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Synopsis

Title of this thesis is - “A Progressive Endeavor to Develop Efficient Organic Chromogenic
and Fluorogenic Sensing Probes for lonic and Neutral Guests”. This thesis has been divided
into six chapters which indigenously covered the results of experimental work performed during

the research period.

Chapter 1: Introduction

There are sayings that ‘Eyes don’t lie’ and ‘Seeing 1s believing’. Indeed eyes are the best among
five main senses that a normal human being uses to perceive the world. Hence, the idea of
optical detection or recognition constitutes to be the most effective means of chemo-sensing so
far. Developing sensor systems for the effective and rapid detection of analytes continues to be a
hot topic in supramolecular and biological chemistry as the detection of chemical species
comprised of cations, anions and neutral molecules related to environment, agriculture sciences,
biology, medicine and health sciences; has become an indispensable task to endure. By broad
definitions, chemo-sensors are basically chemical systems that can convert chemical stimuli into
some form of easily detectable response. Essentially, in the presence of appropriate specific
target analyte, a chemosensor generates signal through electrochemical, mass, optical and a
variety of other changes. Numerous reports can be cited to endorse that chemosensors can offer
the simple and sensitive detection of several analytes, especially in extreme and complicated
environmental or biological systems where traditional methods have failed to be utilized.
However, among these various types of sensing methods, optical (colorimetric & fluorescent)
chemo-sensors have grabbed the limelight popularly due to their simplicity, easy handling,
ability to work in a more relaxed condition, fast response time and simple reliable signal
interpretation ability with high sensitivity. Especially, the fluorescence-based sensing probes are
advantageous over other sensing systems for the detection of biological species as they can
render rapid, non-invasive, temporal and sensitive detection of target analytes. Fluorescent
probes not only provide valuable insights in understanding physiological alterations in
pathological settings but also serve as useful tools for the development of personalized medicine
and targeted therapies. Hence, in recent years, numerous colorimetric and fluorescent chemo-
sensors are developed extensively for their potential applications in environmental detection,
molecular catalysis, and biological fluorescence imaging, etc.

TH-1570_126122031
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Hence, in this thesis, we have extensively worked on designing various fluorogenic and
chromogenic sensing systems that can sense cation(s), anion(s), cation plus anion together and

neutral species.

Chapter 2: Experimental Section

This chapter explains comprehensive information about the various materials used in the
synthesis of the receptors/probes. Also in this chapter, the synthetic techniques, crystallization
details, binding studies; specifications of instruments used for the characterization of the

synthesized compounds were discussed in detail.

Chapter 3: An Aggregation-Induced Emission (AIE) Active Probe Renders Al(111) Sensing
and Tracking of Subsequent Interaction with DNA

This chapter describes the detailed sensing properties of an bis-imine Schiff base probe (L,).
The rationally designed probe (L,) displayed interesing aggregation-induced emission (AIE)
properties in methanol-water mixed solvent. Essentially, the aggregation-induced emission
(AIE) active probe L; rendered highly selective TURN-ON fluorescence response toward Al**
among vaious tested metal ions in CH3OH/aqueous HEPES buffer (5 mM, pH 7.3; 9:1, v/v) and
in live HeLa cells. Addition of 10 equivalents of AI** to the solution of weakly emissive
(Aem=506 nm) L; resulted in the dramatic enhancement in the fulorescence intensity
accompanied by 31 nm red shift in the emission maxima to establish a new emission maximum
at 537 nm and showed a highly intense bright yellowish green fluorescence, when excited at 400
nm. Plausibly excess AI** helped to form aggregates of L;-Al** complex in the solution, which
in turn triggered the AIE activity of L, to enable the TURN-ON fluorescence. Detailed HRMS,
DLS, AFM and FESEM studies were carried out to validate the sensing mechanism. The highly
emissive L;-APF* ensemble was subsequently utilized to track the interaction with ct-DNA in

solution by dose dependent fluorescence quenching.
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Scheme 1: A comprehensive representation of the research work described in chapter 3
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Interestingly L; can also detect Cu®* at nano-molar level in similar condition through a selective
visual colorimetric response due to 1:1 complexation wherein interaction of Cu®* with almost

colorless solution of L; could turn the solution into intense red color.

Chapter 4: A Solo Fluorogenic Probe for Real-time Sensing of SOs*and SO,*/ HSO,” in
Aqueous Medium and Live Cells by Distinct Turn-On Emission Signals

In this chapter, we described a new fluorogenic probe L,, which is basically an o,3—unsaturated
compound. The design of the probe was based on the fundamental notion of a nucleophilic
addition reaction (Scheme 2), which can subsequently be tracked by a rapid change in

fluorescence as SO, derivatives (SOs*

and HSO;3) can readily react witha,B—unsaturated
compounds. This versatile fluorescent probe L, demonstrated highly sensitive dual yet
discerning sensing of SOs> and SO4% /HSO, over various competing analytes with beneficial
attributes such as sensing in completely aqueous medium and an extremely fast response time.
Addition of SO5°" to L, resulted in a high Turn-On fluorescence and a dramatic enhancement
(~12 fold) in the florescence intensity at 442 nm was observed upon excitation at 380 nm. On
the other hand, addition of SO, /HSO, to L, under similar conditions resulted in the emergence
of a new red shifted emission maximum at 511 nm accompanied by ~10 fold enhancement in the
fluorescence intensity of L,. These highly selective and distinct Turn-On fluorescence responses
of L, towards SOs* and SO,*/HSO, were also noticeable by naked eye as the non-fluorescent
solution of L, emitted strong bluish-green fluorescence upon interaction with SOs*>  and
greenish-yellow fluorescence upon interaction with SO,*/HSO, . The ratiometric fluorescence-
based sensing of SOs* was explained by restriction in intramolecular charge transfer (ICT),
while SO,% sensing was attributed to an aggregation induced emission phenomenon.
Importantly, the designed probe was biocompatible and capable of demonstrating differential

intracellular sensing of SO3*~ and SO4* inside live HeLa cells.
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Scheme 2: A comprehensive representation of the research work included in chapter 4
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Chapter 5: An Aggregation-Induced Emission (AIE) active probe for multiple targets:
Fluorescent sensor for Zn®* and AI** & colorimetric sensor for Cu?* and F~

This chapter provides detailed information about a thiosemicarbazone based probe (Ls) which
can detect multiple targets at a time through different fluorescent and colorimetric outputs.
Rationally designed probe L, consist of both cation and anion binding sites is capable of
displaying interesting aggregation induced emission (AIE) property. Ls not only can sense Al**
and Zn?* through selective turn-on fluorescence responses in 9:1 methanol-HEPES buffer
(5mM, pH 7.3; 9:1, v/v) medium due to metal ion triggered AIE activity, but also can
distinguish them through individual emission signals. Moreover, naked eye detection of these
selective individual TURN-ON responses of Lz toward AI** and Zn** was also feasible under

UV light, which rendered a bright yellowish green fluorescence for AI**

and a bluish-green
fluorescence for Zn?*. Lz can also detect Cu?* in mixed buffer medium and F~in acetonitrile
through sharp colorimetric responses. These colorimetric responses are also conspicuous

through naked eye. Theoretical study strongly backed the proposed sensing mechanisms.
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Scheme 3: A comprehensive representation of the research work discussed in chapter 5

Chapter 6: Colorimetric and Fluorometric Discrimination of Geometrical Isomers (Maleic
Acid vs Fumaric Acid) With Real-Time Detection of Maleic Acid in Solution and Food
Additives

The final chapter describes a new hetero-bis imine Schiff base probe L4, which can discriminate
geometrical isomers (Maleic acid vs. Fumaric acid) through sharp colorimetric as well as
fluorogenic responses, even conspicuous with naked eye. On excitation at 450 nm, L4 renders a
sharp emission maximum around 590 nm in a 9:1 ethanol-HEPES buffer (5mM, pH~7.4)
solvent and emits a strong orange-yellow fluorescence. Addition of maleic acid (200
equivalents) induced a slight decrease in the fluorescent intensity of L, with about ~15 nm red
shift in the emission maximum to render a new emission maximum at 606 nm while interaction
of fumaric acid with L4 remain quiet to the spectral change. Moreover, L4 can also sense the

Vi
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maleic acid among various mono, di and tri-carboxylic acids in mixed aqueous ethanol-buffer
solution. UV-Visible spectra of L, in mixed solvent revealed a sharp absorbance maximum at
430 nm due to m-n* transition. However, addition of excess of Maleic acid to L4 in mixed
solvent resulted in the generation of a new red shifted absorbance maximum at 552 nm with the
subsequent decrease in the absorbance of its prior original maxima at 430 nm. This unique UV-
Visible spectral outcome was accompanied by a distinct visual change in the color of the
experimental solution from pale yellow (only L) to dark red (Ls+Maleic acid). On the other
hand, L4 showed a very weak fluorescence when excited at 550 nm. Interestingly, among
various tested carboxylic acids, only maleic acid revealed a certain enhancement in the
fluorescence intensity of L4 with a well-defined emission maximum at 606 nm upon interaction
with L, in similar condition. The sensing process was also replicated in starch rich food to detect
added Maleic acid.

L, + Maleic Acid
Fumaric acid Maleic acid -
COOH =
Y coeH ooH % L,, L+Other
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I ||
Other =
Carboxylic acids N . . . 5%y
N L : 570 620 670 720
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Scheme 4: Schematic illustration of the research work presented in chapter 6

Conclusion and future perspective

In conclusion, the overall thesis not only elucidates some important results in the field of
developing advanced chemosensors for some biologically and environmentally relevant analytes
but also addresses some critical issues related to discrimination of geometrical isomers in

I*

solution and/or in biological medium. AIE active probe L; can selectively sense Al°" through
selective turn-on fluorescence response in solution and live cells. L; can also selectively detect
Cu?* through sharp colorimetric response. Moreover, the highly emissive Li-Al** ensemble can
track the ct-DNA by dose dependent quenching of the fluorescence. Fluorescent probe L, not
only can specifically sense SO, derivative (SOs*) and SO,*/HSO,4 in 100% aqueous medium
and live HelLa cells but also can distinguish them by individual Turn-On emission signals.

I** and

Another AIE active probe Ls can sense multiple targets at a time. It can sense cations A

Zn** through individual Turn-On fluorescence responses and Cu®* through colorimetric changes.

Interestingly, L3 can also selectively sense anion fluoride by specific colorimetric response.

Lastly, sensing probe L4 can discriminate geometrical Isomers (Maleic Acid vs Fumaric Acid)
Vil
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by colorimetric as well as fluorescent changes. Alongside L, can also detect Maleic acid over
various other carboxylic acids in solution and food additives.

Hence, we have designed, synthesized and investigated some unique sensing platforms (L;-L4)
which encompassed both simple and complex structures of the sensing probes. As mentioned in
the introduction, our primary aim was to introduce sensing systems that can rapidly sense target
analytes by some form of optical responses which is conspicuous by naked eye; so that even an
uneducated person could identify the sensing outcomes. Hence, all of the reported probes in this
thesis were purposely designed to have the inherent feature of naked eye sensing ability. It
should also be highlighted that to maintain a chronology we moved from developing all cation
sensor (chapter 3) to all anion sensor (chapter 4) to cation and anion sensing together (chapter
5) to neutral molecule sensor at last (chapter 6). Essentially we believe that this chronological
progress in designing optical probes would be instrumental in understanding comprehensive

advancement in the particular field to the analytical chemists community.

viii
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1.1. Optical Sensors: A Brief Introduction

There are sayings that ‘Eyes don’t lie’ and ‘Seeing is believing’. Indeed eyes are the best among
five main senses that a normal human being uses to perceive the world. Hence, the idea of
optical detection or recognition constitutes to be the most effective means of chemo-sensing so
far. The detection of chemical species comprised of cations, anions and neutral molecules
related to environment, agriculture sciences, biology, medicine and health sciences; has become
an indispensable task to endure.* By broad definitions, chemo-sensors are basically chemical
systems that can convert chemical stimuli into some form of easily detectable response.
Essentially, in the presence of appropriate specific target analyte, a chemosensor generates
signal through electrochemical, mass, optical and a variety of other changes. Numerous reports
can be cited to endorse that chemosensors can offer the simple and sensitive detection of several
analytes, especially in extreme and complicated environmental or biological systems where
traditional methods have failed to be utilized. However, among these various types of sensing
methods, optical sensors are mostly preferred due to their simplicity, easy handling, low cost,

fast response time and simple reliable signal interpretation ability.**®

Optical Chemosensor

' . .
Colorimetric sensor Fluorescent sensor

Scheme 1.1: A representative figure of optical chemosensor

Moreover, optical (colorimetric & fluorescent) sensors often bring out sharp visual changes
which are conspicuous by naked eye (Scheme 1.1). Hence it could offer the opportunity of
instant naked eye detection of the target analytes. Therefore, the chemo-sensors that utilize color
and/or fluorescence intensity as responses have been developed as the useful tools for sensing
various analytes."**** Generally, in a typical optical chemo-sensor, a receptor (the recognition

1
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site) is linked to a chromophore and/or fluorophore (the signaling moiety), which could translate

the recognition event into the detectable colorimetric and/or fluorescence signal.*?

So, optical sensors are mainly comprised of two types of sensing systems- (i) colorimetric or
chromogenic sensors (if) Luminescent sensors. In simple term, Luminescence is basically the
emission of light from electronically excited states of a substance. Depending on the nature of
the excited state luminescence can be divided into two main categories —fluorescence (emission
from singlet excited states) and phosphorescence (emission from triplet excited states).*?
However, fluorescence has occupied the majority of the area related to chemo-sensing over the
years with remarkable growth in the use of fluorescence in the broad area of biological and
chemical sciences as a primary tool. Hence it would be rational to briefly have a close look on

the background and progress in using fluorescence technology as a sensing tool.
1.2. Evolution of Fluorogenic Probes: A Comprehensive Overview
1.2.1. Prologue:

The first observation of fluorescence was reported by Sir John Frederick William Herschel in
1845 and it was from a quinine solution in sunlight. In the middle of the 19th century G. Stokes
reported that the fluorescence typically occurs at lower energies or longer wavelengths than that
of absorption or excitation."** This photo-physical phenomenon is known as ‘‘Stokes shift”’
which introduced the conceptual basis of fluorometric analysis. In 1923, Harvey was first to
report the use of luminescence as an analytical tool wherein he reported the minimum
concentration of a light-emitting biological dye (found in some organisms) luciferin® required to
detect visible light.*** Later, Sousa and Larson developed some functionalized naphthalene
crown-ether ligands as the effective fluorescent chemo-sensors for alkaline metal ion.**° In early
1980s, Tsien et al. reported the synthesis of the first fluorescent chemosenor for calcium and
demonstrated that molecular recognition event could generate detectable fluorescence signal.*"
L185ince then an enormous effort has been made to design new fluorescent sensors. However, in
1994, Czarnik first articulated the classical design of fluorescence chemosensors or probes
wherein he defined the fluorescent chemosensor as an abiotic molecular device comprised of a
binding site, a fluorophore and a mechanism that correlates both.*° Basically, the design,
synthesis and application of fluorescent and/or colorimetric probes capable of detecting specific
target analytes (metal ions or anions or neutral species), especially in a extreme and complicated
environment, is related to a vast and strong research area involving organic, inorganic, analytical
and physical chemistry, all of them converging into the multidisciplinary field of supramolecular

chemistry. Hence, in the last decades, the chemistry of sensor materials has entered a phase

2
TH-1570_126122031



Chapter 1

wherein the creation is going further than pure research in chemistry."* Moreover, use of
chemosensor devices offered the opportunity to avoid classical costly and difficult analytical
methodologies for the in situ, real time detections as well as quantification of analytes to reduce
the analytical cost largely. In this rapidly developing world economy it is crucial to develop new
chemosensors; especially which can be directly applied in process control, food control, food
analysis and environmental monitoring, medical diagnosis and treatment, and many other
interrelated disciplines chemistry, biology, medicine, military security, new materials, nano-
devices and environmental science.’?*?® However, there is an urgent need to improve the
efficiency of specific sensing systems and make them more sophisticated and user friendly so
that it could be used extensively in a more complex matrix for more specialized detection
purpose. Several important analytes wide-ranging from metal ions to anions to neutral molecles
have occupied the centre stage of chemo-sensing in their own rights which may directly impact

environment, human life and development.
1.2.2. Advantages of fluorescence based probes over other sensing systems:

Especially, the fluorescence-based sensing probes are advantageous over other sensing systems
for the detection of biological species as they can render rapid, non-invasive, temporal and
sensitive detection of target analytes.'*” % Fluorescent probes not only provide valuable
insights in understanding physiological alterations in pathological settings but also serve as
useful tools for the development of personalized medicine and targeted therapies. Moreover, the
fine instrument manipulability, commercial availability, lower detection limit, and in situ and in
vivo detection ability added far more glamour to the technique to be used in biological and
environmental sciences.>*® % Hence, in recent years, numerous fluorescent chemo-sensors are
developed extensively for their potential applications in environmental detection, molecular
catalysis, and biological fluorescence imaging, etc. Fluorescent sensing and imaging of
biologically and environmentally significant chemical species has been emerged as a most
important and fast developing field in recent time with the improvement of confocal microscopy

and optical imaging techniques.
1.2.3. Challenges to overcome for an ideal chemo-sensor:

An ideal chemosensor must satisfy a demanding set of criteria depending on its purpose of
utilization. For example a chemosensor functioning in vitro or in vivo should fulfill certain
criteria depicted in Scheme 1.2, which may be different from the criteria require to effectively

sense the same target analyte in an environmental sample.
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Scheme 1.2: Design criteria for sensors versus sensing probes in vitro and in vivo

A close look at Scheme 1.2 clearly suggests that an imaging agent must have some additional
qualities than a sensor. Key challenges including (i) suitable choice of fluorophore, (ii)
introducing an effective switching mechanism and (iii) effectiveness of the probe in biological

environment, are needed to overcome for designing an efficient fluorescent probe.
1.2.4. Strategies to design and develop fluorescent chemo-sensors:

As chemosensors are mostly applied in food analysis, process control, environmental
monitoring, medical diagnosis, and many other disciplines, a thorough understanding of the
sensing mechanism at the molecular level can be helpful to elucidate and improve the design of
fluorescent chemosensors to develop more sophisticated sensing systems.™***** Now a days,
chemists have adopted a rational approach to design more advanced chemical sensors by
utilizing the principles of supramolecular chemistry.>***** The integration of chemosensors into
a real macroscopic sensory device without any loss of important properties such as sensitivity
and selectivity further upgraded the applicability. With the continuous progress, newer

application strategies based on sol-gel materials, polymers, micelle aggregates, silica
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nanoparticles, glass and gold surfaces, quantum dots or magnetic nanoparticles have

emerged. 4> 147

It might be highlighted that fluorescence spectroscopy itself made the
fluorescent chemosensors unique, rightly so, because it does not require any reference and it
consume no analytes; and thus becomes one of the most significant sensing tools. Hence
basically, by modifying three basic constituents- the receptor unit, the signalling unit and the
spacer units, different sensing strategies can be outlined. Based on the sensing approaches
fluorescent sensor could be broadly divided into four categories — (a) Turn Off; (b) Turn On; (c)

ratio-metric and (d) chemodosimeter (Scheme 1.3).

5 — R

Turn-On O (\
Lo R

QOO _}4;1 receplor

Turn-Off
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Ratiometric
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Analytes
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Scheme 1.3: Different types of fluorescent chemosensors.

However, light-up probes are always much more attractive due to their reduced false-positive
responses as compared to their turn-off counterparts. Hence much more focus has been shifted
towards developing turn-on fluorescent probes rather than designing turn-off sensors. On the

148-149 can provide exact quantification of the target analyte by

other hand, ratiometric sensors
measuring the emission response from the active signaling moiety against that of the ‘constant’

fluorophore part. Similarly, chemodosimeters have grabbed the attention of many analytical
chemists as it can offer extremely high selectivity and sensitivity compared to coordination-
based sensors. In this thesis we have exclusively designed several fluorogenic probes which
have covered all the mentioned strategies (Turn On; ratio-metric and chemodosimeter) having

beneficial sensing attributes.

However, the sensing strategies always need to be correlated with some particular

photoluminescence mechanism to ensure expected fluorescence signal. In this context, to
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achieve effective fluorescence sensing, a number of strategies, including photoinduced electron
transfer (PET), intramolecular charge transfer (ICT), metal— ligand charge transfer (MLCT),
twisted intramolecular charge transfer (TICT), electronic energy transfer (EET), and
fluorescence resonance energy transfer (FRET), and excimer/exciplex formation have long been
utilized extensively."** 1% Although a wide array of fluorescent bio-probes have been
developed via aforementioned strategies, they usually suffer from the notorious aggregation-
caused quenching effect, which prohibits them from being used at high concentrations that leads
to reduced fluorescence and compromised sensitivity. However, as mentioned earlier amongst
the many fluorescent probes, turn-off probes have disadvantage in terms of generating false-
positive responses whereas the light-up probes always produce more reliable responses. Also,
only those chemo-sensors, capable of working in aqueous medium or in physiological condition,
can readily be applied for biological studies. Hence, in recent time a lot more effort has been
invested on designing advanced optical probes that can tackle these important issues. Therefore,
with the rapid development of supramolecular chemistry, very recently a novel class of
fluorogenic molecules with aggregation-induced emission (AIE) characteristics based on
conformational restriction has sparked intense research interest in the design and synthesis of

1oL yUnlike the conventional

AIE probes for biosensing and imaging applications.
fluorophores, AIE fluorogens (AlEgens) are nearly non-emissive in the molecular state but emit
strongly in the aggregated state, which conveniently helped in overcoming the aggregation-
caused quenching effect. Hence, designing AIE active probes, to study their applications in

sensing of target analytes, has got huge attention of the analytical chemists.

