exhibit enhanced fluorescence in comparison to the polar
solvents. Furthermore, this implies the prevalence of the ICT phenomenon in the moiety in

asymmetric D-A (Donor-Acceptor) systems 1>,
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Figure 7.1: a) Absorption spectra and b) emission spectra of probe 5 in different solvent systems; c)

absorption spectra and d) emission spectra of probe 5 in DMSO/H»O mixture with different water fractions

In addition, the aggregation-induced emission spectrum was studied by absorption and
emission spectroscopy in a binary mixture of DMSO/H>0O with varying water fractions. In this
solvent system, the water serves as a poor solvent, so the aggregation response aggrandizes. The
absorption spectrum revealed no significance till the 30% water fraction, while a decrease in
intensity at 40% was observed with a prominent level-off tail in the spectrum with a slight shift
towards the longer wavelength, while further increasing the water fraction, probe 5 started
precipitating, and the absorbance intensity started dwindling and approached zero at 90% (Figure
7.1¢). On the other hand, the emission spectra revealed two bands centered at 445 nm and 460 nm.

With the increase in water fractions, a concomitant increase in fluorescence intensity was observed
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at 445 nm, while the changes in the band at 460 nm initially increased and became stable at 40%
water fraction, with the highest emission revealing the AIE response at this water fraction. On
further increasing the water fractions, a blue shift was noticed due to its insolubility in water

mixtures (Figure 7.1d).

7.3.2. UV-visible absorption studies of probe 5

Spectroscopic studies were performed to scrutinize the sensing of metal ions. For this, the UV-
visible absorption study of free probe 5 was carried out, revealing a band at 400 nm attributed to
n-m* transitions. Further, the addition of metal ions (AI**, Fe**, Cs?*, Cu?', Co*", Ni?*, Zn**, Hg?",
Pb?*, Fe**, Mn?*, and Cd*") (5 equiv.) to probe 5 (20 uM) was performed to determine the sensing
ability using MeOH as a medium. Amongst the ions, the appearance of a new band at 365 nm was
observed for Fe** ions with a concurrent increase in absorption intensity. In contrast, no other metal
ion exhibits any noticeable change (Figure 7.2a). Further, the UV-visible titration studies were
performed with Fe** ions to determine the plausible binding mechanism. With each successive
addition of Fe** ion (0-2.5 equiv.) into the free probe solution, the absorbance at (Aabs) 400 nm of
the probe exhibits a blue shift to 365 nm (AL = 35 nm) with a concomitant increase in intensity. A
plateau in absorption was observed after the addition of 2.5 equivalents of ion, suggesting its
saturation (Figure 7.2b and c). However, it was observed that the competitive ions exhibit
negligible interference from other ions, revealing the selectivity and specificity of probe 5 towards
Fe*" ions (Figure 7.2d). In addition, the complexation mechanism was determined by utilizing
the continuous variation method, revealing a 1:1 stoichiometric ratio between the probe 5 and Fe**
ions (Figure 7.22e¢), which was further supported by the straight line of the Benesi-Hildebrand
plot between 1/1-Ip and 1/ [Fe**] ions reveals the binding constant of 1.62 x 10° M (Figure 7.22f).

7.3.3. Fluorescent spectroscopic studies of probe 5

The fluorescent behavior of probe 5 (20 pM) in MeOH was subsequently explored. The free probe
5 solution revealed an emission band at (Aem) 550 nm on excitation at (Aex) 400 nm with a slit width
of 5 mm. Upon addition of 5 equiv. of metal ions (AI’*, Fe**, Cs**, Cu**, Co?", Ni**, Zn*', Hg*",
Pb?", Fe?", Mn?*, and Cd*") to probe 5, a significant quenching was observed with the addition of
Fe’" ions (Figure 7.3a), whereas no other metal ion displayed any observable change. The
fluorescence intensity decreased by 3-fold on the addition of Fe*" ions. The quenching could be

attributed to probe-metal charge transfer (LMCT) between probe 5 and the Fe*" ion. Also, a
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Figure 7.2: The UV-vis spectral analysis of a) probe 5 (20 uM) in response to 5 equiv. of different metal
ions (AI**, Fe?*, Cs*, Cu?*, Co*", Ni*", Zn*", Hg*", Pb*', Fe*", Mn?*, and Cd*") in MeOH as a medium; b)
titration of probe 5 (20 uM) with incremental addition of Fe**ions form 0-2.5 equiv. was investigated using
MeOH as a medium: ¢) changes in probe 5 on addition of Fe*" ions with naked eye and under short UV-
rays; d) Interference study of the probe 5 and its Fe** complex in the presence of other ions (in excess); €)
Job’s plot for the determination of stochiometric ratio between the probe 5 and its metal complex; f) Benesi-

Hilderbrand plot for the determination of association constant.

noticeable change from fluorescent neon to colorless was observed with each addition of Fe** ions
under a UV light, while no perturbations were observed when other metal ions were added.
Furthermore, fluorescence titration involving quenching by Fe*" ions was performed as depicted
in Figure 7.3b, and when its concentration reached a maximum (2.0 equiv.), saturation was
attained with minimum fluorescence. Further, the CIE 1931 chromaticity diagram reveals
coordinates for probe 5 in the neon green region (0.38, 0.52), while on complexation with Fe**
ions, the coordinates shift in the lime green region (0.37, 0.47) (Figure 7.3¢). In addition, the
fluorescence response of probe 5 on the addition of Fe*" ions was noticed under long UV-rays,
which reveals a significant decrease in fluorescence (Figure 7.3d and e). Also, the varying
concentrations of Fe** ions reveal a strong linear relationship between the metal ion concentration

and emission intensity. The limit of detection (LOD) was determined to be 1.05 uM, while the
limit of quantification (LOQ) was found to be 3.52 uM (Figure 7.3f). The quenching in the
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emission intensity leads to the determination of the Stern-Volmer quenching constant (Ksv), which
was found to be 6.87 x 10° M. The linear S-V plot indicates static quenching, which could be
attributed to the formation of the ground-state charge-transfer complex. Moreover, the correlation
coefficient (R?) was calculated to be 0.9548, as determined via regression analysis (Figure 7.3g).
In addition, the value of the linear quenching rate constant (kq) of probe 1 was found to be 4.29 x
10" M!s! much higher than the dynamic collision (=~ 10'® M-'s').This indicates that the
quenching process was not regulated by the collision process; rather, it is derived from the complex
formation between probe 1 and Fe' ions, revealing the possibility of static interaction *°. The
fluorescence quenching efficiency (n) was calculated to be 60% (equation 5). Also, the quantum
yield (¢) of probe 1 and its complex was determined to be 0.0069 and 0.0008, respectively
(equation 6) (Figure 7.4). This demonstrates further quenching of the probe on the addition of

Fe’* ions.

In addition, the fluorescence quenching efficiency (n) was found to be 60%.
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Figure 7.3: The fluorescence spectral analysis of a) probe 5 (20 uM) in response to 5 equiv. of different
metal ions (AI*Y, Fe**, Cs**, Cu?", Co**, Ni*", Zn*", Hg*", Pb*", Fe*", Min?", and Cd*") in MeOH as a medium;
b) titration of probe 5 (20 uM) with incremental addition of Fe*" ions form 0 — 2 equiv. was investigated
using MeOH as a medium; ¢) CIE 1931 chromaticity diagram of probe 5 and its Fe** complex; Fluorescent

changes in d) probe 5 on addition of Fe** ions, e) with increasing concentration of Fe** ions under long UV-
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rays; €) f) A linear plot between F/F, v/s concentration of Fe*" ions for the determination of LOD and LOQ);

g) Stern-Volmer plot for the calculation of the Stern-Volmer quenching constant
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Figure 7.4: Graph of intergrated fluorescence v/s absorbance for determination of quantum yield

7.4. Reversibility Study

The reversibility of probe 5§ was examined with EDTA. It was noticed that the free solution of
probe 5 revealed an absorption band at 400 nm. On the addition of Fe** ions, the absorption band
of the probe shifts to 365 nm with an increase in intensity. By adding 10 pl of 1x10"' M solution
of EDTA, the absorption band of probe 5 was regained, indicating the reversal reaction between
probe 5 and Fe*" ions. The newly emerged band at 365 nm disappeared with the reappearance of
the original band at 400 nm, suggesting that EDTA successfully reversed the reaction. To further
confirm this reversibility, several cycles were conducted with repeated additions of EDTA. Each
cycle demonstrated consistent changes in the absorption spectrum, reinforcing the idea that EDTA

acts as a reliable agent for reversing the reaction dynamics (Figure 7.5).
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Figure 7.5: a) Reverse reaction of probe 5 (20 uM) in MeOH in the presence of Fe*"ion (2 ul) and EDTA
(0.12 mL); b) reversible absorbance signal at 400 nm of on repetitive addition of Fe*" and EDTA

