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Preface

The present dissertation entitled “Synthesis and characterization of Schiff bases and their diverse
applications.” is submitted to fulfil the requirements for the Degree of Doctor of Philosophy (Science) of
Jadavpur University. The study concerns the synthesis and structural characterization of different Schiff bases
and their evolution in the sensing of bio-relevant analytes such as Cu?*, Zn?*, CN", H.POy’, Cysteine and TFA
acid vapour through fluorometric or colorimetric techniques at a trace level concentration followed by
intracellular imaging applications. The Schiff base ligand has been also employed in the synthesis of Zn(Il)
Coordination Polymer that functions as Schottky diode device and exhibits anti-carcinogenic property. In this
work, five Schiff bases framed on triphenylamine, coumarin, pyrazole, benzimidazole, naphthyl moieties are
accomplished through extensive characterization techniques along with X-ray crystallographic measurement.
Some selected ligand has been utilized for the fabrication of Zn(ll) coordination complex and polymer.

Theoretical calculations have been done to compare with experimental findings.

The thesis contains six chapters. Chapter I contain a concise description on the benefit and toxicity associated
with cations, anions, Cysteine and TFA acid vapour, different fluorescent mechanism, Schottky device
parameters and a brief review on some selected Schiff probes for detections of analytes in relevance to the
present work. It also covers a summarized discussion on synthetic outline of different molecular probes used
in present research work. Chapter 11 includes triphenylamine based Schiff base as a reversible fluorescence
sensor to Cu?* and Cysteine along with live cell imaging and logic gate construction. Chapter I11 contains a
reversible benzimidazole derivative chemosensor for Zn?* and H2PO. through fluorescent techniques and
theoretical calculations. Chapter 1V covers on pyrazole appended probe which enables simultaneous
fluorescence detections of Zn?* and CN- at distinctive regions followed by intracellular imaging of the
respective analytes. Chapter V is focused on AIEE active naphthyl derivative which exhibits solid-phase

acidochromism and a promising CN- sensor in solution medium. Chapter VI is depicted on two dimensional

Vi



coumarin based Zn(II) Coordination Polymer which functions as Schottky diode device and explored as an

effective anti-carcinogenic agent.

From my research work, I have published some of the above works in high impact SCI journals

and more results will be published shortly.
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Abstract

Index No. 4/19/Chem./26

Title of Thesis: Synthesis and characterization of Schiff bases and their diverse applications.

The structures of Schiff bases consist of exocyclic imine/azomethine (C=N) functional unit who is considered
as a versatile component for various applications. The imine unit can serve as coordinating group or chelating
site in the coordination chemistry. Some of the properly functionalised Schiff bases have been used as a
functional material for recognition of bio-relevant ions/molecules at a very low concentration (uM to nM)
level. Cations, Anions and certain molecules regulate concentration dependent bioactivity in human body and
can be beneficial or toxic than the requisite amount to trigger health issues. Therefore, for normal functioning
of the living system, the determination of concentration of these active species must be monitored carefully.
Considerable efforts have been invested for the development of efficient chemosensor based on imine
framework (CH=N) for sensitive detection of analytes. In addition, the coordinating environment of such
molecule with metal centre can form discrete complex and coordination polymers (CPs) which is considered
as the natural extension of coordination compounds towards polymerization. In my research work, five Schiff
bases bearing different fluorogenic entities such as triphenylamine, benzimidazolyl, pyrazolyl, coumarinyl,
naphthyl have been formulated. The probes are synthesized by Schiff’s condensation reaction followed by
extensive characterization through different spectroscopic techniques (IR, Mass, NMR, elemental analysis)
and structural confirmation of some of the molecules by Single Crystal X-Ray Diffraction measurements,
Chapter II: Triphenylamine-naphthyl appended Schiff base, an emissive probe, (Aem, 550 nm) selectively
senses Cu?* through fluorescence quenching (CHEQ) with a LOD value of 7.3 nM in 7:3 (v/v) CHsCN/H20
medium (HEPES buffer, pH 7.2) which exhibits reversibility in presence of Cysteine and restores the emission
of the probe due to strong binding of Cysteine to Cu?* and the LOD of sensing is 36 nM. The probe has been
used in cytotoxicity analysis in normal WI-38 Cell line and intracellular imaging was performed with HepG2
Cell line. Chapter I11: Benzimidazolyl-ethoxysalicyldehyde derivative recognizes Zn?* in 9:1 (v/v)

DMSO/H20 (HEPES Buffer, pH=7.4) medium through chelation and fluorescence intensity (em, 461 nm) is
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enhanced and the LOD is 3.2 nM. The emissive [Zn(L})OAc] complex is further capable of disclosing a
selective fluorescence ‘turn-off” detection towards HoPO4~ (LOD: 0.238 uM) accomplishing the reversibility
of Chemosensor. Chapter 1V: Coumarin-Pyrazolyl appended probe detects Zn?* (kem, 497 nm) and CN™ (hem,
447 nm) with two distinctive emissive responses in CH3CN/H-0 (99:1, v/v) (HEPES Buffer, pH 7.5) medium
and the LOD values are 34.76 nM (Zn?*) and 19.91 nM (CN"). On interaction of the probe with Zn?* a
hexanuclear metallocryptand [ZnsLs] is structurally verified by Single Crystal X-Ray Diffraction data. The
probe is successfully applied for biological applications such as MTT Assay, cellular imaging and FACS in
MD-MBA cells. Chapter V: Naphthyl-dimethoxy scaffold is AIE active probe and a strong solid-state emitter
which enables a reversible acidochromic behaviour in presence of HTFA/TEA vapour. The LOD estimated
for HTFA vapour is found to be 1.41 ppm. The probe further detects a chromogenic and fluorogenic receptor
selectively towards CN™ (Aem, 565 nm) in CH3CN/H20 (99:1, v/v) (HEPES Buffer, pH 7.3) and the LOD is
45.42 nM. MTT analysis and AIE phenomena along with CN" detection of the probe is clearly depicted from
the intracellular imaging. Chapter VI: Coumarinyl-pyridine molecule has been utilized for the fabrication of
Zn(1l) 2D coordination polymer (Zn(11)-CP) which has been explored as a semiconducting Schottky diode

device and possess effective anticancer efficacy against HeLa cell line.

From my research work, | have published a total of six original research articles and more results will

be published shortly.
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Chapter | Introduction

CHAPTER I

Abstract

Partial Review on Design and Use of Schiff bases in the Fluorescence Sensing of lons and Molecules.

A molecule consisting of exocyclic imine/azomethine (C=N) function belongs to a class of Schiff base. Ease
to synthesis, moderate stability in biological pH (7.0-7.5) and conventional characterization procedure makes
their utility in versatile fields- chemistry to biological applications as well as industrial purpose. Appending a
fluorogenic or choromphoric unit to a Schiff Base makes a fluorescent active molecule. Additional functional
groups in a suitable position may design a chelating ligand that may coordinate to metal ions and thus the
metal complexes may be used for different applications. Similarly, a metal centres can form a synthon for a
coordination polymer or metal-organic framework who have multifacetated applications. The research in this
thesis is focused to fluorogenic responsive trace quantity detection of toxic ions and molecules with orientation

to this direction an entitled partial review is reported in this chapter.



Chapter | Introduction

1.1. Introduction

The Schiff base, reported first by Hugo Schiff in 1864 and synthesized from the reaction of -NH2 (an amino)
and carbonyl compound (aldehyde or ketone), has active imine or azomethine (C=N) group. Although the
C=N is a stable double bond but susceptible to hydrolysis and even catalysed by Lewis Acid, like metal ions.
Aromatic frame of Schiff base is appropriately functionalised so that it may serve as multidentate chelating
ligand and can form coordination complexes with transition and post-transition metal ions of innumerable
stereochemistry.1? The Schiff bases show highly challenging medicinal applications in the field of
pharmacology, biology and chemistry.®® The Schiff bases (Scheme 1) show different biological activity like
analgesic,® anti-inflammatory,”® antifungal,®>!° antibacterial,***? anticonvulsant,*** antioxidant'>® and
anticancer activity.”-'® Variation of both aldehyde/ketone and amine part can develop multidentate and
structurally flexible Schiff bases those play important role in diverse areas such as sensing, coordination

polymer, biological activity and other fields.

I\
N 0 \ "
N\NH OH o] \N/N N
o LT
Dantrolene (Muscle relaxant) Thiacetazone (Anti-tuberculosis)
1\

o\

N

(o]
~
o . /\f

Nifuroxazide (Antibiotic)
Scheme I Drugs bearing C=N group

A number of Schiff base ligands have been designed, synthesized and well-characterized via different
analytical techniques and used for the synthesis of coordination complex and coordination polymers. Towards
design of fluorogenic Schiff base a planned strategy has to be outlined either using photosensitive
amine/aldehyde or both. lons and molecules play a significant role in biology and environment which are

closely associated with health issues of living being. Cation, anions and some selective molecules are both

3



Chapter | Introduction

present as beneficial as well as non-essential toxic elements. Depending on concentration they can be crucial
for survivability of the cells if its presence is either surplus or deficient than the requisite amount for proper
functioning of cells. Therefore, an optimum concentration of ions and molecules must be maintained for
normal functioning and thus its measurement must be monitored carefully. Therefore, efforts are being devoted
towards the advancement of efficient detection and quantitative estimation of ions and molecules. The probe
follows plausible conventional signalling mechanism such as Photoinduced Electron Transfer (PET), Excited
State Intramolecular Proton Transfer (ESIPT), Foster Resonance Energy Transfer (FRET), Charge Transfer
(CT) and excimer/exciplex formation, Aggregation Induced Emission (AIE) etc., has been used for the optical

recognition of various analyte based on the primary photophysical properties of fluorescent chemosensors.?

The Coordination polymers (CPs) can be considered as the natural extension of coordination compounds
towards polymerization. These are popularly named as crystalline inorganic organic hybrid material where
metal entities act as nodes and are coordinated to organic or anionic linkers through covalent or other weak
chemical bonds and extends into structural framework forming highly ordered crystalline structures with
remarkable chemical and thermal stability. The architectures and dimensionalities of the coordination polymer
are defined by its capabilities of the building blocks to extend substantially into one, two or three dimensions
(1D, 2D or 3D respectively) through repeating coordination units.?-2> Many unusual properties are discovered
within CPs and have been applied in sensing of ions/molecules, gas sensing and separation, drug delivery and
diseases diagnosis, fabrication of energy saving materials etc. Incorporation of metal ions in the organic
polymer backbone makes electronically conductive coordination polymers (CPs), are considered as a separate

class conductive solid materials which have emerged as of great scientific interest in the recent years.?*?
1.2. Cations, Anions and Molecules in Human Health
1.2.1. Cations

Alkali and Alkaline earth metals such as Sodium (Na), Potassium (K), Magnesium (Mg), Calcium (Ca) and
some selective transition metals such as Iron (Fe), Copper (Cu), Zinc (Zn), Vanadium (V), Chromium (Cr),

Manganese (Mn), Cobalt (Co), Nickel (Ni), Molybdenum (Mo) are classified for the essential metal ions.
4



Chapter | Introduction

These cations contributes a major role in biological process, Sodium (Na*) occupies the sixth most abundant
elements in Earth’s Crust constitute about 2.83% and are located in extracellular part of animal cells regulates
osmotic equilibrium, blood pressure, pH as well as it maintains the electrostatic charge transportation and
helps in neurotransmission.?”?® Low sodium concentration induces an electrolytic disorder while an excess
has an adverse effect on Kidney and increases blood pressure.?® Potassium (K*) constituting 0.4% of mass of
the body depending on its concentration inside the cells or in the extracellular fluid plays diverse roles in the
intracellular part and is associated with the maintenance of electrolytic balance with the Na™ and involved in
modulating biochemical signal transduction throughout the nervous system.33! Potassium uptake is required
for plants and animal for normal functioning of the system. However, imbalances in potassium level are
associated with health problems. High concentration leads to severe cardiac disorder while its deficiency
causes nausea, muscle weakness and fatigue.®? Magnesium (Mg?*), a member of the alkaline earth series, is
the fourth abundant metals in human body, a key component of chlorophyll and executes the photosynthetic
process in plants and a vital cofactor on cell proliferation, numerous enzymatic catalysis like phosphorylation
of proteins, DNA Synthesis.®*3® Different distribution of Mg?* in sub-cellular compartment accomplish its
varying biological function. Abnormal concentrations of Mg?* are in close association with diseases like
Alzheimer, Epilepsy, diabetes and hypertension.3¢-8 Calcium (Ca?*), the largest intracellular concentration of
the alkaline earth series with around 100 nM in its free form in living system, is the primary constituent of
bones and teeth as well as monitors cellular process like hormonal secretion, muscle contraction, fertilization,
gene transcription and signal transduction. Notably, imbalances in intracellular Ca®* concentration are

responsible for physiological disorder such as obesity and Alzheimer's disease.3%4

Of the heavy metal transition series, Vanadium ranks the second most abundant ubiquitous metal which exists
exclusively in the form of ion-pair as Na* H2VO4 in sea water with concentration limits to 35 nM.*142
Vanadium, an essential trace element, plays a favourable role in the prevention of heart-disease. Apart from
the oxides, other salts of vanadium exhibit moderate toxicity.** Chromium commonly shows +3 oxidation state
and is less harmful while those are at higher states (+4 and+6) are potentially toxic.** Chromium (Cr®") is

considered as the essential trace element in nutritional diet for human and had significant influences on the
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metabolism of carbohydrates, proteins fats and nucleic acids, and also it helps to activate insulin to reduce
blood sugar.®*% US Environmental Protection Agency (USEPA) has classified chromium species as a
mutagenic and carcinogenic agent.*’*8 Below the adequate level of Cr* in living system triggers diabetes and
cardiovascular diseases. While excessive concentration of Cr®* binds with DNA through guanine N7 and
phosphate backbone; thus, affect and damage the cellular components.***® Manganese (Mn) is important trace
nutrient with diverse biological roles, participates as structural component in varied enzymes that is activating
metabolic process and in photosynthetic oxygen evolution. Elevated level of Mn damages Central Nervous
System resulting called Mn-induced Parkinsonism.>!>® Manganese exhibits a variable oxidation state ranging
from +2 to +7. Mn#*, (d®), excellent magnetic resonance imaging (MRI) relaxation agent used as a tool in
neurobiological research. Mn** is comparatively more cytotoxic than Mn?*.54% Iron occupies as the most
abundant and significant transition trace element in living body and exists in both form Fe?* and Fe?* which
plays vital biological function. In living systems Fe* serves as oxygen carrier in the tissues and Fe*" helps
transportation of electrons. Iron deficiency causes anaemia, which can be harmful or even fatal.>**” However
excessive accumulation leads to dysfunction of organs as well. In addition, presence of Iron has severe impacts
on the quality of crops and water bodies through industrial and agricultural activities.>® Cobalt abundance in
both forms Co?* and Co®* found in rock, minerals, soils and seawater in trace level and is beneficial to organism
as primary constituent of Cobalamin, known as vitamin B> that plays essential role in the metabolism of iron
and the synthesis of haemoglobin.>®® Deficiency causes haematological and neurological disorders while
excessive intake causes toxicological effects including asthma, vasodilation, dermatitis and cardiomyopathy
in human and animals.%2%? Nickel (Ni?*), another divalent essential trace nutrient related to the metabolism,
biosynthesis and respiration of organism.%® Metalloenzyme, Urease contains nickel ion at its active site and
plays an effective role for domestic animals and plants. Overdose of Ni?* consumption responsible for various
pathological effects such as dermatitis, pneumonitis, disorders of CNS. International Agency for Research on
Cancer (IARC, 1990) classified Ni(1l)-compounds as group 1 carcinogenic substances.®*® Copper (Cu?"),
available in two oxidation states (Cu* and Cu?*), is the third most available essential nutrient in human bodly.

Cu* is predominantly found in anaerobic environments which is readily oxidized to Cu?" accounting for its
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divalent existence, Cu?* plays diverse significant roles as an active centres and catalytic co-factors for
metalloenzymes likes superoxide dismutase, cytochrome oxidase and tyrosinase for several biochemical and
energy transport processes. Insufficiency of copper in the system can cause bone, arterial, and anaemia
abnormalities while surplus amounts induce toxicity due to initiation of uncontrollable Reactive Oxygen
Species (ROS) which give rise to neurodegenerative disease like Wilson's Alzheimer's and Parkinson's disease,
Meknes syndrome and adversely affects lungs and Kidney. In addition, Copper is also an essential
micronutrient for plants cellular process which on excessive causes chlorosis.®®"? Zinc (Zn?*) found in its
divalent form ranks as the second most essential micronutrient in biological system. Zn?*, mother of
metalloenzyme, constitutes more than 300 proteins and are present at the active site of enzymes like carbonic
anhydrase and carboxypeptidase and proteins acts as a structural and catalytic co-factor for vital process like
regulation of enzymes, gene expression, cellular metabolism, apoptosis, neural signal transmission, DNA
binding. Lack of Zinc contributes to metabolic disorder such as retarded and impaired growth, gastrointestinal,
weaker immune response, diarrhoea, dermatitis, hypotension, and hypothermia while the overload of Zinc in
body is detrimental to vital organs and are responsible for Parkinson's and Alzheimer's disease.”>"®
Molybdenum can exist in five oxidation states (11-V1) and actively participates and regulates the enzymatic
redox reactions and protein synthesis in living organisms. Excess accumulation of Mo from industrial activities

results in contaminations which has detrimental influences on the environment.””:’8
1.2.2 Anions

Anions are biologically relevant for its versatile role in cellular process such as to balance pressure, energy
transport and act as template for capturing cations. Anions listed are essential CO3%", NOs", NO2", Phosphates
(POs*, HPO4> , HoPO4, P2O7%), CI, Br, I, CN°, SCN, OCI-, SOs%, SO4%, S,03% appear and functions

accordingly in different stages of metabolic process.

Cyanide (CN) till date has been recognized by WHO and Environmental Protection Agency (EPA) as the
potent toxic anion for all form of life depending on its exposure, absorption and distributions. Cyanide can
bind with Fe of Cytochrome C-oxidase which may interferes with the cellular respiration which can cause

7



Chapter | Introduction

hypoxia. Presence of CN™ in living system inhibits normal function of lungs and brain which can turned out to
be fatal. Despite its toxicity, the scaled-up utilization of CN™ in gold mining, synthetic and plastics
manufacturing resulting in increased exposure to the environment.”®# Sulfide (S*) generated as a by-product
of drug synthesis and industrial production are potentially threat to the environment and human health when
present in excess and can cause diseases like diabetes, high blood pressure, liver cirrhosis.2*8® Thiocyanate
(SCN"), widely used in electroplating, pesticide manufacturing printing and textile dyeing . On irradiation or
chlorination SCN™ can gets chemically converted to CN~and CNCI which are classified as toxic agents.
Surplus concentration of SCN™ in the body than the permitted level affects the protein dialysis and resulting
in coma.®”#8 Sulfite (SO3%) commonly used as preservatives for food storage known for its antimicrobial and
antioxidizing agent property. On excess accumulation of diet enriched with sulfiting agent has considerable
side effects and leads to respiratory related allergy, reduction in thiamine in stomach.8%2 Sulfate and Bisulfate
(SO4%/HSOy) are essential macronutrient participates in series of cellular process including detoxification and
biosynthesis through sulfation of compound required for the development of cell organism. However at higher
pH it exhibits toxicity with symptoms like eye and skin irritation, respiratory paralysis etc.%*-% Thiosulfate
(S203 ?") exceptionally hazardous dispersed in the blood and urine are used as a reliable parameter for detection
of sulfur poisoning.®*® Phospate (PO4>, H2PO4", HPO4?, P,07*) anions are of biological importance owing
to essential functions in energy transduction, gene regulation, muscle contraction, signal processing and
information storage, They are well-known ground and surface water contaminants and excess discharge in the
water generates algal blooming and eutrophication responsible for depletion of dissolved oxygen in
water.%-1% Chloride (CI) is ubiquitous class of halides with extensive utilization in fertilizers and food
additives; it assists the tracing of pollutant movements within a natural water body, monitoring of landfills for
leaks and detection of salt water interruption into drinkable ground or surface waters.'%%” Hypochlorite (OCI-
) anion is a well-known bleaching material/disinfectant generates reactive oxygen species (ROS) in cells and
possesses exceptional antibacterial properties. But, OCI™ at higher concentration results in oxidative stress
which leads to neuron degeneracy, atherosclerosis, arthritis, and cancers.%®11? Fluoride ions are biologically

relevant for their role in dental care and the treatment of osteoporosis, Overload of fluoride deposition in the
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human body results in Fluorapatite in the bones and teeth which causes dental fluorosis, osteoporosis and
skeletal fluorosis.!*** Bromide ions are commonly available in aquatic environment and biological fluids.
On increased exposure, it has serious side effects on health problems including skin and tissue damage,
respiratory dysfunction, and cancer induction.!*® lodine is an essential micronutrient predominantly exist in
the bioavailable form as iodide in body regulates vital biological processes like growth hormone, thyroid
functioning and neurological activity. lodine is widely utilized in diverse fields like manufacturing of dyes,
synthesis of chemicals, medicine, bio-labelling and foods. However, excessive utilization results in
environmental pollution and physiological problems.*'¢118 Nitrite ion is a well-known preservative in meat
and fish products and involved in nitrogen fixation, denitrification which influences the quality of natural and
underground water. However, controlled monitoring of nitrite level is relevant as it undergoes chain reactions
generating carcinogenic nitrosamines.'*12° Nitrate used in fertilizer gets accumulated in water surface causes
eutrophication disrupts the aquatic stable ecosystem. Increased nitrate level generates carcinogenic
nitrosamines and can cause methemoglobinemia (blue-baby syndrome) in infants.!?"123 Carbonate are
extensively used as an additive electrolyte in Li-ion batteries for hybrid electric vehicle. Further, carbonate
has vital application in agricultural planting, hydrology, geology and fire retardant. In large doses, carbonate
ion turn out to be toxic to human health which leaves a strong caustic effect gastro-intestinal tract causes severe
abdominal pain, vomiting, and even fatal sometimes.!?412® For the healthy living, different internationally
accreditation organizations like World Health Organization (WHQO), United States Environmental Protection
Agency (USEPA), Central Pollution Control Board (CPCB) in India, Indian Council of Medical Research
(ICMR) and Indian Standard Institution (I1SI) defined the safe limits or maximum contaminant levels of ions

in drinking water (Table 1.1)*?’

