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PREFACE

The design and fabrication of fluorescence chemosensors is a highly interdisciplinary field of
research today, owing to their significant importance and wide-ranging applications in chemistry,
biology, medicine, environmental science, and beyond. Chemosensors and chemodosimeters are
compounds that detect specific analytes by undergoing structural changes that alter properties
such as absorption or fluorescence emission. Recent advancements in this field have enabled its
application in targeted drug delivery systems and live cell imaging for biological studies.
My thesis work entitled, “Tuning of novel organic scaffolds for competent detection of bio-
relevant, environmentally hazardous ions and chemical weapons” involves the design and
synthesis of a range of fluorescent and non-fluorescent probes, supported by thorough binding
studies aimed at the accurate detection of targeted ions and toxic analytes. The newly developed
molecules show promise as chemosensors for detecting ions of environmental and biological
relevance and chemical weapons. The newly designed chemosensors can be synthesized through
a simple, economical, and efficient process. The structures of the synthesized probes were
validated using a combination of spectroscopic techniques, such as *H NMR, C NMR, 2D
NMR, mass spectrometry, IR spectroscopy, and single-crystal X-ray diffraction. The binding
interactions of the host-guest system and the resulting complex or adduct formation were
comprehensively analyzed using UV-Vis spectroscopy, fluorescence, Job's plot, *H/A3C NMR,
and HRMS. The biological relevance of the designed probes was investigated through their
application as imaging agents in live-cell studies. The thesis is structured into eight chapters,
each addressing the synthesis, structural characterization, and detailed sensing behavior of the
newly constructed fluorescent probes. To gain deeper insight into the sensing mechanisms,
Density Functional Theory (DFT) calculations were carried out in the Gaussian 09 software
suite. Several of the synthesized probes have demonstrated successful applicability in the
analysis of real-world samples.

Chapter 1 provides a brief introduction to the fundamental concepts of chemosensors,

including their definitions, classifications, and the underlying principles of various non-covalent
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interactions. It also outlines the essential criteria for designing host and guest systems.
Additionally, a concise yet comprehensive literature review is presented, highlighting various
reported chemosensors based on different molecular recognition mechanisms.

Chapter 2 outlines the detailed instrumentation techniques employed in the
characterization and analysis of chemosensors, including *H and 3C NMR, IR spectroscopy,
HRMS, UV-Vis absorption, fluorescence spectroscopy, lifetime decay measurements, and
single-crystal X-ray crystallography. This chapter also describes essential analytical methods
such as quantum vyield calculation, detection limit estimation, and association constant
determination, which are crucial for the comprehensive evaluation of molecular sensing probes.

Chapter 3 represents with the fabrication and charecterization of a highly sensitive,
reversible, reusable and fluorogenic ‘‘turn-on’’ probe (HBTC) for the sole detection of AI**. On
incremental addition of AI** in a solution of HBTC in ACN: H2O (4: 1), a sharp “‘turn-on”’
emission enhancement is observed. The reusability and real-time application of the probe were
also studied. Bioimaging study reveals that HBTC can detect AI** in human breast cancer cells
(MDA-MB-231).

Chapter 4 presents the fabrication of a biphenyl thiosemicarbazide based chemosensor
(HBMC) which showed specific detection of Cd?* in MeOH: H.O (4:1) solution. Where we
observed a chromogenic change from colorless to light yellow colour, as well as it shows a
“turn-on” fluorogenic change from non-fluorescent to blooming cyan colour. The reusability
study was performed and on-sight detection of cadmium ion by chemosensor (HBMC) was
established by Dip-stick experiment. Moreover, In vitro detection of Cd?* in human breast cancer
cells (MDA-MB-231) by HBMC discloses its cell permeability and biocompatibility nature.

Chapter 5 deals with the fabrication of a new fluorescent organic probe DCMC (E)-2-
((7-(diethylamino)-2-oxo-2H-chromen-3-yl) methylene)-N-methylhydrazine-1-carbothioamide.
The systematic sensing studies of DCMC in DMSO/H20 (9/1, v/v, pH = 7.2) by fluorescence
and absorption method showed selectivity towards Hg?*, Zn** and Cu?* by different sensing
modalities. A detailed investigation was performed on the detection mechanism by using Job’s
plot, 'H-NMR, ESI mass analysis and density functional theory (DFT) calculations which
established the 2:1 binding stoichiometry for all the three ions. The live cell imaging study on
MCF-7 cell line to detect Zn?* and Hg?" also reveals the detection capability of DCMC and its
biocompatible nature.
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Chapter 6 introduces a novel triphenylamine benzimidazole based fluorogenic
chemosensor (PBIA) which was successfully generated and characterized by varoius
spectroscopic techniques. Among various screened anions only cyanide (CN°) showed a distinct
fluorogenic property towards PBIA. where we observed that, upon treatment of CN™ to probe
solution, the orange fluorescence of ligand showed a blue shift and the orange fluorescence
changed to greenish-yellow under UV lamp. Furthermore, the practical efficacy of the probe
PBIA was established by dip-stick experiment along with cyanide detection in various natural
water resources. Human breast cancer cells MDA-MB 231 makes it susceptible to CN™ sensing in
biological system.

Chapter 7 reports synthesis of a new fluorescent ratiometric switch (BOHB) which
showed swift and distinct detection of cyanide ion in aqueous media without any interference of
other competitive anions. The blue shift in fluorescence intensity upon the addition of cyanide
ion was attributed to the deprotonation mechanism of acidic protons present in BOHB. Also, the
detection limit of this new probe was found to be (22.1+0.89) uM. Triple negative breast
adenocarcinoma (MDA-MB-231) cells were made susceptible to CN™ sensing in a biological
system thereby making BOHB a biomarker tool.

Lastly, Chapter 8 describes a biphenyl-benzoimidazole based (BPCI) chemodosimeter
which displayed a rapid, sensitive and ratiometric detection towards lethal pulmonary agent
phosgene. The chemodosimeter (BPCI) showed nucleophilic substitution reaction with phosgene
followed by a ring closure to yield the carbamylated final product and showed an explicit
ratiometric fluorescence response towards phosgene. This ratiometric switch which we
developed, was used as a potential portable kit for detecting phosgene in vapour phase, as well as
in solid phase when supported upon TLC plates. Theoretical calculation by DFT/B3LYP/6-
31+G(d) method was performed to unveil the electronic properties theoretically and to interpret
the probable sensing mechanism.

In summary, this thesis focuses on the synthesis of several novel fluorescent molecules
with the potential to detect environmentally and biologically significant ions andchemical
weapons, along with their application in live-cell imaging. Andrreal sample analysis. It is
gratifying to note that most of these research findings have been published in several reputed

international journals.
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A succinct yet comprehensive
prelude to organic
chemosensory agents,
emphasizing their operative
detection models and cross-
disciplinary utilizations



2|Chapter 1

1.1. Introduction

Metal ions play a fundamental and indispensable role in maintaining a wide range of biological
functions in humans, animals, and plants.! Some of these ions serve as essential cofactors in
participating in crucial biochemical processes such as metabolism,cellular signalling, enzymatic
systems, and structural stabilization. However, both the deficiency and excess of metal ions can
disrupt physiological balance, potentially leading to various health disorders.Essential metal ions
include main group elements such as magnesium (Mg), sodium (Na), potassium (K), and calcium
(Ca), as well as transition metals like chromium (Cr), copper (Cu), zinc (Zn), iron (Fe), cobalt
(Co), nickel (Ni), cadmium (Cd), molybdenum (Mo),vanadium (V), manganese (Mn), which are
essential for biological process.? The deficiency of cobalt (Co) or iron (Fe) is associated with
anaemia; insufficient levels of zinc (Zn) can result in dermatological issues and growth
impairment; chromium (Cr) deficiency can impair glucose tolerance; a lack of copper (Cu) has
been linked to cardiovascular and neurological disorders; and calcium (Ca) deficiency often
leads to bone demineralization and related skeletal disorders. In addition to biologically essential
metals, there exists a group of elements—including arsenic (As), bismuth (Bi), germanium (Ge),
mercury (Hg), lead (Pb), nickel (Ni), strontium (Sr), tin (Sn), uranium (U), aluminum (Al),
barium (Ba), cadmium (Cd), gold (Au), lithium (Li), platinum (Pt), tellurium (Te), titanium (Ti),
antimony (Sb), beryllium (Be), gallium (Ga), indium (In), silver (Ag), thallium (TI), and
vanadium (V)—that are generally regarded as nonessential for biological systems, as they have
no well-defined or recognized cellular functions.® Conversely, heavy metal elements are widely
recognized for their detrimental effects on biological systems. These metals can compromise
cellular integrity by damaging the cell membrane and thus disrupting the function of critical
organelles such as mitochondria, lysosomes, the endoplasmic reticulum, and the nucleus.*
Moreover, heavy metal toxicity can lead to the inactivation of vital enzymes, impairing
numerous biochemical pathways essential for normal cellular function.The presence of heavy
metals has also been shown to alter the conformations of DNA and nuclear proteins, thereby
influencing the regulation of the cell cycle and contributing to the onset of carcinogenesis.®
Among the various toxic elements, mercury (Hg), cadmium (Cd), arsenic (As), lead (Pb), and
chromium (Cr) are of particular concern due to their widespread environmental occurrence and
severe public health implications.® Given that each metal possesses distinct physicochemical

characteristics, the mechanisms of toxicity differ considerably and in many cases, remain only
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partially understood. As a result of their universaltoxicity and persistent presence in the
biosphere, it is critically important to develop effective strategies for the detection, identification,
and monitoring of biologically relevant as well as heavy metals. As such efforts are essential for
the diagnosis and potential treatment of various metal-induced diseases.

Furthermore, in addition to metal toxicity, emerging threats from hazardous organic compounds
have raised new concerns, underscoring the need for comprehensive environmental and
biomedical monitoring systems.In addition to metal toxicity, the human population is
increasingly threatened by hazardous organic compounds, some of which are synthetically
produced for industrial or military purposes, while others originate from natural disasters or
environmental degradation. Among these, chemical warfare agents (CWAS) represent one of the
most destructive and ethically concerning categories of toxic substances developed by mankind.”
19 These agents, whether intentionally synthesized or unintentionally formed as byproducts of
chemical manufacturing, possess extremely high toxicity and pose severe risks to both human
health and ecological systems. Although thousands of chemical compounds exhibit toxic
properties, only a selected few are designated as CWAs based on criteria such as toxicity level,
rapid onset of action, environmental persistence, and their ability to evade detection by human
senses. The use of CWAs as weapons was first witnessed on a large-scale during World War 1,
when chlorine gas was deployed by the German army in Belgium in 1915.1! That event marked
the beginning of a devastating era, leading to approximately 100,000 deaths and 1.2 million
injuries from chemical attacks during the war.!? Since then, the deployment of CWAs has
resulted in repeated tragedies, inflicting mass casualties and long-term environmental and
biological damage. Among the various classes of CWAs, organophosphorus nerve agents are
particularly lethal and warrant significant attention. Their ease of synthesis, low production cost,
and widespread availability make them especially dangerous in the hands of non-state actors or
terrorist groups. Even simple organophosphorus compounds, originally designed for agricultural
use, have the potential to be repurposed as deadly chemical weapons in warfare or acts of
bioterrorism.

In addition to chemical warfare agents, cyanide has also been employed as a chemical weapon,
notably in the form of hydrogen cyanide (HCN) during World War 1.23 Due to its extreme
toxicity, cyanide is also classified among the fatal chemical warfare agents. Its hazardous nature
stems from its potent ability to disrupt vital cellular processes, posing a significant threat to both

human health and environmental safety. Despite its toxicity, cyanide continues to play a critical
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role in various industrial applications, including electroplating, petrochemical processing,
photography, steel manufacturing, gold mining, metallurgy, and the synthesis of resins and
synthetic fibres, owing to its versatility in multi-functional chemical reactions.** To mitigate its
risks, the World Health Organization (WHOQO) has established a maximum permissible
concentration of 1.9 x 10 mol/L for cyanide in drinking water.X® Cyanide is also naturally
present in certain plants, seeds, roots, and insects, where it is released through the enzymatic
hydrolysis of cyanogenic glycosides.®8 Biologically, cyanide exerts its toxic effects by binding
to the iron centre of cytochrome c oxidase, a key enzyme in the mitochondrial electron transport
chain. This binding inhibits ATP production, effectively halting cellular respiration.'*?® As a
result, the energy supply of body to vital organs such as the heart, central nervous system, and
respiratory system is severely impaired, often leading to fatal outcomes.?

Artificial receptor molecules represent a broad extension of classical coordination chemistry,
wherein molecular recognition is no longer confined to transition-metal ions but is also
applicable to a diverse array of substrates, including cationic, anionic, and neutral species of
organic, inorganic, and biological origin. Among these, the selective detection of trace elements
such as copper, zinc, aluminium, cadmium, and mercury hold particular significance due to their
essential yet potentially toxic roles in biological systems and environmental matrices. The
detection of toxic gases such as phosgene (COCI>) is equally important, especially in contexts
involving chemical safety and industrial hazards. Compared to conventional analytical
instruments, chemical sensors offer significant advantages, including portability, operational
simplicity, facile synthesis, and suitability for in-situ applications due to their compact and
lightweight nature. These attributes make them ideal for real-time, on-site measurements,
thereby reducing analytical errors that may arise during sample storage or transportation.??-24
Chemosensors are specialized molecular systems comprising organic, inorganic, or hybrid
complexes engineered to detect specific analytes through a distinct and quantifiable signal
alteration. Classically, a chemosensor consists of two primary components: a recognition unit
that exhibits selective affinity towards the target analyte, and a signaling moiety that produces an
observable response, such as a fluorescence emission or a visible color change. These functional
domains may be directly conjugated or connected via a flexible molecular spacer to optimize
spatial orientation and performance. The utilization of such systems in analytical applications is
broadly referred to as chemosensing, and plays a crucial role in enabling sensitive, selective, and

real-time detection in diverse scientific and technological domains.
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Functionally, a chemosensor operates similarly to a transducer by converting a non-detectable
chemical interaction into a measurable physical signal. The analyte interacts with the recognition
site, often resulting in a selective chemical reaction or a specific binding event. This event
triggers the signalling unit, which then produces a detectable changecommonly in optical
properties such as fluorescence intensity or color or an electrical response such as a shift in
potential. This signal is then interpreted by the transducer, correlating signal intensity with the
concentration of the analyte.?®

Chemosensors can be broadly categorized based on their transduction mechanisms into four
primary types: optical, electrochemical, mass-sensitive, and thermal (heat-sensitive) sensors.
Among these, optical chemosensors have emerged as particularly prominent due to their inherent
simplicity, high sensitivity, rapid response times, and wide-ranging applicability in fields such as
clinical diagnostics, biomedical imaging, environmental monitoring, and industrial process
control.?6-%0 These sensors are specifically valuable for detecting contamination sources, tracking
the formation and dispersion of hazardous pollutants, and providing timely alerts when toxic
substances exceed established safety thresholds.

Optical sensors are effective for identifying sources of contamination, tracking the formation and
movement of pollutants, and providing timely alerts when exposure thresholds are exceeded.
Nonetheless, optical chemosensors are not devoid of limitations. Some chemical indicators suffer
from poor photostability, spectral overlap, suboptimal absorption characteristics, or low molar
absorptivity. Additionally, certain systems rely on auxiliary reagents for signal generation, which
may complicate their use in practical scenarios. These limitations underscore the continuing need
to innovate and design next-generation chemosensors that exhibit enhanced stability, selectivity,
and operational consistency across diverse environmental and biological matrices. Addressing
these challenges is central to broadening the applicability and reliability of chemosensors in
modern analytical and diagnostic fields.

Fluorescence-based indicators have emerged as highly advantageous analytical tools in
chemosensor design, particularly owing to their exceptional sensitivity and selectivity.3!3* This
superiority is largely due to the low probability of interfering species exhibiting identical
absorption and emission profiles to the target analyte. In addition to the widely applied “turn-on”
type fluorescent chemosensors, a considerable number of sensors operate via a “turn-off”
mechanism, wherein fluorescence is quenched upon analyte recognition. The quenching

phenomenon typically occurs through two mechanisms: static quenching, in which the quencher
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interacts with the fluorophore in the ground state, and dynamic or collisional quenching, where
the analyte interacts with the excited-state fluorophore, resulting in a substantial decrease in
emission intensity and fluorescence lifetime. Chemosensors designed on such principles are
capable of producing highly specific responses to guest analytes, often manifested through
enhanced fluorescence, emission quenching, or ratiometric shifts in emission maxima. These
optical changes are frequently accompanied by distinct color transitions observable under UV
light, thereby facilitating rapid, visual detection. The functional chemistry underlying these
chemosensors is deeply rooted in coordination chemistry, which is not solely restricted to
transition metal cations but is broadly applicable to a diverse range of cationic, anionic, and
neutral species spanning inorganic, organic, and biological systems.

The implementation of molecular detection is fundamentally based on the quantitative evaluation
of complementarity between the host and guest species, or conversely, their degree of
dissimilarity. This recognition process relies heavily on the precise definition and construction of
molecular geometries and potential interaction maps. Consequently, the conceptualization and
rational design of molecular receptors are of paramount importance in the development of
effective chemosensors.® The binding or complexation efficiency of a molecular probe with its
target analyte is predominantly governed by the number of degrees of freedom and the spatial
and electronic compatibilities involved in the binding interaction.®® Therefore, the synthesis of an
ideal chemosensor necessitates careful consideration of several key factors, including selectivity,
binding affinity, signal transduction efficiency, and environmental stability. To design and
synthesize an ideal molecular probe for chemosensing applications, several critical factors must
be considered to ensure effective analyte recognition and signal transduction. These
considerations include:

(1) The geometric compatibility between the probe and the analyte is essential. This involves
the precise spatial arrangement of convex and concave domains that allow for a
comfortable and specific fit, enhancing molecular recognition.

(2) Effective binding depends on the presence and correct positioning of complementary
binding sites. These may include electrostatic interactions (e.g., charge-charge, charge-
dipole, dipole-dipole), hydrogen bonding (donor-acceptor pairs), and Van der Waals
forces. Achieving a complementary distribution of electronic and nuclear densities is

crucial for selective interaction.
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(3) A larger contact area between the probe and analyte facilitates stronger binding through
cumulative weak interactions, improving the overall interaction strength.

(4) Given the relatively weak nature of individual non-covalent interactions compared to
covalent bonds, multiple binding interactions are necessary to ensure a stable and
selective complex.

(5) High binding affinity and selectivity are critical for a functional probe, ensuring that it
interacts predominantly with the intended target under physiological or environmental
conditions.

(6) The surrounding medium plays a pivotal role in influencing both the probe and analyte
behaviours. Solvent interactions can impact binding efficiency, probe stability, and signal
transduction, and must therefore be carefully considered during probe design.

Therefore, for optimal host-guest recognition, both entities should exhibit complementary
geometrical features, particularly with respect to their solvophilic or solvophobic domains. Over
recent decades, a wide array of receptor architectures has been developed, each tailored to
selectively bind specific analytes through non-covalent interactions. Despite the vast progress in
sensor design, the field of chemosensor research continues to witness exponential growth, not
only in terms of detection sensitivity and selectivity but also in the affordability of probe
synthesis, the clarification of binding kinetics and thermodynamics, and the surge in scholarly
publications and active research groups globally. Compared to conventional instrument-based
analytical techniques, chemical sensors offer significant advantages. They are typically compact,
user-friendly, cost-effective, and acquiescent to in-situ fabrication and application. These
attributes make them highly suitable for real-time and on-site monitoring of environmentally or
biologically relevant species. Moreover, the use of chemical sensors minimizes potential
analytical errors that might arise from delays in sample handling, transport, or storage, thereby
improving overall data reliability.

The central objective of this thesis is the rational design and synthesis of novel organic molecular
probes, engineered to enable facile, cost-effective, and biocompatible chromo-fluorogenic
detection of environmentally deleterious ions and compounds. These probes are intended to
function efficiently across diverse mediaincluding semi-aqueous environments, solid-state
matrices, and the vapor phaseoffering high sensitivity and selectivity through portable and user-

friendly sensing platforms.
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1.2. Supramolecular Chemistry: The origin

Supramolecular chemistry, often described as “chemistry beyond the molecule,” provides the
conceptual and practical foundation for the design of chemosensors through its emphasis on non-
covalent interactions. Originating in the latter half of the 20th century with the groundbreaking
work of Pedersen, Cram, and Lehnwho were awarded the Nobel Prize in Chemistry in 1987,
where supramolecular chemistry shifted the focus from covalent bond formation to the selective
and reversible interactions between discrete molecular entities. This model enables the rational
design of molecular receptors that recognize and bind specific analytes through forces such as
electrostatic interactions, hydrogen bonding, m-m stacking, van der Waals forces, and metal-
ligand coordination. In chemosensing, these interactions reinforce the ability of a receptor to
transduce molecular recognition events into measurable signals, often through optical or
electrochemical means. The spatial and electronic complementarity between a receptor and its
target, along with considerations such as binding affinity and selectivity, are central to sensor
performance. As such, supramolecular chemistry has become an indispensable tool in the
development of highly sensitive and selective sensors for ions, small molecules, and
biomolecules, with wide-ranging applications in environmental monitoring, medical diagnostics,

and industrial process control.®

1.3. Specific molecular interaction

Molecular recognition is a fundamental phenomenon that plays a pivotal role across diverse
fields such as chemistry, materials science, biology, and environmental sciences. It refers to the
specific, selective interaction between two or more molecules facilitated by various non-covalent
forces, electrostatic attractions, hydrogen bonding, hydrophobic interactions, including
metalcoordination, m-mt stacking, van der Waals forces, halogen bonding, and, in some cases,
electromagnetic or resonance effects. These interactions collectively govern the selective binding
behaviour between a host and a guest molecule. Solvent effects also significantly influence
molecular recognition in solution-phase systems, affecting both binding affinity and selectivity.
At the core of this concept lies the intentional design and synthesis of host molecules tailored to
identify and bind specific guest species, often of biological or environmental significance.®” The
effectiveness of this host-guest interaction is primarily dictated by the size, shape, functional

groups, and spatial arrangement of the binding sites involved.®“° This selective binding
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underpins a wide range of processes, from synthetic receptor design to biologically inspired
sensing and separation technologies.The foundational concept of molecular recognition was first
introduced through the development of crown ethers by Charles J. Pedersen, which provided a
blueprint for selectively binding metal cations.** This innovation was later extended by Jean-
Marie Lehn, who explored more complex macrocyclic and bicyclic systems to recognize both
ionic and neutral species.*>** Donald J. Cram further expanded this work by developing
structurally rigid host molecules capable of high selectivity and specificity. These pioneering
contributions led to the awarding of the Nobel Prize in Chemistry in 1987 to Pedersen, Lehn, and
Cram for their groundbreaking work in establishing the principles of host-guest chemistry and
advancing the field of supramolecular chemistry. The concept of host-guest chemistry was
initially demonstrated with crown ethers serving as molecular hosts for metal cations. 44

Today, the concept of molecular recognition underlies numerous biological and chemical
systems, such as enzyme-substrate interactions, antigen-antibody binding, genetic regulation
mechanisms, metal ion transport across membranes, and biomimetic catalysis. Its principles
continue to inform the design of advanced functional materials, biosensors, drug delivery
systems, and artificial receptors in supramolecular and analytical chemistry.*’
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1.4. Chemosensors and Chemodosimeters:
Definitions and Distinctions

Chemosensors and chemodosimeters are two distinct yet closely related classes of molecular
systems used for the detection and quantification of analytes through chemical recognition
processes. Both systems operate on the principle of molecular recognition; however, they differ
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fundamentally in their modes of interaction with target species and in the nature of the signals
they generate. A chemical sensor is defined as a miniaturized device or material capable of
providing real-time information regarding the presence, identity, or concentration of specific
chemical speciessuch as compounds or ionswithin complex sample matrices.*®>° Typically, a
chemical sensor comprises a chemically selective sensing layer that interacts with the target
analyte through specific chemical or physical processes. This interaction induces a measurable
change in a transducible property (e.g., optical, electrochemical, or thermal), allowing for both
qualitative and quantitative detection. The selective nature of the sensing layer enables the sensor
to respond accurately to a particular analyte, even in the presence of interfering substances,
thereby making chemical sensors indispensable tools in environmental monitoring, clinical
diagnostics, and industrial process control. In contrast, chemodosimeters operate based on a
chemical reaction with the target analyte, leading to an irreversible covalent transformation of
the sensor molecule. This transformation results in a permanent structural change that is
accompanied by a detectable signal, usually optical. Unlike chemosensors, chemodosimeters are
single-use systems but often offer exceptional selectivity and sensitivity for specific analytes,
particularly in the detection of biologically and environmentally relevant species such as reactive
oxygen species (ROS), metal ions, or toxic gases. Their high degree of specificity arises from the
selective reactivity built into their molecular framework.

Fluorescence-based sensing of chemical and biochemical analytes represents a highly active and
evolving area of research due to its sensitivity, simplicity, and rapid response capabilities. There
is a growing demand for cost-effective, rapid, and reliable testing methods to address a wide
array of challenges in chemical, biomedical, and environmental analysis. For optimal
performance, fluorescence sensors should exhibit high selectivity toward specific target analytes
(guests), enabling not only their detection but also the accurate monitoring of their concentration
in complex systems. Such sensors provide real-time quantitative data, which is crucial for
applications ranging from medical diagnostics to environmental monitoring. The development of
selective and sensitive fluorescence sensors, therefore, holds significant promise for advancing
both clinical and environmental technologies. All chemosensors are comprised of a signaling
moiety and a recognition unit, which are joined either directly to each other or through some

kind of spacer or connector (Fig. 1.1).
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Figure 1.1: Schematic representation of Host-Guest Interaction

1.5. Classification of sensors

Chemosensors can be classified in various ways, as illustrated in Scheme 1.1. One common
method of classification is based on the principle of transduction, which divides sensors into two
primary categories: (i) physical sensors, and (ii) chemical sensors. Further subclassification can
be made according to the nature of the signal or detection mechanism involved. These
subcategories include optical, electrochemical, electrical, mass-sensitive, magnetic, and
thermometricsensors, each employing a distinct transduction method to convert the chemical

interaction into a measurable output.>*

Chemosensors

Chemical Physical
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Scheme 1.1:General classifications of sensors.

1.5.1. Optical sensors
Optical chemosensors generate an optical response upon interaction with a target analyte, often

in an irreversible manner. Due to this behavior, they are also commonly referred to as “probes”

or “optodes”.%? These sensors typically comprise four key components, as illustrated in Scheme
1.2:5354
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(a) Recognition Element — Responsible for the selective interaction with the analyte, ensuring
specific molecular recognition.

(b) Transduction Element — Converts the recognition event into a measurable optical signal, such
as changes in absorbance, luminescence, fluorescence polarization, or Raman scattering.

(c) Detection Unit — Captures the resulting optical change and translates it into a readable output,
often after signal amplification.

(d) Optical Setup — Incorporates at least one light source to initiate the optical interaction.
The performance and reliability of an optical sensor can be assessed using several key criteria:

1. The sensor should produce an optical signal with a high signal-to-noise ratio, ensuring
sensitivity and accuracy.

2. The signal should exhibit a significant and discernible change upon exposure to the target
analyte.

3. The sensor materials must demonstrate long-term stability, retaining their sensing
capabilities over extended periods.

4. All components involved in the sensor design should be chemically resistant and non-
degradable upon contact with the analyte.

5. The indicator dye or fluorophore should remain photostable under prolonged exposure to
the light source.

6. The analytical output should be referenced against a secondary signal, such as an
alternative wavelength, to improve measurement reliability.

7. The materials used in fabrication should be cost-effective and readily available.

8. The overall sensor should be economical to produce and allow for rapid analysis.

9. Finally, the sensor should be constructed using environmentally benign and non-

hazardous materials.

However, fulfilling all of these criteria simultaneously is rarely attainable in practice. Most
existing optical sensors face several limitations, such as insufficient long-term stability, poor
selectivity in distinguishing the target analyte from structurally similar species, and inadequate
detection limits. As a result, the field of optical sensing continues to attract significant research
interest, as evidenced by the growing number of publications and reviews dedicated to the

development and advancement of novel chemosensors.
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1.5.2. Electrochemical sensors
Significant research efforts have been dedicated to the advancement of efficient and user-friendly

electrochemical sensors. Owing to their rapid response and high sensitivity, these sensors have
garnered widespread attention across diverse scientific and industrial fields. As a result, the
development of simple, scalable fabrication methods for electrochemical devices capable of
monitoring the concentration and activity of a wide range of analytes has become increasingly
crucial. In recent years, the emergence of handheld electrochemical devices has demonstrated the
feasibility of achieving both precision and sensitivity in compact formats tailored for specific
applications. Progress in modern fabrication techniques has played a pivotal role in enhancing
the miniaturization and overall performance of these sensors. Consequently, the continued
innovation of portable, rapid, cost-effective, and dual-mode detection systems is essential to the
future advancement of electro-optical sensor technologies.

1.6. Non-Covalent Forces Governing Chemosensor

Analyte Binding

The binding event represents a fundamental step in chemosensing, governed by a complex
interplay of non-covalent chemical interactions—both attractive and, less desirably, repulsive in
nature. The term non-covalent forces encompass a broad spectrum of interactions that play a
crucial role in molecular recognition and sensor performance. These forces include hydrogen
bonding, electrostatic interactions, n-m stacking, van der Waals forces, and hydrophobic effects,
among others. Each of these interactions contributes to the overall stability and specificity of the
host-guest complex, and they vary widely in terms of interaction energy. A brief overview of the
most relevant non-covalent forces, along with their approximate energetic contributions, is
provided below to contextualize their roles in sensor design.

(a) Hydrogen bonding (4-120 kJ/mole)] interactions

(b) Electrostatic interactions

(c) Van der Waals forces (< 5 kd/mole)

(d) m-m stacking (0-50 kJ/mole) interactions

(e) Hydrophobic Interactions

(F) CH- & interactions

(9) Close packing in the solid phase
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1.6.1. Hydrogen bonding interactions

A hydrogen bond is defined as an attractive force between a hydrogen atom covalently bonded to
an electronegative atom and another nearby electronegative atom. This type of interaction plays a
crucial role in molecular recognition processes.>® Hydrogen bonds can be classified into two
types: intermolecular hydrogen bonding, which occurs between different molecules, and
intramolecular hydrogen bonding, which occurs within a single molecule. Although weaker than
ionic or covalent bonds, hydrogen bonds are significantly stronger than van der Waals forces.The
versatility of hydrogen bonding is evident in its widespread applications, both in natural host-
guest complexes and in the design of synthetic supramolecular systems. Various donor-acceptor
configurations have been extensively explored, leading to the formation of robust and selective
host-guest assemblies. Furthermore, hydrogen bonding is fundamental in determining the
secondary, tertiary, and quaternary structures of biomacromolecules such as proteins and nucleic
acids, as well as in stabilizing the double helical structure of DNA.

Hydrogen bonding has been extensively utilized in the design of receptors for the selective
coordination of neutral organic species, such as short-chain alcohols, amides, and various anions.
These interactions are widely observed in biological systemsfor example, in the stabilization of
the DNA double helixhighlighting their fundamental role in molecular recognition processes.
The directional and highly specific nature of hydrogen bonds enables the construction of intricate
molecular architectures with well-defined binding sites. Moreover, the donor-acceptor
characteristics of the participating species play a crucial role in hydrogen bonding-based
recognition. A strong electron pair donor readily serves as a hydrogen bond acceptor, thereby
influencing the overall binding affinity. However, the effectiveness of hydrogen bonding can be
significantly compromised in solvents that themselves act as good hydrogen bond donors or
acceptors.>® In such cases, competitive solvation of both host and guest molecules can interfere
with complex formation, thereby diminishing the strength and selectivity of the binding
interaction. J. Hu et al. have developed an intra-molecular NH....O and OH...O hydrogen
bonding based chemosensor to recognize cyanide in DMSO/H20 (2:8, v/v) with excellent
selectivity (Fig. 1.2).%7
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Figure 1.2: Example of some H-bonding based chemosensors.(J. Hu et al.)

1.6.2. Electrostatic interactions

Selective recognition of specific guest molecules can be effectively achieved through weak, non-
covalent interactions involving the sensing probe. Among these, electrostatic interactions play a
pivotal role, arising from Coulombic attraction between oppositely charged species. While ion-
ion interactions are generally non-directional, ion-dipole interactions require precise alignment
of the dipole for optimal binding efficiency. Due to their relatively high interaction strength
compared to other non-covalent forces, electrostatic interactions have been extensively utilized
in supramolecular chemistry to promote strong and selective binding.

This principle forms the basis for the design of numerous receptors. For instance, cation
receptors such as crown ethers, cryptands, and spherands exploit electrostatic attraction to
encapsulate metal ions. Similarly, anion receptors, including protonated or alkylated
polyammonium macro bicycles, have been developed to selectively bind anionic guests. These
host-guest systems rely on carefully tailored electrostatic complementarity to achieve stability

and specificity in complex formation.
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Figure 1.3: Electrostatic interactions (a) ion-ion (b) ion-dipole and (c) dipole-dipole.

1.6.3. Van der Waals forces

Van der Waals forces arise from transient, fluctuating polarizations between nearby atoms,

molecules, or surfaces. These weak, non-covalent interactions play a significant role in the
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stabilization of host-guest complexes, particularly in systems involving hydrophobic interactions.
Hydrophobic guest molecules are often accommodated within the hydrophobic cavities of host
structures through van der Waals forces, resulting in additional enthalpic stabilization of the
complex. Although these interactions are considerably weaker than hydrogen bonds in terms of
energetic contribution, they are essential for enhancing the overall binding affinity and

specificity in many supramolecular assemblies.

1.6.4. n-n stacking

In recent years, the term n-7t stacking has gained increasing prominence in host-guest chemistry,
particularly among organic chemists. Notably, the first synthetic application of =-stacking
interactions was proposed by E. J. Corey in 1972, in the context of chiral ketone reduction during
the synthesis of prostaglandins.

n-n stacking interactions are a class of non-covalent interactions that occur when two 7-
conjugated systems come into close proximity and align in a parallel fashion, facilitating
intermolecular interactions between their w-orbitals (Fig. 1.4). These interactions can manifest in
various geometries, including “face-to-face” (sandwich), “edge-to-face” (T-shaped), and “offset”
(parallel-displaced) configurations. Compounds containing aromatic moieties often engage in m—
7 interactions, significantly influencing crystal packing in solid-state structures, supramolecular
recognition processes,> and phenomena such as porphyrin aggregation.>°An illustrative example
is provided by Zimmerman's molecular tweezers, where the n-n interactions are believed to
adopt a parallel-displaced geometry.®°Crystal structure analyses reveal complex formation
between tweezer units, albeit with minimal -orbital overlap.®! Biologically, n- interactions play
a critical role in DNA base stacking, drug-DNA binding, and protein folding processes.?? Despite
their widespread importance, the precise nature of n-m interactions remains a subject of ongoing
research. Among the models proposed to explain these interactions, the electron donor-acceptor
(EDA) model attributes the attraction to interactions between electron-rich and electron-deficient
aromatic systems. Alternatively, the charge transfer (CT) model posits that the formation of a CT
complex, characterized by a distinct absorption band in the UV-Vis spectrum, underpins the

interaction between a good electron donor and an acceptor.®®
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Figure 1.4: Different mode of n-staking interactions: (a) face to face (b) edge to face (c) offset (alkene-

arene staking).

1.6.5. Hydrophobic Interactions

Hydrophobic interactions, also referred to as solvophobic interactions, are characteristic of
nonpolar molecules and play a crucial role in driving the self-assembly of these molecules into
anhydrous domains within agueous environments. These interactions offer a valuable mechanism
for the construction of DNA-based nanomaterials and other supramolecular architectures with
potential applications in biomedicine. The underlying origin of the solvophobic effect lies in an
entropic contribution, arising from the disruption of hydrogen bonding networks among water
molecules by apolar solutes. Hydrophobic interactions are inherently dynamic and tunable,
enabling materials to exhibit enhanced responsiveness to environmental stimuli—a key feature in
the development of smart biomaterials. Consequently, receptors possessing hydrophobic interior
cavities can be strategically designed to encapsulate organic guest molecules in agueous media,

thereby facilitating selective molecular recognition and functional material development.

1.6.6. CH-1t interactions

CH-m interactions represent a subtle form of weak hydrogen bonding, occurring between a soft
acid, such as a methyl group (—-CHy) in an alkyl chain, and a soft base, typically a w-electron-rich
system (Fig. 1.5). Despite their relatively low interaction energy—approximately 1 kcal/mol—
CH-r interactions play a significant role in molecular recognition, influencing the selectivity of
organic reactions, chromatographic behaviour, and the substrate specificity of biologically
relevant macromolecules.®

Due to their low enthalpic contribution, CH-n interactions are often difficult to distinguish from

van der Waals forces, which are non-stereospecific and include both attractive and repulsive
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components. Nevertheless, their contribution to supramolecular binding cannot be overlooked,
especially when combined with other non-covalent interactions. For instance, A. Singh et al.
reported the development of a chemosensor that utilizes both CH-n and #-w interactions between

pyrene moieties, highlighting the utility of such weak forces in sensor design.®®
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Figure 1.5: Modes of CH-r interactions

1.6.7. Close packing in the solid phase

The theory of close packing was first introduced by Kitaigorodsky as a means of rationalizing
the arrangement of molecules in the solid state to maximize favorable isotropic van der Waals
interactions within crystalline structures. In contrast to the ordered nature of crystalline packing,
organic compounds in their free state exhibit high entropy, driven by conformational flexibility
and dynamic, disordered motion. However, the formation of non-covalent interactions during
crystallization acts in opposition to this entropy, promoting molecular organization and reducing
the overall free energy of the system. This thermodynamic balance is described by Gibbs' free
energy equation:

AG=AH-TAS

1.7. Principles of Chemosensor Design and

Molecular Recognition

1.7.1. Criteria of designing an ideal chemosensor
The chemistry of artificial synthetic receptor molecules represents a generalized approach to
coordination chemistry, extending beyond traditional interactions with transition metal ions. This

domain encompasses a broad range of substrates, including cationic, anionic, and neutral species
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of organic, inorganic, and biological origin. The strength of complexation is primarily governed

by the number of degrees of freedom involved during a binding event.%®

In designing an ideal receptor, several key criteria must be considered:

1. Steric compatibility between the receptor and the substrate;

2. The presence of complementary binding sites, arranged to enable optimal electronic and
spatial complementarity between host and guest;

3. A large interaction surface area to enhance binding efficiency;

4. Multiple contact points, as non-covalent interactions are inherently weaker than covalent
bonds;

5. High stability and selectivity to ensure the robustness and specificity of the receptor;

6. The influence of the medium or solvent, which interacts with both the receptor and the
guest and plays a crucial role in the binding process.

Theoretical receptors may be synthesized either through multistep total synthesis or via regio-
and stereoselective functionalization of structurally accessible host molecules. For practical
applications in molecular sensing, it is often advantageous to design simplified architectures with
a limited number of recognition elements. These structural units are typically responsive to, or
perturbed by, specific external stimuli. Current research predominantly focuses on endo-
receptors, where the binding sites are oriented within a molecular cavity, providing a defined
space for guest encapsulation.®’” The design of such host molecules considers all potential
recognition elements to ensure efficient and selective binding of guest species.

1.7.2. Binding of metal cations

The selectivity of a specific host molecule toward a particular cation is determined by the
relative binding affinity of the host for that target ion compared to other competing cations. An
effective host exhibits a high binding affinity for a particular guest cation while demonstrating
significantly lower affinities for other potential guests. Designing a synthetic host with
exceptional selectivity for a single cation is a complex and challenging task, as selectivity is
influenced by a multitude of factors. These include the size and geometry of both host and guest,
the nature and distribution of electrostatic charges, the polarity and coordinating ability of the

solvent, and other subtle structural and environmental considerations.Therefore, the development
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of chemosensor that will be extremely specific for a distinct metal cation is a very intricate

assignment (Fig.1.6).

C Metal bonded

Fluorescence :
site
enhancement

e

Fluorescence ~ Metal bonded
site

Metal binding

Signalling .
site

unit

quenching

Figure 1.6: Modes of metal ion binding interaction and fluorescence response.

1.7.3. Binding of anions
A common strategy for the development of anion chemosensors involves the integration of two
key components: a binding site for anion recognition and a signaling unit for transducing the

binding event into a detectable signal.

1.7.3.1. Covalent attachment of signaling subunit and binding site

Many chemical sensors achieve selective interaction with specific anions through covalent
bonding, as illustrated schematically in Fig. 1.7.%8 In these systems, the anion covalently binds to
the recognition site of the sensor, initiating a response in the signaling unit (reporter). This
interaction induces a change in the photophysical properties of the sensor, which may manifest
as a visible color change in the case of chromogenic chemosensors, or as a variation in

fluorescence emission for fluorogenic chemosensors.
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Figure 1.7: Anionic chemosensors based on the binding site-signaling subunit approach: (a) binding site

is an integral part of the signaling unit (receptor); (b) binding site and signaling subunit connected

covalently by a short spacer.

1.7.3.2. Displacement approach

In this approach, the chemosensor is coordinatively linked to a signaling subunit to form a
molecular ensemble. Upon introduction of a target anion into the solution containing this
ensemble, a displacement reaction occurs: the binding site preferentially coordinates the anion,
thereby releasing the signaling subunit into the solution. Once free, the signaling subunit regains
its non-coordinated spectroscopic characteristics (Fig. 1.8). If the photophysical properties of the
signaling subunit in its free state differ from those in the bound ensemble, the binding event can
be effectively monitored through spectroscopic techniques. Selectivity in anion sensing can be
enhanced by judiciously selecting a binding site-indicator pair with a formation stability constant
higher than that between the signaling unit and any potentially interfering anions.®®
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Figure 1.8: Anionic chemosensor based on the displacement approach.
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1.7.3.3. Chemodosimeter approach

Chemodosimeters differ fundamentally from conventional chemosensors where they operate via
irreversible chemical reactions that are directly linked to the signal transduction event .">"* As a
result, chemodosimeters are typically non-reversible and non-reusable.However, they offer high
selectivity toward specific anionic or cationic analytes.’?

Chemodosimeters generally function through one of two mechanisms. In the first, the target
anion forms a covalent bond with the chemodosimeter, becoming chemically incorporated into
the reaction product. In the second, the anion acts as a catalyst or initiator for a chemical
transformation without becoming part of the final product. In either case, the interaction triggers
a detectable optical responsesuch as a fluorescence “turn-on” effect or a ratiometric shift in the

emission spectrum. These modes of action are graphically illustrated in Fig. 1.9.
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Figure 1.9: Types of chemodosimeters.

1.8. Different mechanisms of Fluorescence-Based

Sensing

Fluorogenic chemosensors represent a class of molecular machines that undergo changes in their
luminescent properties upon binding to specific analytes. These systems are typically composed
of two functional subunits: a binding site, which selectively interacts with the target analyte, and
a signalling unit (fluorophore), which transduces the binding event into a measurable
fluorescence response. Among optical signalling mechanisms, fluorescence is particularly
advantageous in chemosensor chemistry due to its exceptional sensitivity and ability to detect
analytes at extremely low concentrations.Fluorescence spectroscopy is a highly versatile

analytical tool capable of monitoring even minute changes in emission in real time, making it
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invaluable across diverse research and application domains. Depending on the mode of
excitation, luminescent phenomena are categorized into chemiluminescence, radioluminescence,
electroluminescence, sonoluminescence, and others. In a fluorescent compound, the absorption
of light at a specific wavelength is followed by the rapid emission of light at a longer

wavelength, forming the basis for fluorescence detection.”

1.8.1. ESIPT (Excited State Intramolecular Proton Transfer)

mehanism

Excited-State Intramolecular Proton Transfer (ESIPT) chromophores possess a distinctive
characteristic—the formation of a keto tautomer upon excitation.” In the ground state, these
chromophores typically exist in the cis-enol form, which is stabilized by intramolecular
hydrogen bonding. Upon photoexcitation, the cis-enol form is initially promoted to its singlet
excited state in accordance with the Franck-Condon principle. This is rapidly followed by an
efficient ESIPT process, resulting in the population of the excited singlet state of the cis-keto
form, which is also stabilized by intramolecular hydrogen bonding.

The ESIPT process occurs on a timescale much faster than that of radiative fluorescence decay.
As a result, the fluorescence emission from ESIPT chromophores typically originates from the
keto tautomer, with only rare exceptions.” The overall mechanism is schematically illustrated in
Scheme 1.2. ESIPT-based systems have attracted considerable attention due to their versatile

applications in various fields, including molecular probes,’® luminescent materials’’.
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Scheme 1.2: Principle photo physics of the ESIPT process.
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In 2019, Kaur and co-workers reported a novel naphthalene-based fluorescent chemosensor
capable of sequential detection of Hg?* and cysteine via an ESIPT (Excited-State Intramolecular
Proton Transfer) sensing mechanism.”® The presence of a hydroxyl functional group in the
naphthalene scaffold facilitates tautomerization, thereby enabling the ESIPT process within the
probe. This intramolecular proton transfer is responsible for modulating the fluorescence

response, specifically resulting in emission quenching, as illustrated in Fig. 1.10.
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Figure 1.10: Naphthalene based ratiometric chemosensors depending on ESIPT process. (Kaur etal.)

Shafig group published an ESIPT based fluorescence molecular switch in 2023 for sensing CN-
anions selectively via a “turn-on” emission response in Acetonitrile.” The schematic diagram

has shown the sensing mechanism of the sensor (Fig. 1.11).
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Figure 1.11: Chemosensors for the selective detection of cyanide ions showing ESIPT process. (Shafiqg et
al.)
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A novel pyridine-hydrazone-substituted naphthalimide-based probe was developed by the Liu
group in 2020 as an efficient and selective colorimetric and fluorescent sensor for cyanide
detection in aqueous media.!% The probe operates via a unique Excited-State Intramolecular
Proton Transfer (ESIPT) mechanism, which plays a critical role in its sensing performance. The

ESIPT process involved in the sensing mechanism is schematically illustrated in Fig. 1.12.
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Figure 1.12: A new ESIPT strategy for the proposed colorimetric fluorescent cyanide probe. (Liu et al.)

However, in 2022, Jose and co-workers reported an ESIPT-based fluorescent probe for the
selective detection of Cr3*.8 As shown in Fig. 1.13, the protection of the hydroxyl group of the
probe is involved in the ESIPT process.
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Figure 1.13: The ESIPT sensing mechanism of the fluorescent Cr®* recptor. (Jose et al.)

1.8.2. Rigidity or chelation enhanced fluorescence (CHEF) effect
Although definitive evidence for the actual existence of the Chelation-Enhanced Fluorescence
(CHEF) effect remains limited, this concept has been widely employed to rationalize the

fluorescence enhancement observed in chemosensors upon coordination with metal ions. lon
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complexation often leads to increased rigidity in the resulting complex, which in turn suppresses
non-radiative decay pathways from the excited state. As a result, the fluorescence intensity is
significantly enhanced. Numerous studies have utilized the CHEF effect as a foundational
principle to explain the sensing mechanisms of newly developed fluorescent chemosensors.

In some cases, upon complexation with an appropriate metal ion, increases the rigidity of the
molecular assemblyby restricting the free rotation of the molecule. As a result, thechelation-
enhanced fluorescence (CHEF) effect occurredand leads to a ‘turn-on’ of fluorescence. AS
shown in Fig.1.14% by Jiang and co-workers. As for example, in 2022, Sinha et al. published a
“turn-on” fluorescent probe for selective detection of Zn?* ion in CH3CN/H20 (99:1, v/v)
(HEPES buffer, pH 7.5).2% The probe shows enhancement of intensity at 499 nm of 20 fold The
enhancement maybe explained on account of its complexation of H.L with Zn?* as confirmed
from the crystal structure that tends to suppress the non-radiative PET and ESIPT processes and

inclusion of Chelation-Enhanced Fluorescence (CHEF).

Figure 1.14: Schematic representation of sensing mechanism of an Al®* sensor.(Jiang et al.)

Another report on an AI** sensor by a rhodamine and azobenzene based probe was reported by
Mabhai et al. in 2018.3* The binding of aluminium may be due to the CHEF as well as PET
process due to the rigidity of the structure (Fig. 1.15).
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Figure 1.15: Probable sensing pattern of the AI** sensing probe.(Mabhai et al.)
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1.8.3. ICT (Intramolecular charge transfer) mechanism
The Intramolecular Charge Transfer (ICT) mechanism is commonly observed in chemosensors

designed for “naked-eye” detection of analytes. Although colorimetric detection is considered a
relatively less advanced technique compared to other spectroscopic methods, it offers significant
advantages in terms of simplicity and ease of use. The ability to provide a direct visual response
without the need for sophisticated instrumentation makes ICT-based colorimetric sensing
particularly appealing for practical applications, especially in field or point-of-care settings.
ICT-based chemosensors typically consist of an electron-donating unit and an electron-accepting
moiety connected through a m-conjugated linker (Fig.1.16). In such systems, intramolecular
charge transfer occurs from the donor to the acceptor unit. Upon interaction with a target analyte,
this electron transfer process is disrupted, resulting in the inhibition of the ICT mechanism. This
disruption leads to noticeable shifts in both the absorption and fluorescence emission spectra,
enabling analyte detection. Colorimetric ICT chemosensors are particularly attractive due to their
operational simplicity. They require minimal calibration and sample preparation and can be
effectively used by non-specialists, making them highly suitable for rapid, on-site analysis.
Although considered less advanced than other spectroscopic techniques, colorimetric detection
offers the significant advantage of providing a direct visual signal, allowing for "naked-eye"
detection. This practical ease of use has contributed to the widespread application of ICT-based
chemosensors in the field of molecular recognition. To date, numerous ICT-based systems have
been reported for the detection of various analytes.8®
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Figure 1.16: ICT process in organic probes having electron withdrawing and electron donating moiety.
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In 2018, Song et al. reported a ratiometric fluorescent chemosensor for selective and visual
detection of phosgene insolutions and as well as in the gas phase.®® The sensing mechanism is
depicted as change in the ICT process to give ratiometric fluorescence response. The
fluorescence maxima of Phos-1 (511 nm) and 2 (442 nm) revealed theirdifferent ICT characters:
a strong ICT process from the 4,5-diaminemoiety to the imide unit for Phos-1 and a weak such
ICT for 2, due to carbamylation of 4,5-diamine weakening its electron-donating ability. (Fig.
1.17).
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Figure 1.17: The design strategy of the use of the ratiometric fluorescent chemosensor, Phos-1, for

phosgene. (Song et al.)