Besides considering the photo-physical mechanism in designing the fluorogenic probe it is
equally important to monitor the reaction mechanisms or chemical events to achieve the desired
sensing outcome. Literature review suggests that the detection of analyte by the chemo-sensors
is generally achieved by one of the following reaction mechanisms: (1) protonation &
deprotonation; (2) complexation; (3) cleavage and formation of covalent bonds; and (4) redox
reactions. However, in recent times many examples have been come forth wherein these
chemical events can simultaneously operate in a chemosensor to govern the sensing outcome.
Especially after the exploration of AIE active probes it has been often observed that these
chemical events could couple with aggregation phenomenon to lead the optical fate of the probe.
The work involved in this thesis discusses design, synthesis and application of sensor molecules

which encompassed most of the above mentioned reaction mechanisms.
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1.3. Recent Developments in the Field of Optical Sensing: A Thorough Literature Review

The enormous demand of low cost sensor devices with high reliability and efficiency prompts
the researchers to invest more and more effort in this field which is ultimately resulting in some
of the novel sensing strategies. Moreover, exploring the newer sensing mechanisms introduced
some new principles which enriched the wisdom of chemical science as a whole. Hence, it is
necessary to have a close look on the current advancement in the field of optical chemo-sensing,
before confronting the challenges ahead and articulating the probable improvements that can be
made in developing newer fluorogenic and/or chromogenic sensing probes. A brief discussion
of the recent advancements in the field including most of the aforementioned reaction
mechanisms or chemical events (protonation & deprotonation; complexation; and cleavage and

formation of covalent bonds) has been presented below.
1.3.1. Protonation & deprotonation based chromogenic and fluorogenic probes:

Monitoring pH changes is essential for studying various important physiological and
pathological processes. Protonation & deprotonation based chromogenic and fluorogenic probes
mainly contribute in developing the pH sensors. Fan et. al recently developed two novel vis-
NIR pH probes™® I, and I,, based on styrylcyanine which can response to acidic pH (Figure
1.1). The probes displayed high fluorescence in acidic media but remained non-fluorescent in
neutral as well as in basic environments. The highly sensitive pH responsive probes I, and I,
could display large Stokes shift to avoid native fluorescence from cellular species. Moreover,
high selectivity, photostability, fine reversibility and low cytotoxicity of 1, and I, facilitated the
intracellular pH imaging. However, lower solubility I, and I, in aqueous solution in comparison
with the traditional pH sensitive molecules raises concern about their potential applications in

Vivo.

Figure 1.1: Sensing mechanism of the pH responsive probes I, and I,.
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Tang and co-workers also have recently designed and synthesized a heteroatom-containing
organic fluorophore (l3), from carbazole, pyridine and diphenylethene building blocks, which
can exhibit both intramolecular charge transfer (ICT) as well as aggregation-induced emission
(AIE) characteristics (Figure 1.2)."%" Its emission can be reversibly switched between blue and
dark states by repeated protonation and deprotonation which allows it to work as an efficient pH
sensor in both solution and the solid state. Incidentally I; can also act as a chemosensor for
detecting acidic and basic organic vapors.

QQ OO

\ /

3

Figure 1.2: Reversible transformation of I3 by repeated protonation and deprotonation.

A protonation & deprotonation based chromogenic and/or fluorogenic probe could be utilized
sometimes as an indirect sensor for other analytes. For example, Tang and colleagues have
recently reported a pyridinyl-functionalized tetraphenylethylene fluorogen (ls) for specific
sensing of trivalent cations. The AIlE-active probe l;, demonstrated colorimetric as well as
ratiometric fluorescence responses to trivalent metal cations (M®*, M = Cr, Fe, Al) over a variety

of mono and divalent metal cations in ethanol-water mixed solvent (Figure 1.3).

Figure 1.3: Sensing of trivalent metal ions by 1, through protonation.

The authors elucidated the sensing mechanism as a consequence of the protonation of the

fluorogenic probe 14 in presence of M®". They proposed that higher charged M®* has intensively

(0]
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hydrolyzed in water to generate H* in the mixed aqueous solvent, which in turn facilitated the
protonation of 1, in presence of M®*. Lower, K, values for M(OH); compared to other
hydroxides M(OH), (M=1 and 2) has been credited for the generation of H" according to the

master equation-
M** + xH,0 <= M(OH),>™ + xH"

The colorimetric (blue to red) and ratiometric characteristics of the fluorescent probe might offer
advantages of using this sensor in terms of naked eye detection and biological application

respectively.
1.3.2. Complexation based chromogenic and fluorogenic probes:

Generally there are two different types of complexation-based chromogenic and fluorogenic
probes: one involves direct complexation approach, and the other follows competitive
displacement complexation strategy (Scheme 1.4). In direct complexation approach, receptor
unit of the probe is covalently linked with the signalling unit and it forms strong complex with
target analyte through coordination or electrostatic interaction, or hydrogen bonding (Scheme
1.4). This strategy usually offers the advantages like rapid spectroscopic response and good
reversibility, which are important to monitor the dynamic change in the analyte concentration.
On the contrary, in case of competitive displacement complexation, the receptor is not
covalently linked with the signalling unit (reporter); instead, it forms a complex (molecular
ensemble), which serves as an active probe. Basically, in this case target analyte interacts with
the receptor-reporter ensemble due to the stronger affinity of the analyte towards the receptor,
resulting in the release of the reporter to enable the spectroscopic signal (Scheme 1.4).
Complexation-based probes are frequently influenced by the change in pH of the sensing
medium due to the presence of electronegative atoms in the ligands with different protonation
states. Thus a pH buffer is often required as the sensing medium in regulating detection system.
However, the key issue for designing complexation-based chromogenic and fluorogenic probes
remains to be constructing a sensing system that is highly selective and specific to the target
analyte. Moreover, an efficient complexation based probe must be able to overcome the
interference of other analytes having similar chemical properties (e.g., Mg?* vs Ca**, Ag* vs
Hg®*, and Cd* vs Zn?*). Hence, both direct complexation approach, and competitive
displacement complexation strategy requires several important issues to deal with before acting

as a chemo-sensor.
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Scheme 1.4: Different types of complexation- based chemosensors.

However, recent advancement in designing chromogenic and fluorogenic probes, especially
after the extensive study of AIE phenomenon, reveals that sometimes complexation-based
sensors undergo aggregation in solution as well as in solid state and the complexation along with
aggregation simultaneously become operational to dictate the sensing outcomes. All these

aspects with recent examples have been discussed in detail below.
Direct complexation approach:

In general, chromogenic and fluorogenic probes for metal ions (Ca**, Zn**, Cu®*, Hg?*, etc.) are
developed using direct complexation approach. Selectivity of a chemosensor designed by a
direct complexation approach mainly depends on : (1) suitable match of ring/cavity size for a
given ion (e.g. crown ethers with different ring sizes for alkali and alkaline earth metal ions); (2)
formation of stable five- and six-membered ring complexes with metal ions (e.g. the probes
with EGTA (ethylene glycol tetraacetic acid) moiety for Ca*"); and (3) soft-hard acid-base
principle, such as the soft sulfur-containing receptors with high affinity for soft metal ions (e.g.,
Ag" and Hg?"). However, it is necessary to combine a photophysical process like photoinduced
electron transfer (PET), internal charge transfer (ICT), or fluorescence resonance energy transfer
(FRET) with the complexation process to translate analyte binding into a spectroscopic signal.
Recently, Das and co-workers developed a rhodamine-diformyl p-cresol conjugate (Is) which
can act as a selective fluorometric and colorimetric sensor for AI** based on the FRET
mechanism.>® A strong 2:1 complex formation between Is and A" was attributed to the high
selectivity of the probe. Interestingly, the interaction of Is with AI**
time-dependent PET-CHEF—FRET processes (Figure 1.4). Additionally, the probe displayed

was elucidated through

tunable absorbance and emission with varying pH.
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FRET OFF

e

I3

Figure 1.4: Sensing mechanism of the Al*" sensor Is.

Cao et. al. also developed a 6-hydroxyindole BODIPY based Schiff-base probe (lg) in recent
past. ls rendered highly selective colorimetric as well as NIR turn-on fluorescence responses
towards Zn®" in solution (Figure 1.5).%"° The highly selective turn-on fluorescence response of
the probe I in the NIR region (680 nm) towards Zn** was attributed to the coordination of Ig
with Zn**. Strong Zn®* binding with the Schiff-base ligand on the basis of the CHEF effect
resulted in the deprotonation of the phenol group which in turn made the C=N bond rigid and
enabled the high turn-on fluorescence (Figure 1.5). Very little interference from Cd®* further
underlined the specific detection ability of the probe. Moreover, the attractive NIR emission of
the cell-permeable probe I offered several advantages such as deep light penetration and weak
auto fluorescence of biological tissues; which helped in exploring the probe for bio-imaging of

zZn*

Figure 1.5: Sensing mechanism of the Zn?* sensor .

Competitive displacement complexation approach:

As mentioned earlier, in case of competitive displacement complexation, a receptor-reporter

ensemble/complex is used as an active probe. The receptor selectively binds with the target

11
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analyte more strongly than the reporter which leads to the subsequent release of the reporter and
as a result, produces the spectroscopic signal. Several sensing systems have been developed in
recent past based on competitive displacement complexation strategy for detecting specific
analytes. More often it has been observed that a particular ligand can sense a specific metal ion
by direct complexation approach and then the in-situ generated metal-ligand complex can be
used subsequently for detecting a specific analyte (mostly anion) through competitive
displacement complexation strategy. For example, Kar et. al. designed a rhodamine B-indole
based Schiff base ligand (I;) that can selectively bind with Cu?* and hence can sense Cu®**
through direct complexation approach (Figure 1.6A).>"* Subsequently the Cu** complex of the
ligand has been used as an active probe to sense sulfide (S%) ion wherein the stronger binding
affinity of S% towards Cu®" resulted in the formation of CuS and released the free ligand

(reporter) to enable the spectroscopic response (Figure 1.6A).

Cu**-1, complex Hg(l,),

Figure 1.6: Mechanism of sulfide sensing using (A) Cu®* complex of I; and (B) Hg** complex of Is.

Similarly, Ma et. al. has also reported an imidazolethione based turn-on fluorescent probe for the
detection of hydrogen sulfide using competitive displacement complexation strategy (Figure
1.6B).%"? As Hg?** could rapidly react with sulfide to form a more stable product compared to
other organic ligands, a Hg?* complex of an imidazolethione compound, 2-(pyridin-2-
ylmethyl)imidazo[1,5-a] pyridine-3(2H)-thione (lg) was designed and synthesized by the
researchers for the sensing purpose. Interestingly, ls was found to be highly fluorescent in
nature, though it becomes non-fluorescent after forming a 1:2 metal-ligand complex with Hg?".

Hence, they used Hg complex of the ligand; Hg(ls). as the active probe to sense H,S (Figure

12
TH-1570_126122031



Chapter 1

1.6B). H,S reacted with the metal center, Hg®" rapidly to form stable HgS and released the

fluorophore Ig to display intense turn-on fluorescence response (Figure 1.6B).""

However, sometimes this approach follows a slightly modified strategy which does not fully
comply with the typical criteria of the competitive displacement complexation. In those cases
instead of displacement of the receptor-analyte complex; a reporter-receptor-analyte complex
formation takes place, which actually leads to the spectral outcome.

Cu complex Decomplexation

Figure 1.7: Sensing of sulfide and pyrophosphate using Cu-complex and Zn-complex of Iq respectively.

For example, Liang and co-workers recently reported a pyridine—biquinoline—Cu?* complex and
a pyridine—biquinoline—Zn”* complex for the sensing hydrogen sulfide and pyrophosphate
respectively in aqueous buffer and in live cells (Figure 1.7).%" The designed ligand,
pyridine—biquinoline derivative (lg) was itself highly fluorescent in nature, which formed non-
fluorescent, stable 1:1 complexes with Zn** and Cu®* respectively. Thereafter, ls-Cu®* complex
acted as an active turn-on fluorescent probe for the specific detection of H,S following a typical
competitive displacement complexation strategy wherein the formation of more stable CuS led
to the release of the free ligand to render high turn-on fluorescence response (Figure 1.7).
However, even though the lg-Zn** complex acted as an active turn-on fluorescent probe for the
specific detection of PPi; it did not follow a typical competitive displacement complexation
approach. Instead of displacement of a Zn-PPi complex, lo-Zn?* formed an ‘ate’ type complex

with PPi, which was actually responsible for the sensing outcome (Figure 1.7).1"
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Chelation coupled AIE based probes:

Most of the conventional fluorescent probes have high background signals. Moreover,
conventional organic fluorescent probes often suffer from aggregation-caused quenching effect,
which restricts their use at high concentrations. As a result these probes generally encounter with
several drawbacks like reduced fluorescence and compromised sensitivity. However, the
discovery of aggregation-induced emission (AIE) active fluorogenic molecules has sparked
immense research interest in designing newer probes for bio-sensing and imaging applications
as they can overcome the aforementioned problems. In contrast with the conventional
fluorogenic probes, AIE active compounds are nearly non-emissive in the molecular state but
become highly emissive upon aggregation.

B-cyclodextrin

I3

Figure 1.8: (A) Sensing mechanism of the AI** sensor 1,0 and (B) sensing mechanism of the Cd** sensor 1,

Recently, Tong and coworkers developed a new ratiometric fluorescent chemosensor (i)

which can detect of A

in aqueous solution (Figure 1.8A) based on aggregation-induced
emission (AIE).*"* The chemosensor (l10) showed the fluorescence in its aggregated state in the
absence of AI**. However, it became soluble in presence of AI** due to formation of a 1:1
chelate complex with A" and resulted in a ratiometric fluorescence response in neutral
aqueous solution. The detection limit was as low as 0.29 pmol.L™. Advantage of the AIE
characteristics of the chemosensor was successfully deployed to apply the probe on test papers

for simple and rapid detection of AI**. Also the AI** induced ratiometric fluorescence changes in
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living cells was also achieved by the authors. More recently, Wang and coworkers synthesized a
novel aggregation induced emission (AIE) active fluorogenic probe (l;1) by combining
tetraphenylethene (TPE) and cyclodextrin (CD) via click chemistry (Figure 1.8B).%" The
chemosensor exhibited excellent selective turn-on fluorescence response to Cd** in DMSO/H,0
(1/1, viv) mixed solvent with a detection limit as low as 0.01 pM. According to the authors, the
triazole bridges and CD hydroxyl groups provided interaction sites for specific coordination of
the probe with Cd®*. Authors proposed that complexation of the obe with Cd** led to
aggregation to enable AIE behavior of the probe to show the turn-on fluorescence.

1.3.3. Chromogenic and fluorogenic probes based on cleavage and formation of covalent
bonds:

Chromogenic and fluorogenic probes based on cleavage and formation of covalent bonds are
commonly known as chemodosimeters. Compared with coordination-based optical sensors,
chemodosimeters could offer several advantages in terms of selectivity and sensitivity. Unlike
the traditional probes, chemodosimeters can be extensively used to measure cumulative amounts
of dynamic analytes based on reversible/irreversible chemical processes. Within the human
body, various types of chemical reactions are constantly going on under ‘‘mild”’ conditions.
Hence, ‘‘mild’’ reactions based chemosensors are appropriate to highly selective as well as
sensitive detection of various target analytes in-vitro and in-vivo .>"®*"® As a result, recent
development of some fascinating chemodosimeters or more commonly, chromogenic and
fluorogenic probes based on cleavage and formation of covalent bonds with improved sensitivity
and selectivity have become very important in real-world environmental and biological

applications.

Recently, an oxime based fluorescent probe (l12) was designed and synthesized by Kumar and
co-authors, which could detect free as well as enzymatically generated hypochlorite with a low
detection limit and high sensitivity among the various tested reactive oxygen species (Figure
1.9A).%" The selective fluorescence response of the probe toward OCI was attributed to the
conversion of the oxime into the nitrile oxide. The probe was also successfully utilized to
monitor the endogenously produced hypochlorite in LPS stimulated cell lines, C6 glioma and

BV2 microglia.

Sun et.al. has presented a new fluorescent probe (113) for specific detection H,S by two-photon
absorption and turn-on NIR emission. Interestingly the probe exhibited a selective turn-on
fluorescence response for H,S over other reactive oxygen species and biologically relevant
reactive sulfide species (Figure 1.9B).»® The sensing mechanism was involved with a typical
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chemical reaction wherein the azide group of the probe reacted with H,S to form corresponding
amine which resulted in the spectral outcome. The sensor was successfully utilized to realize

H,S imaging in bovine serum, living cells and tissues as well as in living mice.
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Figure 1.9: (A) Sensing mechanism of the OCI" sensor I, (B) sensing mechanism of the H,S sensor 133 and (B)

sensing mechanism of the HSO3" sensor 1y4.

More recently, a ratiometric fluorescent probe (l14) was developed by Liu. et al. based on the

181 1t could

conjugate of carbazole and indolium for the effective sensing of SO, derivatives.
selectively respond to HSOj3 over other thiol compounds (Figure 1.9C). More importantly it
exhibited novel mitochondria-targeted ratiometric fluoresce response and hence could be used to

image exogenous SO, derivatives.
1.4. Concluding Remarks and Objective of Thesis

The huge popularity and importance of the chemosensors, especially the optical (fluorogenic and
chromogenic) chemosensors have attracted the attention of analytical chemists at large all over
the world. However, the high demand of developing newer sensing probes are laid in their wide
spread advantages and applications. All the above examples of the optical chemosensors and the
related discussions clearly indicate that the field of chemosensing has entered an advanced phase
in recent years. It is not enough anymore to just develop a system that is only selective to a
specific target. Several other factors like stability of the probe, water solubility, switch-on or
ratiometric response, large stokes shift and extinction coefficient, non-cytotoxicity, cell
permeability etc. have become equally important to be looked into. However, as discussed
earlier turn-on or ratiometric probes are always advantageous over its turn-off counter part
because turn-off probes often generates false-positive responses whereas the light-up probes
always produce more reliable responses. Fluorescence turn-on probes could offer the advantage

of easy rapid qualitative detection of the analyte at very low-concentration whereas ratiometric

16
TH-1570_126122031



Chapter 1

probes are more efficient as they could easily eliminate the influence of several variants (e.g.,
probe concentration, instrumental efficiency, and environmental conditions) by built-in
correction of two emission bands, which is rather suited for accurate quantitative analysis.
Hence, in this thesis most of the probes have been designed rationally to achieve either turn-on

or ratiometric fluorescence responses.

A number of mechanisms, including photoinduced electron transfer (PET), intramolecular
charge transfer (ICT), metal- ligand charge transfer (MLCT), twisted intramolecular charge
transfer (TICT), electronic energy transfer (EET), and fluorescence resonance energy transfer
(FRET), and excimer/exciplex formation have been used extensively to design fluorescent
sensors. However fluorescent probes designed by these strategies often encounter drawbacks
like aggregation-caused quenching effect, which bars them from being used at high
concentrations and hence result in reduced fluorescence and compromised sensitivity. Recent
development of a novel class of fluorogenic molecules with aggregation-induced emission (AIE)
characteristics based on conformational restriction has come to the limelight and the design and
synthesis of AIE probes for biosensing and imaging applications has become a hot research
subject. As, unlike the conventional fluorophores, AIE fluorogens (AlEgens) emit strongly in
the aggregated state, it conveniently offers the solution to overcome the aggregation-caused
quenching effect. However, even though these AIE active compounds are very interesting in
nature, their exact function, chemistry, physical properties, and structural variations are still not
very clear. Very few AIE-gens have been reported till date which underlines the need of
developing newer AIE active systems. Also to further study the nature, characteristics and
properties of these AIE active probes, it is important to have extensive new research. Hence
exploring the simple new fluorogenic systems capable of demonstrating AIE properties is a huge
challenge. Besides developing AIE active probes, introducing some beneficial attributes such as
water solubility, cell permibility etc in it are far more challenging and requires a scope of
exploring novel ideas. So, a significant part of the thesis has been dealt with designing AIE

active probes and their applications in sensing of target analytes.

Metal ions and common biologically as well as environmentally important anions remain to be
the central targets of the mostly developed optical probes even in recent times. However, with
the rapid advances in the chemical science, biology, health science and environmental science
several new species (ionic as well as neutral) come to the forefront which needs to be detected
using newer sensing probes. Thus, much focus has been shifted in designing optical probes such

as H,S, SO, derivatives, HOCI, reactive oxygen species etc. Hence, besides developing several
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common metal ion and anion sensors this thesis also discusses design and synthesis of some

sensing systems for detecting relatively newer target such as SO, derivatives.