Table 1.1: Acceptable limits in drinking water (in the unit of mg/liter)

Parameters WHO ICMR ISI USEPA CPCB
Iron 0.1 1.0 0.3 - 1.0
Copper 1.0 15 0.05 1.3 15
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Magnesium 50 - 30 - 100
Sodium 200 1100-3300 - 20 -
mg/day
potassium - 1100-3750 - - -
mg/day
Calcium 75 200 75 - 200
Cadmium 0.005 0.01 0.01 0.005 | No relaxation
Lead 0.05 0.05 0.10 - No relaxation
Mercury 0.001 0.001 0.001 0.002 | No relaxation
Arsenic 0.01 0.01 0.01 0.01 No relaxation
Zinc 5.0 0.10 5.0 - 15.0
Chromium - - 0.05 0.1 No relaxation
Selenium 0.01 - - 0.05 No relaxation
Nitrate - 100 45 - 100
Sulfate - 400 150 - 400
Fluoride 1.5 15 0.6-1.2 4.0 15

1.2.3. Amino Acids: Cysteine

Cysteine, the thiol containing amino acids amongst all biothiols (Cysteine, Homocysteine, Glutathione) having

molecular formula HOOC-CH(NH2)-CH2-SH exists as zwitterion, are chemically labile and has physiological

and biological importance. The structure of Cysteine exhibits L chirality and plays pivotal role in cellular

functions. The thiol group of the Cysteine (30—200 uM) provides as sulphide source for proteins synthesis and

maintaining its highly ordered structure, detoxification and metabolism.'?813! Cysteine itself a strong

antioxidant has the potential to trap ROS. Cysteine accelerates the mechanism for the pheomelanin production

and simultaneously inhibits eumelanin formation that produces dark colours thereby functions as a skin-
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whitening agent.**> Unbalanced Concentrations of intracellular cysteine are often responsible for physiological
problems like retarded growth, haematopoiesis decrease, hair depigmentation, liver damage, skin lesions and

weakness. 133135

1.2.4. TFA Acid Vapour

The intracellular and extracellular pH of a system is regulated through different physiological processes.
Inflammation and tumour growth are often associated with low or acidic pH. Therefore, use of pH sensor at
intricate level is applicable in early diagnosis or treatment.**1* Trifluoroacetic acid (TFA) is synthetically
produced from the resulting hydrochlorofluorocarbons (HCFC) used as refrigerants and as breakdown by-
products from the chemicals used for pharmaceuticals, pesticides, and polymers. TFA generated on
degradation of HCFC may have long-term impact environmental health which can be a potentially threat to

range of organisms.13%-141
1.3 Preference towards Optical Sensing over other analytical techniques

Common Technigue such as Gravimetry, Electrochemical and Spectrophotometric method are generally used
for quantitative detection of analytes at ultra-trace concentration. Classical Techniques involving inductively
coupled plasma-atomic emission spectrometry (ICP-AES),*>4  voltammetry,'** atomic absorption
spectroscopy (AAS),*S inductively coupled plasma mass spectrometry (ICPMS),*® flame atomic absorption
spectroscopy (FAAS),** thin chitosan films*®14° and functionalized metal nanoparticles'®*>! involves an
expensive, labour-intensive and complex technique for estimation. On the other hand, Spectrophotometric
approach based on optical chemosensor involving UV-Visible and Fluorescence technique have emerged as
the most convenient method for recognition and determination of physiologically and environmentally
important analyte respectively for low detection limit and intracellular imaging of analyte for biological
applications. Addressing the potential hurdles in other techniques, Fluorescence and Absorption Methods of
the optical sensing strategy are gaining importance due to cost-effectiveness, feasible synthetic route,
operational simplicity, rapid responsive, substantial selectivity and sensitivity, appreciable detection limit and

easy analysis.
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1.3.1 Chemosensor

A sensor is a device which measures a physical quantity and converts it into a useful detectable form as
“signal” that can be read by an observer or by an analytical instrument. By Cambridge Definition Chemical
sensor is elucidated “a portable miniaturized analytical device, which can deliver real-time and on-line
information in presence of specific compounds or ions in complex samples”.*>? For fabrication of chemosensor,
it must compromise three units : (a) a receptor consisting of two subunits attached by spacer and the ensemble
known as the binding unit for recognition and interactions with the specific analyte prior to its selectivity and
sensitivity, (b) signalling unit represents the measurable physical signal which arise when receptor recognize
the analyte and (c) instruments and techniques to determine this useful signal and converting it into valued
information. (Fig.1.1) The change in the absorbance or fluorescence behaviour dictates its nature of response
towards analytes. Chromogenic receptor responses through colorimetric change in presence of analyte that can
be detected by UV-Visible absorption method whereas fluorogenic receptor responds through a modification
in the fluorescence property of the molecule on interaction with the analyte that can be recognized through

Fluorometric spectrophotometer.

-,  e—=gi®

Spacer Analyte

Signaling unit Binding unit Fluorescence Signal

Fig. 1.1 Schematic representation of Chemosensor demonstrating binding of an analyte (guest) through host-
guest interaction.

1.3.2. Different Fluorescence Sensing Mechanism

In a fluorescent molecule, the absorption of light at a given wavelength effects the radiative emission from
excited state. For Fluorescent sensor, two types of signalling corresponding to “Turn On” and “Turn Off”
response are observed. For “Turn On” sensing, fluorescence enhancement, ratiometric enhancement and
wavelength shift are the phenomena commonly associated while for the “Turn Off” sensing decrement in the

emission intensity or quenching only takes place which may sometimes associate with wavelength shift.
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1.3.2.1 Photoinduced Electron Transfer (PET)

Structural aspects of PET active probe consist of fluorophore-spacer-receptor unit. PET exhibits charge
transfer from lone pair of electrons resides in HOMO of N, O, S and P donor centers to the LUMO of acceptor.
In free or unbound state of the probe, an intramolecular electronic excitation occurs from HOMO of the free
receptor to LUMO of the fluorophore, that causes a non-radiative transition and no fluorescence is observed.
However, in the bounded state of the receptor electron pair interacts with analyte, which reasons lowering of
energy of the HOMO corresponds to the receptor than that from the fluorophore inhibiting the PET process
and causing a “Turn On” fluorescence enhancement phenomena (Fig.1.2). Solvent polarity largely influences

PET process as with increased solvent polarity facilities favorable electron transfer.*>
PET

PET ho <

VAN
-~
€ — @

Spacer Analyte

Fluorophore Receptor Fluorescence Signal

LUMO —l— LUMO \

E N
_W HOMO
HOMO +

Fluorophore Free receptor

HOMO +
_l+ HOMO

Fluorophore Bound
receptor

Fig. 1.2. Schematic representation of PET mechansim.
1.3.2.2 Excited-State Intramolecular Proton Transfer (ESIPT):
Fundamental concept of ESIPT was first introduced by Weller in 1950. The mechanism is based on the
relaxation of photoexcited molecules through tautomerization by transfer of protons. ESIPT occurs in the
molecules capable of forming a five/six membered ring transition state during tautomerization and is based on
the large Stokes’ shift (Fig.1.3). This represents an exclusive four-state photochemical process where the

ground state represents typically the enol (E) form which on photo excitation undergoes tautomerization to
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keto (*E*—!K*) form via intramolecular hydrogen-bonding through five/six membered cyclic transition state.
Then, it reverts into its ground state where the reverse protons transfer (RPT) occurs to generate the initial enol
form. Such process occurs at ultrafast rate usually in the femtosecond to picosecond time scale (10 °~10712
s). Both the radiative decay and the non-radiative ESIPT follows similar path from excited keto (K*) form into
the ground state keto (K) form. However, ESIPT is comparatively faster than that of the radiative decay. ESIPT
chromophores mainly show fluorescence due to the keto tautomer (K) with a few exceptions and are
substantially sensitive to its surroundings. Presence of polar and hydrogen-bonding donating solvents induces

an inhibition of the ESIPT mechanism.?®*

AN 'E*  ESIPT
| Ty 'K
I..}.) 'a}_'\-
3K*‘-’d \\
— LY
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;
- " Kz
R ___(""'"—-‘ KE

Fig. 1.3. Schematic Representation of ESIPT pathway.

1.3.2.3 Intra and Intermolecular Charge Transfer (ICT)

A mechanism by which molecules in excited state undergoes energy relaxation through charge transfer process
which may be intermolecular or intramolecular Intermolecular occurs when an excited molecule and a
neighbouring molecule, serves as an acceptor and donor while intramolecular forms when the charge
redistribution takes place in the excited state within the same molecule having both donor acceptor component
producing a large dipole moment. In an ICT system, a fluorophore is in direct interaction with a receptor;
compromises of electron rich and electron deficient units resembling a ‘push—pull” mechanism. (Fig.1.4). The

fluorescence output during the recognition processes of interaction between the receptor unit and the analyte
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dictates the change in electron density in the fluorophore. ICT causes substantial shifts in absorption and

fluorescence emission of the probe on analyte binding and may exhibits ratiometric fluorescence shifts.'>®
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Fig. 1.4. Schematic Representation of ICT phenomena.

1.3.2.4. Fluorescence Resonance Energy Transfer (FRET)

FRET is a distance-dependent phenomena where the energy transfer takes place from an excited fluorophore
as donor to an acceptor as the other fluorophore through intermolecular long-range dipole—dipole coupling.
Degree of FRET proficiency depends on overlapping of emission and absorption spectra of donor and acceptor
species; proximity between the two specifically lies within Forster radius (3-6 nm), dipole-dipole interaction.
(Fig. 1.5) In FRET, transfer of energy occurs from the excited donor fluorophore to the acceptor fluorophore
having longer-wavelength (D* + A—D + A*), and acceptor emits light with the resulting loss of emission
from donor. Efficiency of FRET is guided by the inverse relation with sixth power of intermolecular distance
(Errer = U/[1 + (r/Ro)®] ; Rois the Forster radius and it’s the distance where E exhibits at its 50% of its

maximum intensity.) for analytes that produces changes in molecular proximity with the receptor.t°6.1%7
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Fig. 1.5. Schematic Representation of FRET Mechanism.

1.3.2.5. Chelation Enhanced Fluorescence and Chelation Enhanced Quenching (CHEF & CHEQ):

When a fluorogenic molecule coordinates with metal ion, a change in the fluorescence signal is reflected either
to enhance or get quenched. Depending on the fluorescence emission behaviour on binding to the analyte, it’s
been designated as CHEF for increasing the emission intensity and CHEQ for reducing the emission intensity.
(Fig. 1.6) A red or blue shift in the emission band could be observed due to CHEF and CHEQ. In case of
CHEF, on chelation the rigidity of the resulting complexes enhances the radiative process. In CHEQ), the spin-
forbidden intersystem crossing (ISC) become faster in presence of paramagnetic centers (radical or transition
metal ions) in close proximity to the fluorogenic species. On excitation, it may undergo ISC from Sy to T; state

of the fluorophore and subsequently deactivated through the non-radiative pathway.®

ool
Analyte

Fluorescence Enhancement
(CHEF)
Spacer
Fluorophore Receptor
Weak fluorescence .YMM‘

Fluorescence Quenching
(CHEQ)

Fig. 1.6. Schematic Diagram of CHEF and CHEQ process.
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Further quenching process (Fig. 1.7) invariably governs the lifetime profile of the probe and further classified
into two types (i) Static and (ii) Dynamic.

(1) Static Quenching: In presence of large excess (Q>>A) of quencher (Q) a stable ground state complex with
the analyte (A) may immediately be formed (A+Q — AQ) and the resulting component may be non-fluorescent
then emission is statically quenched. Static quenching will not alter or lessen the lifetime of the sample as tit
form the non-fluorescent ground state complex with the quencher. So, they will have normal excited state
properties. Since the quencher is basically diminishing the quantity of fluorophores that emits, the emission
from the sample is decreased.

(i) Dynamic Quenching: At Q>A collisional quenching occurs; excited-state of the fluorophore, A*, gets
deactivated on contact with Q, [A*Q]. Heavy atoms have large number of L-S coupled states, quenching occurs
due to spin-orbit coupling and inter-system crossing to the triplet state. Collisional quenching also diminishes

the lifetime of the fluorophore.

W—C 2 W—c

Fluorescence Signal Fluorescence Quenching

Fig. 1.7. Schematic Diagram of Quenching Response.

1.4. Electrical Conductivity

Electrical conductivity is a property of a material to accommodate electrical charge under certain physical
conditions like - temperature, pressure, applied current, etc. Ohm‘s law states that conductivity can quantitively
measure the value of resistance by passing the current and measuring the potential value as R = V/I where V
is voltage and I is current. Additionally, resistance is dependent on geometrical parameters and the magnitude
can be expressed as resistivity p = R x (A/l), [A depicts cross-sectional area of conducting material (A
represents product of a and d) and | denotes the distance between points where voltage is applied. However,
resistivity is inversely proportional to the conductivity ¢ =1/p, where it is estimated in International System

unit (SI), QT m?t=Sm™*(Q?!=S=Siemens)

17



Chapter 1 Introduction

1.4.1. Schottky Diode

An electronic device which permits current flow in one direction in a two-terminal system called diode that
opposes the current with a high resistance in the reverse direction. A Schottky diode, a semiconductor device,
is also recognized as a hot carrier diode. It has a low forward voltage drop which offers improved efficiency
and superior switching speed. A semiconductor in contact with a metal has created a Schottky diode which is
the Schottky barrier. The n-type semiconductor in Schottky diode acts as the cathode and the metal portion

acts as the anode of the diode.

1.4.2. Schottky Barrier

The rectifying property of a MS (metal-semiconductor) contact depends on the presence of an electrostatic
barrier between the semiconductor and the metal. This barrier emerges due to the dissimilarity in work
functions of the metal and semiconductor. For n type Schottky diodes, work function of the metal (¢m)
surpasses work function of the semiconductor (¢s) and electron transfer occurs from semiconductor to metal
to maintain equilibrium with Fermi levels and creates a depletion region behind the semiconductor along with
the upward bending of the band in the semiconductor. The charge transfer continues till thermal equilibrium

is achieved. This is known as a Schottky barrier. We can write the diffusion potential Vo as

Vao=0m- ds I 1)

Upward bending is observed when V4o (Eq.I.1) is positive (¢pm>¢s), for n-type semiconductor, the electrons
must overcome this barrier in order to get transferred from the semiconductor to the metal regions (Fig. 1.8(a));
this indicates its rectifying properties. In Fig. 1.8(b) the bending causes no obstruction to the holes motion for
a p-type semiconductor and rectification does not take place by giving an 'ohmic' contact. Downward bending
is observed when ¢m<¢s. For n-type semiconductor, an ohmic contact is generated as shown in Fig. 1.8(c)

whereas for a p-type, a rectifying contact is formed (Fig. 1.8(d)).
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Fig. 1.8. Types of Schottky barriers for semiconductors and their work function.
Advantages of Schottky Diode

Advantages of Schottky Diode are (i) Low turn on voltage in between 0.2 and 0.45 volts, (ii) Fast recovery

time and (iii) Low junction capacitance.
Applications

A Schottky diode more correctly Schottky barrier diode (SBD)is widely used in different mixer, in radio
frequency applications, as a rectifier in power applications, in power OR Circuits. Major field of applications

is Solar Cell devices, Clamp diodes etc.
1.4.3. Charge transport parameter

Mobility: The rate of charge carrier transference through a metal or semiconductor is indicated by the carrier
mobility. Semiconductor mobility is dependent on factors such as concentration (donor, acceptor, electron,

hole, defect concentrations are included), the electric field and temperature.

Carrier Transit time: The time required by a carrier to travel in between cathode and anode. It covers the total

time spent as a free carrier and a trapped carrier.
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Diffusion Length: Current across a MS junction depends on the carriers. Diffusion of the carriers generating

from semiconductor into the metal, is an important mechanism among the existing mechanism.
1.4.4. Diode Parameters

For an efficient SBD the parameters are Ideality Factor (n) obtained from | (current) vs. dV/dInl plot in low
voltage region; Series Resistance (Rs), Schottky barrier height (SBH) (®g) at MS junction of a metal/n-type

semiconductor.
1.5. Extension of the scope of the work to Fluorogenic Responsive Schiff bases

Literature review (above discussion) reveals on two aspects of Schiff bases with application in sensing of ions
(cations and anions) and small molecules to the use of the materials for sustainable energy conservation policy.
Schiff base scaffold with chromophore receptor such as Triphenylamine, Coumarinyl, Naphthyl, Pyrazolyl

and benzimidazolyl are specially mentioned to the research reported in this Thesis.
1.5.1. Triphenylamine appended probe

Triphenylamine is one of the most frequently used functional units in opto- and electro-active materials It is
recognized as sensitive platform for detection of bio-relevant ions ascribing to their fluorogenic influences on
sensing applications (Table 1.2). In 2013, Malkondu et al. reported Schiff receptor based on triphenylamine—
aminophenol conjugate (T-1) that displays ratiometric fluorescence changes towards Zn?* and Cd?* giving red
and yellow emissions, respectively in CH3CN medium with detection limit of (3.43 + 0.21) x 10°® M for Cd?*
and (3.16 +0.18) x 10°® M for Zn?**° Qu et. al. in 2017 presented probe as composite of triphenylamine-
diaminobutane (T-2) which shows reversible acid-base fluorescence behaviour and the highly emissive
aqueous solution get selectively quenched in presence of Fe** and a detection limit to 0.511 uM. Chelation
with Fe®* facilates intramolecular charge transfer (ICT) and attributes to quenching.’®® In 2019 Erdimir,
reported triphenyamine-rhodamide derivatives (T-3) which serves as dual channel sensor via “FRET on” for
Hg?* and via “PET-off” AI** at two different emissive wavelength in MeCN/H20 (9/1, v/v) medium with a

limit of detection 71.8 nM for AI** and 0.46 uM for Hg?*.1®! Kaya et. al. reported in 2020 another Schiff base
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designed on triphenylamine-thiophene entities (T-4) for sensitive detection of Cr®* analysed by enhancement
of the fluorescence emission through coordination resulting in color change into saxon blue in THF/deionized
H20 (1:1, v/v) and a LOD of 1.5 x 10" (M) emphasize its sensitivity at micromolar concentration.'®2 In 2020
Hung’s group synthesized molecule on triphenylamine-salicyldehyde framework (T-5) that exhibits
Aggregation Induced Emission (AIE) and displays maximum emission at DMF/H.O (50/50, v/v) and shows
specific sensitivity towards hydrazine over other analytes due to blocking of AIE process and chemical

transformation from CH=N into —CH>-NH- group after hydrazine addition. The detection yield found to have

lower LOD of 55.1 nM.*%2 In 2020, Xing and his group reported a triphenylamine-carbazole condensed probe
(T-6) which shows colorimetric and fluorescence sensor towards AI** with calculated detection limit of 6.7 x
107" mol/L in EtOH solvent. Transformation of the light-yellow colour to orange and enhanced emission are
due to hydrolysis of the probe in presence of AI** along with the formation of new complex with the carbazole
amide framework.'®* Wang and his group in 2021 developed a receptor (T-7) based on triphenylamine-
naphthyl substituent that turn out selective fluorescent sensor in presence of Zn?* in DMF:H20 solvent with
an estimated LOD of 19.34 nM. Chelation Enhanced Fluorescence (CHEF) is the mechanism for its “turn on”
response.'®® Xu et.al. in 2021 designed a triphenylamine-benzothiazole fluorophore for efficient sensing of
CN (T-8). The probe undergoes a colorimetric change from red to colourless on addition of CN" in DMSO-
Tri Buffer and exhibits a bright luminescence. The C=N of the indole salt undergoes nucleophilic addition by
CN-" which block the ICT effect of the probe and accounts for its enhanced emission. The LOD for CN™ was
found 2.62 x 10 M.1%¢ Mishra and his group in 2022 synthesized a AlEgenic probe in 90:10 water/DMF
mixture (T-9) that simultaneously detects Cu?* and Fe®* through quenching response with detection limit of
0.4 and 0.2 ppb for Fe3*and Cu?*.'®" In 2022, Rajesh and Kumar reported another fluorophore on
Triphenylamine-sulfonyltoluene framework (T-10) which shows selective colorimetric quencher towards Cu?*

in CH3CN:H.0 (7:3, v/v) solvent and LOD value of 1.25 x 108 M.168
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Table 1.2: Selective Reported Probes on Triethylamine Schiff base Probe:

Probe T-1 T-2
E Q"@_\\ N Q
N YA v\ ;
ava & o
CH
HO
LOD 3.43+£0.21 x 107 M (Cd?") 0.511 uM (Fe®)
3.16 £ 0.18 x 1075 M (Zn?)
Solvent CHsCN Aqueous Solution
Probe T-3
HO @
(LD
'AN O 0 O N
J N
LOD 71.8 nM (AFY) 1.5x10° (M) (Cr3)
0.46 pM (Hg2*)

Solvent CH3CN /H20 (9:1, v/v) THF/ H20 (1/1, vIv)
Probe T-5 T-6

QOH @ @

Q50 | G
& 3
HOr

LOD 55.1 Nm (N2Ha) 6.7 x 107" mol/L (AI®)
Solvent DMF/H20 (50/50, v/v) EtOH
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Probe T-7 T-8

® <

@,N _ "N+\r
5 -,
@:ri)_@_ @

LOD 19.34 nM (Zn?*) 2.62 x 10 M (CN)
Solvent DMF: H20 DMSO-Tri Buffer
Probe T-9 T-10

Q
d-@—\;z\/“\\_@_

o
AL
y
:

LOD 0.4 ppb (Fe®" 1.25 x 10 M (Cu?*)
0.2 ppb (Cu®)
Solvent 90:10 water/DMF CH3CN:H20 (7:3, v/v)