In 2019, Song group reported an intramolecular charge transfer based chemosensor for the
selective detection of phosgene.®” The fluorescence maxima of Phos-3 (548 nm) and 3 (486 nm)
reveal the difference in their intramolecular charge transfer (ICT): a strong 4-aminedonor for

Phos-3 and a weak carbamylated 4-amine donor for 3. (Fig. 1.18).
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Figure 1.18: Design of our fluorescent chemosensor, Phos-3, for phosgene.
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1.8.4. PET (Photo-induced electron transfer) process
This photo-induced electron transfer (PET) process has been extensively investigated and widely

applied in the design of chemosensors for the detection of both cations and anions.®8 The
thermodynamic foundation of PET was first established for intermolecular systems through the
pioneering work of Weller.®® In general, fluorescence arises when an electron in an excited
state—typically in the Lowest Unoccupied Molecular Orbital (LUMO)—returns to the Highest
Occupied Molecular Orbital (HOMO), releasing the excess energy as emitted light. However, if
an intermediate orbital exists—either from another part of the same molecule or from an
interacting molecular species—and this orbital lies energetically between the HOMO and LUMO
and is occupied, a PET process can occur. In this scenario, the electron can be transferred from
the occupied intermediate orbital to the HOMO of the fluorophore, effectively quenching the
fluorescence. A subsequent electron transfer from the LUMO of the fluorophore back to the

external orbital restores the system to its stable ground state. This mechanism is schematically
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illustrated in Scheme 1.3.
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Scheme 1.3: Frontier energy diagram illustrating PET and reverse back PET.

In such a sequence, fluorescence quenching occurs because the transition from the excited state
to the ground state follows a non-radiative pathway. Macroscopically, this is observed as a

reduction in fluorescence intensity or complete suppression of emission. A similar mechanism
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can also take place when an unoccupied orbitaloriginating from another part of the molecule or
an interacting molecular entity that lies between the HOMO and LUMO of the fluorophore. In
this case, a PET event can occur from the excited LUMO to the empty orbital, followed by
electron transfer from this orbital to the HOMO of the fluorophore. As with the previous
scenario, de-excitation occurs without photon emission, resulting in fluorescence quenching.The
design of anion chemosensors often strategically exploits such PET mechanisms, whereby the
binding of an ion modulates the PET processeither suppressing or enabling it, thereby causing
quenching or enhancement of fluorescence emission. When donor and acceptor units are
incorporated within the same molecular framework, they must be appropriately separated by a
spacer that facilitates efficient electron transfer while minimizing electronic delocalization. The
design of fluorescent chemosensors, therefore, seeks to manipulate PET processes in such a way
that the presence of a specific ion selectively alters the emission profile. This principle is well-
established, and numerous studies have been dedicated to elucidating the underlying PET
mechanisms.*

As shown in Fig. 1.19, The lonepair of electrons on —OH functional groups are involved
inphotoinduced electron transfer (PET) process which can reducethe emission intensity quite a
bit.%* With increasing amount of AI** the hydroxyl lone pair ofelectrons got blocked which

evidently resulted in suppression of PET and ESIPT simultaneously.
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Figure 1.19: PET mechanism based fluorescent chemosensor. (Ghosh et al.)
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In 2017, Xiao-li Yue and co-workers reported a fluorescence chemosensor for selective detection
of AI®*, based on a combination of PET (Photoinduced Electron Transfer) and ESIPT (Excited-
State Intramolecular Proton Transfer) mechanisms.®> The sensor comprises a naphthalene
fluorophore and a pyridine carboxylic hydrazone moiety linked via a Schiff base (Fig. 1.20). In
the uncomplexed state, the imine nitrogen can donate its lone pair of electrons to the partially
filled HOMO of the naphthalene acceptor in the excited state, thereby activating the PET process
and quenching fluorescence. However, upon complexation with AI**, the lone pair on the imine
nitrogen becomes involved in coordination, suppressing the PET pathway. This inhibition of
non-radiative decay results in a fluorescence "turn-on" response, enabling selective detection of
A,

Aoyt 415 nm

Figure 1.20: Sensing scheme for AI** sensing. (Yue et al.)

1.8.5. FRET (Fluorescence resonance energy transfer) process

Fluorescence Resonance Energy Transfer (FRET) is an intermolecular, non-radiative energy
transfer process mediated by dipole-dipole interactions, wherein energy is transferred from an
excited-state fluorophore (donor) to a neighbouring ground-state fluorophore (acceptor) . The
efficiency of this energy transfer is directly related to the degree of spectral overlap between the
emission spectrum of the donor and the absorption spectrum of the acceptor. This spectral
overlap is quantitatively described by the Forster distance (Ro), which is the distance at which
energy transfer efficiency is 50%.

The rate of energy transferis given by the Forster equation:

ke(r) = (1/t4)(Ro/r)®
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where r is the distance between the donor and acceptor fluorophores, and 14 is the fluorescence
lifetime of the donor in the absence of energy transfer. The efficiency of FRET is highly
dependent on the donor-acceptor distance, typically effective within a range of 1-10 nm.

The FRET mechanism as follows:

D*+A—D+A*

where an excited donor (D*) transfers energy to the acceptor (A), resulting in the donor returning

to the ground state and the acceptor being excited.
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Scheme 1.4: General FRET based signaling mechanism.

The extent of spectral overlap between the emission spectrum of a donor and theabsorption
spectrum of an acceptor is required to allow for FRET to occur. FRET happens when anenergy
transfers from the excited donor to the acceptor which should be in a longer wavelength (D*
+A—D + A*), coupled in resonance, accompanied with a loss ofemission from the donor .%*

In 2014, Chattopadhyay and co-workers introduced a Rhodamine-based chemosensor for
selective and ratiometric detection of Hg?* ion ®and the recognition process can be attributed to
the FRET mechanism. The fluorophores used are responsible for efficient FRET fluorescence

emission as shown in the following structure of the sensor in Fig. 1.21.
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Figure 1.21: FRET process in a peptide-based chemosensor. (Chattopadhyay et al.)

In 2016, Das et al. reported a FRET-based fluorescent probe that exhibited a ratiometric emission
response toward Fe3* and a colorimetric response toward Fe?*.% The authors attributed the Fe3*
sensing mechanism to a FRET process, which was facilitated by the optimal match between the
ionic radius of Fe3* and the spatial dimensions of the probe’s binding cavity. The proposed

sensing mechanism is illustrated in Fig. 1.22.

Y & o "
s (@ o Fe** d
.~

(e)
% RaBTE *Qgi‘ " RQBTE-Fe**

Figure 1.22: FRET process in a ratiometricchemosensor.(Das et al.)

1.8.6. Fluorescence quenching

Fluorescence quenching refers to any process that leads to a reduction in fluorescence intensity.
Such processes can occur during the excited-state lifetime for examples include collisional
quenching, charge transfer reactions, and photochemical transformationsor they may arise due to
the formation of non-fluorescent complexes in the ground state. Broadly, fluorescence quenching
mechanisms can be classified into two main types: (1) collisional or dynamic quenching, which
involves interactions between the excited fluorophore and a quencher molecule during the
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excited state, and (2) static quenching, which results from the formation of a stable, non-emissive

complex between the fluorophore and quencher in the ground state.

1.8.6.1. Dynamic quenching

Collisional quenching occurs when an excited-state fluorophore returns to the ground state via a
non-radiative pathway as a result of energy transfer upon interaction with another molecule in
the solution, known as the quencher. This dynamic interaction leads to a measurable decrease in
fluorescence intensity. The reduction in fluorescence intensity due to collisional quenching can
be quantitatively described by the Stern-Volmer equation:

FIFo=1+K[Q] =1+ kqro[Q]

where K is the Stern-Volmer rate quenching constant, kq is the bimolecular quenching constant,
7o IS the unquenched lifetime, and [Q] is the quencher concentration. The constant K mainly
represents the sensitivity of the fluorophore to a quencher. A wide variety of molecular species,
including oxygen, halogens, and amines, can act as effective fluorescence quenchers. Quenching
by heavy atoms is primarily attributed to enhanced spin—orbit coupling, which facilitates
intersystem crossing to the triplet state, thereby promoting non-radiative decay pathways. In the
case of collisional (dynamic) quenching, not only is the fluorescence intensity reduced, but the
excited-state lifetime of the fluorophore is also significantly shortened, providing a useful

distinction from static quenching mechanisms.
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Scheme 1.5: Mechanism showing dynamic quenching (left side) and Jablonski diagram showing collision

guenching (right side).
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1.8.6.2. Static quenching

In several instances, a fluorophore can form a stable, non-fluorescent complex with another
molecule in the ground state. This phenomenon is referred to as static quenching. Unlike
dynamic quenching, static quenching does not involve the excited state of the fluorophore,
insteadit results from the formation of a non-emissive ground-state complex. The decrease in
fluorescence intensity due to static quenching is described by the following equation:

Fo/F = 1 + Ka[Q], where Ka is the association constant of the complex.

Unlike dynamic quenching, static quenching (as illustrated in Scheme 1.6) does not alter the
excited-state lifetime of the fluorophore. This is because only the uncomplexed fluorophores are
capable of being excited and emitting fluorescence, thereby retaining their typical excited-state
properties. The quencher, in this case, effectively reduces the number of fluorophores available
to fluoresce by forming non-emissive ground-state complexes. As a result, the overall
fluorescence intensity of the sample is diminished, even though the lifetime of the emitting

species remains unchanged.
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Scheme 1.6: Simple mechanism showing dynamic quenching (left side) and schematic of Stern-Volmer

plot was shown displaying different forms of fluorescence quenching (right side).

1.9. Chemosensors: From Molecular Design to

Practical Applications

1.9.1. Drug design
The selective recognition of specific molecules in the presence of closely related analogues

forms the foundational principle behind numerous biological and chemical processes, including
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enzyme catalysis, gene regulation, and chemical reactivity. In modern drug design, the precise
binding of small molecules to complex biological targets such as proteins or enzymes is crucial.
Drug molecules are engineered to selectively interact with specific receptors or enzymes
implicated in a disease pathway, thereby minimizing off-target effects and reducing potential
side effects. Notably, many clinically used drugs are administered in racemic forms, although
their individual enantiomers often elicit different physiological responses. For instance, d-
propranolol is approximately 40 times more potent than its | counterpart and functions
effectively as an antiarrhythmic and antihypertensive agent, while I-propranolol exhibits
significant efficacy as an anti-anginal agent.®” Interestingly, PB-cyclodextrin demonstrates
selective binding toward d-propranolol via hydrogen bonding, enabling the enantioselective
separation of d and | isomers—a process known as chiral recognition.® Such artificial
recognition systems for biologically relevant molecules including peptides, nucleotides, and
pharmaceuticals open promising avenues for the development of innovative therapeutic
strategies, drug delivery platforms, and chemical sensor designs. These investigations often focus

on the selective recognition of the ground-state configurations of target biomolecules.

1.9.2. Optical biosensor

An optical biosensor is a device that integrates an immobilized biological component with a
transducer, representing a synergistic combination of biotechnology and microelectronics.®® The
application of optical biosensors for the detection of heavy metal ions has been developed based
on the interaction mechanisms of biological systems. Various biological elements, including
proteins (such as antibodies, enzymes, and metal-binding proteins) and whole cells (both
naturally occurring and genetically engineered microorganisms), have been employed to
construct sensors for heavy metal ion detection.'?-1% Heavy metal ions typically act as catalysts
or inhibitors by chemically reacting with binding groups in proteins and microorganisms within
cells. Numerous enzymessuch as urease,'% cholinesterase,'%1%" and glucose oxidase!® as well as
specific proteins,’®® have been utilized in the development of these biosensors. For instance,
Jiang and co-workers developed a biosensor to detect mercury (Hg?*) in aqueous samples based
on the inhibition of the urease-catalyzed hydrolysis of urea upon exposure to Hg?* ions.*? In this
system, the presence of Hg?" is recognized through changes in pH, ammonia, or carbon dioxide
concentrations. The high affinity of Hg?* for thiol and methyl-thiol groups in the enzyme leads to

significant inhibition of enzymatic activity.!'!
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1.9.3. Nanoscience

Supramolecular chemistry plays a crucial role in assembling atoms and molecules into functional
materials, serving as a foundational strategy for the development of advanced nanomaterials and
nanoscale devices. Owing to its ability to guide molecular organization through non-covalent
interactions, supramolecular chemistry forms the basis of many bottom-up approaches in
nanotechnology, where large and complex structures are constructed from smaller molecular
building blocks.!? A prominent example of supramolecular systems in nanotechnology is
discotic liquid crystals, which can self-assemble into columnar structures driven by n-m stacking
interactions. These m-7m interactions are fundamental to molecular self-assembly, enabling the
controlled formation of nanoscale architectures essential to bottom-up fabrication techniques.
Another significant area of interest is the development of synthetic molecular motorsnanoscale
devices capable of undergoing controlled rotation in response to an external energy input. The
conceptual foundation for such motors was first introduced by Richard Feynman in his seminal
1959 lecture, There's Plenty of Room at the Bottom. The key criteria for functional synthetic
motors include continuous 360° rotational motion, energy consumption, and unidirectional
operation. In addition, emerging research on molecular machines such as nanocars, though
currently lacking direct practical applications, holds potential for future technological
advancements. These studies are expected to contribute to the development of more efficient

catalytic systems and further enrich the field of molecular nanotechnology.!®

1.9.4.Application through Dip-stick experiment

For the visual detection of various compounds and ions, a convenient and efficient portable
methodcommonly referred to as the dip-stick techniquewas employed. In this method, the
sensing probe serves as a portable test Kit, exhibiting its detection capability for specific analyte
even in the solid state. To perform the experiment, thin-layer chromatography (TLC) plates or
strips of Whatman filter paper were prepared by immersing them in a solution of the sensing
probe. After immersion, the plates were allowed to dry in ambient air to ensure complete
evaporation of the solvent.Upon exposure to the target analyte, the probe-coated test strips
displayed a visible change in color or fluorescence, depending on the nature of the analyte
interaction. These changes could be readily observed under ambient light or ultraviolet (UV)
illumination, respectively. This approach enables straightforward, on-site qualitative detection.

Numerous colorimetric and fluorometric chemosensors have been previously reported and
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successfully implemented using this method for the qualitative as well as sometimes quantitative
identification of a wide range of analytes.

Recently, in 2021, Tumay et al. reported a CHEF and ESIPT-based probe for turn on detection of
Aluminium ion in water:EtOH (1: 4, v/v) (Fig. 1.23). They have established a paper-basedtest

strips experiment for qualitative identification of AI** ion in different concentration.**

Figure 1.23: Pictures of paper-based test kits under UV irradiation (Aex = 365 nm) after treatment with
increasing concentrations of AI**. (Tumay et al.)

Again in 2019, Mahapatra et al. synthesized a Betti base chemodosimeter for ultrasensitive and
selective sensing of Phosgene gas (Fig. 1.24). They also established a portable solid-state
platform for analyte detection. 1%°

III ) |
' o

Figure 1.24: TLC sticks exposed to a handheld UV lamp todemonstrate fluorescence changes: (a) BB

alone, followed by contact with different phosgene concentrations: (b) 5.0 ppm, (c) 10.0 ppm, (d) 20.0
ppm, (e) 40.0 ppm, (f) 60 ppm, and (g) 90 ppm. (Mahapatra et al.)
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Mondal et al. reported a carbazole based fluorescent sensor for selective and sole recognition of

CN. Probe-loaded test strips displayed a greenish-yellow color in ambient light and yellowish

under UV light. Test strips were dipped into a CN™ solution changed its colour.® (Fig.1.25)
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Figure 1.25: Pictures of TLC plates after immersion into a DMSO solution (Mondal et al.)

1.9.5. Application of chemosensors in live cell imaging

Recently, various newly developed chemosensors have been utilized for in vitro cell imaging
studies to evaluate their capability for detecting metal ions within intracellular environments. As
for example, Goswami et al. reported ratiometric fluorescent probe for distinctive detection of
A7 and showed detection of intracellular AI®* its application in Peripheral blood mononuclear
cells (PBMCs) (Fig. 1.26).
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Figure 1.26: Confocal fluorescence images (60x) of human PBMCs treated with 10 mM HBTP (a and b),
and the same treated with 10 mM AI** solution (d and e). Images were obtained from (a and d) yellow
channel (540-570 nm) and (b and e) green channel (480-530 nm). Ae = 400 nm. Larger cells
aremacrophages in PBMC populations. (c and f) Show bright-field images of the cells with probe before

and after the addition of AI**, respectively. (Goswami et al.)

Similarly, Li et al. reported a “ratiomeric” fluorescent probe for detection of Cd?* recently 8,
which is also effective in detection of the metal ion present in the living RAW 264.7 cells. (Fig.
1.27).
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Figure 1.27: Confocal fluorescence images of RAW 264.7 cells. (a) Bright field image when treated with
L1 (10 uM); (b) blue-channel fluorescence image of (a) detected at 420 nm-460 nm; (c) green-channel
fluorescenceimage of (a) detected at 530 nm-570 nm; (d) bright field imagewhen treated with L1 (10 uM)
followed by 20 uM Cd?"; (e) blue-channelfluorescence image of (d) detected at 420 nm-460 nm; (f) green
channel fluorescence image of (d) detected at 530 nm-570 nm; (g)bright images when treated with the L1-
Cd(1l) complex followed by 20 uM PPi; (h) blue-channel fluorescence image of (g) detected at 420 nm-

460 nm; (i) green-channel fluorescence image of (g) detected at 530 nm-570 nm.(Li et al.)

In 2022, Mahapatraand co-workers fabricated an ICT-guided ratiometric naphthalene-
benzothiazole-based probe for the detection of cyanide!'® and showed its application in in human
breast cancer MDA-MB 231 cells (Fig. 1.28).
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Figure 1.28: Fluorescence microscopy images of untreated MDA-MB 231 cells (control), cells treated
with the ligand MNBTZ (10 mM), and ligand MNBTZ (10 mM) + cyanide (5 mM) after 15 min and 30
min: bright field, fluorescence and merged (Mahapatra et al.).

Similarly in 2023, Zhang group published a benzimidazole-derived fluorescent
chemosensor for turn-off detection of Cu?* and selective ratiometric turn-on detection of Zn?*in
aqueous solutions.'?® The application in living cells were perfomed with Cu?* and Zn?* by
confocal fluorescence microscopy. Bright green fluorescence was observed in livingcells when
incubated only with BBMP then Cu?* caused a quenching of the greenfluorescence whereas
brilliant blue fluorescencewas observed in HelLa living cells with further Zn?* incubation (Fig.
1.29).
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Figure 1.29: Bright-field (a, d and g), dark-field (b, e and h), and merged (c, f and i) images of living
HeLa cells. The HeLa cells were incubated with BBMP (10 uM) (a-c), BBMP and further with Cu®* (20
uM) (d-f), and BBMP and further with Zn?* (20 uM) (g-i) at 37 °C for 30 min, respectively. (Zhang et al.)

1.9.6. Application of chemosensors in real-world sample analysis
The application of chemosensors in real-world sample analysis has become increasingly
important due to their high sensitivity with selectivity, and ease of use. Chemosensors have been
successfully employed in the detection and quantification of various analytes including
environmental samples such as water, soil and biological fluids such as blood, urine and
industrial products. Their ability to operate under diverse conditions and deliver rapid, on-site
results makes them valuable tools for monitoring environmental pollution, and ensuring product
quality in manufacturing processes. Moreover, the development of portable and cost-effective
sensing platforms has further enhanced the practicality of chemosensors in field applications.
Recent advances also focus on improving the stability, reproducibility, and biocompatibility of
these sensors to ensure reliable performance in real-world conditions. WHO (World Health
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Organization) has given an enforceable drinking water standard for cadmium of 3 ppb.t?* Also
WHO (World Health Organization) stated that the average consumptionof AI** in the human
body through several ways is about 3-10 mg per kg per day and the maximum recommended
limit Al-contaminated water is 7.42 mM.'?2 Again WHO has set up an acceptable limit of
cyanide of 1.9 uM in drinking water due to its toxic nature.'?3

Recently, P. Tharmaraj et al. developed a new Anthracene based chemosensor for recognition of
Cd?* ions and also they collected real water samples and applied the sample to detect Cd?* in
micro level.*?* lyer and co-workers in 2021 have reported a sensitive and selective BINOL based
ratiometric fluorescence sensor for the detection of cyanide ions. The sensor was applied for CN-

determination in environmental samples.'?®

1.10. Plan of the thesis

The primary objective of this thesis is to advance the field of chemosensors for the detection and
monitoring of various deleterious and environmentally important ions and chemical warfare
agents. Given their profound adverse effects on human health and ecological systems, the
recognition and quantification of these species have become imperative and have garnered
significant attention from contemporary researchers. Although a variety of conventional
analytical methodologies exist, they frequently require sophisticated instrumentation and are
often constrained in their applicability for real-time, on-site monitoring. This thesis delineates the
application of several optical sensing strategies for the selective recognition of environmentally
and biologically hazardous analytes. Specifically, it focuses on the development and
characterization of newly synthesized organic compounds capable of detecting toxic species at
micromolar (uM) and even nanomolar (nM) concentration levels. The chemosensors discussed
herein exhibit rapid and specific binding to target analytes, often accompanied by distinct and
observable colorimetric and fluorometric changes, thereby facilitating real-time, naked-eye
detection without the need for elaborate equipment.Moreover, several of the reported
chemosensors demonstrate reversible binding behavior, highlighting their potential for reuse and
sustainable application. Importantly, some of the synthesized probes have been successfully
applied in cellular imaging studies, showcasing their biocompatibility and potential for

bioanalytical applications. Furthermore, the versatility of these chemosensors extends to the
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qualitative analyte identification through the implementation of a simple, cost-effective, and

portable "dip-stick" assay and real sample analysis.
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2.1. Introduction

The pioneer step in designing a chemosensor includes the planning of a scheme and then the plan
is implemented for the synthesis of the targeted molecular chemosensor. This chapter deals with
the steps performed after the synthesis of the molecular sensor, which includes the instruments
and techniques required for those steps. All the instrumentation techniques are demonstrated in
detail, throughout this chapter,which have been used for the characterization and analysis of all
fabricated probes as well as all for the adducts formed throughout the thesis work. In this
chapter, we have also explained some other useful methods such as calculation of limit of
detection, association constant and determination of quantum yield,which were handy in order to
study the fabricated sensors more accurately. The characterization of the chemosensorshave been
performed thoroughly by elemental analysis, *H-NMR, *C-NMR, HRMS, IR while other
photophysical as well as the spectraltechniques like UV-Vis spectrometry, fluorimetric
techniques, lifetime decay study or time resolved photoluminescence study are also executed for
studying their optical properties. Additionally, single crystal X-ray studies are carried out to

determine the single crystal structure to get the additional structural information.

2.2. Reagents for synthesis

All the Solvents that were used for the synthesis and analysis of the sensors throughout my thesis
have been purchased from Merck chemicals, India and used without further distillation
process.DMSO-ds and CDCls solvents for NMR spectroscopic studies have been bought from
Sigma Aldrich and used in its current form. 2-Thiophene carbonic acid hydrazide, 4-
phenylphenol, 4-Methyl-3-thiosemicarbazide, ethyl cyanoacetate, triphenyl amine, 2-
benzooxazol-2-yl-phenol, 2-hydroxy-benzoic acid, o-phenylenediamine, 5-(Diethylamino)-2-
hydroxybenzaldehyde, diethyl malonate, piperidine, acetic acid, Dimethylformamide,
Phosphorus oxychloride, triphosgene andtetrabutylammonium cyanide were purchased from
Sigma Aldrich chemicals, USA and used without further purification.Anhydrous sodium
sulphate, potassium carbonate,calcium chloride, phosphoryl chloride, thionyl chloride, acetyl
chloride, tri-n-butyl phosphate, acetic acid, hydrochloric acid, and other metal salts as well as
some other toxic molecules used as competitive analytes are purchased from Merck chemicals,
Germany. Silica gels and aluminum oxide (basic) are purchased from various commercial

Sources.
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2.3. Several physio-chemical characterizations

methods

Thorough characterization of the purified chemosensor is of great importance in molecular
recognition. Individually all these techniques do not portray complete picture of the entities
formed but collectively all the observation gives an imaging of the self-assembled entities.

Thedifferent techniques are described thoroughly.

2.3.1. tH-NMR Spectroscopy

To characterize the structure of a newly fabricated chemosensor, *H as well as *C NMR
spectroscopies are the most useful analytical techniques. Nuclear magnetic resonance involves
the interaction between an oscillating magnetic field of electromagnetic radiation and the
magnetic energy of the hydrogen nucleus or some other type of nuclei, when these are placed in
an external static magnetic field. Among the group of spectroscopic methods, the NMR
spectroscopyuses the lowest irradiation energy for excitation. Herethe sample absorbs
electromagnetic radiation in radio wave region. The absorption peaks absorbat different
frequencies since it depends upon the type of proton or certain nuclei contained in the sample.

The technique is a nondestructive one and gives molar response which allows structure
elucidation and quantification simultaneously. Hence this technique provides information about
the chemical structure of the desired molecules.In this method the protons in an organic or
inorganic molecule are revealed to a powerful field.! Under the influence of the external
magnetic field the protons start precessing at different frequencies. Now these precessing protons
are irradiated with steadily changing frequencies. When these precessing protons are exposed
with steadily changing radio frequencies, protons undergo transition from low-energy parallel
state to high-energy anti-parallel state. At a certain value of the field strength, the energy needed
to spin the protons matches with the energy of the radiation and then absorption occurs with the
occurrence of a signal. Thus, the spectrum obtained by this method is called nuclear magnetic
resonance spectrum. In the NMR spectrum, applied field strengths for each set of protons is
measured and their corresponding absorption peaks are plotted. The total number of signals at
different applied field strengths is equal to the different sets of equivalent protons present in the
molecule. The positionof each signal in the spectrum range helps us to know the nature of

protons whether they are adjacent to someelectron attracting or electron releasing group.


https://www.sciencedirect.com/topics/chemistry/nmr-spectroscopy
https://www.sciencedirect.com/topics/chemistry/nmr-spectroscopy
https://www.sciencedirect.com/topics/chemistry/structure-elucidation
https://www.sciencedirect.com/topics/chemistry/structure-elucidation

52 |[Chapter 2

When a molecule is positioned in a magnetic field, the electrons begin to circulate thereby
introducing secondary magnetic fields. This rotation of electrons about the proton itself generates
a field in such a way that the proton opposes the applied field. Here if the induced field opposes
the applied field, then the proton is said to be shielded and the corresponding protons are said to
be shifted to upfield region. While if the induced field reinforces the applied field, the proton is
said to be deshielded and the protons shifted to the downfield region. Such shifts are known as
chemical shifts. For determining chemical shifts of an assortment of protons in a molecule, the
signal for tetramethyl silane (TMS) is taken as a reference. Clearly, the NMR signal for a
particular proton in a molecule will appear at different field strengths comparedto a signal from
TMS. Thus, this difference in the absorption position of the proton with respect to TMS signal is
known as chemical shift. It is measured in equivalence frequency and expressed as 6 value.

d = (vsample - VTms)/operating frequency in per sec.
(unit of numerator in hertz and denominator in megahertz)
The value of & is expressed in perts per million (ppm). The solvent to be used should be free
from protons so that it does not give absorption of its own in NMR spectrum. Conventionally
deuterated solvents like CDClz and DMSO-Ds are used as deuterium is effectively NMR silent in
the operating frequency range of proton NMR.?
In an NMR spectrum, various peaks observed represent equivalent sets of protons. The area of
each peak gives information about the number of protons in each set present in the studied
compound and this area under an NMR signal is directly proportional to the number of protons
giving rise to signal. The splitting of a signal is owing to the different surroundings of the
absorbing proton with respect to the nearby protons. Importantly the separation between the two
adjacent peaks in a multiplet is usually constant and is called the J-coupling constant. The *H-'H
and *H-C couplingconstants are expressed in Hz.

NMR spectroscopy is a useful technique for the simpler aggregates by assigning the
peaks in the *H-NMR spectrum. For the large complexes, it is very difficult to characterize by
NMR spectroscopy, as most of the protonspectrum is uninterpretable.Whereas the
Characterization of simple molecular complex is possible from NMR titration. In case of NMR
titration, inferences about the stability of the host-guest complex can be calculated by
determining the association constant from analysis of the chemical shift values. Analysis of the

chemical shift values gives the association constant and infers stability of the complex. There are
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different methods to determine the exact stoichiometry of a sensor molecule. When the binding
constant is large and exchange is fast, simple titration plot of chemical shift versus the ratio of
guest to host suggests the stoichiometry of the complex. When binding constants is of broad
range and dynamic exchange between the free host and the complex is fast on the NMR time
scale, Job’s method is usually adopted for the stoichiometry of the complex, when it is slow on
the NMR time scale, the stoichiometry of the complex is apparent.?

Each and every H-NMR spectrum of all the synthesized chemosensors and other
associated compounds were recorded on a Bruker 300 MHz and 400 MHz FT-NMR
spectrometer of ~0.05 M solutions of the compounds in CDCIl; or DMSO-ds solvent using

TMSas an internal standard.

The case of the spin-% nucleus

A nucleus with spin at higher

energy generates a magnetic

field in the opposite direction ——

to the external magnetic field
The Nuclei are electrically

M
charged and many have

X m
spin that causes them to x
behave like a magnet @
=
o
Bo|Z
. Energy gap 0 %
S/ corresponds to =]
radio frequency g._
o
i =
No field 5
o

b

A nucleus with spin at lower |

€nergy generates a magnetic

field in the direction of the
external magnetic field

Fig 2.1: NMR spin energy levels under external magnetic field (Bo).

2.3.2. 3C-NMR Spectroscopy

As it is commonly known 3C is a comparatively new technique. There are noteworthy
differences between the 'H and *C spectra both in the form of recording as well as
demonstration. The value of nuclear spin quantum number (1) for C*2 is equal to zero. Hence due
to its non-magnetic nature it does not give rise to any NMR signal. On the other hand, C*3 has a
spin quantum number value equal to %2 and it is NMR active. But its natural abundance is only
1.11%. Every C*2 resonance is spin coupled, not only to the directly attached proton but also to
the protons which are two to four bonds away.Thus, the value of the coupling constants differsin

accordance with the *C and the proton consequently.
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For all the organic molecules, the range of complete C*2 spectra is 0-200 ppm where TMS is the
common internal reference used for *C NMR.

13C NMR spectra were recorded using a Bruker (AC) 300 MHz and 400 MHz FT-NMR
spectrometer in CDCls or DMSO-ds solvent using TMS as an internal standard.

2.3.3. High resolution mass spectrometry (HRMS) and Elemental
analysis

HRMS is one of the most crucial analytical tool to analyze the structure of newly developed
probes, in this case, newly fabricated chemosensors as well as chemodosimeters. This
spectrometry offers the most accurate method for determining the molecular mass of the
compound and its elemental composition. The molecular ion peak generated from HRMS spectra
gives information about the molecular weight of the synthesized compound and thus it is
comparable with the desired chemosensor. We can also comment about the structural
composition of the synthesized molecule by recognizing mass fragments in the spectra.

In this technique, the sample molecules are bombarded with a beam of energetic electrons.
Consequently, the molecules get ionized and broken up into numerous fragments. Some of them
are positive ions. Each variety of an ion has a particular mass to charge ratio, i.e., m/z ratio. For
most of the ions, the charge is one and thus m/z ratio is generally the molecular mass of the ion.
The set of ions are scrutinized in such a way that a signal is obtained for each value of m/z. The
intensity of each signal corresponds to the relative abundance of the fragment generating the
signal. The largest peak in the spectrum is called the base peak and its intensity is taken as 100.
Similarly, elemental analysis is also proved to be a useful technique which indicates to the
percentage presence of C, H and N in a compound. So here in this thesis allthe HRMS mass
spectral data were recorded on Waters (Xevo G2 Q-TOF) mass spectrometer and elemental

analysis was carried out in a 2400 Series-11 CHN analyzer, Perkin Elmer, USA.

2.3.4. Infrared Spectroscopy (IR)

Infra-red spectrum is another potent method which gives ample amount of information about the
structure of the synthesized probe. In ultraviolet spectrum we obtain moderately few peaks, but
in IR technique, it offers a spectrum including a huge number of absorption bands from which a
lot of information can be gathered about that particular structure. Upon absorption of infra-red

radiation,it causes various bands such as stretching and bending with respect to one another. The
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most significant infra-red region is observed from 2.5 p to 15 p in which molecularvibrations can
be detected and measured. The absorption of IR radiations can be articulated eitherin terms of
wavelength (1) or in terms of wave number (v).
Mainly, IR spectra of compounds are plotted as percentage transmittance against wave number.
The correlation between wavelength and wave number is as follows:

Wave number =1/wavelength in cm
Where band intensity is either expressed in terms of absorbance (A) or transmittance (T).

A =10g10(1/T)

When a molecule absorbs IR radiation, it causes excitation of molecule from a lower to the higher
vibrational level. Here each vibrational level is connected with a number of strictly spaced
rotational levels. All the bonds present in a molecule are not accomplished of absorbing infra-red
energy but only those bonds will absorb in the IR region which are accompanied by a change in
dipole moment. In that case such vibrational transitions accompanied by dipole moment change
are called IR-active transitions and those compounds will be called IR-active compounds. Hence
IR spectroscopy is also known as vibrational-rotational spectroscopy. All the IR datas recorded
in this thesis weretaken on a RX-1 PerkinElmer spectrophotometer with samples prepared as
KBr pellets.

2.3.5. UV-Vis absorption spectroscopy

The change in absorption spectra of the synthesized probes were meticulously studied after
addition of specific analyte along with other coexisting analytesinto the solution of those probes.
This study is of supreme importance as well as a common method in order to investigate the
sensing properties of chemosensors.

The technique is often referred as Electronic spectroscopy sinceit deals with the promotion of
electrons from the ground state to the higher energy level. For visible and ultra-violet spectrum,
electronic excitations arise in the range between 200-800 nm and leads to the promotion of
electrons to the higher energy molecular orbital. Here if the compound is absorbed in the visible
range, it will appear colored to the human eyeand any change in the spectrum of such compound
will result in the change of color. The wavelength of a particular radiation absorbed can be
expressed in the form of frequency or energy.

In the UV-Vis plot or the absorption spectrum, the wavelength (nm)is taken in the x-axis and the

absorbance (a.u) is taken in the y-axis as a function of the former. In the UV-Vis spectrum, we
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observe a number of absorption bands. There are two well-known laws which explains the
absorption changes by the molecules. These are:

(i) Lambert’s law and (ii) Beer’s law.

By combining these two laws, the Beer-Lambert law can be formulated as:

I(v) = Io(v)10M¢!

Where lo(v) and I(v) indicates the intensity of incident and transmitted light respectively at the
frequency v, € is the molar extinction coefficient at v frequency which can be expressed in
L (liters)mol-*cm™, ¢ is the concentration of solution in moles litre™! and | is the path length (cm)
of the absorbing medium.

To measure the UV-Vis spectrum, a baseline of the solvent in which the probe is
dissolved is recorded at first so that the contribution of the solventcan be eliminated from the
baseline of the probe itself. This process is known as baseline correction. After baseline
correction, the samples of desired concentration were prepared in quartz cuvette and the
absorption spectrum measurement was carried out. Perkin EImer Lambda 750 spectrophotometer
was used to record all the electronic spectra reported in this thesis.

2.3.6. Fluorescence Spectroscopy

The emission spectral changes of the synthesized chemosensors were also studied along with the
absorption spectrum to further gain knowledge about the sensing properties of sensors as well as
to understand the sensing pattern of that particular probe.

The fundamentals of photoluminescence or fluorescence processes are explained by
studying Jablonski diagram which illustrates a variety of processes that occur between absorption
and emission of light. It explains the several molecular processes which occurs after the
excitation of the molecule.® The Jablonski diagram is shown in Figure 2.2. The symbols So, Si
and S signify the singlet, ground, first and second electronic states respectively. At each of these
electronicenergy levels, the fluorophores can exist in a number ofvibrational energy levels,
represented as by 0, 1, 2, etc. The electronic transitions occur in about 10°%° sec thus the
displacement of the nucleus is irrelevant. This is illustrated in Frank-Condon principle. At room
temperature the excited vibrational levels of the fluorophore are not populated. As a result,
absorption and emission take place mostly from molecules withthe lowest vibrational energy.
Absorption of light by the fluorophore causes excitation to some highervibrational level of either

S1 or Safrom So. After that different kind of transitions takes place. when molecule jumps from
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Sz to Sy, it is known asinternal conversion. Emission from the S; to So state is termed as
fluorescence. Conversion of S; to Ti is called intersystem crossing. Emission from the triplet
ground state to singlet ground state is phrased as phosphorescence.* This transition is forbidden
and as anoutcome, the rate constants for triplet emission are severalorders of magnitude smaller

than those compared to fluorescence.
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Figure 2.2: A schematic of Jablonski diagram showing the excitation and de-excitation processes

involved in photoluminescence.

For a typical measurement, the samples of desired concentration of the probes were prepared in
quartz cuvette and the emission spectra were recorded without any baseline correction as in
photo-luminescence spectra the contribution from the solvent part is negligible. All the
fluorescence spectral data were recorded with the aid of Shimadzu RF-6000 fluorescence

spectrophotometer at room temperature (298 K), reported in this thesis.

2.3.7. Fluorescence lifetime measurement

Fluorescence lifetime of an excited state is the characteristic average time of a molecule that stay
in the excited state before undergoing decay. In Fluorescence lifetime of an emission the decay
curve plotted against time of a particular emission wavelength, after excitation at a particular
wavelength. In general, a fluorescent molecule exhibits a single exponential decay and the

relationship between their intensity and time can be expressed as:
I(t) = 1(0) exp(-kt)
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Where, 1(0) and I(t) represents the fluorescence intensity at the original stage (t = 0) and at a
given time t, respectively; k is known as rate constant describing the fluorescence decay. Both
radiative and non-radiative decays affect the rate constant, k.

A radiative decay rate constant is kr which is characterized by lifetime tr and a non-radiative
decay rate constant is knr, Characterized by lifetime tnr. SO, the equation of lifetime formulated as:
k=kr+ Kknr =1/t + 1/tne = Lt and  I(t) = 1(0) exp (-t/1)

One can obtain the overall fluorescence lifetime 1, by fitting a single exponential decay to
the experimental fluorescence decay curve.

For a typical measurement, the samples of desired concentration were prepared in quartz
cuvette and the emissionspectra were recorded. The lifetime measurement of synthesized probes
is a valuable tool to study further about these chemosensors. All the lifetime decay measurement
in this thesis work were carried out using a time-correlated single photon counting setup from
Horiba Jobin Yvon. Then, the fluorescence decay data were placed on a Hamamatsu MCP
photomultiplier (R3809) and analysed using EZ time software. The goodness of fit was evaluated
by x? criterion and visual inspection of the residuals of the fitted function to the data. Generally,
fluorescence shows lifetime of a few nanoseconds (ns), while spin-forbidden phosphorescence

has a lifetime in the order of microsecond (ps) to millisecond (ms).

2.3.8. Single crystal X-ray diffraction technique

Single crystal X-ray diffraction is a non-destructive analytical technique which provides detailed
information about the internal lattice of crystalline substances, including unit cell dimensions,
bond-lengths, bond-angles and details of site-ordering. The technique includes single-crystal
structure refinement, where the data generated from the X-ray analysis is interpreted and refined
to obtain the crystal structure.

In 1912, Max von Lauediscovered that crystalline substances act as three-dimensional diffraction
gratings for X-ray wavelengths similar to the spacing of planes in a crystal lattice. X-ray
diffraction has been appeared as a familiarprocedure for the study of crystal structures and
atomic spacing. Mainly, X-ray diffraction is based on constructive interference of
monochromatic X-rays and a crystalline sample. These X-rays are generated from a cathode ray
tube, where it filters to generate monochromatic radiation and directs it towards the sample
compound. The interaction of the incident rays with the sample produces constructive

interference when the conditions satisfy Bragg's Law (nA=2dsinf), where ‘A’ denotes the
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wavelength of electromagnetic radiation, ‘0’ is the diffraction angle and ‘d’ is the lattice spacing
in a crystalline sample. This law relates the wavelength of electromagnetic radiation to the
diffraction angle and the lattice spacing in a crystalline sample. These diffracted X-rays are then
detected, processed and counted. By changing the geometry of the incident rays, the orientation
of the centered crystal and the detector, all possible diffraction directions of the lattice should be
attained.> All diffraction methods are based on generation of X-rays in an X-ray tube. The angle
between the incident and diffracted beams is a vital component of all diffraction.

Single crystals were mounted on glass fibers with epoxy cement as described in relevant thesis
work. X-ray analysis was done using Apex Il CCDC diffractometer with fine-focus sealed tube
graphite-monochromated Mo K, radiation (A = 0.71073 A) at room temperature. The data
collected was processed with SAINT and corrected for absorption using SADABS.® The
structures were then solved by direct method using the program SHELXTL' and was refined by
full-matrix least squares technique on F2 using anisotropic displacement parameters for all non-
hydrogen atoms. While for all hydrogen atoms they were included in the refinement process as
per the riding model. The Mercury 3.0 software was used for the analysis of bond distances and
angles.

2.4. Theoretical calculation

In order to achieve more important information about a molecular assemble, quantum
mechanical calculations have been performed. We have used density functional theory (DFT) for
the theoretical calculations of theoptimized electronic structure. Full geometrical optimizations
of some probes, chemodosimeters and their corresponding complex or adductswere performed
using DFT method at B3LYP, level using 6-31-G(d) as basic set. Additionally, the vibrational
frequency calculations on the optimized geometries were carried out to assure that optimized
structural geometries represent the local minima and there were only positive eigen values.
Based on B3LYP optimized geometries, the vertical electronic excitations were computed using
TDDFT (time-dependent density functional theory) method in selected solvent using the
conductor like polarizable continuum formalism (CPCM) model. All theoretical calculations
were successfully performed with the Gaussian09 program package with the aid of the Gauss

View visualization program.
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2.5. Instrumentation segment of

thespectroscopic techniques
2.5.1. NMR technique

The work function of Nuclear magnetic resonance spectrophotometer involves the use of a
magnet, a radio-frequency, a detector and an amplifier. The detection system is employed to note
down the energy that is being transferred from the radio-frequency beam to the nucleus. The
sample to be examined is taken in a glass tube which is positioned between the pole faces of a
magnet. Then a radio-frequency source is made to fall on the sample. It was accomplished by
feeding energy into a coil placedaround the sample tube. A signal is then observed if the nuclei
in the sample resonates with the source. Energy is driven through the source via nuclei to the
detector coil. The output from the detector can be directed to a cathode ray oscillograph or to a
strip of chart recorder after amplification.

The instrumentation technique is shown in Figure 2.3.

Sample Tube Nuclear Magnetic Resonance (NMR) Spectroscopy
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Figure 2.3: Schematic diagram of instrumentation of NMR spectroscopy.

2.5.2. HRMS technique

The mass instrument consists of three main parts:

(a) lon source. The first and crucial step of achieving a mass spectrum is to ionize the sample
compound. The common procedure used for the fabrication of ion in mass spectrometer is by the
bombardment of electrons. The source used for bombarding electrons is from an electrically
heated tungsten filament. A few milligram of the substance is produced as vapour in the source

at an operating pressure of 10°° mm. Then the vapour is permitted to pass through a slit into the
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ion chamber. Here it is bombarded by a flow of electrons produced by a tungsten filament. Due
to bombardment, the molecules generally lose one electron to form a parent ion radical. But if
the energy of the bombarding electron is around 70 eV, additional energy is consumed in

fragmenting the parent ion. This results in the formation of fragment ions or the daughter ions.

(b) Mass analyser. The positively charged ions generated in the ion chamber are then
accelerated by pertaining an acceleration potential. Theses ions then go through the mass

analyser. Here the fragmented ions are differentiated based on their m/z ratio.

(c)lon detector. Finally, the ions which are separated by the mass analyser, are detected and
measured electrically. The ions pass through the collecting slit one after the other and fall on the

detector. The instrumentation technique is depicted in Figure 2.4.
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Figure 2.4: Schematic diagram of instrumentation of High-resolution mass spectrometry.

2.5.3. IR technique

The main source of Infra-red light for scanning the spectrum of an organic compound is Nernst
glower. It consists of a rod containing sintered mixture of the oxides of Zirconium, Ytterium and
Erbium. The rod is then electrically heated to 1500°C to produce Infra-red radiations.

Silicon carbide rod can alsobe electrically heated to produce Infra-red radiations. Optical prisms

or gratings can be used to obtain monochromatic light. Glass or quartz cannot be used for prism
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material since they absorb strongly through most of the IR-region. Sodium chloride or certain
alkali metal halides are commonly used as cell containers or for prism materials as these are
transparent to most of the IR region under consideration. Light from the source is split into two
beams, where one of the beams is passed through the sample under examination and is called the
sample beam and the other beam is called the reference beam. When the beam passes through the
sample, it becomes less intense due to the absorption of certain frequencies. Now there will be a
difference in the intensities of the two beams. Intensities of the bands can be recorded as a linear
function T (transmittance) against the corresponding wave-number.

The instrumentation technique is illustrated in Figure 2.5.
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Figure 2.5: Schematic of instrumentation of IR spectroscopy.

2.5.4. UV-Vis technique

The role of a spectrophotometer is to detect the percentage transmittance of light radiation when
light of certain intensity and frequency range is passed through a sample compound. Hence, the
instrument compares the intensity of the transmitted light with that of the incident light.

The modern UV-Vis spectrometer consists of various key parts Viz. light source,
monochromator, detector, amplifier, and the recording devices. The most suitable sources of
light which cover the whole of the UV-Vis region aretungsten Filament lamp and hydrogen-
deuterium discharge lamp. Most spectrophotometers are double beam instruments. The primary
source of light is divided into two beams of equal intensity by a beam splitter. One of which
passes though the sample and the other through the reference. A schematic presentation is given
below in Figure 2.6. which shows the detailed instrumentation of an ultra-violet

spectrophotometer.
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Figure 2.6: Schematic presentation of different parameters involved in absorption spectra measurement.

2.5.5. Fluorometry

A fluorimeter is a device that measures the intensity and its distribution throughout the
wavelength range visible to human eye. After excitation by a certain wavelength of light,
generally from UV region of the spectrum, the fluorophore undergoes radiative relaxation and
emits visible light which is then detected, quantified, and represented digitally by a detector-
computer assembly. Modern fluorometers can detect the emission from a fluorescent molecule in
very minute concentrations.

The basic component of a fluorimeter comprises of an excitation source, an excitation
monochromator, a cuvette, an emission monochromator, and a detector. Most commercial
instruments use the right angle detector approach as it reduces the background noise. In normal
instrumentation mode, the sample compound is excited with polarized light and the intensity of
the emitted florescence by that compound is measured by a polarizer analyser. A schematic

presentation is given below in Figure 2.7 which shows the detailed instrumentation.
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Figure 2.7: Schematic diagram of a fluorometer.

2.5.6. Fluorescence lifetime technique

The Fluorescence lifetime instruments record the life time of the excited state of a certain
fluorophore over the course of many events. The principle of time-correlating single photon
counting is a common technique for fluorescence lifetime measurement of a compound. Here it
involves the detection of single photons and their arrival times in respect to a reference signal,
typically the light source. TCSPC or time-correlating single photon counting is a statistical
method requiring a high repetitive light source to accumulate enough photon that events for a
required statistical data precision. The instrumentation of a TCSPC is shown in the following

schematic diagram (Figure 2.8).
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Figure 2.8: Schematic diagram of instrumentation of atime-correlated single photon counting
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2.6. Some essential methods to study the

chemosensors

2.6.1. Determination of limit of detection of synthesized

chemosensors

The limit of detection or LOD value is a very important term in the field of chemosensors and
chemodosimeters. The value of limit of detection determines the sensitivity of a chemosensor
towards a specific analyte. The lower is the LOD value of a sensor, the greater will be its ability
to sense the analyte in very minuscule concentrations. And in case of some toxic analytes, the
low detection limit value is very much desirable as it indicates that to detect those toxic harmful
analytes, one needs very little amount of those analytes which is environmentally friendly as well
as important for human health also.

The limit of detection value was calculated based on the fluorescence titration of the developed
probe. To determine the S/N ratio, the emission intensity of the probe itself was measured by 10
times and the standard deviation of blank measurements was determined. So throughout my
thesis work the detection limit of the desired probes were determined from the following
equation:

DL = K x Shy/S

Where K = 2 or 3 (we take 3 in this case); Sb: is the standard deviation of the blank solution; S is

the slope of the calibration curve.

2.6.2. Determination of binding constant of synthesized

chemosensors

The association constant of a chemosensor is a parameter that actually indicates the stability of
the adduct formed when the chemoensor bind with a particularcorresponding analytes. Binding
constant (Ka) value was calculated from the emission intensity data according to the Benesi-
Hildebrand equation where K, was calculated following the equation stated below.

1/(F-Fo) = V{Ka(Fmin—Fo) [M™ T} + 1L/[Fmin-Fo]

Here Fo, F and Fmin indicate the emission in absence of, at intermediate and at infinite
concentration of metal ion respectively. Ka is the binding constant and [Mn] is the concentration
of the analyte (in maximum case, the metal with which the probe binds to). From the plot of 1/
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(F-Fo) against [M™] for sensor, the value of K, has been determined from the ratio of intercept

and slope of Benesi-Hildebrand plot.