As mentioned in the introduction, our primary aim was to introduce sensing systems that can
rapidly sense target analytes by some form of optical responses which is conspicuous by naked
eye; so that even an uneducated person could identify the sensing outcomes. Hence, all of the
reported probes in this thesis are purposely designed to have the inherent feature of naked eye
sensing ability.

On the other hand, in general designing an effective sensing system that can selectively sense a
neutral species is itself a difficult task due to the relatively weaker binding affinity as well as
reactivity of the neutral guests. Moreover, if a neutral molecule comprises of two geometrical
isomers then it is even more difficult to distinguish them. Hence, in this thesis, we have also
worked on designing sensing system that not only can sense a neutral species but also can

distinguish it from its geometrical isomer.

So in short, the focus of the thesis-work is (i) to design and synthesize new water soluble (or
soluble in mixed aqueous solvent) fluorogenic and/or chromogenic probes for the optical
detection of target analytes, (ii) exploring the scope of introducing new sensing mechanisms
involving AIE phenomenon (iii) application of the developed sensing probes in environmental
or biological samples (iv) designing fluorescent pobes to generate turn-on or ratio-metric
fluorescence responses (V) designing sensing system to distinguish geometrical isomers and (vi)

overall, to get sharp conspicuous optical responses, even detectable by naked eye.
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2.1.1. General Information and Materials

All the materials for synthesis were purchased from commercial suppliers and used
without further purification. The absorption spectra were recorded on a Perkin-Elmer
Lamda-25 UV-visible spectrophotometer using 10 mm path length quartz cuvettes, while
the fluorescence measurements were carried on a Horiba Fluoromax-4
spectrofluorometer using 10 mm path length quartz cuvettes with a slit width of 3 nm at
298 K. The mass spectra were obtained using Waters Q-ToF Premier mass spectrometer.
NMR spectra were recorded on a Varian FT-400 MHz instrument and a Bruker Advance
600 MHz instrument. The chemical shifts were recorded in parts per million (ppm) on the
scale. The following abbreviations are used to describe spin multiplicities in *"H NMR

spectra: s = singlet; d = doublet; t = triplet; q = quartet; m= multiplet

2.1.2. UV—Vis and fluorescence spectroscopic studies of L;

Stock solutions of various ions (1 x 10 2 mol.L ) were prepared in deionized water. A
stock solution of L; (5 x 10 2 mol.L™*) was prepared in DMSO. The solution of L; was
then diluted to 10 x 10 ° mol.L * with CH3OH/aqueous HEPES buffer (5mM, pH 7.3;
9:1, v/v). In titration experiments, a quartz optical cell of 1 cm path length was filled with
a 2.0 mL solution of L; to which the ion stock solutions were gradually added using a
micropipette. In selectivity experiments, the test samples were prepared by placing
appropriate amounts of the cations stock into 2.0 mL of L; solution (10 x 10°° mol.L™).
For fluorescence measurements, excitation was provided at 400 nm, and emission was

acquired from 420 nm to 700 nm.

2.1.3. Detection limit for AI** and Cu®* (using probe L;)

The detection limits were calculated on the basis of the fluorescence titration (for Al*")
and UV-Vis titration (for Cu?"). The fluorescence emission spectrum or UV-Vis
spectrum of L; was measured 10 times, and the standard deviation of blank measurement
was achieved. To gain the slope, the fluorescence emission at 537 nm was plotted as a

I3*

concentration of AI** and absorbance at 502 nm was plotted as a concentration of Cu®*.

The detection limits were calculated using the following equation:
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Detection limit = 36/k

where o is the standard deviation of blank measurement, and k is the slope between the

1**] or absorbance versus [Cu?*].

fluorescence emission intensity versus [A
2.1.4. Dynamic light scattering (DLS) studies (for the probe L;)

The particle size of the L;-Al®* aggregates was measured by dynamic light scattering
(DLS) experiments on a Malvern Zetasizer Nano ZS instrument equipped with a 4.0 mW
He—Ne laser operating at a wavelength of 633 nm. The samples and the background were
measured at room temperature (25°C) at a scattering angle of 173°. DLS experiments
were carried out with an optically clear solution of L; (10 uM) in MeOH in the presence

|3

of 1 equivalent and 10 equivalents of Al*" ion. The solution was equilibrated for 30

minutes before taking the measurements.

2.1.5. Atomic Force Microscope (AFM) Studies (for the probe L;)
The overall morphology of the L; was investigated from NT-MDT micro-40 AFM
instrument using a semicontact mode at a scan rate of 1 Hz. To a solution of L; (10 uM)

in mixed aqueous-organic (H,O/MeOH, 1:9, v/v) medium 10 equivalents of Al**

was
added and mixed well then it was drop-casted on a cover slip and left open to atmosphere

for 12 h, followed by dessication prior to acquiring AFM images.

2.1.6. Field Emission Scanning Electron Microscope (FESEM) Studies (for the
probe L;)

The morphology of L;-APP* complex was ascertained in a Jeol JEM 6700 field emission
scanning electron microscope (FESEM). To a solution of L; (10 uM) in mixed aqueous-organic
(H,0/MeOH, 1:9, v/v) medium 10 equivalents of AI** was added and mixed well then it was
drop-casted on cover slip and left open to atmosphere for 12 h, followed by dessication prior to

acquiring FESEM images.

2.1.7. Cytotoxic effect on HelLa cells by L;

The cytotoxic effect of the ligand and ligand-aluminium complex on cultured HelLa cells was
determined by an MTT assay as per the manufacturer instruction (Sigma-Aldrich, MO, USA).
HeLa cells were initially grown in a 25 cm? tissue culture flask in DMEM medium
supplemented with 10% (v/v) FBS, penicillin (100 pg/mL) and streptomycin (100 pg/mL) under

a humidified atmosphere of 5% CO, in an incubator until the cells were approximately 90%
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confluent. Prior to MTT assay, cells were trypsinized and seeded into 96-well tissue culture
plates at a cell-density of 10* cells per well and incubated with varying concentrations (12, 24,
36, 48, 60, 72, 84 and 96 uM) of the ligand, ligand-aluminium complex and the metal salt
solution made in methanol solvent (0.1% v/v) and incubated for a period of 24 h under 5%
CO,. Solvent control samples (cells incubated in 0.1% methanol) were also included in parallel
sets. Following incubation, the growth media was carefully aspirated, and fresh DMEM
containing MTT solution was added to the wells. The plate was incubated for 4 h at 37°C.
Following incubation, the supernatant was collected and the insoluble colored formazan product
was solubilized in DMSO and its absorbance was measured in a microtiter plate reader (Infinite
M200, TECAN, Switzerland) at 550 nm. The assay was performed in six sets for each
concentration of the test samples. Data analysis and determination of standard deviation was
performed with Microsoft Excel 2010 (Microsoft Corporation). In the MTT assay, the
absorbance for the solvent control cells was considered as 100% cell viability and the
absorbance for the treated cells was compared to determine % cell viability with respect to the

solvent control.

2.1.8. Cell imaging studies by L

HeLa cells were initially cultured in a 25 cm? tissue culture flask as mentioned before. Cells
were then seeded into a 6 well plate and grown till 80% confluency in a CO; incubator at 37°C.
The cells were washed thrice with sterile phosphate buffered saline (PBS) and incubated with
5.0 uM L; in DMEM at 37°C for 1 h in a CO; incubator. The cells were again washed thrice
with sterile PBS to remove the free ligand and bright field and dark field images were acquired
using an epifluorescence microscope (Nikon eclipse Ti) having a filter that allowed blue light
excitation at 445-495 nm. Subsequently, the cells were incubated in sterile PBS with 50 uM of
aluminium chloride salt for 1 h and washed thoroughly with sterile PBS. Bright field and dark
field images of the cells were again acquired in an epifluorescence microscope as mentioned

before.

2.1.9. Interaction of L;-AlI** Ensemble with Calf Thymus DNA
In this experiment formation of L;-AlP* ensemble was initially accomplished by mixing 1.0

equivalent of the ligand with 10 equivalent of AI**

solution as mentioned before. Subsequently
the emission spectra were recorded by varying the concentrations of calf thymus DNA (30 uM-
330 pM) which was added in appropriate amount using micropipette to the L;-AP* ensemble.
The fluorescence emission spectra of the samples were recorded in a spectrofluorometer in a

scanning mode from 420 nm to 700 nm by setting the excitation wavelength at 400 nm.
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2.1.10. Crystallizaton of L

A small quantity of yellow powder of L; (0.027 mM) was taken in a test tube containing DCM
and stirred for few minutes to obtain a clear solution. Then solution was allowed to evaporate
slowly and after one week X-ray mountable needle shaped yellow colored crystals appeared at
the bottom of test tube.

2.1.11. Crystallographic Refinement Details of L

The crystallographic data and details of data collection of L; are given in Table A2.1
(Appendix). In each case, a crystal of suitable size was selected from the mother liquor and
immersed into silicone oil, then mounted on the tip of a glass fiber and cemented using epoxy
resin. Intensity data for the all crystals were collected Mo-Ka radiation (. = 0.71073A) at 298(2)
K, with increasing o (width of 0.3° per frame) at a scan speed of 6 s/ frame on a Bruker SMART
APEX diffractometer equipped with CCD area detector. The data integration and reduction were
processed with SAINT?! software. An empirical absorption correction was applied to the
collected reflections with SADABS.?? The structures were solved by direct methods using
SHELXTL?® and were refined on F? by the full-matrix least-squares technique using the
SHELXL-97 program package.** Graphics are generated using MERCURY 3.0.%° In all cases,
non-hydrogen atoms are treated anisotropically. The hydrogen atoms are located on a difference

Fourier map and refined. In other cases, the hydrogen atoms are geometrically fixed.

2.2.1. UV-Vis and fluorescence spectroscopic studies with L,

Stock solutions of various analytes (1 x 10" mol.L™*) were prepared in methanol or Millipore
water depending upon the preferred solubility of the analytes chosen. Na or (NH), or tetrabutyl
ammonium (TBA) salts of various anions were chosen for the selectivity experiments which
encompassed TBAF, TBACI, TBABr, TBAI, NaNO,, TBANO3z;, TBA(OAc), TBAH,PO,,
NaPPi, TBAHCO3, (TBA),SO4, TBAHSO,, TBAPFs, TBACIO,, NH;SCN, NayS;03, Na,S,0s,
NaCgH;Os (Na-ascorbate), Na,;SO; and NaSH. A stock solution of L, (5 x 102 mol.L™) was
prepared in DMSO. The solution of L, was then diluted to 10 x 10°° mol.L™* with Millipore
water for spectral studies by taking only 4 pL stock solution of L, and making the final volume
2mL adding Millipore water. In fluorescence selectivity experiment, the test samples were
prepared by placing appropriate amounts of the stock solutions of the respective anions/analytes
into 2.0 mL of probe solution (10 x 10°® mol.L™). For UV-Visible and fluorescence titration
experiments another sets of anions (SOs* and SO4%) standard solutions having 5mM
concentrations were prepared by diluting the earlier prepared stock solutions (1 x 10 mol.L ™)

in Millipore water. Quartz optical cells of 1 cm path length were filled with 1.0 mL and 2.0 mL
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solutions of L, for UV-Visible and fluorescence titration experiments respectively, to which the
5mM anions (SOs* and SO,%) stock solutions were gradually added using a micropipette. For
fluorescence measurements, excitation was provided at 380 nm, and emission was acquired from
400 nm to 650 nm for usual selectivity and titration experiments. However to ascertain the ratio-
metric fluorescence change in case of titration experiment with SOs?", another excitation was
provided at 580 nm, and emission was acquired from 630 nm to 800 nm. Spectral data were
recorded within 1 minute after addition of the analytes.

2.2.2. Detection limit for SOs*~ and SO,* (using probe L)

The detection limits were calculated on the basis of the fluorescence titration. The fluorescence
emission spectrum of L, was measured 10 times, and the standard deviation of blank
measurement was achieved. To gain the slope, the fluorescence emission at 442 nm was plotted
as a concentration of SOs°> and the fluorescence emission at 511 nm was plotted as a

concentration of SO,*". The detection limits were calculated using the following equation:
Detection limit = 3o/k

where o is the standard deviation of blank measurement, and k is the slope between the

fluorescence emission intensity versus [SOs* ] or, emission intensity versus [SO4%].

2.2.3. Dynamic light scattering (DLS) studies (for the probe L,)

The particle size of L,, L,- SO4* aggregate were measured by dynamic light scattering (DLS)
experiments on a Malvern Zetasizer Nano ZS instrument equipped with a 4.0 mW He—Ne laser
operating at a wavelength of 633 nm. The samples and the background were measured at room
temperature (25°C). DLS experiments were carried out with optically clear solutions of L, (10
uM) in aqueous medium, both in the absence and presence of 20 equivalents of SO,* to
determine the change in particle size on interaction of L, with SO,*. The solution was

equilibrated for 30 minutes before taking the measurements.

2.2.4. Atomic Force Microscope (AFM) Studies (for the probe L)

The overall morphology of the L,- SO,* aggregate was investigated from NT-MDT micro-40
AFM instrument using a semicontact mode at a scan rate of 1 Hz. To a solution of L, (10 uM) in
aqueous medium 20 equivalents of SO,* was added and mixed well then it was drop-casted on a
cover slip and left open to atmosphere for 12 h, followed by desiccation prior to acquiring AFM

images.
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2.2.5. Cytotoxicity assay (for the probe L,)

HeLa cells (human cervical carcinoma cells) were initially cultured in a 25 cm? tissue culture
flask in DMEM medium supplemented with 10% (v/v) FBS, penicillin (100 pg/mL) and
streptomycin (100 pg/mL) under a humidified atmosphere of 5% CO, until the cells were
approximately 80% confluent. Prior to MTT assay, cells were trypsinized and seeded into 96
well tissue culture plates at 10* cells per well and incubated with varying concentrations (0.5
uM-50 uM) of the probe L, made in DMEM and incubated for a period of 24 h under 5% CO..
Solvent control samples (cells incubated in 0.1% methanol) were also included in separate sets.
Following incubation, the growth media was carefully removed, and fresh DMEM containing
MTT solution was added to the wells. The plate was subsequently incubated for 4 h at 37°C.
Following incubation, the supernatant was carefully collected and the insoluble colored
formazan product was solubilized in DMSO and its absorbance was measured in a microtiter
plate reader (Infinite M200, TECAN, Switzerland) at 550 nm. For each concentration of the test
samples, MTT assay was performed in six independent sets. Data analysis and determination of
standard deviation was performed with Microsoft Excel 2010 (Microsoft Corporation). In the
MTT assay, the absorbance for the solvent control cells was considered as 100% cell viability
and the absorbance for the treated cells was compared to ascertain % cell viability with respect
to the solvent control. MTT assay was also conducted in separate set of experiments to
determine the cytotoxic potential of L,-SOs* and L,-SO,* ensemble in cells. To this end, HelLa
cells seeded into 96 well tissue culture plates at 10* cells per well and incubated with varying
concentrations 0.5 pM -5.0 uM of the probe L, made in DMEM for 30 min under 5% COs..
Subsequetly, sodium sulphite and sodium sulfate salts were added in separate sets to HeLa cells
pre-incubated with L, so as to achieve an L,-sulfite and L,-sulfate ensemble ratio of 1:5 and
1:10. The cells were then incubated for a period of 24 h under 5% CO, following which MTT

assay was performed for the samples as mentioned before.

2.2.6. Cell imaging studies (by the probe L,)

HelLa cells were initially cultured in a 25 cm? tissue culture flask containing DMEM medium
supplemented with 10% FBS, penicillin (100 pg/ mL) and streptomycin (100 pg/mL) in a CO
incubator at 37°C. Prior to performing cell imaging studies, HeLa cells were seeded into a 6 well
plate and grown in DMEM medium at 37°C till 80% confluency in a CO, incubator.
Subsequently, the cells were washed thrice with sterile phosphate buffered saline (PBS) and
DAPI stain (6.0 uM in sterile PBS) was added to the cells and incubated for 5 min. The cells
were again washed thrice with sterile PBS in order to eliminate excess DAPI stain.

Subsequently, the cells were incubated with 5.0 uM L, in DMEM at 37°C for 1 h in a CO;
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incubator. Following incubation, the cells were washed with sterile PBS to remove excess L,
and their images were acquired using a fluorescence microscope (Eclipse Ti-U, Nikon, USA)
with filters that allowed blue emission (Aex = 340-380 nm and Aem = 435-485 nm for DAPI stain)
and green emission  (Aex = 465-495 nm and Aem = 515-555 nm for L,). The cells were further
incubated for 1 h in separate sets with 25 pM each of sodium sulfite and tetrabutylammonium
sulfate (to achieve the final ratio of 1:5 L,-analyte ratio) prepared in sterile PBS. The images of
the cells were again acquired with a fluorescence microscope. The colocalization of the images

was performed using ImageJ software and the JACOP plugin.?®

2.3.1. UV-Vis and fluorescence spectroscopic studies of Lz for metal ion (zZn**, A" and
Cu?") sensing

Stock solutions of various ions (1 x 10" mol.L™") were prepared in deionized water. A stock
solution of Lz (5 x 10~° mol.L™*) was prepared in DMSO. The solution of L; was then diluted to
10 x 10°® mol-L™* and 20 x 10° mol.L * with CHsOH/aqueous HEPES buffer (5mM, pH 7.3;
9:1, v/v) for the fluorescence experiments and UV-Visible experiments respectively. In UV-
Visible selectivity experiment, the test samples were prepared by placing appropriate amounts of
the stock solutions of the respective cations into a quartz optical cell of 1 cm path length filled
with 1.0 mL of probe solution (20 x 10°® mol.L™). In fluorescence selectivity experiment, the
test samples were prepared by placing appropriate amounts of the stock solutions of the
respective cations into 2.0 mL of probe solution (10 x 10°® mol.L™%). For UV-Visible and
fluorescence titration experiments two different sets of metal ions (Zn?*, AI** and Cu?*) standard
solutions having 1mM and 5mM concentrations were prepared by diluting the earlier prepared
stock solutions (1 x 10" mol.L™%) in 9:1 methanol-water medium. Quartz optical cells of 1 cm
path length were filled with 1.0 mL and 2.0 mL solutions of L3 for UV-Visible and fluorescence
titration experiments respectively, to which the (ImM and 5mM) ion stock solutions were
gradually added using a micropipette. For fluorescence measurements, excitation was provided
at 390 nm, and emission was acquired from 410 nm to 700 nm. Spectral data were recorded

within 2 minutes after addition of the ions.

2.3.2. UV—Vis spectroscopic studies of L3 for anion (F") sensing

Stock solutions of various anions (1 x 10" mol.L) were prepared in methanol. A stock
solution of L (5 x 107> mol.L ™) was prepared in DMSO. The solution of L3 was then diluted to
20 x 107° mol.L™* with CHsCN for the UV-Visible experiments. In the selectivity experiment,
the test samples were prepared by placing appropriate amounts of the stock solutions of different

anions into a quartz optical cell of 1 cm path length filled with 1.0 mL of probe solution (20 x
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10°® mol.L™). In the titration experiment, a quartz optical cell of 1 cm path length was filled
with a 1.0 mL solution of L; to which another sets of fluoride ion stock solutions (5mM,
prepared in methanol by diluting the previous stock solution) was gradually added using a

micropipette.

2.3.3. Calculation of detection limit for different ions (using probe Ls3)

The detection limits were calculated on the basis of the fluorescence titrations. The fluorescence
emission spectrum of Ls was measured 10 times, and the standard deviation of blank
measurement was achieved. To gain the slope, the fluorescence emission at 523 nm was plotted
as a concentration of AIF* and the fluorescence emission at 494 nm was plotted as a
concentration of Zn?**. The detection limits were calculated using the following equation-
Detection limit = 3o/k (1)

Where o is the standard deviation of blank measurement, and k is the slope between the

fluorescence emission intensity versus [Zn?*] or, emission intensity versus [AI**].

2.3.4. Job’s plot experiment with UV—Vis method

Ten sets of 2 mL CH3;OH/aqueous HEPES buffer (5mM, pH 7.3; 9:1, v/v) solution were
prepared with label 1 to 10. Now appropriate amount of ligand stock solutions were (5 x 102
mol.L™) added to each set of solution so that the concentration of L3 in the solutions varies from
100uM to 10uM respectively in the ten vials. Then appropriate amount of Cu®* solution (5 x
102 mol.L ") added to each set of solution so that the concentration of Cu®* in the solutions
varies from OuM to 100uM respectively in the ten vials. In each set the total concentration
(metal + ligand) was kept constant at 100uM. Now, UV-Vis spectra of all these 10 sets of
solutions were recorded and from that absorbance at 456 nm were plotted against the mole

fraction of Cu?* to get Job’s plot.