1.5.2. Coumarin appended Probe

Coumarin-scaffold is a fluorogenic system to serve as fluorescent chemosensor or chemodosimeter and the
substituents influence the emissivity. They participate in the photoinduced electron transfer (PET) process,
isomerization etc. and follow non-radiative mechanistic pathway. On interactions with analytes, these
quenching effects are inhibited resulting in intense emission. Coumarin, classified as benzopyrone-containing
phytochemical, has emerged as an interesting organic fluorophore for detection and estimation of trace levels
of environmentally and biologically relevant ions as well as pathological markers (Table 1.3). Khatua et. al.
in 2017 developed a coumarin-salicyldehyde derivative (C-1) which shows sensitive sensor towards Al
through inhibition of C=N isomerization and chelation (CHEF) in a mixed HEPES buffer: methanol (1:9; v/v)
phase and detects at a limiting value of 1.34 uM.*®° Kong et. al. in 2017 reported coumarin-naphthol conjugate

(C-2) in 2017 that severs as fluorescent receptor for Cu?* in HEPES buffer (1% DMSO) media via metal
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assisted imine hydrolysis mechanism with a LOD value of 12.7 nM.10 In 2018, Seferoglu et.al synthesized
molecule based on coumarin-thiophene hybrid (C-3) which shows remarkable colorimetric and fluorescence
recognition for CN- in DMSO/water (6/4, v/v) solvent through deprotonation and ICT mechanism. The
detection limit experimentally evaluated to be 1.69 uM.}"* Zhu et.al. synthesizes tripodal molecule on
coumarin-triamine scaffold (C-4) in 2019 which senses Cd?* specifically with fluorescence enhancement in
CHsCN-HEPES solution (90:10, v/v) with the limit of detection for Cd?* at 1.16 x 10" M.1"2 Xu et. al. in 2019
reported a reversible probe for Ca?* and F~ (C-5) sensor based on coumarin-mandelohydrazide framework.
The emission of the probe gets amplified in presence of Ca?* ascribing to the ICT effect in DMF/HEPES buffer
(1:1) while the resultant species gets selectively quenched by F. The LOD experimentally calculated as
5.81 x 107" M for Ca?* and 4.28 x 10" M for F~ respectively.!® Sinha et. al. developed a AIE active coumarin-
picolylhydrazide derivative (C-6) that detects AI** with cyan blue emission on account of withdrawal of ESIPT
and introduction of CHEF. The emissive AI** complex goes sequential quenching in presence of
nitroexplosives like DNP and TNP in pure water. The corresponding LOD value obtained are 6.99 nM (AI**),
9.97 x 107(TNP) and 1.67 x 10°° M (DNP).1"* Zhao et. al. in 2020 group fabricated AIE active coumarin-
tetraphenylethene probe that (C-7) behaves as Cu?* selective receptor through “turn off” mechanism of the
emissive core in THF/H20 (10:90, v/v) and a limit of detection of 0.36 pM is reported.}”® Zhag’s group
synthesized a fluorescent coumarin-diethylaminosalicylaldehyde probe in 2021 (C-8) offers selective and
discriminative emissions of dual recognition of toxic heavy metal ions of Hg?* and Pb?* in aqueous Hepes
buffer solution through inhibition of PET and ESIPT pathway and detection limit calculated as 8.3 nM (Hg?*)
and 10.5 nM (Pb?").1"® In 2021, Chaudhury et. al. presented molecule fluorogenic receptor coumarin-
dimethyethylene diamine (C-9) towards Zn?* through inhibition of PET in ethanol solvent and a LOD value
of 0.272 nM.Y"" Elmas et. al. reported a coumarin-furan scaffold (C-10) that serves a discriminative dual
channel emissive sensor of AI** and CIO" in different solvents. The probe detects AI®* in ethanolic medium

with LOD value of 14.2 nM while for CIO™ the LOD reports to 0.238 uM in DMSO solvent.1’
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Table 1.3: Selective Reported Probes on Coumarin Schiff base Probe:

Probe C-1 C-2
HO.
o C)
S Jooans
S 0”0  HO
0”0 P
LOD 1.34 uM (APFY) 12.7 nM (Cu?)
Solvent HEPES buffer: methanol (1:9; v/v) HEPES buffer (1% DMSO)
Probe C-3 C-4
S - HO 07 ™o
Tan s )
et A oS
Ay o O PV
/N
) OH b /
LOD 1.69 uM (CN") 1.16 x 107 (M) (Cd*")
Solvent DMSO/water (6/4, viv) CHsCN-HEPES (90:10, v/v)
Probe C-5 C-6
~ ~
> I o]
HO 0" ™SO N
HN. /P ~ OH
(0]
OH o
LOD 5.81 x107" M (Ca?*) 6.99 nM (AF*)
428 x107" M (F) 9.97 x 107 (TNP)
1.67 x 107 M (DNP)
Solvent DMF/HEPES buffer (1:1) H20
Probe C-7 C-8
o £
HO, P
N Dy N0 N’QNA
O o/ " -
o)
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LOD 0.36 uM (Cu?*) 8.3 nM (Hg?)
10.5 nM (Pb?*)
Solvent THF/H20 (10/90, v/iv) Aqueous Hepes buffer
Probe C-9 C-10
N N="
N\ R
N o @:f‘l\”z” <
H
LOD 0.272 nM (Zn?*) 14.2 nM (ARY)
0.238 uM (CIO)
Solvent Ethanol DMSO

1.5.3. Pyrazol appended Probe

Pyrazol Schiff Base probes are known for their interesting photophysical and sensing. Behaviour. A few
reports on pyrazol derivatives are discussed here (Table 1.4). In 2016, Guchhait and Bhattacharya's group
synthesized pyrazol-naphthyl hybrid receptor (P-1) gives discriminative and selective emission in presence of
Mg?* and Zn?*in 7 : 3 (v/v) MeCN-water medium. Enhancement of emission can be attributed to the blocking
of PET followed by activation of CHEF. The fabricated probe shows a low sensing limit towards Mg?* (3.9 x
107" M) & Zn?* (2.2 x 1077 M).17® Yang et. al. in 2017 reveals pyrazol-diamine conjugate (P-2) displayed AI®*
recognition through CHEF mechanism which imparts rigid stable conformation on coordination with AI** in
DMF solution with a detection limit of up to 1 nM.* Prasad’s group demonstrated in 2018 pyrazol-
anisaldehyde ligand (P-3) that presented a colorimetric sensor for Cu?* ion in water/DMSO (9 : 1, v/v) and a
detection limit was found to be 1.6 pM.*8! Pu et. al. in 2018 fabricated pyrazol-diarylethene probe (P-4) that
mediates different absorption and fluorescence behaviours towards AIP* and Zn?* in methanol. The LOD are
2.7 x 107" mol Lt (AI**) and 4.0 x 108 mol L™ (Zn?").182 In 2019, Xu and his group have developed pyridine
substituted pyrazolhydrazide-diethylaminosalicyldehyde probe (P-5) which has shown reversible

chemosensor towards AlI** and F~ in HEPES buffer. The enhancement in emission resulted on interaction with
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A" coupled with AIEE effect. Conversely the emission gets quenched in presence of F~ and the LOD
calculated for A" and F~ are 0.062 uM and 0.326 puM respectively.'® In 2020, Ayyanar et. al. reported
pyrazole-benzimidazole molecule which shows notable ratiometric sensing (P-6) for Fe** and AI** in CHsCN-
H20 (7:3, v/v) solution with a LOD value detected is 2.12 x 107" M(AIP*) and 5.77 x 10°° M (Fe®*).1®* Mishra
et. al. in 2021 (P-7) reported a pyrazole hydrazide-pyridine derivative as AI** sensor that caused increased
emission accompanied by change into greenish color. The combined effect of inhibition of PET, restricted
rotation and CHEF are the reason behind high fluorescence response in MeOH-H>O (9:1,v/v).
Submicromolar detection level is exhibited by the probe (LOD = 4.78 uM) for A1**.18 Mondal et. al. in 2021
synthesized another receptor based on pyrazol-dihydroxysalicyldehyde (P-8) scaffold that triggers a turn-on
chelation-enhanced AI**-responsive fluorescence in DMSO-water (1 : 1) solution and calculated detection
limit of 0.216 uM.'8 The emissive complex further utilized for picric acid sensing at a LOD value of 1.2257
x 10~* (M). Kumar’s group developed a synthesized pyrazol-pyran probe (P-9) that serves as a turn-on
colorimetric sensor for arginine in DMSO-PBS (8 : 2 v/v) and a LOD value of 1.8 x 10° M.'®" Ren in 2022
developed a pyrazole-picolyl hydrazide derivative (P-10) for significant increase in emission intensity
selective to Cu?* ascribing due to the Intramolecular Charge Transfer (ICT) effect in DMF/H20 (v/v, 1:2)

solution The detection limit estimated for the Cu?* detection is 1.6 x 1078 mol-L 1188

Table 1.4: Selective Reported Probes on Pyrazol Schiff Base Probe:

Probe P-1 P-2
0 /-3
N~
N = =N N SN
e n-~°\ -0~ ~r
LOD 2.2x 107" M (Zn?) 1 nM (AI®Y)
3.9x 107" M (Mg?)
Solvent 7 : 3 (viv) MeCN-water DMF solution
Probe P-3 P-4
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N
~ N ~
iR
LOD 1.6 pM (Cu?*) 2.7 x 107" mol L™* (AF)
4.0 x 1078 mol L™* (Zn?*)
Solvent water/DMSO (9 : 1, viv) Methanol
Probe P-5 P-6
==NH
M~
NG N
L~
N N N= HN
| Omd
> &
LOD 0.062 pM (AI*Y) 2.12 x 107" M (A
0.326 pM (F) 5.77 x 107% M (Fe®*)
Solvent HEPES Buffer ACN-H20 (7:3, vIv)
Probe P-7 P-8
o N= Q. NZ
NH NH
K HO =N = HO
N OH \ » N OH
I SN
-z
LOD 4.78 uM (A3 0.216 pM (AP*)
1.2257 x 107 (M) (TNP)
Solvent MeOH-H20 (9 : 1 viv). DMSO-water (1:1)
Probe P-9 P-10
0
0 = A
N/N / )N H ‘ 7,
'/ ) N
O~ =N )ﬁ;FO
NH
(o)
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LOD 1.8 x 10° M (Argenine) 1.6 x 108 mol L (Cu?*)
Solvent DMSO-PBS (8 : 2 v/v) DMF/H20 (V/V = 1:2)

1.5.4. Benzimidazole appended Probe

Benzimdazole substituted ligand possesses unique fluorescence properties that caters as promising materials
for chemosensor. Till date, considerable efforts are devoted to the synthesis of benzimidazole designed probe.
(Table 1.5). Chellappa in 2015 synthesized azobenzimidazole-salicyldehyde system (B-1) as bifunctional
chromogenic and fluorogenic receptor towards AI** and F~in DMSO medium. The probe facilitate receptor—
F~ interaction through deprotonation which leads to a degree of increased conjugation causing colorimetric
change for AI** attributed to the ligand to metal charge transfer (LMCT) mechanism resulted for enhanced
fluorescence and prominent color transformation and the reported detection limit are 3.41x10~" M (AI**) and
9.189x10°8 M (F).1® In 2016, Tian-Jiang’s group developed benzimdazole-salicyldehyde probe that (B-2)
enables simultaneous reversible recognitions of multifunctional analytes like AI**, Cu?*, F-and S% in CHzOH-
PBS buffer. The distinctive red-shifted emission enhancement caused due to AI** reverts to its original state
on treatment with F- while that of the quenched state occurs due to Cu?* on account of its paramagnetic induced
CHEQ effect which exhibits reversibility in presence of S%. The estimated detection limit estimated for
analytes are and are 0.31 pM (A", 0.54 uM (Cu?"), 3.8 uM (F) and 1.4 uM (S%).1%° Kim et al. in 2016
synthesized a molecular system composed of benzimidazole-diethylaminosalicyldehyde unit that behaves
efficient colorimetric receptor towards Fe3*/Fe?* and fluorometric sensor for Zn?* in aqueous solution. (B-3)
The dark green colorimetric response for Fe**/Fe** might be ascribed to a metal-to-ligand charge-transfer
(MLCT) while for Zn?* fluorescence enhancement resulted on effective coordination refers to the CHEF effect
along with inhibition of ESIPT. The LOD calculated are 1.21 uM (Fe®"), 1.18 uM (Fe®*") and 1.05 uM (Zn?*).1%%
In 2017, Gao and Chen et. al. developed fluorescent probe based on benzimidazole-coumarin conjugate that
detects Hg?* and Cu?* through different sensing pathway in HEPES buffer/DMSO (v:v = 9:1) medium.(B-4)
In case of Hg?*, emission enhancement caused from mercury-promoted hydrolysis of probe while for Cu?*

colorimetric change can be explained on the basis of chelation and fluorescence quenching because of its
29



Chapter | Introduction

paramagnetic nature. The detection limits are 90 nM for Hg?* and 1.59 uM for Cu?*.1%2 Steinberg and his group
in 2018 presented another cyano substituted benzimidazole-salicyldehyde hybrid that (B-5) serves colorimetric
detection of AI** a colour change from light- to dark-yellow which can be ascribed to deprotonation of the
ligand and a selective Cu?* quencher in ethanol with limit of detection determined as 1.3 x 10’ M and
3.7x 107" M for Cu? and AI®* respectively.’® Das et. al. in 2019 reported a Schiff base benzimidazole-
naphthyldehyde molecule that (B-6) applied for selective sensing of Zn?* via inhibition of internal charge
transfer (ICT) followed by activations of CHEF. The probe further detects N3~ through enhance fluorescence
that occurs through formation of supramolecular H-bonded rigid assembly. The sensing process with
distinctive emission for the two analytes are carried out in DMSO-H?0, 1:3, v/v, 0.1 M HEPES buffer medium
and the corresponding detection limit for Zn?* and N3~ are 6.85 x 108 M and 1.82 x 10~ M, respectively.1%
Bubbly’s group in 2019 synthesized hydroxobenzimidazole-salicyldehyde composite probe as selective sensor
for Zn?* and AI** in DMF/water (9:1 v/v) solvent (B-7) and the detection limit for the receptor was found to
0.21 pM and 0.11 pM for Zn?* and AI®*.1% Fan and Li’s group in 2020 reported fluorophore core based on
AIE active benzimidazole-pyrrole derivative and allows for selective sensing of Cu?* through metal induced
quenching assembly through complexation. (B-8) The restoration of emission is achieved on addition of PPi
to Cu?* complex. The detection studies have been performed in H.O/CH3CN (99.5%, v/v) with LOD value of
49.6nM (Cu?") and 0.55 uM (PPi) respectively.'® Anbu et. al. reported in 2021, a multi-responsive
benzimidazole-diformyl chemosensor which (B-9) is moderately emissive and undergoes sequential detections
for Cu?*, CN-, Zn?*, P,07*, DNA in CH3CN / (50 mM) HEPES buffer medium. The emissive probe exhibits
paramagnetic quenching to Cu?* and the complex serves as secondary sensor to CN- classify as reversible
probe. Simultaneously the emission of the probe gets enhanced in presence of Zn?* via inhibition of PET
between donor and Zn?*. The emissive Zn?*-complex was further utilized as sensor for PPi and DNA
components recognition. The LOD values reported are 24.4 nM (Cu?*), 9.43 nM (CN’), 2.4 nM (Zn?*), 2.9 nM
(PPi)and 5.5 x107,4.5x 107 and 5.7 x 10" M (XOF, XAPF and CT-DNA).1% In 2022, Balakrishnan’s group
developed a chemosensor based on benzimidazole-indole system for detection of analytes Hg?*, F~ and

Histidine. The probe response through diminishing of emission for Hg' and histidine while it is ratiometric
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towards F ions in methanol/aqueous HEPES buffer (1:9 v/v). (B-10) Chelation enhanced quenching (CHEQ)
mechanism in Hg?* and the participation of imidazole ring in histidine in hydrogen bonding and n-r stacking
interactions via., PET may be responsible for quenching process. However, for F, the ratiometric sensing
attributed to the extent of intramolecular charge transfer (ICT) from the imidazolate anion to other aromatic
rings. The detection limit estimated for the probe are 8.24 nM (for Hg'"), 7.72 nM (for F") and 8.03 nM (for

histidine).1%®

Table 1.5: Selective Reported Probes on Benzimidazole Schiff base Probe

Probe B-1 B-2

@AN OH NI
N”N
¢
LOD 3.41x107" M (AI*Y) 0.31 uM (APFY)
9.189x1078 M (F) 0.54 uM (Cu?)
3.8 Mm (F)
1.4 pM (5%)
Solvent DMSO CHsOH-PBS buffer.
Probe B-3 B-4

LOD 1.21 pM (Fe¥) 90 nM (Hg*")
1.18 pM (Fe**) 1.59 uM (Cu?)
1.05 puM (Zn?*)
Solvent Aqueous Solution HEPES buffer/DMSO (v:v =9:1)
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Probe B-5 B-6
—
N
N-’T(\ ’D\ Q
NH HO N’\ al U\
N Ts
CN Hob
LOD 1.3 x 107" M (Cu?) 6.85 x 1078 M (Zn?*)
3.7 x 107" M (Al 1.82 x 107" M (N3)
Solvent Ethanol DMSO-H20, 1:3, viv
Probe B-7 B-8
HO. N
SO CO—
~ N,\©\ N
: NH
LOD 0.21 pM (Zn?*) 49.6 nM (Cu?)
0.11uM (AIP) 0.55 uM (PPi)
Solvent DMF/water (9:1 v/v) H20/CH3CN (99.5%, v/v)
Probe B-9 B-10
N
4. G-
| 1l N
N OH N
H
N
{ ¥y ;
NH N N
< :
LOD 24.4 nM (Cu?) 8.24 nM (for Hg'")
9.43 nM (CN) 7.72 nM (for F)
2.4 nM (Zn?*) 8.03 nM (for histidine).
2.9 nM (PPi)
5.5x 107,4.5x 107, 5.7 x10" M (XOF,
XAPF, CT-DNA).
Solvent CHsCN / HEPES buffer medium Methanol/ HEPES buffer (1:9 v/v).
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1.5.5. Naphthyl Appended Probe

Naphthyl scaffolds emerges as versatile fluorescent unit for advancement of sensors for recognition of
important analytes. Different approach of sensing mechanism by naphthalene-based sensors also extends its
applications in biological assay (Table 1.6). In 2017, Roy et. al developed an azine based naphthyl-p-
nitrosalicyldehyde (N-1) system used for selective recognition for AI** in water:methanol (1:9, v/v) solvent
causing an enhanced emission due to the inhibition of PET and a limit of detection of 4.39 uM.*® Yan and his
group in 2018 presented a probe with naphthyl-aminophenol composite as (N-2) colorimetric sensor for Fe?*
and Fe®" in ethanol-H2O (v/v = 4:6) medium. The detection limit experimentally evaluated for Fe?* and Fe®*
are 4.2 nmol/L and 8.3 nmol/L, respectively.?’® Qi’s group in 2019 synthesized the Schiff molecule containing
naphthyl-aminosalicylic acid conjugate that (N-3) undergoes colorimetric changes with Cr®*, Cu?* and Fe®* as
well as for AI** in DMF/water (1:1) and it displays a blue shifted emission enhancement while in case of Fe3*
the existing emission of the probe gets quenched. The limit of detection of the probe for the respective ions
are 3.37 x 107" M (Cr®"), 4.65x 107" M (Cu?"), 3.58 x 107" M (Fe®*) and 4.89 x 107" M (AI**) and are below
than the recommended limit.?* In 2019 Sinha et. al. reported an AIE active naphthyl-picolylhydrazide probe
that able to detect AI** attributing cyan blue emission in pure aqueous medium following the mechanism of
inhibition of PET and inclusion of CHEF. (N-4) The emissive probe in 95% aqueous medium was further
applied as sensory device for nitro explosives like TNP and DNP sensing. The lower value of limit of detection
obtained for the probe 2.09 nM (AI**), 0.779 uM (TNP) and 0.908 uM (DNP) certifies the probe to efficient
in sensing applications.?2 Ramu’s group in 2020 fabricated a condensed probe with naphthyl-
aminothiodiphenyl entities for the (N-5) chromogenic and fluorescent recognition of AI** via CHEF and ICT
mechanistic pathway in DMSO medium with a LOD value of 13 x 10" M range.?®® Kaur et. al. in 2020
synthesized naphthyl-anthracene Schiff base as (N-6) a sensitive probe towards AI** and F~ with distinguished
emissive responses in CH5CN. Further F-complex has been employed detection of Cu?* through quenching
process. The LOD value reported for sensitive detections are 1.48(AI**), 1.44(F") and 2.05 pM (Cu?*).2%
Erdemir’ group developed a naphthyl-triazole-anthracene receptor towards (N-7) enhanced fluorescence

response selective to AI** in EtOH/H20 (v/v, 6/4) via imine hydrolysis approach. The limit of detection of the
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receptor towards AI** was calculated as 0.117 uM.2% Dong et. al. in 2021 designed a flexible naphthyl-salamo

derivatives that (N-8) itself undergoes deprotonation and stacking interaction for recyclable chemonsensor for

CN-with a LOD of 0.128 uM in in DMSO/H>0 solution.?*® Das et.al. in 2022 defined functionalized naphthyl-

ninhydrin as reversible chemosensor for detection of AI** and F~ and a colorimetric sensor for Cu?* with

detection limits amounts to 1.97, 4.0 and 0.34 uM respectively in methanol/aqueous HEPES. (N-9) 2°” Wang

and his group in 2022 reported naphthylhydrazono-thiophene derivative (N-10) in 2 vol% DMSO exhibits a

emissive probe that gets selectively quenched in presence of Cr3* through CHEQ and limit of detection is

41 n\.2%8

Table 1.6: Selective Reported Probes on Naphthyl Schiff base Probe

Probe N-1 N-2
if ‘ ”
Mo =N
i i OH i I OH
LOD 4.39 uM (A3 4.2 nmol/L (Fe?")
8.3 nmol/L (Fe%*)
Solvent water:methanol (1:9, v/v) ethanol-H20 (v/v = 4:6)
Probe N-3 N-4
OH OH
/
C
4 ~
° e
~ZN HO
o
LOD 3.37x 107" M (Cr?) 2.09 nM (AFY),
4.65 x 107" M (Cu?) 0.779 pM (TNP)
3.58 x 107" M (Fe®) 0.908 uM (DNP)
4.89 x 107" M (AF*)
Solvent DMF/H20 (1:1) Pure aqueous medium
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Probe N-5 N-6
Js
ZN ~N
OH HO
L 9@
LOD 13 x 107 M (ABR*) 1.48 pM (AP
1.44 uM (F)
2.05 pM (Cu?*)
Solvent DMSO ACN-H20 (7:3, vIv)
Probe N-7 N-8
o3
N 00 N ONNAONE 00
3! on "
~N
OH
L
LOD 0.117 pM (AI*Y) 0.128 uM (CN")
Solvent EtOH/H20 (v/v, 6/4) DMSO/H20
Probe N-9 N-10
HO OO HO OO
Q:N N NT
‘Y h
~
SN
LOD 1.97uM (AI3Y) 41 nM (Cr®)
4 uM (F)
0.34 uM (Cu?*)
Solvent methanol/aqueous HEPES Buffer 2 % vol DMSO
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1.6. Aims and Dissertation of the scope

The research work presented in this thesis work divulges on the synthesis, characterization and applications of
different Schiff bases functionalized with fluorescent chromophores. The dissertation study focuses on (i)
Design and synthesis of different Schiff base attributing interesting photophysical properties, (ii) Exploring
the role of such molecule in sensing applications of different analytes (ions and molecules) (iii) Utilizing in
the fabrication of Zn coordination polymer with its application in electrical conductivity and biological study.