2.6.3. Fluorescence quantum yield measurement

Photoluminescence quantum yield of luminescent particles are defined as the efficiency of
converting absorbing light into emitted light, i.e.,
Q.Y =no. of emitted photons / no. of absorbed photons
Quantum yield is also termed as quantum efficiency (QE) or fluorescence efficiency. Quantum
yieldvalue can vary in between 0 to 1 and higher the yield value indicates brighter is the
emission. The quantum yield value of a sample is measured by comparing it with a reference dye
with known quantum yield, or measuring it an absolute quantum yield. At first the absorbance of
both the sample and the reference dye were recorded. After that the emission spectra were
recorded using the maximal excitation wavelengths and then the integrated areas of the spectra
were calculated further. The quantum vyields were then measured by using the following
equation:

2
Ox = Dsx C—:) X (j—;) X (Z—’s‘)
Where, X & s stands for the unknown and standard solution respectively, ¢ is the quantum yield,
| is the integrated area under the fluorescence spectra, A is the absorbance and n is the refractive
index of the solvent.
According to the absorbance peak position the reference dye was selected for each case
throughout all the thesis work. All the absorption and fluorescence spectra were recorded using

Perkin Elmer Lambda 750 spectrophotometer and Shimadzu RF-6000 fluorescence

spectrophotometer respectively.
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A new “turn-on” molecular switch for idiosyncratic detection of
Al3*ion along with its application in live cell imaging

Abstract

A highly sensitive, reversible, reusable and fluorogenic ‘‘turn-on’’ probe (HBTC) is fabricated
for the sole detection of AI**. On incremental addition of AI** in a solution of HBTC in
ACN:H20 (4:1), a sharp ‘‘turn-on’’ emission enhancement is observed at 480 nm. The
reversibility of the probe (HBTC) was displayed on the addition of F solution. The detection
limit is found to be of the order of 107-9 (M) which suggests that HBTC can detect AI** at a very
minute level. The mechanism for AI** detection in ACN:H.O (4:1) is attributed to forbidding
C=N isomerization and ESIPT process simultaneously turning on the chelation-enhanced
fluorescence process. The reusability and real-time application of the probe are also studied.
Bioimaging study reveals that HBTC can detect AI** in human breast cancer cells (MDA-MB-

231). Electronic structure of the probe is explained by density functional theory.
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3.1. Introduction

Nowadays undue use of ionic pollutants in industry and the farming sector has become a menace
to the environment.>? Hence rapid and accurate detection of those ions has become a promising
part in the research field in modern times. It is well-known that aluminum is the most abundant
metallic element in earth’s crust. And it has become an integrated part of daily lifestyle such as
in drinking water supplies, utensils, packaging of foods, powder, cosmetic products, processed
dairy products, cookware, bleached flour, component of medicine, medicine storage containers
and manufacturing of cars.®>’ The WHO(World Health Organization) stated that the average
consumption of A" in the human body through several ways is about 3-10 mg per kg per day
and the maximum recommended limit Al-contaminated water is 7.42 mM.8%° Although it has
negative effects on both biological and environment systems, it is extensively used on a daily
basis. The central nervous system is deeply affected by overexposure of AlL!! Abnormal
concentration of Al in the human body is related to many neurological disorders including
Alzheimer’s disease, Parkinson’s disease and dementia.!?* On the other hand, regular intake of
aluminium beyond permissible limits causes bone disease, damage in the gastrointestinal tract,
encephalopathy, microcytic hypochromicanaemia, myopathy, bone softening, impaired lung
function, fibrosis and chronic renal failure.!>*® Therefore, it is imperative to develop probes that
can detect and track aluminium ions with high sensitivity using minimal resources and under
biological conditions. Among different sensing tools for detection of such kinds of
environmental hazardous metal, fluorescence-based chemosensors are considered to be efficient
for specifically detecting target analytes.!® Different mechanisms like excited state intra-
/intermolecular proton transfer (ESIPT), chelation enhanced fluorescence (CHEF), metal-ligand
charge transfer, photoinduced electron/energy transfer, fluorescence resonance energy transfer,
intramolecular charge transfer, and —C=N- isomerization are considered to be the reason for
chemosensingprocesses.?®?! A strong oxidizing site is preferred for the CHEF process, through
which a radiative process gets turn on.?> Comparing with different transition metal ions,
chemosensors detecting solely AI** are limited, due to poor coordination power, strong hydration
enthalpy and lack of spectroscopic characteristics.?>?*Being a hard acid, AI** always prefers to
bind hard centers like N and O donor sites. Schiff bases possess excellent coordinating
capabilities, showing different biological activities and have potential analytical

application.?>®Hence, development of probes with such binding sites causing metal-ligand
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CHEF is an interesting approach due to a fluorescence ‘turn-on’’ mechanism on interaction with

a guest.

3.2. Prior works

Recently in 2021, Singh et al. reported a silatrane-based Schiff base-functionalized probe which
can detect AI** ions and exhibits a limit of detection (LOD) value of 107-7 (M) while
ahydrazide-based ‘‘turn-on’’ switch was designed by Aydin et al. to recognise AI** ion only
which showed a LOD value of 6.47 nM.?"?8 Das et al. reported a pyridine-pyrazolehydrazide-
based fluorescent probe for solely detecting aluminium ion with a detection limit of 4.78 mM,
while in 2019, Liu et al. reported a Schiff base fluorescent *‘off-on-off>> switch to detect AI¥*

with a limit of detection of 107-8 M.2%:30

3.3. Present work

Herein, we have designed and synthesized a simple biocompatible biphenyl-thiophene-based
framework with high yield, which can solely detect AI** in ACN/H20 (4/1 viv, 10 mM HEPES
buffer, pH = 7.2). Fluorescence study, ultraviolet-visible (UV-Vis) absorption, time-resolved
fluorescence experiments and density functional theory (DFT) calculations were carried out. The
biphenyl-thiophene-based probe with its hydroxyl group, imine nitrogen and carbonyl group of
carbazide createsa felicitous cavity for AI** to bind and “‘turn on’’ the CHEF process. The
formation of the probe is established by 'H-NMR, ¥C-NMR, HRMS and FT-IR analyses
whereas the formation of adduct is proved by TRPL study, 'H-NMR, HRMS and DFT
calculation. On the other hand, practical application like cell imaging was investigated, and paper

strip study and reusability study were also performed.

3.4. Results and discussions
3.4.1. Design and synthesis of the probe HBTC

The probe (HBTC) was synthesized following a very simple route. The formylation of 4-
phenylphenol to obtain 4-hydroxy-[1,10-biphenyl]-3-carbaldehyde was performed according to
are ported method.® The probe HBTC was then synthesized by reflux condensation of the

aldehyde and 2-thiophenecarbonicacid hydrazide in ethanol (Scheme 3.1). Formation of the
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desired probe was confirmed by 'H-NMR, *C-NMR, mass spectral, IR and elemental analyses
(Fig. A3.1-A3.4, Appendix).

0. 0. C
O Q. L

Oﬁ&()
Y/

Scheme 3.1: Synthesis of the probe (HBTC). Reagents and conditions: (i) TFA, hexamine, 90-100 °C,

reflux, 6 h; (ii) 2-thiophenecarbonic acid hydrazide, reflux, 8 h.

3.4.2. tTH NMR and HRMS analysis of HBTC

We studied *H NMR titration of the probe (HBTC) upon addition of lequivalent of AI** in
DMSO-ds solvent. From the NMR data, it was observed that the -OH peak arises at 6 12.21 ppm
and all the aromatic protons are observed in the expected region of 7.02-8.70 ppm. (See
appendix). We have also studied the HRMS of HBTC. The HRMS of HBTC shows a peak at
m/z 345.0211, probably for [HBTC + Na]".

3.4.3. AI3* sensing studies of HBTC using UV-Vis spectroscopy

The UV-Vis spectrum of the HBTC probe exhibits an absorption band at 345 nm in ACN/H20
(4/1 viv, 10 mM HEPES buffer, pH = 7.2). On gradual addition of AI** (40 uM) to the probe
solution (20 puM), the absorption band at345 nm disappears along with the formation of a low-
energy moderately intense band at 384 nm with an isosbestic point at364 nm (Fig.3.1). UV-Vis
spectra of HBTC were also obtained in the presence of other metal ions, i.e., Ca®*, Mg?*, Mn?*,
Fe3*, Crd*, Zn?*, Co?*, Ni?*, Cu?*, Pb?*, Cd?* and Hg?*, but they do not show any significant
changes in the spectral pattern (Fig. 3.1).
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Figure 3.1: Change of absorption spectra of HBTC (20 uM) upon gradual addition of AI** (40 uM). Inset:
Photograph shows the visible color change of HBTC before and after addition of AI¥* (40 uM) (left side)
and 40 uM various metal ions i.e. Ca?*, Mg?, AP**, Mn?", Fe*, Cr¥*, Co%, Ni?*, Cu?", Zn?, Pb*, Cd?
and Hg?* in ACN/H;0 (4/1, v/v, pH = 7.2) solution (right side).

3.4.4. AI3* sensing studies of HBTC using emission spectroscopy

The emission spectrum of HBTC was recorded in ACN/H20 solvent (4/1 v/iv, 10 mM HEPES
buffer, pH = 7.2). The change in emission intensity of HBTC was monitored with the gradual
addition of AI** (40 uM). Free HBTC probe exhibits very low emission intensity at 480 nm upon
excitation at 384 nm. On subsequent addition of AI** solution (40 pM) to HBTC solution (20
uM) in ACN/H20 solvent (4/1 viv, 10 mM HEPES buffer, pH = 7.2), the emission intensity is
significantly increased at 480 nm with a high emission quantum yield (¢ = 0.196) (Fig. 3.2). The
increase of emission intensity is due to the formation of HBTC-AI®* complex, with inhibition
(turn-off) of the ESIPT process and ‘‘turn-on’’ of the CHEF effect. Thus, the increase in the

emission property corresponds to an ‘‘off-on”’ type molecular switch.
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Figure 3.2: Change in emission spectra of of HBTC (20 uM) upon gradual addition of AI** (40 pM) in
ACN/H,0 (4/1 viv, pH = 7.2) solution. Inset: Visual effect of addition of AI** to HBTC under UV light.
Lex = 384 nm (left side) and change in emission spectrum of HBTC-AI** complex (20 uM) upon gradual
addition of F~ (40 uM) in ACN/H0 (4/1, v/v, pH = 7.2) solution. Inset: The visual effect of addition of F

to HBTC-AI®* solution under UV light. Lex = 384 nm (right side).

Furthermore, on addition of F- to HBTC-AI®* solution (20 pM) (mixture of HBTC and AI3*
solution in 4:1 ACN/H20 solvent), we noticed the emission intensity reverts to that of the free
probe at 480 nm, suggesting HBTC as a reversible probe. The formation of free receptor and
AlF3 compound is thereason for the gradual decrease of emission intensity (Fig. 3.2). Thus,

HBTC behaves as a reversible chemosensor towards Al*.
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Figure 3.3: Change in emission spectrum of HBTC (20 uM) upon addition of different cations (40 puM)
in ACN/H20 (4/1, viv, pH = 7.2) solution, Aex = 384 nm (left side) and change in emission intensity upon
addition of various metals (40 uM) in ACN:H,0 (4:1, v/v) (pH = 7.2).HBTC (blue bars), HBTC-other

metals (brown bars), HBTC-AI®* in presence of other metals (green bars).
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The sensing experiment was also performed in ACN/H20 (1/1 v/v) solution (20 uM), but this
composition of solvent is not as sensitive as ACN/H20 (4/1 v/v); hence we have optimized the
acetonitrile/water ratio and conducted all spectroscopic studies in ACN/H.O (4/1 vlv).
Furthermore, the emission is almost unaltered in the presence of other metal ions (40 uM) such
as Cr¥*, Co?*, Mn?*, Fe®*, Mg?*, Cd?*, Cu?*, Hg?*, Ni?*, Ca®" and Pb?* (Fig. 3.3). Only Zn?" ion
shows a slight increase in emission intensity among these metal ions.

An efficient chemosensor is a one which can detect its guest selectively and efficiently within
very minute level in presence of other interfering guest. Hence competitive study is an important
method to examine whether the presence of other metal ions interfere in the detection of the
target cation. For this reason, sensing capability for HBTC was studied in presence of other
competing metal ions such as Ca?*, Cr¥*, Co?*, Mn?*, Fe®*, Mg?*, Cd?", Cu?*, Hg?*, Ni?*, Zn?*
and Pb?* to exhibit the distinct sensitivity towards AI** Thus, the experiment result reveals that
competitive metal ions do not interfere significantly towards the sole detection of AI®* except
Zn?* (Fig.3.3).

3.4.5. Binding studies of HBTC with Al3+*

Now to understand the stoichiometry of complex formation, Job’s plot analysis was carried out
which reveals 1: 1 complexation for AI** ion with the probe HBTC (Fig. A3.5, Appendix), as the
maximum occurs at 0.5 mole fraction. From Benesi-Hildebrandplot, the association constant for
HBTC with AP was calculated by using fluorescence titration data and it was found to be 3x
10* M1 (Fig. 3.4). For quantitative study, the change in fluorescence intensity of HBTC at 480
nm with the increase of AI** concentration was plotted and a linear curve observed (Fig. 3.4).
Hence HBTC can be used for quantitative detection in the selected concentration range. The
LOD of HBTC towards AI** detection is calculated from the emissionspectral change using the
equation LOD = KxSD/S, where SD stands for standard deviation of blank probe solution, S is
the slope of a linear calibration curve and K = 2 or 3 (we take 3 in this case). The limit of
detection is found to be (8.74 + 0.36) x10° (M) for AI** detection (Fig. 3.4). Hence, it may be
concluded that HBTC is able to detect AI** even at a very minute level. To understand the
efficiency of HBTC, the LOD values and testing media used for some reported chemosensors for
AlI®* are compared in (Table A3.4, Appendix).
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Figure 3.4: Benesi-Hildebrand plot from fluorescence titration data of HBTC (20 uM) with Al3*(left

side) and Linear response curve of HBTC at 480 nm depending on the AI®* concentration (right side).

3.4.6. Fluorescence lifetime decay studies of HBTC with Al3*

For better understanding of the excited state property of free HBTC and HBTC-AI** complex,
we performed nanosecondtime-resolved fluorescence study. The radiative rate constant (kr) and
the non-radiative rate constant (knr) of HBTC, HBTC-AIR* and HBTC-AIP*-F species were
calculated according to the equation t* = k; + knr, where ki = ¢/t (Table A3.1, Appendix).
Fluorescence lifetime decay plot is fitted according to bi- andmono-exponential functions for
HBTC, HBTC-AI** and HBTC-AI**-F with acceptable 2 values (Fig. 3.5). We observed that
HBTC has a very low fluorescence lifetime in acetonitrile/H.O (4:1, v/v) but after complexation
with APP* there is an increase in the lifetime value. For HBTC, t = 1.42 ns (x2 = 1.08) while for
HBTC-AIP* it increases to T = 5.14 ns (x? = 1.01). After sequential addition of Fto HBTC-AIP",
lifetime decreases to t = 2.31 ns (32 = 0.96) which is nearly the free receptor lifetime value. The
increase in radiative constant value and the decrease in non-radiative constant (Table A3.1,
Appendix) for the complex could be attributed to rigidity gain, thus resulting in a “turn on” of the
CHEF effect and inhibition of the ESIPT effect.323 The HBTC-AI** complex resulting in the
CHEF effect could be attributed to enhancement in lifetime, while after addition of F it

dissociates to give free probe and AlFzresulting in a decrease of lifetime to 2.31 ns.
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Figure 3.5: Time-resolved fluorescence decay of HBTC (eee), HBTC-AIP* (A A A), HBTC-AP*-F
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3.4.7. Reusability study

To increase their application in practice, chemosensors must have two properties: reusability and
reversibility. So, in the case of HBTC a reversibility experiment was carried out in ACN/H20
(4:1, viv) medium followed by alternate addition of AI** and F~ ions. We observed that with
addition of 40 uM of AI** to 20 uM HBTC, it gives a turn-on emission; with further addition of
Fion we observed a decrease in fluorescence intensity for HBTC as it removes AI** from the
solution, leading to free HBTC (Fig. 3.6). On further sequential addition of AI** and F, we
observed ‘‘turn-on’’ and ‘‘turn-off’’ emission indicating the formation of HBTC-AI** complex
and free HBTC. After every cycle we observed a decrease in fluorescence intensity for HBTC-
A", which is attributed to the presence of excess F in solution interfering in the complex
formation. Hence the cycling demonstrates that HBTC can be used for practical determination of

AI** in real samples with high proficiency.3*
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Figure 3.6: Reversibility pattern of the fluorescence profile at 480 nm (Aex= 384 nm) upon repetitive

addition of AI** and F.

3.4.8. Effect of pH

To explore the pH dependence of HBTC emission, we assessed its sensitivity in the absence and
presence of AI**. The experiment is carried out in ACN/H,0 (4:1, v/v) in the pH range 2.0-12.0,
where solutions of probe with AI** were prepared separately. We found that emission intensity

for the free receptor solution remains almost unchanged with the variation of pH (Fig. 3.7). For

HBTC-AI®* solution it is observed that maximum emission occurs near pH 7.0. On further

increase in pH, we noticed a decrease in the emission for HBTC-AI®* due to removal of AI** as

its hydroxide, generating free probe.®! Thus we can conclude that HBTC can be used for efficient

detection of AI** at physiological pH (7.2).
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Figure 3.7: Fluorescence response of HBTC (-m-m-) and HBTC-AI** (-e-e-) as a function of pH in
ACN/H,0 (4/1, viv), pH is adjusted by using aqueous solutions of 1 M HCI or 1 M NaOH.

3.4.9. Time course of sensing

An instant sensing probe is necessary for real-time application. At different concentrations of
A" (5 pM, 10 uM, 15 pM) the fluorescence intensity was measured with different time
intervals. We observed that the present HBTC probe can detect Al¥*within 15-20 seconds after
addition, but 50% of the reaction is completed within 10 seconds of AI®* addition (Fig. 3.8).
After 20 seconds of addition no significant change in fluorescence intensity is observed, which
indicates completion of reaction. Thus, HBTC is found to be a reliable probe for the detection of

AI** in a short time frame.
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Figure 3.8: Fluorescence response of HBTC (20 uM) with different concentrations of AI** (5-15 uM) at
different times in ACN/H-0 (4/1, viv, pH = 7.2).
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3.4.10. Probable sensing mechanism of HBTC

ESIPT and/or C=N isomerization are the two important factors responsible for the weak
emission property of HBTC (Fig. 3.10). When HBTC coordinates with AI®*, the ESIPT process
is prohibited and the CHEF effect gets “turned on” which is responsible for the fluorescence
enhancement. Also, due to the free rotation in the imine part (C=N) of HBTC, it can take both cis
and trans conformations thereby quenching fluorescence intensity in the free form (Fig. 3.10).
After binding with AI** the rotation around the C=N bond gets prohibited; thus, the rigidity in

the structure gets enhanced and hence we see an increase in fluorescence emission of HBTC.
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Figure 3.9: Probable binding mode of HBTC with AI**,

The phenolic -OH proton present in HBTC is the reason for ESIPT. In the presence of AI** the -
OH proton gets dissociated due to coordination with AI®* and thus the ESIPT process is
inhibited.
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Figure 3.10: Tautomers and isomers of HBTC.

The dissociation of -OH proton is further confirmed by the disappearance of -OH proton signal
in the *H-NMR spectra of HBTC in the presence of AI** (Fig. 3.11). Furthermore, the binding
mechanism of HBTC with AI** is supported by the Job’s plot (Fig. A3.5, Appendix) and HRMS
of HBTC-AI** complex (Fig. A3.7, Appendix).
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Figure 3.11: Changes in *H-NMR spectra of HBTC in various concentration of Al**,

3.4.11. Dip-stick experiment: sensing of Al3* using TLC plate

Inspired by the distinct detection of AI** ion by HBTC, we decided to make a practical
application tool by using the probe alone to detect the metal cation. In this method we can
qualitatively detect the specific analyte without using any kind of sophisticated instrument. The
experiment gives qualitative results for the binding of AI** with HBTC. Thus, to execute this
experiment we prepared thin-layer chromatography (TLC) plates dipped in a solution of HBTC
in acetonitrile (2x10* M) and left for a few minutes to dry. Then the TLC plates were dipped in
AP (2x10° M) solution and again exposed to air to evaporate the solvent. Now we observed the
changes in colour of the TLC plates by the naked eye as well as under UV light. A distinct blue
fluorescence is observed under UV light in the presence of AIP* (Fig. 3.12). Hence this
experiment indicates that, devoid of any instrumental analysis, only using TLC plates and the

naked eye, instant detection of AI** can be done using the HBTC probe.
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Figure 3.12: Photographs of TLC plates after immersion in HBTC-acetonitrile solution (i) and after
immersion in HBTC-Al*acetonitrile solution (ii) taken in ambient light (a) and under UV light (b)
Excitation wavelength of the UV light is 384 nm.

3.4.12. Bio-imaging study

For bio-imaging study, first the cytotoxicity of HBTC, Al**-salt and HBTC-AI** complex was
examined with a breast cancer cell line (MDA-MB231) by the MTT method. Cell viability study
of HBTC reveals that in the 1-200 M concentration range there is a significant number of viable

cells (Fig. 3.13, Fig. 3.14), which signifies that HBTC is safe to use in a biological system,
although cells have lower survivability in higher concentration.
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Figure 3.13: MTT assay of HBTC and HBTC-AI** complex on breast cancer cell line (MDA-MB231).
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Figure 3.14: MTT assay of HBTC on breast cancer cell lines (MDA-MB231).

The ICso value of HBTC is found to be 167.2 uM. (Fig. 3.15); hence the selected dosage for the
experiment was chosen to be 15 uM, as the dosage should be less than the ICso value.
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Figure 3.15: ICso dose of the receptor HBTC in breast cancer cell lines (MDA-MB231)

Now at the chosen concentration of HBTC (15 puM) for imaging, a fairly high number of viable
cells were found. Fluorescence images in the presence of HBTC and HBTC-AI®* complex were
taken with MDA-MB231 cells under a fluorescence microscope. Fig. 3.16 clearly indicates that
treatment of breast cancer cells with HBTC showed no fluorescence itself, while incubation with
AI¥* complex shows bright blue fluorescence in the intracellular region of MDA-MB231 cells
(Fig. 3.16). Hence it is noteworthy to mention that our HBTC probe can penetrate through cell
membranes and can bind with intracellular AI**. We also conclude that, in bright field images,
cells do not show any physical or morphological change when incubated with AI** indicating the

non-toxic nature of HBTC at that concentration and those MDA-MB231 cells are viable.
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Figure 3.16: (A) Bright field image of (MDA-MB231) cells after incubation with 15 uM HBTC,
respective fluorescence image (B), merged field (C). (D) Bright field image of (MDA- MB231) cells after

incubation with 15 puM of HBTC and 15 pM of AI®* and its respective fluorescence image (E) as well as
merge field (F). Incubation period was 12h in each case.

3.4.13. Computational studies to interpret further structural

changes in HBTC and HBTC-Al3+
Theoretical calculation is performed by the DFT/B3LYP method to clarify the sensing

mechanism of the probe in the ground state as well as to gain insight into the optimized
geometries of the free probe (HBTC) and HBTC-AIP* complex (Fig. 3.17). Contour plots of
selected molecular orbitals of HBTC and HBTC-AI®* complex are shown in Fig. A3.8 Appendix,
Fig. A3.9 Appendix. The HOMO-LUMO energy gap in HBTC (3.72 eV) is significantly
decreased in HBTC-AI** complex (3.51 eV). The change in HOMO-LUMO energy gap is well
reflected in the electronic transitions calculated by the TDDFT/B3LYP method (Table A3.3,
Appendix).
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Figure 3.17: Optimized structures of (a) HBTC and (b) HBTC-Al**calculated by DFT/B3LYP/6-
31+G(d) method.

3.5. Conclusions

In summary, we have explored the design and synthesis of a biphenyl-thiophene-based moiety,
which showed selective detection of AI** over other cations in ACN/H20 (4/1, viv, 10 mM
HEPES buffer, pH = 7.2). The simultaneous effect of ESIPT and C=N isomerization induces the
non-fluorescent property in free HBTC, while complexation with AI®* inhibits these quenching
processes and turning on the CHEF mechanism. The spectroscopic data (UV-Vis, fluorescence,
NMR, HRMS etc.) supported the chelation of HBTC with AI**. The detection limit is found to
be of the order of 10° M for AI** in ACN/H2O medium. Moreover, HBTC is suitable for
qualitative analysis by a dip-stick method and has potential biological application in live cell bio-

imaging studies.

3.6. Experimental

3.6.1. Reagents and methods

All the organic, inorganic compounds and solvents used for the experiment were purchased from
commercial sources. 2-Thiophene carbonic acid hydrazide and 4-phenylphenol were purchased
from Sigma Aldrich and used without further purification. *H and *C NMR spectra were
recorded by Bruker (AC) 300 MHz NMR instrument of ~0.05 M solutions in DMSO-ds solvent,
where TMS was used as internal standard. HRMS mass spectra were recorded on Waters (Xevo
G2 Q-TOF) mass spectrometer. For thin layer chromatography (TLC) Merck 60 F2s4 plates was
used with 0.25 mm thickness. Perkin ElImer Lambda 750 spectrophotometer was used for UV-
Vis studies. Elemental analysis was performed in a 2400 Series-11 CHN analyzer, Perkin Elmer,

USA. Infrared spectroscopy was recorded using RX-1 Perkin Elmer spectrophotometer where
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samples prepared as KBr pellets. Fluorescence property was studied using Shimadzu RF-6000
fluorescence spectrophotometer at room temperature (298 K). Time-resolved spectrofluorometer

from IBH, UK was used for lifetime measurement.

3.6.2. Synthesis of the probe 4-hydroxy-(([1,1'-biphenyl]-3-

yl)methylene) thiophene-2-carbohydrazide (HBTC)
4-hydroxy-[1,1'-biphenyl]-3-carbaldehydewas prepared according to previously reported
procedure. At first 4-hydroxy-[1,1'-biphenyl]-3-carbaldehyde (0.2 g, 1 mmol) was dissolved in
10 mL of ethanol in a round bottom flux then 2-thiophenecarbonic acid hydrazide (0.14 g, 1
mmol) was added to it and refluxed for 8 h. A light-yellow precipitate was appeared which was
then filtered and washed with ethanol. Then the product was dried and collected. Yield: (0.276 g)
86%.

Anal. data for Ci1sH14N202S (HBTC):

Elemental analysis: Anal. Calculated for CisH14N20.S C, 67.06%; H, 4.38%; O, 9.93; N,
8.69%; S,9.94% Found C, 67.15%; H, 4.29%; O, 9.87%; N, 8.74%; S, 9.95%.

!H NMR data (300 MHz,DMSO-de): § (ppm): 12.21 (s, 1H), 11.27 (s, 1H), 8.70 (s, 1H), 7.88-
7.95(m, 2H), 7.63 (t, J=6Hz,3H), 7.46 (t, J = 9Hz, 3H), 7.33 (t, J =7.5 Hz, 2H), 7.25 (s, 1H), 7.04
(d, J =8.4Hz, 1H).

13C NMR (75 MHz, DMSO-ds): 5(ppm): 158.08, 157.43, 147.90, 139.99, 139.95, 138.10,
135.18, 132.69, 130.20, 129.76,129.39, 128.71, 127.33, 126.64, 119.65, 117.48.

HRMS: MS-ES* (m/z): [M+Na]": CigH1sN202S Calculated: 345.070, Found: [M +Na]*;
345.0211.

IR (cm?, KBr): v(C=N) 1642.19, v(0-H) 3418.85, v(N-H) 3156.51,0(C=0) 1766.13.

3.6.3. General Method for UV-Vis and Fluorescence Titration

3.6.3.1. UV-Vis Study

For UV-vis titrations study, stock solution of the probe (20 uM) was prepared in [(ACN/H20),
4/1, viv] (at 25°C) solution using 10 mM HEPES buffer. For this study stock solution of the
cations were prepared separately in deionized water using HEPES buffer at pH=7.2 in the order
of 40 uM. The solutions of metal ions were prepared using their chloride and perchloate salts.
Solutions of various concentrations containing the probe and different increasing concentrations

of cations were prepared individually to record UV-Vis spectra.
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3.6.3.2. Fluorescence Method

For fluorescence titrations, the probe stock solution (20 uM) was prepared the same way as that
used for UV-Vis titration study and the solutions of the guest cations with their chloride and
perchlorate salts were also prepared same as of UVtitration. Solution of fluoride (40 uM) was
prepared using ammonium fluoride salt. Different concentration of probe and metal salts were
prepared separately for fluorescence study. The emission spectrum was recorded at (Aex= 384

nm, excitation slit = 10.0 and emission slit = 10.0).

3.6.3.3. Job’s Plot by Fluorescence Method

By using fluorescence data jobs plot was calculated. A series of solution of total volume 5 ml
was prepared with different concentration of probe and metal ion using HBTC (10 pM) and AI®*
(10 uM). The solutions were prepared in ACN-H20 (4:1, v/v) solvent at pH=7.2 using 10 mM
HEPES buffer. Excitation at 384 nm was used for fluoresence emmision. We plotted Al Xh
versas Xp (Al denotes the change in emission intensity at 480 nm during titration and X is the

mole fraction of host solution in each case).

3.6.3.4. Determination of association constant:
Binding constant was calculated according to the Benesi-Hildebrand equation. Ka was calculated
following the equation stated below.

1/(F-Fo) = L{Ka(Fmax—Fo) [M"T*} + 1/[Fmax-Fo]
Here Fo, F and Fmax indicate the emission in absence of, at intermediate and at infinite
concentration of metal ion respectively.
Plot of 1/ [F-Fo] vs. 1/[AI**] gives a straight line indicating 1:1 complexation between HBTC and
AP where K, is found to be 3.04x10* M for HBTC.

3.6.3.5. Determination of fluorescence quantum yield:

The luminescence quantum yield was determined using coumarin 153 as reference dye. The
compounds and the reference dye were excited at the same wavelength, maintaining nearly equal
absorbance (~0.1), and the emission spectra were recorded. The area of the emission spectrum
was integrated using the software available in the instrument and the quantum yield is calculated
according to the following equation:

bs/br = [As/ Ar] x [(Abs)r /(Abs)s ] x [ns?/nr?]
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where, ¢s and ¢r are the luminescence quantum yields of the sample and reference, respectively.
As and Ar are the area under the emission spectra of the sample and the reference respectively,
(Abs)s and (Abs)r are the respective optical densities of the sample and the reference solution at
the wavelength of excitation, and ns and nr are the values of refractive index for the respective
solvent used for the sample and reference.

We calculated the quantum yields of HBTC and HBTC-AI®* using the abovementioned equation;
the values are found 0.001 and 0.196 respectively.

3.6.4. Live cell imaging studies
3.6.4.1. MTT assay

Triple negative breast cancer cell lines MDA MB-231 were evaluated for cytotoxicity with
HBTC and HBTC-AIP* complex. MB-231 cells were seeded in 96 well plate at a density of 5 x
10° cells per well followed by incubation at 37°C for 24 h at a 5% CO_ atmosphere. The cells
were separately treated with increasing doses of HBTC and HBTC-AI®** complex concentrations
(0, 1, 12.5, 25, 50, 100, 150, 200) uM, along with control for 24 h. AI®* was treated in aqueous
medium while the receptor HBTC was dissolved in DMSO but final concentration of DMSO was
maintained below 1%. After 24h, methyl tetrazolium dye (MTT) (5 mg/mL) solution was added
to each well (10 ul/well). The plates were incubated under dark condition in CO2 atmosphere at
37°C for 3 h. Then 100 pL DMSO was added to each well to solubilize the formazan crystals
and the plates were shaken briefly before quantification at 570 nm with the help of a multi-mode
reader (SpectraMax i3x, Molecular devices). 1Cso value of HBTC was determined by plotting a
non-linear regression curve between the log of concentration of HBTC and O.D value at 570 nm.

Untreated cells were served as 100% viable.

3.6.4.2. Cell bio-imaging

In a six well plate containing 22x22 mm glass cover slips placed at the bottom of the well, the
MDA MB 231 cells were seeded and allowed to adherer overnight. 15 uM of the HBTC as well
as HBTC-AI** were added to the respective well containing cells along with a separate control.
Then fixation of the cells was done with methanol and washed with 0.5% phosphate buffer saline
tween (PBST) twice and then with 1 x PBS thrice. The cover slips were then mounted on a glass
slide by glycerol and were observed under a fluorescence microscope (Leica DM4000 B,

Germany) at 40x magnification.
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3.6.5. Theoretical study

Gaussian 09 (G09) program along with Gauss View visualization programs were used for
computational study.®® DFT calculations were carried out at the B3LYP level for the geometry
optimization of HBTC and HBTC-AI** complex.®” % For C, N, O, S and H atoms the 6-31+G(d)
basis set was assigned while for Al Lanl2dz basis set with the effective core potential (ECP) was
used.3* “0The vibrational frequency calculations were performed on the optimized geometries to
confirm the local minima and there were only positive eigen values. The Vertical electronic
excitations which were based on B3LYP optimized geometries were computed using the time-
dependent density functional theory (TDDFT) formalism*-*3 in acetonitrile using the conductor-

like polarizable continuum model (CPCM)*-46,
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Table A3.1: Fluorescence lifetime data

Compounds Quantum yield (p) T (ns) ke (108xst) Knr (108xs™)
HBTC 0.001 1.42 0.008 7.04
HBTC-AIF* 0.196 5.14 0.381 1.564

Radiative rate constant K, and total non-radiative rate constant Knr have been calculated using the
equation 1-1 = Ky + Kpr and Ky = ¢ /1
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Table A3.2: Energy and compositions of some selected molecular orbitals of HBTC-AI** complex.

MO Energy % of composition
HBTC Al
LUMO+5 0.46 99 1
LUMO+4 -0.07 100 0
LUMO+3 -0.61 100 0
LUMO+2 -0.84 100 0
LUMO+1 -1.38 98 2
LUMO -2.01 100 0
HOMO -5.52 99 1
HOMO-1 -6.06 100 0
HOMO-2 -6.83 100 0
HOMO-3 -6.91 100 0
HOMO-4 -6.97 100 0
HOMO-5 -7.05 100 0
HOMO-6 -7.32 98 2
HOMO-7 -71.75 99 1
HOMO-8 -7.76 100 0
HOMO-9 -8.16 97 3
HOMO-10 -8.6 100 0
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Table A3.3. Vertical electronic excitations of HBTC and HBTC-AI** calculated by TDDFT/CPCM

method
Compds. E (eV) A (nm) Osc. Transition Character
Strength (f)
4.0500 306.13 0.6054 (88%) HOMO-1—-LUMO T
3.4153 363.03 03381 | (97%) HOMO—LUMO T
45817 270.61 0.3756 (80%) HOMO—LUMO+2 T
HBTC 4.9552 250.21 04244 | (65%) HOMO-1>LUMO+L | rz—on
4.2420 292.28 0.1656 (82%) HOMO—LUMO+1 T
3.0712 403.70 0.5377 (98%) HOMO—LUMO | L(m) — L(z")
3.6314 341.42 0.6558 (97%) HOMO-15LUMO | L(x) — L(n)
HBTC-AI" ™4 8487 255.73 0.2353 | (67%) HOMO-1>LUMO+2 | L(r) — L(x")
4.4416 279.14 0.2155 (58%) HOMO—LUMO+3 | L( =) — L(n)
5.6347 220.04 01212 | (57%) HOMO-3—-LUMO+2 | L(r) — L(x")
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Table A3.4: Comparison of solvent systems and limit of detection (LOD) of the receptor (HBTC) with

some recently reported fluorescence organic probes for the detection of AI**

(1% EtOH, pH =
7.04).

Chemosensors Solvent system LOD References
CH30H/H0 (1/9, | 6.72x10°8 M New J. Chem.,
rl:tl\(s v/iv,pH =7.3, 2015, 39, 8582.
OH HN'hI OH h}\@ 2500)
e
4
/Ti EtOH/H.0 (1:9, | 6.75x108M | RSC Adv., 2020, 10,
° TH v/v, pH =5.3) 21629.
AN
MeOH-H20 (9:1, 4.78 uM Anal. Methods,
0 vIV) 2021, 13, 4266.
/ OH
B
N/
\N
| 7
Acetonitrile-water 0.62 uM J. Mol. Struct., 2022,
o (2:1, viv) of pH, 1250, 131870.
o o7 o 7.2(HEPES
N bUffer)
HEPES buffer | 2.94x10°®M | Dalton Trans., 2015,

44,11352.
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7.2)

. Water:CH3sOH 2.9x107" M New J. Chem.,
H =1:1 (viv),pH 7.0 2016, 40, 171.
OH HO
ﬁj/\
N
N
bis—Tris buffer 0.19 mM New J. Chem.,
/é/\h‘/n\“/Q solution, pH 7.0 2017, 41, 15590.
/\k °
MeOH/water 31.2nM Anal. Methods, 2019,
N OH N/
2‘&@/%/7(1@ (Viv,1:1, pH 6.0) 11, 5598.
s\ Aetonitrile/H20 | (8.74+0.36) Present work
_Hos
N~ =
‘\( _ (4/1,vlv, pH 109 M
OH O
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A biphenyl thiosemicarbazide based chemosensor for selective
fluorogenic recognition of Cd?* and as an imaging agent in
living cells

Abstract

A diversified biphenyl thiosemicarbazide based chemosensor (HBMC) has been fabricated and
reported towards specific detection of Cd?* in MeOH:H.0 (4:1) solution. Where we observed a
chromogenic change from colorless to light yellow colour, as well as it shows a “turn-on”
fluorogenic change from non-fluorescent to blooming cyan colour. In fluorometric titration the
sharp “turn-on” emission for Cd®* was observed, with ~16-fold increase in fluorescence intensity
value at 496 nm by incremental addition of Cd?* ion in MeOH:H.O (4:1) solution. The
reversibility of the chemosensor (HBMC) was confirmed by sequential addition of EDTA
solution. Again, the binding stoichiometry of HBMC with Cd?* was found to be 2:1, approved by
jobs plot analysis and HRMS spectra of HBMC-Cd?* complex. The mechanism for the Cd?*
sensing in MeOH:H20 (4:1) is based upon inhibition of C=N isomerization and ESIPT process
and simultaneously turning on the CHEF (chelation enhanced fluorescence) process. The limit of
detection for Cd?* was found to be in the order of 10® (M), which implies that HBMC is an
efficient probe to detect Cd?* at microscopic level. The reusability study was performed and on-
sight detection of cadmium ion by chemosensor (HBMC) was established by Dip-stick
experiment. In vitro detection of Cd?* in human breast cancer cells (MDA-MB-231) by HBMC
discloses its cell permeability and biocompatibility nature. Computational study (DFT and
TDDFT) with the probe HBMC and HBMC-Cd?* complex were also performed.

HBMC+MDA-MB 231 HBMC+MDA-MB 231+Cd?*
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4.1. Introduction

With reference to human health and environmental system, discriminative detection of heavy and
toxic metal ions is one of the most noteworthy aspects in the field of chemosensors. Among
those heavy metal ions Cd?* tops the list in relation to its hazardous nature and detrimental
effects.! Due to its irreversible damage in the field of batteries, smelting, mining, pigments,
metallurgy, fertilizer it has become a hazardous global pollutant.>® Hence due to its outrageous
use, it has triggered an inescapable contamination to our soil, water, food, and air.5®
Simultaneously living organisms and human health are also being threatened by the excessive
use of Cadmium.® Mainly through water or air, food and inhalation of cigarette smoke humans
are exposed to cadmium.® The toxicity level of Cadmium is so soaring that US Environmental
Protection Agency (EPA) and Agency for Toxic Substances and Disease Registry has enlisted
this toxic heavy metal as the seventh on the Top 20 Hazardous Substances Priority List.!* While
WHO (World Health Organization) has given an enforceable drinking water standard for
Cadmium of 3 ppb to prevent kidney related disease.'? This continuous short and long term
exposure of cadmium to human health system causes different disorder resulting lung, breast and
prostate cancer.**® Therefore the International Agency for Research on Cancer (IARC) has
categorized cadmium compounds as carcinogens of category 1.1® The abnormal concentration of
cadmium also causes wound to several organs such as brain ,kidney, bones, gastrointestinal tract
and has increased risk of cardiovascular disease.’’"?° Renal, adipose tissue dysfunction and
calcium metabolism are also factors that causes by excessive cadmium intake.?*?* Although the
mechanism involved in the uptake of Cd?* by cellular and environmental system and Cd?*
carcinogenesis remain obscured.?>2” Therefore developing reliable technique to detect Cd?* in
environmental system is an absolute necessity. However there are several techniques such as
atomic absorption/emission spectroscopy (AAS/AES), inductively coupled plasma mass
spectrometry (ICP-MS), inductively coupled plasma atomic emission spectroscopy (ICP-AES),
anode stripping voltammetric analysis, but these techniques faces huge obstacle due to their
tedious process of sample preparation, complicate to operate and time consumption.?3* Qut of
various methodology fluorescence detection is one of the authentic and established.®%® Due to
its easy operational technique, high selectivity, sensitivity, short period of detection and low cost
operation.®®-3® So here we have fabricated a probe which can encounter and monitor Cadmium

ion in biological environment with high susceptibility by very cheap economical procedure
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utilizing fluorescent technique. There are different mechanisms which works behind
chemosensing process such as, excited-state intra/intermolecular proton transfer (ESIPT),
chelation-enhanced fluorescence (CHEF), -C=N- isomerisation, intramolecular charge transfer
(ICT), metal-ligand charge transfer (MLCT), photoinduced electron/energy transfer (PET) and
fluorescence resonance energy transfer (FRET).3® Again Schiff bases have gain huge interest due
to their high coordinating capabilities and have different biological applications.*®* The
presence of CH=N- in the structure promotes the coordination power to bind heavy metal ion
with lone pair of electron.*>#* Another aspect is excited state intramolecular proton transfer
(ESIPT) is unique due to its dual emission mode of keto and enol forms.** A characteristic
spectral change is observed when heavy metal ion binds with ESIPT centre prohibiting the
proton transfer resulting in fluorescence change.®® Taking these factors in account a
biocompatible biphenyl thiosemicarbazide based framework has been designed, synthesized with
good yield percentage, which has noteworthy selectivity and prompt detection value towards
Cd?* jon against other metal ion. Then spectroscopic measurements like fluorescence,
ultraviolet-visible (UV-VIS) absorption were carried out along with density functional theory
(DFT) and time resolved fluorescence study which supported the evidence of “turn-on”

fluorescence property of our designed probe towards Cd?*.

4.2. Prior works

Recently in 2022, Zhang et al. reported quinolimide derivative which detects Cd?* in
CH3CN/Tris-HCI buffer with limit of detection value of 17.9 nM.*® Fan et al. synthesized a
photochromic diarylethene moiety in 2021 which detects Cu?* through colour change and Cd?*
through enhanced fluorescence intensity in CH3CN-H20 (9:1, v/v).*” Sooksimuang et al. in 2022
showed a tetrahydro-[5]helicine based fluorescent sensor which detects Cd?* in H2O/dioxane
(1/19, v/v).*® While Dong’s group in 2022 reported a pyridine based Schiff base for detection of
cadmium ion with a ‘turn-on’ fluorescence response and a LOD value of 0.12 uM in
acetonitrile.*® A phenazine-imidazole basedratiometric fluorescent probe was designed by Wang
et al. to recognise Cd?* ion only in 2022, which showed limit of detection value of 2.10x10"
8(M).%0 Although Schiff bases containing N,0,S donor binding with Cd?* with 2:1 stoichiometry

are less known. Rajesh et al. in 2021 published a work consists of quinoline based Schiff base
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detecting cadmium in semi aqueous medium with 2:1 stoichiometry and LOD value of 14.8
nM.51

4.3. Present work

Now in this present work, we have successfully designed and fabricated a simple, cost-effective
biphenyl thiosemicarbazide based fluorescent “turn-on” reversible chemosensor which detects
Cd?* with a detection limit of (1.59+.054) x 108(M), which is a pretty good value compared to
many previous reports. Meanwhile the noteworthy aspects of the chemosensor (HBMC) are that
it binds with cadmium ion with 2:1 stoichiometry in company of N, O, S donor site. Intracellular
detection of Cd?* by our probe (HBMC) has also been successfully carried out.

4.4. Results and discussions
4.4.1. Design and synthesis of the receptor HBMC

The two-step synthesis process of our desired probe begins with formylation of 4-phenylphenol
to obtain 4-hydroxy-[1,1'-biphenyl]-3-carbaldehyde, which has been done previously in our
laboratory. Then the final step involved the reflux condensation of the aldehyde and 4-Methyl-3-
thiosemicarbazide in ethanol for about 5 h, which yields the desired probe (Scheme 4.1).
Different spectroscopic techniques namely *H-NMR, *C-NMR, mass spectral, IR and elemental

analysis were employed for the characterization of probe HBMC (Fig. A4.1-A4.4, Appendix).

‘ 4-methyl-3-thiosemicarbazide ‘

'

‘ EtOH ,refulx ,5h ‘

|
oH & OH N

Scheme 4.1: Synthesis of the probe (HBMC). Reagents and conditions: 4-Methyl-3-thiosemicarbazide,
reflux, 5h.
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4.4.2. tH-NMR and HRMS analysis of HBMC

We studied 'H-NMR titration of the probe (HBMC) upon addition of lequivalent of AI** in
DMSO-ds solvent. From the NMR data, it was observed that the -OH peak arises at 3 11.46ppm
and all the aromatic protons are observed in the expected region of 6.95-8.43 ppm. (See
appendix). We have also studied the HRMS of HBMC. The HRMS of HBMC shows a peak at
m/z 286.0868, probably for [HBMC + H]".

4.4.3. Binding studies of Cd?** with HBMC using UV-Vis

spectroscopy

The photophysical study of the probe (HBMC) was carried out in MeOH/H20 (4/1, v/v, 10 mM
HEPES buffer, pH = 7.2). The probe itself shows three absorption bands at 340 nm, 306 nm and
265 nm respectively. With gradual addition of Cd?* the probe colour changes from colourless to
light yellow. In UV-Vis spectra we observe that a prominent band at ~396 nm appears and the
two bands at 306 nm and 265 nm gradually vanishes and merges together to generate a new band
near 276 nm (Fig. 4.1). Proportionately we also clearly observe two isosbestic point at 362 nm
and 312 nm. The UV-Vis spectrum was also checked in presence of the other metal cations i.e.,
Ca?*, Mg?*, Mn?*, Fe%*, AI**, Cr3*, Zn?*, Co?*, Ni?*, Cu?*, Pb?*, Mn?* and Hg?*, but they do not
show any noteworthy change in the spectral pattern except Cu®* and Hg?*(Fig. 4.1). In case of
Cu?* we observe a bathochromic shift and a new band at 285 nm, whereas for Hg?* a band at 365
nm appears and hypsochromic shift in the absorption band is noted. This indicates that HBMC

can form complex with these two metal ions.>?
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Figure 4.1: Change of absorption spectra of HBMC (20 uM) upon addition of Cd?* (40 uM). Inset:
Photograph shows the visible colour change of HBMC before and after addition of Cd?* (40 uM) (left
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side) and 40 uM various metal ions i.e., Ca?*, Mg?*, AI**, Mn?*, Fe3*, Cr¥, Co?, Ni?*, Cu?*, Zn?*, Pb?*,
Cd?" and Hg?" in MeOH/H;0 (4/1, viv, pH = 7.2) solution (right side).

4.4.4. Binding studies of Cd2* with HBMC using Fluorescence

spectroscopy

The emission spectra of HBMC and its titration with Cd?* was studied in MeOH/H,0 (4/1, vlv,
10 mM HEPES buffer, pH = 7.2). Upon excitation at 345 nm, we observe a very low
fluorescence intensity at 402 nm and a very low quantum yield (¢ = 0.024) for HBMC. Upon
gradual addition of Cd?* to the free probe solution (20 uM) we observe a bathochromic shift in
the fluorescence intensity from 402 nm to 496 nm (~94nm). Moreover, we noticed a drastic
increase in fluorescence intensity at 496 nm in presence of Cd?*, which is attributed to CHEF
mechanism as shown in (Fig. 4.2). Consequently, the fluorescence quantum yield (¢ = 0.508)
also increased significantly compare to free probe, which indicates the formation of HBMC-Cd?*
complex. Hence it can be noted that HBMC forms a stable chelate complex with Cd?*, which in
return effectively “turn-off” ESIPT mechanism, at the same time CHEF effect gets “turn on”,
which results a clear naked eye detection under UV light where we observe it changes from turn

off to cyan colour.
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Figure 4.2: Change in emission spectrum of HBMC (20 puM) upon addition of Cd?*" (40 uM) in
MeOH/H,0 (4/1, viv, pH = 7.2) solution. Inset: The visual effect of addition of Cd?* to HBMC under UV
light. Xex = 345 nm (left side) and change in emission spectrum of HBMC-Cd?* complex (20 uM) upon
gradual addition of EDTA (40 uM) in MeOH/H20 (4/1, viv, pH = 7.2) solution, e = 345 nm. Inset: The
visual effect of addition of EDTA to HBMC-Cd?* solution under UV light (right side).
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Reversibility is an important aspect for a probe to reuse it. Hence to examine reversibility of
HBMC-Cd?* complex, a 20 uM solution of it was taken and gradually 40 pM solution of EDTA
was added. We noticed that the fluorescence intensity at 496 nm is reverted back and finally we
get a free probe like spectra, where there is no emission intensity at 496 nm and a very low
intensity at 402 nm (Fig. 4.3) which suggests that HBMC is a reversible probe. EDTA being an
excellent chelating ligand with high formation constant, replaces Cd?* from HBMC-Cd?*
complex and forms Cd-EDTA complex. As only our free probe HBMC remains in the solution
we observe the decrease in the fluorescence intensity. Hence reversibility of HBMC

chemosensor is established.
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Figure 4.3: Change in emission spectrum of HBMC (20 uM) upon addition of different cations (40 uM)
in MeOH/H,0 (4/1, viv, pH = 7.2) solution, Aex = 345 nm (left side) and change in emission intensity
upon addition of various metals (40 uM) in MeOH: H,O (4:1, v/v) (pH = 7.2). HBMC (blue bars),
HBMC-other metals (brown bars), HBMC-Cd?* in presence of other metals (green bars). HBMC under

UV light. kex = 345 nm, Aem= 496 nm (right side).

The emission property of HBMC was also studied in MeOH/H20 (1/1, v/v) solution (20 uM) to
detect of Cd?*, but we found that this composition of solvent is not as much sensitive as in the
case for MeOH/H20 (4/1, v/v), so we have optimized the methanol water ratio and performed all
spectroscopic studies in MeOH/H,0 (4/1, viv).

The selectivity of the chemosensor was also studied towards different metal ions (40 uM) such
as Cr¥*, Co?*, Mn?, Fe¥*, Mg?*, A, Zn?*, Cu?*, Hg?*, Ni?*, Ca?*, and Pb?* (Fig. 4.3). They

display no change in the emission property except for Zn?* ion, which shows a slight
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enhancement in emission intensity among other metal ions (Fig. A4.7, Appendix). This could be
attributed to the same chemical properties of Cd?* and Zn?* ion.