7.5. Binding Mechanism

The interaction between probe 5 and Fe*" ions confers significant information about the probe’s

behavior towards the Fe*" ions. The binding mechanism was investigated by using Job’s plot,
where the complexation ratio was exhibited by showing maximum absorbance at 0.5 mole fraction,
indicating the 1:1 binding. Additionally, the linear curve exhibited by the B-H plot further
confirmed the 1:1 stoichiometric ratio. The analysis proposed a plausible mechanism, as shown in
Scheme 7.2. The HR-MS analysis was carried out to support complexation. The free probe 5
revealed the m/z ratio [probe 5 + H]" peak at 446.1167. Further, on binding with Fe** ions, the m/z

ratio of [probe 5 + H] was found at 609.6544 for the complex (Figure S4).
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Scheme 7.2: Plausible binding mechanism of probe 5 for the detection of Fe** ions

7.6. Time-Dependent Study
To ensure the accuracy of the experiment, time-dependent absorption measurements were

conducted on probe 1 and its complex with Fe** ions. A time course study was conducted in the
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absence and presence of a metal ion, followed by the subsequent recording of UV-Visible data. It
was then observed that the absorption of probe 1 and its complex remains consistent over time,
ranging from 0 to 8 minutes. The outcome indicates that there is no significant difference in the

intensity across different time periods, revealing the stability of the probe (Figure 7.6).
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Figure 7.6: Time-dependent UV-Visible study of a) probe 1 and b) probe 1 + Fe*" ions

7.7. Fluorescence Lifetime Analysis

Further to study the interaction between probe 1 and Fe*' ions, fluorescence lifetime
measurements of probe 1 in free form and in the presence of Fe** were investigated using time-
resolved emission spectra (TRES) analysis. In the ground state quenching phenomenon, there is a

negligible change in the quenching process, while it would cause perturbations in the excited state.
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Figure 7.7: Fluorescence life-time spectra of probe 1 and probe 1 + Fe** ions

The value of the average decay time (Table 7.1 and Figure 7.7) was calculated with the help of
equation 7. The fluorescence lifetime of probe 1 was found to be 0.16 ns, which significantly
decreased to 0.09 ns on coordination with Fe*" ions. This drastic decrease in the fluorescence

lifetime suggests an efficient electron transfer process between probe 1 and Fe** ions, leading to
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155 Also, the decrease in average fluorescence decay could

rapid deactivation of the excited state
be attributed to the interaction between probe 1 and Fe’" ion, leading to a decrease in radiative
decay (k) and an increase in non-radiative (knr) decay compared to probe 1 (equation 8 and 9), as

depicted in Table 7.2.

Table 7.1: Fluorescence lifetime decay probe 1 and probe 1 + Fe**ions

Compound 71 (ns) (V5] T2 (ns) (V5] T3 (ns) o3 T4 (ns) o4 e

Probe 1 0.06 0.00 0.17 0.00 0.16 0.50 0.16  -0.50 1.01

Probe 1 +Fe**  0.04 0.00 0.09 0.50 0.09 -0.50 12.06 0.00 1.69
x? is the goodness of fit

Table 7.2: Average fluorescence decay time, quantum yield, radiative decay, and non-radiative decay of

probe 1 and its complex

T kr knr 2

Compound ® x108sh)  (x10°sY) X
Probe 1 0.16 00069  23.18 6.24 1.01
Probe 1+Fe™ 009 00008  0.008 1111 1.69

y* is the goodness of fit
7.8. Density Functional Theory

7.8.1. Frontier Molecular Orbital Approach

The geometry optimization of probe S and its complex was done using Gaussian09W software.
The structure optimization acknowledges the spatial arrangement of electrons and orbital energies
of the Highest Occupied Molecular Orbitals (HOMO) and Lowest Unoccupied Molecular Orbitals
(LUMO) for probe 5 and its Fe’" complex were determined as illustrated in Figure 7.8 a and b.
The HOMO of probe 5 was calculated to be -5.88 eV, while the LUMO was found to be -2.46 eV.
On complexation with Fe** ion, the HOMO is mainly localized on the metal ion. At the same time,
the electron intensity in the case of LUMO gets distributed over the probe, indicating intra-ligand
charge transfer (ILCT) due to the partially filled d orbital of the Fe** ion. Also, the HOMO-LUMO
energies of the probe 5-Fe** complex were calculated to be -5.05 eV and -2.13 eV, respectively.

The findings revealed that the HOMO-LUMO energy gap (AEgap) of the probe, which was found
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Figure 7.8: a) Optimized geometries and b) HOMO-LUMO energy gap of probe 5 and Fe** complex
calculated by DFT through B3LYP/631-G(d,p) functional set

to be 3.42 eV, decreases to 2.92 eV in coordination with the Fe*" ion, unveiling its most stable
configuration. In addition, the theoretical results exhibited quenching in fluorescence intensity,
which could be attributed to ligand to metal charge transfer (LMCT) effect. The fluorescence
behavior of probe 5 primarily arises due to the electron-donating properties of the morpholine
towards the electron-deficient naphthalimide moiety, leading to ICT. However, on complexation
with Fe** ion, the electron density shifts towards the metal center, thereby inhibiting the ICT
phenomenon and resulting in fluorescence quenching. The theoretical findings were found to

corroborate with the experimental results therefore further validating the studies.

7.8.2. Non-linear optical (NLO) property analysis

The non-linear optical effect is a significant function for optical logic, switching, memory, and
modulation. Table 7.3 indicates the NLO results carried out using the DFT approach computed
from the Gaussian 09W software, thereby calculating the first order of hyperpolarizability (f) of
the probe describing the optical parameters. The dipole moments (p) (equation 1), polarizabilities
({a)) (equation 2), anisotropy of the polarizabilities ({(Aa)) (equation 3), and mean first-order
hyperpolarizabilities () (equations 4 and 5) of the probe were calculated to investigate the impact
of the DFT/B3LYP procedure on the NLO attributes of probe 5.

w= (ux* 4 py? + pz?)*/? (1)
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<a) — axx+a:y+azz (2)

(Aa) = %\/(axx —ayy)? + (ayy — azz)? + (azz — axx)? + 6(axy? + azx?+ayz?) (3)

B =/ Bx?+ By? + pz? (4)
Bi = Yixj Bili + Bijj + Bikk (5)

The computed values obtained from the Gaussian 09W output file have been transformed into
electrostatic units (esu) as the mean polarizabilities and mean first-order hyperpolarizability in the
output file are presented in atomic units (a.u.), (o: 1 a.u. = 0.1482x102* esu; B: 1 a.u. =8.6393x10"
33 esu). Using the DFT/B3LYP level, the anisotropy of the polarizabilities ((Aa)) and mean first-
order hyperpolarizability (B) in this investigation was determined to be 3.89x1072* and 4.02x10!

Table 7.3: Parameters for the calculation of non-linear optical (NLO) properties of probe 5

Parameters Parameters
(units) Symbol Value (units) Symbol Value
U -5.3773 Bxxx 539.0986
Dipole uy 0.1083 Byyy 1.5785
(Debye) uz -1.1539 Bzzz 4.5016
w(D) 5.5008 Bxyy -103.0239
Axx 44.5143 Bxxy -28.7347
Ayy -24.4602 Mean first- Bxxz -143.3692
Polarizabilities Azz -20.0540 order hyper- Bxzz 5.1428
(o) (a.u.) Axy -7.0239 polarizabilities Byzz 4.4346
& Axz -8.2597 (B) (a.u.) Byyz -9.4338
Anisotropy of Ayz 3.3380 Bxyz -10.2809
the A 0.0001 B total 466.02
polarizabilities B totat
(Aa)aw) afesu.) | 1.482x107% es1) 4.02x1073°
Ao 26.30
Aofe.s.u.) | 3.89x102
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esu, respectively. One of the standard probes used to examine the NLO characteristics of molecular
systems is urea. As a result, it is widely employed as a cutoff point in comparison analyses. The
higher hyperpolarizability values of probe 5 are larger than those of the standard prototype NLO
urea ((Aa) = 3.8312x10** esu; B = 0.3728%10% esu) (Table 7.4), indicating that the chosen probe
5 is showing virtuous NLO properties. The DFT/B3LYP method's  value indicated that the
chemical under investigation is a viable option for further research on the characteristics of NLOs.
Therefore, we also built a combinatorial molecular circuit for INHIBIT (INH), which could
be attributed to the reverse reactions of the probe 5 complex in the presence of EDTA. The logic
circuit diagram, along with its corresponding truth table, is illustrated in Figure 7.9. The output
signals at 380 nm were devised through absorbance signals. The addition of Fe** ions to the system
leads to input I, while the addition of EDTA leads to input II. The binary codes ‘0’ and ‘1’ illustrate
the chemical shift as input or output. For probe 5, the absorbance threshold was determined to be

0.05. The ON-OFF switch correlates to the binary codes. In the non-availability of Fe** ion and

a

IN-1
Fe*

0
1
0

INPUT

IN-TI

| EDTA |

0
0
1
1

ouTPUT

[ Absorbance |
at 380 nm_ |

0
1
0

0

b

Input - I (Fe*)

Input - II(EDTA)

Figure 7.9: a) Truth table of absorbance output signals after various chemical inputs; b) “INHIBIT” logic

gate circuit diagram

EDTA in the system i.e. no input I and input II, there is no absorbance at 380 nm, which turns
“OFF” the system. On the other hand, in the presence of Fe** ion, when input I is 1 and input II is
0, there is absorbance at 380 nm, which switches “ON” the system, thereby exhibiting interaction
between probe 5 and Fe*" ion. An output signal 1 at 380 nm indicates that the system is turned
“ON” while there is no input (0,0) or only one input II there (0,1). The system turns “ON” in the
presence of input I (1,0) while in the presence of both inputs (1,1), it further switches “OFF”. As
a result, INHIBIT logic operations for probe 5§ were successfully demonstrated, highlighting its

potential application in molecular devices. These operations showcase the ability of probe 5 to
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function as a molecular switch, effectively responding to the presence of the Fe** ion and enabling
the manipulation of the output signals based on input signals. This capability underscores the
versatility of the probe in the development of advanced molecular systems, paving the way for
innovative applications in sensing and information processing.