2.3.5. Dynamic light scattering (DLS) studies (for the probe Lz3)

The particle size of Ls, Ls-AF* and Ls-Zn** aggregates were measured by dynamic light
scattering (DLS) experiments on a Malvern Zetasizer Nano ZS instrument equipped with a 4.0
mW He-Ne laser operating at a wavelength of 633 nm. The samples and the background were
measured at room temperature (25°C) at a scattering angle of 173°. DLS experiments were
carried out with optically clear solutions of L3 (10 uM) in 9:1 MeOH-H,0 and 1:9 MeOH-H,0
to observe the change in particle size upon increasing water fraction. DLS studies were also
carried out with an optically clear solution of L3 (10 uM) in 9:1 MeOH-H,0, in the presence of

20 equivalents of AIP* and Zn®* ion separately to determine the changes in particle size on
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interaction of L3 with these metal ions. The solution was equilibrated for 30 minutes before

taking the measurements.

2.4.1. UV—Vis and fluorescence spectroscopic studies of L,

Stock solutions of various carboxylic acids (1 x 10" mol.L™*) were prepared in methanol. A
stock solution of L (5 x 10°° mol.L %) was prepared in DMSO. The solution of L, was then
diluted to 20 x 10°® mol.L™* with EtOH/aqueous HEPES buffer (5mM, pH 7.4; 9:1, viv) for
spectral studies by taking only 8 pL stock solution and making the final volume 2mL adding
EtOH/aqueous HEPES buffer. In fluorescence titration experiments, a quartz optical cell of 1 cm
path length was filled with a 2.0 mL solution of L4 (20 x 10°° mol.L™) to which the carboxylic
acid stock solutions were gradually added using a micropipette. In UV-Visible titration
experiments, a quartz optical cell of 1 cm path length was filled with a 1.0 mL solution of L4 to
which the carboxylic acid stock solutions were gradually added using a micropipette. In
selectivity experiments, the test samples were prepared by placing appropriate amounts of the
carboxylic acids stock into 2.0 mL of L4 solution (20 x 10°® mol.L™%). For fluorescence
measurements, excitation was provided at 450 nm, and emission was acquired from 470 nm to
750 nm for the discrimination of maleic and fumaric acid and then excitation was provided at

550 nm, and emission was acquired from 570 nm to 800 nm for the sensing of Maleic acid.

2.4.2. Detection Limit for maleic acid (using probe L)

The detection limit was calculated on the basis of the fluorescence titration. The fluorescence
emission spectrum of L, was measured 10 times, and the standard deviation of blank
measurement was achieved. To gain the slope, the fluorescence emission at 606 nm was plotted
as a concentration of maleic acid. The detection limits were calculated using the following
equation:

Detection limit = 3o/k

where o is the standard deviation of blank measurement, and k is the slope between the

fluorescence emission intensity versus [maleic acid].

2.4.3. Detection of maleic acid in food additives (using probe L)

Sample for the detection of maleic acid in starch rich food was prepared by the following
procedure. First 10g of starch rich food was taken in a 500 ml beaker and to it 200 ml of
methanol was added and the mixture was stirred vigorously for 24 hrs. The extract was filtered
and the filtrate was collected. From this, 27 ml of the filtrate was taken and and 3 ml HEPES

buffer (7.4 pH) solution was added to it and then mixed well to get a homogeneous solution.
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Then this 30 ml solution was divided into three parts each containing 10 ml of solution. Among
these three, in two parts maleic acid and fumaric acid were added (4mM) respectively from
outside. Now the three 10 ml solutions containing none, maleic acid and fumaric acid were

subjected to the spectral study.

2.5. Synthesis and characterization of the compounds

2.5.1. Synthesis of L

Ina 100ml round bottomed flask 10mmol (1.72g) of 2-hydroxy-1-naphthaldehyde was taken and
it was dissolved in 50 mL of methanol by constant stirring. To this solution, excess of hydrazine
hydrate (5.0 mL, ~100 mmol) was added. The mixture was allowed to stir for 24 h to obtain pale
yellow colour solid product which was filtered and washed thoroughly with methanol. This
product constituted the Schiff base having mono-imine bond and a free amine group of
hydrazine (See scheme 3.1, chapter 3).

In the next step 1.0 mmol of this product, obtained in stepl was dissolved in methanol and 1.1
mmol of 2-pyridinecarboxaldehyde was added and the mixture was stirred for 18 h to obtain a
deep yellow colored solid product (See scheme 3.1, chapter 3) which was washed several times
with methanol and then dried in a desiccator.

Calculated yield: 81%. *H NMR [600 MHz, CDCls, TMS, J (Hz), & (ppm)]: 13.28 (1H, s), 9.80
(1H, s), 8.75 (1H, s), 8.17 (1H, d, J=8.4), 8.09 (1H, d, J=7.8), 7.90-7.79 (3H, m), 7.58 (1H, t,
J=7.8), 7.43-7.37 (2H, m), 7.27-7.23 (2H, m), 7.26(1H, s, CDCl3). **C NMR [150 MHz, CDCls,
TMS, 6 (ppm)]: 163.42, 161.87, 161.64, 150.45, 136.87, 135.36, 133.10, 129.44, 128.39,
128.26, 125.37, 124.00, 122.99, 120.23, 119.48, 119.37, 108.35. ESI-MS (positive mode, m/z)
Calculated for C17H13N30: 276.11. Found: 276.1315 [(M+H™)].

2.5.2. Synthesis of L,

10mmol (2.099) of 1,1,2-Trimethylbenz[e]indole was dissolved in 50 mL of acetonitrile and 12
mmol of iodoethane (1.87g) was added to this solution. The mixture was refluxed for 10 h and
the resultant solution was then kept for slow evaporation to get crystalline solid product of 3—
ethyl-1,1,2—trimethyl-1H-benzo[e]indol-3—ium (first step of the scheme 4.1, chapter 4); which
was then filtered and washed with cold methanol.

In the next step, 1.0 mmol of this 3-ethyl-1,1,2-trimethyl-1H-benzo[e]indol-3—ium was
dissolved in dry EtOH and 1.1 mmol of 4-(Dimethyl-amino)cinnamaldehyde was added to it.
Resultant mixture was then refluxed for 12 h to yield the dark blue colour product.

Calculated yield: 64%. *H NMR [600 MHz, CDs;OD, J (Hz), 8 (ppm)]: 8.41-8.26 (3H, m), 8.17

(1H, d, J=7.8), 8.12(1H, t, J= 7.8), 7.85 (1H, d, J=9.0), 7.75 (1H, d, J=7.2), 7.66 (2H, d, J=8.4),
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7.33 (1H, t, J=10.2), 7.00-6.93 (2H, m), 6.83 (1H, t, J=7.8), 4.89 (s, H,O in CD3;0D), 4.58 (1H,
d, J=6.6), 3.62 (2H, q, J=6.6), 3.31 (6H, s), 3.15 (m, CD3;0D), 2.03 (6H, s), 1.19 (3H, t, J=7.2).
3C NMR [150 MHz, CDCls, TMS, & (ppm)]:179.34, 156.14, 153.33, 138.32, 137.09, 133.19,
132.82, 131.55,130.41, 128.48, 127.90, 126.75, 124.89, 123.99, 122.67, 112.40, 111.92, 111.62,
110.72, 52.82, 42.60, 40.37, 27.43, 14.11. ESI-MS (positive mode, m/z) Calculated for
CasH31N,": 395.2487. Found: 395.2507.

2.5.3. Synthesis of L3

5 mmol of 1-Naphthyl isothiocyanate was dissolved in 30 ml THF solution and then to it excess
of hydrazine hydrate (50 mmol) was added at once. Then the mixture solution was stirred for 12
hours to get a faint yellow-white precipitate (Scheme 5.1, step 1, chapter 5). Then 1 mmol of
the product obtained in stepl was dissolved in pure ethanol and to it 1 mmol of 2-hydroxy-1-
naphthaldehyde was added. The mixture was then stirred for 16 hours to get a pale yellow
precipitate which was collected by filtration and washed thoroughly by methanol and the
product was dried in desiccator. The calculated yield of L3 was found to be 82%.

'H NMR [600 MHz, DMSO-ds, TMS, J (Hz), & (ppm)]: 12.86 (1H, s), 11.15 (1H, s), 9.89 (1H,
s), 9.07 (1H, s), 8.61 (1H, d, J=8.4), 8.03 (1H, d, J=9.0), 7.91 (1H, d, J=8.4), 7.72-7.70 (2H, m),
7.61 (1H, t, J=7.2), 7.44-7.40 (3H, m), 7.26 (1H, d, J=8.4), 7.01-6.97 (3H, m). **C NMR [150
MHz, DMSO-ds, TMS, 6 (ppm)]: 162.74, 162.40, 161.79, 160.13, 158.61, 134.81, 133.17,
132.26, 131.06, 128.89, 128.02, 127.82, 123.81, 121.70, 119.58, 118.72, 118.17, 116.59, 108.36.
ESI-MS (positive mode, m/z) Calculated for CxHi;;N3OS: 372.1092 Found: 372.1067
[(M+H")].

2.5.4. Synthesis of L4

10mmol (1.72g) of 2-hydroxy-1-naphthaldehyde was dissolved in 50 mL of methanol and
excess of hydrazine hydrate (5.0 mL, ~100 mmol) was added to this solution. The mixture was
allowed to stir for 24 h to obtain pale yellow colour solid product which was filtered and washed
thoroughly with cold methanol. This product constituted the Schiff base having mono-imine
bond and a free amine group of hydrazine (Scheme 6.1, step 1, chapter 6).

In the next step, 1.0 mmol of this mono-imine product was dissolved in MeOH and 1.1 mmol of
4-(Dimethyl-amino)cinnamaldehyde was added. Resultant mixture was refluxed for 18 h to
yield an orange solid. The product was washed with methanol and then dried in a desiccator.
Calculated yield: 74%. *H NMR [400 MHz, CDCls, TMS, J (Hz), & (ppm)]: 13.40 (1H, s), 13.00
(IH’, s), 9.64 (1H, s), 9.55 (1H’, s), 8.41 (1H, d, J=9.6), 8.10 (1H, d, J=8.4), 7.80 (1H, d,
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J=9.2),7.75 (1H, d, J=8.0), 7.52 (1H, t, J=7.2), 7.42-7.31 (2H, m), 7.22(1H, s, CDCly),, 7.19
(1H, d, J=8.8), 7.06 (2H, d, J=15.6), 6.91-6.85(2H, m), 6.681(2H, d, J=9.2), 3.00 (6H, s). *°C
NMR [100 MHz, CDCls, TMS, & (ppm)]:164.19, 160.85, 160.13, 159.43, 145.01, 134.03,
133.01, 129.19, 129.08, 128.13, 127.73, 123.68, 123.52, 120.06, 119.79, 119.16, 111.98, 108.55,
40.158. ESI-MS (positive mode, m/z) Calculated for C,H21N30: 344.1685. Found: 344.1755
[(M+H")].
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Table A2.1. Crystal parameters and refinement data

Code name Ly
Empirical formula C17H13N30
Formula weight 275.30
Cryst syst Monoclinic
a (A) 17.916(5)
b (A) 4.6430(12)
c (A) 20.248(12)
o (degree) 90.00

B (degree) 124.13(3)
v (degree) 90.00

V (&%) 1394.2(10)
Space group P2i/c

Z value 4

p(cal )(g/cm®) 1.312
(Mo Ka) (mm™) 0.085

T(K) 298(2)

R1; wR2 (I> 2 o(I))

0.0969; 0.1463

R1; wR2(all) 0.1839;0.1715
Residual electron density (e A™) 0.284/-0.238
Good-of-fit 1.362
Reflection measured 3664

Unique reflections 2136
Reflection parameters 123

CCDC No. 1000232
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@hapter 3

3.1. Background and focus of the chapter

Aluminium is the third most abundant metal in the earth’s crust and is widely acknowledged as a
neurotoxic agent. In spite of being a nonessential element, Aluminum is a competitive inhibitor
in different biological processes involving several essential elements viz. Mg?*, Ca?*, and Fe**
due to its similarities in atomic size and charge. The leaching of aluminum from soil by acid rain

increases the free AP

in the environment and surface water, which is deadly to growing
plants.**3? The widespread use of aluminum in water treatment, as a food additive, and in
many industrial activities including the manufacturing of cars and computers often exposes
people to this metal.>*3* The superfluous ingestion of aluminum influences the absorption of
calcium in the bowel to cause softening of the bone, atrophy, and even aberrance. Overdose of
Aluminium also affects the absorption of iron in blood which may eventually lead to anemia.
Aluminium-associated toxicity has been implicated in impairment of the central nervous system
and neurodegenerative diseases such as Alzheimer’s.>*® Owing to its significant impact on the
biosphere and human health, development of sensors for rapid and sensitive detection of Al**
has stimulated great scientific interest amongst chemists at large.

Fluorescence-based systems are considered to be pertinent in the context of sensing of biological
and environmentally relevant metal ions as they can afford rapid, convenient and sensitive
detection of target analytes. *%!* In the domain of aluminium sensing, fluorescence TURN-ON
chemosensors have been described, wherein the mechanism of sensing has been largely
attributed to internal charge transfer (ICT), chelation-enhanced fluorescence (CHEF), photo-
induced electron transfer (PET) or fluorescent resonance energy transfer (FRET). 3% |n
recent years, fluorescent probes that display aggregation-induced emission (AIE) have come to
limelight. These probes display a weak emission in dilute solution, which is subsequently
enhanced manifold as a consequence of aggregation of the fluorophore species driven by probe-
target interaction in solution or solid state and thus AIE active probes are perceived to be
attractive candidates for robust and quantitative sensing of various target analytes. 323327 It is
also conceivable that the emission of an AIE-based system is likely to be responsive to an
additional competing species that can modulate the probe-target interaction, thereby enabling the

probe to render dual sensing.
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On the other hand, Copper is an important essential trace element found in the human body and
it plays important roles in various physiological processes.>#*3% It has been found that Copper
deficiency can increase the risk of coronary heart disease whereas excessive copper intake may
lead to several neurodegenerative diseases including Alzheimer’s, Parkinson’s, Menkes,
Wilson’s, and prion diseases.***%3" Copper-containing enzymes play various significant roles in
different catalytic processes.>*® Hence, due to its physiological significance and associated
biomedical implications, developing an efficient copper sensor capable of displaying sharp
visible colorimetric response is always an indispensable task.

Based on this rationale, in this chapter we describe an AIE- active Schiff base probe L;

I** and

(Scheme 3.1), which displays a selective fluorescence TURN-ON response toward A
interestingly the subsequent interaction of Li-AI** ensemble with DNA could be captured
through a systematic fluorescence TURN-OFF response of the highly emissive ensemble.

Additionally, the probe can also sense Cu?* through a conspicuous selective colorimetric

response.
@)
EN Na | =N Ny &
OH NHZ-NH2 OH FZ OH
> —_—
PO OO Td0®
L

Scheme 3.1: Synthesis of the probe L;

3.2. UV-Vis spectroscopic studies of L; in presence of metal ions

UV—Vis spectra of L; revealed two absorption maxima at 334 nm (n—n*) and 384 nm (n—n*) in
CH3;OH/aqueous HEPES buffer (5 mM, pH 7.3; 9:1, v/v). The selectivity of L; was checked
with chloride or nitrate salts of various metal ions which included Na*, K*, Ca?*, Mg**, Cr*",
Hg?*, Cu®*, Pb**, Zn?*, Fe**, A", Co®, Ni**, Cd** and Ag”. Amongst all the tested metal ions,
the presence of Cu?* resulted in an observable change in the UV-visible spectra with emergence
of a new peak at 502 nm (Figure 3.1A), which also enabled naked eye detection of Cu®* with
intense red color of the solution (Figure 3.1B). Furthermore, gradual addition of Cu?* resulted in
the generation of distinct isosbestic points at 310 nm and 430 nm, respectively (Figure 3.1C).
Job’s plot (Appendix, Figure A3.1) and mass spectrum analysis (Appendix, Figure A3.2)
suggested the formation of 1:1 complex with Cu®* (m/z = 337.03, Ly+Cu-H"). MS data also
suggested ligand deprotonation upon complexation. It is significant to mention that the detection
limit of L, for Cu?* ions was found to be 1.095 nM, (Appendix, Figure A3.3) which is much
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lower than the U.S. EPA maximum allowable limit for Cu®* ions (1.3 uM) in drinking water.
The distinctive red shift of absorbance maxima in presence of Cu?* (Figure 3.1C) could perhaps
be attributed to deprotonation with enhancement of conjugation and planarity of L; upon
complexation, which is supported by theoretical calculation. Amongst the metals tested, AlI**
and Co*" were also able to induce some colorimetric changes (Figure 3.1A) though those

changes were insignificant compared to the spectral change induced by Cu?*.
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Figure 3.1: (A) UV-Visible spectra of L; (10 uM) in presence of different metal ions in mixed solvent. (B) Visual
color change of L, in presence of different metal ions in daylight. (C) UV-Vis spectra of L; (10 uM) in presence of

varying concentration of Cu®*. INSET: Changes in the absorbance at 502 nm with concentration of Cu?*.

3.3. Aggregation induced emission (AIE) properties of L in light of structural elucidation:

Interestingly it was observed that the weakly emissive L; in pure methanol became highly
emissive when a suspension was formed in methanol-water mixture (Figure 3.2A). This
observation suggested that L, is an AlE-active compound. It is significant to note that AIE was
observable only when the water fraction in the medium reached the threshold of 80% and above
(Figure 3.2). A photograph of the vials under UV-light containing solutions of L; witnessed the
formation of highly emissive (green) suspension of L; in methanol water mixture with water
fractions 80% and above (Figure 3.2C) which clearly reiterates the AIE active nature of L;. It
may be mentioned here that the crystal structure of the compound also supports the propensity of

the ligand to form aggregation via non-covalent interaction (Figure 3.3). The block shaped
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yellow crystal of L; obtained from DCM solvent by slow evaporation was found to be highly
fluorescent in nature in the solid state itself.

(A) , % of Water (B) S
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) ¢
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520 570 620
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Figure 3.2: (A) Fluorescence emission spectra of L; (10 uM) in different ratios of H,O/MeOH at = Ae =
400 nm. (B) Change in the intensity with different water fractions (C) Visual change observed with

increase in percentage of water (0-100%) to a 10 uM solution of L; as seen under UV light.

The crystal packing of L; suggested that each molecule of L; is subjected to seven
intermolecular short interactions (two C-H--'mw, two C-H---O and three r---m). It may be
mentioned here that each of the existed intermolecular C—H---O interactions has the distance
2.599A whereas each of the intermolecular C—H: -7t interactions has the distance 2.657 A
(Figure 3.3A); which underlines the strong nature of these short interactions. On the other hand
all the weak =---7 interactions have the distances in the range of 3.356-3.393 A. Strong
intermolecular interactions like C—H---w & C—H---O; could be instrumental in reducing the non-
radiative deactivation of excitons by locking the molecular motion in the crystal lattice.>***4° In
other words presence of the strong C—H:--w & C-H---O intermolecular interactions in L; helped
to enhance the molecular rigidity and initiated its turn-on emission significantly due to the

restriction of intramolecular rotation.

Hence, L, is a classic AIE active compound which can display its aggregation induced emission
properties both in solution and solid state. However, as AIE of L; was observable only when the
water fraction in the medium reached the threshold of 80% and above; all the fluorescence
spectral study of the probe in presence of metal ions was carried out in a 9:1 methanol-aqueous

HEPES buffer medium wherein the probe itself does not show AIE behavior.

44
TH-1570_126122031



Chapter 3

A)

©) D)
fé\ 2
r 11 - cla o ) o1 Q,Q\%u
5 ALEEEELES 77 N I
s (R
\\“n/‘ N3 \tr,m
e «Q
/ \”\(x—rxx\)‘(h

Figure 3.3: Intermolecular interactions (A); molecular packing along ‘a’ axis (B) & along ‘b’ axis (C); and

ORTEP molecular structure (D); in single crystals of L.

3.4. Fluorescence spectroscopic studies of L; in presence of metal ions

Fluorescence spectra of L; revealed a weak emission band at 506 nm on excitation at 400 nm in

CH3;OH/aqueous HEPES buffer (5 mM, pH 7.3; 9:1, v/v). The binding selectivity of L; was

checked with aforementioned metal ions. Interestingly amongst all tested metal ions only AI**

rendered a remarkable TURN-ON fluorescence response with a 31 nm red shifted new peak

emerging at 537 nm along with a manifold increase in fluorescence intensity (Figure 3.4A).