Selectivity and sensitivity are two important aspects of a proficient chemosensor. Hence an
efficient chemosensor must detect its guest precisely and rapidly in presence of other
environmentally and biologically relevant interfering guests. So here comes competitive study,
which is a major tool to determine whether the presence of other guest ions interfere or not for
specific recognition of the target cation. For this reason, fluorescence property was studied in
presence of other competing metal ions such as Ca?*, Cr¥*, Co?", Mn%*, Fe**, Mg?*, Cd?*, Cu?*,
Hg?*, Ni?*, Zn?" and Pb?*. For this competitive binding experiment same concertation (40 pM) of
other metals and Cd?* were used. Thus, it is noteworthy from the experiment that our probe
HBMC is specific towards detection of Cd?*. Other competitive metal ions do not interfere
significantly except Zn?* and Cu?*, which shows slight decrease in the fluorescence intensity
profile (Fig. 4.3).

4.4.5. Binding studies of HBMC with Cdz2*

Limit of detection study is a handy tool to determine the efficiency of a chemosensor. LOD is
calculated from the fluorescence spectral change data and the equation that is applied for the
calculation is LOD = K x SD/S, where k=2 or 3 (here 3 is taken), SD denotes standard deviation
of blank probe solution and S is slope in linear calibration curve respectively. The limit of
detection is found to be very low (1.59+.054) x10® (M) (Fig. 4.4) for Cd®*. Which suggest our
synthesized probe HBMC is highly efficient in detecting Cd?* in minuscule level. To disclose the
binding stoichiometry of complex formation Job’s plot analysis was carried out and emission
intensity was measured, while sum of the total volume of HBMC and Cd?* was maintained to 5
ml, where relative change in intensity (Xn x AI) vs mole fraction (Xn) of probe HBMC was
plotted. The relative intensity maximum was found to be near 0.66, which reveals 2:1
complexation for Cd?* ion with the probe HBMC (Fig. A4.5, Appendix). Again Benesi-
Hildebrand plot was employed to determine the binding constant for HBMC with Cd?* from
fluorescence titration data and it was calculated to be (72.85+2.9)M2 respectively (Fig. 4.4).
Some of the reported chemosensors for Cd?* with their LOD values and testing media used are

compared in (Table A4.5, Appendix).
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Figure 4.4: Linear response curve of HBMC at 496 nm depending on the Cd?* concentration. (left side)

and Benesi-Hildebrand plot from fluorescence titration data of receptor (20 uM) with Cd?* (right side).

4.4.6. Fluorescence lifetime decay studies of HBMC with Cd2+

Nano second time resolved fluorescence study is a handy tool to understand the excited state
behaviour of the probe and its complex. Hence, we have taken the free probe and its Cd?
solution in MeOH:H0 (4;1, v/v) and performed the study. The equations t™ = kr +knr, Where Kr
= ¢/t (Table A4.1, Appendix) were employed to calculate the radiative rate constant (kr) and the
non-radiative rate constant (ko) of HBMC, HBMC-Cd?" Species. The fluorescence lifetime
decay diagram is fitted by using bi exponential function for HBMC, HBTC-Cd?* with acceptable
2 values (Fig. 4.5). For HBMC species the fluorescence life time was measured in MeOH:H,0
(4:1, vIv) which was found very low, but after complexation with Cd?* we observed a significant
increase in the lifetime value. For HBMC we calculated and found © = 0.28 ns (%2 = 0.97), while
for HBMC-Cd?* the value increases to T =1.58 ns (%2 = 1.03). The increase in the lifetime value
for complex is atributed to the increase in the radiative constant value simultaneously decrease in
the nonradiative constant value (Table A4.1, Appendix). Hence, HBMC proves its credentials as

a good sensor towards Cd?*, where it gains its rigidity developing a “turn-on” CHEF effect.
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Figure 4.5: Time-resolved fluorescence decay of HBMC (eee), HBMC-Cd?" (A A A) (Aex = 345 nm).

4.4.7. Reusability study

For real time application of a probe, it must show reusability, regenerability and reversibility of
signal. For the accomplishment of reversibility, EDTA was used. The reversible detection of
probe HBMC was proved by carrying out four reversible cycles with alternative addition of Cd?*
to HBMC solution, followed by addition of EDTA. The experiment was carried out in MeOH-
H>0O system with excitation at 345 nm and fluorescence profile taken at 496 nm. It was observed
that, when we add Cd?* solution to HBMC it gives a ‘turn on’ emission, while with further
addition of the potent complexing agent EDTA, we observe a decrease in fluorescence intensity
for HBMC at 496 nm, as Cd?* is removed from the solution resulting a free HBMC probe.
Again, successive addition of Cd?** and EDTA an ‘ON-OFF’ switchable change in the
fluorescence intensity was resulted due to crossover in equilibrium, assisted by Cd?* induced
CHEF process and EDTA promoted decomplexation. Though the response is not 100% efficient
every time, still the cycle can be repeated up to four times. The decrease in fluorescence intensity
for HBMC-Cd?*, attributed to the presence of excess EDTA in solution, which interfere in the
complex formation due to its better chelating nature compared to HBMC. Hence the cycle in the
(Fig. 4.6) exemplifies that our synthesized probe HBMC can be used for hands-on experimental

detection of Cd?* in real sample with regeneration and reuse.
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Figure 4.6: Reversibility pattern of the fluorescence profile at 496 nm (Ae= 345 nm) upon repetitive
addition of Cd®* and EDTA.

4.4.8. Effect of pH

To investigate the pH dependence of our synthesized probe we have analysed pH sensitivity in
absence and in presence of Cd?*ion. The experiment was done in MeOH: H20 (4:1, v/v) solution,
where the pH range was kept between (2.0-12.0) and the solution of probe HBMC with Cd?* was
prepared separately. For the free receptor we found that fluorescence emission property remains
almost unchanged from pH 2-7 after that with increase in pH (>8) we observe a slight increase in
fluorescence value, presumably owing to deprotonation of -OH proton. On the other hand, in
presence of Cd?* we observe a large increase in emission intensity at 496 nm in the pH range of
2-12. But highest emission occurs approximately near pH 7.0 for HBMC-Cd?* solution. In strong
acidic condition pH>5, we observe less fluorescence intensity due to protonation of oxygen and
nitrogen binding sites present in probe. Then a decrease in the emission for HBMC-Cd?* was
noticed at higher pH (>7) which is attributed to formation of Cd(OH). in the solution,
simultaneously decreasing the HBMC-Cd?* concentration and generating free probe. Based on
this experimental result, we can conclude that our probe can detect Cd?* from pH range 6-9,
which indicates that the probe HBMC can be a competent candidate for the substantial detection
of Cd?* at physiological pH (7.2) (Fig.4.7).
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Figure 4.7: Fluorescence response of HBMC (-m-m-) and HBMC-Cd?* (-e-e-) as a function of pH in
MeOH/H;0 (4/1, viv), pH is adjusted by using aqueous solutions of 1 (M) HCI or 1 (M) NaOH. Aem= 496

nm.

4.4.9. Time course of sensing

Time dependent study is a handy tool to check the kinetic stability. Hence fluorescnce spectrum
was recorded for 90 senonds to a 20 uM solution of HBMC with different concentration (5 uM,
10 uM, 15 pM) of Cd?*. Again, to carry out real time application a rapid sensing probe is
necessary. Now from the (Fig. 4.8) we observe that our synthesized probe HBMC detects Cd?*

instantly within (less than 5 seconds) and attains stability.
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Figure 4.8: Time dependentl fuorescence response of HBMC (20 uM) with different concentrations of

Cd?* (5-15 uM) in MeOH/H,0 (4/1, viv, pH =7.2).



115|Chapter 4

Again, photostability is an important issue relating to the fluorescent based sensors due to their
high detecting power and to provide constant analytical signals. Generally, biphenyl-based
sensors are known for their photostability due to their pi electron system resulting high quantum
yield value.> So it is necessary that this type of system must be highly photostable and must
show consistent analytical signals. Hence here we have performed the photostability study for
HBMC and HBMC-Cd?* for 30 minutes in daylight condition (Fig. 4.9). We observe that
fluorescence intensity does not alter much (less than 5%) for HBMC-Cd?* complex. Hence, we
can conclude that HBMC shows highly photostable ‘turn-on’ fluoresce response towards Cd?*
making it a reliable probe for prompt detection of Cd?* and for fluorometric analysis in real

samples.
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Figure 4.9: Photostability study in MeOH: H,0 (4:1, v/v) pH=7.2.

4.4.10. Probable sensing mechanism of Cd2?* sensing

For a non-fluorescent probe, the mechanisms that works behind its non-emissive nature are
excited state intra molecular proton transfer (ESIPT) and C=N isomerization. Thus, in case of
HBMC also these are the reasons for its non-fluorescent property (Fig. 4.11). While when it
binds with Cd?* then both these mechanisms got restricted and concurrently chelation enhanced
fluorescence (CHEF) mechanism gets a “turn-on” signal, which is accountable for the

amplification of its fluorescence profile (Fig. 4.10).
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Figure 4.10: Probable binding mode of HBMC with Cd?*.

Venkatesan et al. reported a zinc sensor in 2019 which showed the similar sensing mechanism
reported in our work®. Also in 2016, Torawane et al. published a work of “turn-on” AI3* sensor

which includes CHEF and C=N isomerization as the sensing mechanism®°.

Figure 4.11: Probable ESIPT effect and isomerisation effect; cause of very weak emission of Probe
HBMC.
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Again, the Binding mechanism of the probe and Cd?* was studied by jobs plot to determine the
exact stoichiometry of complex formation, where we observed a maximum near 0.66, which
suggests a 2:1 complex formation of HBMC and Cd?* (Fig. A4.5, Appendix). The experiment
was carried out in MeOH/H>O (4/1, V/IV) with change in emission at 496 nm. The mass
spectrum also supports this 2:1 complex formation where we found a peak at 682.9818 (Fig.
A4.6, Appendix). Further the coordination mechanism was studied through NMR titration, by
addition of Cd?* in HBMC solution in DMSO-ds medium. The free probe displayed & -OH peak
at 11.46 ppm, -NH peak at 10.08 ppm, the imine CH peak at 8.52 ppm and there are aromatic
protons ranging from 8.43 to 6.96 ppm. Upon addition of Cd?* we observe that the -OH peak
disappears slowly and the peaks of -NH and N=CH moves towards lower field region i.e., we
observe a downfield shift (Fig. 4.12). This clearly implies that the binding sites of probe are
oxygen -OH group and nitrogen of N=CH group. The -OH group which results the ESIPT, after
binding with Cd?* this ESIPT of HBMC get ceases due to dissociation of proton. Based on this
NMR titration, HRMS data and jobs plot analysis we have proposed an interaction model which

is shown in Fig. 4.10.
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Figure 4.12: Changes in *H NMR spectra of HBMC with various concentration of Cd?*.
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4.4.11. Dip-stick experiment: Sensing of Cd2* using TLC plate

Encouraged by the distinct detection of Cd?*ion by HBMC, we decided to make a usable tool, to
increase its potential application as a chemosensor. Here we have accomplished a rational
analytical technique known as dipstick method. This experiment reveals the sensing ability of
probe detecting a particular metal ion in solid state too. Here without support of any kind of
instrumentation technique we get a qualitative result about the binding of Cd?* with our probe
HBMC. Hence in order to carry out this experiment we prepared thin-layer chromatography
(TLC) plates immersed in the solution of HBMC in MeOH (2x10* M) and then kept aside for
few minutes to evaporate the solvent. Followed by this, the TLC plates were immersed in Cd?*
(2x1072 M) solution and again kept open in the air to evaporate the solvent in order to dry out the
plates. Now the experiment reveals the colour change of the TLC plates in ambient light as well
as under UV light as shown in Fig.4.13. Under ambient light we observe that the TLC plates
changes its colour from colourless to light brown and under UV light it changes from blue to
cyan. Hence this dipstick experiment concludes that, without aid any instrumental analysis,
barely using TLC plates a convenient test kit can be made, through which naked eye prompt
detection of Cd?* can be investigated.

Cd?* Cd**

\

(i) (i)

i

(a) (b)

Figure 4.13: Photographs of TLC plates after immersion in HBMC-methanol solution (i) and after
immersion in HBMC-Cd?* methanol solution (ii) taken in ambient light (a) and under UV light (b)
Excitation wavelength of the UV light is 345 nm.
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4.4.12. Cellular imaging by fluorescence microscopy

The cytotoxicity of HBMC, Cd?*-salt, HBMC-Cd?* was examined on human breast cancer cell
lines (MDA- MB231) by MTT method for bio imaging study. Cell viability represented in
Fig.4.14, indicates that from 1-200 uM concentration of HBMC shows high number of viable

cells, which signifies that HBMC is safe to use in a biological system, although cell has lower
survivability in higher concentration.
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Figure 4.14: MTT assay of HBMC and HBMC-Cd?*complex on breast cancer cell lines (MDA-MB231).
The ICso value of the probe was found to be 141.3 uM (Fig. 4.15). So, the dosage for the

experiment was chosen to be 15 uM, as the amount of dosage should be less than ICso value.
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Figure 4.15: 1Cso dose of the receptor HBMC in breast cancer cell lines (MDA-MB231) cells was
calculated to be 141.3 puM.
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The MTT assay demonstrates that HMBC has a modest influence on cell viability at low doses
when tested against human breast cancer (MDA-MB-231) cell lines, but at high concentrations
(75 pM), HBMC had no effect on cell viability at all (Fig. 4.16). Because the ICso value of
HBMC was discovered to be 141.3 uM, we decided that the dose for the experiment should be
15 pM because the chosen dose should be lower than the ICso value (Fig. 4.15). Now, the
fluorescence imaging study revealed that the treatment of breast cancer cells with HBMC itself
does not show any fluorescence. However, when the MDA-MB-231 cells were incubated with
15 uM of Cd?** and HBMC, a bright greenish fluorescence was observed in the intracellular
region of the cells (Fig. 4.16). Therefore, we can draw a conclusion from the observation by
pointing out the fact that the probe HBMC, is able to easily pass through the cell membrane in
order to bond with the Cd?* that is found inside the cell. In addition, after incubation with Cd?*,
no discernible morphological change can be seen in the cells when they are viewed in bright
field, indicating that the MDA-MB-231 cells are still capable of surviving and that the dose of
HBMC used was not harmful.
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Figure 4.16: (A) Bright field image of (MDA- MB231) cells after incubation with 15 uM HBMC,
respective fluorescence image (B), merged field (C). (D) Bright field image of (MDA- MB231) cells after
incubation with 15 pM of HBMC and 15 uM of Cd?*and its respective fluorescence image (E) as well as

merge field (F). Incubation period was 12h in each case.
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4.4.13. Real water sample analysis

In order to further establish the reliability of our designed chemosensor HBMC, real water
sample analysis was carried out. Hence actual water sample was collected from Jadavpur
university campus lake water and tap water (from laboratory), which were further analyzed
according to previously reported procedure. 55571 First of all, the water samples collected were
filtered by using whatman no.1 filter paper to remove the suspended particles. Then Cd?* was
added into the real water samples with different concentration gradient. To obtain the standard
curves, Cd?* was dissolved in deionized water to prepare samples with different concentrations.
The fluorescence spectra of HBMC (20 pM) with different concentration of Cd?* under
excitation of 345 nm was measured. The experimental data is well tabulated in Table 4.1, where
the Recover (%) is calculated. It was observed that the recovery % for cd?* lies in the range
between 97.25% to 102.25%. Which reveals that HBMC is potent enough for analysing Cd?* in

real water systems.

Table 4.1: Application in practical samples for the detection of Cd?*

Samples Cd?* added(uM) Cd?* determined(uM) Recovery (%)
Jadavpur university | 8 7.78 97.25
campus lake water
10 10.09 100.9
12 12.17 101.41
Tap water 8 7.86 98.25
10 9.87 98.7
12 12.27 102.25

4.4.14. Computational studies to interpret further structural

changes in HBMC and HBMC-Cd2+
To get further insight the relationship of structural change of HBMC and its complex with Cd?*

we performed density functional theory (DFT) and time-dependent density functional theory
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(TDDFT) calculations with the B3LYP/6-31+G(d) method basis set using the Gaussian 09
program. The optimized geometry and the contour plots of different molecular orbitals of HBMC
and HBMC-Cd?* complex are presented in Fig. 4.17 and Fig. A4.10, Fig. A4.11, Appendix.
Electronic excitations of HBMC and HBMC-Cd?* complex were calculated in methanol medium
using TDDFT method. We observe that calculated absorption peak matches well with observed
peak. For probe HBMC, the transition from HOMO—LUMO, HOMO-2—LUMO and HOMO-
3—LUMO transitions are mainly contributed for the absorption at 354 nm, 307 nm and 281 nm
respectively (Table A4.3, Appendix). Whereas for HBMC-Cd?* complex the absorption peak at
400 nm and 286 nm correspond to HOMO-1—-LUMO and HOMO-1—-LUMO+2/LUMO+3
transitions (Table A4.4, Appendix).

wy § .
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Figure 4.17: Optimized structures of (a) HBMC and (b) HBMC-Cd?* calculated by DFT/B3LYP/6-
31+G(d) method.

4.5. Conclusions

In conclusion, we have successfully designed and synthesized a fluorescent probe based on
biphenyl thiosemicarbazide based moiety, which is capable to detect Cd?* over other cations in
MeOH/H,0 (4/1, viv, pH = 7.2, 10 mM HEPES buffer). Continuous addition of Cd?" exhibits
significant increase in the fluorescence intensity accompanied by red shift in the emmision
spectrum. Binding with Cd?* is attributed to, simultenious prohibition of ESIPT effect and C=N
isomerization and switching on the CHEF mechanism. Where the absorption, fluorescence,
NMR titration and HRMS data assisted the complex formation. In presence of Cd?* the quantum

yeild value increases upto 21 fold which is reflected on the acceptable binding constant value.
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Again, this ESIPT and CHEF based chemosensor is very selective towards Cd?* over other
analytes with very low limit of detection in the order of 10® (M) in MeOH-H,0O medium. The
practical application of our synthesized probe is disclosed by dip stick experiment as well as bio
imaging study where intracellular detection of poisonous Cd?* in MDA-MB231 cells was
performed. Again, the non-toxic nature of HBMC when cultured for 24 h in MDA-MB231 holds
an engrossing prospect in analytical and biomedical application. Probable binding mode and
energy calculations were further carried out by DFT and TDDFT calculations. Hence these
promising characteristics of our probe enlisted above, endow HBMC as a competent candidate

for Cd?* sensing.

4.6. Experimental

4.6.1. Reagents and methods

All the organic, inorganic materials and solvents used for the experiment were purchased from
commercial suppliers. 4-Methyl-3-thiosemicarbazide and 4-phenylphenol were purchased from
Sigma Aldrich and used without further purification. HRMS mass spectra were recorded on
Waters (Xevo G2 Q-TOF) mass spectrometer. *H and *3C NMR spectra were recorded by Bruker
(AC) 400 MHz NMR instrument of ~0.05 M solutions in DMSO-ds solvent and TMS was used
as internal standard. Thin layer chromatography (TLC) and dip-stick experiment was carried out
on Merck 60 Fass4 plates with 0.25 mm of thickness. UV-Vis spectra were recorded on a
Shimadzu UV-1900i spectrophotometer. Fluorescence property was studied using Shimadzu RF-
6000 fluorescence spectrophotometer at room temperature (298 K). Luminescence lifetime
measurements were carried out by using time-correlated single photon counting set up from
Horiba Jobin-Yvon. The fluorescence decay data were placed on a Hamamatsu MCP
photomultiplier (R3809) and analyzed using IBH DASG6 software. Infrared spectra were taken on
a RX-1 Perkin Elmer spectrophotometer where samples prepared as KBr pellets. Elemental
analysis was performed in a 2400 Series-11 CHN analyzer, Perkin Elmer, USA.

4.6.2. Synthesis of probe (E)-2-((4-hydroxy-[1,1'-biphenyl]-3-yl)
methylene)-N-methylhydrazine-1-carbothioamide (HBMC)
At first to the suspension of 4-hydroxy-[1,1'-biphenyl]-3-carbaldehyde (0.200 g, 1 mmol) in 10

ml of ethanol, 4-methyl-3-thiosemicarbazide (0.105 g, 1 mmol) was added with continuous
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stirring. Then the reaction mixture was refluxed for 5 h. We observe a light-yellow color
precipitate in the reaction medium. Then the reaction mixture was allowed to cool at room
temperature. The light-yellow color precipitate obtain was then filtered and washed with ethanol
for few times. Lastly, the product was dried in vacuum and collected. Yield: (0.242 g) 85%.
Anal. data for C1sH1sN3OS (HBMC):

Elemental analysis: Anal. Calculated for C15sH1sN3OS, C, 63.13%; H, 5.30%; N, 14.73%. Found
C, 63.44 %; H, 5.22%; N, 13.45 %.

'H NMR data (300 MHz, DMSO-ds): ): 8(ppm): 11.46 (s, 1H), 10.08 (s, 1H), 8.52 (s, 1H),
8.43(s, 1H), 8.20 (s, 1H), 7.66 (d, 2H, J=9), 7.53 (d, 1H, J=8.49), 7.44 (t, 2H, J=7.32), 7.31 (t,
1H, J=7.32), 6.96 (d, 1H, J=8.49), 3.03(s, 3H).

13C NMR (75 MHz, DMSO-de): 8(ppm): 175.89, 157.44, 147.90, 139.95, 138.08, 132.69,
131.99, 130.17, 129.40, 127.34, 126.64, 119.65, 117.49, 25.27.

HRMS: MS-ES* (m/z): [M+H] *: C15H1sN30S Calculated: 286.1, Found: [M +H]*; 286.08.

IR (cm™, KBr): v(C=N) 1650, v(O-H) 3450, v(N-H) 3152,

4.6.3. General Method for UV-Vis and Fluorescence Titration

4.6.3.1. UV-Vis Study

For UV-Vis titrations study, we prepared stock solution of the probe (20 uM) [(MeOH/H-0),
4/1, viv] (at 25 °C) solution using HEPES buffer. Again, stock solutions of the guest cations were
prepared separately in the order of 40 uMin deionized water using HEPES buffer at pH=7.2 (25
°C). The solutions of the respective metal ions were prepared using their perchlorate and chloride
salts respectively in deionized water. Solutions of different concentrations containing the probe
and various increasing concentrations of cations were prepared separately. These solutions were

prepared individually to record UV-Vis spectra.

4.6.3.2. Fluorescence Method

For fluorescence titrations, the probe stock solution (20 pM) was same as that used for UV-Vis
titration study. The solutions of the guest cations with their chloride and perchlorate salts were
prepared in the order of 40 uM. Solution of EDTA (40 uM) was prepared using its disodium salt.
Solutions of different concentration of probe and metal salts were prepared separately and
spectra were recorded by means of fluorescence method. The emission spectrum was recorded at

(Aex= 345 nm, excitation slit = 10.0 and emission slit = 10.0).



125|Chapter 4

4.6.3.3. Job’s Plot by Fluorescence Method

Jobs plot analysis was carried out using fluorescence emission spectrum. A series of solution of
various concentration were prepared by using HBMC (10 pM) and Cd?* (10 uM) maintaining a
total volume of each solution to 5ml.The solutions were prepared in MeOH-H2O (4:1, v/v)
solvent at pH=7.2 using 10 mM HEPES buffer. Emission spectrum was recorded by using
excitation at 345 nm. AL Xn versas Xy was plotted. (Al denotes the change in emission intensity at

496 nm during titration and Xj is the mole fraction of host solution in each case).

4.6.3.4. Determination of association constant
Binding constant was calculated according to the Benesi-Hildebrand equation. Ka was calculated
following the equation stated below.

1/(F-Fo) = L{Ka(Fmax—Fo) [M"T*} + 1/[Fmax-Fo]
Here Fo, F and Fmax indicate the emission in absence of, at intermediate and at infinite ¢ Plot of 1/
[F-Fo] vs. 1/[Cd?*]*? gives a straight line indicating 2:1 complexation between HBMC and Cd?*

where K is found to be (72.85+2.9) M2 for HBMC concentration of metal ion respectively.

4.6.3.5. Determination of detection limit (LOD) for Cd2*

The detection limit was calculated based on the fluorescence titration. To determine the S/N
ratio, the emission intensity of HBMC without the ion (Cd?*) was measured by 10 times and the
standard deviation of blank measurements was determined. The detection limit of HBMC for
Cd?* was determined from the following equation: DL = K x Sh1/S Where K = 2 or 3 (we take 3
in this case); Sby is the standard deviation of the blank solution; S is the slope of the calibration
curve. Thus, using the formula, we get the Detection Limit = (1.59+.054) x10® (M) i.e., HBMC

can detect Cd?* in this minimum concentration by fluorescence techniques.

4.6.3.6. Determination of fluorescence quantum yield

The luminescence quantum yield was determined using coumarin 153 as reference dye. The
compounds and the reference dye were excited at the same wavelength, maintaining nearly equal
absorbance (~0.1), and the emission spectra were recorded. The area of the emission spectrum
was integrated using the software available in the instrument and the quantum yield is calculated
according to the following equation:

ds/dr = [As/ Ar] X [(Abs)r /(Abs)s ] % [ns?/nr?]
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where, ¢s and ¢r are the luminescence quantum yields of the sample and reference, respectively.
As and Ar are the area under the emission spectra of the sample and the reference respectively,
(Abs)s and (Abs)r are the respective optical densities of the sample and the reference solution at
the wavelength of excitation, and ns and nr are the values of refractive index for the respective
solvent used for the sample and reference.

We calculated the quantum yields of HBMC and HBMC-Cd?* using the abovementioned

equation; the values are found 0.024and 0.508respectively.

4.6.4. Live cell imaging studies

4.6.4.1. MTT assay

According to the protocol outlined by Hamdi et al., a cell cytotoxicity experiment was carried
out on the triple negative breast cancer cell line MDA MB-231 using Cadmium perchlorate
(Cd?*), HBMC, and HBMC-Cd?* complex. MDA MB-231 cells were seeded at a density of 5 x
10% cells per well in a 96 well plate, then incubated at 37°C for 24 hours in a 5% CO;
atmosphere. Individual doses of free HBMC, Cd?*, and HBMC - Cd?* complex (0, 1, 12.5, 25,
50, 100, 150, 200 uM) were given to the cells for 24 hours, along with a control. The probe
HBMC was dissolved in DMSO, whereas Cd?" was used by dissolving it in an aqueous medium
while keeping the final DMSO concentration below 1%. After 24 hours of treatment, 10 ul of
MTT solution (5 mg/ml) was added to each well. The plates were then placed in a CO2 incubator
at 37 °C for 3 hours while kept in the dark. In order to dissolve the formazan crystals, 100 pl of
DMSO was added to each well, and the plates were agitated quickly before being scanned by a
multi-mode reader and quantified at 570 nm (SpectraMax i3x, Molecular devices). The half-
maximal inhibitory concentration (ICsp) of HBMC was calculated by fitting a non-linear

regression curve from log HBMC concentration to optical density at 570 nm.

4.6.4.2. Cell bio-imaging

MDA-MB-231 cells were seeded and left to adhere overnight on a six well plate containing
22x22 mm glass cover slips positioned at the bottom of each well. In addition to a control, 15
UM of the probe, HBMC, and HBMC-Cd?* complex were added to each well containing cells.
The cells were then fixed with methanol and rinsed with 0.5% phosphate buffer saline tween

(PBST) twice, followed by 1 x PBS three times. The cover slips were then put on a glass slide
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with glycerol and viewed at 40x magnification using a fluorescence microscope (Leica DM4000

B, Germany).

4.6.5. Computational method

For computational method Gaussian 09 (G09) program along with Gauss View visualization
program was employed.>® Geometry optimization were carried out at B3LYP level for the probe
and its Cd complex.%51 All elements except Cd were used the 6-31+G(d) basis set, whereas for
Cd, Lanl2dZ basis set with the effective core potential (ECP) of Hay and Wadt was used.%%3
Again, the vibrational frequency calculations were performed to ensure the optimized geometries
represents local minima and there were only positive eigen values. The Vertical electronic
excitations which were based on B3LYP optimized geometries were computed using the time-
dependent density functional theory (TDDFT) formalism®+ in methanol using the conductor-

like polarizable continuum model (CPCM).67-6°
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Fig. A4.1: *H NMR (300 MHz) spectrum of HBMC in DMSO-ds
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Fig. A4.5: Job’s plot for HBMC-Cd?** complex formation using fluorescence emission titration
experiment (Aex = 345 nm); where X is the mole fraction of the host and Al indicates the change of

emission at 496 nm.
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Fig. A4.6: HRMS of the HBMC-Cd?*.
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Fig. A4.9: Benesi—Hildebrand plot from fluorescence titration data of receptor (20 M) with Zn?*.

Table A4.1: Fluorescence lifetime data

Compounds Quantum yield (p) 7 (ns) kr (108xs) Knr (108xs1)
HBMC 0.024 1.42 0.29 0.084
HBMC-Cd?** 0.508 5.14 1.58 0.321

Radiative rate constant K, and total non-radiative rate constant Knr have been calculated using the
equation Tt = K, + Kyr and Kr= of /1
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Fig. A4.11: Contour plot of some selected molecular orbitals of HBMC-Cd?*
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Table A4.2. Energy and compositions of some selected molecular orbitals of HBMC-Cd?* complex

MO Energy % of composition
HBMC Cd

LUMO+5 0.05 97 3
LUMO+4 0.01 99 1
LUMO+3 -0.03 99 1
LUMO+2 -0.08 97 3
LUMO+1 -1.23 99 1

LUMO -1.28 99 1

HOMO -4.59 99 1
HOMO-1 -4.68 99 1
HOMO-2 -5.9 98 2
HOMO-3 -5.95 98 2
HOMO-4 -5.97 98 2
HOMO-5 -6.2 95 5
HOMO-6 -6.28 97 3
HOMO-7 -6.41 99 1
HOMO-8 -6.42 100 0
HOMO-9 -6.43 99 1
HOMO-10 -6.44 100 0
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Table A4.3. Vertical electronic excitations of HBMC calculated by TDDFT/CPCM method

Energy Wave- Osc. Transition Character
(eV) length (nm) | Strength
()
3.5046 353.7 0.2269 (92%) HOMO—LUMO Lig(m)—Lig(m )
4.0384 307.0 0.4287 | (92%) HOMO-2>LUMO | Lig@—Lig(w)
4.2897 289.0 05960 | (89%) HOMO—LUMO+1 | L1g(@—>Lig(®)
4.4120 281.0 0.6366 | (90%) HOMO-3>LUMO | Lig(n)—>Lig(t")
6.1509 201.6 0.2183 | (40%)HOMO-4—>LUMO+2 | Lig(n)—Lig(n)

Table A4.4. Vertical electronic excitations of HBMC calculated by TDDFT/CPCM method

Energy | Wave- Transition Character
(eV) length strength
(hm)
3.1030 399.6 0.1659 (70%) HOMO-1—-LUMO Lig(n)—Lig(n")
4.1640 297.7 0.6424 (72%) HOMO—LUMO+3 Lig(n)—Lig(n")
4.2566 291.3 0.7818 (71%) HOMO—LUMO+2 Lig(m)—Lig(n")
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Table A4.5: Comparison of solvent systems and limit of detection (LOD) of the receptor (HBMC)
with some recently reported fluorescence organic probes for the detection of Cd?"*.

Chemosensors Solvent system LOD References
Acetonitrile 0.12 uM New J. Chem.,
/© 2022, 46,
® T
P N\© 3348.
- THF 1.71x107 mol L* RSC Adv.,
2019, 9,
29141.
. -8
OH O CH3CN:H20, 5.84x10°M. New J. Chem.,
N = (3:7,viv),pH 7.0 2017, 41,
O O 14746.
o "0 OMe
ACN:H,0 (8:2, 1.48 x 108 M Microchemical
H
‘ < _N N\ A% Journal, 2021,
O N, 164, 106030.
&z
OH
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4:1 1.75x107"M RSC Adv.,
(EtOH/HEPES 2016, 6,
N > buffer), pH=7.4 112246,
N ~N. /L\
N N
H
- EtOH 9.2x10°% M RSC Adv.,
N m 2015, 5,
o A 27682.
OC,Hs
(9/1, viv, pH 7.4, 41.0 nM Tetrahedron,
HEPES buffer, 2021, 88,
0.2 mM) 132123.
H.0:DMSO 3.4 uM Spectrochim.
(95:5 viv) Acta Part A,
2020, 241,
| I 118610.
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_ distilled water 1.18x107°M Sens. Actuators
| =S N \N+ ’ B, 2017, 251,
=N 877.
0 o
o OH
N
N
4
MeOH/H20 (4/1, | (1.59+.054) x108M |  This work
O O OH vIv, pH =7.2)
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Adaptable coumarin based fluorescent molecular multianalyte
sensor for Zn?+, Hg?* and Cu?+ via different sensing modalities
and its bioimaging applications

Abstract

A new organic probe DCMC (E)-2-((7-(diethylamino)-2-oxo-2H-chromen-3-yl) methylene)-N-
methylhydrazine-1-carbothioamide was successfully designed and synthesized. Characterization
techniques such as single crystal X-ray diffraction, 'H-NMR, *C-NMR, IR, and mass
spectroscopy have been used to analyse the chemical structure of the sensor. The systematic
sensing studies of DCMC in DMSO/H»0 (9/1, viv, pH = 7.2) by fluorescence and absorption
method shows selectivity towards Hg?*, Zn?* and Cu?* by different sensing modalities. DCMC
shows distinctive red shift in UV-Vis spectra for Cu?*, where we observe a colour change from
cyan-yellow to brown colour in ambient light while no similar response was observed for Hg?*
and Zn?*. Additionally, it shows significant fluorescence quenching towards Hg?* and for Zn?*
eminent ratiometric fluorescence response is observed, where the colour changes from cyan to
yellow under UV light. All the changes can be observed by naked eye. The detection limit of
DCMC towards Hg?* and Zn?* was calculated and established to be order of 10° (M) and for
Cu?* it was in the order of 10 (M) respectively. A detailed investigation was performed on the
detection mechanism by using Job’s plot, tH-NMR, ESI mass analysis and density functional
theory (DFT) calculations which established the 2:1 binding stoichiometry for all the three
ions.The probe also coherently recognised the sensing cations when it was applied to solid state
platform of TLC plate and silica gel base with distinguishable colour change making DCMC a
portable kit for onsite analysis and detection. Besides, the live cell imaging study on MCF-7 cell
line to detect Zn?* and Hg?" also reveals the detection capability of DCMC and its biocompatible
nature. Finally, density functional theory and time-dependent density functional theory were

implemented which established the experimental outcomes theoretically.

A.,=556 nm
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5.1. Introduction

Owing to their universal existence, the metal ions represent itself as an active topic of research
globally. In our surroundings, metal ions can be found in food, soil, and water.* Metal ions are
found to participate in numerous biological processes in a human body. Nevertheless, the
existence of metal ions at concentrations beyond the allowable limit may result into harmful
impacts on the environment as well as on human beings.?®> Heavy metal ions are very significant
for many industries and for our daily lives as they play an essential task in many areas such as
industrial, chemical, biological and environmental. But excessive quantity of heavy metals
causes danger to both living organisms and the environment.®2 Now among the heavy metals,
zinc and mercury play crucial roles. The second-most ubiquitous component in the human body,
Zn?*, is crucial for a number of biological actions including gene transcription, neural signaling,
controlling of enzyme, brain function, apoptosis etc.’**> Zn?* is also found in metalloproteins
and it affords both the catalytic and structural support.1®-18 Generally, the amount of Zn?* in the
living body needs to be observed cautiously as low level of Zn?* can lead to different diseases
including hair loss, Alzheimer's disease and Parkinson's disease, diabetes, prostate cancer etc.%-2!
Moreover, Zn?* ions in their free forms are extremely lethal to vertebrate fish, invertebrates and
plants. Also, Zn?* may lead to a drop of microbial action in the soil owing to a common pollutant
in food waste and agriculture. Therefore, it is very important to detect the zinc ion in both
biological and environmental systems.??> Mercury ion (Hg?") is the steadiest inorganic form of
mercury and considered as an extremely toxic and widespread metal pollutant even at very low
concentrations.?®?42" Due to its bioaccumulation and toxicity, metal mercury is a perilous
pollutant albeit it shows significant industrial applications.?® Hg?* which is present in soil or
waste water is absorbed by lower types of aquatic organisms which consequently, converted into
methylmercury by those organisms.?® Methylmercury is a powerful neurotoxin affecting human
health via causing cyanosis, nephritic syndrome and minamata disease.>® Due to the extreme
toxic nature of Hg?*, it demolishes all sorts of physiological systems including nerves, enzymes,
genetics and respiratory systems. As Hg?* is not biodegradable, it can get easily accumulated in
organisms through the food chain, thereby resulting into many diseases, such as kidney
malfunction, brain damage, and emotional disarray.3* A maximum allowable level of 2 ppb (10
nM) has been set for mercury contamination in food and drinking water by the Environmental
Protection Agency (EPA).% Furthermore, the advancement of pharmaceutics, cosmetics, battery
industry as well as fertilizer industry result into a probable risk of inhaling mercury.36°

Therefore, it should be a significant and vital mission to produce quick and competent methods
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for the recognition of mercury ions in biological and environmental systems.*®** Now, after iron
and zinc, copper ion is acknowledged as the third most abundant transition metal ion in the
human body and it also possesses a crucial position in human physiology for its distinctive redox
active nature.*** However, intake of excessive copper can lead to gastrointestinal disorder,
Wilson or Alzheimer's disease etc.*®4’ Diseases of mitochondrial abnormality and neuronal
degeneration may be attributed to the deficiency of Cu(l1).*34° Although, copper ion is
extensively used both in industry and agriculture, it has been branded as an environmental
contaminant. Additionally, too much copper can cause unnecessary amount of oxygen in
eukaryotic cells and prokaryotes thereby resulting into the destruction of cell membranes,
proteins and nucleic acids.®® Hence to recognize Cu (ll) ions has significant implications for
qualitative and quantitative study from both the biological and environmental viewpoint.

Thus, new advancements in the fabrication of sensing tools that are vastly sensitive and specific
to Cu?*, Zn?*, and Hg?* should be nurtured. Till date, a couple of detecting methods for heavy
ions were introduced which includes atomic absorption spectroscopy,® inductively coupled
plasma mass spectroscopy,®® inductively coupled plasma atomic absorption emission
spectrometry (ICP-AES), surface enhanced raman spectroscopy,® electrochemical methods®*
and chromatography.>”®® But as these detection techniques typically demand luxurious
equipments, intricate sample pre-treatment, excessive time and high implementation and
preservation costs, the new method of identification with easy, straightforward and swift process,
low cost and elevated sensitivity is anticipated enthusiastically. Recently, small-molecule
fluorescence sensors have been designed and fabricated fast as they can beat the drawbacks of
the abovementioned conventional expensive and time-consuming detecting methods.>*® The
design and synthesis of single molecular probes for the distinct and sensitive detection of
multiple analytes simultaneously is rising as a research area of immense fascination,%-%* in view
of the fact that such systems would result into quicker analytical processing and cost reductions.
However, most of the reported fluorescent molecules are efficient in selectively identifying only
a particular analyte.®>"* Those multifunctional sensors which are responsible for producing
different responses in fluorescence or color to different metal ions will display more prospective
in environmental applications. Therefore, extreme research has been carried out on the
fabrication of sensitive and distinctive probes for the qualitative and quantitative identification of
multi metal ions to fit in with the atomic economy; precisely, researches on the sensors for the
specific recognition of three analytes in multiple signals has been a noteworthy development

lately.”>® Additionally, if a fluorescent sensor for multiple analytes utilizes same solvent system
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for identification of different analytes, the sample handling cost would be shortened significantly
and also the efficiency of the detection method of this probe would be much more improved
compared to that of the conventional sensors. Now, much more attention has been focused in
development of those probes which are proficient to sense three kinds of metal ions.””8! As the
detection units of the developed probes are idiosyncratic in identifying the analyte activities,

designing of such probes with multiple analyte detection capacity is a demanding job.

5.2. Prior works

Now, in the past few years, the application of organic moieties in chemosensors has been gained
much interest,82%¢ exclusively huge numbers of the sensors with high sensitivity and distinctive
nature for identifying Cu?* 878 Hg?* %09 zn?* 9293 have been reported. For example, in 2020,
Shen group reported a schiff base sensor containing coumarin fluorophores which shows
colorimetric and ratiometric responses to Cu(ll) and Zn(ll) ions respectively along with low
detection limits of 141 nM and 72 nM, in aqueous media.>® Another report was published by Pu
et al., regarding a multifunctional aggregation-induced emission (AIE) active fluorescent switch
for recognition of Zn?* in THF along with the detection of Hg?* in THF-water with detection
limit of 1.24x10° mol L. And 2.55x10°° mol L respectively in 2019.%* In the year of 2018, Xu
group introduced a new single molecule based on pyrrole moiety as a multianalyte sensor for
Cu?*, Zn?* and Hg?" with detection limit of 38.2, 88.3 and 69.4 nM respectively.®® Another
similar type of work was reported in 2019 by Wang et al. in which a probe containing multiple
nitrogen heterocycles was designed and fabricated for the distinctive detection of Cu?*, Hg®* and
Zn?* in same solvent system by different mechanisms with showcasing different LOD values
such as 1.12 nM for Cu?*, 0.2 uM for Hg?* and 0.94 uM for Zn?*.% But although a few reports
have been found in the literature detecting trace amounts of the abovementioned metal ions
based on fluorescence enhancement or quenching, there are plenty of rooms for further
improvements in fabricating more suitable and sensitive fluorescent probes for the multiple
detection of metal ions. Therefore, there is still abundance for development in designing highly

sensitive fluorescent probes with efficient multiple ions sensing functions.

5.3. Present work

So herein we have designed and successfully fabricated a coumarin framework based fluorescent
sensor (DCMC) which display chromogenic detection of Cu?* and fluorogenic detection of both

Hg?* (turn-off) and Zn?* (ratiometric) simultaneously in the same solvent system, which is
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DMSO:H2O (9/1, v/v) via different sensing mechanisms. The noteworthy aspect of our
synthesized probe is that the O, N and S centers present in the newly developed probe actually
aid in the concurrent detection of the three abovementioned metal ions via 2:1 binding ratio for
each without having any sorts of interference from the other competitive ions. The real time
analytical applications and intracellular detection of the ions by DCMC further established its

prominent features.

5.4. Results and discussions
5.4.1. Synthesis of the sensor (DCMC)

For the synthesis of DCMC very economic cheap precursor i.e., 5-(Diethylamino)-2-
hydroxybenzaldehyde, diethyl malonate and 4-methyl-3-thiosemicarbazide were utilized for the
fabrication of our probe DCMC. The synthetic design of DCMC is displayed in Scheme 1 where
compounds ‘a’ and ‘b’ were synthesized using formerly reported procedure.®” The final step
involved the reflux condensation of the 7-diethylamino-2-oxo-2H-chromene-3-carboxyldehyde
and 4-methyl-3-thiosemicarbazide in ethanol for about 2 h, which produces the anticipated probe
DCMC. Diverse spectroscopic techniques i.e., *H-NMR, *C-NMR, mass spectrometry and FT-
IR were used for the characterization of the probe DCMC. (Fig. A5.1-A5.4, Appendix)

/Cﬂ .
/"'\._ ” /‘-.\‘_ o -
a

§
I\"mD i 5{/@:;1?0

~
@fjg o @fr Y
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Scheme 5.1: Synthesis of the probe (DCMC). Reagents and conditions: (i) Diethylmalonate, piperidine,

AcOH, EtOH, reflux (ii) HCI, AcOH, reflux (iii) DMF, POCIs;, 60°C, 24 h (iv) 4-methyl-3-

thiosemicarbazide, ethanol, reflux, 2 h.
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5.4.2. Crystal structure of DCMC

Single-crystal X-ray diffraction technique was employed to decide the molecular geometry of
our synthesized probe, DCMC. Single crystals of DCMC were developed by slow evaporation
method in ethanol solvent. The probe crystallizes in the monoclinic crystal system with a P21/c
space group as it contains both hard and soft donor atoms like O, N and S atoms. Details
concerning data collection, crystal study and structural refinement are recorded in Table A5.1,
Appendix. A various range of bonding angles and distances are shown in Table A5.2, Appendix.
The ORTEP diagram of DCMC with the atom labelling approach is unveiled in Fig.5.1. In
probe, DCMC the N, O and S atoms acts as a chelating agent, where each of the donor atoms lies
on identical plane. The torsion angles of O2-C1-C2-C3 (178.85°), N2-N1-C14-C2 (177.73°),
N1-N2-C15-S1 (176.99°) are in good agreement with it.

S1 A\ \CQ ,/ \\ir/i
/H Cla (i \?8 e & O

Figure 5.1. ORTEP plot of the probe DCMC with 35% ellipsoidal probability.

5.4.3. Supramolecular Interaction and Hirshfeld Surface

Analysis of the Sensor DCMC

Crystal of DCMC forms 1D supramolecular architecture via m---m interaction and intermolecular
H-bonding interaction. The packing diagram of DCMC elucidates how aromatic rings interact
with another aromatic ring {shown in green (-+*) color} to form 1D supramolecular interaction
(Fig. 5.2). The dimer is repeated down through the axis and the 7- stack is designed by the face-
to-face m---m contact between the surrounding molecules’ phenyl ring attached to amino group
and coumarin ring with a centroid-centroid distance of 3.7060(9) A for [Cg(2)---Cg(3) and
Cg(3)--Cg(2)] (symmetry: 1-x, 1-y, 1-z). Strong H-bonding interactions are found to be
between N2-H2...02 (acceptor) with distance of 2.18 A respectively.



151|Chapter 5

By “"s S8 S o

Figure 5.2: 1D supramolecular structure formed by H-bonding between N2-H2...02 (¢e¢) and n-nt

interactions between the coumarin unit with the amino group attached phenyl ring of adjacent molecule
(s00).

Hirshfeld surfaces (HSs) is a three-dimensional outlook of the close contacts that are present in a
solid crystal which furnishes valued data about the crystal packing® The HS of DCMC projected
across dnorm (varying from 0.25 to 1.12 A), shape index (varying from -1.0 to 1.0 A), curvedness
(varying from -4.0to 0.4 A) and fragment patch are shown in Fig.5.3. The circular deep red
(depressions) noticeable on the dnorm surfaces are indicative of hydrogen-bonding contacts and
other weak contacts (C-H---n/n---w). Whereas, in the shape index of HS of the compound the

adjacent red and blue triangles confirm the presence of @---7 interactions.

Figure 5.3: Hirshfeld surfaces (HSs) of DCMC mapped with (a) dnorm (b) shape index (c) curvedness &
(d) fragment patch.

All the available contacts that are present in DCMC are abridged in a 2D fingerprint plot as
individual spikes [Fig.5.4 (a)]. By studying the fingerprint plot we can emphasize all the
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interactions available present in probe (H...H, C...C, H...C/C...H, H...O0/O...H, H...S/S...H,
H...N/N...H, etc.) and their respective contribution to the total HS (Pie chart) [Fig. 5.4(b) & Fig.
5.5]. It is clear that majority of contribution is due to interaction of H...H, which is 45.6% as
there are higher number of H atoms present in probe DCMC. From the HS study it is clear that
H-atom contacts play a crucial role and apart from that there is broad array of H---C/C-:-H, and
H---(O/N/S)! (O/N/S)---H, C---C interactions present in DCMC, which plays a major role in
founding the crystal packing. Electronic feature of the molecular system affects the formation of
supramolecular association; thus, these potential interactions present in the molecule plays an

important role towards sensing of incoming analytes (here Zn?*, Hg?* and Cu?").
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Figure 5.4: 2D fingerprint plot (full) of the probe DCMC (a) and relative contributions of different

intermolecular interactions to the HS area shown in the pie chart (b).
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Figure 5.5: 2D Fingerprint plot resolved into different contacts contributed to the total Hirshfeld Surface
area of DCMC.

5.4.4. Spectroscopic analysis
5.4.4.1. UV-Vis study of DCMC

The photophysical study of the probe (DCMC) was studied in DMSO/H0 (9/1, viv, pH = 7.2).
The probe itself shows a strong absorption maxima located at 456 nm mainly due to m-m*
transition and shows a neon yellow colour under ambient light. In order to inspect the sensing
proficiency of the probe, DCMC towards Cu?*, we gradually added Cu?* to the probe solution. A
ratiometric change was observed in the UV-Vis spectra where the peak at 456 nm decreases and
simultaneously a new absorption signal profile is produced at 490 nm with an isosbestic point at
464 nm (Fig. 5.6). Hence this large red shift of 34 nm in absorption spectra changes the neon
yellow colour of probe to light brown colour is mainly attributed to the electron transfer process.
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Figure 5.6: Change of absorption spectra of DCMC (20 uM) upon addition of Cu?* (40 uM). Inset: The

photograph shows the visible colour change of DCMC before and after addition of Cu?*.

The UV-Vis absorption titration of DCMC was also executed with Hg?" and Zn?* to explore the
interaction. For Zn?*, upon gradual addition of Zn?* the absorption maxima shift towards red
region with increase in absorption value. The absorption maxima shift from 456 nm to 474 nm
(Fig. 5.7). The shift in absorption maxima of about 18 nm indicating the complexation process.
For Hg?* titration we observed a change in absorption maxima of 10 nm (Fig. 5.7). Although
different wavelength with red shift can be found for Hg?" and Zn?*, but the changes are

unnoticeable in naked eye. But DCMC is able to detect Cu?* via bare eyes under visible light.
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Figure 5.7: Change in UV-Vis spectrum of DCMC (20 uM) upon addition of Hg?" (40 uM) in
DMSO/H;0 (9/1, viv, pH=7.2). Inset shows the shift in absorption band (left side) and change in UV-Vis
spectrum of DCMC (20 uM) upon addition of Zn?* (50 uM) in DMSO/H,0 (9/1, viv, pH=7.2) (right
side).
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The effect in UV-Vis spectrum was also checked for the additional metal cations, i.e., Ca®*,
Mg?*, AP, Mn?*, Fe**, AI¥*, Cr¥*, Co?*, Ni%*, Pb?* and Mn?* but they do not demonstrate any
major alterations in the spectral design of DCMC, indicating the fact that DCMC does not

interact with the other metal ions (Fig. 5.8).

Absorbance (a.u)

3';111 3%0 460 4%0 56‘0 550
A (nm)

Figure 5.8: UV-Vis spectra of (DCMC) (20 uM) upon addition of (40 uM) various metal ions i.e., Ca",

Mg?*, AP*, Mn?*, Fe**, Cr¥*, Co?", Ni%*, Cu?*, Zn?*, Pb?*, Cd?*" and Hg?" in DMSO/H,0 (9/1, vlv, pH =

7.2) solution.