Herein, we represent the five synthesized Schiff bases in relevance to my thesis work.

Chapter 2: A symmetrical Schiff Base is reported on 1,1'-((1E,1'E)-((2E,2'E)(((phenylazanediyl)bis(4,1-
phenylene))bis-(methanylylidene))bis-(hydrazine-2,1-diylidene))bis(methanylylidene))bis(naphthalen-2-ol)

which has been synthesized following the condensation method and well characterized. (Scheme 1.6.a)

OH HO
If“z 0% o \
on  + N _alcshs
OO @ OmiMOH

1-(hydrazonomethyl) 4,4'-Diformyltriphenylamine 1,1«((1E,1°E)-((2E,2'E)-(((phenylazanediyl)bis(4,1-
naphthalen-2-ol phenylene))bis(methanylylidene))bis(hydrazine-2,1-
diylidene))bis(methanylylidene))bis(naphthalen-2-ol)

Scheme 1.6.a. Synthesis of Ligand

Chapter 3: The work reports on benzimidazole derived Schiff ligand 2-Ethoxy-6-[1-(phenyl-pyridin-2-yl-
methyl)-1H-benzimidazol-2-yl]-phenol has been synthesized by Schiff’s reaction along with detailed

characterization. (Scheme 1.6.b)

[e) -~
| ~— |
N'-(phenyl(pyridin-2-yl)methyl) 3-ethoxy-2-hydroxy 2-ethoxy-6-(1-(phenyl(pyridin-2-yl)methyl)-1H-
benzene-1,2-diamine benzaldehyde benzo[d]imidazol-2-yl)phenol

Scheme 1.6.b. Synthesis of Ligand
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Chapter 4: This chapter reports an interesting coumarinyl-pyrazole scaffold 7-hydroxy-4-methyl-8-(((5-
phenyl-1Hpyrazol-3-yl)imino)methyl)-2H-chromen-2-one synthesized by one step Schiff base reactions.

Single crystal X-Ray Diffraction confirms its structural framework. (Scheme 1.6.c)

Jd N
NH Stir 12 hrs
z o Reflux 3 hrs N
| S\ + Dry MeOH W, HO
N HO 0~ o [ N
H N
= H

(2)-7-hydroxy-4-methyl-

5-phenyl-14-pyrazol-3-amine 7-hydroxy-4-methyl-2-oxo- g ;
phenyl-iH-pyraz 2H-chromene-8-carbaldehyde B-{((S-phenylZLH;?‘{rozz‘z:fg;)l‘:rino}meﬂlyI}

Scheme 1.1.6.c. Synthesis of Ligand

Chapter 5: Schiff’s Molecule based on napthyl derivative 1-[(2-Hydroxy-4,6-dimethoxy-benzylidene)-
hydrazonomethyl]-naphthalen-2-ol has been reported in this work. The probe synthesized by simplest C=N
imine condensation approach has been structurally validated through different spectroscopic techniques.

(Scheme 1.6.d)

o”
HO o”
H2 | z° N
I
~ZN ) OH N
MeOH 7
oH + — OH
OO Reflux 3 hrs Oe
°~
1-Hydrazonomethyl- 2-Hydroxy-4,6-dimethoxy- 1-[(2-Hydroxy-4,6-dimethoxy-benzylidene)-
naphthalen-2-ol benzaldehyde hydrazonomethyl]-naphthalen-2-ol

Scheme 1.6.d Synthesis of Ligand

Chapter 6: Coumarin-pyridine pendant Schiff base ligand 7-[(Pyridin-4-ylmethylene)-amino]-chromen-2-

one synthesized and characterized for the implementation of Zn based coordination polymer. (Scheme 1.6.e)
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Pyridine-4-carbaldehyde 7-Amino-chromen-2-one 7-[(Pyridin-4-ylmethylene)-amino]-chromen-2-one

Scheme 1.6.e. Synthesis of Ligand

1.7. Physical measurement:

(i) Elemental analysis: Microanalytical data (C, H, N) were collected on Perkin Elmer 2400 Series-1I CHN

analyzer, USA elemental analyzer using the pure solid sample.

(i) FT-IR spectra: FT-IR spectra (4000400 cm™) by Perkin Elmer LX-1 FTIR and LITA FT-IR

spectrophotometer with samples.

(iii) UV-Vis spectra: UV-Vis spectra were recorded by Perkin EImer UV-Vis spectrophotometer with model
Lambda 25 using the solution as required concentration. Solution will be kept in a quartz cell with 1 cm path

length and absorption spectra were recorded starting from visible to UV region.

(iv) 'H NMR spectra: *H NMR spectra were taken by Bruker (AC) 300, 400, 500 and 600 MHz FTNMR

spectrometer with trimethylsilane (TMS) as internal standard.

(v) Single crystal X-ray diffraction study: Single crystals of the ligands and their complexes were obtained
by slow evaporation of solvent from solution, or from the diffusion of another solvent into the solution. Data
collected on a Bruker SMART Apex CCD area detector by graphite monochromated MoKa radiation with
wavelength of 0.71073 A. X-ray data reduction, structure solution and refinement were done by using ORTEP-

32,2 SHELXL-97,29 and PLATON-992!! programs. The structures were solved by direct method.

(vi) Mass Spectroscopy: A Water HRMS model XEVO-G2QTOF#YCA351 spectrometer has been used to

record ESI mass spectra.

38



Chapter | Introduction

(vii) Theory and Computational Methods: Optimization of ground-state structures and energy calculations
for all the fluorescence probe and their complexes were carried out by DFT (density functional theory) method
using the Gaussian 09 package, where B3LYP was chosen as the basis function.?!22® For C, H, N, O 6-311G
basis set?24220 were assigned, while for Zn and Cu the LanL2DZ basis set??! with effective core potential were
employed. Vibrational frequency calculations were performed for confirmation the optimized geometries
represent the local minima, and these only yielded positive eigenvalues. Time Dependent Density Functional
Theory (TD-DFT) was also performed by the use of conductor-like polarizable continuum model
(CPCM),?22-224 from this theoretical UV-Vis spectral transitions are observed. The fraction of contributions of

various groups in each molecular orbital were calculated by carrying out GAUSSSUM.?%
(viii) Live cell imaging: Cell images were taken using fluorescence microscope.
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Chapter 11|

A Fluorogenic Triphenyl-Amine-Naphthyl-Hydrazide Probe
Selective for Cu?* and Cysteine Detection via an ON-OFF-ON

Logic path with Real Applications.
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CHAPTER 11

Abstract

This  Chapter deals with the hydrazide based probe which is 1,1-((1E,1'E)-
((2E,2'E)(((phenylazanediyl)bis(4,1-phenylene))bis-(methanylylidene))bis-(hydrazine-2,1-

diylidene))bis(methanylylidene))bis(naphthalen-2-ol), Ho.L  which shows high fluorescence emission (Aem,
550 nm; Aans, 420 nm) and gets selectively quenched by Cu?* in presence of many other biologically important
ions. The limit of detection (LOD), 7.3 nM is much lower than WHO recommended maximum permissible
limit (20 uM) of Cu?*consumption in human body. The binding fashion of the probe to Cu?* ion is 1:2 mole
ratios and has been confirmed by Job’s plot and ESI-MS spectral data. The binding constant for Cu®" is 4.93
x 101 M2 which also indicates sufficient stability and 1:2 complexations. On addition of cysteine to L-
Cu?*ensemble, the emission intensity (550 nm) enhances which accounts the release of Cu?* from the non-
emissive complex and restores the total fluorogenic efficiency of probe, HoL (LOD (Cysteine), 36 nM). Thus,
ON-OFF-ON mechanism of H.L has been utilized for selective and specific detection of Cu?* and Cysteine
over several other amino acids. In addition to this, the probe is treated on WI-38 cell line to check cytotoxicity.
This chemosensor, HzoL has been successfully applied to examine intracellular trace quantity of Cu?* and

Cysteine concentration in Hep G2 Cell lines.
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11.1. Introduction

One-third of naturally abundant elements constitute life in different proportions. Amongst nine 3d transition
elements, Copper (I1) ion occupies the third most abundant transition metal ions in human bodies and plays
vibrant roles in many essential physiological processes in organisms. Many biochemical reactions are
directly/indirectly regulated by copper such as oxygen transportation by hemocyanin, electron transport redox
enzymes, Blue copper protein, lactase, Cytochrome c oxidase, superoxide dismutase, ascorbate oxidase,
pigmentation of the skin, repairing of connective tissues, etc.? However, congestion of copper can cause
unadorned neurodegenerative diseases such as Alzheimer’s, Parkinson’s and prion diseases.®® Biological
requirement of copper in the normal human body is 15.7 — 23.6 uM.® So, a constant monitoring of Cu®*ion
concentration in environment and health is very much important. Under the guideline of US Environmental
Protection Agency (EPA) the maximum permissible limit of Cu?* ion concentration in drinking water is 1.3
ppm (20 puM).” For these reasons, considerable efforts have been devoted to the development of analytical
techniques for the accurate and precise measurements of copper in the consumed items and body organs.
Therefore a facile analytical method for specific and sensitive detection for Cu?* must be developed.
Spectrofluorometric method is more convenient and approachable for detection of ions and molecules by
qualitative and quantitative analysis owing to their interesting features such as easy modification, simplicity,
cost effective and time saving over various known techniques such as redox titration, complexometric
titrations, atomic absorption spectrometry,® inductively coupled plasma mass spectroscopy (ICPMS),°
inductively coupled plasma—atomic emission spectrometry (ICPAES), and voltammetry which requires a
much more costly and sophisticated management.'®*! Design of chemosensors aimed at detection of ions and
molecules are increasingly drawing attention in different fields of science and technology.'#!3 Chemosensors
based on Schiff base scaffold with Coumarin,'#® Rhodamine B,'*° Fluorescein,?° Pyrrole,?! derivatives has

been used for Cu?* detection.

Biothiols mainly Cysteine (Cys), Homocysteine (Hcy) and Glutathione (GSH) play a prominent role in various

cellular processes. Cysteine one of the essential thiol containing amino acids serves as building block of protein
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synthesis and helps in detoxification and metabolism of living systems.?? Free intracellular concentration of
cysteine in human body is of the order 20-300 uM.?% Scarcity in the level of cellular Cys could induce diseases
such as retarded growth, fat loss, lethargy, skin lesions and hematopiesis decrease.?*2® On the other hand an
increase in Cys concentration would lead to neurotoxicity.?>% A balanced concentration and important role of
cysteine in living system leads to monitoring and detection of cysteine essential for human health concern. An
effective method for detection and discrimination of Cys amongst various others biothiols and amino acids is
quite challenging and much more essential as it would help in better understanding of its role in physiological

system and early diagonisis of its related disease.

Recent works focused on designing chemosensors which includes metal complex as well as organic
fluorophores for specific detection of Cys where the functional unit of the probes interacts with the thiol group
of Cys which enables for selective response towards Cys sensing. Different chemosensors responds towards
Cys sensing through different reaction mechanism such as nucleophilic aromatic substitution,3132 addition,*
intramolecular reaarangement,*® and displacement approach.®® Based on the displacement approach, the

probe has been developed for detection of Cys.

In this work, we report a Schiff base probe obtained by linking two units namely 1-
(hydrazonomethyl)naphthalene-2-ol and 4,4'-diformyl triphenylamine. Details of probe characterization,
spectral studies along with the theoretical computation has been reported in this work. The strong emissive
nature of the ligand is distinctive for Cu?* amongst all other competitive cations in the solution phase. The
sensing is analyzed through “turn-off” fluorescence of probe on interaction with selectively Cu* ion in the
solution state. The non-fluorescent L-Cu?* in presence of Cysteine leads to decomplexation of Cu?* from HoL
resulting in “turn on” fluorescence approach for detection of Cys as well as in cellular level. A MTT assay for
the probe and Cell-imaging were done for the highly fluorescent probe H»L along with intracellular detection
of Cu?* and Cys in HepG2 cell line. Increase or decrease of biologically relevant ion and molecular

concentration from a permissible limit in cells is toxic and sometimes fatal. Hence, determination of ion and
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molecule concentration in trace level is a challenging task. Herein, we report a system which detects Cu?* and

Cysteine (Cys) with a very low detection limit.
11.2. Experimental section
11.2.1 Materials and methods

All the reagents of analytical grade (A.R) were collected from the commercial suppliers and used without
further purification. 2-Hydroxy-1-napthaldehyde, 4,4'-Diformyltriphenylamine, Hydrazine Hydrate, inorganic
salts (ZnClz, CdClz, HgClz, CuCl2.2H20, CoCl..6H20, PbCl2, AlICIz CaCl2.6H20, FeCls.6H20, BaCl..2H20,
NiCl2.6H20, NaCl,MnCl2.4H.0, PdCl;, CrClz.6H.0, KCI, MgCl2H20., ‘OH, HOCI, Na2S203.5H20, K3POs,,
NaCl, NaF, NHsHF2, KNOs, KBr, NaNO2, NaN3 NasAsO., CH3COONa, NaAsO2 KIO3 NasP207, KI, NaxSOg,
Na.S, Na»S:0s, H0», HOCI) amino acids (Alanine (Ala), Lysine(Lys), Aspartic Acid (Asp),
Glutathione(GSH), Cysteine (Cys), HomoCysteine (Hcy), Glutamic Acid (Glu), Glycine(Gly), Histidine
(His), Valine(Val), Leucine (Leu), Serine (Ser), Proline (Pro), Methionine (Met)) and organic chemicals were
bought from TCI chemicals and Merck. For spectroscopic measurement solvents with spectroscopic grade
were used. The solvents were dried by standard procedure®” for spectroscopic studies. Milli-Q water
(Millipore) has been used for preparation of aqueous solutions of metal salts. Perkin-Elmer (2400 Series-II,
Perkin Elmer, USA) CHN analyser has been used for elemental analysis purpose. The spectra were recorded
by Lambda 25 spectrophotometer: UV-Vis; LS55: fluorescence and LX-1FTIR spectrophotometer: FT-IR
spectra (KBr disk, 4000-400 cm™) on Perkin Elmer instruments. *H and *3C NMR spectra were taken by
Bruker 300 MHz FT-NMR spectrometer. The chemical shift (5) of the respective NMR spectra were recorded
in parts per million (ppm) with respect to trimethylsilane internal standard. ESI-MS spectra were obtained
from HRMS spectrometer (model, XEVO-G2QTOF#YCA351). The HPLC system consisted of a Hewlett-
Packard quaternary HPLC model HP 1100 series (Hewlett-Packard, Palo Alto, CA), fitted with a Waters p-
Bondapack (Waters Corp., Milford, MA). C18 column (300 x 4.6 mm i.d.). The injection system (Rheodyne)

used was a 20 pL sample loop. An HP 1100 series variable-wavelength detector used at a wavelength of 425
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nm was used for detection. A Millipore Swinnextype filter (pore size) 0.45 pm) was obtained from Millipore

(Bangalore, India).

11.2.2. Synthesis of 1,1'-((1E,1'E)-((2E,2'E)(((phenylazanediyl)bis(4,1-phenylene))bis-

(methanylylidene))bis(hydrazine-2,1-diylidene))bis(methanylylidene))bis(naphthalen-2-ol) (HzL)

1-(Hydrazonomethyl)naphthalene-2-ol was synthesized following the literature procedure.® To solution of 1-
(hydrazonomethyl)naphthalene-2-ol (0.373 g, 2 mmol) in 10 ml methanol, 4,4'-Diformyltriphenylamine
(0.301g, 1mmol) was added slowly and stirred for overnight and the resulting solution was refluxed for 5 h
generating an yellow precipitate. The bright yellow precipitate then filtered, washed with cold methanol for
several times and dried under vacuum to obtain 1,1'-((1E,1'E)-((2E,2'E)(((phenylazanediyl)bis(4,1-
phenylene))bis-(methanylylidene))bis(hydrazine-2,1-diylidene))bis(methanylylidene))bis(naphthalen-2-ol)

(H2L) with 79% of yield (0.504 g) (Scheme I1.a). tHNMR (CDCls, 300 MHz) &(ppm): 13.44 (s, 2H, OH),
9.72 (s, 2H, HC=N), 8.65 (s, 2H, CH=N), 8.21(d, 2H, Ar-H), 7.89-7.78(m, 8H, Ar-H), 7.58(d, H, Ar-2H),
7.43-7.37(m, 4H, Ar-H) and 7.28-7.20 (m, 9H, Ar-H) (Fig. 11.1); 3CNMR (CDCls 300 MHz) & (ppm): 161.13,
160.91, 160.79, 150.01, 146.28, 134.44, 132.84, 129.98, 129.93, 129.22, 128.24, 128.22, 127.89, 126.44,
125.30, 123.71, 123.41, 120.21, 119.28 and 108.48. (Fig. 11.2); ESI-MS (m/z): 638.2539 for [M+H]*
(Calculated 638.2556) and 639.2458 for [M+2H]" (Calculated 639.2634)(Fig. 11.3).IR: 1624-1590 cm™(C=N
stretching), 1467-1416 cm™(C=C stretching), 1317 cm™(O-H bending), 1280cm™(C-N stretching) and1172
cm}(C-O stretching) (Fig. 11.4). The product was dissolved and purified using HPLC chromatography

showing an intense signal with a retention time of 7.211 min. (Fig. 11.5).

OH HO
1?'“2 o% 0 .\
on + N 60°C, 5 hrs
—’.
OG @ 20 ml MeOH

1-(hydrazonomethyl) 4.4'-Diformyltriphenylamine 1,1'-((1E,1'E)~((2E,2'E)-(((phenylazanediyl)bis(4,1-
naphthalen-2-ol phenylene))bis(methanylylidene))bis(hydrazine-2,1-
diylidene))bis(methanylylidene))bis(naphthalen-2-ol)

Scheme Il.a. Synthesis of Ligand
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Fig. 11.5. HPLC Chromatogram recorded at 254 nm for 2 mL of 10-3(M) solution of HaL.
11.2.3. Solution Spectral measurements

A stock solution of HoLwith concentration 1x1073M was prepared in DMSO. Stock solutions of all salts and
amino acids with 1x10° M concentration were prepared in deionized water. An aliquot of 20 pL HoL stock
solution was taken in a quarts cuvette and made up to 2mLvolume with 7:3(v/v) CH3CN:H20 (HEPES Buffer,
pH 7.2) making a concentration of 10uM and with the respective solution the sensitivity and selectivity of the
probe was examined. UV-Vis and fluorescence spectral studies of the probe towards metal cation have been
conducted with the prepared solution and to the solution a 2.0 equivalent of metal cation was added. Titration
of the probe (10uM) was conducted by successive addition of Cu?* ion (0-20puM). Upon addition of Cu?* the
solution was well mixed and then the spectra were obtained. The absorption and emission path length of quartz
cell used was 1 cm. Fluorescence experiments performed with both the excitation and emission slit of 10 nm.

Fluorescence quantum yields (®) were obtained by using the equation:
®sample = (ODstd. X Asample)/(ODsampleX Astd.) % Dstd.

Where, Asample and Astd represent the areas under the fluorescence spectral curves for sample and standard

respectively. ODsampie and ODstq represents the optical densities of the sample and standard respectively at the
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excitation wavelength.* In this work, acidic quinine sulfate (0.1(N) H2SO4 solution) was taken as the standard

with known quantum yield, ®sq. = 0.54 for the quantum yield calculation of ligand HaL.
11.2.4. Biological Studies

11.2.4.1. Cell line culture

Human liver cancer cell line Hep G2 and human lung fibroblast cells, WI-38 were obtained from National
Centre for Cell Science (NCCS) Pune, India. The cells were grown in DMEM with 10% FBS (Fetal Bovine
Serum), penicillin/streptomycin(100units/ml) at 37°C and 5%CO-. All the treatments were conducted at 37°C*°
and at a cell density allowing exponential growth.

11.2.4.2. Cell survivability assay

Cell survivability was estimated for WI-38 following reported procedure.** Viability of WI-38 cells was
assessed through MTT assay. The cells were seeded in 96-well plates at 1 x 10* cells per well and exposed to
HoL at different concentrations of 0 uM, 20 uM, 40 uM, 60 uM, 80 uM, 100 uM for 24 h. After incubation
cells were washed with 1xPBS twice and incubated with MTT solution (450ug/ml) for 3-4h at 37°C. The
resulting formazan crystals were dissolved in an MTT solubilisation buffer and the absorbance measured at
570 nm by using a spectrophotometer (BioTek) and the value has been compared with control cells.