1>

Furthermore, naked eye detection of this selective TURN-ON response of L; toward AI°" was

also feasible under UV light, which rendered a bright yellowish green fluorescence (Figure
3.4B). It is worth mentioning that addition of all other metal ions to L; either showed negligible
change in the emission behavior of the probe or resulted in the quenching of fluorescence.
Particularly, the addition of excess of Cu?* and Co?* to L led to the immediate quenching of the

1>

fluorescence of L; to make it absolutely non-fluorescent. Hence, L, can sense Al°" by a highly

selective TURN-ON fluorescence response in mixed aqueous buffer medium. Interestingly no

other metal ions interfered with the TURN-ON fluorescence response of L; in presence of AI**
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(Appendix, Figure A3.4), which expands the scope of the sensor for interference free specific

detection of A",

31 nm

A) - O) *
- N 30 Eqv.:
= D=
< ]
= { =) AP
.‘? ‘? ' 10 20
g § - 0 Equ Eqv. of AP*
£ LCu i 2 -
et & o -

L, L+Other X L +Co

metal ions.-~~ B

A

450 500 550 600 650 450 500 550 600 650
Wavelength (nm) it Wavelength (nm)

. I :Ni2+ C02+ Hg2+ Cr$+ Ll

Figure 3.4: (A) Fluorescence spectra of L; in presence of 10 equivalents of various metal ions. (B) Visual changes
in fluorescence of L; in presence of different metal ions under UV-light. (C) Fluorescence spectra of L; (10 uM)
with varying concentration of AI**. A= 400 nm. INSET: Emission intensity change at 537 nm with concentration
of AI**,

To get a quantitative appraisal of the interaction between L; and AI**, a titration experiment was
pursued. Incremental addition of AP ions resulted in a systematic increase in the emission

intensity of L; with a gradual red shift in emission maxima (Figure 3.4C). Based on this

T I** was found

titration experiment, detection limit for AI*" was calculated. Detection limit for A

to be ~2.8 uM (Appendix, Figure A3.5), which is well below the permissible level of AI** in
drinking water according to the USEPA.
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Scheme 3.2: Plausible mechanism of complexation and Al°" induced aggregation.
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3.5. Realization of the sensing mechanism:

Mass spectrum analysis (Appendix, Figure A3.6) confirmed the formation of 1:1 L;-AP*
complex with the generation of molecular ion peak at m/z=391.2 ([Al+ L;+H,0+2CI]").
Presumably, metal chelation is involved in the selective turn on fluorescence. However,
fluorescence titration experiment failed to indicate the 1:1 complex formation as the
fluorescence intensity increased linearly up to addition of 30 equivalents of AI** (Figure 3.4C).
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Figure 3.5: (A) DLS-based particle size analysis upon addition of 1.0 equivalent of Al*" (green) and 10 equivalent
of AI** (red) to L, in mixed aqueous media. (B) AFM image and (C) FESEM image of the aggregates obtained after
addition of AI** (10 equivalent) to L; (D) Fluorescence outcome upon aggregation of L; and L;-Al** complex

respectively.

Thus it may be assumed that along with formation of complex, AI**

also helped to form
aggregates in the solution when added in excess, which in turn triggered the AIE activity of L,
(Scheme 3.2). Initial complexation resulted in the enhanced fluorescence intensity along with
red shift in maxima as the chelation inhibited the free rotation and increased the delocalization

I**

of the ligand. However, further addition of AI°" from 2.0 to 30 equivalents initiated the
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aggregation of already formed complex, a phenomenon which manifested as a dramatic

enhancement in fluorescence intensity due to AIE activation.

Dynamic light scattering (DLS) studies of L; in a mixed aqueous media suggested that the
average particle size increased from 333 nm to 1140 nm on changing the AI** concentration
from 1.0 equivalent to 10 equivalents, which also supports the observed Al**-triggered AIE
activity of the compound (Figure 3.5A). Atomic force microscope (AFM) and field emission
scanning electron microscope (FESEM) analysis provided additional evidences for the
formation of aggregates of Li-Al complex (Figure 3.5B-C). It also might be noticed that there
was conspicuous red shift in fluorescence for the aggregates of L;-AlF* complex compared to
free L; aggregates (Figure 3.5D).

Addition of appropriate amount of EDTA solution restored the native fluorescence of L; when
added to the highly fluorescent AI**-treated Ly, which substantiated the role of AI** in triggering
aggregation and that aggregation was initiated after complex formation (Appendix, Figure
A3.7). Detailed theoretical calculations also supported this premise. Density functional
calculation(s) of Ly, L;-AP* complex and L;-Cu** complex were carried out to ascertain the
effect of chelation on spectroscopic signatures. The substantial decrease in the HOMO to

LUMO energy gap on chelation of L; with AP*

clearly testified the theoretical basis of the
observed red shift in emission maxima of L; when treated with AI** (Appendix, Figure A3.8).
A similar decrease in HOMO to LUMO energy gap in the case of Cu?* complex of L; compared
to L, alone (Appendix, Figure A3.9) also explains the prominent red shift in UV-visible
maxima (Figure 3.1A). All the optimized structures and their energy levels, which are directly
influencing the spectral outcome, are indicated in the supporting information (Appendix, Figure

A3.10 and A3.11).

3.6. Effect of pH on the AI** sensing by L;

At lower pH (<3.0), L; was unable to sense AI** ions may be due to the protonation of the
pyridine moiety present in the receptor. However, fluorescence spectra of L; and Li-AP* system
taken at various pH revealed that L, can sense AI** in a wide range of pH (from pH 4.0 to pH
9.0) (Appendix, Figure A3.12). It may be mentioned here that the fluorescence intensity of L
itself remained stable over a wide range of pH (from pH 4.0 to pH 11) which enhances the

analytical prospect of the probe.
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3.7. Biological studies of L; in presence of AI**

The selective sensing property of L towards AI** was encouraging and it indicated that the
ligand could perhaps be exploited as a fluorescence-based probe for intracellular sensing of AI**,
However, to pursue this objective it was paramount to initially verify the cytotoxic effect of L;
and its A complex on cells. To this end, an MTT assay revealed that the ligand L;, AP as
well as the Li-Al** complex did not influence the viability of cultured HeLa cells even at the
highest tested concentration of 96 UM (Figure 3.6A). Given the non-toxic nature of L; and L;-
A" complex, intracellular detection of AI** was pursued. Fluorescence microscopic analysis
indicated that HelLa cells treated with ligand L; alone did not exhibit any intracellular
fluorescence emission (Figure 3.6B). Furthermore, retention of the distinctive morphology of
HeLa cells treated with the ligand was observed in the bright field image (Figure 3.6B), which

validated the non-toxic nature of the ligand established earlier in MTT assay (Figure 3.6A).

B Ligand (L)
I Aluminium chloride salt solution
B Ligand (L) and aluminium salt complex

N

% Cell Viability
5 8 8 8

N
o

X A 7
' LIRUS Ay - N
1272436 48 60 72 84 96 oy ‘3&!)& N
C tration (UM) ! . R
oncen H g Bright Field Dark Field Merged

Figure 3.6: (A) MTT-based assay to ascertain the cytotoxic effect of L,, aluminium chloride salt and L,-AP*
complex on Hela cells. (B) Fluorescence microscope images of HeLa cells (under blue light) for (1) cells treated
with 5.0 uM of Ly, (11) cells pre-treated with 5.0 uM of L followed by addition of 50 uM AI** solutions. Scale bar

for the images is 100 um.

Interestingly, when ligand-pretreated Hela cells were incubated with hydrated Al** salt, a
significant TURN-ON fluorescence emission was manifested (Figure. 3.6B). This suggested
that the ligand L; could translocate across the membrane and render selective sensing of AI**
within HeLa cells. Given the neurotoxic implications of AI**, this finding is significant and it
enhances the analytical merit of the ligand as a non-invasive probe for intracellular sensing of

AP
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3.8. Tracking of DNA

Studies on the interaction between AP

and DNA hold significant interest as reports suggest that
the potential toxicity of A" may be associated with its DNA binding property.>**34 we
envisaged that the L;-AI** ensemble is likely to interact with DNA, given the high affinity of
AI** for phosphate groups and this event could be tracked through the change in the emissive
response of the AIE active probe. Interestingly, incremental addition of calf-thymus DNA
(ctDNA) to the highly fluorescent L;-AFF* ensemble solution resulted in a dose-dependent
fluorescence quenching (Figure 3.7A), which suggested disaggregation of Li-AlP* ensemble. It

13

is plausible that given the high affinity of AI®" for phosphate groups present in ctDNA,

interaction of Li-AI** ensemble with ctDNA and subsequent sequestration of Al**

may ensue,
analogous to the interaction of the metal chelator EDTA with L;-AP* ensemble (Appendix,
Figure A3.7). This phenomenon perhaps manifests as disaggregation of the L-Al** ensemble

upon interaction with ctDNA and reduction in AIE activity of L, (Figure 3.7B).
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Figure 3.7. (A) Change in emission spectra of L,+ AI** ensemble with varying concentration of ctDNA, e, = 400
nm. INSET: Changes in the emission intensity at 537 nm with incremental addition of ctDNA; (B) Plusible

mechanism for tracking ctDNA.

3.9. Conclusion

In summary we developed a new AlE-active fluorophore that selectively exhibited a TURN-ON
fluorescence response towards AI** in solution and rendered non-invasive detection of AI** in
live HeLa cells. The assimilation of facile AI** sensing and subsequent tracking of DNA
interaction in a single AlE-active system significantly enhances the scope of the developed
chemosensor to probe the cellular and molecular basis of AI** toxicity in future investigations.
Additionally the probe can detect Cu?* through a selective colorimetric response among various

tested metal ions in similar conditions. The conspicuous display of the turn-on fluorescence
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response of L toward AI** (non-emissive to strong green fluorescence) and the colorimetric

response of L; toward Cu?* (colourless to deep red) provided the scope for instant naked eye

detection of these metal ions using L.
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Appendix
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Figure A3.1: Job’s plot for L,;-Cu?* complex formation using UV-visible titration experiment. Where X5 = the
mole fraction of L; and Al is the change (I-1p) in the intensity of the emission spectra in presence of guest.
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Figure A3.2: Mass spectrum of L;-Cu?* complex.
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Figure A3.3: Absorbance versus concentration plot for calculating the detection limit (3o/k,

Cu? by L.

Normalized
Intensity (a.u.)

L QX \\‘x A \.,:x \,‘Jx \.‘_‘x X X ax &% % \.,:x x

IX?. xx?’xx?’\wxxwax?’gx?’\xxpxx?)fxﬁxx?ixxﬁxthx
‘b el Y a

Xo x‘z& xc’ xQe x$\ xc’0 xc‘ xﬁ\o xco va

AR T R P S N TR I P PR T

\}\xé‘b )($
VN \)\\)

Figure A3.4: Effect of various metal ions on the fluorescence intensity of L;+A

Figure A3.5: Determination of detection limit for AI**
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trace: L, with excess (20.0 equivalents) of AI*",
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4.1. Background and focus of the chapter

Sulfur dioxide (SO;) is a major air pollutant, which is often liable to be exposed to the
atmosphere due to the extensive combustion of fossil fuels across the world. Epidemiological
studies suggest that prolonged SO, exposure may lead to lung cancer, cardiovascular diseases,**
many neurological disorders including migraine headaches, stroke and brain cancer *? besides
causing some respiratory ailments.** The toxicity of SO, is mainly attributed to the two
derivatives, sulfite (SOs*) and bisulfite (HSOs) (3:1 M/M, in neutral fluid)**, wherein the
sulfurous acid produced in the respiratory tract from inhaled hydrated SO, facilitates the
generation of these two derivatives. Though sodium sulfite is commonly used to preserve food
and beverages from oxidation, excess sulfite intake could lead to asthma and other allergic
reactions in some individuals.* Further, toxicological studies revealed that SO, and/or its
derivatives could change the characteristics of voltage-gated sodium channels as well as

potassium channels in rat hippocampal neurons, **?

4.6a

affect thiol levels to hamper redox balance in
cells, and thus potentially could produce a neuronal perturbation.*®® At the same time it has
been found that SO, might regulate vascular smooth muscle tone in synergy with NO.*” Though
S0, gas can be produced endogenously from sulfur-containing amino acids,*® the exact role of
SO, in the context of tumor cell physiology as well as in normal cells is yet to be resolved.
Hence, developing an efficient probe for the detection of trace SO, (and its derivatives) in
aqueous medium and biological samples (especially in live cells) has spurred great interest

amongst the analytical chemists at large.

On the other hand, sulfate (SO,*) being one of the dominant sulfur species in aquatic
environment may pose threat of environmental pollution if its level is greatly elevated in
atmosphere by acidic deposition owing to the vast use of coal, oil and other sulfur-containing
fuel.*? It has been established that hydrogen sulfate (HSO,) may dissociate at high pH to
generate toxic sulfate, which can cause irritation of the skin and eyes and may even lead to
respiratory paralysis.*'° Development of sulfate/bisulfate selective probes has currently become

an area of immense interest as these anions play various important roles in biological systems

4.11 4.12

and disease along with their acknowledged role in radioactive waste remediation.
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However, designing sulfate/bisulfate selective probe that can effectively bind the anion in water

is extremely challenging as sulfate (SO, has very high free energy of hydration.***

Fluorescence-based sensing probes are advantageous over other sensing systems for the
detection of biological species as they can render rapid, non-invasive, temporal and sensitive
detection of target analytes.*'* *** Although a few fluorescent probes for the detection and

visualization of sulfite in living cells have recently been reported based on nucleophilic reaction

4.16 4.18

selective deprotection of levulinate,*!’ Michael-type additions and

4.19

with aldehyde,
coordinative interactions,”™ most of these sensing systems suffer from drawbacks in terms of
detection limit and response time (5 min to 10 h). Moreover, the levulinate-type probes are
likely to generate high background signal in biological imaging owing to the presence of the
labile ester linkage.** Even though, more recently Liu et.al*?'® and Zhu et.al**'® reported two
new sensors for reliable detection of SO in cells, these probes too require 30% DMF and 40%
glycerol, respectively, as co-solvents along with water. However, for fluorescence-based sensing
of SO, derivatives in cells, the challenge is to develop a probe that would afford detection of

target analyte in a completely agueous medium, which is relevant to the biological milieu.

On the other hand, though there are few reported fluorescent probes for sulfate/bisulfate***

sensing, most of them suffers from drawbacks like questionable selectivity, unsatisfactory

detection limit and use of organic/mixed-organic solvents as medium.

In order to address these issues, in this chapter we describe a new and versatile probe (L) that
can rapidly sense SO, derivative (SOs°) as well as SO42 /HSO, through highly selective and

differential Turn-On fluorescence responses in 100% aqueous medium and live cells.

CH ,CN EtOH, Reﬂux

Scheme 4.1. Design and synthesis of the Probe L,
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5.2. Design and synthesis of probe L,

It is well established that SO, derivatives (SOs* and HSO3) can readily react with o,p—
unsaturated compounds very rapidly in aqueous solution.*?®* Hence in the present study, the
design of the probe was based on this fundamental notion of a nucleophilic addition reaction,
which can subsequently be tracked by a rapid change in fluorescence. The probe (L;) was
synthesized by the simple condensation reaction of 4-(Dimethylamino)cinnamaldehyde with 3—
ethyl-1,1,2—trimethyl-1H—benzo[e]indo}-3—ium in dry ethanol (Scheme 4.1). The detailed
synthetic procedures as well as the characterization (*H NMR, **C NMR and HRMS) of the
product (L) have been presented in the Experimental section (Figure A2.5-A2.7, chapter 2). It
can be mentioned here that 1H-Benzo[e]indolium was used not only as a fluorophore but also to
improve the solubility of the fluorescent probe in aqueous medium. Optical properties of the
probe were then ascertained in detail to explore its sensing ability.
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Figure 4.1: (A) UV-Visible spectra of L, (10 uM) in aqueous medium in presence of excess of (20 equivalents)
S0;* and SO,*. (B) Visual changes in color of the solution of L, in presence of different anions under day light;
(C) UV-Visible spectra of L, (10 pM) in presence of varying concentration of SO;*; INSET: Changes in the

absorbance at 580 nm with addition of equivalents of SOz*

4.3. UV-Visible spectroscopic study of L,

UV-Vis spectra of the probe L, taken in almost 100% aqueous (actual 99.998% aqueous
medium containing 0.002% DMSO) medium revealed a well-defined strong absorbance
maximum (e=65904.5Mcm™) at 580 nm due to the n-n* charge transfer transition (Figure
4.1A). Interestingly, addition of 20 equivalents of SOs* to L, rendered a rapid colorimetric
change as the absorbance peak (e=21277.2M™cm™) at 580 nm reduced substantially with the
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simultaneous emergence of a new absorbance maximum at 360 nm (Figure 4.1A) which was
accompanied by clear visual change in the color of the experimental solution from violet to
colorless; whereas interaction of other analytes (H,PO, ", SO4 (¢=54072.7M cm™), HSO,", F,
NOs, ClOs and SH) with L, failed to yield any significant colorimetric response (Figure
4.1B). A systematic and gradual reduction in the absorbance of L, at 580 nm was witnessed with
the incremental addition of SOs*>  (Figure 4.1C). The selective colorimetric response of the
probe L, towards SOs* clearly suggested the possibility that addition reaction of the target
analyte (SO5°" in the present case) to L, disrupted the extended conjugation in L,, which in turn
hindered the =m-m* charge transfer transition. Hence it was prudent to pursue a detailed

fluorescence study.
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Figure 4.2: Fluorescence spectra of L, (10 uM) in aqueous medium in presence of excess of (20 equivalents)
various anions and nucleophilic reagents (Cys, Hcy). INSET: Visual change in fluorescence of L, in presence of

different anions under UV light.

4.4. Fluorescence spectroscopic study of L,

On excitation at 380 nm, L, exhibited a very weak emission band near 440 nm in ~100%
aqueous medium (Figure 4.2). To ascertain the selectivity of the probe, fluorescence spectra of
L, were recorded in presence of 20 equivalents of various ionic and neutral species including F,
CI, Br, I, NOz, NOs, CH3COO", H,PO,, PPi, HCOs, SO4*, HSO,, PFs, ClOs, SCN,
S,04%, S,08%", CeH;0s (ascorbate), SOs*, SH™, Cys, Hcy and GSH. It was interesting to note
that no other ionic or neutral species altered the emission behavior of the probe except SO5* and
S0, /HSO, . Addition of SO5* to L, resulted in a high Turn-On fluorescence and a dramatic
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enhancement (~12 fold) in the florescence intensity at 442 nm was observed (Figure 4.2). On
the other hand, addition of SO,*/HSO, to L, under similar conditions resulted in the emergence
of a new red shifted emission maximum at 511 nm accompanied by ~10 fold enhancement in the
fluorescence intensity of L, (Figure 4.2). Eventually it was found that the fluorescence quantum
yield of the probe L, (¢=0.014) was very low which increased reasonably upon interacting with
SOs% (¢=0.098), and SO4* (¢=0.091). These highly selective and distinct Turn-On fluorescence
responses of L, towards SOs* and SO,*/HSO,4 were also noticeable by naked eye as the non-
fluorescent solution of L, emitted a strong bluish-green fluorescence upon interaction with
SOs*> and greenish-yellow fluorescence upon interaction with SO, /HSO, (Figure 4.2
INSET). However, it was interesting to note that L, preferentially showed selectivity towards
SOs? or SO4* based on whichever has the higher concentration in a SOs* and SO,* mixture
(Appendix, Figure A4.1).
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Figure 4.3: (A) Fluorescence spectra of L, (10 puM) in presence of varying concentration of SO;”; INSET:
Changes in the emission intensity at 442 nm with addition of equivalents of SO3*"; Aex = 380 nm (B) Fluorescence
spectra of L, (10 pM) in presence of varying concentration of SO;>"; INSET: Changes in the emission intensity at
695 nm with addition of equivalents of SO5”"; Aex= 580 nm.

It is worth mentioning here that all the fluorescence spectra were recorded within 1 min of the
addition of the analytes, which implied that the Turn-On fluorescence response of L, towards
SO5* in solution was rapid. Subsequently, when the time-dependent change in the fluorescence
of L, with and without addition of SOs*" was investigated, a significant Turn-On response for
L,-SO5* could be observed within 30 seconds, which again highlighted the scope for the real-

time detection of SOs* using the probe L, (Appendix, Figure A4.2). It is also significant to
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highlight that even the interaction of 200 equivalents of some inorganic sulfur compounds
(SCN, S,04%, S;06%), nucleophilic reagents (Cys, Hcy and GSH) and reducing agent (sodium
ascorbate) with L, for more than 10 min could not induce any noticeable change in the emission
behavior of L,, which further reiterated the high selectivity of L, towards SOs*" (Appendix,
Figure A4.3, Ad.4).

To obtain a quantitative insight of the relation between fluorescence spectral change of L, and
the equivalents of SOs° interacted; a fluorescence titration experiment was carried out with
varying concentration of SOs*. An incremental addition of SOs°> to the solution of L, in
aqueous medium resulted in a systematic enhancement in its emission intensity at 442 nm upon
excitation at 380 nm (Figure 4.3A).
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Figure 4.4: (A) Fluorescence spectra of L, (10 pM) in presence of varying concentration of SO, INSET:

Changes in the emission intensity at 511 nm with addition of equivalents of SO,*"; Aex = 380 nm. (B) Emission
spectra of L,- SO,* (1:20 equivalent) combine upon changing the water fraction of methanol-water mixed solvent;

dex = 380 nm. INSET: change in the fluorescence intensity with different water fractions.