5.4.4.2. Fluorescence study of DCMC

The fluorescence response of sensor DCMC towards Zn?* and Hg?*, were explored by
fluorescence titration experiments in DMSO/H,0 (v/v, 9/1, pH=7.2) at room temperature. The
fluorescence intensity of DCMC was monitored with continuing addition of Zn?* solution (50
K1M). Upon excitation at 456 nm DCMC exhibits a strong emission band with maxima at 522 nm
and shows high quantum yield value (¢ = 0.6604) (Table A5.3, Appendix). DCMC shows a
strong green colour emission under hand held UV lamp. On subsequent addition of Zn?* solution
(50 uM) to DCMC solution (20 uM) in DMSO /H20 solvent (9/1, v/v, pH=7.2) the emission
intensity slowly decreases with red shift and finally the maxima shifted to 556 nm (Fig. 5.9).
Also, the quantum yield value changes to (¢ = 0.5611) (Table A5.3, Appendix). Subsequently,
we also observe that the colour of the solution also changes to yellow (Fig. 5.9). Thus, this
ratiometric change in the emission intensity pattern of about 34 nm towards red region confirms
the formation of DCMC-Zn?* complexation and generation of new ICT process. In Commission

International de L'Eclairage (CIE) Chromaticity coordinates, we also observed noticeable
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changes from green to yellow with change in the coordinates from (x = 0.3253, y =0.6118) to (x
=0.4391, y =0.5461) (Fig. 5.9). Thus, these changes in the fluorescence pattern with addition of
Zn?* is attributed to the filled d*° electronic configuration of Zn?* ion which commonly does not

include in the energy transfer mechanism for activating the excited state.
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Figure 5.9: Change in emission spectrum of DCMC (20 uM) upon gradual addition of Zn?* (50 pM) in
DMSO/H0 (9/1, viv, pH = 7.2) solution. Inset: The visual effect of addition of Zn?* to DCMC under UV
light. (Aex = 456 nm) (left side) and CIE1931 chromaticity diagram of DCMC probe with Zn?* (right side).

We also explored fluorescence response of DCMC towards Hg?* by fluorescence titration
experiment. With addition of Hg?* solution the fluorescence intensity simultaneously quenches at
522 nm about 96% with slight red shift. At the same time the bright greenish fluorescence colour
also vanishes as shown in Fig.5.10. Hence this spectroscopic observation reveals that a complex
is formed between DCMC and Hg?*, where due to ligand-metal charge transfer (LMCT) process

fluorescent quenching happens.
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Figure 5.10: Change in emission spectrum of DCMC (20 uM) upon gradual addition of Hg?" (40 uM) in
DMSO/H0 (9/1, viv, pH = 7.2) solution. Inset: The visual effect of addition of Hg?* to DCMC under UV

light. Aex = 456 nm.

The emission property of DCMC was also studied in various DMSO/HO ratio to detect Zn?*
and Hg?* but we observed that other composition of solvents is not as much sensitive as in the
case for DMSO/H.0O (9/1, v/v). So, we have optimized the DMSO/H0O ratio and executed all
spectroscopic studies in DMSO/H20 (9/1, v/v).The selectivity of the chemosensor was also
studied towards different metal ions such as Cr®*, Co?*, Mn?*, Fe3*, Mg?*, AI**, Cd?*, Ni?*, Ca?"

and Pb?*. They display no variation in the emission property of DCMC (Fig. 5.11).
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Fig. 5.11: Change in emission spectrum of DCMC (20 uM) upon addition of different cations i.e., Mg*,
A", Ca?*, Mn?*, Fe3*, Cr®*, Co?', Ni%, Cu?*, Zn?*, Pb?*, Cd?" and Hg?" (40 uM) in DMSO/H,0 (9/1, Vv,

pH=7.2). (ex =456 Nm)
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5.4.4.3. Detection limit (LOD) and binding constant (Ka)

The fabricated probe DCMC can be used for quantitative recognition of the ions in its selected
concentration range. LOD was calculated from the fluorescence spectral change data for Zn?*
and Hg?* and from absorption spectral change data for Cu?*. The equation that is utilized for the
calculation is LOD = K x SD/S, where k = 2 or 3 (here 3 is taken) where SD signifies the
standard deviation of blank probe solution and S stands for the slope in the linear calibration
curve respectively. The detection limit value was calculated and established to be (2.69 + 0.09) x
10° (M) for Hg?*, (5.35 + 0.18) x 10° (M) for Zn?* and (1.85 + 0.07) x 10 (M) for Cu?*
respectively (Fig. 5.12 &Fig. 5.13 (left side)).
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Figure 5.12: Linear response curve of DCMC at 522 nm depending on the Hg?* concentration (left side)

and Linear response curve of DCMC at 522 nm depending on the Zn?* concentration (right side).
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Figure 5.13: Linear response curve of DCMC at Asgo/Asss depending on the Cu?* concentration (left side)
and Benesi-Hildebrand plot from absorption titration data of probe DCMC (20 uM) with Cu®(right side).
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These values suggest that DCMC is efficient to detect the ions in very miniscule level. To reveal
the binding stoichiometry of complex formation, Job's plot analysis was executed. Emission
intensity and absorption spectra was measured, while the sum of the entire volume of DCMC and
the metal ions was maintained to a constant volume. Where change in fluorescence intensity (Al)
vs. mole fraction (Xn) of the probe DCMC was plotted for Hg?* and the intersection point the
two straight line was found to be at 0.66, which proposes that a 2:1 complex formation between
DCMC and Hg** (Fig. A5.5, Appendix). Also, for Cu?*, the plot between absorption vs mole
fraction of Cu?* shows maxima near 0.33, indicating a 2:1 complexation between DCMC and
Cu?* (Fig. A5.6, Appendix). Binding constant was calculated according to the Benesi-Hildebrand
equation. K, was calculated following the equation stated below.

1/(F-Fo) = 1I{Ka (Fmax—Fo) [M™T*} + 1/[Fmax-Fo]
Here Fo, F and Fmax indicate the emission in absence of, at intermediate and at infinite
concentration of metal ion respectively.
From absorption titration data the binding constant for Cu?* was calculated to be (1.60 + 0.9) x
102 M2 respectively (Fig. 5.13 (right side)). From fluorescence titration data the binding
constant for Zn?* and Hg?* was evaluated to be (1.17 + 0.05) x 10> M*2and (1.41 + 0.06) x 10?
M2 respectively (Fig. 5.14).
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Figure 5.14: Benesi-Hildebrand plot from fluorescence titration data of probe DCMC (20 uM) with Zn?
(left side) and Benesi-Hildebrand plot from fluorescence titration data of probe DCMC (20 pM) with
Hg?* (right side).
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5.4.4.4. Competitive study

A proficient chemosensor must be selective towards its guest specifically and swiftly in presence
of other environmentally and biologically appropriate metal ions. As reported recently the anti-
interference ability of probe DCMC towards Cu?*, Zn?* and Hg?* was examined with one target

analyte and one interference species. As can be seen from Fig. 5.15., for Cu?* no other metal
ions have interference value of absorption at 590 nm.
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Figure 5.15: Change in absorption spectra upon addition of various metals (40 uM) in DMSO/H,0 (9/1,
viv, pH=7.2). DCMC (yellow bars), and DCMC-Cu?* in the presence of other metals (brown bars).

For Hg?* the fluorescence quenching efficacy is above 90% at 522 nm in all cases (Fig. 5.16).
For Zn?*, also no other cations have no significant effect on 540 nm value. As this competitive
experiment was performed by a pair of analytes, hence the deficiency of the method is it is
difficult to judge the performance, in presence of coexistence of multiple analytes. Although it is
still a challenge to simultaneously detect target analyte and evade interference of other high

valent metal ions, still DCMC is able to detect Cu?*, Hg?* and Zn?* in presence of other metal
ions.
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Figure 5.16: Change in emission spectra upon addition of various metals (40 uM) in DMSO/H20 (9/1,
viv, pH=7.2). DCMC (grey bars), and DCMC-Hg?* in the presence of other metals (green bars).
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Figure 5.17: Change in emission intensity upon addition of various metals (40 uM) in DMSO/H20 (9/1,
vlv, pH=7.2). DCMC (green bars), and DCMC-Zn?* in the presence of other metals (yellow bars).

5.4.4.5. pH effect

To investigate the pH dependency of DCMC emission, its sensitivity has been evaluated in
presence and absence of Hg?* and Zn?* solution. Hence, we executed the experiment in
DMSO/H20 (9/1, v/v) in the pH range of 2.0-12.0. For DCMC in neutral pH it shows high
emission intensity, whereas with increase in acidity we observe that the emission intensity
decreases at 522 nm due to protonation of N atom on diethyl amino group attached to coumarin

moiety suppressing the ICT process. With increase in basicity also the sudden drop of emission
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intensity is noticed due to deprotonation of -NH- fragment inhibiting the ICT process within the
molecule. For DCMC-Hg?* species the intensity at 522 nm remains constant from pH range of 4-
12 indicating DCMC can detect Hg?* in a wide range of pH value (Fig. 5.18). For DCMC-Zn?
species in the pH range of 7-9 the intensity pattern at 522 nm shows similar to that of DCMC.
But with increase in pH above 9 the intensity started to decrease and with decrease in pH below
7 the intensity started to increase at 522 nm. Hence this concludes that DCMC can be used for

efficient detection of Hg?* in the physiological pH of 7.2 (Fig. 5.18).
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Figure 5.18: Fluorescence response of DCMC (-=-=-) and DCMC-Hg?* (-e-e-) as a function of pH in
DMSO/H,0 (9/1, v/v) (left side) and Fluorescence response of DCMC (-m-=-) and DCMC-Zn?* (- - -)
as a function of pH in DMSO /H,0 (9/1, v/v). The pH is adjusted by using aqueous solutions of 1 M HCI
or I M NaOH. (Aex=456 nm) (right side).

5.4.5. TRPL Study

To elucidate the excited state behavior of DCMC, its ratiometric fluorescence response towards
Zn?* and its quenching approach towards Hg?*, we have performed nanosecond time-resolved
fluorescence study (TRPL). Herein, the free probe and its Zn?*, Hg?* solution in DMSO/H20 (9:
1, v/v) were taken and the study was performed. For DCMC a mono exponential life time plot
was obtained and lifetime(t) was calculated to be 3.1095 ns (3> = 1.04). While for DCMC-Zn?*
species by fitting mono exponential curve with suitable ¥* value the lifetime(t) value was
calculated and it increases slightly to 3.2119 ns (Fig. 5.19 and Table A5.3, Appendix). The
observation assists the fact that DCMC binds effectively with Zn?* making the ligand framework
more rigid by prohibiting the rotation around single bond, thus increasing the chance of new ICT
process. To get further insight of the quenching process TRPL study was obtained with addition

of Hg?* in DCMC where, for DCMC-Hg?* species a mono exponential plot was obtained with
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acceptable ¥ value and the T remained to be 3.1609 ns (x* = 1.03) (Fig. 5.19). This suggests that
the lifetime of DCMC is not affected by Hg?* indicating static quenching phenomenon where the
ground state non fluorescent complexation happens between the luminophore and quencher.The
radiative rate constant (k;) and the non-radiative rate constant (kn) of DCMC, DCMC-Zn?* and
DCMC-Hg?" species were determined by following the equation ™ = kr + knr, where kr = o#/1.
Radiative rate constant (K) and total non-radiative rate constant (Knr) have been calculated and
abridged in Table A5.3, Appendix. This change in the value of 1, Krand Ky clearly confirmed
the complexation of the probe with the metal ions. Hence DCMC proves its credentials as an

efficient sensor towards Zn?* and Hg?* by TRPL study.
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Figure 5.19: Time-resolved fluorescence decay of DCMC (¢ #), DCMC-Hg*" (eee) and DCMC-Zn*
(®e®e). (Aex=456 Nm).

5.4.6. Possible sensing mechanism

We can observe DCMC is itself a fluorescence probe (shows maxima at 522 nm) due to presence
of long resonance starting from N atom (Diethyl amino group) present in coumarin moiety,
responsible for charge transfer within the probe. When DCMC binds with Cu?* the photoinduced
electron transfer (PET) process appears in the complex, which triggers the quenching process in
the sensing system. In order to confirm the binding mode with Cu?*, ESI-MS was done for
DCMC-Cu?*, we observed a prominent peak at (m/z) 725.1052, which could be assigned to the
formation of [2DCMC-2H+Cu?*]* species (Fig. A5.10, Appendix). According to the
coordination mode of coumarin oxygen, imine nitrogen and sulphur atom present in DCMC, we
proposed the biding mode with Cu?*, in Fig. 5.20 and Fig. 5.26 forming an octahedral complex.

Also, the jobs plot analysis showed the exact 2:1 stoichiometry of complex formation between
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DCMC and Cu?* (Fig. A5.6, Appendix). Further we observed upon addition of Zn?* a ratiometric
change in the fluorescence pattern, this could be attributed to the d*° electronic configuration of
the Zn(Il) system, which does not involve in the energy transfer mechanism for activating the
excited state. 'H-NMR titration was carried out in DMSO-ds upon addition of Zn%*, where we
observed that the peak of the -NH proton at 8.5016 ppm which is beside -CHs group vanishes,
also the other doublet peak of -CHz proton is converted to singlet peak of 3.0506 ppm (Fig. A5.8,
Appendix). So, this suggests the binding combination of DCMC with its imine nitrogen,
coumarin oxygen and the Sulphur atom which results in a significant change of intermolecular
charge transfer (ICT) process within DCMC. Thus, we observe a change in fluorescence
maxima. In addition, the mixture of DCMC with Zn?* exhibited a complex peak at (m/z)
727.1149, which is attributed to formation of [2 DCMC-2H+Zn?"+H*]* species, which in a way
supported the 2:1 stoichiometry between DCMC and Zn%*(Fig. A5.9, Appendix). Similarly, in *H
NMR of DCMC-Hg?* we observed the -NH peak at 8.5016 ppm diminishes and the
neighbouring -CHz doublet peak is converted to a singlet peak of 2.2479 ppm, signifying that
Hg?* ion may be bonded to imine -N atom and sulphur atom of the sensor DCMC forming a
Tetrahedral complex (Fig. A5.7, Appendix). Along with NMR titration jobs plot analysis
between DCMC and Hg?* also confirmed the 2:1 stoichiometry (Fig. A5.5, Appendix). Further
the ESI-MS spectra of DCMC-Hg?* showed a peak at (m/z) 865.1475 confirmed the [2 DCMC-
2H+ Hg**+H"']* species (Fig. A5.11, Appendix). Thus, the complex formed between DCMC and
Hg?* causes fluorescence quenching, which could be attributed to the Ligand to metal charge
transfer (LMCT) occurring between DCMC and Hg?*(Fig. 5.20). Further to study the binding
model and sensing mechanism of DCMC towards Hg?*, Zn?* and Cu?* we have simulated the
structures of DCMC and its corresponding complexes and optimized them. The frontier
molecular orbitals involved for DCMC is shown in (Fig. A5.12, Appendix), where the orbital
electron cloud distribution proposed that the ICT mechanism exists in DCMC.

From DFT study, it can be established that highest occupied molecular orbital (HOMO) of
sensor DCMC is located throughout DCMC, on coumarin moiety as well as in the
thiosemicarbazide part as well (Fig. A5.12, Appendix). On contrast lowest unoccupied molecular
orbital (LUMO) of sensor DCMC is mainly distributed on coumarin ring and a little on the
thiosemicarbazide part. The HOMO-LUMO energy gap decrease for DCMC-Cu?*, which
generates the formation of PET process. When Cu?* complex is formed with DCMC the PET
process occurs in the complex, leading to fluorescence quenching. From Fig. A5.15, Appendix, it

can also be observed that DCMC-Hg?* can be generated due to its lower energy. In case of
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DCMC-Hg?" electron cloud redistribution occurs, which induces the LMCT process between
DCMC and Hg?*. Thus, the fluorescence quenching happens in presence of Hg?*. In addition, for
DCMC-Zn?* also electron cloud is redistributed and the energy gap also decreases which in a
way beneficial to generate a new ICT process within the probe, thus these leads to a fluorescence
colour change from cyan green to yellow. Thus, based on above investigation we can conclude
that DCMC is able to bind different metal ions by different sensing modalities and the proposed

interaction model for all the three sensing cations is shown in Fig 5.20.
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Figure 5.20: Proposed sensing mechanism of DCMC towards Cu?*, Zn?* and Hg?".

5.4.7. Analytical applications
A practical application tool was proposed after getting inspired by the distinct detection of Cu?*,

Hg?* and Zn?* ion by DCMC through different modes, which is a capable as well as portable
method known as dip stick experiment. By this method we can qualitatively sense exact analytes
without any classy instrumentation technique. Hence, to carry out this experiment, we arranged
few thin-layer chromatography (TLC) plates and dipped them into DCMC-treated DMSO
solution (2x10* M) after that the plates were allowed to dry in air for sometimes. The Probe-
loaded TLC plates itself displayed a greenish colour under 365 nm hand held UV light (Fig.
5.21, a). Then one of the probes loaded TLC Plate was dipped in Zn?* (2x10 M) solution and

again kept in air to vaporize the solvent, now we observed that the green fluorescent under UV
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light changed to yellowish green (Fig. 5.21, a).Also, another probe loaded TLC plate was dipped
in a Hg?* (2x10° M) solution and allowed to dry, which under UV light changed its colour from
green to ash grey colour (Fig. 5.21, a). In normal light the probe itself shows golden yellow
colour, the TLC plate was dipped in a Cu?* (2x10 M) solution and exposed to air to dry out the
solvent and the colour changes from golden yellow to light brown colour (Fig. 5.21, b). These
colour changes can be simply be distinguished by bare eye when TLC plates were exposed UV
light and in ambient light. Hence this experiment describes that, without the aid of any
instrumental analysis, only by using TLC plates and through the naked eye, instantaneous

recognition of Zn?*, Cu?* and Hg?* can be done using the DCMC probe.

Zn?t Cu?

\

Hg?

Figure 5.21: Pictures of probe-loaded TLC plates after immersion into Hg?* and Zn?* solution under UV
chamber (a) and probe loaded TLC plates after immersion in Cu?* solution in ambient light (b). [DCMC]
=2 x 10* (M), [Hg?*] = 2 x 103 (M), [Cu?] = 2 x 10 (M), [Zn?*] = 2 x 10 (M). Excitation wavelength
of the UV light is 345 nm.

Additionally, we also applied the probe DCMC solution on silica gel base for another solid state
supported practical application. The silica loaded sensor was prepared according to the
previously reported procedure.”® The 60-120 mesh size silica gels were loaded with probe
(2x107* M) solution and it was kept for drying for 1 h in an oven. The silica loaded probe
showed lemon-yellow colour in ambient light and greenish colour under hand held UV light.
Treatment of Zn?* solution (2 x 10 M) transformed the green colour of silica gel to yellow
colour under UV light (Fig. 5.23). Also, treatment of Cu?* solution (2 x 10° M) to DCMC
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rapidly transformed the lemon-yellow colour of DCMC treated silica gel to brown colour under

ambient light, indicating real time application in solid state (Fig. 5.22).

Figure 5.22: Colour changes of DCMC in the solid state (silica gel base) upon addition of Zn?* ion under
UV light (a) and upon addition of Cu?* under ambient light (b). [DCMC] = 2 x 10 (M), [Zn*] =2 x 103
(M), [Cu?*] =2 x 103 (M).

5.4.8. Application in biological study

5.4.8.1. Cytotoxicity assay

The cell viability percentages and cytotoxic effect of DCMC at several concentrations on MCF-7
cells were determined by in-vitro cytotoxicity study using the MTT reagent, following our
established lab protocol.®° Briefly, MCF-7 cells were seeded in 96 well plates, at a density of 1 x
10* cells/well for 24 h. Then, the cells were treated with DCMC at a range of 5-160 uM, and
incubated for 24 h (Fig. 5.23). After 24 h, the MTT reagent was added to each well and then
incubated for 3-4 h. Lastly, DMSO-Methanol (1:1) was added to each well, and all of the
absorbance values were recorded at 570 nm in a microtiter plate-reader (Spectramax i3x). The
percentage of cell viabilities at several concentrations were calculated by means of the following
formula:

Percentage (%) Cell viability = [(Atreated - Ablank) / (Auntreated - Ablank)] * 100
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Figure 5.23: Bar diagrams represent cell viabilities of DCMC with different concentrations (5-160 uM)
against human breast epithelial adenocarcinoma cells (MCF-7). All the experiments were performed
independently thrice and the data were calculated as Mean + SD where *P < 0.05, **P < 0.01, ***P <

0.001.

5.4.8.2. Cellular imaging by fluorescence microscopy

To observe the biological efficacy of DCMC, we performed the in-vitro cytotoxicity study and
cellular imaging study on the breast epithelial adenocarcinoma cell line (MCF-7). The in-vitro
cytotoxicity study determined that the DCMC shows negligible cytotoxicity (ICso value: 183.95
pHM) on MCF-7 cells. Therefore, we have preferred the 1Cso dosage of DCMC to execute the
cellular imaging experiment. Next, to corroborate with the application of the live cell imaging of
DCMC, the cells were treated with only DCMC (183.95 uM) for 30 minutes. After 30 minutes,
the incubated cells exhibited strong green fluorescence under the fluorescence microscope,
which directed to the fact that treating the MCF-7 cells with only DCMC displays a clear green
fluorescence. Whereas, in the presence of Hg along with the DCMC, no fluorescence was
detected but in the presence of Zn along with the DCMC the green fluorescence, previously
showed in the case of only DCMC, gradually changed into strong yellow fluorescence (Fig.
5.24).
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Figure 5.24: Fluorescence images of MCF-7 cells after incubation with only DCMC, DCMC along with
Hg?*, and DCMC along with Zn?* under a fluorescence microscope at 40X magnification. (Scale bar

correspondence to 20 pm)

5.4.9. Theoretical computations

To elaborate the sensing mechanism and the structural changes of DCMC towards Hg?*, Zn?*
and Cu®*, we conducted density functional theory (DFT) calculations by B3LYP/6-31+G(d)
method by means of Gaussian 09 program. The contour plot of some selected molecular orbitals
of DCMC and its corresponding complexes are shown in Fig. A5.12- Fig. A5.16, Appendix
respectively. Electronic excitations of DCMC, DCMC-Hg?*, DCMC-Zn?* and DCMC-Cu?*
complexes were calculated in DMSO medium using the TDDFT method by the CPCM method
on the optimized geometries. The HOMO-LUMO gap for DCMC was calculated to be 3.03 eV.
For DCMC the calculated vertical excitations displayed a lowest energy strong emission (f =
1.2233) band at 453 nm, which resembles to the HOMO-LUMO transition. For DCMC-Zn?*, the
HOMO-LUMO energy gap decreases to 2.48 eV. Moreover, the decrease in the HOMO-LUMO
energy gap for the DCMC-Zn?* complex is well reflected in the red shift of UV-Vis spectra. The
decrease in energy gap also assists the generation of new ICT process which ultimately leads to
the colour change of DCMC after reacting with Zn?* from cyan-green to yellow under UV light.
The energy and their % compositions for DCMC-Zn?" are shown in Table A5.7, Appendix.
Again, for DCMC-Hg?*, the HOMO-LUMO energy gap was calculated to be 2.91 eV. For
DCMC-Hg?* the calculated HOMO-LUMO transition was shifted to 472 nm (f = 2.6252). The
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energy and their % compositions for DCMC-Hg?* are comprised in Table A5.8, Appendix. The
electron density on the selected contour plots suggested the Ligand to metal charge transfer
(LMCT) process between DCMC and Hg?*. In case of DCMC-Cu?* for both alpha and beta spin
the HOMO-LUMO energy gap decreases to 2.51 eV and 2.10 eV respectively. Considering
DCMC-Cu?*, it was noted that the charges were evidently distributed, this is in accordance with
the fact that DCMC-Cu?" complexes had paramagnetic properties that caused fluorescence
quenching by PET process. The energy and their % compositions of DCMC-Cu?* for both alpha
and beta forms are shown in Table A.5, Appendix and Table A.6, Appendix. The decrease in
energy gap is also well reflected on the red shift in the UV-Vis spectra. Therefore, the decrease
of the energy gap between the DCMC-Zn?*/Hg?*/Cu?" complexes noticeably certify that the
complexes were more stable and more rigid compared to DCMC and the coordination with the

metal ions produces noteworthy red shift in the absorption spectrum (Fig. 5.25).
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Figure 5.25: The HOMO-LUMO energy gap of DCMC, DCMC-Cu? (o and B spin), DCMC-Zn?* and
DCMC-Hg?* calculated using the DFT/B3LYP/6-31+G(d) method.
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Figure 5.26: Optimized structure of DCMC by DFT/B3LYP/6-31+G(d) (left side) and Optimized
structure of DCMC-Cu?* complex by DFT/B3LYP/6-31+G(d)/LanL2DZ method (right side).
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Figure 5.27: Optimized structure of DCMC-Zn?* complex by DFT/B3LYP/6-31+G(d)/LanL2DZ method
(left side) and Optimized structure of DCMC-Hg?* complex by DFT/B3LYP/6-31+G(d)/LanL2DZ
method (right side).

5.5. Conclusions

In summary, a novel coumarin based fluorometric sensor (DCMC) has been successfully
developed which displayed its sensing performance towards Hg?*, Zn** and Cu?* via different
sensing modalities in DMSO/H,0 (v/v, 9/1, pH=7.2). DCMC shows high selectivity and rapid
response towards these metal ions and showed decent pH tolerability towards them. The LOD of
sensor DCMC for Hg?" and Zn?* are found to be order of 10° (M) and for Cu?* it was in the
order of 10 (M). The stoichiometry experiment as well as the mass spectrum of the adducts

indicates 2:1 binding ratio between DCMC with the sensing metal ions. The fluorescence
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quenching phenomenon occurs by CT mechanism for Hg?* and for Cu?* PET mechanism is
responsible for its spectroscopic changes, while in presence of Zn?*, the ratiometric fluorescence
changes can be observed due to ICT effect. Most essential is the recognition of three metal ions
can be observed by naked eye according to their ~ diverse sensing signals. The details of the
sensing mechanism are further confirmed by DFT and TDDFT calculations. Furthermore, the
probe DCMC can act as a fluorescence based chemosensor for the effectual recognition of Hg?*,
Zn?* and Cu?* via TLC plate and silica gel solid state platform. Moreover, DCMC was
efficaciously applied to live cell imaging study where it exhibits high cell membrane penetration,

low cytotoxicity and detects Zn?* and Hg?" in cell system.

5.6. Experimental Section

5.6.1. Materials and instrumentations

All the organic chemicals, reagents and solvents used in the synthetic procedure of DCMC such
as 5-(Diethylamino)-2-hydroxybenzaldehyde, diethyl malonate, 4-methyl-3-thiosemicarbazide,
piperidine, acetic acid, Dimethylformamide, Phosphorus oxychloride and ethanol were
purchased from Sigma Aldrich and used without further purification. While the other solvents
used were available from commercial sources.DMSO and other solvents used for spectroscopic
studies were of HPLC grade.For *H and **C-NMR spectra a Bruker (AC) 400 MHz instrument
was used where DMSO-ds was used as a solvent using TMS as an internal standard of ~0.05 M
concentration.The chemical shifts are reported as ¢ in units of parts per million (ppm). HRMS
mass spectra were confirmed on Waters (Xevo G2 Q-TOF) mass spectrometer. The infrared
spectrum of the probe was recorded using an RX-1 PerkinElmer spectrophotometer by preparing
a KBr pellet of the sample. We used a Shimadzu UV-1900ispectrophotometer to record the UV-
vis spectra at room temperature (298k). The emission property was measured using a Shimadzu
RF-6000 fluorescence spectrophotometer at room temperature (298 K). Luminescence lifetime
measurements were carried out using a time-correlated single photon counting setup from Horiba
Jobin Yvon. Then, the fluorescence decay data were placed on a Hamamatsu MCP
photomultiplier (R3809) and analysed using EZ time software. We used a silica gel of mesh 200-
300, for the column chromatographic technique where petroleum benzene and ethyl acetate were
used as solvents. Suitable single crystals of probe DCMC was mounted on a glass fibre, and
diffraction intensities were measured at 293°C with an automated Bruker SMART APEX CCD
diffractometer using graphite monochromatized Mo-Ko radiation (A = 0.71073 A).To

conceptualize the intermolecular interactions, prevailing in the crystal, Molecular Hirshfeld
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surfaces (HS)!! and the associated 2D-fingerprint'21% plots of DCMC were calculated using
CrystalExplorer 17.5software!®*1%, Geometry optimization using the density functional theory
(DFT) method was performed using the GAUSSIAN 09 (B3LYP/LanL2DZ) package. Merck 60
F254 plates of 0.25 mm thickness were used for thin layer chromatography (TLC) and dipstick
experiments.

Earle’s MEM (#Cat. No: 41500034), Heat inactivated Fetal Bovine Serum (HI-FBS) (#Cat. No:
10438026), Trypsin-EDTA (#Cat. No: 25200072) and Antibiotic-Antimycotic (#Cat. No:
15240062) were purchased from Gibco. MTT reagent [3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide] (#Cat. No: 475989) and 37 % Formaldehyde (#Cat. No: 104003),
and DMSO (#Cat. No: 102952) were purchased from Merck. All the materials were
subsequently utilized without any further rounds of purification.

5.6.2. (E)-2-((7-(diethylamino)-2-oxo0-2H-chromen-3-yl)
methylene)-N-methylhydrazine-1-carbothioamide (DCMC)
7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehydewas  synthesized according to the
previously reported procedure.®” Then 4-methyl-3-thiosemicarbazide (.10 gm,1 mmol) was added
into the ethanolic solution of 7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (0.25 gm,
1mmol). A change was observed in the colour of the reaction mixture after few minutes, then the
whole mixture was refluxed for 2 h. After completion of the reaction, the reaction mixture was
allowed to cool and we observed an orange colour precipitation in the reaction mixture. The
precipitation was collected through filtration and washed with ethanol several times. Lastly, the
product was dried in a vacuum and collected. Yield: 0.285 g (86%).

Anal. data for Ci6H20N4O2S (DCMC):

IH-NMR (400 MHz, DMSO-de): 8(ppm): 61.14 (t, J = 8 Hz, 3H), 3.03 (d, J = 4 Hz, 3H ), 3.47 (
q,J=8Hz,2H), 6.58 (s, 1H), 6.78 (d, J=8 Hz, 1H ), 7.45 (d, J =8 Hz, 1H ), 8.08 (s, 1H),
8.50 (s, 1H), 8.57(s, 1H ), 11.58 (s, 1H ).

13C-NMR (100 MHz, DMSO-ds): 8(ppm): 12.84, 31.21, 44.70, 97.03, 108.59, 110.31, 113.29,
130.62, 136.59, 138.87, 151.58, 156.82, 161.17, 177.87.

HRMS: calculated for C16H20N402S [DCMC + Na]" (m/z): 355.12; found: 355.0303.

IR (KBr): v(cm™) 3244.79 (-NH stretching), 2978.20 (Ar C-H stretching), 1688.34 (-C=N
stretching).
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5.6.3. UV-Vis and fluorescence method

For UV-Vis titration study, we prepared a stock solution of the probe (20 uM) in [(DMSO/H20),
9/1, viv, pH=7.2] solution using HEPES buffer (at 298 K). Deionized water was used to prepare
all the solutions of guest cations using their perchlorate and chloride salts respectively. The
solution of mercury ion was prepared using its chloride salt at physiological pH. For zinc and
copper ion, we used their perchlorate salt respectively. Solutions of different concentrations of
the probe and all the cations were prepared separately and then the spectra of these solutions
were recorded with the help of UV-Vis method. Similarly, for fluorescence titrations, stock
solutions were prepared following the similar procedures and then the spectra were recorded by
means of fluorescence method. The excitation wavelength used was 456 nm (where the
excitation slit was 5.0, and the emission slit was 5.0). The detection limit was calculated using
the fluorescence titration data for Hg?* and Zn?*. For Cu?* we used UV titration data to calculate
LOD value.

5.6.4. pH solution preparation method

For pH dependent study, stock solution of the sensor, DCMC (20 pM) was prepared in
DMSO/H20 (9/1, viv, pH=7.2) at 298 k. Aqueous solution of 1M HCI and 1M NaOH were used
to adjust the pH. For titration of probe solutions, different concentrations of acids and bases were
prepared separately while adjusting the pH, and the emission spectra of these solutions were
monitored by means of fluorescence technique. Similar experiment was carried out while

recording the pH titration of probe (DCMC) in presence of mercury and zinc solution.

5.6.5. X-ray crystallography

Suitable single crystals of probe DCMC was mounted on a glass fibre, and diffraction intensities
were measured at 293°C with an automated Bruker SMART APEX CCD diffractometer using
graphite monochromatized Mo-Ko radiation (A = 0.71073 A). Reflection data were recorded
using the ® scan technique and the data were reduced and integrated through SAINT5
program and corrected for Lorentz and polarization effects. A multi-scan absorption correction
was made with SADABS.2’All the non-hydrogen atoms were refined anisotropically and the
positions of hydrogen atoms were generated using SHELXL and treated as riding model. The
crystal structure was solved by direct methods and refined by full-matrix least squares
refinements on F? using SHELXL-2016/6 program'®which was implemented in WinGX

system.1% The details of crystal analysis, data collection and structure refinement are given in
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Table A5.1 and the molecular structure of the crystal is drawn with ORTEP-32 and shown in
Fig.5.1.

5.6.6. Computational methodology

For the computational methodology the Gaussian 09 (G09) program along with the Gauss-View,
Version 5 visualization program was utilized.*'? Density functional theory (DFT) was used to
optimize the full geometry of DCMC, DCMC-Hg?*, DCMC-Zn** and DCMC-Cu?" using
B3LYP hybrid exchange correlation function.!'!For all elements the 6-31+G(d) basis set was
used, whereas for Zn, Hg and cu the Lanl2dZ basis set with the effective core potential (ECP) of
Hay and Wadt was used.!'>3Again, the vibrational frequency calculations were performed to
ensure that the optimized geometries represent local minima on the potential energy surface and
there were only positive eigenvalues. The vertical electronic transition which was based on
B3LYP optimized geometries were calculated using the time-dependent density functional
theory (TDDFT) formalism*4!¢ using conductor-like polarizable continuum model (CPCM)*

in DMSO to simulate the solvent.

5.6.7. Statistical Analysis

All the statistical analysis was performed using the GraphPad Prism 8.0.2 Software. All the
biological experiments were performed three times independently and the data were recorded as
Mean + SD. One-way ANOVA was performed to calculate the significant difference between
control and treated groups where the P< 0.05 was considered statistically significant. Using
Chou-Talalay’s method in the CompuSyn Software, the Inhibitory Concentration (ICsp) values

were calculated.'!®

5.6.8. Live cell imaging studies

5.6.8.1. Cell culture and culture conditions

A human breast epithelial adenocarcinoma cell line (MCF-7) was procured from the National
Centre for Cell Science (NCCS), Pune, India. Then, the cells were cultured in Earle’s MEM
supplemented with 10% HI-FBS, and 1% Antibiotic-Antimycotic. Therefore, cells were kept in a
humidified CO; incubator at 37°C. All the biological experiments were performed after at least

three passages.
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5.6.8.2. Live cell imaging study

The live cell imaging study was carried out, following our established lab protocol.!'® Briefly
MCF-7 cells were seeded on sterile cover glasses placed in a 6-well plate at a density of 2 x 10°
cells/well and incubated for 24 h. Then, the cells were treated with only DCMC, DCMC along
with Hg, and DCMC along with Zn. After 30 min of incubation, cells were washed with PBS,
fixed with formalin (4%) for 1 h, and subsequently washed with PBS. Finally, the coverslips
were mounted on the glass slides, and the cellular morphologies were observed under a

fluorescence microscope at 40X magnification (20 um).

5.6.9. Determination of fluorescence quantum yield

The luminescence quantum yield was determined using coumarin 153 as reference dye. The
compounds and the reference dye were excited at the same wavelength, maintaining nearly equal
absorbance (~0.1), and the emission spectra were recorded. The area of the emission spectrum
was integrated using the software available in the instrument and the quantum yield is calculated
according to the following equation:

ds/dr = [As/ Ar] X [(Abs)r /(Abs)s ] % [Ns?/nr?]

where, ¢s and ¢r are the luminescence quantum yields of the sample and reference, respectively.
As and Ar are the area under the emission spectra of the sample and the reference respectively,
(Abs)s and (Abs)r are the respective optical densities of the sample and the reference solution at
the wavelength of excitation, and ns and nr are the values of refractive index for the respective
solvent used for the sample and reference.

We calculated the quantum vyields of DCMC, DCMC-Zn* and DCMC-Hg?* using the
abovementioned equation; the values are found 0.6604, 0.5611 and 0.0435 respectively.
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Fig. A5.1: Summarized crystallographic data and refinement parameters for the probe DCMC

Formula Ci6H20N4O2 S
Formula Weight 332.42
Crystal System monoclinic
Space group P 2i/c
a, b, ¢ [A] 9.5546(5), 15.7449(3), 11.5528(2)
o 90
B 103.6660(10)
Y 90
V[ A% 1688.76
Z 4
D(calc) [g/cm?®] 1.307
1 (Mo Ka) [mm™] 0.207
F(000) 704
Absorption Correction multi-scan
Temperature (K) 293(2)
Radiation [A] 0.71073
6(Min-Max) [°] 3.161- 25.998
Dataset (h; k; I) -11to 11,-19t0 19, -14 to 14
Total reflection (N tota), Unique 3273/2718
Data (N ref)
R?, WRZ" 0.0379, 0.1028
Goodness of fit(S) 1.039
CCDC No. 2416618

*R=X(IFo| = [Fe)| / X[Fol
PWRy = [ ¥ [ (Fo 2— Fc 22] /3 [w (Fo)?] 2

¢ GOF (S) = {3 [w (Fo 2 —Fc¢2)?] / (n—p)}1/2, where n = number of measured data and p =
number of parameters.
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Table A5.2: Selected X-ray and calculated bond distances and angles of the probe (DCMC)

Bonds(A) X-ray Calc.
S1-C15 1.6744(15) 1.6805
01-C1 1.3784(18) 1.3922
01-C9 1.3803(17) 1.3667
02-C1 1.2131(18) 1.2135
N1-C14 1.2738(19) 1.2914
N1-N2 1.3725(16) 1.3567
N2-C15 1.3613(19) 1.3789
N3-C15 1.3220(19) 1.3469
N3-C16 1.450(2) 1.4534

Angles (°) X-ray Calc.

C1-01-C9 122.39(12) 123.35

C14-N1-N2 117.82(12) 117.32
C15-N2-N1 119.39(12) 122.29
C15-N3-C16 124.95(14) 123.74
C7-N4-C12 121.8(7) 121.79
C7-N4-C10 121.9(6) 122.15
C12-N4-C10 116.3(6) 116.05

02-C1-01 116.22(14) 117.14

02-C1-C2 125.88(14) 126.04

01-C1-C2 117.90(12) 116.81
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Table A5.3: Fluorescence lifetime data

DMSO (solvent) Quantum yield (p) T (ns) kr (10%%xs™) knr (109xs71)
DCMC 0.6604 3.1095 0.2123 0.1092
DCMC-Hg?* 0.0435 3.1609 0.0137 0.3026
DCMC-Zn?* 0.5611 3.2119 0.1746 0.1367
‘ SR BV & .

A | | LM JLLL

T T T T T T T T T T T T T T T T T T T T T T T T T T
13.0 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
f1 (ppm)

Fig. A5.7: *H NMR (400 MHz) spectrum of the DCMC with Hg?* in DMSO-ds
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Table A5.4: Vertical electronic excitations of DCMC, DCMC-Zn?*, DCMC-Cu?", DCMC-Hg?" calculated by

TDDFT/CPCM method.

Compound | Energy Wave- Osc. Transition Character
(eV) length (nm) | Strength (f)

DCMC 2.7341 453.47 1.2233 (98%) HOMO—LUMO Lig(n)—Lig(n")
3.9841 311.19 0.2259 (62%) HOMO—LUMO+1 Lig(nm)—Lig(n")
DCMC-Zn?" | 2.8382 436.85 1.2538 (75%) HOMO-1—-LUMO Lig(n)—Lig(n")
2.8986 427.74 0.8580 (53%) HOMO-1—-LUMO+1 Lig(m)—Lig(n")
DCMC-Cu?* | 2.5857 479.50 0.0257 (89%) HOMO-9—LUMO(p) Lig(n)—Lig(n’)
2.8638 432.94 0.9455 (55%) HOMO-1-LUMO+1(B) | Lig(n)—>Lig(n")
2.9356 422.35 0.4916 (68%) HOMO—LUMO+2(B) | Lig(n)—Lig(r")
DCMC-Hg?* | 2.6252 472.29 0.0086 (99%) HOMO—LUMO Lig(n)—Lig(n")
2.7686 445.70 0.1137 (55%) HOMO-1-LUMO Lig(m)—>Lig(n")
2.8239 439.05 1.9465 (46%) HOMO—LUMO+1 Lig(m)—Lig(n")
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Table A5.5: Energy and compositions of some selected molecular orbitals of DCMC-Cu?* complex
(alpha).

Energy % of composition

HBMC Cu

LUMO+5 0.05 99 1
LUMO+4 -0.21 100 0
LUMO+3 -0.40 99 1
LUMO+2 -0.70 99 1
LUMO+1 -1.78 100 0
LUMO -2.06 100 0
HOMO -4.57 97 3
HOMO-1 -4.70 91 9
HOMO-2 -4.76 91 9
HOMO-3 -5.10 98 2
HOMO-4 -5.10 96 4
HOMO-5 -5.67 89 11
HOMO-6 -5.89 94 6
HOMO-7 -5.99 98 2
HOMO-8 -6.10 87 13
HOMO-9 -6.22 99 1
HOMO-10 -6.64 93 7
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Table A5.6: Energy and compositions of some selected molecular orbitals of DCMC-Cu?* complex
(beta).

MO Energy % of composition
DCMC Cu
LUMO+5 -0.21 100 0
LUMO+4 -0.40 99 1
LUMO+3 -0.69 99 1
LUMO+2 -1.77 99 1
LUMO+1 -2.02 95 )
LUMO -2.38 65 35
HOMO -4.48 94 6
HOMO-1 -4.62 94 6
HOMO-2 -5.05 98 2
HOMO-3 -5.20 83 17
HOMO-4 -5.34 91 9
HOMO-5 -5.74 96 4
HOMO-6 -5.87 96 4
HOMO-7 -6.01 96 4
HOMO-8 -6.19 96 4
HOMO-9 -6.41 60 40
HOMO-10 -6.61 77 23
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Table A5.7: Energy and compositions of some selected molecular orbitals of DCMC-Zn?* complex.

MO Energy % of composition
DCMC Zn

LUMO+5 -0.11 100 0
LUMO+4 -0.13 100 0
LUMO+3 -0.60 100 0
LUMO+2 -0.63 99 1
LUMO+1 -1.95 100 0

LUMO -1.95 100 0

HOMO -4.43 99 1
HOMO-1 -4.59 97 3
HOMO-2 -5.03 97 3
HOMO-3 -5.08 99 1
HOMO-4 -5.24 93 7
HOMO-5 -5.54 96 4
HOMO-6 -5.71 99 1
HOMO-7 -5.93 93 7
HOMO-8 -6.08 100 0
HOMO-9 -6.12 99 1
HOMO-10 -6.87 100 0
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Table A5.8: Energy and compositions of some selected molecular orbitals of DCMC-Hg?* complex.

MO Energy % of composition
DCMC Hg
LUMO+5 -0.09 97 3
LUMO+4 -0.39 97 3
LUMO+3 -0.56 97 3
LUMO+2 -1.44 40 60
LUMO+1 -1.95 98 2
LUMO -2.22 98 2
HOMO -5.13 100 0
HOMO-1 -5.34 100 0
HOMO-2 -5.93 98 2
HOMO-3 -5.94 99 1
HOMO-4 -6.32 97 3
HOMO-5 -6.44 98 2
HOMO-6 -6.58 99 1
HOMO-7 -6.60 99 1
HOMO-8 -6.66 98 2
HOMO-9 -6.79 100 0
HOMO-10 -7.08 95 5
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Fig. A5.12: Contour plot of some selected molecular orbitals of DCMC.
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Fig. A5.13: Contour plot of some selected molecular orbitals of DCMC-Cu?* (basis set: LanL.2DZ) (a-

spins) ++
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Fig. A5.14: Contour plot of some selected molecular orbitals of DCMC-Cu?* (basis set: LanL2DZ) (B-

spins) ++
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Fig. A5.15: Contour plot of some selected molecular orbitals of DCMC-Hg?".
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Fig. A5.16: Contour plot of some selected molecular orbitals of DCMC-Zn?*.

Table A5.9: Comparison of solvent systems and limit of detection (LOD) of the receptor (DCMC)

with some recently reported fluorescence organic probes for the detection of Cu?*, Hg?* and Zn?*.

Chemosensors Solvent Type LOD References
system
Q" o @ 1:1 ratio of | Zn?* (Ratiometric) 0.25 ppm ACS omega,
s ® Ls DMSO and Cu?* 0.34 ppm 2021, 6,
CHCl3 (Colorimetric) 24473.
O Ni%* (Colorimetric) 0.30 ppm
Aqueous Cu?* (Turn-off) 0.16 uyM Sens. Diagn.,
QP L N"N@ Tris-HCI | Zn?' (Ratiometric 0.1 pM 2023, 2, 665.
H)\[;/ﬁ' solution (10 turn-on)
oo mM, pH 7.4,
70% THF
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THF:H20 Hg? 0.64 x 10° (M) (UV- | ACS Omega,
(9:1) (Colorimetric) Vis), 2022, 7,
0.1126 x 10 (M) 24638.
(FL)
THF-water Hg?* (Turn off) 2.55x10° mol Lt | Tetrahedron,
mixture, fu = Zn%* (Turn on) 1.24x10° mol L 2019, 75,
90%) 130489.
DMSO/H,0 | Zn?* (Ratiometric) 0.94 M Dyes Pigm.,
) (10 uM, Vv, Cu?* 1.12nM 2019, 170,
9/1) (Colorimetric) 107651.
" Hg?* (Turn-off) 0.2 uM
EtOH/H20 Zn?* (Turn on) 88.3 nM Sens.
’2\‘\LN\N (1:1, vv) Cu®*(Colorimetric) 38.2 nM Actuators B:
Hg?* (Turn on) 69.4 nM Chem., 2018,
255, 3085.
DMSO/water |  Zn?* (Turn on) 0.011 pM Dalton
mixture (1/99 [ Hg?* (Turn on) 0.040 pM Trans., 2017,
VIV) 46, 6769.
Bis-tris Zn?* (Turn on) 3.17 uM J. Photochem.
buffer and Photobiol. A,
aqueous Hg?* (Turn on) 4.92 uM 2022, 428,
DMSO 113882.
DMSO/H,0 | Zn?* (Ratiometric) | (5.35+0.08) x10°(M) | This work
/@fﬁ:\\w"lr (9/1, viv, pH cu? (1.85+0.07) x107(M)
=12) (Colorimetric)
Hg?" (Tumn off) | (2.6920.09) x10°°(M)
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A triphenylamine scaffold for fluorogenic sensing of noxious
cyanide via ICT mechanism and its bioimaging application

Abstract

A novel triphenylamine benzimidazole based fluorogenic chemosensor named (2E,2'E)-3,3'-
((phenylazanediyl)bis(4,1-phenylene)) bis(2-(1H-benzo[d]imidazol-2-yl) acrylonitrile) (PBIA)
has been successfully generated and characterized by various spectroscopic techniques. Among
various screened anions only cyanide (CN°) showed a distinct fluorogenic property towards
PBIA. Hence, Optical properties of PBIA were investigated in the presence of cyanide (CN°) by
means of UV-Vis spectrophotometry and fluorescence spectroscopy in DMSO, where we
observed that, upon treatment of CN" to probe solution, the orange fluorescence of ligand showed
a blue shift and the orange fluorescence changed to greenish-yellow under UV lamp. The
hypsochromic shift in fluorescence maxima upon addition of cyanide was attributed to
nucleophilic addition of cyanide to PBIA inhibiting the electron flow within the molecule and
disrupting the ICT process. The interaction involved behind the sensing of cyanide was
investigated by H-NMR titration, mass spectroscopic study and DFT calculations which
supported the mechanism. The limit of detection (LOD) was calculated and found to be in order
of 10 (M). PBIA showed immediate response in the spectral pattern (< 20s) towards its target
cyanide ion and also the effectiveness of the chemosensor was examined in the presence of
competing anions. Furthermore, the practical efficacy of the probe PBIA was established by dip-
stick experiment along with cyanide detection in various natural water resources. Human breast

cancer cells MDA-MB 231 makes it susceptible to CN sensing in biological system.
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6.1. Introduction

We all know that the anions play an imperative roll in different disciplines such as biological
systems, environmental chemical processes as well as different technological, clinical and
medical processes. 1* Among various anions, cyanide is listed as one of the noxious and lethal
chemical substance known to us. On the other side, cyanide also has different industrial
applications i.e.; making plastics, papers and herbicides.>® Cyanide is also endlessly used in
synthesis of resin and synthetic fibres, electroplating, refining, leather making, chelators in water
treatment and in metallurgy-"° Again, cyanide salt is majorly used in gold extraction from its
ore, where, the gold elemental substance after complexation with cyanide reduces its oxidation
potential; as a result, the substance gets easily oxidized by oxygen to form soluble aurate and
dissolve under alkali condition which makes gold easily separated from slag.!* Despite its
enormous applications in various fields, cyanide is still very detrimental to humans even at the
minimum dosage of 0.05 mg/Kg.2 Also, WHO has set up acceptable range of cyanide to 1.9 uM
in drinking water due to its toxic nature.*® Cyanide can be absorbed in human body through skin,
lungs and gastrointestinal tract which leads to acute effect in human body. Cyanide complex with
ferric iron in metalloenzymes leads to histotoxic hypoxia (low oxygen level) by inhibition of
cytochrome ¢ oxidase, where cyanide gets attached to the active sites of cytochrome oxidase (at
cytochrome a3) resulting in the disconnection of mitochondrial oxidative phosphorylation which
further leads toobstruction of cellular respiration.'® Excessive exposure to cyanide leads to
poisoning of respiratory system, paralysis of central nervous system, haemoglobin poisoning,
convulsion, vomiting with loss of consciousness that eventually lead to death.!” Therefore, huge
interest has been sparked to design and develop new fluorescent chemosensor to detect cyanide
and monitor it in environmental samples.