7.8.3. Topological analysis

ELF and LOL study can be utilized to investigate the molecular orbital and its localization in the
probe 5 and its complex'*’. This topological analysis of explicit electrical characteristics,
specifically the localization and delocalization of molecular structure accompanied by its
stability'*!. In Figures 7.10a, the deep blue color in the background represents the absence of
electrons, the red color indicates the localization of electrons, while the bright blue indicates the
delocalization of the electrons'*2. The delocalized electrons exhibit stability as demonstrated by a
greater number of resonance structures. The number ranging from 0.000 to 1.000, along with
the color chart from deep blue to red serves as an indicator of the probability of electrons
occupying specific orbitals. The electrons are mainly localized on the H atom indicated by the red
color in probe 5, while the delocalization between the morpholine and naphthalimide is represented
by the green color of the heavy elements, including carbon, nitrogen, and oxygen atoms. On the
other hand, this delocalization of electrons was found between the morpholine, naphthalimide, and
benzothiazole moiety on its complexation with the Fe** ion (Figure 7.10b). Furthermore, the LOL

a

Figure 7.10: ELF diagram of a) probe 5 and b) probe 5 + Fe** complex; LOL diagram of c) probe 5 and d)

probe 5 + Fe** complex
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analysis revealed weak and strong m-delocalized orbitals indicated by blue and red colors
respectively on the color map of the probe and complex, respectively!'>* 134, The scale ranging from
0.000 to 0.800 represents the extent of w orbital delocalization, with a color scale from blue to red
depicting weak to strong delocalization (Figure 7.10c and d). In probe 5, a strong n-delocalized
orbital between the naphthalimide and morpholine unit is observed, while on complexation with
Fe’"ion, the electron delocalization was also spread onto the benzothiazole moiety, which was not
the case in probe 5.

7.8.4. Chemical parameters

The chemical parameters of probe 5 and its complex with Fe** provided valuable insights into the
electronic structure, stability, and reactivity of the probe, which are crucial for its function as a
selective Fe** sensor. Upon complexation with Fe**, significant changes were observed in key
parameters such as Enomo, ELumo, AEgap, i0nization potential (1), and electron affinity (A) as given
in Table 7.4 '>°. The Exnomo and ELumo values for the free probe 5 and complex decreased from -
5.88 eV to -5.05 eV and from -2.46 eV to -2.13 eV, respectively, indicating a shift of electron
density towards the metal center, which stabilized the complex. Correspondingly, the energy gap
(AEgap) reduced from 3.42 eV to 2.92 eV, suggesting enhanced stability of the metal-probe 5§
interaction. The reduction in ionization potential and electron affinity upon binding indicated a
decreased tendency for the complex to lose or accept electrons, reflecting a more stable electronic
configuration. Additionally, the hardness (1) of the complex decreased from 1.7112 eV to 1.4595
eV, making it softer and more reactive, which could facilitate further interactions with metal ions.
The dipole moment also decreased, suggesting a more localized charge distribution within the
complex. The electronegativity () of the complex decreased from 4.1670 eV to 3.5939 eV, further
enhancing the stability of the complex. The electrophilicity index ((0) also decreased, indicating a
reduced reactivity toward nucleophilic attack. These electronic changes highlighted the enhanced
stability and selective reactivity of probe 5 upon complexation with Fe**, making it an effective

sensor for Fe*™ detection.
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Table 7.4: Comparison of global parameter index between probe 5 and its Fe** complex

Parameters Symbol & Formula Probe (eV) Complex (eV)
Enomo En -5.88 -5.05
Erumo EL -2.46 -2.13

Energy gap AEgasp = (En-EL) 3.42 2.92

Ionization Potential I=|EHn| 5.88 5.05
Electron Affinity A=|EL| 2.46 2.13
Global hardness n=(EL-En)/2 1.7112 1.4595

Softness s=1/2n 0.2922 0.3426

Chemical potential u=(EL+En)/2 -4.1670 -3.5939
Electrophilicity @ = u’/2n, 5.0737 4.4250
Electronegativity X=-u 4.1670 3.5939

7.9. Synthesis of Probe 5

7.9.1. Synthesis of compound 3

Probe 5 was synthesized following a previously reported procedure!*2. The compound 1 (1.00 g,
3.61 mmol) was added in 15 mL of ethanol, forming a suspension, to which 6-
methoxybenzo[d]thiazol-2-amine (2) (0.97g, 5.41 mmol) was added. The reaction mixture was
refluxed at 65 °C for 8 hours. Upon completion of the reaction, the mixture was allowed to cool to
room temperature, leading to the formation of a precipitate. The resulting solid was collected by
filtration, washed with hot ethanol, and dried in an oven at 55 °C for 4 hours, affording off-white
precipitates of 6-bromo-2-(6-methoxybenzo[d]thiazol-2-yl)-1H-benzo[de]isoquinoline-1,3(2H)-
dione (3). Yield: 89%.

7.9.2. Synthesis of probe 5

To compound 3 (0.50 g, 1,18 mmol) in a round-bottom flask, 2-methoxyethanol (10 mL) was
added and allowed to stir at room temperature. To the solution, morpholine (0.18 g, 2.12 mmol)
was added, and the reaction mixture was transferred to reflux at 110 °C for 13 hours. On the
completion of the reaction, the mixture was allowed to cool at room temperature. The reaction
mixture was poured into ice-cold water and was allowed to stir for 10 minutes. The yellow-colored
precipitates formed and settled down at the bottom of the round-bottom flask and were filtered

using a vacuum pump. The yellow-colored precipitate was then further recrystallized in ethanol
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for the purity of the desired chemosensor, affording the desired probe 5, 2-(6-
methoxybenzo[d]thiazol-2-yl)-6-morpholino-1H-benzo[de]isoquinoline-1,3(2H)-dione.  Bright
yellow solid, 79% yield; Ry 0.3 (1% methanol in chloroform); mp 263-267 °C; 'TH-NMR (DMSO-
ds, 500 MHz): 8.66 (d, J=7.00 Hz, 1H, ArH ), 8.61 (d, J=8.00 Hz, 1H, ArH ), 8.51 (d, J=28.30
Hz, 1H, ArH,), 8.01 (d, J=8.90 Hz, 1H, ArH,), 7.77 (t, J=8.10 Hz, 1H, ArH), 7.38 (d, J =2.40
Hz, 1H, ArH), 7.28 (d, J=28.10 Hz, 1H, ArH), 7.16 (m, 1H, ArH), 4.05 (t, / = 4.45 Hz, 4H, CH),
3.91 (s, 3H, CH), 3.33 (t, J=4.50 Hz, 4H, CH); *C-NMR (DMSO-ds, 125 MHz): : 158.32, 156.51
(CO), 144.90, 138.18, 133.46, 132.04, 131.14, 130.53, 126.34, 125.98, 124.83, 122.82, 116.32,
115.91, 115.13, 104.14 (ArC), 66.93 (CHz2-morph), 55.86 (OCHz3), 53.45 (CHz-morph); Mass
analysis: m/z ratio 446.1167 [M+H]" (Figure A16-A18).
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SUMMARY

Fluorescent probes are promising tools for detecting toxic ions pertaining in the environment. To
achieve detection beyond the threshold limit, a series of 1,8-naphthalimide-based probes (1-5)
were designed using various synthetic approaches to afford highly desirable sensing properties.
These probes were synthesized through multi-step reactions and subsequently characterized by
using spectroscopic techniques, including "H-NMR, *C-NMR, and mass spectrometry, to confirm
their structures. After structural validation, the photophysical properties of the probes were
investigated through absorption and fluorescence spectroscopy. The solvatochromic behavior of
the probes was examined in solvents of varying polarities, revealing a bathochromic shift on
increasing polarity, which could be attributed to the prevalence of the ICT phenomenon.
Additionally, their aggregation-induced emission (AIE) properties were evaluated in a binary
solvent system of DMSO and water with varying water fractions. The enhancement in fluorescence
or level off tail in the absorption spectra reveals the aggregation of the probe on increasing water
content, since water is a poor solvent. The selectivity of the probes (1-5) sensed cations and anions,
including Cu?', Fe**, F~, and CN™ ions, which was assessed using UV-Visible and fluorescence
spectroscopy. The probes (1-5) exhibit distinct naked-eye and ratiometric responses in the
absorption spectra, which could be ascribed to the electronic perturbation on the introduction of
ion(s). The fluorescence studies revealed both "turn-on" and "turn-off" responses upon interaction
with specific ions. To determine the selectivity, the anti-interference study was performed in the
presence of competitive ions, revealing no alterations. Furthermore, titration studies were
conducted to determine key analytical parameters such as the limit of detection (LOD), limit of
quantification (LOQ), association constant (Ka), and Stern-Volmer quenching constant (Ksv). The
stoichiometry of the probe-ion complexes was validated using Job’s plot, FT-IR analysis, HRMS,
and '"H-NMR titrations, and a plausible sensing mechanism was proposed. Additionally, the
geometry optimization of the probe and its complexes was done by DFT calculations. FMO
analysis was conducted to determine the HOMO-LUMO energy gap, while ELF and LOL studies
provided insights into electronic distribution and localization within the probes and their
complexes. The TD-DFT study was conducted to analyze the excited-state properties and orbital
occupancy of the probe, and the simulated UV-Vis spectra were compared with the experimental

results. In addition, the global reactivity parameters were also examined, and NLO properties of
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the probes were evaluated. Finally, the practical applications of these probes (1-5) were

demonstrated through test strips, smartphone-based analysis, molecular logic gates, molecular

keypad locks, and real-sample analysis.