11.2.4.3. Cell Imaging

The Hep G2 cells were grown in coverslips for 24h. Then the cells were treated with 10uM of HaL, 20uM
salts Cu?*and 40uM Cysteine were incubated for 24h at 37°C. The cells were washed with 1xPBS. Then they

were mounted on a glass slide and observed under fluorescence microscope (Leica).

11.2.5. Computational methods

The optimized structures of the probe HzL and L-Cu?" were generated by DFT computation of Gaussian 09
(G09) Program Package with B3LYP exchange correlation functional for C, H, N, O and LanL2DZ basis set
for Cu.*>** The vibrational frequency calculation has been performed with the complexes using B3LYP/6-

311G basis sets for C, H, N, O and LaLn2DZ basis set to Cu. The vibrational frequency calculation has been
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performed with the complexes to ensure that the optimized geometries represent the local minima and the only
positive Eigen values are used. The lowest 25 singlet — singlet transition in acetonitrile using the conductor-
like polarizable continuum model (CPCM) and results of the Time Dependent Density Functional Theory
(TD-DFT) calculations was qualitatively very similar.***’ For calculating the fractional contributions of
various groups GaussSum calculations were done.*®

11.3 Results and Discussion
11.3.1. Characterization of HzL

The condensation of 4,4-Di formylTriphenylamine andl-(hydrazonomethyl)naphthalene-2-ol in 1:2 molar
ratio synthesizes the probe HoL. (Scheme 11.a). The probe HoL shows relatively better solubility in CDCls, so
the probe has been well characterized by *HNMR and *CNMR in CDCls solvent. tHNMR(CDClIs) of the
probe represents a strongly deshielded singlet peak at 13.440 ppm for the phenolic (—-OH) proton. Another
sharp singlet appears at 9.728 ppm is attributed to imine proton (CH=N) attached to the naphthyl moiety and
a peak at 8.657 ppm is assigned for the imine proton (CH=N) bonded to the diformyl unit of triphenyl amine
in relatively deshielded zone confirms the formation of Schiff base. A doublet signal at 8.215 ppm corresponds
to proton peak situated at para position to the imine group of the naphthyl fragment. The signals from 8.186
to 7.207 ppm represent the protons of aromatic region of the molecule. (Fig.11.1) *CNMR (CDCls) of the
probe HoL includes a signal at 161.13 to 160.79 ppm which corresponds for two imine carbon (CH=N) and
phenolic (C-OH) peaks. The peaks at 150.01 and 146.28 ppm may be due to C-N carbon of triphenyl fragment.
The regions from 134.44 to 108.48 ppm may include the rest of the carbon atom and thus confirms the
formation of Schiff base (Fig.11.2). ESI-MS analysis shows the spectral peak with m/z at 638.2539 and
639.2458 and supports the desired formulation of the probe. (Fig. 11.3) In FTIR spectrum of HoL, the
elimination of v(CHO), 1690 cm™ from 4,4'-diformyltriphenylamine and v(NH2) at 3312cm™? of 1-
(hydrazonomethyl)naphthalene-2-ol along with appearance of new band at 1605 cm™which is assigned to
v(C=N) and supports the coupling of -CHO and -NH2 (Fig.l1.4). The purity of the ligand HzL was further
analyzed by High-performance Liquid Chromatograhy (HPLC) technique. The probe HzL was eluted using
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0.012% TFA as the aqueous mobile phase and 40% acetonitrile medium as the organic mobile phase having a
flow rate of 1 mL/min. The result shows that the signal appeared in chromatogram was observed for 10°(M)

concentration of the probe H,L with retention time at 7.211 min. (Fig.11.5)*
11.3.2. Sensing of Cu?*

In UV-Vis spectral studies, HoL exhibits a high intense absorption band at 428 nm with a shoulder hump at
326 nm in 7:3(v/v) CH3CN/H20 medium (HEPES buffer, pH 7.2) which may arise due to n-7t* transition.
Sensitivity of probe HoL has been checked in presence of various metal ions (Zn?*, Cd?*, Hg?*, Co?*, Pb?*,
AP, Ca?*, Fe3*, Ni%*, Na*, Mn?*, Pd?*, Cr¥, K*, Mg?*and Cu?*) and selective oxidizing agents (‘OH, H20x,
HOCI) in 7:3(v/v) CH3CN/H20 medium (HEPES buffer, pH 7.2) and it shows appreciably no change in the
characteristic absorption band of the ligand while it shows unprecedented effect upon addition of Cu?* ion.
The absorption band in UV-Vis spectrum of the corresponding ligand HzL is red shifted upon addition of 2
equivalent (20 M) Cu?*ion from 326 to 335 nm and 428 to 439 nm which accounts for its specificity towards

Cu?* jon even in presence of other competitive ions and oxidizing agents. (Fig. 11.6).

Zn”, cd”, Hg™ cu®, co”, Pb”, AI*,
ca”™ Fe* Ba™, Ni"’, Na', Mn™, Pd”,
cr’, K'. Mg™, HO, OH, HO(l

0.6 4

Absorbance (a.u.)

600

Wavelength (nm)

Fig.11.6. UV-Vis spectra of HoL in presence of various cations and oxidizing agents (HoL: cations and

oxidizing agent; 1:2) in in CH3CN/H20 (7:3, v/v) medium HEPES Buffer pH=7.2.
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With incremental addition of Cu?" ion (0-20 uM) to the probe solution in 7:3(v/v) CHsCN/H20 medium
(HEPES buffer, pH 7.2), the absorption intensity at 428 nm gradually decreases while that of the peak at 326
nm shows a slight increase in the absorption intensity with two isosbestic points at 354 nm and 461 nm. On

increasing concentration of Cu?* to probe the characteristic band at 428 nm is shifted to 439 nm (Fig.11.7).

Absorbance(a.u.)

L) = T L T T T
300 400 500 600

Wavelength(nm)

Fig.11.7. Change in absorption spectrum of HzL (10 uM) upon gradual addition of Cu?*ions (0-20 uM).

Luminophores based on hydrazide Schiff Base shows strong fluorescence in solid state.>*! Enhancement of
emission intensity in solid state may be attributed to the Restricted Intramolecular Rotation (RIR) inhibiting
the non radiative decay through rotation around C=N.%? The probe, H,L, in solid state shows strong emission
at 540 nm with a shoulder at 570 nm upon excitation on 430 nm (Fig.11.8). HoL may exist in keto and enol
form which may exhibit emission at two different wavelengths; 540 and 570 nm respectively. The proton
transfer may assist imine-phenol to keto-amine tautomerisation.>*>’ (Scheme 11.b) The probe H-L in solution

phase exhibits only single band at 550 nm.
0-H H-0 0‘}{ Hro
QN \s &\ / \,&
oo © TLOT0

Scheme 11.b. Keto-Enol Tautomerism in HoL.
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Fig.11.8. Solid and solution state emission spectra of HaoL (Aex 430 nm); Inset: solid state images under UV

Chamber (Aex 365 nm).

The effect on emissive properties of HoL in semi-aqueous phase was checked by adding various cations like
Zn?*, Cd?*, Hg?*, Co?*, Pb?*, AI**, Ca?*, Fe**, Ni%*, Na*, Mn?*, Pd?*, Cr¥*, K*, Mg?*, Cu?* and oxidizing agents

like H.02, ‘OH, HOCI in which the probe gets selectively quenched only in presence of Cu?*ion (Fig. 11.9.).

600

a.u.)

5 400

200 +

Emsission Intensity (

I M L) v I i v M
500 550 600 650 700
Wavelength (nm)

Fig.11.9 Fluorescence spectra of HoL in presence of different cations and oxidizing agents (2 equivalent).
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Vial images were taken in presence of various metal ions in 7:3(v/v) CH3CN/H20O medium (HEPES buffer,
pH 7.2) at room temperature with ligand to metal in the ratio of 1:2 (Fig. 11.10) and it shows negligible effect

on the emission of the probe except Cu?* ion.

o

[}

R R PR L R R L R

Fig.11.10 Image of the probe with various cations (left to right: H.L, Zn?*, Cu®*,Cd?*, Hg?*, Co®*, AI**, Ca®*,

Fe3*, Ni?*, Na*, Mn?*, Pd?*, Cr¥*and Mg?") in 7:3(v/v) CH3CN/H20 medium under 365 nm UV light.

The change in the emission spectrum in its fluorometric titration of H,L upon addition of Cu?* was carried
out in 7:3(v/v) CH3CN/H.O medium (HEPES buffer, pH 7.2) (Fig.11.11). A quantitative analysis was done on
quenching the emission of HoL by successive addition of 2uL of Cu?* (0-20uM) stock solution to 20uL of
ligand (10uM) in 7:3(v/v) CH3CN/H20 medium (HEPES buffer, pH 7.2). The emission intensity at 550 nm
(quantum yield ®= 0.23) gradually decreases on titration with incremental addition of Cu?* concentration and
exhibited a good linearity. The H.L scaffold has a pair of N, O chelating sites and can chelate to two Cu?*
ions. On addition of 2 equivalent of Cu?* the emission intensity is quenched with a stoichiometric preference
of the Ligand:Metal in 1:2 mole ratio. The ligand, HzoL chelates Cu?*, the paramagnetic and Chelation
Enhanced Quenching (CHEQ) may be the reason to sequester the emission.>®%° Detection for Cu?* by HoL

using a semi aqueous medium enables the use of green and safe solvent system for sensing studies.
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Fig.11.11. Fluorescence titration profile of HoL on successive addition of Cu?* in CHsCN/HO (7:3,v/V)

medium HEPES Buffer pH=7.2 , Lex, 430 nm.

The competitive study was conducted to check the selectivity of HoL towards Cu?* ion in presence of other
cations such as Zn?*, Cd?*, Hg?*, Co?*, Pb?*, APF*, Ca?*, Fe*, Ni?*, Na*, Mn?*, Pd?*, Cr¥*, K*, Mg?" and anions
(F, HF2, POs*, HaPOx', 103, S20:5%, S20s, I, HPO4Z, PO 0ACc’,S04%,F, NOg', CI, Br, CN", AsOz, S,
AsO4* and P,07*). The experiment was carried out on addition of 2.0 equivalent Cu?* to the solution of 1.0
equivalent HoL in 7:3 (v/v) CH3CN/H20 medium (HEPES buffer, pH 7.2) and to this complex solution, 2.0
equivalent of other cations are added at each time. Results (Fig.11.12) shows that there is no such interference
in the detection of Cu?* ion in presence of other cations. The “turn-off” response of Cu?* was examined in

presence of co-existed ions which could minimally affect its quenching phenomenon.

L H2L

B H2L+ M+Cu2+

W H2L+ M

Fig.11.12 Interference study of cations on Cu?* sensing in 7:3(v/v) CHsCN/H20 medium.
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The effect of anions on the analysis of Cu?* is also checked (Fig.11.13) and it is found that no anion (2.0
equivalent Cu®* to the solution of 1.0 equivalent HoL and 4.0 equivalent of anions) has impact on the
determination of it. So, the probe detects efficiently in presence of external ions and can be accredited as highly

sensitive probe in detection of Cu?* ions.

H2L
B H2L+ Cu2+ + Anions

w H2L + Anions

Fig.11.13. Interference study of anions on Cu?* sensing in 7:3(v/v) CH3CN/H20 medium.

The fluorescence intensity of HoL remains unchanged under a series of pH from 2.0 to 8.0. Upon addition of
Cu?* to HL solution emission is quenched within pH, 6.0 — 8.0 (Fig.11.14). Hence the probe can be used for

detection of Cu?* under normal physiological pH.

500

400 4

300

200

Emission Intensity(a.u.)

100

pH

Fig.11.14. pH effect on Cu?* sensing by HaL.
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The limit of detection (LOD) of Cu?* by H,L was experimentally determined by (3c/S) method where o is the
standard deviation; S is the slope of the calibrated curve resulted from fluorescence titration profile of HoL by
successive addition of Cu?* ions. From the titration, detection limit (LOD) calculated for Cu?* was found to be

7.3 nM (Fig.11.15) which is fairly less than the recommended permissible limit for Cu?* (20uM) in drinking

water by WHO.’
600 4
-
=S
=
S
£° 500+
W
g
~-—
= R =0.9905
S 4004  Slope= -6.5606x10" .
7 LOD = (3xc)/Slope
727}
g =(3 x 0.16027)/(6.5606 x 10")
= =7.3x10" M
3004

v 1 v ] M 1 v 1 v ]
00  10x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10°
2 .
[Cu”"|Moles/Litre

Fig.11.15. Limit of Detection (LOD) for Cu?* sensing by HzL.
The LOD was experimentally calculated and it is compared with some published data (Table 11.1). The reports
are available for Cu?* sensing using different fluorogenic sensors like pyrene appended imine-phenol
(LOD,1.21 uM in CH3sCN/HEPES Buffer),” Coumarin-napthol probe (LOD, 12.7 nM in DMSO/HEPES buffer),
Rhodamine-benzothiazole (LOD, 6.89 uM in CHsCN/water)?°, pyrrole appended chromen-ol (LOD, 0.512
uM in DMSO/PBS buffer)® ,naptholhydrazide (LOD, 223 nM in PBS buffer)>® and dicyanomethylene-4H-
pyran picolinate derivative (LOD, 23 nM in DMSO/PBS Buffer)®!; The present probe H.L shows better

efficiency (LOD, 7.3 nM). Hence, the probe is applicable and suitable for detection of Cu?* in trace quantity.
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Table 11.1. Some reported Cu?* sensor with their LOD value

SL. No. Ligand (LOD, Cu?) Solvent Ref.
1.
| N\
N
I H
@[N /PBS
DMSO
N OH 0.512 uM Buffer [62]
T e
H,CO0™ >0
2.
FsC._ N H\N/ SN
\\r | 0.02 uM DMF/bis-Tris 63
LN N Sek Buffer [63]
(2:4)
3.
< 127nM | DMSO/HEPE 66
. mN " S Buffer L6e]
)N 0”0 (1:99)
4.
CHsCN/HEPE
6.89 uM S Buffer [6°]
(2:1)
5.
CH3;CN/HEPE
1.21uM S Buffer [64]
(7:3)
6.
223 nM PBS Buffer [67]
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7.
L~
V,
N
HO N 182 nM CHSOH/HZO 68
"] | HEPES Buffer [68]
(2:1)
8.
N
HEPES Buff
@EN/: ; ~COONa 2.77 uM utrer [69]
HO
9. N/— OH
f C@N\N_
m@ 0.98 uM CHLCN [70]
N
;
10.
COOEt
bea
N— N CHaCN/H,0 el
ON'H 15uM (9:1) 7]
N
HOJ )
11.
F. F
R F
IF ;: \ =N-NH O :/\/\ 2 4 M CH3CN [72]
Lo U O Au
12.
%5
N
\
N
07 NH CHsCN/H,0
N 13 nM HEPES Buffer
0 (9:1) [73]
o
13.
NE NO,
NN \I
Z H
L 21 1M DMSO/PBS
Buffer [74]
/—} 0o (1:1)
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14.

DMSO/PBS

23 nM Eﬁf{?f [75]

11.3.3. Binding preference and stoichiometric study for Cu?* ion

Analysis of binding of ligand with Cu®* in (7:3(v/v) CH3CN/H,O medium (HEPES buffer, pH 7.2)) was
evident from Job’s Plot which hints the stoichiometric preference of HoL complexation towards Cu?* (Fig.

11.16).”® The maxima in Job’s plot correspond to mole fraction of 0.67 which indicates a complex formation

of HoL to Cu?* in 1:2 modes.

[Ag-AILx1070

T v T T
0.0 0.2 0.4 0.6 0.8 1.0

Mole Fraction [Cu2+]

Fig.11.16 Job’s Plot for determination of stoichiometric binding preference for Cu?*.

A change in the tTHNMR spectra of H.L was observed on addition of varying concentration of Cu?*in DMSO-
ds (Fig.11.17.). The 'HNMR spectral difference of H.L, on addition of Cu?* in varying proportion observes a
significant change to peak at 13.2 ppm, phenolic proton attached to the naphthyl moiety. In presence of 1
equivalent of Cu?*, phenolic OH proton peak gets attenuated and on 2.0 equivalents it vanishes completely

which is an indication of deprotonation of H,L and complexation to Cu?* through O donor centres. Due to
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gradual addition of Cu?*, the aromatic protons get broadened and a slightly downshifted. The complete
disappearance of hydroxyl proton peak of HoL on 2.0 equivalent additions of Cu?* intimates at preferential
complex formation in 1:2 ratios. The reduced peak of imine CH=N peak also indicates its participation in

binding.

H,L + 2 eqv. Cu?*

bow M

H,L + 1 eqv. Cu?*
. o M
H,L

[ |

13 12 11 10 9 8 7 6 5 E 3 2 1

Fig.11.17. *HNMR titration of H2L on successive addition of Cu?* in DMSO-ds.

On ESI-MS analysis, a molecular ion peak appears at m/z = 767.0098 corresponds to [HL+Cu?*+Cl+MeOH]
reveals a 1:1 binding stoichiometry between H,L and Cu?* and confirms 1:1 complex formation and another
peak at 895.9957 corresponds to [L+2Cu?*+2CI+2MeOH] which reveals interaction of HoL to Cu?*in 1:2
stoichiometry binding mode (Fig.11.18.). Infrared spectrum of the complex shows a broad peak at 3370 cm™
which may be due to v(OH) of coordinated MeOH and a high intense broad peak at 1585 cm is assigned to
coordinated C=N and in free ligand (H.L) it appears at 1605 cm™. The coordination of imine-N to Cu?* is
supposed to responsible for elongation of C=N bond length and is shifting to lower energy. A band at 1317
cmt corresponds to O-H bending; the C-N and C-O stretching appear at 1280 and 1172 cmrespectively in

the complex. (Fig.11.19).
74



Chapter 11 Triphenyl-Amine-Naphthyl-Hydrazide: Cu?*and Cysteine Sensor

100 638.0094

639.0150

767.0098
6399941

169.9914 2990123

296.9886
768.0230
2549936} ‘
172.0169 470.0021 {
5990153 i
psa.encs 4839778 I ORI cns e
494.9947 J 936.0336
652.0219 -
J 1752 8784 | L 1064.0291
0 e _A._l. Aol )| MAL 3 J
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 -
Fig.11.18. ESI-MS Spectrum of L- Cu®.
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Fig.11.19. IR Spectrum of L -Cu?*.
The binding constantis Kp= 4.93 x 10'° M (R= 0.99637) as obtained from the plots of ((Fmax-Fo)/(F-Fo)) vs.
1/[Cu?*]? using the linear Benesi-Hildebrand expression (Fig.11.20.). This also supports the fact that Cu?* has

a strong binding affinity for ligand with N and O chelating centres with results of 1:2 binding mode of HzL to

Cu?* and thus have a sufficient stability.’’
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Fig.11.20. B-H Plot for calculating binding constant (Kq) of HzoL with Cu?* ions.

The Stern Volmer (S-V) constant, Ks,= 0.217 x 10° M (R = 0.98719) as calculated using the equation [lo/I]
= 1+Ks[Q] for static quenching (Fig.11.21 (a)& (b)). The plot shows linearity up to 20uM and accounts the
static quenching and on above 20uM of [Cu?'] it shows an upward bend along with inclusion of dynamic

process. The constancy of lifetime of the excited state fluorophore even on addition of Cu?*further confirms

the static quenching.”® ”®

60
2.2
50 r R=0.98719
] 2.04 Slope=0.217*10°
40 -
1.84

1

30+ / 164

204 / 1.44
10 ,-’.) 1.24
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Fig.11.21. (a) Stern-Volmer plot of [Cu?*] against lo/l. (b) Stern-Volmer constant (Ks,) obtained from the

above given plot.
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11.3.4. Time -Correlated Single Photon Counting (TCSPC) (Lifetime Measurement):

The lifetime decay profile of HoL and L-Cu?* fits well into bi-exponential fashion. The time resolved
fluorescence spectroscopic study reveals a lifetime of 0.32688 ns (H2L) which on addition of Cu?* decreases
to 0.298222 ns (Fig.11.22). On increasing the concentration of Cu?*, lifetime of the complex remains invariant

which signifies a static quenching and the quenching takes place at ground state complex formation.8°
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Fig.11.22. Fluorescence lifetime plot of HoL and on Cu?* addition in CH3CN/H20 (7:3, v/v) HEPES Buffer

medium pH=7.2.
11.3.5. Recovery Study from Municipal supplied Water Sample

To analyse the reliability of the use of H.L for the fluorescence detection method of Cu?*, a recovery study
was performed utilizing municipal supplied water in Kolkata by Standard addition method. The calibration
plot on varying the concentration of Cu?* from 0 to 10 pM and keeping the concentration of ligand 10uM
fixed 7:3(v/v) CH3CN/H20O medium (HEPES buffer, pH 7.2) (Fig.11.23). The drinking water was collected
from Jadavpur, Kolkata supplied by Kolkata Municipal Corporation in specific bottle. Unknown concentration
of Cu?* is determined from the calibration plot (Table 11.2). The recovery study of Cu?*is satisfactory to >85
%. This experiment exhibited a rapid and inexpensive application for sensing of Cu?* even in municipal

supplied water .8
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Fig.11.23. Calibration Plot for detection of Cu?* by HaL.