There are several well established analytical techniques for qualitative and quantitative detection
of cyanide which includes atomic absorption spectroscopy (AAS), inductively coupled plasma-
mass spectroscopy (ICPMS), inductively coupled plasma emission spectrometry (ICPES),
voltammetry, cyanide selective electrodes, polarography, chromatography (HPLC) and so on.*®
22 But these techniques have several pitfalls as they require hectic sample preparation, trained
operators, sophisticated equipment, portabilityand cost issue.”® These methods are time
consuming also . On the other hand, fluorescent chemodosimetric approach to detect its guest
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analyte have gained huge interest due to simple synthetic procedure, reusability, and rapid
detection through naked eye.?*

Generally, the strategy behind the design of cyanide sensors is based upon hydrogen bonding,
deprotonation, nanotechnology, supramolecular self-assembly, metal cyanide displacement and
nucleophilic addition techniques. 2°-3! However, the first few approaches lack selectivity due to
interference of protic solvent and competing ions; whereas, the ion displacement technique
requires stabilized metal-ligand complex. On the other hand, nucleophilic addition reaction based
chemosensor known as chemodosimeter, possesses benefits such as, high selectivity, sensitivity,
and rapid response time. Reaction based chemosensors mainly involve various functional group
suchas C = C, C =N and C = O, which are selectively attacked by cyanide ion that creates a
strong irreversible chemical bond known as chemodosimeter.32* The photophysical properties
of these organic chemodosimeter get disturbed when the nucleophilic addition takes place and
the electronic properties of these sensors get transformed. Thus, the change in fluorescence
signal results due to nucleophilic addition of analytes. Mainly the probes detecting cyanide
involves various mechanisms such as, hydrogen bonding interaction, intra-molecular charge
transfer (ICT), twisted intra-molecular charge transfer (TICT), fluorescence resonance energy
transfer (FRET), excited state intra-molecular proton transfer (ESIPT), photo-induced electron
transfer (PET). 3% Among these mechanisms ICT plays a pivotal role in cyanide detection as
the push-pull effect between donor acceptor gets disturbed due to the addition of cyanide, which
results into the change in ICT process within the organic framework.

6.2. Prior works

Till date, several donor-w-acceptor (D-n-A) type sensors have been developed to detect trace
amount of CN- ion, which is based upon intramolecular charge transfer (ICT), where, due to the
presence of various subunits such as C=C and C=N, the ICT process gets inhibited as a result of
the nucleophilic addition that causes the spectral change.*#2%° There are also various reported
sensors based upon 1,1-dicyanovinyl group for cyanide sensing.’>®> A number of chemical
motifs are previously reported which involves indolium, benzyl derivatives, acridinium salts,
aldehyde and trifluoroacetyl group where cyanide caused change in conjugation and in

spectroscopic property.5562
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6.3. Present work

Hence taking into account the novel reactivity of cyanide ion, we have successfully synthesized a
highly fluorescent chemodosimeter (PBIA) that has a backbone of an acceptor-n-donor-m-
acceptor (A-n-D-n-A) units. The benzimidazole-2-acetonitrile group present on both sides act
as an acceptor group, whereas, triphenylamine moiety plays the role of electron donating subunit.
The chemodosimeter serves as a fluorescent sensor for detection of cyanide with high selectivity
and sensitivity in DMSO. As cyanide acts as a good nucleophile, it attacks the electrophilic
centre of probe resulting into a distinguishable change in colour under UV light from orange to
greenish-yellow. We have also successfully applied the chemodosimeter for the detection of
cyanide in real water samples. TLC plate experiment has also been executed for qualitative

experiment. Biocompatibility study was visualized in MDA-MB 231 cell lines.

6.4. Results and discussions
6.4.1. Design and Synthesis of the sensor (PBIA)

Very economically cheap precursors, i.e., triphenyl amine, o-phenylene diamine, ethyl
cyanoacetate were used for the synthesis of PBIA. The synthetic design for PBIA is shown in
scheme 1, where compound ‘1’ and ‘2’ were prepared using previously reported procedure. 5364
Then 4,4'-(phenylazanediyl) dibenzaldehyde was reacted with 2-(1H-benzo[d]imidazol-2-yl)
acetonitrile in absolute ethanol solvent under reflux condition in presence of piperidine, which
yielded our desired probe PBIA. Additionally, the sensor PBIA was thoroughly characterized by
elemental analysis, *H NMR, *C NMR, IR and HRMS spectroscopic method, the data are given

in (Fig.A6.1-A6.6, Appendix).
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Scheme 6.1: Synthetic route of the probe (PBIA) (i) DMF, POCIs, 0°C,2 h; (ii) EtOH, Piperidine, reflux,

3h.
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6.4.2. Photophysical properties of PBIA

6.4.2.1. UV-Vis spectral studies

We observed the photophysical study of probe PBIA in 100 % DMSO medium. In UV-Vis
absorption study we noted that the probe PBIA itself shows a low energy absorption band at 455
nm along with a shoulder peak at 400nm and a high energy small peak at 340 nm respectively.
These energy bands correspond to ICT character of PBIA which generates from its structural
observation. PBIA contains a triphenyl- amine group, which is strong electron donor in nature
and a phenylacrylonitrile benzimidazole conjugated skeleton moiety which is electron acceptor
in nature, hence this charge separated structure represents a typical A-n-D-n-A framework.

While gradual addition of CN-, we observed that the absorption peak at 455 nm tends to
decreases with blue shift. Thus, new absorption peak appears at 425 nm. Simultaneously we
noted that the shoulder peak at 400 nm and the high energy band at 340 nm disappears, with
generation of two very small peaks at 294 nm and 310 nm respectively, whereas, two distinct
isosbestic points were observed at 320 nm and 282 nm (Fig. 6.1). These shifting of bands to high
energy clearly indicates the nucleophilic addition of cyanide to the electron deficient part of
PBIA, which results into the distortion in the ICT process and disrupts the electron conjugation

between benzimidazole and triphenylamine counterpart.
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Figure 6.1: Change in UV-Vis spectrum of PBIA (20 uM) upon gradual addition of CN(40 uM) in
DMSO. (left side) and UV-Vis change of PBIA (20 uM) upon addition of different anions, i.e., F, CI-, Br
, I, HSO4, NOg', SCN-, CIOs, HSO3, OAC,, HCOg, COs%, N3, S;05%, SOs%, SO4%, S* and CN" (40 uM)
in DMSO. (right side).
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Furthermore, to establish the selectivity of our probe PBIA we also have performed the UV-Vis
studies in presence of other relevant anions; F, CI,, Br, I, HSO4, NO3,, SCN", ClOs, HSO3
,OAC", HCO3', CO3%, N3, S%, S;03%, SOs% and SO4> in DMSO at room temperature, although,
addition of these other anions does not show any significant changes to ligand absorption spectra

(Fig. 6.1).

6.4.2.2. Fluorescence spectral study

The probe PBIA itself shows bright orange coloured fluorescence, which occurs due to strong
ICT process within the probe. When excited at 430 nm it shows strong emission band with
emission maxima at 570 nm and fluorescence quantum yield was calculated to be 0.148. Then
fluorescence spectra of PBIA was recorded in DMSO with gradual addition of CN™ (40 pM). We
observed that the fluorescence maxima began to decrease with blue shift, finally we observe a
new band at 535 nm with an isoemissive point at 520 nm (Fig 6.2). Hence, we observed a clear
blue shift of 35 nm, which clearly accounted for the disruption of ICT process with decrease in
fluorescence intensity. Subsequently, we also observed the change in the fluorescence colour

from orange to greenish-yellow under UV light.
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Figure 6.2: Change in emission spectra of PBIA (20 pM) upon gradual addition of CN- (40 uM) in
DMSO. Inset: shows the change in colour under UV light (Aex = 430 nm)(left side) and The CIE1931
Chromaticity diagram of probe PBIA with cyanide (right side).
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The blue shifting of emission band with simultaneous decrease of the emission intensity is
attributed to the distortion in ICT process, which is resulted due to nucleophilic addition of

cyanide to PBIA forming PBIA-CN adduct. The quantum yield value also changes up to 0.074.
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Figure 6.3: Fluorescence change of PBIA (20 uM) upon addition of different anions, i.e. F-, CI, Br, I,
HSO4, NOs,, SCN-, ClO4, HSO3, OAc,, HCO3, COs%, N3, S;03%, SO3%, SO4*, S and CN™ (40 pM) in
DMSO.

To further validate the sensing experiment, we have checked the effect of water on the
fluorescence intensity of PBIA. From fluorescence spectral studies it was observed that, the
probe showed maximum fluorescence intensity in DMSO medium, with increase in fraction of
water, the fluorescence intensity of PBIA decreases with simultaneous red shift (Fig. 6.4).
Hence, we have optimized the solvent system to be DMSO only and conducted all spectroscopic

studies.
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Figure 6.4: Emission spectra of PBIA (20 uM) in DMSO with different water fractions (fu) (Aex= 430
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In the Commission International de L’Eclairage (CIE) chromaticity coordinates (Fig. 6.2) we
have also observed noticeable changes from orange to greenish yellow with a coordinate
variation from (X=0.4736, y=0.5073) to (X=0.3689, y=0.5160). The fluorescence response was
also studied in the presence of other similar relevant anions; F-, CI", Br,, I, HSO4, NOs,, SCN,
ClO4, HSO3, OAC, HCO3, COs%, N3, S%, S,03%, SOs*and SO+* in DMSO to unveil if they
show any significant sensing property towards PBIA or not. We remarked that other than slight
decrease in the emission intensity of PBIA, these competitive anions do not show any
distinguishable change to the fluorescence pattern of PBIA (Fig. 6.3).

6.4.2.3. Binding studies of PBIA with CN-

Further, for quantitative measurement of CN™ we plotted the change in the emission intensity at
570 nm with concentration and we observed an almost linear plot. The limit of detection (LOD)
of PBIA towards cyanide ion was calculated and found to be (6.56+0.26) x 10 (M), which was
established from the fluorescence titration data upon addition of CN-to PBIA using the equation,
LOD = Kx(Sh1/S). We had taken k=3, Sbs is the standard deviation and S stands for the slope of
the linear response curve respectively (Fig. 6.5).
The fluorescence quenching is explained by the Stern-Volmer equation

Fo/F =1+ Ky [Q].......... (1)
where Fo and F are the fluorescence intensities in the absence and presence of CN-, respectively.
Ksv is the Stern— Volmer quenching constant and [Q] is the concentration of the [CN]. The Ksv
value is obtained with a slope from the plot of Fo/F versus [Q] and found to be 1.16x10% M
respectively. The quenching constant value suggested a good interaction between the probe
PBIA and CN". We have also calculated the quenching constant between PBIA and CN" using
Stern-Volmer plot and it is found to be 1.16 x 10° M (Fig. 6.5).
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Figure 6.5: Linear response curve of PBIA at 570 nm depending on the CN-concentration. (left side)
andStern-VVolmer plot for CN- (right side).

6.4.2.4. Competitive study

An efficient chemosensor must show selectivity and sensitivity towards its guest analyte. Hence,
competitive experiment was performed to study the efficiency of PBIA in the presence of
different biologically and environmentally relevant guest anions. CN- was added to the solution
of PBIA, containing other anions such as F, CI', Br, I, HSO4", NO3z", SCN", ClO4", HSO3", OAC,
HCOs, COs%, N3, S%, S,05%, SOz% and SO4>. Upon excitation at 430 nm PBIA selectively
detected CN" with emission intensity centred around 535 nm in presence of the aforementioned
anions. As can be observed from the bar graph represented in Fig. 6.6, the other anions do not
alter the intensity pattern of PBIA with fluorescence maxima at 570 nm. The only change was
observed when CN" was added, the fluorescence maxima shifted to 535 nm. Thus, we have
represented the bar graph at fluorescence maxima 570 nm. This competitive study clearly
demonstrates the binding ability of PBIA towards CN- and anti-interference ability of PBIA
towards other anions, which results due to the strong nucleophilic character of CN-, forming a
strong adduct of PBIA-CN", even if there are other anions present. This proves the high anti-

interference ability of our synthesized probe with effective signalling aptitude towards CN".
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Figure 6.6: Competitive experiments of PBIA (20 uM) for CN" (40 uM) in presence of common anions
(40 pM).

6.4.2.5. Time dependent spectra of PBIA with CN-

Again, as an efficient sensor must detect its guest anion within short span of time, kinetics study
was performed to assess the reaction time of the probe towards CN-. The fluorescence response
time scale was taken in the range of 0-60 seconds. The experiment revealed that the fluorescence
intensity of the probe at 570 nm remains almost constant, whereas, in case of PBIA-CN the
intensity at 570 nm decreases, as fluorescence maxima decreases with blue shift while the
reaction progresses. The minimum of the curve reached within 20 s and we observed a plateau
indicating the closure of the reaction (Fig. 6.7). This short span of detection time made it clear

that our probe is a potential candidate for rapid detection of CN".
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Figure 6.7: The time-dependent fluorescence spectrum of PBIA towards CN- in DMSO.
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We have performed time dependent absorption spectra where we have observed that the curve
reaches the minima within 24 seconds, then a plateau has been observed indicating the

completion of reaction (Fig. 6.8).
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Figure 6.8: The time-dependent absorption spectrum of PBIA towards CN" in DMSO.

6.4.2.6. TRPL Study

To get better insight on excited state behaviour, Nano second time resolved fluorescence study
(TRPL) is a convenient tool. Hence, we have taken probe (PBIA) and adduct (PBIA-CN) in
DMSO and performed the study. The fluorescence lifetime decay plots were fitted using mono
exponential function of PBIA and bi exponential function of PBIA-CN™ adduct with acceptable
% values (Fig. 6.9). For PBIA, it was calculated that 7=0.50 ns (x> = 1.07) and forPBIA-CN
adduct, the value increased up to, ©=1.92 ns (¥>=1.01). The increase in lifetime value also
supports the mechanism of sensing, where in case of PBIA, due to stronger ICT the energy gap is
low, resulting in lower lifetime value. On the other side, for PBIA-CN" adduct the energy gap is
high owing to weak ICT triggering in higher lifetime value. The equation 1= K+Kpr and K=
¢/t was also implemented to calculate the radiative rate constant K, and the total non-radiative
rate constant Kyr values (Table A6.1, Appendix). The change in the values of 1, K and K
reflects the formation of CN- adduct which shows a higher lifetime compared to free probe PBIA
itself. Hence, fluorescence lifetime measurement experiment reflects that PBIA can be used as a

lifetime-based sensor for cyanide ion.
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Figure 6.9: Time-resolved fluorescence decay of PBIA (eee), PBIA-CN adduct (eee) and prompt
(mmm) in DMSO (Aex =430nm).

6.4.2.7. Effect of pH

CN- plays an important role in industrial procedures as well as in biological processes. Hence, to
investigate the dependency of our probe PBIA towards pH, we recorded the emission spectra of
PBIA and PBIA-CN-in DMSO solution with pH values ranging from 2.0 to 12.0. It was noted
that for free probe PBIA with decrease in pH (pH<7) the emission intensity decreases at 570 nm.
This is presumably due to protonation of nitrogen atom disrupting the electron transfer process,
whereas, we observed the fluorescence intensity at 570 nm decreases, with blue shift also in
basic condition, which might result from deprotonation of imidazole protons. For PBIA-CN™ also
under strong acidic condition (pH<5), the fluorescence intensity quenches at 535 nm
simultaneously decreasing the intensity at value at 570 nm. The fluorescence intensity at 535 nm
does not alter so much for higher pH values as it shows blue shift. Hence the intensity remains
low at 570 nm also as shown in (Fig. 6.10). It is clear from the plot that the intensity is prominent
and shows maxima values only near pH 7. This noteworthy emission maxima near pH 7,

indicates that, PBIA is most effective in sensing CN near neutral pH (7.2) medium.
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Effect of pH was also examined for absorption spectroscopy in case of PBIA and PBIA-CN". For
PBIA, we observed that the absorption spectra with lowering of pH value shows red shift with
decrease in absorption value at 455 nm. Whereas for higher pH, the spectra appear with slight
blue shift with increase in absorption value at 455 nm. The values were plotted against pH range
of 2 tol12. Also, for PBIA-CN-" in acidic condition, we observed that the absorption peak at 425

nm displays red shift with decrease in absorption value at 425nm, whereas, in basic condition the

Figure 6.10: pH study of PBIA for CN" (from Fluorescence spectra).
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Figure 6.11: pH study of PBIA (a) and for PBIA-CN-" (b) (from absorption spectra).
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6.4.3. Possible sensing mechanism of PBIA

The possible sensing mechanism of the probe PBIA towards CN- was investigated by H-NMR
spectroscopy. In H-NMR spectrum of free PBIA, we noted that the -NH proton resonates at
12.97 ppm and the resonance signal of aromatic protons appears to be in the range between 8.00-
7.21 ppm, while the vinylic proton corresponds to a peak at 8.26 ppm (Fig. A6.1, Fig. A6.3-A6.4
, Appendix). In case of PBIA-CN adduct, we observed that -NH peak remains as it is with slight
upfield shift to 12.54 ppm. Additionally, in case of the aromatic protons it was noted that, they
were also shifted to upfield region ranging 7.76-6.18 ppm, which was due to development of
negative charge in PBIA-CN adduct (Fig. A6.8, Appendix). Also, the broadening of the aromatic
region was observed which could be attributed to interaction occurred via pi stacking between
the aromatic rings of PBIA and the large cationic group tetra butyl ammonium %. This clearly
indicates that conjugation between triphenyl amine group and benzimidazole unit breaks-down,
whereas the vinylic proton which was resonating at 8.26 ppm, disappeared in PBIA-CN adduct.

The new signal appeared in up field region at 4.40 ppm, that indicated the formation PBIA-CN

adduct (Fig. 6.12).
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Figure 6.12: 'H-NMR spectrum of PBIA and PBIA+CN- (2 equivalent) in DMSO-ds.

The formation of PBIA-CN- species is also supported by HRMS spectroscopy. In the mass
spectrum peak at 634.25 (m/z) confirms the formation of (PBIA+2CN") adduct respectively (Fig.
A6.9, Appendix). The jobs plot by absorbance method also supported the binding ratio of 1:2
between PBIA and CN™ (Fig. A6.7, Appendix). Thus, these results disclose the nucleophilic
addition of cyanide at the cyano vinyl position (B position of C=C bond), which leads to the
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conversation of sp? hybridized carbon to sp® hybridization (Fig. 6.13). We have also compared

with some recently reported chemosenors detecting CN" in terms of their solvent system, LOD

CN-
Weak ICT Weak ICT

@@@

values and detection type in Table A6.3, Appendix.

Strong ICT Strong ICT

QN

25)

Figure 6.13: Probable sensing mechanism of PBIA with CN".

6.4.4. Dip-stick experiment: Detection of CN- using TLC plate

To detect toxic analytes successfully, a portable solid platform sensing tool is a convenient one.
Hence, we have used this rational analytical technique known as dip-stick experiment to increase
the potential application of our probe. In order to carry out this experiment, at first thin-layer
chromatography (TLC) plates were submerged in the solution of PBIA in DMSO (2 x 10 M)
and then they were kept aside for a few minutes so that the solvent gets evaporated.
Subsequently, the TLC plate was immersed into the aqueous solution (2 x 10 M) of cyanide and
kept open for the solvent to evaporate so that the plate dries out. Under hand held UV light, we
observed that the TLC plate coated with PBIA showed brownish colour, whereas, when it was
immersed in CN" solution its colour changed to greenish-yellow (Fig. 6.14). So, PBIA shows
difference in colour in coated TLC platform upon interaction with CN-, which we can distinguish

instinctively. Hence, we can conclude that, without any sophisticated instrumental analysis by
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barely using transportable solid-state platform, prompt qualitative naked eye detection of cyanide

is possible.

CN-

(

Figure 6.14: Pictures of TLC plates after immersion in DMSO solution of PBIA and PBIA-CN- under
hand held UV chamber. [PBIA] = 2 x 10* M, [CN] = 2 x 10" M. Excitation wavelength of the UV light
is 346 nm.

6.4.5. Real water sample analysis

Nowadays, Water bodies have become polluted as cyanide from different industrial and
commercial sources are dumped into water -bodies endangering aquatic life. Thus, development
of analytical method for quantitative detection of CN" in wastewater is of great importance. To
corroborate the practicality of our approach, the detection of CN- was performed in real samples.
Drinking water, University campus lake water and tap water (from laboratory) were collected
and analysed according to the previously reported procedure. %67 The collected water samples
were filtered by using Whatman no. 1 filter paper to remove the suspended particles. Now, the
standard addition technique was used to calculate the CN™ concentration in water samples, which
involved addition of different increasing concentration (10, 20, and 30 uM) of CN" to the above-
mentioned water samples (Fig.A6.12-14, Appendix). The standard curves were obtained by
dissolving CN in deionized water. Now from the experimental data of Table 6.1., the recovery
% was calculated, which states that, it lies within the range from 96.1% to 99.06 %. Hence, this
experimental data demonstrates the reliability of the sensor PBIA to detect CN™ in different

varieties of environmental water samples.
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Table 6.1: Recovery % experiment for CN- detection in various natural water samples.

Source CN"added CN-recovery Recovery (%)
(LM) (M)

Drinking water 10 9.79 97.9
20 19.69 98.45
30 29.56 98.53

Tap water 10 9.61 96.1
20 19.29 96.45
30 29.23 97.43

Jadavpur University 10 9.86 98.6

campus lake water 50 19.75 9875
30 29.72 99.06

6.4.6. Cell Study
6.4.6.1. Cytotoxicity assay

The cytotoxicity of PBIA was evaluated on MDA- MB231 human breast cancer cell line using
MTT method. Cells were seeded on a 96 well plate and kept in an incubator for 24 h. for
attachment of the cells. The MTT assay demonstrates that PBIA imparts a negligible effect on
cell viability at low doses but at higher doses, the viability of the cells was compromised.Cells
were treated with the probe PBIA ranging from 20 pM to 640 pM for 24 hrs (Fig.6.15).Cell
viability represented in Fig. 6.15 indicates that from 1 to 200 uM concentration PBIA shows a
high number of viable cells, which signifies that PBIA is safe to use in a biological system,
although the cells have lower survivability in higher concentration. The 1Cso was found to be
179.727 uM and hence for subsequent experiments, the treatment dose was selected at 10 uM as

the amount of dosage should be less than IC 5o value.
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Figure 6.15: Cell survivability of MDA-MB 231 cells exposed to different PBIA concentration. Data are
representative of at least three independent experiments and bar graph shows mean + SD, ****p < 0.0001

6.4.6.2. Cellular imaging by fluorescence microscopy

The MDA-MB 231 cells were incubated with the probe PBIA in one group and in another group,
the cells were incubated with cyanide along with the chemosensor PBIA. However, no
morphological changes in the cells were noted with the treatment. An orange fluorescence was
observed in the cells treated with the probe PBIA. Hence, we can conclude from the Fig. 6.16
that, the probe PBIA can pass the cell membrane. Upon a brief exposure of the cells to cyanide,
the cells were found to exhibit a green fluorescence whose intensity increases with time as
demarcated in Fig. 6.16. Bright field images were also shown to indicate the morphological

changes with the treatment of the chemosensor PBIA along with cyanide.
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Bright Field Fluorescence

PBIA+CN PBIA
(15 min.) (15 min.)

PBIA+CN
(30 min.)

Figure 6.16: Fluorescence microscopy images of MDA-MB 231 cells treated with the ligand PBIA and
PBIA+CN after 15 min and 30 min under bright, fluorescence and merged field. (Orange channel: 570-
610 nm; Green channel: 525-555 nm).

6.4.7. Computational study

To get a comprehensive view of the reaction mechanism involved between the probe PBIA with
CN-, we performed theoretical calculations. Geometry optimization of PBIA and PBIA-CN were
carried out by DFT/B3LYP/6-31+G(d) method using the Gaussian 09 program. Fig. 6.17 (a) and
(b) respectively represents the optimized structures of PBIA and PBIA-CN. Also, the contour
plots of some selected molecular orbitals of PBIA and PBIA-CN adduct are displayed in Fig.
A6.10-11, Appendix.

.
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Figure 6.17: Optimized structure of (a) PBIA and (b) PBIA-CN calculated by DFT/B3LYP/6-31+G(d)

method.
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Further from the HOMO of free PBIA it is evident that, the electron cloud is distributed through
the entire molecule, which results from the n- Conjugation and the ICT transition. For PBIA-CN
adduct, we observed that the HOMO electron cloud is distributed mainly on triphenyl moiety,
which was due to the nucleophilic addition of CN" disrupting n-electron conjugation. Due to the
noteworthy difference in ©- conjugation, the structures of PBIA and PBIA-CN are different. This
is the evident for the different ICT processes responsible for different energy transition in both
cases. Additionally, the energy gap between HOMO and LUMO for free PBIA was calculated
and found to be 3.22 eV, whereas, for PBIA-CN adduct the HOMO-LUMO energy gap
considerably increased to 4.38 eV (Fig. 6.18). This is expected as the cyanide addition breaks the
n-conjugation increasing the energy gap weakening the electronic transition and fluorescence
property. Also, the increase of HOMO-LUMO energy gap for PBIA-CN adduct reflected on blue
shift in UV-vis spectra. To get insight on electronic transitions, the time dependent density
functional theory (TDDFT) was performed by CPCM method on the optimized geometries and
the results are summarized in Table A6.2. The calculated transitions agreed well with the blue

shift in UV-vis spectra which was observed upon addition of CN™ to PBIA.

1 dfw LUMO -1.04 eV
2318V
24 wmo_—~
2" AE=4.38 eV
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]
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-5 4 t \
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| sz 5.42eV
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Figure 6.18: Calculated frontier molecular orbitals for PBIA and PBIA-CN with their orbital energies
using the B3LYP/6-31+G(d) basis set.

6.5. Conclusions

To summarize, we have explored the design and synthesis of a novel triphenylamine
benzimidazole based sensor PBIA, which showed selective response towards cyanide ion in

DMSO medium. The detection of cyanide in the highly conjugated system of PBIA is based
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upon the nucleophilic addition of cyanide which brings out the change in the mode of ICT
mechanism with hypsochromic shift in both absorption and fluorescence spectroscopy.
Theoretical calculations also support the mechanism. The spectral change depicts excellent
selectivity towards cyanide ion along with rapid interaction time (within 20 s). Limit of detection
was found in the order of 10® (M). Also, the real time application of the chemosensor was
successfully utilized by detection of cyanide in real water samples and TLC plate experiment.
Additionally, the live cell imaging experiment demonstrates the capability of sensing

intracellular cyanide.

6.6. Experimental

6.6.1. Materials and instrumentations

All the reagents and organic chemicals used in the synthesis of PBIA including o-
phenylenediamine, ethyl cyanoacetate and triphenyl amine were purchased from Sigma Aldrich
and used without further purification, while the other solvents used were available in the
commercial sources. DMSO and other solvents used for spectroscopic studies were of HPLC
grade. For *H and *C NMR spectra a Bruker (AC) 400 MHz instrument was used. DMSO-ds
was used as solvent using TMS as an internal standard of ~ 0.05 M concentration. The chemical
shifts were reported in 6 units of parts per million (ppm). HRMS mass spectra were recorded on
Waters (Xevo G2 Q-TOF) mass spectrometer. For elemental analysis a 2400 Series-1l CHN
analyzer, Perkin Elmer, USA was used. The infrared spectrum of the probe was recorded using
the RX-1 PerkinElmer spectrophotometer by preparing the KBr pellet of the sample. We used a
Shimadzu UV-1900i spectrophotometer to measure UV-vis spectra. The emission property was
measured using Shimadzu RF-6000 fluorescence spectrophotometer at room temperature
(298K). Luminescence lifetime measurements were carried out using time-correlated single
photon counting set up from Horiba Jobin-Yvon. Then, the fluorescence decay data were placed
on a Hamamatsu MCP photomultiplier (R3809) and analysed using the EZ time software. Merck
60 F254 plates of 0.25 mm thickness were used for thin layer chromatography (TLC) and
dipstick experiments. For column chromatographic technique we used silica gel of mess 200-

300, where petroleum benzene and ethyl acetate were used as solvents.
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6.6.2. General Method for UV-Vis and Fluorescence Titration

For UV-vis study, stock solution of the probe PBIA (20 uM) was prepared in DMSO. Deionized
water was used to make all the solutions of guest anions using their sodium salts (40puM) and for
the solution of cyanide ion, tetra butyl ammonium cyanide salt was used. Spectra were recorded
using solutions containing probe PBIA and increasing concentration of guest anions. All the
solutions were prepared separately. Similarly, for fluorescence titrations also stock solutions
were prepared using similar procedures and then the spectra were recorded by means of
fluorescence method. The excitation wavelength used was 435 nm (where the excitation slit was
10.0 and the emission slit was 10.0). The detection limit was calculated using the fluorescence

titration data.

6.6.3. pH solution preparation method

For pH study, we also prepared stock solution of the probe, PBIA (10 uM) in DMSO (at 25°C).
The pH of the solution was adjusted by using aqueous solution of 1M HCI and 1M NaOH. For
the titration of probe Solutions, different concentration of acids and bases were prepared
separately while adjusting pH and the spectra of these solutions were recorded through
fluorescence technique. Similarly, we also executed titration of probe (PBIA) in the presence of

CN-" while recording the pH.

6.6.4. Synthesis of 4,4'-(phenylazanediyl) dibenzaldehyde (1)

This was prepared using the previously reported procedure.®®

6.6.5. Synthesis of 2-cyanomethylbenzimidazole (2)

This was previously synthesized by our group.5

6.6.6. Synthesis of (2E,2'E)-3,3'-((phenylazanediyl)bis(4,1-
phenylene)) bis(2-(1H-benzo[d]imidazol-2-yl) acrylonitrile)
(PBIA)

At first 4,4'-(phenylazanediyl) dibenzaldehyde (0.30gm,1mmol) was taken in a round bottom
flask and dissolved in ethanolic solution. Then to the ethanolic solution, 2-

cyanomethylbenzimidazole (0.31 gm,2 mmol) was added and the whole mixture was refluxed

with a catalytic amount of piperidine under inert atmosphere. After 3 hours, we observed a deep
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brown colour precipitate within the reaction mixture. Then the reaction mixture was allowed to
cool at room temperature. The brown precipitation was collected through filtration, washed with
EtOH and dried. Then column chromatography was performed to further purify the product.
Yield was calculated to be, 0.452 g, 78%.

'H NMR (400 MHz, DMSO-ds): 8(ppm) 12.97 (s, 2H), 8.26 (s, 2H), 7.99 (d, 4H, J=8.76 Hz),
7.50 (t, 2H, J=7.8Hz), 7.32 (t, 1H, J=7.6 Hz), 7.28-7.21 (m, 14H).

13C NMR (100MHz, DMSO-de): 8(ppm) 149.5, 148.4, 145.6, 144.8, 131.9, 130.8, 127.6, 127.5,
127.3,126.6, 123.9, 123.2, 122.2, 117.1, 99.9.

Anal. Calc. for CssH2sN7 (PBIA): Calc. (%) C 78.74, H 4.35, N 16.91. Found (%), C 78.58, H
4.46, N 16.96.

IR (cm?, KBr): v(C=N) 1581.32, v(C=N) 2239.03, v(C-H) 3048.10, v(N-H) 3244.28.

HRMS: calculated for CsgH2sN7 [M+H]*, (m/z) = 580.2249; found = 580.1038.

2D NMR study:

To validate the structural analysis further, we have done *H-'H 2D COSY NMR. Based on *H-'H
2D COSY correlation it was observed that the proton peak at 8.26 ppm correlates with the proton
peak at 7.99 ppm, which proved that the vinylic proton (a) is correlating with the equivalent
phenylic protons (b). Other correlations are also mentioned in the 2D homoneucleur correlation
technique, which belongs to other phenylic aromatic proton interactions. (Fig. A6.3, appendix).
Again, to further confirm the peak position of vinylic proton, we have performed 'H-13C 2D
HSQC NMR. We observed that, among the four highly deshielded carbon atoms (position 1, 7,
10, 17), only the carbon atom (7) at 144.8 ppm correlates with the vinylic proton, signal at 8.26
ppm (Fig. A6.4, Appendix). Other correlations in *H-13C 2D HSQC NMR are associated with the
carbon and protons of phenylic rings. So, this 2D heteroneucleur correlation technique HSQC
also resonates with the fact that 8.26 ppm peak belongs to vinylic proton.

6.6.7. Theoretical study

Gaussian 09 program packagewere used for theoretical interpretation.’® The geometry for PBIA
and PBIA-CN were optimized using Density functional theory (DFT) at the B3LYP level for the
compounds’>”® where 6-31+G(d) was assigned as basis set.”* The vibrational frequency
calculations were performed to assure that the optimized geometries stand for the local minima

with only positive eigen values. Vertical electronic excitations which were based on B3LYP
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optimized geometries were computed using the time-dependent density functional theory
(TDDFT) formalism in DMSO using conductor-like polarizable continuum model (CPCM).”>#0

6.6.8. Job’s plot by absorbance method

For Job’s plot experiment, a series of solutions containing probe PBIA and CN™ were prepared in
such a manner that the sum of the total anion and PBIA volume remained constant in DMSO
medium. Then Job’s plots was drawn by plotting Asss vVersus Xcn- (A4ss = absorption spectrum at

455 nm for CN" ion respectively and Xcn'is the mole fraction of the CN™solution).

6.6.9. Determination of fluorescence Quantum Yields (®) of
PBIA and its complex with CN-

The luminescence quantum yield was determined using coumarin-153 as reference dye. The
compounds and the reference dye were excited at the similar wavelength and the emission
spectra were then studied. The area of the emission spectrum was integrated and the quantum
yield is determind according to the following equation:

ds/dr = [As/ Ar ] X [(Abs)r /(Abs)s ] X [ns?/ng?]

Here, ¢s and ¢r are the luminescence quantum vyields of the sample and reference dye,
respectively. As and Ar are the area under the emission spectra of the sample and the reference
respectively, (Abs)s and (Abs)r are the respective optical densities of the sample and the
reference solution at the wavelength of excitation, and ns and ngrstand for the values of refractive
index for the respective solvent used for the sample and reference. The quantum yields of PBIA
and PBIA-CN are determined using the above-mentioned equation and the values are found to be
0.148 and 0.074 respectively.

6.6.10. Application of PBIA in real water sample analysis

The good selectivity and sensitivity towards cyanide makes our probe appropriate for real water
sample analysis. Hence, to validate the reliability of PBIA to detect cyanide in real water
samples, we collected water from Jadavpur University campus lake, tap and drinking water
supplied to us. At first water samples were filtered through Whatman no. 1 filter paper to remove
the suspended particles. Then blank experiment was conducted to check if there were any
dissolved CN™ ions in water samples, but the results were negative as there were no change in

probes colour under UV light.
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Here our purpose was not to ascertain amount of CN™ in water, but to utilize the real water
samples instead of deionized water to make CN" solutions and conduct titration studies. Hence,
cyanide salt was spiked in the stated water samples separately to prepare known concentration of
cyanide solutions. Then fluorescence spectral studies were carried out using PBIA with addition
of cyanide ion for quantitative measurement of CN™ ion in real water samples (Fig. A6.12-14,
Appendix). We observed almost similar spectroscopic response with our previous controlled
titration experiment (Fig 6.2). Then standard calibration curves were constructed for
determination of CN™ ion, which exhibited good linear relationship between the fluorescence of
cyanide treated PBIA solution with cyanide concentration. The percentage of recovery were

measured which was above 96% (Table 6.1).

6.6.11. Live cell imaging studies
6.6.11.1. Cell culture and treatment

A human breast cancer cell line (MDA-MB-231) was obtained from National Centre for Cell
Science, Pune, India, and maintained in DMEM High glucose (Gibco, Life Technologies)
supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, Life Technologies, USA) and 1%
Penicillin Streptomycin. All cell lines were stored at 37 °C in a humidified CO2 incubator. The

cells were given at least two passages before commencing the experiments

6.6.11.2. Live cell imaging study

MDA MB 231 cells were seeded and left to adhere overnight on a six well plate containing acid
washed 22x22 mm glass cover slips positioned at the bottom of each well. In addition to a
control, 10 uM of the chemosensor PBIA along with 15 uM of cyanide were added to each well
containing cells. The cells were then fixed with methanol and rinsed with 0.5% phosphate buffer
saline tween (PBST) twice, followed by 1 x PBS three times. The cover slips were then put on a
glass slide with glycerol and viewed at 40x magnification using a fluorescence microscope

(Olympus).
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Fig. A6.1: *H NMR (400 MHz) spectrum of the probe (PBIA) in DMSO-ds
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Fig. A6.2:*C NMR (100 MHz) spectrum of the probe (PBIA) in DMSO-ds
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Fig. A6.6: IR Spectrum of PBIA.
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Fig. A6.8: TH NMR (400 MHz) spectra of the PBIA-CN adduct in DMSO-ds.
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Table A6.1: Fluorescence lifetime data

Knr(108x St

DMSO(Solvent) | Quantum yield(¢) t(ns) K:(108 x S o )
PBIA 0.148 0.50 2.95 17.02
PBIA-CN- 0.074 1.99 0.37 4.63
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Fig. A6.12: Fluorescence spectral titration of the probe solution PBIA (20 uM) with the addition of CN-
in drinking water. Inset:linear fitting plot of fluorescence of probe solution PBIA at 570 nm.
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Fig. A6.13: Fluorescence spectral titration of the probe solution PBIA (20 uM) with the addition of CN~
in tap water. Inset: linear fitting plot of fluorescence of probe solution PBIA at 570 nm.
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Table A6.2: Vertical electronic transitions of PBIA and PBIA-CN- calculated by TDDFT/CPCM

method
Compd. A (nm) E (eV) Osc. Key excitations
Strength (f)
526.10 2.3567 1.6875 (99 %)HOMO—LUMO
439.11 2.8235 0.2083 (97 %)HOMO—LUMO+1
395.92 3.1315 0.1137 (96 %)HOMO-1—-LUMO
PBIA

357.60 3.4671 0.2311 (89 %)HOMO-1—-LUMO+1
355.80 3.4846 0.1809 (72%)HOMO-4—LUMO
289.05 4.2893 0.1095 (76 %)HOMO—LUMO+3
343.60 3.6083 0.6200 (91%)HOMO — LUMO
327.03 3.7913 0.1126 (69%)HOMO—LUMO+1

PBIA-CN- 314.21 3.9459 0.1191 (41%)HOMO— LUMO+3
303.82 4.0808 0.1315 (52%)HOMO — LUMO+2
301.94 4.1063 0.1047 (42%)HOMO — LUMO+4
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Table A6.3: Sensor PBIA towards CN- compared to others previously reported receptors

Probe Type Solvent Detection Reference
System limit
o CN/Fe?* 5% aqueous | 17.5nM, | RSC Adv., 2020, 10,
I and H2S 8.69 mM
kNH DMSO o 8751.
0w N. .O Turn-on and 8.1 mM
UV-
OO absorption
NO,
CN-, DMSO/H,0 | 3.39x107’ J. Mater. Chem. B,
Ratiometric ) 2019,7, 4620.
(3: 2, vlv,
pH =7.4)
CN-, DMSO/H,0 | 1.4x107 | RSC Adv., 2022, 12,
Ratiometric (7:3) M 8570.
CN-, DMSO/H,0 | 2.1(£0.002 Anal. Methods,
Ratiometric (10mM | 2)x10°M | 2022, 14, 3200.
HEPES
buffer, 1: 1
viv,pH 7.4
CN-, Turn-off | DMSO/H20 | 2.26x10" | J. Photochem. Photo
(1:99, v/v) ™ biol., A,

2021, 405, 112993.
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Ratiometric, MeOH: H20 75 nM New J. Chem., 2019,
\SHS, N} ©@:1). 43, 13001.
N“SNE N
OH HO
Ratiometric, DMSO/H,0 | 3.39 x107 | J. Mater. Chem. B,
CN- (3: 2, viv, pH M 2019,
=7.4). 7, 4620.
P Ratiometric, | ACN/Hz20 (9 | 2.95x10® | Sens. Diagn., 2023,
S @]
CN° :1) M 2, 337.
® ,ll
N
CN-, Turn-on | DMSO-H,O | 3.75 nM J. Lumin., 2018,
N,’Q (4/1, viv) 201, 419.
N. _Cl CN-, Turn-on HEPES Anal. Methods,
~
A s buffer/DMF . 2018, 10,
(70 : 30 viv) 2368.
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CN, 100% H.O | 0.13 pM Analytica Chimica
Ratiometric Acta, 2023, 1267,
341376.
CN-, Turn-on | HEPES (pH 1nM Sensors and
% lﬁ)/l(_(:g_?)?cW 7.4): EtOH Actuators B:
S G (1:1) Chemical,
N 2020, 304, 127396.
)®
0
CN, Turn-off | DMF/HO | 0.21 uM Journal of
‘ (2:1, viv) Photochemistry and
O » Photobiology A:
Z Chemistry,2022, 424
“,. . o ,113651.
CN7, Turn-on | H2O:DMSO | 1.3 uM | Methods, 2023, 215,
(2:1 viv) 1.
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F.. F CN-, Turn-on H,O/THF 2.23 uM | Spectrochimica Acta
+ ,B\
e 0 (8/2, viv) Part A: Molecular
PG )
and Biomolecular
~
'T' Spectroscopy,
2022, 271, 120882.
OTIPS CN, ACN/ 2.73x10° | Spectrochimica Acta
Colorometric H20 mol L Part A: Molecular
OO and Biomolecular
N Spectroscopy, 2021,
h 260, 119950.
NO,
Ratiometric, DMSO (6.56+0.2 This work
Qa8 610
E‘)\mN eN (M)
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A distinctive and proficient fluorescent switch for ratiometric
recognition of the menacing cyanide ion: Biological studies on
MDA-MB-231 cells

Abstract

A new fluorescent ratiometric switch (BOHB) has been developed for swift and distinct
detection of cyanide ion in agueous media without any interference of other competitive anions.
Upon gradual addition of cyanide ion into the probe solution, a prominent fluorescence color
change from yellow to cyan was noticed under UV chamber. The fluorescence changes thus
observed was ratiometric and the detection limit of this new probe is found to be (22.1+0.89) uM
suggesting the efficiency of BOHB for the detection of cyanide ion is brilliant even in minute
level. The blue shift in fluorescence intensity upon the addition of cyanide ion was attributed to
the deprotonation mechanism of acidic protons present in BOHB. This phenomenon was further
explored by 1H-NMR study which supported the mechanism. Further the stability study was
performed over a period of 5 days, to establish the stability of BOHB prominently. The probe is
also highly capable of recognizing CN- within a very short time-span (almost 15 seconds)
thereby being noted as a brilliant fluorescent switch for the swift recognition of CN-.
Furthermore, BOHB has been employed for a real water sample analysis to display its practical
application. Besides, easy-to-prepare dipstick experiment provides a simple, reusable and
recyclable protocol for the qualitative identification of CN" suitably. Lastly, triple negative breast
adenocarcinoma (MDA-MB-231) cells were made susceptible to CN™ sensing in a biological

system thereby making BOHB a biomarker tool.

@ a0 se w0 me e Te

BOHB+MDA-MB-231 Ao BOHB+MDA-MB-231+CN-
Solid-state
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7.1. Introduction

Many ions possess an assortment of significant purposes in chemical and biological processes.'?
Among them, several anions are naturally occurring, having noteworthy roles in vital fields
comprising chemistry, life science, catalysis, medicine, as well as the environment.®® Thus for
some time, recognition of anions has been converted to be a genre of budding concern in the area
of environmental and biological sciences. Relentless efforts have been made in order to
comprehend the essential principles of interaction between a host and a guest anion over the
previous years.>' Now although some of the anions like phosphate, sulphate and carboxylate are
essential for biological function, the exposure towards cyanide is exceptionally lethal to living
organisms. There are numerous types of anions which are thought to be exceptionally deadly but
cyanide (CN°) ion, specifically, has been of consistent curiosity universally due to its
effectiveness and global existence in several methods such as fabricating plastic and fiber
products, metallurgy, tanning, fishing, herbicide and fertilizer manufacture, the petrochemical
production, in extraction of silver or gold etc.'**” Cyanide is acknowledged as one of the really
lethal and fast acting poisons.’®!° In spite of its vast applications in many fields, CN- is still
dangerous to humans even at a dose of only 0.5 mg per kilogram.?® Considerable environmental
hazards would take place in case of any unintended release of cyanide ions. Toxic HCN can be
created by the hydrolysis of cyanogenic glycosides in plants such as bitter almonds, sprouting
potatoes, bitter cassava along with apple, cherry, and peach seeds besides industrial dumping.t”?*
The lethal nature of cyanide is chiefly due to its affinity to attach with the heme iron in
cytochrome ¢ oxidase,?? which afterwards affects the oxygen supply to cells and also hinders the
role of enzymes in human body which eventually resulted into cytotoxic hypoxia and cellular
asphyxiation.?®?* Additionally, anaerobic metabolism roused by cyanide induces buildup of
lactate in the blood which is acknowledged as lactate acidosis. Now the united effects of hypoxia
and lactate acidosis generates trouble into the central nervous system thereby instigating serious
respiratory seize and death.”® Now according to World Health Organization (WHO), the
maximum suitable concentration level of cyanide is 1.9 mM in drinking water.?® As minor
quantity as 0.5-3.5 mg cyanide per kg of body mass are lethal to humans.?”?° Cyanide has also
been utilized as a chemical warfare reagent®® and it also can act as a potent inhibitor for some
metalloenzymes and non-metalloenzymes.3! Unrestricted exposures to CN- can cause paralysis of
the central nervous system, poisoning of the respiratory enzymes and also hemoglobin poisoning

thereby resulting into difficulty in breathing and the cells in our body start to perish from
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hypoxia due to low oxygen levels.®>3 Therefore, although cyanide ion shows countless health
hazards, due to its extensive application in many fields (electroplating, metallurgy and mining), it
cannot be avoided. Hence the development of a more sensitive, selective, reliable and accurate
analytical method for identifying lethal cyanide ions is still seriously desirable.

In this regard, fabrication of fluorescent dosimeter for the recognition of cyanide ion will be a
superior option.>*** Among the fluorescent probes, ratiometric probes possess an exclusive
benefit and are more reliable as they measure the relative emission intensities at two different
wavelengths.**#® The utilization of ratiometric fluorescent probes is considered to be the most
effective tools for sensitive CN™ recognition among the numerous analytical techniques owing to
their extraordinary sensitivity, direct visualization, short response time and primarily, real-time
bioimaging.***® Thus the demand to fabricate highly selective probes to identify cyanide ions in
environment easily has never stopped. Many conventional detection methods, based on
potentiometric, electrochemical, voltammetric, titrimetric and several other techniques have been
manufactured for the quantitative analysis of cyanide ion.>>? But owing to their time-consuming
nature along with their instrumental dependency, these techniques are of inadequate use. The
fluorometric response of the specific recognition tool would be deemed to be one of the most
appropriate methods owing to their simple-to-synthesize character, high sensitivity, tunability,

easy portability, real-time monitoring and cost-effective property.>-%

7.2. Prior works

Some fluorescent as well as colorimetric probes, planned precisely for cyanide ions, have been
reported in literature based on nucleophilic addition,*® deprotonation mechanism,>*-%2 but still
there are requirements for distinct fluorescent ratiometric cyanide recognition tools which can
also act as a biomarker tool in cell imaging studies. Generally, the mechanism methods for
cyanide detection are abridged as nucleophilic addition on the carbonyl units,®3®* hydrogen
bonding concepts,>*>% electron-deficient alkenes,®® cyanide complexation’®’* and many
more. But each of them possesses some drawbacks such as reduced solubility in aqueous media,

elongated response time or relatively low detection limit.”2"4

7.3. Present work

So, a chromogenic sensor for the detection of cyanide is highly desirable which will be presented

with operational simplicity, low cost, low detection limit and rapid recognition. So, with the aim
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to advance the research of molecular recognition with a new suitable cyanide specific probe,
herein we report a fluorescent ratiometric probe (BOHB) which selectively and sensitively
detects CN"ion in presence of other anions in MeOH/H20 (1/1, v/v) solvent in physiological pH.
This particular probe is very easy to synthesize and it also have a solvent media which can be
regarded as one of the most practical and convenient solvent system. The fluorescence spectra
detection limit of the probe for cyanide is found to be in the nano-molar range thereby
showcasing an excellent detection limit than some other reported probes in the past few years
(Table A7.2, Appendix) and it also demonstrates swift response time in aqueous solution. This
newly designed probe (BOHB) shows a sharp blue shift of 72 nm upon incremental addition of
aqueous cyanide solution into it thereby proving to be an appropriate analysis kit for the sole

detection of CN ion.

7.4. Results and discussions

7.4.1. Synthesis of the probe (BOHB)

The simple synthetic route of BOHB is shown in Scheme 1. 3-(benzo[d]oxazol-2-yl)-2-
hydroxybenzaldehyde (1) and 2-hydroxybenzohydrazide (2) were prepared as described in the
reported literature procedure.”® Then compound 1 and compound 2 were refluxed for almost 9
hours which ultimately yields the desired probe (BOHB). The structure of BOHB was confirmed
by *H NMR, C NMR, IR and HRMS spectroscopy (Fig. A7.1-A7.4, Appendix).

@YO Hexamine, TFA ’@YO
)8 N]@ Reflux, 3 hrs. . ©OHC 9 Nl@

1

o]
NoH,.H,0
COOH COOMe .NH
E:I Conc. H,50, ©: Ethanol dﬁ z
—_— - —_—
oH Methanol OH REHUK, 3hrs OH
2

o (o]
N
By O oy
0, + —_— OH N
OHC 1 QH Reflux, 9 hrs OH
OH N
BOHB

Scheme 7.1: Synthesis of the probe (BOHB).
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7.4.2. Sensing studies of the chemodosimeter (BOHB)

7.4.2.1. UV-Vis spectral studies

The absorption spectral studies for the probe (BOHB) shows a moderate absorbance band at 303
nm with a small hump at 326 nm along with a moderately strong shoulder peak at 392 nm in
MeOH/H.O (1/1, v/v) solution using 10 mM HEPES buffered solution at pH=7.2. Gradual
addition of aqueous solution of CN™ into the solution of BOHB results into the decrease of
absorbance of the band at 392 nm and 326 nm and a new band at 365 nm appeared (Fig. 7.1)
supporting the interaction of CN" to the probe. Three distinct isosbestic points are found at 308

nm, 353 nm and 375 nm respectively.