Table 1: Summarization of spectroscopic response of probe(s) (1-5) with respective ion along with

its practical application

Solvent
Detecte
medium & Quantitative Mechanism Practical
Probe d ions
Optical parameter Involved | applications
response
LOD =1.25x10°M
LOQ=4.16 x 10°M
Cu? MLCT
K.=5.83 x 10*M!
Ji? CH3CN Ksv =9.24 x 10*M!
HO
S (Ratiometric, | LOD =1.07 x 10°M
0 N0 - Colorimetric, | LOQ=3.57 x 10°M T Test strip
OO and Ka=1.24 x 10*M! development
L “Turn-off” Ksv=4.16 x 10> M’!
) fluorescence) | LOD =0.98 x 10°M
LOQ=3.31x10%M
CN- ICT
Ka=1.24 x 10*M!
Ksv=1.03 x 10° M
= MeOH: H20
S
/? (9:1, v/v) LOD=1.22x10°M
SN
0. N. _O (Hyperchromic | LOQ =4.08 x 10° M
N Cu** ICT Logic gate
OO and Ki=143 x 102 NI'1
“Turn-off” Ksv=1.99 x 10°M
(2) fluorescence)
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o._N_O
OO LOD=42x10%M Fogic gate
CH3CN: H20 o
) LOQ=139x%x10°M
O CN- (O:1, v/v) 20 10 ICT Real water
(13 2 a = . X ;
(“Turn-on sample
N” 'NH fluorescence) analysis
3)
o Test stips
[N] DMSO: H,O
4:1, viv Logic gate
0_N_0 ( ) LOD =547 x10°M sie8
(Ratiometric,
_ ‘ LOQ=1.82x10°M
OO CN- Colorimetric, Ka— 1.52 x 105 M ICT Smart-phone
a=1.52x ;
Ny o and analysis
‘ Ksv=1.22x10°M!
\ “Turn-off”
0
fluorescence) Molecular
“4) keypad
O_
; z MeOH
NS
Y (Ratiometric, | LOD =1.05x 10°M
OoO._N__O
- colorimetric, | LOQ=3.52x10°M | ICT and Lou
e ogic gate
OO and Ka=162x10°M"' | LMCT ses
“Turn-off” Ksv=6.87 x 10°M!
N Fluorescence)

S))

_/
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TD- DFT

The development of selective chemosensor for the detection of detrimental analytes in the environment is crucial
due to their catastrophic effects. In this study, a novel Schiff base derived from naphthalimide and salicylalde-
hyde was designed and prepared for the detection of Cu?*, F, and CN" ions in CH3CN as medium. The che-
mosensor exhibits a red shift in the presence of Cu?*, F, and CN" ions accompanied by naked eye color change in
the presence of F" and CN” ions. On the other hand, a “turn-off” response was observed in the presence of ion

Cu2+, F’, and CN ions in the fluorescent spectrum. The good anti-interference characteristics, strong binding, and
low limit of detection (LOD) of the chemosensor revealed its sensitivity against Cu®*, F, and CN  ions i.e. 1.25 x
10° M, 1.07 x 10® M, and 0.98 x 10® M, respectively. The binding ratio (1:1) was determined by Job’s plot
between the chemosensor and ions. In addition, the binding of ions with the chemosensor was proposed which
was further supported by time-dependent density functional theory (TD-DFT) and IR spectrum data.

1. Introduction

The field of Supramolecular Chemistry has witnessed a tremendous
revolution in recent years. The advanced properties of low cost, facile
synthesis, excellent sensitivity, and good operability that are capable of
detecting harmful analytes in the biological as well as environmental
systems have gained significant attention in the research field. Ions play
a crucial role in governing biological processes and affect human health
[1]. Copper is one of the third most copious metals found in the human
body responsible for various biological functions [2]. Cu®* is the most
common ionic form of copper that is present in the environment and
responsible for various biological activities. Various physiological pro-
cesses including enzyme-catalyzed procedures and redox reactions
depend severely on Cu®" ions [3]. It possesses wide application in
different areas such as electrical wires, fertilizers, pesticides, water
pipes, machinery parts, used in valves, feeds used for animals or birds,
and the release of industrial effluents is the major cause of water
contamination [4]. The augmented level of Cu®" ions can be the cause of
severe diseases like Wilson’s disease [5], Alzheimer’s disease, Menkes
syndrome [6], Parkinson’s disease [7], etc. The wide-ranging applica-
tion of this metal in different spheres including agriculture, domestic,
construction, and industry, is the primary cause of metal pollutants

* Corresponding author.
E-mail address: brar.iqubal@gmail.com (I. Singh).

https://doi.org/10.1016/j.molstruc.2024.139252

globally [8]. The permissible amount of copper ions in the human body
usually ranges from 1-5 mg/day. Amongst anions, fluoride and cyanide
have been widely studied due to their wide use in chemical and indus-
trial fields. Fluoride ion (F’) is one of the imperative anions posessing a
significant role in numerous activities like water fluoridation, dental
care, and chemical components in medical systems [9]. It is also used in
various materials like toothpaste, medicine, tea, and food [10]. Its
ingestion in minute amounts can avert bone deformity and various other
dental problems [11]. However, as per the World Health Organization,
the level of fluoride should be less than 1.5 ppm in drinking water [12].
Also, the presence of a high level of cyanide ions in the biological sys-
tems can lead to disruption of various processes due to its ability to bind
with Fe* ions [13]. It can cause severe damage and in certain cases
death if ingested more than 0.05mg/kg body weight. As per the WHO
guidelines, the acceptable amount of cyanide in drinking water is 1.6 uM
due to its acute toxicity [14]. Therefore, it has become essential to
monitor the level of anions by developing such effective methods.

The conventional sensing techniques like ion sensing, fluorescence
sensing, and !°F NMR, etc. are quite expensive and require technical
operators limiting its use. Therefore, the development of fluorescent
chemosensors is a reliable and inexpensive approach for sensing ions
and is easy to handle. They possess advantages such as low cost and
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ARTICLE INFO ABSTRACT

Keywords: A naphthalimide-based chemosensor was synthesized via a Suzuki-Miyaura cross-coupling reaction followed by

Chemosensor amination yielding the desired chemosensor. The free probe itself exhibits feeble emission while in the presence

ETZUkI’Mlyaura of CN™ ion, a “turn-on” response was observed in the fluorescent spectra. Also, the solvatochromic behaviour of
uorescence

the chemosensor was studied with different solvents of increasing polarity revealing the presence of Intra-
molecular Charge Transfer (ICT) phenomenon specifically between the naphthalimide and phenanthroimidazole
units. Further, the chemosensor exhibited remarkable selectivity and sensitivity towards CN~ ion with a
detection limit as low as 4.2 x 10~8 M. At the same time, the sensor-ion ensemble was found to have a reversible
effect in the presence of Fe>" ions (LOD = 8.9 nM) which led to the construction of molecular logic INHIBIT gate.
In addition, the plausible binding mechanism was studied through Job’s plot, 1H NMR titrations, and DFT studies
revealing a 1:1 binding ratio between the chemosensor and ion. Further, the sensor found its practical appli-
cability in detecting CN™ ions in real-field water samples.

Detection limit
TH NMR titration
Practical applicability

1. Introduction

In past years, there has been a burgeoning attention in the detection
of anions because of their significant role in biological, chemical, and
environmental processes [1]. However, the challenge is generally faced
in terms of its diffused charges in comparison to cations while the
interaction between the receptor and anion is generally weak and
electrostatic [2,3]. Amongst various anions, one of the most hazardous
ions is cyanide ion (CN ™). The presence of CN™ ion is abundant in nature
as well in synthetic materials. It is not just limited to industries but also
has entered the normal supplies, for instance, the seed of various fruits,
and enters into the environment as by-product of the combustion of
various materials. Also, it is widely used by industries in electroplating,
resin production, pharmaceuticals, gold mining, and textiles [4,5].
Further, accidental leaks, inappropriate discarding of industrial waste
containing CN™ ion, and the breakdown of cyanide-based chemical
warfare agents pose potential threats to the environment [6]. Immod-
erate contact with CN™ anion can cause various health issues acting as
poison for the lungs, stomach, and skin. According to the Environmental
Protection Agency (EPA), the suggested tolerable level of CN™ ion in

* Corresponding author.
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drinking water is 0.2 ppm [7]. Therefore, developing a competent,
quick-to-respond, and highly selective CN™ sensor holds immense sig-
nificance for the environment.