Table 11.2: Recovery of Cu?* from drinking water sample using HaoL

Sample Added (Cu?*) Emission Experimentally | Recovery
uL Intensity Found (puL) (%)
(a.u.)
Drinking Water 2 410 1.73 86.5
4 357 3.52 88
6 271 551 91.18

11.3.6. DFT Computational Study:

The DFT computation technique is used to calculate the molecular energy levels of HoL and its Cu?*-complex.
The HUMO-LUMO energies (Fig.11.24) for HoL are -5.61 eV and -2.24 eV and the energy difference is
3.37eV and after interaction with Cu?* the HOMO LUMO energies are -3.51 eV and -0.52 eV and the energy

gap is diminished to 2.99 eV. The UV-Vis absorption spectrum of L-Cu?* (335, 439 nm) is red shifted

78



Chapter 11 Triphenyl-Amine-Naphthyl-Hydrazide: Cu?*and Cysteine Sensor

compared to HoL (326, 428 nm) and has been supported by energy calculation. TD-DFT study reveals the

theoretical aspects of the observed spectroscopic changes of H.L towards Cu?*. (Tables 11.3 and 11.4).

Fig.11.24. HOMO-LUMO gap of HzL and L-Cu?*.

Optimized geometry of HoL and L-Cu?* along with some selected frontier molecular functions with their
energy were listed in the Fig.11.25, 26 and 27. Fractional contribution of groups in frontier molecular orbitals

for HoL and its L-Cu?* were calculated by GASSSUM and are listed in Table 11.5 &I1.6

HaoL L-Cu?*

Fig.11.25. Optimized structure of HzoL and L-Cu?*.
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Fig.11.26. Energy of some selected frontier molecular orbital of ligand HL.
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Fig.11.27. Energy of some selected frontier molecular orbital of L-Cu?*.

80



Chapter 11

Triphenyl-Amine-Naphthyl-Hydrazide: Cu?*and Cysteine Sensor

Table 11.3: Possible Transition of Ligand HoL from TD-DFT

Excitation Exp. Theor. Oscillation Key Nature of
Energy Wavelength | Wavelength | Frequency (f) Transition Transition
3.0851 eV 429 nm 401.88 nm 0.4135 HOMO-1- LUMO ILCT
3.7445 eV 325 nm 331.11 nm 0.0586 HOMO— LUMO+3 ILCT
Table 11.4: Possible Electronic Transition of L-Cu?*from TD-DFT
Excitation Exp. Theor. Oscillation Key Transition Nature of
Energy Wavelength | Wavelength | Frequency (f) transition
2.7893 eV 439 nm 444.51 nm 0.0448 HOMO—LUMO ILCT
3.4608 eV 335nm 358.25 nm 0.0380 HOMO -1-5LUMO ILCT
Table 11.5: MOs Contribution for ligand HoL
MOs Energy(eV) | Triphenylamine Imine Nahpthyl
LUMO+4 -0.64 99 0 0
LUMO+3 -1.02 35 19 45
LUMO+2 -1.16 27 20 52
LUMO+1 -2.05 17 45 38
LUMO -2.24 25 46 29
HOMO -5.61 63 16 22
HOMO-1 -5.73 8 20 72
HOMO-2 -5.85 27 11 62
HOMO-3 -6.37 2 2 96
HOMO-4 -6.39 1 1 98

81



Chapter 11 Triphenyl-Amine-Naphthyl-Hydrazide: Cu?*and Cysteine Sensor

Table 11.6: Contribution of MOs for its L-Cu?*

MOs Energy (eV) | Naphthyl | Cl | imine | Triphenylamine | MeOH Cu
LUMO+4 1.25 60 0 10 25 0 4
LUMO+3 0.63 20 0 49 29 0 2
LUMO+2 0.35 26 0 38 33 0 3
LUMO+1 -0.41 46 0 47 6 0 0

LUMO -0.52 44 0 47 8 0 0
HOMO -3.51 3 0 6 90 0 1
HOMO-1 -4.24 43 25 12 2 8 11
HOMO-2 -4.36 61 9 18 4 2 6
HOMO-3 -4.47 35 23 7 5 20 9
HOMO-4 -4.56 5 79 5 1 0 9

11.3.7. Detection of Cysteine

The strong affinity of Cysteine (Cys) towards Cu?* has shown the use of L-Cu?*for the sensing of Cysteine in
7:3(v/v) CH3CN/H,0 medium (HEPES buffer, pH 7.2). The selectivity of Cys to Cu?* from in situ generated
L-Cu?* non emissive complex, results in recovery of emission and turn on response towards Cys detection in
semi-aqueous medium. To a solution of L-Cu?* in 7:3(v/v) CHsCN/H.0 medium (HEPES buffer, pH 7.2) 5
equivalent of amino acids (Alanine (Ala), Leucine (Leu), Methionine (Met), Serine (Ser), Proline (Pro),
Glutamic acid (Glu), Aspartic acid (Asp), Glycine (Gly), Histidine (His), Valine (Val), Lysine (Lys),
Homocysteine (Hcy)) were added and their fluorescence spectra were measured (Fig.11.28). The result shows
that the fluorescence of the probe (HzL) is recovered from the quenched complex, L-Cu?* ensembles only in
case of Cys whereas for other amino acids/biothiols remain unaffected. On addition of 40 uM Cys, a 30 fold
significant fluorescence enhancement was observed whereas only 5.6 and 9.7 fold enhancement was observed

in case of GSH and Hcy.
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Fig.11.28. Fluorescence spectra of L-Cu?* in presence of different biothiols and amino acids (4 equivalent) in

7:3(v/v) CH3CN/H20 medium (HEPES buffer, pH 7.2).

Fluorescence titration was conducted on addition of varying amounts of Cys to the solution of L-Cu?*. On
gradual addition of (0-40uM) Cys to a solution of 10 uM L-Cu?* in7:3(v/v) CH3sCN/H.0O medium (HEPES

buffer, pH 7.2), the intensity of spectra gradually increases and recovers to that of HoL (Fig.11.29).

600 4

Emission Intensity (a.u.)

Wavelength(nm)

Fig.11.29. Fluorescence Spectra of L-Cu?* on addition of varying amounts of Cys (0-40p1M) Lex= 430 nm.

Scheme I11.c represents the reversibility of the emissive probe HL which quenches in presence of Cu?* and

simultaneously the ensemble L-Cu?* detect Cys by restoring the emission of the probe. The emission intensity
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changes at 550 nm when plotted against Cys concentration exhibited a linear correlation. The detection limit
(30/S method) for Cys is 36 nM (R= 0.99695) which is sufficiently low making it applicable for sensitive

detection in living system (Fig.11.30).
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Scheme.l1.c. Schematic Representation for Cys sensing by non-fluorescent L-Cu?* ensemble.
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Fig.11.30. Limit of Detection (LOD) for Cys by L-Cu?*.

The LOD value has also been compared with the reported LOD value of Cu?* selective probes for cysteine
(Cys) detection which are listed in the Table I1.7. Most of the Cu?* selective probes available in literature can
detect in uM concentration while few reported are shown with LOD in nM range such as Zhang et al reported

a Cu?* selective PSMA coated carbon dot chemosensor which detects Cys with LOD value of 78 nM.%2 Wu
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reported an aminoantipyrine-napthyl moiety for Cys sensor (LOD 84 nM).%% Zhang and his co-workers

synthesized a coumarin-appended naphthyl Cu?* selective ensemble for cysteine detection (LOD- 15 nM).8

Table 11.7. Some Reported LOD value for Cu?* Selective Cys Sensor

SI Probe Detection Detection Solvent Ref.
No. Limit limit Biothiols
Cu
1.
0.1 uM Cys-0.17 uM CHsCN/H:O | [85]
Hcy-0.25 uM HEPES Buffer
(1:1)
2.
X
N/
O 0~ >CONH Cys-0.192uM | CH3CN/H20
O.__CONH PBS Buffer | [86]
N
O Ny (1:9)
7
3.
Cys-10 uM
8 uM Hcy-10 uM CH3CN/H20 | [87]
Glu-16 pM (9:1)
4.
0.97 uM Cys-1.76 uM | DMSO/H:0 | [88]
(1:1)
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OH
Nj EtOH/HEPES
S. o N o Cys- 0.42 uM Buffer
Hcy- 0.10uM (9:1) [89]
OO Glu- 4.24pM
O
6.
HO
HO
B 0.25uM | Cys-0.72uM | DMSO/H0 | [90]
HNY HEPES Buffer
N o (1:1)
-\
N O o
_
7.
LI
O Cl)H OH Ol
OLNH HNLO 63 UM Cys-0.5uM | CH3CN/H:0
(1:1) [91]
HN\ /NH
8.
O 20nM | Cys-0.54uM | DMSO/H;0
2 HEPES Buffer | [92]
_N OH .
©\)LN (1:9)
NS
Q.
HO Q
j! Q Cys-15nM | CHsCN/H;0
HI HEPES Buffer | [93]
L E
/\j 0”70
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10.
_,E‘; o
)J Cys-84nM | CH:CN/PBS | [94]
N= O Buffer
wol ) (1:99)
11.
PSMA coated carbon dot 107 nM Cys-78 nM (H20) [95]

The Binding constant from B-H plot is 0.95 x 10* M which sugggests Cys forms stable association with
Cu?" which release the probe and resulted in regeneration of emission (Fig.11.31). The overall pattern of the
emission spectrum after addition of 40 uM of Cys matches closely with the native fluorescence spectrum of

HaL. This clearly supports the fact that on addition of cysteine, it leads to the liberation of HaL.

50
40 R = 0.99752 n
Slope = 1.04039 x 10
K,= 1/Slope
30- =0.95x10° M’
LII_°
L
;e 20
g
v
10-
04
v T v T v T Y T
0 1x10° 2x10° 3x10° 4x10°

1/[Cys]Litre/Mole
Fig.11.31. Benesi-Hildrebrand Plot for calculating binding constant (Kd) of L-Cu?* with Cys.
The specificity of L-Cu?" towards Cys was further checked in presence of competitive amino acids and the
resulting emission intensities illustrates the fact that the response of L-Cu?* to Cys is highly specific without

any interference of the added competitive amino acids (Fig.11.32). This behavior may reasonably due to high

nucleophilicity of thiolate group and steric influence may play a pivotal role in its selectivity to Cys.%¢*’
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ul-Cul-
BL-Cnl+ + Amino acids
=L-Cul+ + Cysteine + Amino Acds

Fig.11.32. Interference study of amino acids on Cys sensing in7:3(v/v) CHzCN/H.O medium.

The UV-Vis absorption spectra of L-Cu?* on addition of biothiols and several other amino acids were
investigated in 7:3(v/v) CH3CN/H>O medium (HEPES buffer, pH 7.2). Noticeably the addition of other amino
acids and biothiols induces no such effect on the absorption spectrum of L-Cu?* (Fig.11.33.(a)). On addition
of increasing concentration of (0-40 uM) Cys the band intensity at 439 nm gradually increases and shifted to
the absorption spectrum of the probe HoL at 430 nm and gets completely recovered on addition of 40 uM of

Cys to L-Cu?* (Fig.11.33.(b)).
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Fig.11.33. (a) Absorption Spectra of L-Cu?* on addition of different Amino Acids (4 equivalent) in 7:3(v/v)
CH3CN/H20 medium (HEPES buffer, pH 7.2). (b) Change in the Absorption Spectra of L-Cu?* on gradual
addition of (0-40 uM) Cys.
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The formation of Cu-Cys Complex on addition of Cys to L-Cu?" was further confirmed from ESI-MS
Spectrum. The peak at m/z = 239 may be due to [Cys+Cu+Cl+H>O+H*] and confirms the formation of 1:1
stochiometric complex between Cys and Cu. Another peak appears at m/z = 302 may be assigned to [2Cys +

Cu+ H™] reveals a 1:2 stochiomeric complex along with liberation of HoL which is clearly confirmed from the

peak at m/z =638 (Fig.11.34).
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Fig.11.34. ESI-MS of Cu-Cys Complex.

11.3.8. Reversibility

Reversibility is one of the prominent factors for chemosensors for recognition of important analytes. The
regeneration of H,L on addition of Cys to the solution of L-Cu?" results in reversibility of fluorescence
response which can be repeated upto 5 times by modulation of Cu?*/Cys addition in 7:3(v/v) CH3CN/H-20
medium (HEPES buffer, pH 7.2) making the probe HL as reversible fluorescence ON-OFF-ON chemosensor

for detection of Cu?* and Cys (Fig .11.35).
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Fig.11.35. Emission Intensity at 550 nm change on alternative addition of Cu?*/Cys with concentration in

7:3(v/v) CH3CN/H20 medium (HEPES buffer, pH 7.2).
11.3.9. Logic Behaviour

A molecule with appreciable sensitivity can be beneficial for construction of intregated logic gates.®® The probe
generates a highly emissive band at 550 nm in 7:3(v/v) CH3CN/H>O medium (HEPES buffer, pH 7.2) which
selectively quenches by Cu?* and this ensemble in presence of Cys results regeneration of emission. Here the
probe HoL operates on two emission states ‘ON’ and ‘OFF’ which can be analysed as a molecular logic gate
with two chemical inputs. The two input-1(Cu?*) and input-2(Cys) can be considered for the development of
IMPLICATION logic gate. Monitoring the fluorescent emission as the output signal, 1 is considered if it is
present and O if it is absent. The input and output string are connected with combination of H.L, Cu?* and

Cysteine and represented in the truth table (Fig.11.36).
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Fig.11.36. Molecular IMPLICATION Logic gate construction for Cu?* and Cys.

11.3.10. Cell Study

In order to check the cellular toxicity of the probe H.L, an in vitro cytotoxicity study was estimated for assuring
its biocompatibility on WI-38 cell line. The cells were treated with five different concentrations (20 pM, 40
UM, 60 uM, 80 uM and 100 uM mi™t) for 24 h and followed by MTT assay. It was evaluated from the
experimental observation that the ligand exhibited no significant toxicities even at the highest concentration
of 100 uM (Fig.11.37). Therefore the results ensure that the biocompatibility of HoL applicable to living

systems.
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Fig.11.37. Cell survivability of the ligand on WI-38 cell line.
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The cellular internalisation study of HoL was carried out in the hepatocellular carcinoma cells. The cellular
uptake of HzoL (10pM), Cu?*salt (20 uM) and cysteine (40uM) by HepG2 cells were examined through the
fluorescence microscopy study. A prominent red signal observed for cells treated with the probe. The
prominent red fluorescence is observed as the compound penetrates into the cells which in turn results in the
red emission. The red signal immediately disappears after addition of 20 uM of Cu?* salt. To perform the
fluorescence imaging of Cys in Hep G2 cells, 40uM of Cys added to cells incubated with L-Cu?* which

resulted in reappearance of bright red fluorescence.

BrightField Fluorescence Merge

Control
HL
H,L + Cu?*

H,L + Cu?*+ Cysteine

Fig.11.38. Bright field, fluorescence and merged microscopic images of untreated HepG2 (Control), cells

treated with HaoL(10 uM), Cu?*(20 uM), Cys(40 pM).

The concentration of free copper ions has been estimated to be of the order of 1071810713 M in yeast cells and
in human cells. So we can easily comprehend that the quantity within the cellular mileu is too low for our
sensor HzL to detect (Limit of detection 7.3 nM) Therefore the insitu detection of Cu?*/Cys is not possible by
employing our sensing probe, HoL.%" However, the overall results show that the cells can readily uptake HaL,

Cu?* and Cys with a prominent response at cellular level (Fig.11.38).
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11.4. Conclusion

A Highly Emissive Difomyl triphenyl-napthyl hydrazide based probe has been Synthesized and well
characterized. The strongly emissive probe shows efficient sensitivity and selectivity for Cu?* ion through turn
off approach over a series of important cations with a low detection limit of 7.3 nM under physiological
condition. The interaction of Cu?* with the probe has been experimentally determined. DFT and TDDFT
calculation were in accordance with the experimental results. The L-Cu?* complex is applied for selective
detection of Cys amongst other biothiols and amino acids with LOD value of 36 nM for Cys. The strong
affinity of Cys towards Cu?* leads to the recovery of emission of HzL turning it to be a reversible ON-OFF-
ON chemosensor and can be beneficial for construction of IMPLICATION logic gate. A MTT studyinWI-38
Cell and fluorescence cell imaging in Hep G2 cells shows biocompatibility of the probe for sensing application

at cellular level.
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A Highly Emissive Zn(I1)-pyridyl-benzimidazolyl-phenolato based
Chemosensor : Detection of H,PO4s~ via “Use” and “Throw”

Device Fabrication.
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CHAPTER Il

Abstract

2-Ethoxy-6-[1-(phenyl-pyridin-2-yl-methyl)-1H-benzoimidazol-2-yl]-phenol (HL) selectively serves as
sensitive ‘turn on’ Zn?* sensor in 9:1 (v/v) DMSO/H,0 (HEPES Buffer, pH=7.4) medium in presence of
sixteen other cations at the limit of detection (LOD) 3.2 nM. The stronng blue emission of the complex,
{[Zn(LHOAC]} (HL! = benzimidazolyl ring opening structure of HL) (Aem, 461 nm), is quenched by the
H2PO4 in presence of eighteen other anions and the LOD is 0.238 pM. The cause of the emission of the
complex, is due to the restricted intramolecular rotation (RIR) followed by the chelation enhanced
fluorescence (CHEF). The quenching of the emission of [Zn(LY)OAc] by H2PO4 (in presence of other PVs
(inorganic and biological) as well as additional anions) is due to ‘turn off” fluorescence via demetalltion and
releasing of nonfluorescent ligand, HL and [Zn(H2PO4)]*. An INHIBIT logic gate memory circuit of the probe,
HL, is devised with Zn?* and H2PO4~ as two consecutive inputs. The percentage of H.PO4~ recovery is
excellent and is obtained from distilled, tap and drinking water sources. The bright blue emission of
[Zn(LY)OAC] further triggers to fabricate ready-made portable thin films of the Zn-complex which executes a
cost-effective ‘on-site” solid state contact mode detection of H.PO4™ at the selectivity of picogram level (10.97
pg/cm?) by monitoring the intensity of quenched spots under UV light upon varying the analyte concentration
from 108 to 102 M. Finally, taking the advantage of reversible fluorescence switching, a simple and definite
ion responsive security feature is successfully embedded into a “Use” and “Throw” solution coated paper strip
of the present Zn(l1)-pyridyl-benzimidazolyl-phenolato based chemosensor, which efficiently detects HoPO4~
from water by a successive ‘ON-OFF’ fluorescence switching driven security activity without any exhaustion

in emission phenomenon.
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I11.1. Introduction

Phosphates (PV, inorganic phosphates (PO, HoPO4", HPO4Z, P,07*, P3s010™, polyphosphates) and biogenic
phosphates (AMP%, ADP?* and ATP*, nucleic acids, phospholipids) are ubiquitous in ecology and
environment, and have attracted considerable attention owing to their inevitable relevance in energy
metabolism, signal transduction, regulation of protein and genetic information transfer? and manufacturing
of antiviral as well as chemotherapeutic drugs.®>* Khoshiniat et al. reviewed and suggested that, the local
phosphate concentration in serum acts as a signal regulating agent for some important biological events like
bone, teeth and muscles or vascular calcification.> Phosphates are useful genetic components for development
of essential biopolymers - DNA, RNA and phospholipids along with transcription of energy and signal via
development of bioproteins like Adenosine triphosphate (ATP).%”-° Essentially, phosphates have extensively
been utilized as nutrient and fertilizer for all plants and crops in agricultural processes.'® However, excessive
dispensation together with uncontrolled discharge of such ions/compounds in environment through wind
erosion, surface runoff from terrestrial to aquatic ecosystems, triggered by the agriculture, animal husbandry
and other anthropogenic activities causes a severe threat for the human health and living organisms. Over-
leakage of inorganic phosphates as agricultural wastes eventually results in eutrophication for the aquatic
bodies via decomposition and depletion of dissolved oxygen due to excessive algal growth in water.*t
Therefore, the permissible level of phosphate in drinking water has been minimized by WHO to 1 mg/L.° Side-
by-side, irregular concentration of phosphate in human body leads to the clinical diagnostics of various
disorders related to vitamin D deficiency, mineral and bone syndrome,*? illness of hyperparathyroidism,
hypertension,® Franconia disorder,'*'® hyperphosphatemia and cardiovascular complications.® On
considering their importance in both biology and environment, a great effort has been made for the trace level

detection of PV in analytical biochemistry.