0.20
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Figure 7.1: Absorption spectra of BOHB (10 puM) upon gradual addition of CN- (0-20 puM) in
MeOH/HO (1/1, viv) using HEPES buffered solution at pH=7.2. (left side) and Absorption spectra of
BOHB (10 pM) upon addition of various other anions (20 uM) in MeOH/H>O (1/1, v/v) using HEPES
buffered solution at pH=7.2. (right side).

To establish the fact that BOHB selectivity binds with CN™ ion, UV-Vis studies were also carried
out in presence of other competitive anions. As a result, no other anions showed any noticeable

change on the absorption spectral pattern of BOHB (Fig. 7.1 & Fig.7.2).
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Figure 7.2: Color variations upon addition of different anions such as CN-, CI-, F, POs*, H,PO4, HPO4?,
HSOs5, SO4%, SOs%, S*, OAc, NOs, NO2 and Ns into the probe solution in MeOH/HO (1/1, v/v) in

naked eye.

7.4.2.2. Fluorescence spectral study

The emission spectra of BOHB (10 pM) itself exhibits a very strong emission band at 543 nm
(hex = 368 nm) in MeOH/H20 (1/1, v/v) solution (¢ = 0.245). Upon gradual addition of CN" into
the solution of BOHB, the peak at 543 nm gradually decreases whereas a new peak at 472 nm
appears with a blue shift of 71 nm. The shift actually accounts for the ratiometric emission
response of BOHB with a distinct isoemissive point at 505 nm (Fig. 7.3). Consequently, this

ratiometric fluorescence change results in the prominent emission colour change from yellow to

cyan under UV light (Fig. 7.3, Inset).

Fl. Intensity (a.u.)

00 01 02 03 04 05 06 07 08
x

Figure 7.3: Emission spectra of BOHB (10 uM) upon the incremental addition of CN™ (0 to 22 uM) in
MeOH/H,O (1/1, viv) solution. Inset: visible emission color change of BOHB in the absence and
presence of 20 UM of CN" under UV light. (left side) and CIE1931 chromaticity diagram of probe BOHB

with CN (right side).
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In Commission International de L'Eclairage (CIE) chromaticity coordinates (Fig. 7.3), we also
witnessed evident changes from yellow to cyan with a variation in coordinates from (x = 0.4215,
y = 0.5451) to (x = 0.2000, y = 0.2946).

The sensing abilities of the probe (BOHB) was also studied in presence of other anions like CI-,
F, POs*, HoPOs, HPO4*, HSO3', SO4%, SOs%, S%, OAc,, NOz, NOz and N3~ which shows no
significant changes in the emission response towards BOHB at all (Fig. 7.4). The selectivity of
BOHB towards CN- can be explained by the activity of its -OH groups, thereby allowing the
probe with the capability to differentiate the subtle difference in the affinity of CN- towards the
acidic protons compared to the aforementioned anions. So, from these studies, it can be
established that BOHB can act as an imminent ratiometric switch for the selective and sensitive
detection of CN™in MeOH/H.0 (1/1, v/v) solution.

8.0x10°* —
BOHB, CI ,F, F‘04 ' HP04

- - 2.
H,PO,", HSO,, SO,

6.0x10" - 3032', s? 0Ac
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Figure 7.4: Change of emission spectra of BOHB (10 uM) after addition of other anions (20 uM) in
MeOH/H0 (1/1, v/v) using HEPES buffered solution at pH=7.2. Xex = 368 nm.

7.4.2.3. Interaction studies of BOHB with CN-

The emission intensity of the probe (BOHB) at 472 nm increases linearly within the range of 0 to
18.5 uM with the incremental addition of CN™ and is in accordance with the linear relationship
with a good R? value of 0.985. (Fig. 7.5). Now to calculate the detection limit of BOHB for CN-
from the fluorescence spectral change obtained from the emission titration experiment, the
following equation is used: DL = K x Shi/S, where K = 3, Shs is the standard deviation of the

blank solution and S is the slope of the calibration curve. Then the detection limit of BOHB for
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CN- was found to be (22.1+£0.89) uM (Fig. 7.5). From the mole ratio plot of BOHB, it is clear
that after addition of almost 40 uM of CN", no significant changes in emission intensity at 472

nm is noticed thereby indicating the fact that the saturation has taken place (Fig. 7.5).
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Figure 7.5: The linear response curve of emission intensity at laz./ls;z of BOHB depending on CN-
concentration. (left side) and Plot of emission intensity at 543 nm of BOHB (10 uM) depending upon the

CN- concentration. (right side).

7.4.2.4. Competitive study

An interference experiment was then carried out by measuring the emission intensity of BOHB
(10 uM) in presence of other anions (20 pM) so as to study the precise selectivity of the
ratiometric probe (BOHB). It became evident from the experiment that the ratiometric emission
change of BOHB was clearly specific towards CN™ ion (Fig. 7.6) and not at all influenced by the

presence of other anions.

B eoHe [ BOHB +A™ [l BOHB + A™ + CN
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— o
n () 7

-

l472/l543

0.

h

Figure 7.6: Bar diagram illustration of the emission intensity of BOHB upon addition of different other
anions (20 pM) in MeOH: H,O (1:1, v/v) (HEPES buffer, pH=7.2) (red bars) and CN" (20 uM) in

presence of other anions (green bars).
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7.4.2.5. Time dependent spectra of BOHB with CN-

The reaction time has been established to be a very noteworthy aspect in order to elucidate the
rapid fluorescence responses of the entire chemodosimetric probes. So, as a competent probe
must recognize its guest analyte within short duration of time, the time-dependant emission
response study of BOHB towards CN" is executed to measure the reaction time of the probe. The
fluorescence response profile of BOHB (10 uM) was inspected over a 0-2 min time period with
addition of 2 equivalents of CN" into it (Fig. 7.7).
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Figure 7.7: Time dependent emission spectra of BOHB (10 uM) after addition of CN™ (20 uM), noted
within 0-90 sec time interval in MeOH: H,0 (1:1, v/v).

It was noted from the recorded fluorescence spectra that the fluorescence intensity of BOHB
remains almost same at 543 nm whereas the emission intensity of BOHB decreases at the same
wavelength as the emission maxima showed a decrease with blue shift with the progress of the
reaction. The emission intensity reached its saturation after almost 15 seconds and a plateau was
noticed thereby implying the end of the reaction. Thus, it can be settled that this new probe,
BOHB is highly proficient in identifying CN" within a very short time-span (almost 15 seconds)
thereby making itself a very capable fluorescent switch for the rapid identification of CN".Further
the stability study was executed over a period of 5 days, to explore the stability of the probe,
BOHB and its detection efficacy towards CN- (Fig. 7.8),indicates our probe was highly stable
over 5 days period, detecting CN" with above 96% efficiency.
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Figure 7.8: Fluorescence response of BOHB and BOHB-CN- over different days.

7.4.2.6. Recyclability of BOHB

Recyclability is an essential application in the genre of applications for fluorescence
chemosensors. We cautiously observed and recorded the reusability of CN™ detection properties
via alternative addition of TFA into the probe solution containing CN- (Fig. 7.9). Consequently,
the fluorescence of the probe (BOHB) changes from yellow to green a number of times upon
alternate addition of CN™ ion with little loss of fluorescence efficiency. This observation can be
elucidated by the deprotonation mechanism of BOHB upon addition of CN™ and TFA
respectively. The increase in the emission intensity of BOHB after CN"addition occurs due to the
hydrogen bonding followed by consequent deprotonation of acidic protons. Conversely, the
decrease in the emission intensity after addition of TFA in BOHB-CN-" solution can be attributed
to the fact that the hydrogen bonding gets interrupted thereby leading to the inhibition of the
deprotonation of acidic protons and the consequent protonation of deprotonated BOHB. Hence
the cycling demonstrates that BOHB can be used for practical determination of CN™ in real
samples with high proficiency. Hence BOHB can be considered as recyclable and reusable CN-

detection probe as well as ratiometric fluorescence switch.
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Figure 7.9: The fluorescence ratiometric repetitive cycle upon each sequential addition of CN-and TFA
at 543 nm (Aex = 368 nm) in MeOH: H.O (1:1, v/v) solution.

7.4.2.7. Time-resolved photoluminescence study (TRPL) Study
Time resolved fluorescence study (TRPL) is a fitting means to obtain clear understanding on
excited state behaviour of the probe before and after addition of CN". So, we have executed the
TRPL study on BOHB and BOHB-CN" in methanol and observed the decay profile. The lifetime
decay plots were fitted via mono exponential function of both BOHB and BOHB-CN" with
suitable y2 values (Fig. 7.10). For BOHB, the lifetime was found to be 2.33 ns (y° = 1.12) while
for BOHB-CN', the value was noticed to be 0.92 ns (¥?>=0.91). The radiative rate constant K and
the total non-radiative rate constant Knr values were calculated using the equations, 1= K+Kp
and K= of/t and abridged in Table A7.1, Appendix. The change in the values of 7, K and Ky,
reveals the formation of BOHB-CN- adduct which demonstrates a reduced lifetime compared to
the ratiometric switch BOHB itself.
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Figure 7.10: Time resolved fluorescence decay profile of BOHB and BOHB-CN" in MeOH: H,O (1:1,

v/v) solution.
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7.4.2.8. Effect of pH

The effect of pH on the emission intensity of the probe (BOHB) in absence and presence of CN-
is studied and represented it by fluorescence intensity ratio (la72/ls73) (Fig. 7.11). Thus the pH
titration experiment executed stated the fact that in case of BOHB, the ratio of emission intensity
remains almost same with increasing pH except showing a sharp increase in basic region owing
to the presence of two -OH groups in it whereas on addition of CN into the BOHB solution,
ratio of fluorescence intensity of the probe increases in the pH range of 7.05-8.49 but starting
from the pH 9.38, the ratio of emission intensity decreases thereby indicating that BOHB can

detect CN" selectively in neutral pH range with significant efficacy although not in the very basic

region.
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Figure 7.11: pH study of BOHB for CN- (from Fluorescence spectra).

7.4.3. Possible sensing mechanism of BOHB

A probable sensing mechanism of this new ratiometric switch (BOHB) with CN" is discussed and
shown in scheme 7.2. The BOHB-CN- product was isolated and characterized through *H-NMR
spectroscopy in order to support the proposed sensing mechanism (Fig. 7.12). *H-NMR titration
was executed in DMSO-ds upon addition of cyanide in order to study the nature of binding mode

of BOHB with CN".
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Figure 7.12: *H-NMR titration of BOHB upon addition of CN-.

As shown in Fig. 7.12, in case of BOHB-CN, the signal corresponding to -NH peak in the
structure of the probe (BOHB) at 11.51 ppm, disappeared along with the other two signals at
12.13 and 12.26 ppm belonging to two —OH peaks were also found to be vanished, suggesting
the formation of three H-bonding followed by deprotonation of imidazole —-NH protons as well
as two phenolic —OH protons. The resonance signal of all aryl protons which appeared around
6.56-8.89 ppm, shifted to upfield region at 6.13-8.46 ppm after the addition of CN™ because of
the formation of negative charges on the imidazole and phenol moieties thereby firmly
establishing the formation of the BOHB-CN" adduct.

Ao = 368 nm

Aem = 4721m

Scheme 7.2: Probable sensing mechanism of BOHB with CN".
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A comparison assessment of the probe (BOHB) with few formerly reported CN™ sensing probes

is presented in Table A7.2, Appendix.

7.4.4. Detection of CN- ion using Dipstick Experiment

In order to explore the practical use and also for the visual identification of this anew fluorescent
switch, the economical and effective dip-stick method has been verified to be a simple but very
significant experiment. To carry out the experiment, few thin-layer chromatography (TLC) plates
were prepared and then they are dipped into the solution of BOHB (2 x 10* M) in methanol and
then the plates were kept for some time to dry. Then the TLC plates were dipped into CN-
solution and then again dried in air. A distinct colour change was noticed after executing the
experiment by naked eye. The colour of the TLC plates indicates the change of the colour of the
test strips from yellow to cyan under UV light (Fig. 7.13). On the other hand, it is very
fascinating to notice that the TLC plates used for CN™ recognition can be reused by immersing
into a TFA solution. This simple, reusable, recyclable and user-friendly experiment established
that BOHB is greatly effective as a sensing kit to identify CN™ ions qualitatively.

CN-

\

\

Figure 7.13: Photographs of TLC plates after immersion in the BOHB-methanol solution and after each
sequential immersion into CN-and TFA solution under hand-held UV light. [BOHB] = 2 x 10 M, [CN]
=2x10° M.

7.4.5. Real water sample analysis
Real water sample analysis was executed to further explore the practical applicability of our
designed probe BOHB. We used natural water resources (tap and lake) for sensing CN™ by

means of fluorescence method, according to the previously reported procedure.””’8 Firstly, the
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water samples were filtered by using whatmann filter paper to eliminate the suspended particles.
Then different concentration of CN™ was added into these real water samples. The fluorescence
spectra of BOHB (20 puM) with different concentration of CN” was measured (Aex = 368 nm). The
experimental data is well tabulated in Table 7.1, where the Recover (%) is determined. It was
observed that the recovery % for CN™ lies above 95% thereby revealing that BOHB is effective

enough for analysing CN™ in real water systems.

Table 7.1: Recovery % experiment for CN™ detection in various natural water samples

Samples CN- added | CN determined (uM) | Recovery (%)
(LM)

Drinking water 5 4.79 95.8
10 9.61 9.1

Tap water 5 4.86 97.2
10 9.81 98.1

7.4.6. Cell Study

Further, to get an insight into the biological efficacy of this ratiometric probe (BOHB), we have
carried out cytotoxicity study and cellular imaging on triple negative breast adenocarcinoma cells
(MDA-MB-231). As we all know from different studies, Triple-Negative Breast Cancer (TNBC)
is the most lethal, aggressive, and invasive breast cancer subtype.” TNBC has a low prognosis
and high relapse rate.®® Thus, early detection of TNBC is essential for researchers and
clinicians.®! So, in this study, we prefer to choose the MDA-MB-231 TNBC cell line where
MDA-MB-231 cells were made susceptible to CN- sensing in a biological system, making
BOHB a biomarker tool. The in-vitro cytotoxicity study established the fact that BOHB exhibits
a very negligible cytotoxicity (ICso value: 178.12 uM) on MDA-MB-231 cells (Fig. 7.14).
Therefore, we have preferred Sub ICso and 1Cso dosages i.e. 89.06 uM and 178.12 uM of BOHB
to perform the cellular imaging experiment. Now to explore the live cell imaging applicability of
BOHB in human triple-negative breast adenocarcinoma cells (MDA-MB-231), the cells were
incubated with only BOHB (178.12 uM) for 30 minutes. After 30 minutes, the incubated cells
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exhibit strong yellow fluorescence under a fluorescence microscope, which led to the fact that
the treatment of only BOHB on MDA-MB-231 cells displays a clear yellow fluorescence.
Whereas, in the presence of 15 uM of CN" along with the BOHB (Sub 1Cso and 1Cso dosages i.e.
89.06 uM and 178.12 uM), the yellow fluorescence, previously showed in case of only BOHB,
gradually changed into strong cyan fluorescence inside the human triple-negative breast
adenocarcinoma cells (Fig. 7.15). Thus, we can summarize from the results that the probe,
BOHB is cell membrane penetrable fluorescent probe which can be used as an intracellular
biomarker tool to identify intracellular CN" in the human triple-negative breast adenocarcinoma
cells.

Cytotoxicity of BOHB on MDA-MB-231 Cells
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Figure 7.14: Cytotoxicity study. Bar diagrams represent in-vitro cell viability percentages of BOHB with
different concentrations (0-80 uM) against human triple-negative breast adenocarcinoma cells (MDA-
MB-231). All the experiments were performed independently thrice and the data were calculated as Mean
+ SD where *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7.15: Live cell imaging study. Fluorescence images of MDA-MB-231 cells after incubation with
only BOHB and BOHB-CN- at 40X magnification under fluorescence microscope. Scale bar

correspondence to 20 pm.

7.5. Conclusions

So herein a new fluorescent ratiometric chemodosimeter (BOHB) was fabricated for the selective
and distinctive sensing response of CN" ion in aqueous media even in presence of several other
anions. The chemodosimeter developed showed an outstanding ratiometric emission change with
a blue shift of about 72 nm upon gradual addition of CN" with a cyan colored emission response
under UV-chamber. A low detection limit value was noticed for the newly synthesized probe
(BOHB) towards CN™ which is (22.1+0.89) uM in neutral pH. The spectral change portrays
brilliant selectivity towards CN™ along with a rapid interaction time (within 15 seconds). Besides,
stability study clearly states the fact that BOHB was highly stable over 5 days period thereby
sensing CN" with above 96% efficiency. Additionally, the well-known dipstick experiment helps
us to detect CN™ quantitatively without any sophisticated equipment in solid state. These
interpretations show that recyclable and reusable BOHB can act as a capable probe for rapid,
selective and instant recognition of CN™ in presence of other competing anions. Furthermore,
from real water sample analysis, it is proved that BOHB is effective enough for analysing CN" in
real water systems. Moreover, the live cell imaging experiment using triple negative breast
adenocarcinoma (MDA-MB-231) cells validates the competency and practical use of the probe
for identifying intracellular cyanide.



259|Chapter 7
7.6. Experimental

7.6.1. Materials and methods

2-benzooxazol-2-yl-phenol and 2-hydroxy-benzoic acid were purchased from Sigma-Aldrich.
All other organic chemicals and inorganic salts were available from commercial suppliers and
used as it is without any further purification, unless otherwise acknowledged. Elemental analysis
was carried out in a 2400 Series-11 CHN analyzer, PerkinEImer, USA. NMR spectra of all the
products or intermediates were recorded using a Bruker Avance DPX 300/400 MHz
spectrometer. DMSO-ds was used as the NMR solvent and chemical shifts were recorded in &
units in ppm using tetramethylsilane (TMS) as an internal standard. The HRMS mass spectra
were recorded on Waters (Xevo G2 Q-TOF) mass spectrometer. UV-vis studies were performed
on a Perkin Elmer Lambda 750 spectrophotometer whereas the fluorescence property was
measured using Shimadzu RF-6000 fluorescence spectrophotometer at room temperature (298
K). The lifetimes were measured using a time-correlated single photon counting setup from
Horiba Jobin Yvon. Then, the fluorescence decay data were placed on a Hamamatsu MCP

photomultiplier (R3809) and analysed using EZ time software.

7.6.2. General Method for UV-Vis and Fluorescence Titration

For UV-Vis titration, the stock solution of BOHB (10 uM) was prepared in [(MeOH/H20), 1/1,
v/v] solution at 25°C using HEPES buffered solution.The solutions of all the guest anions were
prepared in deionized water using the sodium salts in the order of 1 x 10 M. The solution of
cyanide ion (1 x 10°° M) was made ready using a tetrabutylammonium cyanide salt at the
physiological pH. Solutions of a variety of concentrations of the probe and all other anions were
prepared discretely. The spectra of these solutions were recorded with the aid of UV-Vis
method.For fluorescence titrations, the stock solution of the probe (10 uM) used was the similar
to that used for UV-Vis titration. The solutions of all the anions were prepared in the same
solvent as used in case of UV and they were all in the order of 10° M. The host solution and the
solution of all the anions were prepared individually in different concentrations. The spectra of

these solutions were recorded using fluorescence method.

7.6.3. Determination of fluorescence quantum yield:

For measurement of the quantum yields of BOHB and its reaction product with (BOHB-CN),

we recorded the absorbance of the compounds in DMSO solution. The emission spectra were
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recorded using the maximal excitation wavelengths and the integrated areas of the emission-
corrected spectra were measured. The quantum yields were then calculated by comparison with

quinine sulfate (ps = 0.54 in 0.5M H2S04) as reference using the following equation:
_ Ix As nx\ 2
Pe= oo (37) % (32) % ()
Where, x & s indicate the unknown and standard solution respectively, @ is the quantum yield, I
is the integrated area under the fluorescence spectra, A is the absorbance and n is the refractive

index of the solvent. We calculated the quantum yields of BOHB and BOHB-CN- using the
above equation and the values are 0.245 and 0.098 respectively.

7.6.4. Determination of detection limit (LOD)

The limit of detection was determined based on the fluorescence titration. To determine the S/N
ratio, the emission intensity of BOHB without CN™ was measured by 10 times and the standard
deviation of blank measurements was determined. The detection limit (DL) of BOHB for CN-
was determined from the following equation: DL = K x Sh1/S, Where K = 2 or 3 (we take 3 in
this case); Shs is the standard deviation of the blank solution; S is the slope of the calibration
curve. We get the value of Shy as 0.531. Thus, using the formula, we get the Detection Limit =
(22.1+0.89) uM i.e., BOHB can detect CN" in this minimum concentration by fluorescence

techniques.

7.6.5. Synthesis of (E)-N'-(3-(benzo[d]oxazol-2-yl)-2-
hydroxybenzylidene)-2-hydroxybenzohydrazide (BOHB)
2-hydroxybenzohydrazide (2) (0.03 g, 0.21 mmol) was added to the ethanolic solution of 3-
(benzo[d]oxazol-2-yl)-2-hydroxybenzaldehyde (1) (0.05 g, 0.21 mmol) and the mixture was
refluxed for about 9 hours. After completion of the reaction, an off-white precipitate was found
and filtered using suction and washed with ethanol to obtain the desired product. The yield was,
0.068 g, 88%.

IH NMR (400 MHz, DMSO-ds): & 6.58 (t, J = 7.8 Hz, 1H), 6.77 (d, J = 8.4 Hz, 1H), 7.22 (t, J =
7.7 Hz, 1H), 7.30 (m, 2H), 7.82 (m, 4H), 7.97 (d, J = 7.7 Hz, 1H), 8.37 (d, J = 7.7 Hz, 1H), 8.89
(s, 1H), 11.51 (s, 1H), 12.13 (s, 1H), 12.26 (s, 1H).

13C NMR (100MHz, DMSO-de): & 111.1, 117.2, 117.8, 118.9, 119.3, 120.0, 125.3, 125.9,
126.2,128.5, 129.9, 132.7, 133.7, 139.4, 144.8, 147.5, 148.9, 149.6, 158.9, 159.4, 161.7.
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Anal. Calc. for C21H1sN3O4 (BOHB): Calc. (%), C 67.56, H 4.05, N 11.25. Found (%), C 67.13,
H4.01, N 11.12.

IR data (KBr, cm™): 3066 v(-OH broad stretch), 3243 v(-NH stretch), 1630 v(-C=0 stretch),
1520 v(-C=N stretch).

HRMS: calculated for C21H1sN3O4 [M + H]* (m/z) = 374.1141; found = 374.1131.

7.6.6. Live cell imaging studies

7.6.6.1. Cell culture and treatment

A human triple-negative breast adenocarcinoma cell line (MDA-MB-231) was obtained from
National Centre for Cell Science, Pune, India and maintained in DMEM High Glucose (Gibco,
Life Technologies, USA) supplemented with 10% Heat inactivated Fetal Bovine Serum (HI-
FBS) (V/V) (Gibco, Life Technologies, USA) and 1% Antibiotic-Antimycotic (Gibco, Life
Technologies, USA). The MDA-MB-231 cells were cultured in a humidified CO2 incubator at

37°C. All the biological experiments were conducted after at least three passages.

7.6.6.2. Cytotoxicity study

The cytotoxic effect and cell viability percentages of BOHB at various concentrations on MDA-
MB-231 cells, were estimated by cytotoxicity study using MTT reagent, based on our previously
established lab protocol.®? Briefly, 1 x 10* cells/well were plated in 96 well plates for 24 h. Then,
the cells were treated with BOHB at a range of 0-80 uM and kept for 24 h. Afterwards, MTT
reagent was added and incubated for 3-4 h. Finally, DMSO-Methanol (1:1) was added and all the
absorbance values were taken at 570 nm in a microtiter plate-reader (Spectramax i3x). The
percentage of cell viabilities at various concentrations were determined using the following
formula:

Percentage (%) Cell viability = [(Atreated - Ablank) / (Auntreated - Ablank)] % 100

7.6.6.3. Live cell imaging study

The live cell imaging study was conducted based on our previously established lab
protocol &Briefly, MDA-MB-231 cells were plated at a density of 2 x 10° cells/well on sterile
cover glasses placed in a 6 well plate and incubated for 24 h. Then, the cells were treated with
only BOHB and two different dosages of BOHB along with 15 uM Cyanide. After 30 min of
incubation, cells were subsequently washed with PBS and fixed with formalin (4%) for 1 h and

again washed with PBS. Finally, the coverslips were mounted on the glass slides in glycerol and
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the cellular morphologies were viewed at 40X magnification using a fluorescence microscope

(Olympus).
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Table A7.1: Lifetime decay profile of BOHB and BOHB-CN-

Methanol Quantum Yield 7 (ns) Kr (108 x S?) Knr(108x S1)
(Solvent)
BOHB 0.245 2.33 1.051 3.241
BOHB-CN- 0.098 0.92 1.065 0.021
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Table A7.2: The comparison of the present probe (BOHB) with some previous probes for CN-

Probe Type of Response Solvent Detection Reference
response Time System limit
(min or
sec)
~ colorimetric <3 DMSO/H, | 2.16 x10" M | New J. Chem.,
2 W, and fluorescent | seconds 0, 9/1 2020, 44, 21038.
or ratiometric
turn-on
Fluorescence | Within 20 | Acetonitril | 3.93 x10®8 M | RSC Adv., 2020,
turn-off seconds e 10, 11791.
Ratiometric Within2 | DMSO/H2 | 2.1(£0.0022) | Anal. Methods,
fluorescence minutes 0,11 x 108 M 2022, 14, 32009.
change
®, Ratiometric | Within 22 | DMSO/H: | (7.68 + 0.29) | New J. Chem.,
_©_§—<:© fluorescence | seconds | O,40/60 |x10%M 2023, 47, 11557.
change
K Fluorescence - Acetonitril 1x107 M New J. Chem.,
. turn-on e 2022, 46, 2411.
A Ratiometric Within1 | CHsCN/HE | 1.89x107 M | RSC Adv., 2021,
OO Y | fluorescence | second PES in 11, 15656.
o S, | (bluesshift) water, 7/3
Q." N',@ Ratiometric | Within 20 DMSO (6.56 + 0.26) Sens. Diagn.,
LR L fluorescence | seconds x108 M 2024, 3, 1201.

change
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Mo Fluorescence - DMSO/H; | 1.4x107M Dyes Pigm.,
turn-on 0,7/3 2020, 174,
= 108019,
(4 _~ | Fluorescence - THF 3.4x10®%M Spectrochim
@Z: turn-on Acta A., 2021,
252, 119535.
Fluorescence - H.O/THF, | 3.8x10°M Dyes Pigm.,
guenching 9:1 2020, 173,
107969.

@ Fluorescence - DMSO/H, | 2.95x108M Dyes Pigm.,
d 3 :H quenching 0, 1/99 2021, 193,
" 109534,
? Fluorometric 15 DMSO/H, | 2.26x107M J. Photochem.
@O turn-off seconds 0O, 1/99 Photabiol. A.
L Chem., 2021,
405, 112993.

MeOH/H; | 1.3x10"M | ChemistrySelect,

Fluorometric -
0, 4/1 2020, 5, 13429.

(turn-off)

DMSO 7.0x108 M Spectrochim
Acta A., 2023,

302, 123054.

Fluorometric -

(turn-on)
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& Fluorometric | Within8 | DMSO/H, | 2.65x107 M J. Photochem.
Hoko (turn-on) minutes 0, 8/2 Photobiol. A.
D Chem., 2023,
e 440, 114661.
5
o \/@\r Fluorometric | Almost 15 | MeOH/H> | (22.1+0.89) Present Work
NS O, . -
N v t t d 0,11 M
@f‘: T N_@ (ratiometric) seconds p
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An ICT based organic framework for fluorogenic detection of
lethal pulmonary agent phosgene

Abstract

Fluorescent chemosensors detecting a widely used but highly toxic chemical warfare agent
(CWA) such as phosgene is of great importance due to their high sensitivity along with low cost
and simple method of preparation. In this paper, a biphenyl-benzoimidazole based (BPCI)
chemodosimeter was developed which displays a rapid, sensitive and ratiometric detection
towards lethal pulmonary agent phosgene. Upon addition of phosgene to BPCI solution in THF,
we observed a fluoroscence color change from blue to cyan-green. The chemodosimeter (BPCI)
undergoes nucleophilic substitution reaction with phosgene followed by a ring closure to yield
the carbamylated final product and shows an explicit ratiometric fluorescence response towards
phosgene. The carbamylation was accelerated due to formation of six membered ring which
restricts the C-C bond rotation. The probe (BPCI) selctively detected phosgene over other toxic
relevant analytes. Now the detection limit (LOD) of BPCI towards phosgene was established to
be in the order of 10" M in solution phase which implied that BPCI can detect phosgene in very
minuscule level. This ratiometric switch which we developed, can be used as a potential portable
kit for detecting phosgene in vapour phase, as well as in solid phase when supported upon TLC
plates. Theoretical calculation by DFT/B3LYP/6-31+G(d) method was performed to unveil the
electronic properties theoretically and to interpret the probable sensing mechanism.

Aem=453 nm )k Aem=490 nm

Fl. Intensity(a.u.)
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8.1. Introduction

In the history of human existence, the weapons which were made for mass destruction (WMD),
among them chemical warfare agents are known to be most ferocious created by mankind.*
These Chemical warfare agents (CWAS) can be categorized as nerve agents, blistering agents,
pulmonary agents, blood agents, tear gases, psychomimetic agents, incapacitating agents, toxins
etc.>2 Among these CWAs, phosgene is included in the list of pulmonary agents as the most
threatening to the humanity.® Due to its catastrophic nature phosgene (COCI) was employed as a
chemical warfare agent (CWC) in the World War | and World War 1l and the poisonous gas
bombs made from it, caused mammoth causalities to the humankind.*® Even with a low exposure
limit of this colourless phosgene gas up to 0.1 ppm, it can cause serious irritation to eyes, skin,
nose, lungs and respiratory system.’” Outrageous exposure of about 90 ppm of phosgene for 30
minutes can cause dangerous repercussions, such as it induces pulmonary edema, pulmonary
emphysema and finally leads to death.®12 The production of nerve agents such as sarin, soman,
tabun are strictly controlled and prohibited by international laws.'® But in contrast, due to
dynamic nature of phosgene such as cost effectiveness, high reactivity and easy availability, it
has wide application in several industries.'* For instance, it is used as a precursor for the
industrial production of chemicals, isocyanate based polymer material, pharmaceuticals, aniline
dyes and different type of pesticides such as chloroformates, sulfonylureas.'>'® Hence due to its
in hand accessibility it can be potentially exploited by terrorists as chemical weapons. As well as
unexpected industrial leakages can also cause havoc destruction to the mankind. Thus, it is
indispensable to construct reliable, cost effective, selective, and sensitive approaches for
detecting phosgene, the alerting threat to humanity.

There are various old age techniques for detection of phosgene such as gas chromatography
method, HPLC technique, electrochemical methods, Raman techniques.'®? However these
techniques are criticized due to complexity in sample preparation, poor portability, expensive
precious instrumentation, sophisticated procedures. In contrast, fluorescent-based detection of
phosgene has gained a progressive interest. This could be attributed to several advantages such
as simple preparation procedure, quick response time, suitable in field detection, high selectivity

with sensitivity and simple operation techniques.?’28
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8.2. Prior works

Over the past few years, there are several fluorescent probes that have been reported for
detection of phosgene utilizing different fluorophores such as coumarins,?®-3° benzothiadiazole,
rhodamines,32*2 napthalimides,3*3" anthracene carboxyimides,**=° BODIPYs**® and others.**°
Usually, the molecular design involves the phosgene mediated reaction which involves the
electron donating amine or hydroxyl group present in these sensors. Reacting with phosgene,
they generally form cyclic compounds generating carbamate or urea groups. These
transformation generally includes different mechanisms such as suppression of fluorescence
quenching processes, photoinduced electron transfer (PET),*1*® generation of intramolecular
charge transfer (ICT)3'* or prohibition of excited state intramolecular proton transfer
(ESIPT).2%3+% There are also reports of phosgene detection which includes opening of hetero-
cross-linking of two amino containing spiro deoxy (lactam) to generate a fluorescent
rhodamine,*” phosgene can also induce hetero-cross-linking of two amino containing
fluorophores to achieve fluorescence resonance electron transfer (FRET)* and conversion of
cinnamic acids into fluorescent coumarins.*’Also previously Yoon and coworkers developed
four sensors with novel design strategy such as they have covalently linked o-phenylenediamine
to a fluorophore to develop a nonfluorescent sensor due to intramolecular electron transfer which
after sensing phosgene, generates a fluorescent product to block the electron transfer process. >
Despite of the successful application of these elegant sensors, most of them are based on
fluorescence turn-on mode.>>%8 Also selectivity of the above sensors was not investigated to
discriminate between phosgene and a nerve-gas mimic DCP except for the sensor PY-OPD.%
However there are relatively inadequate number of reports on ratiometric detection of

phosgene,29:34.39:46.60,61

8.3. Present work

Herein, we have designed and introduced a highly sensitive fluorogenic chemosensor named
BPCI after its precursor biphenyl and benzimidazole derivative. Due to presence of two
nucleophilic NH moiety in the probe, it readily reacts with electrophilic phosgene to generate a
cyclic carbamate moiety BPCI-PHOS adduct. It is observed that BPCI-PHOS adduct have
different intramolecular charge transfer (ICT) characteristics compared to BPCI. Thus, it results

in a ratiometric fluorescence response towards phosgene. Notably, BPCI is found to exhibit high
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selectivity and sensitivity towards phosgene over other nerve agent mimic and other relevant
analytes. Portable filter paper test strips as well as TLC sticks have also been prepared which
conveniently gives fluorescence response towards phosgene in gas phase and via solid platform.
Thus, all these tests have empowered our synthesized probe BPCI, as a fast reliable probe for

onsite detection of phosgene, which opens its broad application prospects.

8.4. Results and discussions
8.4.1. Synthesis of the probe (BPCI)

Very economically cheap precursor i.e., 4 phenyl phenol, o-phenylene diamine and ethyl
cyanoacetate were used for the synthesis of our probe BPCI. The synthetic design of BPCI was
shown in (Scheme 8.1) where compound ‘a’ and ‘b’ were prepared using our previously reported
procedure.%% Then 4-hydroxy-[1,1'-biphenyl]-3-carbaldehyde(a) was reacted with 2-(1H-
benzo[d]imidazol-2-yl) acetonitrile (b) in presence of piperidine in ethanol medium which
yielded our desired probe (BPCI). Further the probe BPCI was thoroughly characterized by
elemental analysis, *H NMR, *C NMR, IR and HRMS spectroscopic method which are given in
electronic supplementary information (Fig. A8.1-A8.4, Appendix).

b
H
O i e ©
+ />—/—.—
N
Tl s J
CHO |
OH o N
a NH HN
BPCI

Scheme 8.1: Synthesis of the probe (BPCI). Reagents and conditions: (i) TFA, hexamine, 90-100°C,
reflux, 6 h; (ii) I, 180-200°C, 2 h; (iii) piperidine, EtOH, reflux.
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8.4.2. Spectral characterization and analysis of BPCI & BPCI-

PHOS
'H-NMR spectrum of BPCI is recorded in DMSO-ds which shows singlet peaks at 12.78 and

9.18 corresponded to the imidazole and imine proton present in BPCI,the aromatic ring protons
appeared as expected in the region & 7.15-8.37 ppm, whereas in case of BPCI-PHOS those two
singlet peaks disappeared, which suggested the involvement of these two nitrogen centres in the
ring formation. While in 3C NMR also for BPCI-PHOS, we observed an additional peak at
191.88 which corresponded to the carbonyl carbon atom. HRMS ofthe probe (BPCI) shows a
peak at m/z 338.0914, while for BPCI-PHOS, a new peak at m/z 364.2578 is observed, which
may be due to the formation of [BPCI-PHOS+H]".

8.4.3. Sensing studies of the probe (BPCI) in solution phase

The sensing properties of the probe BPCI was analysed in THF solution. The sensing property of
the probe was examined in presence of diethylchlorophosphate (DCP), diethylcyanophosphate
(DCNP), acetic acid (CH3COQOH), triethyl phosphate (TEP), tributyl phosphate (TBP), POCls,
SOCI, CH3COCI, p-toluenesulfonic acid (PTSA) and phosgene in THF solution. The changes
after interaction of BPCI with phosgene in UV-Vis and fluorescence spectra were shown in
(Fig8.1, Fig8.2). Our ICT induced biphenyl benzoimidazole based organic framework showed
excellent ratiometric change in fluorescence spectrum with phosgene. This spellbinding
approach of our chemosdosimeter (BPCI) with highly distinct ratiometric fluorescence response

solely towards phosgene was prominent in liquid and vapour phase as well as via solid platform.

8.4.3.1. Phosgene sensing studies of BPCI wusing UV-Vis

spectroscopy

The absorption spectral studies of our probe BPCI were carried out in THF solution. The probe
itself showed absorption bands at 387 nm with two shoulder peaks at 370 nm and 408 nm
respectively. While upon gradual addition of phosgene solution into the BPCI solution the two
peaks at 408 nm and 370 nm were disappeared. Although the absorbance maxima of the peak at
387 nm decreased, it could be observed although very slightly. Simultaneously, we observed two
new bands, a broad band at 435 nm and 354 nm with formation of a shoulder peak at 338 nm

whereas two distinct isosbestic points at 418 nm and 360 nm were observed respectively.
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(Fig.8.1) To establish the selectivity of BPCI solely towards phosgene, UV-Vis studies were
executed in presence of other relevant and available analytes such as DCP, DCNP, TEP, TBP,
AcOH, POCIs, SOCI,, CH3COCI, and p-TSA respectively. Except POCls, SOCI» and CH3COCI,
other analytes did not show any significant changes in UV-Vis spectral pattern (Fig. 8.1). The
interaction of POCI3, SOCI;, CH3COCI with probe could be attributed to protonation of the

nitrogen atom present in BPCI, which resulted in the change in UV-Vis spectral pattern.

0.30

0-20 uM BPCI,DCP DCNP,TBP TEP,p-TSA ACOH
0.25

0.20 0.25

PHOSGENE
~

0.15
CH,COCI,SOCL, POCL
rd

Absorbance(a.u.)
Absorbance(a.u.)

0.10 4
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Figure 8.1: Absorption spectra of BPCI (10 uM) upon gradual addition of phosgene (20 uM) in THF
solution (left side) and change in absorption spectrum of BPCI (10 uM) upon addition of different guest
analytes (20 uM) in THF solution (right side).

8.4.3.2. Phosgene sensing studies of BPCI using fluorescence
spectroscopy

The fluorescence spectra of BPCI (10 uM) was recorded in THF solution with gradual addition
of phosgene solution. We observed, upon excitation at 360 nm the probe itself showed a strong
emission band at 453 nm and the emission quantum yield was found to be 0.182. But upon
gradual addition of phosgene to BPCI solution (20 uM), we observed the peak at 453 nm was
gradually decreased along with its small humps, with simultaneous shifting of the peak towards
longer wavelength.

After a certain time, we noticed the peak at longer wavelength shifted to 490 nm and gradually
intensified with a distinctive isoemissive point at 467 nm. Hence, we observed a sharp red shift
of 37 nm which clearly accounted for a sharp ratiometric emission change with slight
enhancement of the fluorescence intensity. Subsequently, the change in the emission resulted in

the emission colour change from blue to cyan-greenish under UV light (Fig. 8.2).
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Figure 8.2: Emission spectra of BPCI (10 uM) upon the gradual addition of phosgene (20 uM) in THF
solution. Inset: visible emission colour change of BPCI in the absence and presence of phosgene under

UV light (Aex = 360nm) (left side) and change in emission spectra of BPCI (10 uM) in presence of

different guest analytes (20 pM) in THF solution (right side).

The Commission International de L'Eclairage (CIE) chromaticity coordinates (Fig. 8.3) also
exhibited noteworthy changes from blue to cyan-green with a coordinate variation from (0.1602,
0.1505) to (0.2103, 0.3610). The emission quantum yield value also increased upto 0.291. The
change in the fluorescence intensity could be attributed to nucleophilic substitution by BPCI to
give the carbamylated product (Scheme 8.2). Hence BPCI could be converted to its carbamylated

product after encountering with phosgene, where we noticed a ratiometric fluorometric response.

Figure 8.3: The CIE1931 Chromaticity diagram of probe BPCI with analyte phosgene.
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The fluorescence aptitude of the chemodosimeter, BPCI was also studied in presence of the other
similar toxic guest analytes like CHsCOOH, DCP, DCNP, TEP, TBP, P-TSA, POCIs, SOCl,,
CH3COCI to disclose whether they had any significant sensing response towards BPCI or not. It
was observed that DCP, DCNP, TEP, TBP, P-TSA, CH3COOH did not show any significant
changes in the spectral pattern. While for POClz, SOCI> and CH3COCI the probe responded
slightly, this might be due to the protonation of BPCI (Fig. 8.2). However, for phosgene the
spectral pattern was completely different than these other analytes. Therefore, it can be
concluded that phosgene interacted with BPCI in a different way to give this different

fluorescence response.
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Figure 8.4: A comparative study of emission intensity (at 490 nm) after the addition of different analytes
in the solution of BPCI in the presence of phosgene.

Therefore, to acknowledge the responsiveness of BPCI towards phosgene, fluorescence response
of BPCI-PHOS solution was measured in presence of CH3COOH, DCNP, TEP, TBP, DCP,
POCIs, CH3COCI, SOCIy, and PTSA (Fig. 8.4, Fig. 8.5). It was observed that these analytes do
not alter the fluorescence intensity significantly, thus BPCI can detect phosgene in presence of
other analytes with high efficiency. Therefore, BPCI could be established as a potential
ratiometric sensor for the exclusive detection of phosgene in THF solution. Here this noteworthy
ratiometric emission change of BPCI was accountable to the intermolecular charge transfer (ICT)

mechanism.
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Figure 8.5: A comparative study of emission intensity (at 490 nm) after the addition of phosgene in the

solution of BPCI in the presence of different analytes.

8.4.3.3. The binding studies of BPCI with Phosgene

For quantitative measurement of phosgene, a ratio of the change in fluorescence intensity
(Faeo/Fas3) with concentration was plotted. It was observed that with concentration change the
emission intensity (Fas/Fas3) changes almost linearly. We know that one of the salient feature of
a potent chemosensor is that its limit of detection must be low towards its target analyte. We
calculated limit of detection (LOD) using the equation LOD = K x Sh1/S, where K = 3, Shs is the
standard deviation of the blank solution and S stands for slope of the linear calibration curve
respectively. Using the fluorescence titration experiment, where with addition of phosgene the
linear relationship was obtained with a good R? value of 0. 9905. Therefore, LOD was calculated
and found to be (4.25 + 0.19) x 107" (M) (Fig. 8.6). Hence our probe could be used for on spot

detection of phosgene.
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Figure 8.6: The linear response curve of emission intensity ratio (Faeo/Fsss) of BPCI as a function of

phosgene concentration (Aex= 360nmM).

8.4.3.4. Time dependent fluorescence study of BPCI with
phosgene

Again, another aspect of a proficient chemodosimetric probe is that it should detect its guest
analyte within short span of time. Hence, the time-dependant emission response of the probe,
BPCI was performed towards phosgene to assess the response time. The fluorescence response
was performed over 0-8 min time period with addition of phosgene into it (Fig. 8.7). We noticed
that the fluorescence intensity at 490 nm began to enhance almost from 100 seconds and then the
saturation in the curve reached almost around 230 seconds. Hence the plateau noticed after 230
seconds indicated the closure of the reaction. Thus, it could be concluded that our synthesized
probe, BPCI was highly competent in detecting phosgene within 4 minutes, which is comparable

one or even lower compared to some previously reported probes (Table A8.3, Appendix).
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Figure 8.7: Time dependent emission spectra of BPCI (10 uM) after addition of phosgene (20 uM), noted

Fl. Intensity at 490 nm(a.u.)

within 0-8 min time interval in THF solution.
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8.4.4. Fluorescence lifetime Study

To evaluate the excited state stability, we carried out nano second time resolved fluorescence
study. We measured the fluorescence lifetime of BPCI and its adduct BPCI-PHOS. The lifetime
decay profile of BPCI was found to be mono-exponential and lifetime was calculated 0.9463 ns.
While for BPCI-PHOS adduct also by fitting the mono-exponential decay curve with acceptable
x2 value, lifetime was evaluated to be 1.4451 ns. The decay profile of BPCI and BPCI-PHOS
were shown in (Fig. 8.8). The radiative rate constant (k) and the non-radiative rate constant (Knr)
of BPCI, BPCI-PHOS were calculated according to the equation T = kr + knr where kr = dr/t,
after due evaluation of quantum yield values for both the species (Table A8.1, Appendix). Hence
the increase in lifetime and radiative rate constant values whereas simultaneous decrease in non-
radiative rate constant values could be attributed to the rigidity gain by the structure i.e., by the
formation of carbamylated product assisted by two nitrogen centre present in BPCI after reaction

with phosgene.

1000
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Figure 8.8: Time-resolved fluorescence decay of BPCI (eee), BPCI-PHOS adduct (+ + +) and prompt
(. || .) in THF (Xex =360 nm).

8.4.5. Probable sensing mechanism of BPCI

The binding mode of this chemodosimeter (BPCI) with Phosgene was shown in the pictorial
representation in scheme 2, where it was illustrated that the nucleophilic attack from N-atom of
the benzimidazole group and imine nitrogen towards phosgene generated a cyclic carbamylated
structure. This substituted adduct, BPCI-PHOS which acted as a rigid fluorophore, was
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accountable for all the spectral changes of BPCI on addition of Phosgene. The probe itself was a
fluorescent one (fluorescent maxima 453 nm) due to presence of electron rich centres such as
imine nitrogen and benzimidazole moiety, which was responsible for ICT (Internal charge
transfer). Thus, the chemodosimeter displayed bluish fluorescence when held under UV light.
When exposed to phosgene the fluorescence maxima changed to 490 nm, thereby resulting in a
colour change from bluish to cyan-green under UV light. This could be attributed to generation
of a different ICT process with slight increase in intensity from the carbamylated amine donor
site. Here, the different ICT mechanisms which was present in BPCI and BPCI-PHOS resulting
in blue to cyan-green colour change could be attributed to the magnitude of electron push pull
effect

Scheme 8.2: Probable sensing mechanism of BPCI with phosgene.

This proposed sensing mechanism was further established by analysing *H NMR, *C NMR
spectroscopic analysis. As shown in (Fig. A8.1, Appendix) the singlet peaks at 12.78 and 9.18
corresponded to the imidazole and imine proton present in BPCI, whereas in case of BPCI-
PHOS those peaks disappeared (Fig. A8.5, Appendix), which suggested the involvement of these
two nitrogen centres in the ring formation. While in 3C NMR also for BPCI-PHOS, we observed
an additional peak at 191.88 which corresponded to the carbonyl carbon atom. (Fig. A8.6,
Appendix) To further support the formation of BPCI-PHOS adduct, HRMS was also executed.
The HRMS of BPCI-PHOS showed a new molecular ion peak located at 364.2578 (m/z) which
agreed well with molecular peak of the predicted adduct BPCI-PHOS [M+H]" (calcd. 364.1086
for C23H14N302) (Fig. A8.7, Appendix). Further the sensing mechanism towards phosgene was
confirmed by the DFT calculations. The frontier molecular orbital involved were shown in (Fig.

Fig. A8.8-Fig. A8.9, Appendix), where the orbital electron cloud distribution suggested that ICT
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mechanism existed in both BPCI and BPCI-PHOS. Same could be shown for BPCI. The electron
density (Fig. A8.8, Appendix) on the lowest unoccupied molecular orbital (LUMO) mainly
distributed to the imine nitrogen and the ring attached to it. But in case of BPCI-PHOS, the
electron density for LUMO was concentrated in newly formed carbamylated ring. The energy of
LUMO also got reduced from -2.42 eV to -3.2 eV and also the distribution of electron cloud of
HOMO changed accordingly. By further calculating the HOMO-LUMO energy gap for BPCI-
PHOS, it was found to be AE = 3.09, which was much smaller compared to BPCI (AE = 3.39).
This decrease in the energy gap suggested that it was feasible for BPCI to react with phosgene to
give the stable BPCI-PHOS adduct and the small HOMO-LUMO energy gap increased the

achievability of strong fluorescence.

8.4.6. Vapour phase detection of Phosgene by BPCI

As phosgene is one of the toxic chemical warfare agent, it is highly desirable for a probe to
detect phosgene gas swiftly and prominently. Here our synthesized probe BPCI can be used to
construct a prominent test kit, which can be used for onsite, real time and selective detection of
phosgene vapour. The paper test strips embedded with probe BPCI were prepared. Then we
analysed the sensing in presence of phosgene and other interfering analytes. Phosgene gas was
generated by mixing triphosgene with TEA in the sealed glass vowel itself. We observed that,
the test strip containing free probe which displayed a light blue colour under UV light. However,
when exposed to phosgene vapour the test paper changed its colour steadily to cyan colour. In
contrast, exposure to other chemical vapour did not yield any noticeable change in the emission
colour (Fig. 8.9). Hence, the steady response of BPCI towards phosgene, proved its potential in
order to use it as an efficient portable kit. The detection of phosgene in solid platform and liquid
state showed its own notable changes, but its identification in vapour phase was a consequent
addition to its demanding application.
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Figure 8.9: Photograph showing the fluorescence of BPCI using test papers after exposure for five
minutes to phosgene and vapour of various other relevant analytes. The analytes tested are (1) BPCI, (2)
DCP, (3) DCNP, (4) TEP, (5) TBP, (6) Phosgene, (7) ACOH, (8) POCls, (9) CHsCOCI, (10) SOCI; and
(11) PTSA. Photos are taken in a UV-chamber (Aex = 346 nm).