Although there are numerous techniques including Inductively
Coupled Plasma Atomic Emission Spectroscopy, Voltammetry, Induc-
tively Coupled Plasma Mass Spectrometry, and Atomic Absorption
Spectroscopy but sophisticated tools are laborious and expensive,
therefore the optical chemosensors boast of being inexpensive and rapid
response [8]. In addition, chromogenic and fluorogenic chemosensors
offer facile preparation, fast response, high selectivity, visual detection,
and accurate quantification [9]. Further, the strategy for CN™ ion
sensing is usually based on coordination bonding and nucleophilic
addition [5]. The hydrogen bonding method involves CN™ interaction
with the binding unit, resulting in hydrogen bond formation thereby
causing significant changes in color or fluorescence signals [10,11].
However, this method suffers from poor selectivity and inhibition in
protic solvents. In addition, the chromogenic approach involves a
chemical reaction where reactive sites are selectively attacked by CN™
nucleophiles, exhibiting improved selectivity and sensitivity towards
CN™ ion [12]. Photophysical properties of organic fluorophores are
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It is unanimously known that cyanide (CN™) is one of the most toxic ions because it can interfere with the body’s
physiological phenomenon causing endocrine disorders, respiratory failure, hypoxia, vascular necrosis, and even
death. Therefore, it is essential to develop cost-effective, sensitive, rapid, and efficient methods for sensing CN™
ions. The naphthalimide-based highly selective probe 1 was successfully synthesized in a multi-step process.
Probe 1 displayed high selectivity and specificity against cyanide (CN™) ion and exhibited naked eye changes
accompanied by “turn-off” fluorescence behavior. The introduction of CN™ ion into the probe solution shows a
visible color change from yellow to blue. Further, the optical methods were employed to determine the sensing
performance of probe 1 towards CN™ ion. The CN™ ion detection limit was 5.47 pM with a binding constant of
1.52 x 10° M~L. The fluorescence quenching efficiency towards cyanide ion was found to be 73.21 %, with the
Stern-Volmer quenching constant to be 1.22 x 10° M~L. Job’s plot analysis revealed 1:1 stoichiometric binding
between probe 1 and CN™ ion, further supported by FT-IR analysis, mass analysis, 'H NMR titrations, and TD-
DFT study. Probe 1 finds its practical application for detecting CN™ ion using the test strip method. In addi-
tion, chemically switchable fluorescent dyes provide helpful building blocks for developing intricate molecular
devices that communicate via adjustments in their emission characteristics; therefore, probe 1 was also used to
establish molecular logic gates.

1. Introduction

The past few years have observed the inclination of researchers to-
wards the recognition of ions because of their significant role in bio-
logical, chemical, and environmental processes [1]. However, the
challenge is generally faced in terms of its diffused charges, such as
anions in comparison to cations, while the interaction between the re-
ceptor and anion is usually weak and electrostatic [2,3]. Amongst
various anions, one of the most hazardous ions is cyanide ion (CN ™). The
presence of CN™ ion is abundant in nature as well as in synthetic ma-
terials. It is not just limited to the industries but also has entered the
ordinary sources, for instance, the seed of various fruits, and enters into
the environment as a by-product of the combustion of various materials.
Also, it is widely used by industries in electroplating, resin production,
pharmaceuticals, gold mining, and textiles [4,5]. Further, accidental
leaks, inappropriate discarding of industrial waste containing CN™ ion,

* Corresponding author.
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and the breakdown of cyanide-based chemical warfare agents pose po-
tential threats to the environment [6]. Extreme contact with CN™ ion can
result in various health issues, such as poisoning the lungs, stomach, and
skin. As per the Environmental Protection Agency (EPA), the suggested
tolerable extent of CN™ ion in drinking water is 0.2 ppm [7]. Therefore,
developing a highly selective, rapidly responsive, and efficient CN
sensor is of immense significance for the environment.

Although there are numerous sophisticated tools for detection but
are quite laborious and expensive, so the optical chemosensors offer the
advantage of being inexpensive and rapid response [8]. In addition,
chromogenic and fluorogenic chemosensors offer simplified facile
preparation, fast response, high selectivity, visual detection, and accu-
rate quantification [9]. Further, the strategy for CN™ ion sensing is
usually based on coordination bonding and nucleophilic addition [5].
The hydrogen bonding method involves CN™ association with the
binding unit, resulting in the formation of hydrogen bonds thereby
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Abstract

A naphthalimide-based Schiff base (probe 1) was synthesized for the selective detection of Cu** ions in a MeOH: H,0 (9:1,
v/v) solvent system. The optical properties of the probe were investigated using UV—visible and fluorescence spectroscopy.
In the UV-visible spectrum, probe 1 displayed absorption bands at 260 nm and 330 nm. Fluorescence measurements revealed
an emission peak at 445 nm, accompanied by a shoulder at 470 nm. Upon the addition of Cu®" ions, a significant quenching
of the fluorescence intensity was observed, whereas other metal ions showed negligible interference. Quantitative analysis
revealed a limit of detection (LOD) of 1.22x 10> M and a limit of quantification (LOQ) of 4.08 x 107 M for Cu?". The asso-
ciation constant was calculated from the B—H plot which was determined to be 1.43 x 10> M~! with the quenching constant
of 1.99x 10? M calculated from the Stern—Volmer plot. Also, the binding stoichiometry of 2:1 was determined by Job’s plot
between the probe 1 and Cu®* ions, respectively. Further, the results were validated by HR-MS, DLS, and computational
studies. The DFT studies revealed a charge transfer from the thiophene ring towards the naphthalimide moiety which was

significantly inhibited in the presence of Cu?* ions.
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1 Introduction

Copper is a vital metal ion, that plays essential roles in vari-
ous biological processes across living organisms, including
bacteria, fungi, plants, and animals [1]. In humans, copper
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is crucial for blood clotting, hormone maturation, cellular
energy processing, red blood cell formation, and bone health
[2—4]. It also functions as an oxidant, protecting cells from
oxidative damage caused by free radicals. Moreover, copper
contributes to brain energy production and neurotransmitter
regulation, influencing cognitive function and neurological
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Unlocking the Potential of Pyrrolidine Derivatives as
Antidiabetic Agents: Insights from Physicochemical Analysis,
Molecular Docking, ADMET, and DFT Studies

Aeyaz Ahmad Bhat,@ Jitendra Chaudhary,’®! Gurdeep Kaur,® and Iqubal Singh*[®!

This study investigates the antidiabetic potential of pyrrolidine-
based derivatives using an integrated computational approach
comprising molecular docking, physicochemical profiling,
ADMET analysis, DFT, and topological evaluations. Out of
65 hypothesized derivatives, 27 adhered to Lipinski’s Rule,
demonstrating the oral drug-likeness. ADMET screening fur-
ther shortlisted 7 compounds (6l, 8l, 9e, 9h, 9k, 9l, and 9n)
that exhibited favorable absorption (HIA: 0.708-0.996), mod-
erate plasma protein binding (23.82-76.37%), non-inhibition of
major CYP450 isoforms (1A2, 2C19, 2C9, 2D6, and 3A4), and non-
toxic profiles with no predicted carcinogenicity, mutagenicity,
or cardiotoxicity. Docking studies revealed that three deriva-
tives exhibited the strongest binding affinities: 9h: -8.01, -7.06,
-8.1 kcal/mol; 9k: —-8.2, —7.88, —8.2 kcal/mol and 9I: -8.03, -7.4, -
7.39 kcal/mol, for a-amylase, ¢-glucosidase, DPP-IV, respectively,
all of which surpassed the standards acarbose and vildagliptin.

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder charac-
terized by elevated blood glucose levels resulting from defects
in insulin secretion, insulin action, or both."! Among its types,
type 2 diabetes mellitus (T2DM) is the most prevalent, account-
ing for approximately 90%-95% of global diabetes cases.'*?! The
global burden of T2DM is rising rapidly due to ageing popula-
tions, sedentary lifestyles, and poor dietary habits. It is estimated
that over 415 million individuals were affected by diabetes in
2015, with projections reaching 642 million by 2040.53! According
to the World Health Organization, diabetes will likely become the
seventh leading cause of death by 2030.4 Current antidiabetic
therapies include a-glucosidase inhibitors (e.g., acarbose), DPP-4
inhibitors (e.g., vildagliptin), and insulin sensitizers.!>!