Interestingly, when excited at 580 nm, the emission peak of L, at 695 nm decreased gradually
upon interaction with increasing concentration of SOs* (Figure 4.3B). Hence the systematic
reduction of the emission intensities at 695 nm provided an additional handle for tracking SO3*".
The ratio of the intensities at two different wavelengths (l1442/1695) varied from 0.66 to 69.61 up to
addition of 8 equivalent of SOs*, which implied that measuring the signal ratios at two
wavelengths would provide a wide dynamic range for ratio-metric sensing of SOs°~ in aqueous
solution. It can be mentioned here that the detection limit for SOs*", determined from the
fluorescence titration experiment (Figure 4.3A) was found to be 1.06 x 107 M or 8.50 ppb

(Appendix, Figure A4.5) which is much lower compared to several reported probes.'®%*
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Similar fluorescence titration experiment was also pursued with varying concentration of SO,%".
A gradual incremental addition of SO4* to the solution of L, in similar condition resulted in a
systematic enhancement in its emission intensity along with gradual red shift in maxima and
eventually a new red shifted emission maximum was established at 511 nm (Figure 4.4A). It
can be mentioned here that the detection limit for SO,* ascertained from this fluorescence
titration experiment was found to be 5.31 x 107 M or 51.03 ppb (Appendix, Figure A4.6). It
also may be noted that the probe L, has lower detection limit for HSO4 /SO,* compared to

various other reported sensing systems,?2*f
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Figure 4.5: (A) AFM image (amplitude) of the aggregates obtained after addition of SO,* (20 equivalent) to L, (10
MUM) in aqueous medium; (B) DLS-based particle size analysis: Change in particle size, with and without addition of

S04* (20 equivalents) to L, (10 uM) in aqueous medium.

4.5. Plausible mechanism of sensing

It is well established that o,—unsaturated compounds are prone to nucleophilic attack by
reactive anionic species in aqueous medium.*?* Meanwhile, the solvent (polarity) dependent
change in emission and absorption spectra (Appendix, Figure A4.7-4.8) of L, indicated towards
the existing intramolecular charge transfer (ICT) process in the free L,. Hence we conjectured
that sensing of the anionic SOs* by L, was essentially based on the restriction in intramolecular
charge transfer (ICT) due to the rupture of extended conjugation in L,, which in turn, enabled a
fluorescence Turn-On response.
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Scheme 4.2: Plausible sensing mechanism

The proposed sensing mechanism has been presented in Scheme 4.2. In order to validate the
sensing mechanism, a mass spectrometry was conducted. Mass spectrum of L, following
interaction with sodium sulfite indicated a prominent peak at m/z = 498.29, (Appendix, Figure
A4.9) which corresponds to the expected mass of the product L,-SOs* (Scheme 4.2). The *H
NMR spectra of L, taken in presence of SOs* too further validated the premise (Appendix,
Figure A4.10).

On the other hand, sensing of SO,>/HSO,4 by the probe L, is quite unprecedented. Certainly
there are no binding sites for SO,*/HSO,4™ in L,. Also the titration experiment along with mass
spectral study (no expected mass peak, Appendix, Figure A4.11) negate the possibility of 1:1 or
1:2 chelation as the emission intensity increased linearly up to addition of 10-15 equivalents of
S0,* (Figure 4.4A). Hence we tried to explore the possibility of aggregation in explaining the
sensing mechanism. The probe L itself did not exhibit any aggregation induced emission (AIE)
property due to its moderate solubility in water. However, it was astonishing to note that though
L,-SO4% (1:20 equivalent) ensemble was weakly emissive in methanol it became highly
emissive in a methanol-water mixture (Figure 4.4B) with higher water content (70% water
content and above). Hence, unlike probe alone, L,-SO,* (1:20 equivalent) ensemble displayed
an aggregation induced emission (AIE) behaviour (Scheme 4.2). Thus it can be argued that the
presence of SO,*/HSO, introduced the aggregation induced emission (AIE) behaviour to the
system to enable the TURN-ON fluorescence response wherein plausibly the higher hydration
energy of sulfate helped in facilitating the aggregation by lowering solubility of L,.2* Evidence
for the aggregation phenomenon was strengthened by obtaining atomic force microscope images
of L,-SO,* (1:20 equivalent) ensemble (Figure 4.5A). Dynamic light scattering (DLS) studies

of L, and L,-SO4% (1:20 equivalent) ensemble in aqueous medium further revealed that the
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average particle size increased from 6 nm to 83 nm upon interaction of L, with 20 equivalent of
S04% (Figure 4.5B), which strongly suggested the SO, mediated aggregation of L,-SO,*

ensemble.

4.6. Sensing of SOz~ and SO4*" in cells

These solution studies were encouraging to explore the possibility of using L, for intracellular
detection of sulfite and sulfate by fluorescence-based imaging in live cells. However, to pursue
this objective, it was essential to initially evaluate the cytotoxic potential of the probe L, both in
absence as well as in presence of sulfite and sulfate. A standard MTT assay, based on
mitochondrial dehydrogenase activity of viable cells, demonstrated that the probe L, did not
exert any significant detrimental effect on the viability of HeLa cells (viability was greater than
80%), up to concentrations around 8.0 uM (Appendix, Figure A4.12). Similarly L, (5.0 uM)
treated with SOs% or SO,* (in 1:5 and 1:10 ratio) too showed about 80% viability of HeLa cells
(Appendix, Figure A4.13-A4.14). To promote the reaction between L, and SOs*, HeLa cells
pretreated with 5 uM L, solution (for 1 h) was incubated with 25 pM of sodium sulfite
(NayS03). Fluorescence microscope analysis revealed that though the probe L, alone failed to
exhibit any fluorescence in HeLa cells (Figure 4.6, panel i), when it interacted with sulfite salt
it induced strong green fluorescence (Figure 4.6, panel iv), inside the cells. It was also observed
that as a consequence of the formation of L,-SOs* adduct, the green fluorescence exhibited by
HeLa cells were essentially perinuclear (Figure 4.6, panel iv). This observation was also
corroborated by counterstaining HeLa cell nuclei with DAPI, wherein the green fluorescence
exhibited by L,-SO3* adduct was distinctly localized in the cytoplasm (Figure 4.6, panel iv-vi).
The formation of the L,-SOs* adduct and its cytoplasmic distribution in HeLa cells was also
supported by the signal overlay in the green and blue channel of a cytofluorogram wherein the
low Pearson's co-localization coefficient (0.59) indicated that L,-SOs;* adduct could not
penetrate nucleus (Appendix, Figure A4.15A). In case of sulfate sensing, fluorescence-based
imaging studies indicated a strong green fluorescence emitted by HelLa cells (Figure 4.6, panel
vii). However, counterstaining HeLa cells with DAPI stain suggested that in contrast to L,-SOs”
adduct, the localization of L,-SO,* ensemble was essentially observed in the nucleus of the
HeLa cells (Figure 4.6, panel vii-ix). The localization of L,-SO4* ensemble (1:5 equivalents) in
the nucleus of HeLa cells was also corroborated by analyzing the cytofluorogram (Appendix,

Figure A4.15B), wherein the Pearson’s coefficient was 0.82.
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Green
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Figure 4.6: Fluorescence microscopic images of HelLa cells treated with 5.0uM L, only (panel i-iii) as well as
Hela cells pre-treated with 5.0 uM L, followed by addition of 25.0 uM sulfite (panel iv-vi) and sulfate (panel vii-
iX) salt solution. The images were observed under green emission (panel i, iv and vii), blue emission for DAPI

counterstaining (panel ii, v and viii) and merged channel (panel iii, vi and ix). Scale bar for the images is 50 L.

4.7. Conclusion

In the present study, a versatile fluorescent probe was developed, which exhibited high
selectivity and sensitivity towards SOs* and SO4% /HSO4 over competing analytes. The probe
displayed beneficial attributes such as sensing in completely aqueous medium and an extremely
fast response time towards the target analyte. Interestingly, the dual yet discerning sensing of
SO5% and SO, /HSO,  in solution by the designed probe was captured in mechanistic studies,
which revealed a ratiometric fluorescence-based sensing of SOs* based on restriction in
intramolecular charge transfer (ICT), while SO4* sensing could be attributed to an aggregation
induced emission phenomena. Moreover, distinct conspicuous display of the fluorescence
outputs too provided the scope for instant naked eye detection of SO5* and SO,*/ HSO,4 . To the
best of our knowledge this is the first report of a single probe enabling discriminatory sensing of
SO5% and SO,* in aqueous solution. Importantly, the designed probe was biocompatible, cell

permeable and rendered a fluorescence-based detection of SO5* in the cytoplasm of live HeLa
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cells as verified by co-localization based imaging studies. On the other hand, the probe could

also facilitate intracellular detection of SO,*, which appeared to be localized in the nucleus of

HeLa cells. Based on the encouraging findings of the present study, it is envisaged that the

judiciously designed probe holds considerable potential as an analytical tool to investigate the

physiological implications of sulfate/sulfite derivatives in cell.
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Appendix
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Figure A4.1: Fluorescence spectra of L, (10 uM) in presence of (SOs> + SO,*) mixture with varying SOs* &
S0, concentrations; Ae = 380 nm.
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Figure A4.2: Changes in the emission intensity of L, at 442 nm with time upon interaction with S0:% Aex = 380

nm.
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L,+20 Eqv. SO~
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Figure A4.3: Fluorescence spectra of L, (10pM) in presence of various analytes; Ae = 380 nm.
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Figure A4.4: Changes in the emission intensity of L, at 442 nm with prolonged time upon interaction with SO5*",
SCN", S,05% and Cys; Aex= 380 nm
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Figure A4.5: Fluorescence intensity vs. concentration of SO;> plot for determination of detection limit
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Figure A4.6: Fluorescence intensity vs. concentration of SO, plot for determination of detection limit.
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L,+20Eqv. SO? in different solvents
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Figure A4.8: Fluorescence spectra of L, (10 uM) in presence of 20 equivalents of SO5> in different solvents; Aey =
380 nm.
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Figure A4.9: Mass spectrum of L, in presence of Na,SOs.
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Figure A4.10: NMR spectra (400 MHz) of L, and Lo+ SO3* in DMSO-dg+D,0 (3:2; v/v) mixed solvent.
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Figure A4.11: Mass spectrum of L, in presence of tetrabutylammonium sulfate (TBA),SO,
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Figure A4.12: MTT assay to evaluate the cytotoxic effect of the probe L, on HeLa cells

Figure A4.13: MTT assay to evaluate the cytotoxic effect of the probe L,-SO5* ensemble on HeLa cells
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Figure A4.14: MTT assay to evaluate the cytotoxic effect of the probe L,-SO,* ensemble on HeLa cells.
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Figure A4.15: Co-localization coefficient (Pearson's coefficient) of (A) L,-SOs> adduct (Pearson coefficient is
0.59) and (B) L,-SO.* ensemble (Pearson coefficient is 0.82); based on green and blue channel emission.
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An Aggregation-Induced Emission (AIE)
active probe for multiple targets:
Fluorescent sensor for Zn** and AI** &

colorimetric sensor for Cu® and F~
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5.1. Background and focus of the chapter

Zinc, an essential element in human body, is involved in several biological processes, for
instance  cellular metabolism, gene transcription, regulation of metalloenzymes,
neurotransmission, and apoptosis.>! Despite its several crucial roles in many Zn(I1)-containing
enzymes and DNA-binding proteins, imbalance of Zn?* in body may cause several neurological
diseases.>? Particularly in children under the age of 5 years, deficiency of Zn(ll) could
eventually lead to immune dysfunction, diarrhoea, and even death in some cases.>* Zinc, being a
harmful pollutant for environment, also raises concern over its open exposure.>* Thus designing

5.5a, b

an efficient Zn** sensor is indispensable. Difficulties in developing Zn?* sensors in many

cases suffer from a limited choice of spectroscopic instruments due to its inherent d*° shell, poor
selectivity or sensitivity, and interference from other d'® metal ions like Cd** and Hg?**.>>* ¢
Hence, to develop highly selective and sensitive zinc sensors, workable in physiological

condition would be of great interest.

Aluminium, the third most abundant metal in the earth’s crust is widely known as a neurotoxic
agent.>® Aluminium toxicity could adversely affect the central nervous system of human to
induce Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis.>’
Meanwhile, the widespread use of Aluminium in medicines (antacids), bleached flour, paper
industry, food additives, aluminum-based pharmaceuticals, storage/cooking utensils, makes it

I** which often causes

vulnerable to be exposed to the environment in its trivalent ion form A
drinking water contamination.>® Thus developing an efficient chemo-sensor for rapid and
sensitive detection of AI** has earned great scientific interest amongst analytical chemists at

large.

Fluorescence based sensing probes are advantageous over other sensing systems for the
detection of biological and environmentally relevant metal ions as they can provide more rapid,
convenient and sensitive detection of target analytes.>® Fluorescent probes, displaying
aggregation-induced emission (AIE) have grabbed tremendous attention in very recent time.
Though these probes display weak emission in dilute solutions, their emission intensity enhances
dramatically due to the aggregation facilitated by probe—target interaction in solution or in the

solid state. Hence, AIE active probes, that could yield enhancement in fluorescence instead of
77
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quenching on aggregation, have become very attractive candidates for robust and quantitative

sensing of various biologically and environmentally important target analytes.>°

On the other hand, copper, an essential trace element of human body and being present in the
active sites of several enzymes, plays many indispensable role to sustain important physiological
processes.>*! Copper deficiency increases the risk of coronary heart disease whereas overdose of
copper could lead to detrimental effects by causing oxidative stress and disorders associated
with neurodegenerative diseases including Alzheimer, Parkinson, Menkes, Wilson, and prion
diseases.>**>** Thus rapid visual sensing Cu®* in physiological condition is much anticipated.

Fluoride is recognized as one of the biologically as well as environmentally important anions.
Though at low concentration fluoride could help in treating osteoporosis and protecting dental
health, it apparently becomes toxic at higher doses. Several types of diseases in humans, caused
due to the intake of high concentration of the fluoride anion in drinking water are being tracked
over the years. Fluoride toxicity also leads to fluorosis.>** In this context, design and synthesis
of simpler organic probe for visible detection of F~ is much expected. A thorough literature
survey revealed that there are very few reported fluoride ion selective optical probe.>* Vazquez
et. al. developed an effective simple thiourea based optical probe where they demonstrated that
the interaction of the thiourea hydrogen atoms with fluoride could enhance © delocalization and
thereby shifted the n-n* transition from the UV to the visible region to display yellow color.>*
Similarly, Ambrosi et. al. has also demonstrated the selective off-on fluorescence response of a
coumarin—urea derived probe towards fluoride ion.>**® Visible detection of fluoride ion by a
core-substituted naphthalene di-imide probe has also been reported recently.>*® However,
probes with urea/thiourea moiety are found to be more useful for selective sensing of fluoride
ion in solution. Thus designing a thiosemicarbazone probe consist of thiourea group could

potentially be envisioned as a fluoride sensor.

Moreover, designing a versatile molecule that produces different fluorescence or colorimetric
responses for different analytes can simultaneously be used to detect more than one analytes.
Thus development of a multi-analyte sensor provides the scope for analytical time, labour and
cost reduction.>® Recently, in this context, some thiosemicarbazone compounds have been used

for selective sensing of various cations as well as anions.>*’

In this context, in the present chapter we have discussed about a single versatile aggregation
induced emission (AIE) active multiple target probe L3 that not only can fluorometrically sense
Zn** and A" in physiological conditions but also can distinguish one from another through

individual fluorescence responses. The probe also demonstrated a selective colorimetric
78
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response towards Cu®* in physiological condition. Alongside, the probe is also capable of
displaying selective naked eye chromogenic detection of F~ in acetonitrile. The sensing

behaviour of the probe was well supported with theoretical calculations.

’N H, /O Anion binding site
Step 1
)\NH
H2N NH,,
12 hrs Stlrrmg 16 hrs, St|rr|ng
Step 2

Cation bmdmg site

Scheme 5.1. Design and synthesis of the Probe L

5.2. Rationale behind the design of probe L3

In chapter 3 and chapter 4 we have discussed about fluorescent probes (L1& L) capable of
sensing cations (Cu?* and APF*) and anions (SOs* and SO4%/HSOy) respectively. So, we tried to
explore the possibility of sensing cation and anion together by a single sensing system in the
present study. However, it is very difficult to design an efficient sensing probe that can
simultaneously sense cation and anion. Hence, the design principle for the probe to sense multi-
analytes is based on the following fundamental features: (1) The probe should contain
chromophore/fluorophore with an excitation/emission in the relatively higher wavelength to get
rid of the interference from biological systems and (2) it should possess both the cation and
anion binding sites within a single molecule. The probe L3z was synthesized with good yield and
in pure form by multi-step reactions (Scheme 5.1). Extensive UV-visible and fluorescence
spectroscopic studies were perused to harvest the selective optical responses of Ls towards

various cations and anions.

5.3. Interaction of metal ions with L3;: UV—Vis spectroscopic studies

UV-Visible spectra of L3 revealed a broad absorbance maximum at 405 nm and a sharp
absorbance maximum at 384 nm in CH3zOH/aqueous HEPES-buffer (5mM, pH~7.3; 9:1, v/v)
medium, which might be attributed to the presence of naphthalene chromophore in the probe
(Figure 5.1A).The selectivity of Ls was checked with chloride, nitrate or perchlorate salts of
various metal ions which encompassed Na*, K*, Ca**, Mg%, Cr**, Hg®*, Cu®*, Pb**, Zn?*, Fe*",
A", Co®, Ni**, Cd*" and Ag®. Addition of Cu®* to L; yielded characteristic colorimetric change

as a new absorbance maximum emerged at 456 nm, with the concurrent disappearance of the
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original peaks at 405 nm and 384 nm (Figure 5.1A). Though, addition of Co*", Fe** and zn?*
also brought slight spectral change to the UV-Visible spectra of L, those changes were very

insignificant compared to colorimetric change induced by Cu®*. All other metal ions hardly
influenced the spectral property of Ls. Thus ligand Ls can sense Cu?* through selective
colorimetric response. Interestingly the spectral response of L3 toward Cu®* was accompanied
by a sharp visual color change of the experimental solution from almost colorless to yellow,
which provided the scope for naked eye visible detection of Cu®* (Figure 5.1A, Inset).

A)oa » = B)
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Figure 5.1: (A) UV-Visible spectra of Lz (20uM) in presence of 10 equivalents of various metal ions in
CHs;OH/aqueous HEPES buffer (5mM, pH 7.3; 9:1, v/v) medium; Inset: Visual changes of the solution of L
(20uM) in presence of AI**, Zn** and Cu?* ions. (B) UV-Visible titration spectra of L; (20uM) with incremental
addition of Cu?*" ion in CH;OH/agueous HEPES buffer (5mM, pH 7.3; 9:1, v/v) medium, Inset: Change in

absorbance at 456 nm with the equivalents of Cu** added into the solution.

To get a quantitative appraisal of the interaction between Lz and Cu?* a titration experiment was
carried out (Figure 5.1B). The gradual incremental addition of Cu?* to L rendered a systematic
growth of the absorbance maxima at 456 nm with a simultaneous downfall of the peaks at 384
nm and 405 nm. It is to be noted that a well-defined isosbestic point was generated at around
420 nm up to addition of 1 equivalent of Cu®" (spectra with solid black traces in Figure 5.1B).
With the addition of excess amount of Cu?* results in a slight deviation from the isosbestic point
(spectra with dotted pink lines in Figure 5.1B). Thus initially the selective colorimetric response
of L3 towards Cu®* might be attributed to the chelation between Lj and Cu®* ion. Job’s plot
obtained from the titration experiment (Appendix, Figure A5.1) hinted towards an approximate
1:1.2 complex formation between L and Cu®*. However, a conventional Job’s plot experiment
(detailed as mentioned in experimental section) has directly validated a 1:1 complex formation
between Ls and Cu** (Appendix, Figure A5.2). Thus the appearance of the absorption band at

456 nm with Cu®* plausibly attributed to the deprotonated naphthol to metal charge transfer
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(LMCT) where the metal chelation facilitated the deprotonation of the naphthol moiety. The
binding constant for the formation of L;—Cu complex is calculated using the B—H (Benesi—
Hildebrand) method, on the basis of change in absorbance at 456 nm, considering a 1:1 binding
stoichiometry between L; and Cu?*. The binding constant was found to be 3.33x10* M
(Appendix, Figure A5.3). This high binding constant value also endorsed the strong binding
affinity of L3 toward Cu®" in solution. Hence the probe L is capable of detecting Cu?* through a
selective colorimetric response, even conspicuous by naked eye. The detection limit was
calculated according to the IUPAC method 2 and it was found to be 4.64 x10™° M or, 0.29
ppm (Appendix, Figure A5.4) which is way below the US-EPA permissible limit of Cu* in

drinking water.

% of H,0
(0-40)

20 40 60 80 100
% of H,0

Intensity (a.u.)