Various techniques based on gravimetry, volumetry, spectrophotometry, electrochemistry, enzymatic coupled
reactions have been adopted for quantitative estimation of PY.® In most cases, the methods have been

developed with the reference to yellow molybdophosphate. However, these methods are suffering from a
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serious drawback of acidic pH condition (conc. HNO3) and the usage of hazardous chemicals. Out of these
methods, fluorescence molecular sensors specific to inorganic phosphate (Pi) is turned out to be highly
sensitive, selective, inexpensive and simple. Hydrogen bonding, pi-interaction, self-assembly for Aggregation
Induced Emission/Quenching, coordination of oxoanions, chemical reaction, displacement approach etc. are
the advanced procedures for ion detection by molecular fluorescence sensing techniques.!’*® Due to their
importance in biology and environment, considerable attention has been made to develop systems capable of
selective sensing of phosphates and their related compounds. Several comprehensive reviews describing the

recognition of phosphate molecules by artificial receptors have been published.?%2®

Out of various intrinsic forms of phosphorus, dihydrogen phosphate (H2PO4) has been considered as a
predominant component of inorganic phosphate owing to its prevailed equilibrium between other two basic
anions HPO4? and PO4* at physiological pH.%® Therefore, sensitive and selective detection of H.PO4 as a
primary target analyte is a topic of paramount importance. In this aspect, design of fluorogenic metal complex
which could selectively interact with HoPO4™ through altering its emission by desire physical or chemical

methods is of uppermost priority.*®

Sequential “ON-OFF” fluorescence switching formulated on the direct coordination of a metal ion to the
organic scaffold followed by its demetallation with the desired anion based on the relay displacement process
not only successfully resolves the prolonged dearth of phosphate detection but also enjoys the added benefit
of dual sensing (metal ions and anions) with the exchangeable indicator in a single chemosensor framework,
where the sensing mechanism remains independent of analyte structure.?® % Amongst different metal ions,
second most abundant essential element Zn(ll) imparts a sensitive recognition towards HPOs~ and is
biologically important.3'-3¢ The lack of spectroscopic signature of Zn(ll) due to its intrinsic (3d*°) electronic
configuration can successfully be resolved by its spontaneous tendency to divulge a feasible complexation
with varied organic chemosensors, which ultimately tune the photophysics of luminogenic receptor through
the real-time modulation in fluorescence signal upon hampering the metal-induced electronic communication

in presence of required anion.3” Taking the inspiration from the simultaneous detection of multi-analytes, the
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present study unearths an easy-made novel benzimidazole appended probe, 2-ethoxy-6-[1-(phenyl-pyridin-2-
yl-methyl)-1H-benzoimidazol-2-yl]-phenol (HL) based on a single step Schiff base condensation, where the
targeted detection requires merely ambient conditions. Unlike most of the unstable phosphate sensors having
poor sensitivity,®® the present receptor unveils sensitive and selective relay recognition of H2PO4~ both in
solution and solid state via “ON-OFF” fluorescence switching of the sensor, triggered by a ring opening
chelation of Zn?* followed by its displacement by H,PO.~, with desired accuracy and comparability in each

recognition step.
111.2. Experimental section
111.2.1. Materials and methods

2-Benzoylpyridine, o-Phenylenediamine, 3-Ethoxysalicyldehyde were purchased from Sigma-Aldrich.
Inorganic salts (Cation sources: Zn(OAc)2.2H20, Cd(OAc)2, Hg(OACc)2, CuCl,.2H>0, CoCl2.6H20, PbCly,
Al(NO3)3.9H20, CaCl,.6H20, FeCls.6H.0, BaCl,.2H-0, NiCl,.6H20, NaCl, MnCl,.4H20, PdCl, CrClz.6H20,
KCI, MgCly; Anion sources: KH2PO4, Na2S203.5H20, K3POs, NaCl, NaF, NHsHF2, KNO3, KBr, NaNO»,
NaNs, NazAsOs, CH3COONa, NaAsOz, K103, NasP207, KI, Na;SO4, NaxS, and Na.S»0s,) were bought from
Merck. For spectroscopic measurement, spectroscopic grade solvents were used from TCI. The solvents were
dried by standard procedure for spectroscopic studies.®® Milli-Q water (Millipore) was used for preparation of
aqueous solutions of metal salts. Perkin-Elmer (2400 Series-11, Perkin ElImer, USA) CHN analyzer was utilized
for elemental analysis purpose. The spectra were recorded by Lambda 25 spectrophotometer: UV-Vis; LS55:
fluorescence and LX-1FTIR spectrophotometer: FT-IR spectra (KBr disk, 4000-400 cm™) on Perkin Elmer
instruments. *H and *C NMR spectra were taken by Bruker 500 MHz FT-NMR spectrometer. The chemical
shift (3) of the respective NMR spectra were recorded in parts per million (ppm) with respect to
Trimethylsilane (TMS) as internal standard. ESI-MS spectra were obtained from HRMS spectrometer (model,

XEVO-G2QTOF#YCA351).
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111.2.2. Synthesis of 2-Ethoxy-6-[1-(phenyl-pyridin-2-yl-methyl)-1H-benzoimidazol-2-yl]-phenol (HL)

N-(Phenyl-pyridin-2-yl-methyl)-benzene-1,2-diamine was synthesized by following literature procedure.*

To dry methanol solution (10 mL) of N-(Phenyl-pyridin-2-yl-methyl)-benzene-1,2-diamine (0.275 g, 1.0
mmol), 3-Ethoxy-Salicyldehyde (0.166 g, 1.0 mmol in 15 mL methanol) was added gradually and the mixture
was stirred for 12 h. Clear solution was allowed to evaporate slowly (Scheme 111.a) to isolate yellow coloured
prismatic crystals (0.305 g, Yield ~72 %) after two weeks, which was characterized by various spectroscopic

techniques including single crystal X-ray diffraction measurement.

c
HO 0—'{:
e N 2
N
@: Dry MeOH (:I
N
f N
12 h stir TN | g
~
h”-(pherrrl[pyrldin-z 3-athoxy-2-hydroxy 2-ethoxy-6-(1-(phenyl(pyridin-2-yl)methyl)-1H-
yljmethyl)benzene-1,2- benzaldehyde benzo[d]imidazol-2-yl)phenol
diamine HL

Scheme Ill.a : Synthesis of the ligand HL.
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Fig.111.1 *H NMR spectrum of HL.
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Fig.111.4 IR Spectrum of HL.

111.2.3. Quantum yield and limit of detection calculation

Fluorescence quantum yields (¢) were obtained by using the equation:
@sample = (ODstd, X Asample)/(ODsampleX Astd.) X @std.

where, Asample and Astg represent the areas under the fluorescence spectral curves for sample and standard
respectively. ODsample and ODstq represent the optical densities of the sample and standard respectively at that
excitation. wavelength. In this work, acidic quinine sulfate (0.1(N) H2SOas solution) was taken as the standard
with known quantum yield of 0.54.4* LOD was calculated from fluorescence titration experiment on gradual
addition of Zn?* into the solution of probe, HL. Standard deviation was measured from emission intensity of
probe at varying concentration. Limit of detection was determined from the equation, LOD = 3a/m, where, ¢
represents standard deviation and the slope (m) was acquired from the plot of fluorescence titration

experiment.
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111.2.4. Solution preparation for UV-Vis and fluorescence spectral measurement

The probe (HL, 1x1073 M) was prepared in DMSO (AR) solution. All the salt solutions (1x10~3 M) were taken
in deionized water. A 50 uM of HL solution was prepared with (9:1, v/v; DMSO/H,O (HEPES Buffer, pH
7.4)). To this solution, 1.0 equivalent of salt solution was added under room temperature (298 K) with proper
correction of dilution factor and the sensitivity and selectivity were checked by spectroscopic measurements.
A two and four faced quartz cells of path length equalled to 1 cm were used for absorption and emission
measurements respectively. Fluorescence experiments were carried out with 15 and 5 nm excitation and

emission slit widths.
111.2.5. X-Ray Crystallography of HL

The yellow prismatic crystals of HL (0.19 x 0.03 x 0.06 mm?), suitable for diffraction study were obtained
upon slow evaporation of ethanolic solution of the probe under room temperature. Single crystal X-Ray data
were collected by Bruker Apex Il CCD Area Detector at 273(2) K. The crystal data and refine parameters are
tabulated in Table 111.1. Graphite-monochromatized MoKa radiation (A= 0.71073 A) was used in fine-focus
sealed tube. The hkl range for data collection was -10 < h < 10; -12 <k < 12; -27 < | < 27. Diffraction was
recorded within the angular range of 2.185 < 6 < 24.993°. The intensity was corrected for Lorentz and
polarization effects with application of rectified empirical absorption data, collected under the condition of |
> 20(1). The structure was solved by direct method followed by successive Fourier and difference Fourier
syntheses. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were geometrically
fixed and refined using the riding model. All calculations were carried out using SHELXL-97,*> ORTEP-324
and PLATON-99* programs. The crystal data of HL were deposited to Cambridge Crystallographic Data
Centre with CCDC 2038659. The copies of this data may be picked up free of cost from the Director, CCDC,
12 Union Road, Cambridge CB2  1EZ, UK  (e-mail:deposit@ccdc.cam.ac.uk  or

www:htpp://www.ccdc.cam.ac.uk).
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Table I11.1: Crystal data and refine parameters for probe HL.

Empirical formula C27H23N30;
Formula weight 421.48
Temperature (K) 273(2)
System orthorhombic
Space group P212121
a(A) 9.0805(9)

b (A) 10.1637(10)
¢ (A) 23.374(2)
a=B=y /° 90

V (A) 2157.2 (4)

Z 4

D(cal)/g cm™3 1.298

wmm ™t 0.083

AMA) 0.71073
data[l >2c (I)]/params 3805/279
Final R indices R:= 0.1007
[1>20(I)]2P WR2=0.1951
GOF° 1.118

*R1 = X||Fol—|Fell/Z[Fol; "WR2 = {E[W(Fo™Fc?)?V/Z[W(F%)}% w = [6%(Fo)? + (0.1003P)* + 4.9693P ] (Fo® +
2F:?)/3; ¢ Goodness-of-fit

111.2.6. Time-resolved fluorescence decay measurement

A time correlated single photon counting spectrometer (Horiba Jobin Yvon) having a diode laser as an

excitation source (hex = 390 nm) with the pulse repetition rate equaled to 1 MHz was utilized for fluorescence
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decay profiles measurement. The respective emission maxima were taken for the collection of decay curves,
which were further analyzed using an IBH DASG6 software with proper fitting according to the following

equation:

1(t) = ZAie—f/fi
i

where, 7i is the luminescence lifetime of i" species and A represents the amplitude of the corresponding decay.

During fitting, a range of valid y2 values were employed accordingly.

For evaluating the characteristic times, a bi-exponential decay model was utilized based on the following
equation:

Z T B;
‘s = 3B,

where, t, B represent the lifetime and its respective amplitude.
111.2.7. DFT computations

Density Functional Theory (DFT) and TD-DFT calculations were performed to explicate theoretical
correlation with experimental analyses. The gas phase full geometry optimization of HL was carried out using
GEN basis set with the B3LYP functional in Gaussian program package Gaussian09.*® The LanL2DZ basis
set was employed for full geometry optimization of the Zn complex. The absence of any imaginary frequencies
in the vibrational frequency calculations of probe and its complex ensured that the optimized geometries
attained the respective energy minima.*® Subsequently, the entire vibrational analyses were performed with
respect to all geometrical variables, regardless of any geometrical constrains. Electronic transitions were
obtained theoretically by Time Dependent-DFT (TD-DFT) calculation in DMSO medium using Conductor
like Polarizable Continuum Model (CPCM)*"#8 and the GAUSSSUM*® was used for calculation of fractional

contribution of groups in the molecular orbitals.
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111.3 Results and discussion
111.3.1 Characterization of the probe, HL

The *H NMR spectrum of 2-ethoxy-6-[1-(phenyl-pyridin-2-yl-methyl)-1H-benzoimidazol-2-yl]-phenol (HL)
shows a singlet peak at 9.52 ppm which is assigned to the phenolic proton (-OH). Also, a singlet signal at 8.52
ppm is allotted to aromatic-C-H (Hg) adjacent to Pyridyl-N. The remaining aromatic protons appear from 6.71
to 7.78 ppm. The sharp singlet peak due to the tertiary C-H (Hq) appears at 6.13 ppm. The methylene (-CHa-)
proton (Hp) of ethoxy (-O-CH2-CHs) group seems to be at 4.09-4.13 ppm and methyl (-CHz) proton (Hc)
observes at 1.32 ppm (Fig.111.1). *C NMR spectrum shows a peak at 157.6 ppm due to the presence of C-N
of pyridine ring and other aromatic carbon appears between 113.59-149.65 ppm. The resonance signals for
methylene carbon (-CH2-) of -O-CH>-CHz and primary carbon (-CH3) appear at 64.73 and 15.10 ppm,
respectively (Fig.111.2). The ESI-MS analysis shows two molecular ion peaks at m/z, 422.1845 and 444.4698
which could be assigned for [M + H*] and [M + Na*] ions peaks respectively and support the structure of HL
(Fig.111.3). The FT-IR spectrum exhibits stretching frequency at 2900 and 1591 cm™ respectively correspond
to the vibrations of tertiary C-H and C=N units in the probe (Fig.111.4). Thus, probe carries benzimidazole
derivative. This is confirmed from the single crystal structure determination as well. The phenolic -OH
stretching is observed at 3448 cm™. The single crystal X-Ray structure of HL is shown in (Fig.111.5(a)), it
crystallizes in orthorhombic crystal system with space group of P21212;. The molecular lattice is consisted of
one discrete unit and details of the bond parameters like selected bond length and bond angle are listed in
Table 111.4 &Table 111.5. The bond lengths of C(007)-N(2) and C(007)-N(1) are 1.307(9) and 1.374(9) A
respectively which confirm the formation of imine and amine linkage in the probe. The HL has three N and
one O donor for chelation with metal ions, which behaves as tetra-dentate NNNO type coordination with
respect to the proximity of chelating sites. A supramolecular assembly is formed in this crystal unit along ‘c-

axis’ through weak intermolecular interaction (Fig.111.5(b))
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Carbon
@ Nitrogen
@ Oxygen
Hydrogen

Fig.111.5 (a) Single crystal X-Ray structure of the probe, HL. (b) Supramolecular assembly of HL along ‘c-
axis’.
111.3.2 Spectroscopic behaviour of HL to metal ions and selectivity to Zn?* ion

The UV-Vis absorption spectrum of the probe, HL (9:1 (v/v) DMSO/H,0; HEPES Buffer, pH=7.4) exhibits

absorption bands at 265 and 285 nm and a weak shoulder at 335 nm (Fig.111.6).

0.8

Absorbance (a.u.)

" T T T T T T
250 300 350 400 450
Wavelength (nm)

Fig.111.6 Change in absorption spectrum of HL (50 uM) on addition of Zn?* (0-50 pM)

The fluorescence spectrum exhibits very weak emission (¢HL;=0.0051) upon excitation at 350 nm in the same

medium (9:1 (v/v) DMSO/H,0 (HEPES Buffer, pH=7.4)). The poor luminogenic behavior of the probe in
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free-state is ascribed by twisting of structural framework, which enables the unrestricted rotation of tethered

2-ethoxy phenol and phenyl pyridine substituents with respect to the benzimidazole unit (Fig.111.7).

Fig.111.7 X-Ray structure of HL exhibiting twisting framework (two different view)

The torsional angles of the planes C4-C5-C007-N2, C6-C5-C007-N1 and N1-C7-C18-N3 are 58.14°, 64.18°

and 38.09°, respectively (Table 111.2), which ascertains the free rotation of the probe and results weak

luminescence at excited state.>% %1

Table 111.2: Some selective torsional angles present in the free probe HL (obtained from X-Ray structure).

Bonds Angle (°)
C8 N1 C7 Ci18 47.3(10)
N2 C007 C5 C4 58.1(10)
N1 C7 Cl19 C24 57.1(7)
N2 C007 C5 Cb6 -116.5(8)
N1 C7 C18 N3 38.1(9)
N1 C7 Cl18 C17 -144.1(7)
N1 C7 C19 C20 -121.6(6)
N1 CO007 C5 C4 -121.2(8)
C007 N1 C7 C19 86.5(8)
N1 C007 C5 C6 64.2(10)
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Sensitivity experiments of the probe was carried out in presence of 1.0 equivalent of different essential cations
such as Cu?*, Co?*, Pb?*, Zn?*, Cr*, Cd?*, Ca?*, A", Fe**, Hg?*, Ni¥*, Mn?*, Ba?*, Na*, K*, Mg?* and Pd?* in
9:1 (v/v) DMSO/H20 (HEPES Buffer, pH=7.4) and the fluorescence spectra were recorded (Fig.I11.8(a)).
Interestingly, out of all the cations, the probe selectively senses Zn?* ion with enhancement of emission band
centered at 461 nm (Aex = 350 nm). A significant enhancement (~80 fold) of emission has been observed in
case of Zn?* ion whereas ~6 folds enhancement was observed for Cd?* ion and rest of the metal ions exert
insignificant change in the emission intensity. The probe shows a distinctive blue emission only in presence
of Zn?* ion (Inset of Fig.111.8(b)) and such high emission may be explained on account of the suppression of
existing free rotations in HL accompanied by the introduction of Chelation Enhanced Fluorescence (CHEF)
with augmentation of molecular rigidity.5>%® Inspired from the selective ‘turn-on’ recognition towards Zn?*,
gradual addition of the analyte to 50 uM probe solution (9:1 (v/v) DMSO/H,0; HEPES Buffer, pH=7.4), the
emission intensity at 461 nm significantly increases (Fig.111.8(b)) and varies linearly with [Zn?*] until
emission reaches the saturation level of 1.0 equivalent of Zn?*. At this stage the probe shows remarkable turn
on sensitivity towards Zn?* ion. Eventually, the Limit of detection (LOD) has been determined from
fluorescence titration profile by following the 3o/slope method. The calculated LOD for Zn?" is 3.2 nM
(Fig.111.9), which is much lower than the WHO recommended permissible level and implies that the probe is

highly sensitive towards Zn?* ion with a very efficient LOD than most of the reported probe (Table 111.3).

900 < 800, \
5 3 N Zn?*
3@ 37 \
2 > AN
2 5 / \
c o 24
8 450 £ 400, [zn<™] (uM)
£ L=
c
S o
3 HL+other cati 2
= £ S
5o § ol
410 492 574 410 492 574
Wavelength (nm) Wavelength (nm)

Fig.111.8 (a) Emission spectra of HL (50 uM) in presence of different cations (1.0 equivalent) in 9:1 (v/v)

DMSO/H>0O (HEPES Buffer, pH=7.4) (Aex = 350 nm). (b) Change in the fluorescence spectrum of HL (50
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HM) on successive addition of Zn?* ion (0-50 uM) in 9:1 (v/v) DMSO/H,O (HEPES Buffer, pH=7.4) (Aex =

350 nm). Inset: photographs of HL (50 uM) and its Zn(l1)-complex taken under UV lights (Aex = 365 nm) .
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Slope = 2.068 x 10°
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= (3 x 0.223)/(2.068 x 10%)
=320M
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Fig.111.9. Limit of detection (LOD) for Zn?* by the probe, HL.

Table 111.3: Some of the reported Zn?*/H.PO4 selective probe along with LOD.

SL Probe Selectivity Solvent Ref.
No. (LOD)
1.
Zn?* (0.562 uM)
H2PO4 (0.0314 pM) CH3CN [54]
HSO4 (0.0304 uM)
2.
Zn?* (20 uM)
HP207> (1 uM) EtOH [55]
H2PO4 (1 pM)
3.
0 Zn?* (0.103 uM) DMF/HEPES | [56]
0 ey HPO4? (0.207 M) Buffer
(5:1)
OH
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4.
Zn?* (5.7 nM)
| ~ H 0 2+
o M LNz O Cd?* (1.09 uM) MeOH/HEPES | [57]
o HO Al (1.64 uM) Buffer
F(21.1 pM) (7:3)
H2PO4" (2.56 uM)
5.
Zn?* (0.59 nM) MeOH/H20 [58]
N OH Nepn HoPO4™ (26 M) (4:1)
HN
S HN\;S
NH
6.
Zn2* (5.4 pM)
| H2PO4 (-) CH3CN/HEPES | [59]
N OH N
<: } Buffer
N
N\—7 (1:1)
7.
O Zn?* (41 nM) DMSO/H;0
= H2PO4™ (49 nM) (8:2) [60]
o K
N
Ho N
o)
8.
s@ Zn* (0.65 pM)
H';l’(‘N Cd?* (2.1 M) CH:OH/H,0 | [61]
" H2PO4 (9) (7:3)
OH ? '
9P o0
Q.
X Zn?* (8.8 nM) CHsCN/H.O | [62]
N7 H2PO4~ (0.05 UM) (8:2)
HN\tO
N\_\
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10.
o ot Zn?* (3.2 nM) DMSO/H,0 | This
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N
N
H |
N

The sensitivity of the probe has further tested in presence of other co-cations to check the interference in the
detection of Zn?*. The competitive study is performed by addition of 2.0 equivalent of other cations into the
solution containing HL and Zn?*, i.e. in-situ generated [Zn(L')OAc] complex. It is found that the interfering

effects are negligible in the detection of Zn?* in presence of external cations (Fig.111.10)

. L
HL+M>*
» HL+M*+Zn*

Fig.111.10. Interference study on Zn?* sensing in presence of external cations.

The change in the emission of the probe is insensitive to a wide range of pH (2-12). However, on addition of
1.0 equivalent of Zn?* to the probe solution, the emission intensity increases from pH 5 to 12 and appreciable
emission is observed in the basic pH (>7) regime (Fig.111.11). The effect of pH values on the luminescence
properties of [Zn(LY)OACc] is examined. The non-luminescence nature of free probe owing to the unrestricted
rotation of its twisted counterparts is hardly affected by the variation of pH values, which results more or less
unaltered photoluminescence characteristics of HL throughout the entire pH regime (2-12). However, in acidic
pH (<5), the N, N, N and O units in HL become inefficient for binding with Zn?* presumably due to the
possible protonation of coordinating sites, which eventually leads to poor emission feature. Conversely, with
increased pH values, the respective coordinating units become available for efficient chelation with 1

equivalent Zn®* where vigorous restriction of existing free rotation in [Zn(L)OAc] complex effectuates
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chelation enhanced fluorescence (CHEF) emission from pH 5 to 12 and appreciable emission is observed in

the basic pH (>7) regime. Hence, the probe is applicable for recognizing Zn?* at normal physiological pH.

so0-| [ HL

—e— HL +Zn%*

(2]

(=

(=]
1

400

200

Emission Intensity (a.u.)

Fig.111.11. pH effect on HL for Zn?* sensing.

Quantum yield calculated for the complex [Zn(LY)OACc] (¢ = 0.391) is found to be reasonably higher than that
of free probe, HL (@i = 0.0051). Since the non-emissive probe HL becomes highly luminescent selectively
on coordination to Zn?* (Aem = 461 nm) out of sixteen biologically important metal ions, the specific behavior
of Zn?* can presumably be explained on the basis of suitable size of the ion which fits in the NNNO chelate
cavity and elevates the CHEF process in a dominating fashion. Furthermore, the Lewis acidity of Zn?* makes
it appropriate for robust and selective interactions with hard N and O centers of the probe, which reinforces
the emission intensity by resisting the free rotations and also the vibrational relaxation of the pendant
substituents in HL. The disfavored size and electronic characteristics of other ions in the present case make
them unfit for such emission enhancement. The absorbance change of HL is also recorded by the incremental
addition of Zn?* (9:1 (v/v) DMSO/H,0, HEPES Buffer, pH=7.4), where the absorption intensity at 325 nm
increases with a red shifting to 362 nm (Fig.111.12). On further addition of Zn?*, the unchanged absorbance
spectrum indicates that the saturation is attained with a stoichiometry of 1:1 for complexation and the red shift
in absorption spectra also remains unchanged with successive addition of Zn?* when 1:1 complexation is

attained.
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Fig.111.12. Change in the absorption spectrum of HL (50 uM) on gradual addition of Zn?* (0-50 pM).