As we all know, the use of medications has been increasing
rapidly nowadays, which in turn is causing various side effects

[a] A. Ahmad Bhat, G. Kaur
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NCI and docking pose analysis highlighted stable hydrogen
bonding, m-m stacking, and mw-alkyl interactions, reinforcing
their strong binding stabilities. Moreover, DFT calculations were
performed for the three top-ranked derivatives (9h, 9k, and 9lI).
Overall, these three derivatives developed as the most promising
candidates amid all the assessed pyrrolidine derivatives for their
binding affinity for all, results showed lower AEgap values (9h:
3.2920 eV, 9k: 5.1475 eV, 9l: 5.4148 eV) than vildagliptin (6.5511 eV),
indicating higher polarizability, reactivity, and charge transfer
potential. Electrophilicity indices (w) of 0.0030, 0.0115, and 0.0138
for 9h, 9k, and 9, respectively, suggested significant biological
potential. Topological analyses revealed electron localization at
electrophilic sites and delocalization over m-systems, support-
ing reactivity and structural stability. Collectively, these findings
highlight 9h, 9k, and 9l as promising antidiabetic candidates.

in our bodies. For example, antidiabetic therapies are frequently
associated with a range of adverse effects that can negatively
impact patient compliance and long-term health outcomes.!®!
Biguanides, such as metformin, often lead to gastrointestinal
issues including nausea and diarrhea, and in rare cases, may
cause lactic acidosis or vitamin B12 deficiency with long-term
use.”? Sulfonylureas are known to cause hypoglycemia, weight
gain, and increase the risk of cardiovascular events.®! Thia-
zolidinediones, like pioglitazone and rosiglitazone, may result
in fluid retention, weight gain, heart failure, bone fractures,
and potentially bladder cancer!”’ DPP-4 inhibitors, including
sitagliptin and vildagliptin, have been associated with side
effects such as nasopharynagitis, joint pain, and rare cases of
pancreatitis.”! @-Glucosidase inhibitors like acarbose commonly
cause gastrointestinal discomfort including flatulence, bloat-
ing, and diarrhea.™ SGLT2 inhibitors, such as canagliflozin and
dapagliflozin, may lead to urinary tract infections, dehydration,
diabetic ketoacidosis, and, in some cases, an increased risk
of lower-limb amputation.?! Insulin therapy, while essential in
many cases, is also linked to hypoglycemia, weight gain, and
injection site complications such as lipodystrophy. These side
effects highlight the urgent need to develop safer and more
tolerable antidiabetic treatments.™!

If we look at recent advancements and medications used for
the treatment of T2DM as shown in Figure 1,/ pyrrolidine-based
compounds have emerged as promising therapeutic agents due
to their ability to inhibit key enzymes involved in carbohy-

© 2025 Wiley-VCH GmbH
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ABSTRACT: Self-assembled fluorescent peptides are promising drug-delivery
vehicles targeting cancer cells and enhancing the precision of therapeutic agents.
Several systems have been developed including fluorescent peptides as cysteine-
core peptides, cyclic peptides, nanostructures and peptide polymer conjugates
specifically designed for targeted drug delivery. Further, these supramolecular
carriers aid in targeted drug transport by using different cargos like doxorubicin
(Dox), paclitaxel (PTX), etc. Additionally, dipeptides such as tryptophan-
phenylalanine self-assemble via zinc ion chelation, facilitating the endosomal
escape thereby enhancing the drug efficacy within multifunctional nanoparticle
systems. Furthermore, pH-activatable and enzyme-responsive peptide nanostruc-
tures have been engineered to exhibit potential for controlled drug release. These
self-assembled peptide systems not only enable targeted drug delivery but also
provide controlled release, with applications extending to ocular drug delivery
and the treatment of retinal diseases. These systems possess intrinsic fluorescence properties that allow real-time tracking of drug
release and cellular uptake, making them highly useful for theranostic applications. Moreover, fluorescently tagged cell-penetrating
peptides (CPPs) are widely used to explore how these systems enter cells, revealing multiple ways they are taken up, like
endocytosis, micropinocytosis, direct membrane crossing, and counterion-assisted transport. This versatility adds real value to
peptide-based approaches in cancer therapy. Further research advancements should enhance stability, explore combination therapies,
and improve clinical translation for broader therapeutic applications.

KEYWORDS: Self-assembly, Fluorescent peptides, Cancer cells, Cell-penetrating peptides, Targeted drug delivery
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1. INTRODUCTION

Molecular self-assembly happens naturally, guided by several
noncovalent forces like electrostatic and hydrophobic inter-
actions, 7-7 stacking, hydrogen bonds, and coordination."”
Self-assembly occurs when various macromolecules or frag-
ments interact under physiological conditions, either as
identical or different components. These interactions usually
start in a disorganized state but gradually result in a well-
ordered final structure, such as distinct structured or crystal
macromolecules.” Self-assembly is a prevalent and funda-
mental process that is crucial for the biological functions of
cells. For instance, the construction of the cytoskeleton is
facilitated by the self-assembly of actin and tubulin proteins,
while the configuration of the double-helix structure of DNA
exemplifies another instance of molecular self-assembly.” In
particular, the self-assembly of peptides involves the creation of
molecular aggregates with specific arrangements through
noncovalent interactions.” Nanotechnology, particularly in
drug delivery, has leveraged self-assembly due to its ability to
generate nanoscale systems that can encapsulate and deliver
therapeutic agents. Nanodrug delivery systems have demon-
strated immense potential in overcoming challenges associated

© XXXX American Chemical Society

WACS Publications

with traditional cancer therapies by improving targeted drug
delivery, reducing side effects, and enhancing therapeutic
efficacy.””

Peptides, which are short chains of amino acids (2—50
residues), exhibit a wide range of biological functions by acting
as hormones, enzymes, and signaling molecules. Owing to their
specificity and efficacy, peptides play a significant role in
medical research and drug development.' Peptide self-
assembly is a spontaneous process driven by both kinetic
and thermodynamic factors. This process typically arises from
the effects of various forces discussed above, which contribute
to the formation of ordered and complex nanostructures.’
These forces involved in peptide self-assembly are crucial in
facilitating the assembly process thereby promoting the
formation of thermodynamically stable supramolecular struc-
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ABSTRACT

The electrochemical biosensor has brought a paradigm shift in the field of sensing due to its fast response and
easy operability. The performance of electrochemical sensors can be modified by coupling them with various
metal oxides, nanomaterials, and nanocomposites. Hydrogen peroxide is a short-lived reactive oxygen species
that plays a crucial role in various physiological and biological processes. Therefore, its monitoring is of para-
mount importance. With this, the research fraternity has developed various nanomaterial-based superlative
sensors that have enhanced the sensing performance towards HoO3 in terms of sensitivity, detection limit, and
linear range. The integration of nanocomposite materials has allowed for the synergistic combination of different
components, leading to improved sensor stability, selectivity, and detection limits. The precious metal alloys,
metal oxides, semiconductor nanomaterials, carbon cloth, multi-walled carbon nanotubes, graphene oxide, and
nanoparticles demonstrate effective catalytic performance for detecting HyO; electrochemically. These advanced
materials possess extraordinary properties and structures, rendering them highly advantageous for diverse ap-
plications. These biosensors aid in monitoring HoO2 levels secreted by MCF-7, HelLa cells, NIH-3T3, and A549
cells in real-time. Further, this type of biosensor identified alterations in HyO, levels in the lungs, bron-
choalveolar lavage fluid (BALF) of mice with pulmonary fibrosis, activated hepatic stellate cells, and the livers of
mice with liver fibrosis. The current review highlights the recent advancements in compositions, morphology,
limit of detection, sensitivity, biological applications, etc. properties of the electrochemical biosensors for HoO5

detection.

1. Introduction

Hydrogen peroxide (H30-), a reactive oxygen species (ROS), is a
crucial biological molecule for internal immune activity and trans-
mission of signals [1,2]. HyO3 is a short-lived reactive oxygen species
present both in water as well in the atmosphere due to its various
ongoing biological processes [3]. In aquatic ecosystems, it is formed due
to the irradiation of UV rays in dark conditions [4-7]. H20O2 plays a
crucial function in different physiochemical and biological operations,
like breaking down pollutants, self-cleaning, transforming metabolites,
etc. Within organisms such as plants, the production of HO5 is facili-
tated by enzymes (superoxide and superoxide dismutase) during the
electron transport chain process in chloroplasts and mitochondria, as
well as plasma NADH oxidase and other apoplastic oxidases [8]. The
transportation in plants is helped by aquaporins with the assistance of
enzymes like catalase, peroxiredoxin, glutathione peroxidase-like
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enzymes, and ascorbate peroxidase [9-11]. In humans, it is produced in
vivo both enzymatically and non-enzymatically by dismutation of su-
peroxide radicals (O3). Also, HyO- is directly formed with the help of
various oxidase enzymes and f-oxidation of fatty acids [12-15]. Though
chemically it is poorly reactive, it becomes highly dangerous when it
readily converts into reactive hydroxyl radicals (OH’) on exposure to UV
radiations or when it interacts with transition metal ions, probably iron
due to its in vivo presence e.g. by liberating Fe?* ions from heme proteins
[16].