90% 60% 10%

- ~
~~~~~~~~~

410 460 510 560 610
Wavelength (nm)

660

Figure 5.2: Emission spectra of L (10uM) upon changing the water fraction of methanol-water mixed solvent; e
=390 nm. Inset: Change in the emission intensity at 525 nm and visual changes in fluorescence (under UV light)

with different water fractions.

5.4. Interaction of metal ions with L3: Fluorescence spectroscopic studies

Ls is very weakly emissive in pure methanol. Interestingly weakly emissive L3 in methanol
became highly emissive in a methanol-water mixture with higher water content (Figure 5.2).
Dynamic light scattering (DLS) studies of L3 in a mixed aqueous media suggested that the
average particle size increased to 1545 nm from 612 nm with increasing water content of the
medium from 10% to 90%. These results strongly recommended that Ls is an aggregation
induced emission (AIE) active compound. As the water fraction above 50% only could lead to

aggregation of Lz in medium itself (Figure 5.2, inset), all the fluorescence experiments in
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presence of metal ions were performed in 9:1 methanol-aqueous HEPES buffer medium, where
the ligand itself does not indulge in self-aggregation.

A weak emission band at 501 nm was observed when L; was excited at 390 nm in mixed
solvents. The binding selectivity of L; was perused with chloride, nitrate or perchlorate salts of
various metal ions, as mentioned earlier. It was interesting to note that amongst all tested metal
ions only APF* and Zn®* rendered significant TURN-ON fluorescence responses (Figure 5.3).
Addition of AI** to Ls manifested a 22 nm red shifted new peak at 523 nm along with a ~4 fold
increase in fluorescence intensity. On the other hand, interaction of Zn?* with Ls witnessed
emergence of a 7 nm blue shifted emission maximum at 494 nm also accompanied by ~3.8 fold
enhancement in fluorescence intensity (Figure 5.3).

L +AP

L, Al Znt Cues

L,, L,+Other
metal ions

Intensity (a.u.)

410 460 510 560 610 660
Wavelength (nm)

Figure 5.3: Fluorescence spectra of L3 (10puM) in CH3;OH/aqueous HEPES buffer (5mM, pH 7.3; 9:1, v/v) medium
in presence of 20 equivalents of different metal ions. INSET: Visual changes observed for Ls in presence of Al*,
Zn** and Cu?* ions under UV light.

Moreover, naked eye detection of these selective individual TURN-ON responses of L3 toward
A" and Zn** was also feasible under UV light, which rendered a bright yellowish green

I** and a bluish-green fluorescence for Zn** (Figure 5.3, inset). However, the

fluorescence for A
TURN-ON fluorescence response of Lj either in the presence of AI** or Zn** ion was interfered
moderately by Cu®*, Co*" and Fe*" ions. Thus there is a scope for interference free sensing of
APP* and Zn** in presence of all other metal ions except Cu®*, Co?* and Fe** in 9:1 methanol-
aqueous HEPES buffer medium (Appendix, Figure A5.5). To get a quantitative appraisal of the
relation between the change in fluorescence of Lz and the amount of metal ions interacted with
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it, detailed fluorescence titration experiments were conducted with both AI** as well as Zn**. It
was observed that the incremental addition of AI** or Zn?* to L; resulted in a systematic gradual
enhancement of the fluorescence intensity (Figure 5.4A & 5.4B). However, contrary to the
generation of the 22 nm red shifted emission maxima in case of titration experiment with Al
fluorescence titration with Zn?* witnessed formation of the 7 nm blue shifted emission maxima.
Mass spectrum analysis confirmed the formation of a 1:1 Ls~AP* complex (Appendix, Figure
A5.6) as well as a 1:1 Ls-Zn** complex (Appendix, Figure A5.7) with the generation of
molecular ion peaks at m/z = 478.33 ([Al + Lz + H,O + NO3]") and m/z = 490.85 ([Zn + Ls +

3H,0]") respectively.
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Figure 5.4: (A) Fluorescence titration spectra of Ls (10uM) with incremental addition of Zn?* in CH,;OH/aqueous
HEPES buffer (5 mM, pH 7.3; 9:1, v/v) medium. INSET: Changes in the emission intensity at 494 nm with
different concentration of Zn®" ion. (B) Fluorescence titration spectra of Ls (10uM) with incremental addition of
AP* in CH;OH/aqueous HEPES buffer (5 mM, pH 7.3; 9:1, v/v) medium. INSET: Changes in the emission

intensity at 523 nm with different concentration of Al** jon. Aex= 390 nm.

'H NMR experiments of the ligand Lz were also carried out in presence of AFF* and Zn**. NMR
experiments too supported the chelation phenomena, as the —OH peak of Lz at ~ 12.9 ppm
broadened substantially after addition of the metal ions (AI** and Zn?*), which actually imply
that —-OH was deprotonated during complexation with either of the metal ions (Appendix,
Figure A5.8, A5.9). The detection limits for AI** and Zn?* were calculated according to the
IUPAC convention and those were found to be 6.86x107 M (Appendix, Figure A5.10) and
1.03x10° M for AP* and Zn** (Appendix, Figure A5.11) respectively, which are well below
the USEPA permissible level of AI** and Zn?* in drinking water.

Presumably, metal chelation was held responsible for the selective turn on fluorescence
responses for AI** and Zn** as mass spectra indicated formation of a 1:1 Ls—AI** and Ls—Zn**
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complex. However, fluorescence titration experiment for both AI** and Zn** downplayed the

I** or Zn®* by showing steady enhancement

possibility of simple coordination between Lz with A
of the emission intensity of Ls up to addition of 20-30 equivalents of concerned metal ions
(Figure 5.4A & 5.4B). Thus there is a possibility that presence of excess Zn** or A" facilitated
the aggregation process in solution along with formation of complex in the initial stages, which

subsequently triggered the AIE activity of L3 (Scheme 5.2).

AIE
| 1 Eqv. of 20 Eqv. of .
* /N OH M zniare \0 Zn?| AP J":(' T2dve e
__ ? e s e >
‘W. VM. .\::A(.
Aggregated complex

Scheme 5.2: Plausible sensing mechanism for metal ions

Initially the complexation between Lz and AI**/Zn** led to the red/blue shift respectively up to
addition of 1 equivalent of the concerned metal ion; however further addition of metal ions both
in case of Zn** and AI** actually assisted the aggregation of the already formed complexes to
enable the AIE behavior of L; and consequently revealed dramatic enhancement in the
corresponding fluorescence intensities. Extensive dynamic light scattering (DLS) studies of Lj
in a mixed aqueous media were performed to understand the aggregation behavior of Ls in
presence of excess of A" and Zn**.

DLS studies revealed that the average particle size of the probe L3 in mixed-aqueous (9:1
methanol-water; v/v) is 612 nm (Figure 5.5). Excitingly average particle size increased from
612 nm to 811 nm in similar condition in presence of 20 equivalents of AI**. The addition of 20
equivalents Zn** also resulted in substantial increase in the average particle size from 612 nm to
754 nm (Figure 5.5). These results also support the observed metal ion (AI** and Zn**)-triggered
AIE activity of the probe L3 (Figure 3A). It may be mentioned here that though a similar type of

probe (only differ in use of phenol moiety in place of naphthol moiety), 5™

reported by Tong
and co-workers showed ratio-metric fluorescent response toward Zn?* in aqueous ethanol; our
sensing system is much more effective and versatile compared to that as it not only can sense
A" and Zn?* through selective differential TURN-ON fluorescence responses but also can
sense Cu?* and fluoride via sharp colorimetric responses. Alongside, simply changing the phenol
moiety by naphthol moiety induces the interesting aggregation induced emission (AIE) activity

of the probe to influence the sensing mechanism.
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Figure 5.5: DLS-based particle size analysis of L3 (10uM) (A) upon changing the solvent from 9:1 methanol-water

to 1:9 methanol-water, (B) upon addition of 20 equivalents of Zn®* ion, (C) upon addition of 20 equivalents of AI**

ion.

5.5. Interaction of anions with L3: UV—Vis spectroscopic studies

The ligand L3 has potential anion binding sites too. Thus it was prudent to peruse the spectral
outcome of L3 in presence of various anions (Figure 5.6A). Hence, binding selectivity of L3 was
checked in presence of various anions such as, F, Br', CI', I, SO, HSO, , PFs, NO3 ,
HPO, , H,PO, , OAc, CIO, etc. It was astonishing to note that only the presence of excess (10
equivalents) tetra-butyl-ammonium salts of fluoride was able to induce significant colorimetric
response in acetonitrile (Figure 5.6A) whereas all other anions hardly influenced the spectral
nature of Ls. Interaction of fluoride with Ls, resulted in the emergence of a new absorbance
maximum at 480 nm, with subsequent disappearance of the original peak at 378 nm. Moreover,
this spectral change was also accompanied by some visual change in color from colorless to
orange (Figure 5.6A, Inset) which offers the scope for the naked eye detection of Fluoride in

organic medium.
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Titration experiment was performed to get a quantitative insight of the interaction between Lj
and F . The titration experiment revealed the systematic increase in the absorbance at 480 nm
with concurrent fall of the absorbance at 378 nm with the gradual incremental addition of
fluoride to L3 (Figure 5.6B). It may be mentioned here that addition of strong base (tetra-butyl
ammonium hydroxide) to Ls also generated a new absorbance peak at around 462 nm which is
in contrast to the absorbance peak generated at around 480 nm by fluoride in similar condition
(Appendix, Figure A5.12). Also the nature of spectral response of the two curves is quite
different from each other. Meanwhile, mass spectral analysis advocated for the 1:1 complex
formation between L and fluoride ion by showing molecular ion peak at m/z = 494.88 ([L; + F
+ 2CH3CN + Na']) (Appendix, Figure A5.13). Thus presumably this selective colorimetric
response towards fluoride ion is mainly attributed to the specific coordination of the basic
fluoride anion with Lz through strong hydrogen bonding. NMR titration experiment revealed
that addition of fluoride ion up to one equivalent, actually favored coordination process through
strong hydrogen bonding, as the —NH proton peaks became weakened and broadened
(Appendix, Figure A5.14) during this titration. Further addition of fluoride up to 2.0
equivalents, led to the deprotonation, and thus furnished a peak at ~15.5 ppm, corresponds to
HF, (Appendix, Figure A5.14). Hence, the fluoride sensing may be attributed to the combined

effect of coordination and deprotonation of the probe.
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Figure 5.6: UV-visible spectra of L3 (20uM) in presence of 10 equivalents of different anions in acetonitrile. Inset:
Visual changes observed for L in presence of fluoride ion under daylight. (B) UV-vis spectra of Lz (20uM) in
presence of varying concentration of fluoride ion in acetonitrile. INSET: Changes in the absorbance at 480 nm with

incremental addition of F~ ion.
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5.6. Density Functional Theory (DFT) calculations

Extensive Density functional theory (DFT) calculations were perused to get the theoretical
aspects of the observed selective emission responses of Lz towards AP* and Zn?*. DFT
optimizations of Ls and it’s Zn** and AI** complexes were carried out with the B3LYP/6-
31+G(d,p) method basis set using the Gaussian 03 program. The optimized structures, HOMO
and LUMO of Ls, Ls—Zn*" complex and Ls—AF* complex are presented in Figure 5.7. It was
astonishing to note that there is an increase in the HOMO to LUMO energy gap in case of
Ls—Zn?* complex whereas HOMO to LUMO energy gap decreases in case of Ls—Al** complex
compared to Ls. Hence, these changes in the energy gaps clearly backed strongly the observed
blue shift in emission maxima in case of Zn®* and red shift in emission maxima in case of AI**.
Thus theoretically it is also likely that chelation followed by subsequent aggregation leads

towards the selective turn-on fluorescence responses for both AI¥* and Zn?*.
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Figure 5.7: Frontier molecular orbital plots and energy level diagrams of Ls, Ls-Zn?* complex and Lg-AlI**
complex. The calculations were performed using B3LYP/6-31 G (d,p) as implemented on Gaussian 03.

Density functional theory (DFT) calculations were also carried out for Ls-F~ and Ls-Cu®*
complexes. For the Ls-F, the lowering in the energy of HOMO to LUMO energy gap also
validated the generation of observed red shifted absorbance maximum at 480 nm (Appendix,
Figure A5.15). Similarly, in case of Ls-Cu?* complex crunch in the HOMO to LUMO energy
gap supported the emergence of the new red shifted absorbance maximum when Cu?* was added
to L3 (Appendix, Figure A5.16). The optimized structures of all the complexes are provided in
the ESI (Appendix, Figure A.5.17).
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5.7. Conclusion

In summary, here in we have synthesized a new fluorogenic probe, which is capable of
displaying interesting aggregation induced emission (AIE) active property. The probe can detect
multiple targets at a time through differential colorimetric and fluorometric responses. It can
selectively sense Cu?* through sharp colorimetric output through 1:1 chelation. Alongside, L can
sense Zn** and AIF* in mixed buffer medium through individual selective turn-on fluorescence
responses which might be attributed to the chelation mediated triggering of the AIE behaviour of
the probe. Nevertheless, as probe contains anion binding sites also, it is capable of detecting
fluoride through a selective chromogenic response in acetonitrile.
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Appendix

0.08 1
0.07 A

0.06 - ¢

ost

5= 0.05 A
'é: 0.04
0.03 4
0.02 -

0.01 A

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
host

Figure A5.1: Job’s plot for Cu?* from the titration spectra.
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Figure A5.2: Job’s plot for Cu** indicating 1:1 chelation from conventional Job’s plot experiment
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Figure A5.3: B-H plot for determination of Binding constant for Cu?*,
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Figure A5.4: Absorbance vs. concentration of Cu?* plot for determination of detection limit
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(100uM) were added followed by addition of AI** (100uM) in 9:1 methanol/HEPES buffer (5mM, pH 7.3; 9:1, V/v)
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Figure A5.7: Mass spectrum of L in presence of Zn?*; as expected the isotope pattern of Zn-complex is matched
well with the observed mass spectra with peaks separated by m/z 2.
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Figure A5.10: Fluorescence intensity vs. concentration of Al°" plot for determination of detection limit
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Figure A5.11: Fluorescence intensity vs. concentration of Zn* plot for determination of detection limit
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Figure A5.12: UV-Vis spectra of L3 (5uM) in presence of 10 equivalents of tetra-butyl ammonium hydroxide and
tetra-butyl ammonium fluoride in acetonitrile
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Figure A5.15: Frontier molecular orbital plots and energy level diagrams of L; and Ls-F' complex. The
calculations were performed using B3LYP/6-31 G (d,p) as implemented on Gaussian 03.
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Figure A5.17: Optimized structures of Lz and its complexes. The calculations were performed using B3LYP/6-31
G (d,p) as implemented on Gaussian 03.
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6.1. Background and focus of the chapter

Molecular recognition of di-carboxylic acids has grabbed the limelight due to their presence as
key structural moieties in many bioactive molecules along with their involvement in the
biosynthesis of some important intermediates.®! Moreover, they have some important roles in
various metabolic processes.®?®3 Among these several carboxylic acids, Fumaric (Fum) and
maleic (Mal) acids are the two important geometrical isomers having vast biological impacts,
viz. they are extensively used in medicine, food and polymer industries. ®2°3 Recently, some
advancement in using fumaric acid derivatives for the treatment of multiple sclerosis and
patients with psoriasis are reported.®*®’ Maleic acid, plays important role as an inhibitor of the
Krebs cycle whereas fumarate is generated in the Krebs cycle. Excessive consumption of maleic
acid found to be detrimental to kidney and can cause several kidney diseases.®®**° The
widespread use of these two isomeric acids as ingredients in food as well as beverages raises a
great concern over their adverse influences on human health upon prolonged exposure. Thus it is
very important to develop an efficient chemosensor for their recognition and quantitative

estimation in aqueous medium.

Compared to the large number of chromogenic receptors for the sensing of metal ions,®!°*?

very few chromogenic receptors for anions and small molecules have been developed that are
based on recognition approaches.®**®® |n fact, a thorough literature survey revealed that there

are very few colorimetric or fluorogenic sensors which dealt with the use of synthetically

constructed receptors in carboxylic acids sensing purpose.®*"**°

6.19-6.20

Supramolecular concepts in designing new optical chemosensors has become a very

6.21-6.23 6.24-6.26

common trend in recent-past based on changes in fluorescence and in absorbance as
the output signals. In most of the cases the fluorescent probes are abiotic supramolecular
systems that produce certain fluorogenic changes upon binding to the analytes by non-covalent
interactions, such as hydrogen bonding, electrostatic attractions and coordination
phenomena.®?’*28 But in most of the cases these receptors encountered several limitations in

terms of poor specificity towards the analytes,®%%

Differentiation of isomers is, in general, a difficult task because of their rather similar chemical

and physical properties. A chemodosimetric reagent was reported by Manez and co-workers
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which could discriminate between maleate and fumarate ions.®* But this probe had also some
limitations as the selectivity of the system was poor and the probe rendered similar optical
response in presence of phthalate if tested instead of maleate.

In this context, as an advancement of this field, herein we report a chromogenic system which
not only can discriminate geometrical isomers (Maleic acid vs. Fumaric acid) but also can sense
Maleic acid rapidly among various carboxylic acids through sharp colorimetric as well as
fluorogenic responses in both physiological condition and food additives.

CC
HO

o)
=
O T CHOH - > 5 N

L

Step 2

Scheme 6.1: Synthesis of probe L,

6.2. Rationale behind the design of probe L4

A new hetero bis-imine fluorogenic probe L, was synthesized (Scheme 6.1) with good yield and
in pure form. The probe was purposely designed to have a push-pull chromophoric platform
along with protonation as well as H-bonding site for effective molecular recognition. It is to be
noted that unlike the previously discussed probes L, L, and Ls; the current probe L, does not
contain any cation binding site or any anion binding site or any nucleophilic reaction site.
Hence, we conjectured that contrary to the previously discussed probes Li, L, and Ls; this
molecular design is a way forward to sense some neutral guests. The UV-Visible and
fluorescence spectral properties of L, were studied in detail to investigate the sensing behavior

of L, towards various organic acids.

6.3. UV-Visible spectral study

UV-Visible spectra of L4 in 9:1 ethanol-HEPES buffer (5mM, pH~7.4) solvent revealed a sharp
absorbance maximum at 430 nm due to n—r* transition. Binding selectivity of L, towards
different carboxylic acids was investigated by studying UV-Visible spectra of L, in presence of
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various mono and di-carboxylic acids viz. Acetic acid, Tartaric acid, Benzoic acid, Malonic acid,
Succinic acid, Cinamic acid, Citric acid, Stearic acid, Glutamic acid, Phthalic acid, Teraphthalic
acid, Isophthalic acid, Gallic acid, Succinic acid, Fumaric acid and Maleic acid. It was
astonishing to note that in presence of excess (200 equivalents) of these carboxylic acids, L4
rendered no significant change in its colorimetric behavior except for maleic acid (Figure 6.1A).
Addition of excess of Maleic acid to L4 in mixed solvent resulted in the generation of a new red
shifted absorbance maximum at 552 nm with the subsequent decrease in the absorbance of its
prior original maxima at 430 nm (Figure 6.1B). This UV-Visible spectral outcome was
accompanied by a distinct visual change in the color of the experimental solution from pale
yellow (only L) to dark red (Ls+Maleic acid) (Figure 6.1C). This visual display of the color
change is encouraging for the naked eye detection of maleic acid using L4 through a colorimetric

response.
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Figure 6.1: A) UV-Visible spectra of L, (20 pM) in presence of various carboxylic acids 4x10° M in 9:1 ethanol-
HEPES buffer (5mM, pH~7.4). B) UV-vis spectra of L, (20 pM) in presence of varying concentration of Maleic
acid. INSET: Changes in the absorbance at 552 nm with addition of equivalents of maleic acid C) Visual color
change of L, in presence of different carboxylic acids in daylight. D) Comparison of the absorbance at 552nm of L,
on interaction with various carboxylic acids.

To understand the sensing of maleic acid by L, it is important to draw a quantitative appraisal

of the relation between the spectral change and the equivalents of maleic acid interacted with L.
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Thus we carried out an UV-Visible titration experiment, where we found that incremental
addition of Maleic acid to the solution of L4 resulted in a systematic growth of the new red
shifted absorbance maxima at 552 nm, with a regular decline of the original absorbance maxima
of L4 at 430 nm (Figure 6.1B). It is to be noted from the titration spectra that a clear isosbestic
point arose at 495 nm. Interestingly no such optical changes were furnished by its isomer,
fumaric acid in similar condition. Hence, the probe L, not only can sense maleic acid among
various other carboxylic acids but also can distinguish it from its geometrical isomer fumaric
acid through a stupendous colorimetric response which is even conspicuous by naked eye.

A bar graph has been plotted to show the exact changes in absorbance of L, at 552 nm when
treated with different carboxylic acids (Figure 6.1D) and this bar graph also clearly support the
distinguished colorimetric feature in case of maleic acid.

Preliminarily, we presumed that coordination of maleic acid with L, through strong hydrogen
bonding facilitated by cis-positioning of two acid groups of maleic acid over other tested
carboxylic acids led to the chromogenic spectral response alike earlier reported many carboxylic
acid sensors. But, it was astounding to observe that addition of excess strong mineral acid like
hydrochloric acid to L4 also generated a new absorbance maximum at 552 nm similar to that of
maleic acid (Appendix, Figure A6.1). Although unlike the case of maleic acid, actual