8.4.7. Practical application of BPCI loaded test strips in gas
phase

To further establish BPCI as a potent chemosensor towards phosgene, we manufactured BPCI-
loaded TLC plates as a portable tool. Here without using any sophisticated instrument we can
detect phosgene with simple, trouble free and convenient method with the help of this feasible
solid-state platform. The TLC plates were dipped in the solution of BPCI in THF and left to dry
the solvent. As shown in (Fig. 8.10) the TLC plates loaded with BPCI only, showed blue
fluorescence under hand held ultraviolet light (Aex = 346 nm). However, when exposed to
subsequent increasing concentration (5-40 ppm) of phosgene, the fluorescent colour changed
from blue to cyan green. According to Matheson gas Data book,%*concentration of phosgene gas
of 20 ppm can cause lung injuries within 2 minutes and exposure to concentration of 25 ppm for
30 minutes is very dangerous. Also 90 ppm of phosgene concentration is fatal in 30 min or less.
Hence from the Fig. 8.10 given below we can analyse that our synthesized chemodosimeter
prominently changed its colour even at low concentration of phosgene (15 ppm) which was
below the life-threatening concentration of phosgene. At higher concentration (40 ppm) the
colour changed completely to cyan-green. Thus, the test strips with BPCI loaded could detect
phosgene at the concentrations below health risks. Hence this above encouraging results
conveyed that our synthesized probe can detect phosgene distinguishably through visual

monitoring.
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Figure 8.10: TLC sticks coated with BPCI (100.0 mM) alone (i) followed by exposure to (ii) 5 ppm, (iii)
10 ppm, (iv) 15 ppm, (v) 25 ppm, (vi) 40 ppm of phosgene when exposed to hand held UV lamp. (Aex =
346 nm).

8.4.8. Computational study

To elucidate the sensing mechanism and to get insight of the structural changes of BPCI after
reaction with phosgene, density functional theory (DFT) calculations were performed by
B3LYP/6-31+G(d) method using Gaussian 09 program. The selected higher energy occupied
molecular orbitals (HOMOSs) and lower energy unoccupied molecular orbital (LUMOSs) of BPCI
and BPCI-PHOS were shown in Fig. A8.8 and Fig. A8.9, Appendix respectively. The HOMO-
LUMO energy gap of BPCI was calculated to be 3.39 eV which was significantly reduced in
BPCI-PHOS adduct to 3.09 eV (Fig. 8.11). The optimized structures of BPCI and BPCI-PHOS
were shown in Fig. 8.12.
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Figure 8.11: Calculated frontier molecular orbitals for BPCI and BPCI-PHOS with their orbital energies
using the B3LYP/6-31+G(d) basis set.
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In the time dependent density functional theory (TDDFT) calculation, solvent correction was
included by CPCM model and THF was selected as solvent. The calculated vertical excitations
of BPCI displayed a strong transition at 400 nm (f = 0.7762) which was due to HOMO—LUMO
transition and for BPCI-PHOS, HOMO—LUMO transition was shifted to 440 nm (f = 0.6757)
respectively (Table A8.2, Appendix). Moreover, the calculated absorption peaks of BPCI and
BPCI-PHOS have well agreed with the experimental observation.

Figure 8.12: Optimized structure of (a) BPCI and (b) BPCI-PHOS calculated by DFT/B3LYP/6-31+G(d)

method.

8.5. Conclusions

In summary, we have rationally designed and synthesized a new fluorescent ratiometric probe
(BPCI) through cost- effective pathway for the efficient detection of phosgene, a lethal
pulmonary-agent. The sensitivity of the probe is performed in presence of other relevant analytes
which unveils that BPCI is competent enough to detect phosgene in presence of these other
analytes. Also, other salient features of chemodosimeter BPCI are that it responds in presence of
phosgene within four minutes and also has low LOD value of 10”7 M order. Gas phase response
towards phosgene is also noted for our chemodosimeter. BPCI loaded test strips show response
towards phosgene at very low concentration of 15 ppm which is below threshold level that can
cause prolonged danger to health and life. The sensing mechanism is interpreted based upon the
ICT process for both BPCI and BPCI-PHOS adduct. Density functional theory (DFT)
calculations are performed that illustrates the electronic structure, which also supports the
sensing mechanism of the probe. Overall, our synthesized probe makes a helpful insight for a

portable approach to detect phosgene wherever relevant.
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8.6. Experimental

8.6.1. Materials and methods

All the essential reagents used in the synthetic procedure of BPCI, including o-
phenylenediamine, 4-Phenyl phenol and ethyl cyanoacetate were purchased from Sigma-Aldrich
and the solvents were available from commercial sources. THF and all the other solvents used
for spectrometric analyses were of HPLC grade. DMSO-ds was used as solvent to perform 'H
and *C NMR with a Bruker (AC) 400 MHz NMR instrument using ~0.05 (M) solutions and
chemical shifts were recorded in & units in ppm using tetramethylsilane (TMS) as an internal
standard.

An infrared spectrum of the probe was recorded from RX-1 Perkin Elmer spectrophotometer by
preparing KBr pellet of the sample. A 2400 Series-1l CHN analyzer, Perkin Elmer, USA was
used for Elemental analysis.HRMS mass spectra were recorded on Waters (Xevo G2 Q-TOF)
mass spectrometer. UV-Vis spectra were measured on a Shimadzu UV-1900i spectrophotometer.
We observed the luminescence properties using Shimadzu RF-6000 fluorescence spectro
fluorophotometer at room temperature (298 K). Luminescence lifetime measurements were
carried out by using time-correlated single photon counting set up from Horiba Jobin-Yvon.
Then the fluorescence decay data were placed on a Hamamatsu MCP photomultiplier (R3809)
and analysed using EZ time software. Thin layer chromatography (TLC) and dip stick
experiment were done using Merck 60 F2s4 plates of 0.25 mm thickness. The reaction products
were further purified by column chromatographic technique using silica gel of mess 200-300,

where petroleum benzene and ethyl acetate were used as solvents.

8.6.2. Synthesis of 4-hydroxy-[1,1’-biphenyl]-3-carbaldehyde(a)

This was prepared according to a previously reported procedure.%?

8.6.3. Synthesis of 2-cyanomethylbenzimidazole (b)

This was previously synthesized by our group.5®
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8.6.4. Synthesis of 3-(1H-benzo|[d]imidazol-2-yl)-6-phenyl-2H-
chromen-2-imine (BPCI)

4-Hydroxy-[1,10-biphenyl]-3-carbaldehyde (0.2g,1 mmol) was taken in round-bottomed flask
and dissolved in 10 mL EtOH solution. Then, 2-cyanomethylbenzimidazole (b) (0.16 g, 1 mmol)
was added to the solution. The whole mixture was refluxed while a catalytic amount of
piperidine was added to the mixture. The system was refluxed for 4 hours. We observed a light
brown colour precipitate within the reaction mixture. The precipitate was then filtered, washed
with EtOH and dried. The crude product was further purified by column chromatography. Yield
was calculated to be 0.249 g, 74%.

Anal. Calc. for C22H1sN3O (BPCI): Calc. (%) C 78.32, H 4.48, N 12.46. Found (%), C 79.09, H
4.03, N 12.01.

IR (cm™, KBr): v(C=N) 1682.10, v(C-H) 3063.40, v(N-H) 3168.82.

'H NMR (400 MHz, DMSO-ds): 8 12.78 (s, 1H), 9.18 (s, 1H), 8.37 (s, 1H), 8.09 (s, 1H), 8.03
(d, J=8.5Hz, 1H), 7.83 (d, J = 8.5 Hz, 1H), 7.78-7.22 (m, 8H), 7.15 (d, J = 7.96, 1H).

13C NMR (100 MHz, DMSO-de): & 157.3, 152.9, 148.2, 144.7, 144.3, 140.0, 139.2, 134.7,
133.1, 132.2, 129.5, 128.0, 127.0, 123.2, 120.3, 119.6, 117.2, 116.7, 111.7.

HRMS: calculated for C22H1sN3O [M + H]* (m/z) = 338.1293; found = 338.0914.

8.6.5. Synthesis of BPCI-PHOS adduct

Briefly, 3-(1H-benzo[d]imidazol-2-yl)-6-phenyl-2H-chromen-2-imine (BPCI) (34 mg, 0.10
mmol) was dissolved in 10 mL of THF which was taken in a round bottle flask and stirred. After
complete dissolution, solid triphosgene (45 mg, 0.15 mmol) and TEA (0.02mL, 0.15 mmol) was
added and the mixture was stirred for 1 hour at room temperature. After completion of the
reaction, a light-yellow precipitate was formed which was then filtered, washed with dry THF,
dried and collected. Yield was calculated to be 28 mg, 78%. Then spectroscopic techniques were
employed for further characterization of the crude product.

'H NMR (400 MHz, DMSO-ds): & 8.65 (s, 1H), 8.17 (s, 1H), 7.90 (d, J = 9.2 Hz, 1H), 7.86-
7.58 (m, 7TH), 7.54 (t, J = 7.28, 1H), 7.44 (t, J = 7.4, 1H), 7.15 (t, J = 8.56 Hz, 1H).

13C NMR (100 MHz, DMSO-ds): & 191.9, 160.8, 158.2, 153.6, 147.2, 144.0, 139.3, 138.4,
138.0, 132.4, 131.9, 129.7, 127.3, 122.9, 122.3, 118.8, 118.5, 117.8, 115.0, 114.9, 112.5.
HRMS: calculated for C23H14N3O2 [M+H]" (m/z) = 364.1086; found = 364.2578.
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8.6.6. General Method for UV-Vis and Fluorescence Titration

8.6.6.1. UV-Vis Method

For UV-Vis titration, a host (BPCI) stock solution was prepared of 100 uM in THF solvent of
HPLC grade. The stock solutions of all the guest analytes were also prepared in the order of 1
mM in THF. Due to highly toxic nature of phosgene, it was not used directly. Instead
triphosgene/TEA (triethylamine) were used assuming that 1 eq. of triphosgene is converted to 3
eq. of phosgene.*! Stock solution of Triphosgene (1ImM) was also prepared in THF. In all test
concentration of probe (BPCI) was maintained to 10 uM. Solutions of a variety of concentrations
of the probe and different increasing concentrations of all other analytes were prepared
separately to record UV-Vis spectra.

8.6.6.2. Fluorescence method

For fluorescence titrations also the stock solution of the probe (100 uM) used was the same as
that used for UV-Vis titration. The solutions of all the relevant analytes were prepared in THF in
the order of ImM. Different concentration of the probe and the different analytes were prepared
from the stock solution. The excitation wavelength used was 360 nm (Where excitation slit=10.0
and emission slit=10.0). The spectra of these solutions were recorded by means of fluorescence
method.

8.6.7.Determination of fluorescence quantum yield:

For measurement of the quantum yields of BPCI and its reaction product with Phosgene (BPCI-
PHOS), we recorded the absorbance of the compounds in THF solution. The emission spectra
were recorded using the maximal excitation wavelengths and the integrated areas of the
emission-corrected spectra were measured. The quantum vyields were then calculated by

comparison with coumarin 153 (ps = 0.544) as reference using the following equation:

@000 (3) % () < ()

Where, x & s indicate the unknown and standard solution respectively, @ is the quantum yield, I
is the integrated area under the fluorescence spectra, A is the absorbance and n is the refractive
index of the solvent. We calculated the quantum yields of BPCI and BPCI-PHOS using the

above equation and the values are 0.182 and 0.291 respectively.
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8.6.8. Theoretical study

For theoretical calculation we utilized Gaussian 09 (G09) program package.®® The geometry for
BPCI and BPCI-PHOS adduct were optimized by using the density functional theory (DFT)
method at the B3LYP level for the compounds. Where 6-31+G(d) was assigned as basis set.®5%
The vibrational frequency calculations were performed on the optimized geometry to ensure that
the optimized geometries represent the local minima having only positive eigen values. Vertical
electronic excitations, which was based on B3LYP optimized geometries were computed using
the time-dependent density functional theory (TDDFT) formalism®-° in THF solvent using

conductor-like polarizable continuum model (CPCM)."*"3
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Table A8.1: Fluorescence lifetime data

THF (solvent) | Quantum yield (¢) T (ns) Kr (108xs-1) Knr (108xs-1)
BPCI 0.182 0.946 1.92 8.58
BPCI-PHOS 0.291 1.445 2.01 491

Radiative rate constant K, and total non-radiative rate constant Knr have been calculated using the
equation 1-1 = K; + Knr and Kr = o /1
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Table A8.2. Vertical electronic transition of BPCI and BPCI-PHOS calculated by TDDFT/CPCM

method
Compd.  Wavelength Energy Osc. Key transitions Character
(nm) (V) Strength
()
399.7 3.1014 0.7762  (98%) HOMO—LUMO  n—>x’
351.7 3.5249 0.1367  (61%) HOMO-1-LUMO  n—n"
BPCI 354..3 3.4990 0.0102  (59%) HOMO-2—-LUMO n—n
296.4 4.6850 0.0274  (58%) HOMO—-LUMO+1 n—on
439.9 2.8179 0.6757 (98%) HOMO—LUMO >
406.2 3.0521 0.0135 (94%) HOMO-1-LUMO  non
BPCI- 388.9 3.1879 0.0431  (94%) HOMO-2—»LUMO  n—n"
PHOS 296.5 3.1813 0.1388 (75%) HOMO—LUMO+1 n—n
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Table A8.3: The comparison
phosgene

8

of the present probe (BPCI) with some previous probes for detection of

Receptor Type of Test kit | Detection | Detection Reference
response limit in
gaseous
phase
OEt Fluorometric Yes 1.3nM Yes Chem.
H (ratiometric) Commun.,
O _N._0 (Test- 2017, 53,
strip 1530,
OO method)
/rNH HN\L
EtO OEt
.OH Colorimetric, Yes 0.09 nM Yes J. Mater.
OH N .
o rll | fluorometric Chem. A.,
(ratiometric) (Te_St' 2019, 7, 1756.
strip
OO method)
Fluorometric Yes 0.40 uM No New J. Chem.,
O Q (turn-on) _ 2019, 43,
Q (Dip- 11743,
O G stick
OH l\H\L method)
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OH Fluorometric | Yes 9.3nM No Chem.
—N (Turn-on) Commun.,
O O
strip 5296.
— method)
y N Fluorometric Yes 1.27nM Yes Talanta, 2021,
N (ratiometric) _ 221, 121477.
/ (Dip-
N stick
method)
L HO Fluorogenic Yes 53nM Yes RSC Adv.,
©:N (ratiometric) | (Test- 2021, 11,
N strip 10836.
NH, method)
Fluorometric Yes 0.16 ppm Yes New J. Chem.,
O (Turn-on) 2021, 45,
NH (Test- 5631.
strip
N” method)
H,N
Colorimetric, Yes 0.12 uM Yes New J. Chem.,
mN'OH fluorometric 0O 2020, 44,
. . Ip-
ratiometric 5784.
- '\L 0”0 ( ) stick
method)
Colorimetric, Yes 1.54 nM Yes New J. Chem.,
S fluorometric ) 2019, 43,
. . (D|p_
- (ratiometric) ] 14991.
N stick
method)
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for idiosyncratic detection of Al** ion along
with its application in live cell imagingf
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Amitav Biswas,® Rahul Naskar,® Debarpan Mitra,” Akash Das,® Saswati Gharami,?
Nabendu Murmu® and Tapan Kumar Mondal {2 *®

A highly sensitive, reversible, reusable and fluorogenic “turn-on” probe (HBTC) is fabricated for the sole
detection of Al®*. On incremental addition of Al** in a solution of HBTC in ACN:H,O (4:1), a sharp
“turn-on” emission enhancement is observed at 480 nm. The reversibility of the probe (HBTC) was
displayed on the addition of F~ solution. The detection limit is found to be of the order of 1072 M which
suggests that HBTC can detect A" at a very minute level. The mechanism for A" detection in
ACN:H,0 (4:1) is attributed to forbidding C=N isomerization and ESIPT process simultaneously turning

Received 14th July 2022,
Accepted 21st October 2022

DOI: 10.1039/d2nj03481f on the chelation-enhanced fluorescence process. The reusability and real-time application of the probe
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are also studied. Bioimaging study reveals that HBTC can detect A
(MDA-MB-231). Electronic structure of the probe is explained by density functional theory.

rsc.li/njc

Introduction

Nowadays undue use of ionic pollutants in industry and the
farming sector has become a menace to the environment."?
Hence rapid and accurate detection of those ions has become a
promising part in the research field in modern times. It is well
known that aluminium is the most abundant metallic element
in earth’s crust. And it has become an integrated part of daily
lifestyle such as in drinking water supplies, utensils, packaging
of foods, powder, cosmetic products, processed dairy products,
cookware, bleached flour, component of medicine, medicine
storage containers and manufacturing of cars.*” The WHO
(World Health Organization) stated that the average consump-
tion of AI’* in the human body through several ways is about
3-10 mg per kg per day and the maximum recommended limit
Al-contaminated water is 7.42 pM.*'® Although it has negative
effects on both biological and environment systems, it is
extensively used on a daily basis. The central nervous system
is deeply affected by overexposure of Al.'* Abnormal concen-
tration of Al in the human body is related to many neurological
disorders including Alzheimer’s disease, Parkinson’s disease
and dementia."*™* On the other hand, regular intake of Al

“ Department of Chemistry, Jadavpur University, Kolkata, 700032, India.
E-mail: tapank. mondal@jadavpuruniversity.in
b Department of Signal Transduction and Biogenic Amines (STBA),
Chittaranjan National Cancer Institute, Kolkata, 700026, India
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nj03481f

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

1>* in human breast cancer cells

beyond permissible limits causes bone disease, damage in the
gastrointestinal tract, encephalopathy, microcytic hypochromic
anaemia, myopathy, bone softening, impaired lung function,
fibrosis and chronic renal failure.*>™*® Therefore, it is imperative
to develop probes that can detect and track aluminium ions with
high sensitivity using minimal resources and under biological
conditions. Among different sensing tools for detection of such
kinds of environmental hazardous metal, fluorescence-based
chemosensors are considered to be efficient for specifically
detecting target analytes.'® Different mechanisms like excited-
state intra-/intermolecular proton transfer (ESIPT), chelation-
enhanced fluorescence (CHEF), metal-ligand charge transfer,
photoinduced electron/energy transfer, fluorescence resonance
energy transfer, intramolecular charge transfer, and -C—=N- iso-
merisation are considered to be the reason for chemosensing
processes.””*" A strong oxidising site is preferred for the CHEF
process, through which a radiative process gets turn on.?* Com-
paring with different transition metal ions, chemosensors detect-
ing solely AI** are limited, due to poor coordination power, strong
hydration enthalpy and lack of spectroscopic characteristics.***
Being a hard acid, AI** always prefers to bind hard centres like N
and O donor sites. Schiff bases possess excellent coordinating
capabilities, showing different biological activities and have
potential analytical application.”>*® Hence, development of
probes with such binding sites causing metal-ligand CHEF is
an interesting approach due to a fluorescence “turn-on” mecha-
nism on interaction with a guest.

Recently in 2021, Singh et al. reported a silatrane-based
Schiff base-functionalized probe which can detect Al** ions

New J. Chem.
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A diversified biphenyl thiosemicarbazide based chemosensor (HBMC) has been fabricated and reported for
the specific detection of Cd®* in a MeOH : H,O (4 : 1) solution. We observed a chromogenic change from
colorless to light yellow colour, and it showed a “turn-on” fluorogenic change from non fluorescent to
blooming cyan colour. In fluorometric titration a sharp “turn-on” emission for Cd®* was observed with
a ~16 fold increase in fluorescence intensity value at 496 nm by incremental addition of Cd?* ions in the
MeOH : H,O (4 : 1) solution. The reversibility of the chemosensor (HBMC) was confirmed by a sequential
addition of the EDTA solution. Again the binding stoichiometry of HBMC with Cd?* was found to be 2:1,
as confirmed by Job's plot analysis and HRMS spectra of the HBMC—Cd?* complex. The mechanism for
Cd?* sensing in MeOH : H,O (4 : 1) is based upon the inhibition of C=N isomerization and ESIPT process
and simultaneously turning on the CHEF (chelation enhanced fluorescence) process. The limit of
detection for Cd®" was found to be in the order of 1078 (M), which implies that HBMC is an efficient
probe to detect Cd®* at the microscopic level. A reusability study was performed and on-sight detection

Received 16th March 2023 of cadmium ions by the chemosensor (HBMC) was established by dip-stick experiment. In vitro
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detection of Cd?* in human breast cancer cells (MDA-MB-231) by HBMC discloses its cell permeability

DOI: 10.1039/d32y00403a and biocompatible nature. Computational studies (DFT and TDDFT) with the probe HBMC and HBMC-
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Introduction

With reference to human health and the environmental system,
discriminative detection of heavy and toxic metal ions is one of
the most noteworthy aspects in the field of chemosensors.
Among those heavy metal ions Cd”" tops the list in relation to its
hazardous nature and detrimental effects." Due to the irre-
versible damage caused by its use in the fields of batteries,
smelting, mining, pigments, metallurgy, and fertilizers it has
become a hazardous global pollutant.>”® Hence due to its
outrageous use, it has triggered an inescapable contamination
of our soil, water, food, and air.®® Simultaneously living
organisms and human health are also being threatened by the
excessive use of cadmium.® Mainly through water or air, food
and inhalation of cigarette smoke, humans are exposed to
cadmium.' The toxicity level of cadmium is so soaring that the
US Environmental Protection Agency (EPA) and Agency for Toxic
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Cd?* complex were also performed.

Substances and Disease Registry have listed this toxic heavy
metal as the seventh on the Top 20 Hazardous Substances
Priority List," while the WHO (World Health Organization) has
given an enforceable drinking water standard for cadmium of
3 ppb to prevent kidney related diseases.” This continuous
short and long term cadmium exposure of humans causes
different disorders, resulting in lung, breast and prostate
cancer.”** Therefore the International Agency for Research on
Cancer (IARC) has categorized cadmium compounds as
carcinogens of category 1.'® The abnormal concentration of
cadmium also causes damage to several organs such as the
brain, kidneys, bones, and gastrointestinal tract and has
increased the risk of cardiovascular disease.'”® Renal and
adipose tissue dysfunctions and calcium metabolism are also
factors caused by excessive cadmium intake.*>* However, the
mechanism involved in the uptake of Cd*" by cellular and
environmental systems and Cd** carcinogenesis remains
obscured.”*” Therefore developing a reliable technique to
detect Cd*" in environmental systems is an absolute necessity.
However there are several techniques such as atomic
absorption/emission spectroscopy (AAS/AES), inductively
coupled plasma mass spectrometry (ICP-MS), inductively
coupled plasma atomic emission spectroscopy (ICP-AES), and
anodic stripping voltammetric analysis, but these techniques

Anal. Methods, 2023, 15, 2745-2754 | 2745
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Fluorescent chemosensor detecting a widely used but highly toxic chemical warfare agent (CWA) such as
phosgene is of great importance due to its high sensitivity along with low cost and simple method of
preparation. In this study a biphenyl-benzoimidazole based (BPCI) chemodosimeter, which displayed a rapid,
sensitive and ratiometric detection of the lethal pulmonary agent phosgene, has been developed. Upon the
addition of phosgene to the BPCI solution in THF, we observed a fluorescence color change from blue to
cyan-green. The chemodosimeter (BPCI) undergoes nucleophilic substitution reaction with phosgene
followed by ring closure to yield the carbamylated final product and shows an explicit ratiometric
fluorescence response towards phosgene. The carbamylation was accelerated due to the formation of a six-
member ring, which restricts the C-C bond rotation. The probe (BPCI) selectively detected phosgene over
other toxic relevant analytes. The detection limit (LOD) of BPCI for phosgene was established to be in the
order of 1077 M in the solution phase, which implied that BPCI can detect phosgene at a very minuscule
level. This ratiometric switch, which we developed, can be used as a potential portable kit for detecting
phosgene in the vapour phase, as well as in the solid phase when supported upon TLC plates. Theoretical
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Introduction

In the history of human existence, certain weapons were made
for mass destruction (WMD); among them chemical warfare
agents are known to be the most ferocious ones created by
mankind." These chemical warfare agents (CWAs) can be
categorized as nerve agents, blistering agents, pulmonary
agents, blood agents, tear gases, psychomimetic agents, inca-
pacitating agents, toxins, etc.” Among these CWAs, phosgene is
included in the list of pulmonary agents as the most threaten-
ing to humanity.> Due to its catastrophic nature phosgene
(COCl,) was employed as a chemical warfare agent (CWC) in
World War I and World War II and poisonous gas bombs made
from it, caused mammoth causalities to humankind.*® Even
with a low exposure limit of this colourless phosgene gas up to
0.1 ppm, it can cause serious irritation to the eyes, skin, nose,
lungs, and respiratory system.” Outrageous exposure to about
90 ppm of phosgene for 30 minutes can cause dangerous
repercussions, such as inducing pulmonary edema, pulmonary
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theoretically and to interpret the probable sensing mechanism.

emphysema, and finally death.®* The production of nerve agents
such as sarin, soman, and tabun is strictly controlled and prohi-
bited by international laws."® However, in contrast, due to the
dynamic nature of phosgene such as cost effectiveness, high
reactivity, and easy availability, it has wide applications in several
industries."* For instance, it is used as a precursor for the industrial
production of chemicals, isocyanate-based polymer materials, phar-
maceuticals, aniline dyes, and different types of pesticides such as
chloroformates and sulfonylureas.””™® Hence due to its in-hand
accessibility, it can be potentially exploited by terrorists as chemical
weapons. As well as unexpected industrial leakages can also cause
havoc and destruction to mankind. Thus, it is indispensable to
construct a reliable, cost-effective, selective, and sensitive approach
for detecting phosgene, the alerting threat to humanity.

There are various traditional techniques for the detection of
phosgene, such as the gas chromatography method, HPLC tech-
nique, electrochemical methods, and Raman techniques.’®2°
However these techniques have problems due to the complexity
of sample preparation, poor portability, expensive precious instru-
mentation, and sophisticated procedures. In contrast, fluorescent-
based detection of phosgene has gained progressive interest. This
could be attributed to several advantages such as a simple
preparation procedure, quick response time, suitable field
detection, high selectivity with sensitivity, and simple operation

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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A triphenylamine scaffold for fluorogenic sensing
of noxious cyanide via the ICT mechanism and its
bioimaging applicationy
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(2E,2'E)-3,3'-
has been

A novel triphenylamine benzimidazole based fluorogenic chemosensor named
((phenylazanediyl)bis(4,1-phenylene))bis(2-(1H-benzoldlimidazol-2-ylacrylonitrile) ~ (PBIA)
successfully generated and characterized by varoius spectroscopic techniques. Among various screened
anions, only cyanide (CN") showed a distinct fluorogenic property towards PBIA. Hence, the optical
properties of PBIA were investigated in the presence of cyanide (CN’) by means of UV-vis
spectrophotometry and fluorescence spectroscopy in DMSO, where we observed that, upon treatment
with CN™ to the probe solution, the orange fluorescence of the ligand showed a blue shift and the orange
fluorescence changed to greenish-yellow under an UV lamp. The hypsochromic shift in fluorescence
maxima upon the addition of cyanide was attributed to nucleophilic addition of cyanide to PBIA inhibiting
the electron flow within the molecule and disrupting the ICT process. The interaction behind the sensing
of cyanide was investigated by *H-NMR titration, a mass spectroscopic study and DFT calculations, which
supported the mechanism. The limit of detection (LOD) was calculated and found to be in the order of
1078 (M). PBIA showed an immediate response in the spectral pattern (<20 s) towards its target cyanide
ion, and the effectiveness of the chemosensor was also examined in the presence of competing anions.
Furthermore, the practical efficacy of the PBIA was established by a dipstick experiment along with cyanide

detection in various natural water resources. Human breast cancer cells MDA-MB 231 were made

rsc.li/sensors

Introduction

We all know that anions play an imperative role in different
disciplines, such as biological systems and environmental
chemical processes, as well as different technological, clinical
and medical processes."™ Among various anions, cyanide is
listed as one of the most noxious and lethal chemical
substances known to us. Conversely, cyanide has different
industrial applications, i.e., in making plastics, papers and
herbicides.>® Cyanide is also endlessly used in the synthesis
of resins and synthetic fibres, electroplating, refining, leather
making, as a chelator in water treatment and metallurgy.”*°
Again, cyanide salt is majorly used in the extraction of gold
from its ore, where the gold elemental substance after
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susceptible to CN™ sensing in a biological system.

complexation with cyanide has reduced oxidation potential;
as a result, the substance gets easily oxidized by oxygen to
form soluble aurate and dissolves under alkaline conditions,
which makes gold easily separable from slag.'' Despite its
enormous applications in various fields, cyanide is still very
detrimental to humans even at the minimum dosage of 0.05
mg kg™".'> Moreover, WHO has set up an acceptable limit of
cyanide of 1.9 uM in drinking water due to its toxic nature.™
Cyanide can be absorbed in the human body through the
skin, lungs and gastrointestinal tract, which leads to acute
effects in the human body. Cyanide complex with ferric iron
in metalloenzymes leads to histotoxic hypoxia (low oxygen
level) by inhibition of cytochrome ¢ oxidase, where cyanide
gets attached to the active sites of cytochrome oxidase (at
cytochrome a3) resulting in the disconnection of
mitochondrial oxidative phosphorylation, which further leads
to obstruction of cellular respiration.'*™® Excessive exposure
to cyanide leads to poisoning of the respiratory system,
paralysis of the central nervous system, haemoglobin
poisoning, convulsion, and vomiting with loss of
consciousness that eventually lead to death.'” Therefore, huge

Sens. Diagn., 2024, 3,1201-1211 | 1201
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A new fluorescent ratiometric switch (BOHB) was developed for swift and selective detection of cyanide
ions in aqueous media without any interference from other competitive anions. Upon gradual addition of
cyanide ions into the probe solution, a prominent fluorescence color change from yellow to cyan was
observed under a UV chamber. The fluorescence changes thus observed were ratiometric, and the
detection limit of this new probe was found to be (22.1 + 0.89) uM, suggesting that the efficiency of
BOHB for the detection of cyanide ions is brilliant even at a minute level. The blue shift in fluorescence
intensity upon the addition of cyanide ions was attributed to the deprotonation mechanism of acidic
protons present in BOHB. This phenomenon was further explored using *H-NMR study, which supported
the mechanism. Further, stability study was performed over a period of 5 days to prominently establish
the stability of BOHB. The probe is also highly capable of recognizing CN™ within a very short time-span
(almost 15 seconds), thereby making it a brilliant fluorescent switch for the swift recognition of CN™.
Furthermore, BOHB was employed for real water sample analysis to display its practical application.
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Accepted 8th October 2024 Besides, the easy-to-prepare dipstick experiment provides a simple, reusable and recyclable protocol for
the suitable qualitative identification of CN™. Lastly, triple negative breast adenocarcinoma (MDA-MB-

DOI: 10.1039/d4ay01676a 231) cells were made susceptible to CN™ sensing in a biological system, thereby making BOHB
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Introduction

Many ions possess an assortment of significant purposes in
chemical and biological processes.™ Among them, several
anions are naturally occurring, having noteworthy roles in vital
fields such as chemistry, life sciences, catalysis, medicine, and
environmental science.®® Thus, the recognition of anions is of
budding concern in the area of environmental and biological
sciences. Relentless efforts have been made in order to
comprehend the essential principles of interaction between
a host and guest anion over the past years.”™ Although some
anions such as phosphate, sulphate and carboxylate are
essential for biological function, exposure to cyanide is excep-
tionally lethal to living organisms. There are numerous types of
anions that are considered exceptionally deadly, but cyanide
(CN7) ions specifically have been of consistent curiosity
universally owing to their effectiveness and global existence in
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several methods such as fabricating plastic and fiber products,
metallurgy, tanning, fishing, herbicide and fertilizer manufac-
ture, petrochemical production, and extraction of silver or
gold.™™" Cyanide is acknowledged as an extremely lethal and
fast acting poisons.'®* In spite of its vast applications in many
fields, CN" is still dangerous to humans even at a dose of only
0.5 mg per kilogram.*® Considerable environmental hazards
would take place in the case of any unintended release of
cyanide ions. Toxic HCN can be created via the hydrolysis of
cyanogenic glycosides in plants such as bitter almonds,
sprouting potatoes, bitter cassava as well as apple, cherry, and
peach seeds, besides industrial dumping.'”** The lethal nature
of cyanide is chiefly due to its affinity for the heme iron in
cytochrome c oxidase,* which afterwards affects oxygen supply
to cells and hinders the role of enzymes in the human body,
eventually resulting in cytotoxic hypoxia and cellular asphyxia-
tion.>*** Additionally, anaerobic metabolism induced by
cyanide leads to the buildup of lactate in the blood, which is
defined as lactate acidosis. The combined effects of hypoxia and
lactate acidosis cause trouble in the central nervous system,
thereby instigating serious respiratory seizure and death.*
According to the World Health Organization (WHO), the
maximum permissible concentration level of cyanide is 1.9 mM
in drinking water.”® As minor a quantity as 0.5-3.5 mg cyanide

This journal is © The Royal Society of Chemistry 2024
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A novel colorimetric and fluorescent sensing probe, (E)-3-(4-(9H-carbazol-9-yl)phenyl)-2-(benzold]thiazol-
2-ylacrylonitrile (CBTA), was synthesized and characterized by spectroscopic techniques. CBTA displayed
“turn off” fluorescence in the presence of cyanide with a higher selectivity than that of others anions such
as Br, ClI, I, NOs~, SO42~, SCN~, COs%~, N3~, OH™, HCOs~, H,PO4~, HPO,>~, F~, ACO™, and PO,*" ina
DMSO:H,O medium (40:60, v/v, HEPES buffer, pH = 7.2). The “turn off’ fluorescence response
mechanism can be attributed to the intra-molecular charge transfer (ICT) process, which is blocked by the
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nucleophilic attack of cyanide ions at the cyano vinyl group of the probe. The LOD was found to be 3.57 x
1078 M. The interaction involved behind the sensing of cyanide was investigated by Job's plot analysis,
'H-NMR, and mass spectroscopic studies. DFT and TDDFT were also employed to verify the experimental
outcomes. Moreover, the test strip experiment provides a wide application prospect of the receptor for
detecting poisonous cyanide in the environment and biological system.
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Introduction

The development of a new molecular probe for the detection of
anions is of great interest because of their vital roles in a wide
range of medicines, catalysis, life science, and environment."
Additionally, food safety issues and water pollution by poiso-
nous anions have drawn attention with the development of
science and technology nowadays.>® Cyanide is one of the
most well-known toxic anions, even at a lower concentration,
which can be lethal to human beings, animals, and environ-
ment. Cyanide is currently extensively used in many industrial
processes such as electroplating, petrochemicals, photography,
steel production, gold mining, metallurgy, and the synthesis of
resign and fibre due to its critical role in multi-functional
reactions.” World Health Organization (WHO) stipulates that
the permissible acceptable concentration of cyanide in drink-
ing water is 1.9 x 10~® mol L ".% By the way, cyanide is present
in some insects, fruits, seeds, and roots where it is released
through the hydrolysis process of cyanogenic glycosides.”™*
Cyanide binds to the iron ion in cytochrome ¢ oxidase, blocks
the electron transport in metabolism, and inhibits the
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production of ATP in cells, making the biological system
inefficient to provide sufficient energy to the heart, central
nervous system and other vital organs ultimately.">'® Consider-
ing the above-mentioned fact, the development of simple,
efficient and rapid detection tools with high selectivity and
sensitivity towards cyanide is an ongoing hot topic to prevent
the harmful effect in the human body from contaminated food
and environment.

To date, fluorescent molecular probes capable of detecting
CN~ have been reported based on fluorescence resonance
energy transfer (FRET),"”"° intra-molecular charge transfer
(ICT),>>*' twisted intra-molecular charge transfer (TICT),>?
excited state intra-molecular proton transfer (ESIPT),>*** and
photo-induced electron transfer (PET).>>*° Recently, several
groups have reported detection methods by utilizing the
nucleophilic addition reaction of cyanide directly involved in
the development of covalent bond formation and showed anti-
interference ability and high selectivity.>”*®* Compared with the
traditional sophisticated analytical tools such as spectrophoto-
metry, voltammetry, chromatography, and potentiometric
methods, optical molecular probes based on colorimetric and
fluorometric responses towards CN ™~ are of great preference in
virtue of their convenience, simplicity, tenability, low cost, high
selectivity and rapid response.*® Particularly, a naked-eye opti-
cal sensor is very much impressive. Since the Tang et al
discovery of the AIE phenomenon in 2001, several research
groups have been published a growing number of AIE active

New J. Chem., 2023, 47,11557-11564 | 11557
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In this work, a novel fluorescent ratiometric switch, 8-((6-(1H-benzoldlimidazol-2-yl)pyridin-2-yl)methoxy)
quinoline (BIPQ), has been introduced for sensing an organophosphorus (OP) chemical vapor threat, diethyl
chlorophosphate (DCP), the low-toxic mimic of the real nerve agent sarin (GB). BIPQ is efficient at detecting
DCP in both solution and gaseous phase and has potential practical application with high sensitivity and
selectivity. The probe shows significant ratiometric emission in the presence of DCP along with a distinct
color change from blue to cyan under UV light. The sensing mechanism of the chemodosimeter is based
on the generation of a new adduct, BIPQ-DCP, through a nucleophilic substitution reaction with DCP
followed by a ring-closure process to form the final product. The detection limit of BIPQ for DCP was
determined to be in the order of 1078 (M) in the liquid state. DFT and TDDFT computational techniques
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Introduction

Nowadays organophosphorus compounds are used in
preparing many pesticides and herbicides in modern agricul-
ture. Organophosphorus compounds are conceived as one of
the most exceptionally hazardous nerve agents and are
extremely harmful to the nervous system of every living being if
inhaled or ingested through any kind of contamination of food
or drink.”* Some known nerve agents including tabun (GA),
soman (GD) and sarin (GB) are extremely dangerous organo-
phosphates (Scheme 1), which bear excellent leaving groups
owing to which they are known as essential phosphonylating
and phosphorylating agents.>® These poisonous chemicals
along with their advantages of cheapness, simplicity in manu-
facture and destructive effects on civilians encourage terrorism.
The phosphate group present in these chemicals binds irre-
versibly with the hydroxyl group present in acetylcholinesterase
(AChE), blocks the hydrolysis of acetylcholine neurotransmit-
ters and restrains the decomposition of acetylcholine.’*** The
excessive storage of acetylcholine causes neuromuscular paral-
ysis, neurological imbalance in the cholinergic synapse, resis-
tance to muscle relaxation, and organ failure, leading to sudden
death.™° So they have became a massive threat to all mankind.
As most of these compounds are odorless, colorless and taste-
less, making them very difficult to detect,” it is very urgent to
develop a very sensitive, reliable and rapid method for easy and
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were carried out in order to interpret the electronic properties theoretically.

quick detection of these substances in both solution and vapour
phase. Our present work is based on the recognition of highly
volatile sarin (GB) as it is one of the forbidden CWAs used by
terrorists. But due to its too toxic nature and difficult avail-
ability, an associated substance, diethyl chlorophosphate
(DCP), has been used as a nerve-gas-mimicking agent for
experiments because it has a similar chemical structure and
comparable reactivity but very low toxicity.

In recent years, many research groups have already intro-
duced a variety of noteworthy tools for detecting nerve-agent-
mimicking substances, including colorimetry,**
fluorometry,* electro-chemistry,”**° mass spectrometry,*>*
interferometry,* enzyme-based biosensors,**~** surface acoustic
wave (SAW) devices,*** enzymatic assays,*” photoacoustic
spectroscopy,* PET based probes,* ion mobility spectroscopy,**
cyclization reactions,* photonic crystals,*® nucleophilic substi-
tution reactions,”** lanthanide luminescence,* complex

Nerve agents
o o o o
ﬂ J\ : H IJ Q
// S //P\o \N/ I\O/\ i o
F F | CN F
Sarin(GB) Soman(GD) Tabun(GA) Cyclosarin(GF)
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o o
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Schemel The structures of chemical warfare agents (CWAs) and their
less toxic simulants.
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colorimetric and fluorometric detection of CN™
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In this work, a novel organic receptor, CPI [(E)-3-(4-(9H-carbazol-9-yl)phenyl)-2-(1H-benzold]imidazol-
2-yl)acrylonitrile], was rationally designed and successfully fabricated for selective and sole recognition of
CNT™ ions over other competitive anions through an obvious chromogenic and ratiometric emission
change in DMSO. The distinct and prominent color change upon the addition of CN™ can be attributed to
the typical ICT process, which is induced by the deprotonation of acidic NH protons in the imidazole
moiety. The sensor displayed strong solvatochromic effects in commonly used organic solvents such as
n-hexane, toluene, diethyl ether, DCM, THF, DMF and DMSO. The chemical structure of the sensor was
characterized by single-crystal X-ray diffraction, 'HNMR, *CNMR, IR and mass spectroscopy. Significantly,
the probe can function as a fluorescence-based sensor for the efficient detection of low-level water in
organic solvents. The solid-state emission properties of CPI were successfully applied to recognise
cyanide in a solid-state platform with naked eye-visualized distinct color change. The probe can be made
reusable by adding TFA into the CN™ treated probe solution. The detection limit of CPI towards CN™ was
determined to be 4.48 x 10~ M. More importantly, the sensor is capable of detecting CN™ in food
samples and has been employed for wastewater treatment. Besides, easy-to-prepare CPl-coated test
strips provide a simple, reusable and easy-to-handle protocol for the qualitative identification of CN™ con-
veniently. Finally, density functional theory and time-dependent density functional theory were performed
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Introduction

Many researchers have recently paid attention to the develop-
ment of anionic chemosensors due to their broad application
in many fields including chemical, biological, medical and
technological processes.'”® Among various anions, cyanide ion
is one of the deadliest poisonous anions towards human
beings. Even trace amounts of CN™ ions can affect human
health in many ways, and it may lead to several health risks
because of their excellent binding affinity towards Fe*" ions in
cytochrome c oxidase, eventually leading to the incapability to
produce ATP in cells, which subsequently results in respiratory
arrest and ultimately death.”® Some insects and food
samples such as sprouting potatoes, bitter almonds, apple
seeds as well as cassava contain cyanide, and it reaches to the
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to verify the experimental outcomes theoretically.

environment through the hydrolysis process of cyanogenic
glycosides."'™'* Despite its toxicity, cyanide has been exten-
sively used in many industrial production such as petrochem-
icals, electroplating, steel production, photography, metal-
lurgy, gold mining, and synthesis of resins and fibres due to
its critical role in multi-functional reactions.'® Therefore, water
pollution and food safety issues by toxic cyanide pose a
serious threat to human health and environment
nowadays.'®*® The maximum intake of CN™ ions as per the
guidelines approved by WHO and USEPA is 1.9 pM (200 pg
L. In view of its vital role in industries and toxicity, the
development of a new method to monitor trace amounts of
CN™ ions in biological and environmental samples is one of
the most sensitive hotspots among researchers. In the past
few decades, numerous types of chemosensors based on

co-ordination,?®> the Sonogashira cross-coupling,>>°
nucleophilic ~ addition  reaction,”®*”  hydrogen-bonding
interactions®®** and many other mechanisms have been

reported for the sole detection of poisonous cyanide. However,
these methods have many limitations such as complicated syn-
thetic steps, poor sensitivity and selectivity, use of sophisti-
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Adaptable Biomolecule-Interactive Dual Colorimetric Chemosensor
for Cu?* and Pd?*: Insight from Crystal Structure, Photophysical
Investigations, Real-Time Sampling, and Molecular Logic Circuits
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ABSTRACT: Considering the crisis of single probes for the
simultaneous colorimetric detection of both Cu®" and Pd** metal
ions, which are toxic to living organisms even in trace amounts, in
this communication, we report the facile synthesis and character-
ization, including single-crystal X-ray diffraction (SCXRD), of a
single molecular probe (E)-3-((2-(methylthio)phenyl)diazenyl)-
[1,1’-biphenyl]-4-ol (TABH). TABH is bioactive and avidly interacts
with biomolecules such as BSA protein and CT DNA, as evidenced
by spectrofluorometric and photometric tests. The probe is also
proficient in the selective and swift colorimetric sensing of Cu®* and
Pd** ions in ACN/H,0 (4/1 v/v, pH = 7.2) medium over other
metal ions. The sensor’s ability to selectively bind the analytes is
demonstrated by a noticeable color shift from yellow to reddish
brown for Cu?* and violet for Pd**, which is clearly visible to the human eye. A detailed investigation of the recognition mechanism
using Job’s plot, 'H nuclear magnetic resonance (NMR), infrared (IR) analysis, electrospray ionization (ESI) mass analysis, and
density functional theory (DFT) calculations confirmed a 1:1 binding stoichiometry for both ions. Furthermore, the chemosensor
exhibits a strong association affinity (7.61 X 10* and 1.42 X 10° M~ for Cu®" and Pd*", respectively) and a low detection limit (54.8
and 5.32 nM for Cu*" and Pd**, respectively). Binding data and absorption studies revealed that Pd** had a higher affinity for the
probe than Cu*". This makes it simple for Pd** to replace Cu* in the [TAB-Cu?"] complex, increasing Pd*"’s differential selectivity
over Cu®**. Cu’* sensing is reversible with the addition of both ethylenediaminetetraacetic acid (EDTA) and triphenylphosphine
(PPh,), whereas Pd** sensing is exclusively reversible with the presence of PPh; only. The sensing activities were also investigated
with molecular logic operations of AND, OR, and NOT gates. In addition, the chemoprobe proved to be effective in identifying Cu**
and Pd*" in actual water samples. It was then converted into test strips, creating a portable device for on-site analysis and testing.

B INTRODUCTION and superoxide dismutase all use it as an important
cofactor.''™'* Additionally, copper is widely utilized in a
variety of industrial applications, including wiring, etching,
electroplating, and metal polishing; thus, it is no surprise that

. . . . o 14
. . . . industrial effluent contains higher quantities of copper.
endangering a variety of living things."” Although heavy . gher 4 | COPP
. . . A Though beneficial, the copper ion at an excessive concen-
metals play an important part in human metabolic activities, o . L . . .
. . . 3.3 tration is very toxic for living organisms. Excess intake of it can
excessive consumption can lead to serious health concerns. . L2 s
. iy . trigger severe neurodegenerative diseases such as Alzheimer’s,
As a result, recognizing and sensitively detecting heavy metals , ) ) qo s
o . . Menke’s, Parkinson’s, and Wilson’s diseases as well as
as well as transition metal ions such as cadmium, mercury, lead, . . . . o\
. . gastrointestinal issues like vomiting, headaches, weakness,
copper, and palladium are of great contemporary excitement

] B . and diarrhea.”> ' In contrast, the precious platinum group
and have garnered a lot of attention recently in chemistry, 1 (PGM) palladium is utilized velv i . ¢
biology, and environmental research.””® The Cu?* ion is the metal ( ) palladium is utilized extensively in a variety o

f .

third (after iron and zinc) prevalent necessary trace element in
living beings.”'* A large number of fundamental physiological
and pathological processes, including the maintenance of
nerves and blood vessels, the production of red blood cells, the
formation of bone and connective tissues, iron absorption,
signal transduction, free radical detoxification, and dioxygen
transport, depend on Cu**. Tyrosinase, cytochrome c oxidase,

The industrial boom of the 21st century, particularly the
extensive expansion of chemical businesses and mining
projects around the world, has harmed Mother Earth,
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Modulation of the binding sites for an adaptable
DNA interactive probe: efficient chromo-
fluorogenic recognition of AI** and live cell
bioimaging

Atanu Maji, Debarpan Mitra, Amitav Biswas, Moumita Ghosh, Rahul Naskar,
Saswati Gharami Nabendu Murmu @ and Tapan K. Mondal @ *

Herein, a chromone-based simple reversible fluorescent “turn-on” probe, HMCP [6-(hydroxymethyl)-N'-
((6-methyl-4-oxo-4H-chromen-3-yl)methylene)picolinohydrazide], was successfully utilized to detect A+
over a group of other coexisting metal cations in MeOH/H,O (9:1, v/v) (HEPES buffer, pH = 7.2). The “turn
on” emission response along with the effective enhancement of the fluorescence intensity upon addition
of A* can be attributed to the inhibition of photo-induced electron transfer (PET) and C=N isomerization,
as well as the initiation of chelation-enhanced-fluorescence (CHEF). The HMCP sensor binds At ina 1:1
stoichiometry with an excellent binding constant and good detection limit on the orders of 10> Mt and
1077 M, respectively. The mode of binding interaction between HMCP with A" was evidenced by *H NMR
titration, HRMS, and Job's plot analyses. Theoretical calculations and molecular logic gate applications were
also used to demonstrate the binding mode. A DNA binding study was also executed to elucidate the
possible bioactivity of the probe and found that HMCP interacts with DNA more effectively than the other
analogues studied. Furthermore, the applicability of the probe in a live cell imaging study indicated that
HMCP is highly efficient for the detection of exogenous A" in living cells. In addition, real water sample
analysis and a dip-stick experiment demonstrate that the probe can be used in a wide range of practical

rsc.li/sensors and convenient applications.

Introduction

Materials comprising of multiple applications are important
and an emerging field in modern science. A Schiff base is one
such kind of material. The low cost, user-friendliness and
speed of use of Schiff bases has led to attempts to use them
for sustainable development in pharmacy, medicine,
molecular memory storage, chemical synthesis and analysis,
photochromic materials and in colorimetric and fluorometric
chemosensors.'™® Several analytical scientific techniques have
been developed for the recognition of metal ions including
spectrometry, chromatography, spectrophotometry, titrimetry
and electrochemical strategies.”® The above mentioned
methods are complicated, lengthy and costly. Of the various
techniques utilized for metal ion recognition, fluorescence

Department of Chemistry, Jadavpur University, Kolkata-700032, India.
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T Electronic supplementary information (ESI) available: NMR and MS spectra of
all new compounds, limit of detection determination, quantum yield
calculations, CCDC no. 1535847 & 1535849 etc. See DOI: https://doi.org/10.1039/
d4sd00242¢
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signaling is one of the first preferences as it is reliable,
simple, rapid as well as profoundly sensitive for the
recognition of environmentally and biologically important
metal ions.”"°

Aluminum is the third most abundant metal of all
elements (after oxygen and silicon) and the most plentiful
(8.3% by weight) metallic element in the Earth's crust. The
extensive use of aluminum in our daily life appears in diverse
areas, for example, in cosmetics, food packaging, medicine,
water purification systems, food additives and electronic
devices. Thus, the probability of human exposure to
aluminum has increased, leading to a serious concern in
recent years.'' In addition, the concentration of AlI*" in soil
and water resources has dramatically increased due to acid
rain and thus inhibits the growth of plant and aquatic
ecosystems.””?° As directed by the WHO (World Health
Organization), the weekly permissible intake limit of AI’** by
human beings is around 7 mg kg™* of body weight.>! On the
other hand, long-term intake of excess Al** could cause major
diseases, for example, Alzheimer's, Parkinson's, kidney
stones, osteoporosis, cardiac arrest, anemia, headaches,
rickets, dementia and many more.?>”*” Doctors refers to AI**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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