Further, it has been extensively used in medications, textiles, mining,
etc., and as a food preservative for controlling microbial growth [17].
Hy0, has garnered the interest of numerous researchers because of its
pivotal role in biological signaling and as a by-product in cellular
oxidative reactions [18,19]. Excessive build-up of HoO5 within cells can
result in severe ailments like Alzheimer’s, heart disease, and cancer, and
disrupt normal cell functions, leading to cell death and making it
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ARTICLE INFO ABSTRACT

Keywords: Coumarin comprises of large number of organic compounds displaying diverse electronic and structural features
Coumarin enabling their application in the field of supramolecular chemistry. The presence of heteroatom and other groups
Cations including semicarbizide, pyrimidine, ester linkages, tetraphenylethylene, etc. in the coumarin-derived motif acts
22;:; ensor as a ligand by offering coordination sites to the selected ions thereby perturbing the optical properties, thus
Fluorescence emerging as chemosensors. These sensors can detect an array of substances, including hazardous gases, metal

ions, anions, reactive oxygen and nitrogen species, and biothiols. The coumarin probe appended with benzo-
thiazole selectively recognizes Cu?* ions with a detection limit of 4 ppb among the pool of ions, while amongst
anions coumarin derived malononitrile-based sensor detected CIO™ ions with the least LOD recorded at 5.7 nM. A
general trend of 1:1 stochiometric ratio between the metal and ion complexes was found in most of the cases.
This review emphasizes the recent advancements in coumarin-based chemosensors for sensing cations and anions
during the period 2019-2022. Also, it provides insight into the design of probes, analytical performance, sensing
mechanism, and complexation of probes with their respective ions. The probes’ colorimetric and fluorescent
approach is sophisticatedly elaborated with pictorial representation along with its detection limit, the stoi-
chiometric ratio of the metal-ligand complex, and its performance in optimum pH conditions. This extensive
review may facilitate and intrigue the research fraternity to develop more efficient chemosensors for sensing
harmful ions possessing broad applications and challenge the researchers for its commercial utility.

Sensing mechanism

across various organisms [2] while the use of ions such as cadmium,
mercury, uranium, and arsenic are regarded as detrimental biometals
[3]. Still, the microbial metalloproteomes remain uncharacterized. The
initial step to characterize the metal ion in an organism is to quantify the

1. Introduction

All life forms require various ions to perform vital functions and to
regulate fundamental processes like metabolism, signaling, osmotic

regulation, catalysis, biomineralization, generation of gradient potential
across the membrane, nerve conduction, and a unique manner to store
energy. Transition metal ions often referred to as trace elements like
zinc, chromium, copper, cobalt, manganese, chromium, nickel, vana-
dium, etc. play a significant role in biological processes [1]. Though
often present in substantial amounts their characterization is occasion-
ally misleading. The genomic studies have suggested that elements such
as zinc and iron are extensively used in biology; on the other hand,
metals like cobalt, copper, nickel, and molybdenum are used broadly

metal content of cells and tissues. Biometals exist in various forms
including tightly bound metal-like cofactors, and hydrated ions, in a
loosely bound form such as in heterogeneous buffers and as labile spe-
cies. The total content is an aggregate of all these diverse forms [4].
Nowadays, rising interest in ionic activities in biological systems and
their legal requirements for water, food, medical substances, and envi-
ronmental monitoring is of great significance. Moreover, the foremost
importance of anions (cyanide, fluoride, hypochlorite, hydroxide, ace-
tate, etc.) in diverse biological fields inspired us to develop selective and

Abbreviations: ICP-AES, Inductively Coupled Plasma Atomic Emission Spectroscopy; AAS, Atomic Absorption Spectroscopy; ICP-MS, Inductively Coupled Plasma
Mass Spectrometry; AIE, Aggregation Induced Emission; TICT, Twisted Intramolecular Charge Transfer; CHEF, Chelation Enhanced Fluorescence; PET, Photoinduced
Electron Transfer; LOD, Limit of Detection; LOQ, Limit of Quantitation; ICT, Intramolecular Charge Transfer; GSH, Glutathione; DLS, Dynamic light scattering; EPA,
Environment Protection Agency; PPi, Pyrophosphate Ions; WHO, World Health Organisation; CHQF, Chelating Quenched Fluorescence.
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ARTICLE INFO ABSTRACT

Keywords: Among the foremost persistent heavy metal ions in the ecosystem, mercury (Hg?") remains intimidating to the
APtamer environment by producing a catastrophic effect on the environment as well as on mankind due to the exacer-
Biosensor bation of anthropogenic activities. Therefore, it has become necessary to develop superlative techniques for its
gzzzllzhemical detection even at low concentrations. The conventional approaches for Hg2+ ions are quite laborious, and
Fluorescent expensive, and require expertise in operating sophisticated instruments. To overcome these limitations, aptamer-

based biosensors emerged as a promising tool for its detection. DNA-based aptamers have evolved as a significant
technique by detecting them even in ppb levels. This review outlines the progress in aptamer-based biosensors
from the year 2019-2023 by inducing changes in the electrochemical signal or by fluorescent/colorimetric
approaches. The electrochemical sensors used nanomaterial electrodes for increasing the sensitivity whereas
fluorescent and colorimetric sensors exhibit quenching or strong fluorescence in the presence of Hg>' ions
depending upon the prevailing mechanism or visible color changes. This perturbation in the signals could be
attributed to the formation of the T-Hg?* -T complex with the aptamers in the presence of ions revealing its real-
time and biological applications in living or cancerous cells. Furthermore, next-generation biosensors are sug-
gested to bring a paradigm shift to the integration of high-end smartphones, machine learning, artificial intel-

Colorimetric

ligence, etc.

1. Introduction

Heavy metal pollutants in the environment remain a persisting issue
in modern life with aggrandizing modernization and industrialization.
One such detrimental pollutant is mercury (Hg2+) which causes a serious
nuisance to the ecosystem [1]. Mercury occurs naturally in the Earth’s
environment as inorganic, metallic, and organic forms and broadly ex-
ists in water, soil, and air [2]. It enters into the natural environment by
degassing Earth’s crust by volcanic eruptions whereas excessive burning
of fossil fuels has further increased its abundance in the atmosphere [3].
This metallic contaminant is toxic to mankind as well as to the envi-
ronment in numerous ways. Its exposure to humans can cause failure of
vital organs such as lungs, brain, and kidneys; serious immune system
diseases; and even induce severe disorders like Minamata disease,
Hunter-Russell syndrome, and Pink disease [4-7] According to the
World Health Organization (WHO) and the USA Environmental Pro-
tection Treaty (EPA), the maximum permissible limit of mercury in
water is 30 nM and 10 nM respectively [8,9]. Therefore, the requirement
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of high sensitivity and selectivity to detect mercury ions in real samples
and their quantification is still arduous. However, to tackle this problem
various conventional methods including Inductively Induced Plasma
(ICP), Atomic Absorption Spectrometry (AAS), mass spectrometry (MS)
Atomic Spectrometry, etc. were used [10,11]. However, these costly
instruments and their time-consuming procedures make them unsuit-
able for online use. To combat these challenges, some promising tech-
niques such as colorimetry, fluorescence, electrochemistry,
electro-chemiluminescence, and surface plasmon resonance were
adopted to monitor the levels of HgZJr ions (see Tables 1-3).

In the present scenario, the application of single-stranded oligonu-
cleotides known as aptamers has been exploited to detect the target
analytes in the sample. They are synthesized by an in vitro technique
commonly known as SELEX (Systematic Evolution of Ligands by Expo-
nential Enrichment) for targeting specific molecules [50,51]. During the
entire procedure, the modification of the molar ratio that is between the
target and the library is done for the adjustment of the selection strin-
gency, effectively enhancing the enrichment of high-affinity aptamers.
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Keywords:
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Structure-activity relationships
Amastigotes

Trypomastigotes

This study presents a comprehensive exploration of the synthesis of novel compounds targeting Chagas Disease
(CD) caused by Trypanosoma cruzi. It is a global health threat with over 6-7 million infections worldwide.
Addressing challenges in current treatments, the investigation explores diverse compound classes, including
thiazoles, thiazolidinone, imidazole, pyrazole, 1,6-diphenyl-1H-pyrazolo[3,4-b] pyridine, pyrrole, naph-
thoquinone, neolignan, benzeneacyl hydrazones, and chalcones-based compounds. Highlighting compounds with
superior trypanocidal activity compared to standard drugs. The study elucidates structure-activity relationships,
emphasizing the impact of substituents, fluorine presence, and substitution patterns. Noteworthy findings
include neolignan derivatives demonstrating efficacy against intracellular amastigotes and free-moving trypo-
mastigotes, with unsaturated side chains. Benzeneacylhydrazones and chalcones, as novel classes, showed varied
efficacy, with certain compounds surpassing benznidazole. A novel series of triketone compounds exhibited
strong anti-parasitic activity, outperforming standard drugs. Docking study revealed that the halogen and
methoxy substituted phenyl ring, thiazole, thiazolidine-4-one, quinoline, isoindoline-1,3-dione, pyrrole hetero-
cyclic motifs can play the key role in the designing of effective inhibitors of T. cruzi. Mutually, these insights
placed the foundation for the development of innovative and effective treatments for CD, addressing the urgent
need for improved therapeutic options.