absorbance peak of L4 at 430 nm was almost obliterated here. Hence there is a possibility that a
new protonated species has formed, which led to the colorimetric response at 552 nm. To better
explore the selectivity and sensitivity of L, toward maleic acid we have perused a detailed
fluorescence study, followed by mass spectral analysis, *H NMR experiment and theoretical

study for unraveling the exact sensing mechanism.

6.4. Fluorescence spectral study

On excitation at 450 nm L4 renders a sharp emission maximum around 590 nm at the same
experimental condition and emits a strong orange-yellow fluorescence (Figure 6.2).
Interestingly addition of maleic acid only yielded significant change in the fluorescence spectra,
whereas it geometric isomer fumaric acid has hardly any effect on emission of L4 in similar
experimental condition. Addition of maleic acid induced a slight decrease in the fluorescent
intensity of L, with about ~15 nm red shift in the emission maximum to render a new emission
maximum at 606 nm while interaction of fumaric acid with L, remain quiet to the spectral
change (Figure 6.2). It can be mentioned here that similar fluorescence experiment was carried
out in pure ethanol in presence of maleic and fumaric acid, which renders similar optical
response (Appendix, Figure A6.2). These observations ensured that distinction of these two

geometrical isomers is independent of buffer capacity and medium. However it may also be
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noted that addition of strong mineral acid HCI to the receptor L, in ethanol medium resulted in
substantially quenching (70%) of the fluorescence of L, to make it very less fluorescent unlike
the case of Maleic acid (Appendix, Figure A6.2).

UV-Visible spectral study suggested that addition of maleic acid to L, might lead to the
formation of a new species as a new absorbance maximum emerged at 552 nm (Figure 6.1).
Therefore, it was prudent to study the emission behavior of L, in presence of maleic acid with
an excitation wavelength of 550 nm.

; Fumaric Acid
% |
= i
< i ] .
; ' Maleic Acid
= i (Mal)
= H
D i
P .
= !
= :
470 520 570 620 670 720

Wavelength (nm)

Figure 6.2: Fluorescence spectra of L, (20nM) in presence of 200 equivalents of Maleic acid and Fumaric acid in
9:1 ethanol-HEPES buffer (5mM, pH~7.4). Aex= 450 nm. INSET: Visual changes observed for L, in absence and in

presence of Maleic acid and Fumaric acid under UV light.

However, L4 showed a very weak fluorescence when excited at 550 nm (Figure 6.3). Selectivity
of sensing was confirmed by studying fluorescence spectra of L; (Aex=550 nm) in presence of
various mono and di-carboxylic acids as mentioned earlier. The change in the emission spectral
properties was at par with the results of absorbance spectra.

Among all tested carboxylic acids, only maleic acid revealed a certain enhancement in the
fluorescence intensity of L, with a well-defined emission maximum at 606 nm (Figure 6.3A).
Moreover, a selective conspicuous display of the pink-red fluorescence response of the probe
upon interaction with maleic acid compared to the orange-yellow fluorescence display of L,
upon interaction with all other carboxylic acids provided the scope for naked eye detection
(Figure 6.3C). A bar graph plot of the comparative normalized emission intensity of L, at 606
nm, on interaction with various carboxylic acids also clearly indicates the exceptional selective

turn-on florogenic response of L, towards Maleic acid (Figure 6.3D). Thus, not only L, could
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discriminate maleic acid from its isomer fumaric acid, but also selectively sensed it among
various carboxylic acids through unique fluorescence as well as colorimetric responses. It may
be highlighted here that selectivity of our probe L, is superior compared to the probe reported by
Manez and co-workers® as probe L, does not respond to phthalic acid at all in our sensing

system.
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Figure 6.3: A) Fluorescence spectra of L, (20 uM) in presence of various carboxylic acids 4x10° M in 9:1 ethanol-
HEPES buffer (5SmM, pH~7.4); Aex = 550 nm. B) Fluorescence spectra of L, (20 pM) in presence of varying
concentration of Maleic acid; Ae = 550 nm. INSET: Changes in the emission intensity at 606 nm with addition of
equivalents of maleic acid. C) Visual color change of L, in presence of different carboxylic acids and HCI under
UV light. D) Comparison of the normalized emission intensity of L, at 606 nm on interaction with various
carboxylic acids (1= Fumaric acid, 2= Maleic acid, 3= Tartaric acid, 4= Citric acid, 5 = Cinamic acid, 6= Malonic,
7= Acetic acid, 8= Benzoic acid, 9= Gallic acid, 10= Stearic acid, 11= Terephthallic acid, 12= Phthalic acid and

13= Succinic acid).

To get a quantitative appraisal of the spectral change a titration experiment was carried out with
varying concentration of maleic acid. A systematic incremental addition of maleic acid to the
solution of L4 in in 9:1 ethanol-HEPES buffer (5mM, pH~7.4) medium resulted in a sequential
enhancement in its emission intensity at 606 nm when excited at 550 nm (Figure 6.3B).
Interestingly the linear enhancement of the emission intensity of L, up to addition of 360
equivalents of maleic acid downplayed the possibility of simple coordination between L4 and

maleic acid. Instead both the UV-visible and fluorescence titration spectra indicated towards the
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possibility of a new species formation via protonation, which led to the unique spectral outcome.
It may be mentioned here that the detection limit for the maleic acid was determined from this
fluorescence titration experiment, and it was found to be 2.1x10° M or 2.4 ppm (Appendix,
Figure A6.3).

6.5. Plausible sensing mechanism

There is a possibility that, the proton acceptor site -NMe, group present in L, could easily be
protonated to generate a new species in solution. A close look of the acidity constant value
revealed that among all of the tested carboxylic acids maleic acid had the lowest pKa; value
(pKa1=1.9 Table A6.1, Appendix) compared to its isomer fumaric acid (pKs;=3.03) which in
turn facilitated easy proton generation in solution in the case of maleic acid. Thus maleic acid
only could generate selective optical response through protonation.

As discussed earlier, HCI could also generate a new absorbance maximum at 552 nm similar to
maleic acid; however, it resulted in the formation of pink-red solution in contrast to the
generation of dark brown-red solution in presence of maleic acid. Also the noticeable new
feature was that, though in case of HCI the newly generated maximum was more prominent with
much higher absorbance, the previous actual absorbance peak of L, at 430 nm became almost
nonexistent (Appendix, Figure A6.1) unlike the case of Maleic acid. The emission spectral
studies in presence of HCI also incited some major distinct spectral features with respect to
maleic acid (Appendix Figure A6.2). These results substantiate that though the actual sensing
mechanism was someway inclined by the protonation of the probe, but this is not the sole
criterion for sensing mechanism. It maybe envisaged that some other factor, along with
protonation is simultaneously governing the Maleic acid sensing. Protonation with subsequent
complexation of the analyte(s) to the probe may be accountable for the whole sensing
mechanism. It may also be noted that, oxalic acid, which has even lower pKa; (1.25) value than
maleic acid pKaz (1.9) only could induce 65% less emission intensity (Appendix, Figure A6.4)
with respect to the enhancement in emission intensity initiated by maleic acid in ethanol. This
observation again reiterated the preposition that complexation too has a role along with
protonation to endorse the maleic acid sensing.

Thus to uncover the precise mechanism behind this spectral change we pursued extensive *H
NMR and mass spectral experiments. *H NMR study of L4 revealed that the presence of maleic
acid led to the protonation of L, (-NMe, group) by signaling the appearance of a new peak at
~6.38 ppm (Appendix, Figure A6.5. At the same time the almost disappearance of the phenolic

—OH peak at ~13.4 ppm or ~13.0 ppm may suggest the strong complexation of maleic acid with
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successive de-protonation of the phenolic —OH. In addition, the mass spectra of the receptor L4
taken in presence of maleic acid witnessed the emergence of a new base peak at m/z=627. 6553.
The peak corresponds to [L4 + 2Malate+ 3H,O+ H'], which clearly validates the protonation of
L, as well as coordination of maleic acid with L4 (Appendix, Figure A6.6). The whole sensing
phenomenon has been summarized and presented with a schematic representation in Scheme
6.2.

In contrary, addition of HCI to L, yielded a NMR spectra indicating breaking of Schiff base
linkage in the probe (Appendix, Figure A6.7). Moreover the mass spectra of L, taken in
presence of HCI witnessed the appearance of mass peaks at 157.0385, 225.1048 and 347.2257.
All these together pointed towards the disintegration of hetero-Schiff base L4 and generation of
a homo bis-imine (Appendix, Figure AG6.8). Probably the generation of the 4-(3-
hydrazonoprop-1-en-1-yl)-N,N-dimehtylbenzenaminium led to the UV-Vis spectral outcome
when strong inorganic acid has been added to L.a.

Further a control experiment was carried out by studying the UV-Visible spectra of L, in
presence of maleic acid and HCI respectively followed by addition of excess NaOH to both the

solutions (Appendix, Figure A6.9).

Scheme 6.2: Plausible sensing mechanism

The result showed that subsequent addition of NaOH could retrieve the actual spectra of L in
case of Maleic acid (Appendix, Figure A6.9). However, it failed to salvage the absorbance peak
of L4 at 430 nm in case of HCI. In the later case, formation of two distinct new absorbance peaks
at 370 nm and 450 nm (Appendix, Figure A6.9) is actually insinuating towards the breaking of
imine bond of L, and generation of two different new specie in solution in accordance with the

earlier predicted mass spectra (Appendix, Figure A6.8).
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6.6. Density functional theory (DFT) study

An extensive Density functional theory (DFT) and Time dependent Density functional theory
(TDDFT) calculations were pursued to understand the theoretical aspect of this sensing
mechanism. To ascertain the effect of protonation on spectroscopic signatures of L., DFT
optimizations of L4 and protonated- L, were carried out with the B3LYP/6-31+G(d,p) method
basis set using the Gaussian 03 program. The optimized geometry and the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of L4 and
protonated L4 (LH") are presented in Figure 6.4. The substantial decrease in the HOMO to
LUMO energy gap on protonation of L, undoubtedly validated the theoretical basis of the
observed red shift (Figure 6.2) in emission maxima as well as generation of new red shifted
absorption maxima (Figure 6.1) of L, when treated with maleic acid (Figure 6.4).
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Figure 6.4: Frontier molecular orbital plots, optimized structures and energy level diagrams of L, and L4H". The

calculations were performed using B3LYP/6-31 G (d,p) as implemented on Gaussian 03.

UV-Vis spectra of Ly and LsH" were calculated using the TDDFT method (No specific solvent
model was used) with the same B3LYP/6-31+G(d,p) basis set. The results of the calculation
indicated that in the case of L4, the transition from HOMO to LUMO, HOMO-2 to LUMO and

105
TH-1570_126122031



Chapter 6

HOMO-1 to LUMO / HOMO to LUMO+1 contributed mainly to the excitation at 427 nm, 412
nm and 360 nm respectively. Similarly, for mono-protonated L, (LH"), absorption peaks in the
long wavelength region at 544 nm, 520 nm, 420 nm and 403 nm were mainly generated due to
the transition from HOMO to LUMO, HOMO-1 to LUMO, HOMO-2 to LUMO and HOMO to
LUMO + 1 respectively. Selected orbitals and their corresponding energies for L and LsH"
which are likely to be critical in the optical spectral outcome are provided in supporting
information (Table A6.2 and Table A6.3; Appendix).

The calculated absorption peaks of L, and LsH" found to be matched impressively with the
experimentally observed peaks. Likewise the experimental UV visible spectrum of L, having an
absorbance maximum at 430 nm, theoretically calculated spectrum of L, showed excitation at
427 nm, which is in remarkably well agreement. Alongside calculated UV-visible spectra for L4
witnessed emergence of a new excitation peak at 544 nm that agreed well with the newly
generated absorbance maximum of L, at 550 nm on interaction with Maleic acid (Appendix,
Figure A6.10). Not only that the theoretical and experimental spectral natures of L, / L4H" are
very similar which have been demonstrated in Figure A6.10, (Appendix). Thus undoubtedly
lower pKy; of Maleic acid assisted the mono-protonation of L4 along with coordination which
governed to the observed unprecedented sensing outcome of Maleic acid by L, (Appendix,
Figure A6.11-A6.12).
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Figure 6.5: Determination of Maleic acid (spiked) in starch-rich food A) from Fluorescence spectroscopy B) from

UV-Visible spectroscopy.

6.7. Determining Maleic acid in food additives
Use of Maleic acid as food additives in starch rich foods like tapioca starch, tapioca balls, rice

noodles, and hotpot ingredients are not desierable.®*°®*? |t was envisaged that the use of probe
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L, to detect Maleic acid quantitatively in a starch rich food sample would be an encouraging real
application. Thus we prepared a sample by simple liquid extraction of the starch rich food which
is described in detail in experimental section. The extract of the food in methanol was divided in
three parts and in each part maleic acid, fumaric acids and nil (as control) was added
respectively in appropriate amount. Rising above our expectation L, revealed the same spectral
outcome as earlier and hence was able to detect maleic acid both calorimetrically as well as
fluorometrically with the same detection limit. Thus we have developed a probe which could
well be used to detect maleic acid in starch rich food samples optically (both fluorescence and
UV-visible spectroscopy) even conspicuous through naked eye.

6.8. Conclusion

In summery here in we have synthesized a new Schiff base probe L, with two hetero-imine
bonds, which is capable of discriminating Maleic acid from its geometrical isomer Fumaric acid
through colorimetric as well as fluorescence responses. Not only that, it can also sense the
maleic acid among various mono, di and tri-carboxylic acids in mixed aqueous ethanol-buffer
solution. The unique colorimetric as well as fluorescence responses of L, towards Maleic acid is
also conspicuous through naked eye. Theoretical DFT and TDDFT calculation well supported
the premise that protonation of L, is actually governing the sensing process along with
complexation. The sensing process was also replicated in starch rich food to detect added Maleic

acid.
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Appendix
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Figure A6.1. (A) UV-Vis spectra of L, (20 uM) in presence of 200 equivalents of HCI. (B) Visual pictures of L,

solution in presence of excess of different acids under day light.
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Figure A6.2. Fluorescence spectra of L, (20uM) in ethanol in presence of 200 equivalents of Maleic acid, Fumaric
acid and HCI. A¢ = 450 nm. INSET: Visual changes observed for L, in absence and in presence of Maleic acid,
Fumaric acid and HCI under UV light.
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Figure A6.3: Fluorescence intensity vs. concentration of Maleic acid plot for determination of detection limit.
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Figure A6.4: Fluorescence spectra of L, (20uM) in ethanol in presence of 200 equivalents of Maleic acid and

Oxalic acid. e =550 nm.
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Calculated mass, m/z = 627.5970
Obtained mass, m/z = 627.6553
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Figure A6.6: Mass spectrum of L, in presence of Maleic acid.
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Figure A6.7: *H NMR spectrum of L, in presence of HCI in CD;OD.
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Figure A6.8: Mass spectrum of L, in presence of HCI.
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Figure A6.9: UV-Vis spectra of L, (20uM) in presence of excess of A) Maleic acid; B) HCI; followed by addition

of excess NaOH in ethanol.
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Figure A6.10: Comparison between theoretical UV-Visible spectra and experimentally obtained UV-visible
spectra. TDDFT calculations were done using B3LYP/6-31 G (d,p) as implemented on Gaussian 03..
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Figure A6.11: Fluorescence spectra of L, (20uM) in ethanol with increasing concentration of HCIL. A =
450 nm.
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Figure A6.12: UV-Visible spectra of L, (20uM) in different pH values.
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Table A6.1: pK, values of various carboxylic acids.

Carboxylic Acids |pKa:  [pPKaz  |pKas

Maleic Acid 19 6.07

Fumaric Acid 3.03 4.44

Tartaric Acid 2.89 4.4

Citric Acid 3.13 |4.76 |6.39

Cinamic Acid 4.44 _

Malonic Acid 2.83 5.69

Acetic Acid 4.76 =
Benzoic Acid 4.202 —
Gallic Acid 4.5 -

Terephthalic Acid [3.51 [4.82

Isophthalic Acid [3.46  |4.46

Malic Acid 3.4 5.2

Phthalic acid 289 |51

Succinic acid 4.2 5.6

Oxalic acid 1.25 (414
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Table A6.1: Important orbitals and the energies of L,. The calculations were performed using B3LYP/6-
31 G (d,p) as implemented on Gaussian 03.

Occupied Vacant
Orbitals Energy (eV) Orbitals Energy (eV)
HOMO -2 LUMO
o 2 3 a.‘; o od 9@ 2 “‘
Y e B 29%° | 15,6694 ; 3." ‘o, -1.6591
3 -9
J“‘ 5 ““ 3 )‘ ‘
& ° y .‘Q
HOMO -1 LUMO+I
s s -5.4787 o -0.8531
. Q@ &’a ‘ . 9 [ Y™
O $. ) ] S A
y . 9 9 JJ ? , >
E ”‘ I:' 47663 | a2 5,540 3
‘ -4, 3 0 20 0% )| -0.0152
M . “ 9 ] 1S 9 o

Table A6.1: Important orbitals and the energies of L,H". The calculations were performed using
B3LYP/6-31 G (d,p) as implemented on Gaussian 03.

Occupied Vacant
Orbitals Energy (eV) Orbitals Energy (eV)

HOMO -2 LUMO

9

- 3> )‘ 2 bl g - 3’) -
%3 3 ‘a 3 ‘!.“ y 7.9830 3 “‘ 4.6716

9

-7.9179 -3.7020

‘fd8$ ., -7.1307 -3.2678
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Conclusion and Future Perspective

In conclusion, the overall thesis not only elucidates some important results in the field of
developing advanced chemosensors for some biologically and environmentally relevant analytes
but also addresses some critical issues related to discrimination of geometrical isomers. To get
rid of aggregation caused quenching effect (ACQ) which often compromises the sensitivity of
the probe; we have developed a new class of aggregation induced emission (AIE) active probes
(Schiff base) and discussed the role of AIE in sensing outcome. As mentioned in the
introduction, our primary aim was to introduce sensing systems that can rapidly sense target
analytes by some form of optical responses which is conspicuous by naked eye; so that even an
uneducated person could identify the sensing outcomes. Hence, all of the reported probes in this
thesis were purposely designed to have the inherent feature of naked eye sensing ability. In
general, the research works described in the thesis provide a clear insight of the design principle
involved in developing simple organic optical chemosensor molecules which can detect various

ionic as well as neutral species in aqueous (fully or partially) solution and/or inside living cells.

Newly developed AlE-active probe L; exhibited a selective TURN-ON fluorescence response

[>* [>*

towards AI’" in solution and rendered non-invasive detection of AI°" in live HelLa cells.
Achieving subsequent tracking of DNA interaction in a single AlE-active system by a dose
dependant quenching of the highly emissive L;-Al** ensemble could potentially throw some
light on the cellular and molecular basis of AI** toxicity in future. L; can also selectively detect
Cu?* through sharp colorimetric response. So, basically L; is a metal ion responsive colorimetric
and fluorescent probe which additionally can track DNA. On the other hand, a versatile
fluorescent probe (L) has demonstrated highly sensitive dual yet discerning sensing of SOs*
and SO,*/HSO, over competing analytes with beneficial attributes such as sensing in
completely aqueous medium and an extremely fast response time. Moreover, L, holds
considerable potential as an analytical tool to investigate the physiological implications of
sulfate/sulfite derivatives in cell by demonstrating differential intracellular sensing of SOs* and
SO,%. Another AIE active probe L; can sense multiple targets at a time. It can sense cations
AP and Zn?* through individual Turn-On fluorescence responses and Cu®* through colorimetric
changes. Interestingly, L3 can also selectively sense anion fluoride by specific colorimetric
response. Lastly, sensing probe L, can discriminate geometrical Isomers (Maleic Acid vs
Fumaric Acid) by colorimetric as well as fluorescent changes. Alongside L4 can also detect

Maleic Acid over various other carboxylic acids in Solution and Food Additives.
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Hence, we have designed, synthesized and investigated some unique sensing platforms (Li-L,)
which encompassed both simple and complex structures of the sensing probes. It should be
noted that besides the conventional strategies we have included some added features in
designing the sensing probes to upgrade their efficiency. For example AIE phenomenon has
been coupled with chelation in probe L; and L3 to achieve desired optical responses. In case of
L, also besides the nucleophilic reaction, aggregation played an important role in nurturing
optical signals. However, in Ly combination of protonation as well as chelation has facilitated

the sensing outcome.

Applications of chemosensors in analytical chemistry, supramolecular science, biochemistry,
physical chemistry, medicinal chemistry, toxicology, forensic sciences and even modern
nanosciences have reached an advance stage. However, to develop a smart, ready to use
chemosensor, it is necessary to embed some important features like water solubility, turn-on or
ratiometric response, non-cytotoxic nature, localization in particular compartment of cells,
application in real samples, naked eye detection, rapid response, lowering cost and labour etc in
molecular design. Although we tried to incorporate all these features conveniently in the
respective results in this thesis which are extremely useful from the perspective of progressive

chemo-sensing, there are still other challenges in supramolecular chemistry to deal with.

It should also be highlighted that to maintain a chronology we moved from developing all cation
sensor (chapter 3) to all anion sensor (chapter 4) to cation and anion sensing together (chapter
5) to neutral molecule sensor at last (chapter 6). Essentially we believe that this chronological
progress in designing optical probes would be instrumental in understanding comprehensive

advancement in the particular field to the analytical chemists community.
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