1. Introduction travel, making it a global concern. CD shows a broad range of clinical

manifestations, affecting various organ systems, such as the heart,

Chagas disease (CD), also referred to as American trypanosomiasis,
was first identified by the Brazilian physician Carlos chagas in 1909
[1-3]. This debilitating multi-systemic disorder is due to the parasitic
protozoan Trypanosoma cruzi (T. cruzi) [4,5]. It presents a substantial
threat to human health [6], with the potential to be life-threatening [7].
It is primarily transmitted through the excrement of infected triatomine
bugs, also referred to as kissing bugs [8,9]. However, it can also spread
through blood donations, organ transplants, and perinatal transmission
as well as through laboratory accidents. The impact of this disease is
most profoundly felt in impoverished rural communities, where access
to healthcare is limited [10]. The CD has a significant geographical
footprint, with endemic regions spanning more than 21 continental
Latin American countries [11]. However, its reach extends beyond re-
gions where the disease is prevalent due to population movement and

* Corresponding author.
E-mail address: brar.iqubal@gmail.com (I. Singh).

https://doi.org/10.1016/j.ejmech.2024.117203

digestive tract, and nervous system. Around 6 to 7 million people
worldwide are infected with CD, with 9000 to 15,000 new cases re-
ported per year [12]. Globally, trypanosomiasis contributes to an esti-
mated 10,000-14,000 death yearly [13]. It affects impoverished
communities living in areas with restricted healthcare availability. More
than 90 % of global cases are concentrated in Argentina (1.5 million),
Brazil (1.2 million), and Mexico (0.88 million), Bolivia has the greatest
number of cases, totalling 0.61 million. Colombia (0.44 million) and
Venezuela (0.31 million) also have significant cases, where it is endemic
[14]. The CD is linked to poor nutrition, compromised immune systems,
and concurrent infections. The manifestations of CD initially include
fever, site swelling, rash, eyelid swelling, and spleen/liver enlargement.
Later stages can lead to complications like irregular heartbeat, heart
failure, esophagus, and colon enlargement, and even
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Within the realm of cancer therapeutics, coumarin derivatives stand out as a promising class of compounds,
exhibiting a wide array of biological effects and demonstrating significant potential for anticancer activity while
minimizing detrimental side effects. This comprehensive study endeavours to navigate through the broad
spectrum of coumarin derivatives, offering a thorough exploration of their synthetic methodologies, target
cancer cell lines and the intricate interplay between chemical structure and biological activity. Through an

unbiased analysis, this research aims to unravel the complex structure-activity relationships that govern the
anticancer efficacy of coumarin derivatives, shedding light on their underlying mechanisms of action within
cellular pathways. By highlighting the recent research findings it provides a holistic understanding of the
therapeutic potential of coumarin derivatives, offering insights that could pave the way for their future appli-

cation in cancer therapy.

1. Introduction

According to a World Health Organization (WHO), report, more than
13 million cancer-related deaths will occur worldwide in 2030 [1,2].
The majority of cancers can be identified by their uncontrolled growth of
cells without differentiation. According to estimates, one in five in-
dividuals will develop cancer before the age of 75 [3]. Generally, the
occurrence of cancer is due to the dysregulation of crucial enzymes and
other proteins regulating cell division and proliferation [4,5]. Even
though there have been numerous efforts made to treat cancer diseases
and much progress has been made from cancer diagnosis to treatment,
some cancer patients do not respond to therapy or experience recurrence
after an initial response. Chemotherapy, however, is a fundamental
method of treatment but drug resistance to many anticancer agents is
one of the biggest challenges in chemotherapy [6]. To overcome drug
resistance, high doses of chemotherapeutic agents had to be

administered after drug-induced toxicities [7,8]. Therefore, there is a
pressing need to find new anticancer agents with promising activity and
high therapeutic index [9].

The coumarin (2H-chromen-2-one or 2H-1-benzopyran-2-one, 1)
nucleus is a bicyclic heterocycle made up of benzene and 2-pyrone rings.
Coumarins are prompting a biological investigation to assess their po-
tential therapeutic significance. It belongs to the flavonoid group of
plant secondary metabolites and is a diverse class of natural and syn-
thetic compounds with a variety of pharmacological properties,
including anti-inflammatory [10], free radical scavenging [11], anti-
nociceptive [12], cardioprotective [13], antithrombotic [14], antiviral
[15], antimicrobial [16,17], antituberculosis [18], anti-carcinogenic
[19], antidepressant [20], antihyperlipidemic [21] and anticholines-
terase [22] activities. Numerous heterocyclic compounds were reported
to have coumarin moiety with wide varieties of biological activities.
Hymecromone (4-methylumbelliferone, 2) was used, for instance, as a

Abbreviations: SAR, Structure-activity relationship; WHO, World Health DaiOrganization; 5-FU, 5-Fluorouracil; HDAC, Histone deacetylase inhibitors; ER, Es-
trogen receptor; HSP90, Heat shock protein; POCl3, Phosphorus oxychloride; DMF, Dimethylformamide; RT, Room temperature; DEAD, Diethyl azodicarboxylate; 7-
IP, 7-Isopenthenyloxycoumarin; CS, Collateral sensitivity; MDR, Multidrug resistance; HOBT, Hydroxybenzotriazole; EDCI, [1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride]; DIEA, Diisopropylethylamine; O-THP, O-Tetrahydropyranyl protected hydroxylamine; SAHA, Suberoylanilide hydroxamic acid; EDG,
Electron donating group; EWG, Electron withdrawing group; EAC, Ehrlich ascites carcinoma cells; MCT1, Monocarboxylate transporter 1; THF, Tetrahydrofuran;
DEC, Diethyl carbonate; PI, Propidium iodide; CHHD, Coumarin-substituted hydrazide-hydrazone derivatives; TEA, Triethyl amine; SRB, Sulforhodamine B; GI,

growth inhibition; DCM, Dichloromethane; TBAB, Tetrabutylammonium bromide.
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ABSTRACT: With a growing global population, agricultural
scientists are focusing on crop production management and the
creation of new strategies for a higher agricultural output.
However, the growth of undesirable plants besides the primary
crop poses a significant challenge in agriculture, necessitating the
massive application of herbicides to eradicate this problem. Several
synthetic herbicides are widely utilized, with glyphosate emerging
as a potential molecule for solving this emerging issue; however, it
has several environmental and health consequences. Several weed
species have evolved resistance to this herbicide, therefore lowering
agricultural yield. The persistence of glyphosate residue in the
environment, such as in water and soil systems, is due to the
misuse of glyphosate in agricultural regions, which causes its
percolation into groundwater via the vertical soil profile. As a
result, it endangers many nontarget organisms existing in the
natural environment, which comprises both soil and water. The

Effect on mankind ‘ Impact on environment

Neumloglcal Endocrine
disorder disruption
9
Effecton

erythrocytes f

Soil microbial
contamination

(.l)phosate

2%
%
i 205
) \/l "on Yoy
f
(Y V N-(phosphonamethy)
gl ycine ﬁ%&ﬁ
etecton Liver damage
placental cell _ Derad n n

Rapid soil e ( letely l
N, ‘ompletel \
binding Gr \ '. ¥ solublc in A’ D W
A water = A
C S D BN Ta

Lesser leaching ~
potential

Extremely low toxicity to
fish, birds and mammals

current Review aims to provide a systemic analysis of glyphosate, its various effects on the environment, its subsequent impact on
human health and animals, which will lead us toward a better understanding of the issues about herbicide usage and aid in managing
it wisely, as in the near the future glyphosate market is aiming for a positive forecast until 2035.

1. INTRODUCTION

Over the past decade, the usage of synthetic chemicals in the
agricultural sector has proven to have a catastrophic impact on
the environment, leading to the accumulation of harmful
residues in the biosphere. The imprudent utilization of
pesticides in agricultural fields has led to a paradigm shift in
the environment. Though the shear exploitation of agro-
chemicals has led to an enhancement in agricultural produce
by effectively managing the pests, rodents, and microbial
infections, such haphazard usage of synthetic chemicals and
excessive spraying of these chemicals in the fields has adverse
impacts not only on the environment but also to human health
and other nontargeted organisms. The modern cultivation
practices exploit various synthetic chemicals such as herbicides,
insecticides, and pesticides to increase agricultural efficiency.
The advent of “agricultural evolution” and the use of pesticides
and herbicides was mainly started for mankind, but growing
human demands and avidity to increase crop yields has
gradually led to their overuse.' The discovery of N-
(phosphonomethyl)glycine was among the dynamic revolu-
tions in agriculture, making it one of the extensively employed
herbicides all over the globe. It is typically administered to
plants in the form of complicated formulations that promote
absorption,” with an approximate worldwide demand of half a

© XXXX The Authors. Published by
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million tons per annum.’ This broad-spectrum synthetic
organophosphonate herbicide is extensively utilized to destroy
undesired plants in agriculture as well as the nonagriculture
sector.”

For over a decade, glyphosate has been considered as the
most effective farming tool and safest herbicide employed in
the agriculture industry. In the beginning, glyphosate was
observed to exhibit low toxicity to human beings, as there were
barely indications of genotoxicity or carcinogenicity in
mammals.” In 1950, Henri Martin of Swiss pharmaceutical
company was among the first one to synthesize N-
(phosphonomethyl)glycine,’ and its herbicidal activity on
perennial weeds was further tested and confirmed by
Monsanto in 1970 and Baird in 1971, respectively.7 Due to
the competition among other herbicides in the market,
glyphosate use in agricultural applications was modest in the
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