The binding affinity of HL towards Zn?* has experimentally determined from Benesi-Hildebrand equation
([(Fmax - Fo)/(F - Fo)] vs. 1/[Zn?*]) and the binding constant, Kq is estimated is 2.93 x 10* M, which suggests
a strong interaction and association between HL and Zn?* (Fig.111.13(a)). The stoichiometry of the complex

Zn?*-HL has been examined by the Job’s plot which shows an inflexion corresponds to the mole fraction of

0.5 and suggests 1:1 complexation (Fig.111.13(b)).

16 -
0.20
iy
12 S 0.16
=]
]
= —
= S o2
= 2 A2
= 84 =
g ¢ R=099863 £
= Slope =3.411 x 10° M g 0.084
K, = 1/Slope -]
4. = 1/(3.411 x 105 -
=293x10'M" 0.04 4
T T L) T L)
T T P LUV — 0.0 0.2 0.4 0.6 0.8 1.0
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1/|Zn""] Litre/Mole Mole fraction of Z

Fig.111.13. (a) Binding constant Kq evaluated from Benesi-Hildebrand plot of probe HL towards Zn?* ion. (b)

Job’s plot between Zn?*and HL.

ESI-MS of [HL-Zn?*] complex also supports the 1:1 complex formation. The mass peak at m/z = 486.0937

corresponds to the [HL-H+Zn]" ion, accounts1:1 binding along with ring opening of the cyclic benzimidazole

moiety (Fig.111.14).
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Fig.I11.14. ESI-MS spectrum of HL-Zn?" complex.

I11.3.3. 'THNMR Titration

To understand the binding approach of HL towards Zn?" and proposed composition of the zinc complex, 'H-
NMR titration (500 MHz, DMSO-ds) of the probe with addition of Zn>" has been examined (Fig.II1.15). On
successive addition of different concentration of Zn(OAc)..2H>0 into the probe solution, the phenolic OH
peak intensity at 9.52 ppm gradually disappears and gets completely vanished at 1:1 stoichiometric addition.
The appearance of two new peaks at 8.90 and 5.02 ppm can be assigned to the imine (CH=N) and NH protons
which suggest that chelation prefers the ring opening event in presence of Zn?*. The arrival of a peak at 1.88
ppm indicates the presence of acetate (AcO") in the [Zn(L')OAc] complex. The broadening of aromatic peak
also confirms participation of Zn>" in binding. The results together clearly explain the ring opening phenomena
on participation towards Zn?* binding. This is reasonably due to involvement of Zn>" chelation induced five

membered ring opening reaction.®?
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Fig.111.15 *H-NMR titration of HL on successive addition of Zn?* in DMSO-ds.

The kinetics of Zn?* sensing via ring opening of the cyclic benzimidazole moiety of HL has been evaluated
by fitting the emission intensity into a single exponential equation,®*% and the response time has been
calculated to be as low as 0.05 s (Fig.111.16). The rapid response time ascertains instantaneous reaction of the

probe towards Zn?* ion.
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Fig.111.16 Time-course emission intensity of HL upon addition of 1 equivalent Zn?".

The presence of medium intense broad stretching band at 3343 cm™ indicates v(N-H) along with the presence

of tertiary v(C-H) at 2975 cm™ (Fig.111.17(a)&(b)) which confirms the chelation that proceeds through ring

opening reaction. A shift in v(C=N) from 1592 to 1599 cm™ indicates its participation in chelation process

with Zn?*, and the appearance of an intense band at 1614 cm™ presumably ascribes v(N-H) bending as well.

The acetate (—COQ) group might associates with metal ions in different modes, which is assigned by the [Zn—

(O—C-0)] chelation. For [Zn(LY)OAc] complex the bands at 1585 and 1393 cm™ plausibly refer to asymmetric

and symmetric binding of acetate group. Merged IR spectra of HL and its Zn-complex also included in the

Fig.111.18 for better understanding.
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Fig.111.17 (a) IR spectrum of HL-Zn?" complex; (b) zoom image in wavenumber around 1200-1700 cm™.
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Fig.111.18 Merge IR spectrum of HL and HL-Zn?* complex ([Zn(L})OAc]).
111.3.4. DFT Computation:

In order to explain the change in bond parameters on interaction of HL with Zn?*, the optimized structure of
HL and [Zn(LY)OAc] are calculated using DFT/B3LYP computational method (Fig.111.19). The Bond lengths
and bond angles are calculated from the optimized cyclic structure of HL (Tables 111.4&5) which eventually
are in good correlation with the parameters obtained from X-ray measurements as shown for HL (length; A)
calc. (exp.): C007-N1 1.39 (1.37), N1-C7 1.46 (1.47), C18-N3 1.33 (1.39), C007-N2 1.31 (1.30), 02-H2 0.96
(0.82) and bond angle (°): calc.(exp.) C007-N1-C7 124.89 (124.48), N1-C7-C18 111.70 (112.10), C18-N3-
C14 118.48 (118.39), N1-C007-N2 113.01 (112.6), C007-N2-C9 105.60 (105.22), N2-C007-C5 121.69

(123.36), C6-C1-O1 113.28 (114.51), C6-02-H2 107.78 (110).

[Zn(LY)OAC]

Fig.111.19. DFT optimized structure of probe HL and its zinc complex using B3LYP method.
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Table 111.4: Some selected bond length of HL obtained from single crystal and compared with theoretical

optimized structure.

Bond-Length Experimental bond length | Theoretically bond length (A)
(A)

C007-N1 1.374(9) 1.39
N1-C7 1.475(10) 1.46
C7-C18 1.527(10) 1.53
C18-N3 1.392(12) 1.33
C7-H7 0.98 1.08

C007-N2 1.307(9) 1.31

C007-C5 1.497(10) 1.47
C5-C6 1.390(10) 1.39
C6-02 1.366(9) 1.36
02-H2 0.82 0.96
C1-C6 1.392(10) 1.40
C1-01 1.383(9) 1.37

Table I11.5:

Selected bond angles of probe HL from crystal unit and its comparison with optimized structure.

Bond Angles Experimental angle(®) Theoretically calculated Angle(°)
C007-N1-C7 124.5(5) 124.89

N1-C7-C18 112.1(6) 111.70

C7-C18-N3 118.7(7) 115.06

C18-N3-C14 118.4(8) 118.48

N1-C007-N2 112.6(6) 113.01

C007-N2-C9 105.2(6) 105.60
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N2-C007-C5 123.4(6) 121.69
C007-C5-Cb6 120.9(6) 123.14
C6-C5-02 118.0(6) 120.16
C6-C1-01 114.5(7) 113.28
C6-02-H2 110 107.78

To explain the spectroscopic response of HL towards Zn?*, Time Dependent Density Functional Theory (TD-
DFT) has been performed. Using CPCM method in DMSO solvent medium, the ground state electronic spectra
for both the probes and its zinc complexes has been determined. The absorption band at 335 nm of HL may
be ascribed to HOMO-1—LUMO transition and that for the complex the absorption maximum at 362 nm

contributed from HOMO-1—LUMO transition. Some electronic transitions are tabulated (Table 111.6&7).

Table 111.6: Probable electronic transition of HL from TD-DFT calculation.

Excitation Wavelength | Wavelength | Oscillator Key Transition Nature of
Energy (eV) Exp. (nm) Theor. (nm) | strength(f) Transition
4.2538 335 291.47 0.0589 HOMO-1— LUMO ILCT
4.3614 285 284.28 0.0937 HOMO-2— LUMO ILCT

Table 111.7: Probable electronic transition of [Zn(L})OAc] from TD-DFT calculation.
Excitation | Wavelength | Wavelength | Oscillation Key Nature of
Energy Exp. (nm) | Theor. (nm) | Frequency Transition | Transition
(f)

3.6399eV | 362 340.62 0.4568 HOMO-1 ILCT
—LUMO

41028 eV | 289 302.19 0.1619 HOMO-2— ILCT
LUMO
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The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of HL
and its zinc complex ([Zn(LY)OAc]) along with some selected frontier molecular orbitals are shown in Tables

111.8 &9.

Table 111.8: Selected frontier molecular orbitals of HL along with their energies.

HOMO-5 HOMO-4 HOMO-3 HOMO-2
-7.150 eV .6.957 eV -6.888 eV -6.047 eV
5NN | S AN
’ ’?,QJ J 4 ,9,4) 7 J‘Q‘,
> f’f Jw x‘ ,w
HOMO-1 HOMO LUMO LUMO+1
-5.980 eV .5.826 eV -1.280 eV -0.919 eV
JJ"‘J";J“J;‘J );$$“‘JJ.‘;.J 4"‘3’)?‘4‘ ‘;‘J pd \ ° ;
FESGLy | SR | GEEE | e
; ’ s
3 2 & %
LUMO+2 LUMO+3 LUMO+4 LUMO+5
-0.821 eV -0.630 eV 0.518 eV 0.442 eV
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Table 111.9: Selected frontier molecular orbitals of [Zn(L!)OAc] complex along with their energies.

HOMO
-5.0eV

LUMO+1
-1.61 eV

LUMO+2
-1.03 eV

LUMO+3
-0.69 eV

LUMO+4
-0.58 eV

LUMO+5
-0.3eV

Subsequently the band gap of 4.7 eV is calculated for HL, which is further diminished to 4.13 eV for the
complex [Zn(LY)OACc]. This decrement by 0.57 eV clearly explains the red shift behavior in UV-Vis absorption
spectra of Zn-complex in respect to HL itself (Fig.111.20). The band gap does not support for examination of

the compounds for the photo conductivity experiments.
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Agyp. =335 nm Agyp. =362 nm
ATheo=291.47 nm Afheo = 340.62 nm
f= 300589 f=10.4568
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Fig.111.20. Electronic transition for HL and its respective zinc complex.
The coordination of HL with Zn?* opens the ring and makes more planar structure compared to that of the free
one. This is quite evident from the energy optimized structure of [Zn(LY)OAc], where the dihedral angles
162.40° (45-17-47— 3), 170.12° (17-47-3-10) and 149.07° (13-1-47-17) (Table 111.10) in the energy
optimized complex were found to be comparatively lower compared to HL (Fig.l111.21). Thus, the planar
geometry helps better electronic delocalization throughout the structure and has lowered energy gap with

respect to that of HL, which possibly explained the red-shifted absorption spectrum of the Zn-complex.®

Fig.111.21 DFT optimized structure of Zn-complex exhibiting twisting framework.
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Table II1.10: Some selective torsional angles present in the Zn-complex (from DFT-optimized structure).

Angle (°)

-147.25

162.40

-168.12

170.12

149.07

Bonds
6-2-47-3
45-17-47-3
2-47-3-14
17-47-3-10
13-1-47-17
1-47-17-5

-158.45

I11.3.5. Detection of H2PO4 by emissive [Zn(L')OAc]

The complex, [Zn(L')OAc] shows strong emission at 461 nm upon excitation at 350 nm (9:1 (V/v)

DMSO/H,0, HEPES Buffer, pH=7.4). Interestingly, the higher emission of [Zn(L')OAc] is quenched upon

addition of Ho,PO4~ ion, where other PVs remain silent. Henceforth, fluorescence quenching of [Zn(L!)OAc]

was monitored through titration experiment with increasingly added HoPO4™ (Fig.I11.22). On gradual addition

of HoPO4~ (0-50 pM) to the [Zn(L))OAc] complex in 9:1 (v/v) DMSO/H>O (HEPES Buffer, pH=7.4), the

emission intensity decreases linearly and completely quenches on addition of 1.0 equivalent of H2PO4 .
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Fig.I11.22. Change in emission spectra of [Zn(L')OAc] complex upon successive addition of HoPOs~ (Aex =

350 nm). Inset of the figure represents photographs of Zn(II)-complex before and after treatment with HoPO4

, taken under UV lights (Aex = 365 nm).
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From the fluorescence titration curve, the detection limit is experimentally determined to be 0.238 uM based

on then 3c/Slope, method (Fig.111.23(a)). The binding constant has also been calculated and found to be 3.224

x 10* M which shows sufficient stability on binding with H.PO4~ (Fig.111.23(b)).
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3
=
— 6004 10 4
z [
wn 1
5 =
= R =0.9957 ;E.
= 400 Slope =1.999 x 10" M i R =10.99227
= LOD = (3 x a)/Slope mé 54 Slope =3.1015 x 1w M
2z =(3 x 1.589)/(1.999 x 10') = K, = 1/(Slope)
E =0.2384 M = /31015 % 107

=3224x10'M
200 4
T T T 0
0.0 1.0x10° 2.0x10° 3.0x10° T T — — — —
0 1x10 2x10 3x10 4x10

[H,PO,] Mole/Litre 1/[HL-Zn> |Litre/Mole

Fig.111.23.(a) Limit of detection (LOD) determination for H,PO4 by [Zn(L')OAc] complex. (b) Binding

constant, Kq for H.PO4 .

Moreover, selectivity over additional anions, such as CI-, Br, I, HPO4>", CN-, S**, POs*", AcO", $,03>, 103~
, SO4*, citrate, F, S205%, AsO3*>, AsOz", SCN-, NOs~, NOz~, HF," towards [Zn(LY)OAc] emission is also
inspected by adding 1.0 equivalent into the complex solution which do not show any significant effect on the

emission intensity of the Zn-complex (Fig.111.24).

= HL+Za*"
1000 = HL+Za +other anion:

Fig.111.24. Emission intensity of [Zn(LY)OAc] in presence of 1.0 equivalent various anions in 9:1 (v/v)

DMSO/H20 (HEPES Buffer, pH=7.4) (Aex = 350 nm).
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IVV.3.6. Time -Correlated Single Photon Counting (TCSPC) (Lifetime Measurement):

The average fluorescence lifetime decay for the probe fits into bi-exponential decay ((thL 1.909 ns) and is
lower than that of Zn(l11)-complex (tcomp, 2.907 ns) (Fig.111.25). Upon addition of HoPO4™ the lifetime of the
resultant system is further decreased to 1.829 ns. The enhanced lifetime value of the Zn-complex was justified
by the decrement of nonradiative relaxation from 521.16x10° to 209.5x10° s of the excited state (Table
111.12) because of rigidification of overall structural framework on coordination to Zn(11).5%” Eventually, the
increased radiative dissipation of excited energy from 2.67x10° to 134.5x10° s™* resulted higher fluorescence
quantum yield (0.391 vs. 0.0051 in free HL) and caused ~1.52 times enhancement in fluorescence lifetime of
[Zn(LY)OAc]. On the other hand, the decrement in T of [Zn(L*)OAc] on addition of H,PO4 is quite comparable

to that of average lifetime of free probe.5®

10004
3 @ Prompt
e IIL

TIL+Zn”
o HL+Zn"+ILPO,

©® & 6 ooﬁﬂ_t__ﬁ,.'ﬁ-i-"

100 4

log (counts)

€6 600 WD GHTIE © BT T R ok

10

] gopgoessececns we € ©
®
L3

Time (ns)

Fig.111.25. Time resolved fluorescence spectroscopy of probe, HL on addition of Zn?* and H.PO4~ in 9:1 (V/v)

DMSO/H,0 (HEPES Buffer, pH=7.4).

Table 111.12. Photophysical parameters of HL, HL+Zn?" and HL+Zn?*+H:PO4

Systems Aa (NM) A (nm) | e (nS) | of 3Ke(s-1)/10° | Pknr (s72)/108
Free HL 265, 285,335 | ~460 191 |0.0051 | 2.67 521.16
HL+Zn?* 262, 288, 362 | 461 291 |0.391 |134.50 209.50
HL+Zn?*+H,POy4 | 264, 288,334 | ~460 |1.83 |0.0039 | 2.13 544.62

e = ot /1¢; "knr = (1/11) - kr; Sshoulder band
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Concurrently, the quenching can be explained by its favorability towards Zn?" ion which may tend to
demetallate [Zn(LY)OAc] complex. Thus, the probe, HL can be used for simultaneous detection of Zn?* and
H>PO4~. The UV-Vis absorption spectrum shows decrease in intensity at 362 and 285 nm upon gradual

addition of HoPO4~ (0-50 uM) (Fig.111.26).

0.5

Absorbance(a.u.)

v T r T T
250 300 350 400

Wavelength (nm)

Fig.111.26. Change in UV-Vis absorption spectra of [Zn(L)OAc] on gradual addition of H2PO4.

To verify the respective interaction between H:PO4~ and [Zn(L*)OAc], ESI-MS has inspected by adding
H2PO4 into the in-situ generated complex in solution phase. The mass spectrum shows a base peak at

422.1367, which ascertains the mass of HL+H"* and at 162.3632 corresponds to [Zn(H2P04)]* (Fig.111.27).

p—
C 4221367 )

HL+H*

H22 1451

[Zn(H2PO4)|*
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| 1623685

| 0266764 8883 121 949.7321
90,0908 354.5830 iur l3725 L \lm N s N 991.0500 "LSL‘L”"
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Fig.111.27. ESI-MS spectrum in addition of H,PO4™ to in-situ generated HL-Zn?* complex.
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In the *H NMR measurement, addition of H,PO4~ (1.1 eqv.) to the resulting mixture of HL and Zn?* (1.0 eqv.)

regenerates the probe HL by removing Zn?* from [Zn(LY)OAc] complex and is shown in (Fig.111.28).

o
- e

T
10.0 M 0 0 u 0.0 7. 8 1.0 u C 0 5.8 8.0 4.5 6.0 1! 3.0 u 2.0 1. l 1. 0 OJ

Fig.111.28. *"H NMR spectra (i) HL+Zn?" (1.0 eqv.) (ii) HL+Zn?*(1.0 eqv.)+H,PO4 (1.0 eqv.)

Evidently, kinetics of the fluorescence quenching of emissive [Zn(L})OAc] in presence of H.PO4~ has also

been monitored by fitting the intensity decay in a single exponential equation and the calculated response time

is found to be 0.02 s (Fig.111.29)
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Fig.111.29. Time-course of emission intensity quenching of [Zn(LY)OAc] upon addition of 1 eqv. H2PO4".

Due to strong affinity towards Zn?*, H,PO4 " is used for gravimetric estimation in analytical chemistry and in

present case removal of Zn?* from the complex has been assessed as the recovery incident of free probe, HL.
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Hence, the proposed mechanism for the sensing of H.PO4 ions by [Zn(LY)OAc] complex can be represented

by Scheme I11.b.

Intensity (a,u.)

HO 0—/
Q)
s

(Free rotations)
Low ¢ (0.0051)

|

(Rotations
restricted)
High ¢; (0.391)

Scheme I11.b Proposed mechanism for the sensing of H,PO4~ ion by [Zn(L!)OAc] complex.

Recently, accumulation of phosphate in surface water creates a great concern for water bodies and human
health.® Henceforth, it is of importance to track and recover phosphates from the real water sources in order to
maintain the quality of the potable water. The excellent selectivity of [Zn(L})OAc] towards H.PO4 together
with reasonable sensitivity inspire us to further explore its practical application as a sensing as well as recovery
agent for H.PO4~ from the real water samples. In this regard, we have utilized tap water, distilled water and
drinking water spiked with trace quantity of the requisite analyte (0.5-2.0 uM) without any further processing.
The percentage of HoPO4™ recovery by the Zn(I1) complex (Table 111.13) is in the range of 95.8 to 101 with

minimal percentage of error (0.5-4.2).
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Table 111.13: Recovery of H,PO4~ by [Zn(LY)OAc] complex from real water samples.

Sample Added H2PO4~ Detected H2PO4~ | Recovery Error
(M) (M) (90) (%0)
Tap 0.5x10°8 0.505x107® 101 1.0
water
1.0x10°® 0.991x10°® 99.1 0.9
2.0x1078 1.99x10°8 99.5 0.5
Distilled | 0.5x107® 0.493x107° 98.6 1.4
water
1.0x107® 0.992x107° 99.2 0.8
2.0x10°® 1.94x1078 97.0 3.0
Drinking | 0.5x10°® 0.479x10°® 95.8 4.2
water
1.0x107® 0.972x1078 97.2 2.8
2.0x1078 1.934x10°® 96.7 3.3

111.3.7. Reversibility study and logic gate behavior

Reversibility and recyclability are considered the most prominent factors when it comes to the practicability
of the chemosensor.®® The CHEF induced fluorescence of HL on addition of Zn?* and its simultaneous
quenching in presence of H,PO4~ can be repeated upto 6 cycles upon modulation Zn?*/H,PQO4 addition in 9:1
(v/v) DMSO/H.0 (HEPES Buffer, pH=7.4) (Fig.111.30(a)). Based on the switchable emissive characteristics
of HL towards Zn?* and H,PO4~ (Fig.111.30(b)), an INHIBIT logic gate can be constructed with input signals
Zn?" and H2PO4~ as INPUT 1 (In Z) and INPUT 2 (In P) and emission intensity at 461 nm as the output signal.
The truth table (Fig. 30(c)) and the set-reset memory device (Fig. 30(d)) are constructed for the given logical

circuit and the output is considered as 1 when it results in enhancement of emission.™
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Fig.111.30. (a) Recyclability of HL on addition of Zn?*/H,POs up to 6 cycles. (b) Variation in PL
characteristics of HL (50 uM; Lex = 350 nm) upon simultaneous addition of Zn?* and H,PO4~ (1 cycle). Insets
of figures (a) and (b) represent chronological changes in emission color of HL upon successive addition of
Zn?* and HzPO4, taken under UV light (Aex = 365 nm). (c) INHIBIT logic gate and truth table for two inputs:
Zn?* and HoPO4~ and single output: A+ = 461 nm. (d) Schematic representations of SET/RESET memorized

write/erase logic circuit based on reversible ON/OFF fluorescence switching behavior.

111.3.8. Practical application of [Zn(L')OAc] complex for sensing of H2PO4 in solid state with devising

a “Use” and “Throw” security marker

Fluorescent chemosensors, capable of exhibiting quantitative detection of bioactive analytes in solid state
overrules the traditional sensors owing to their additional advantages in term of cost-effective ‘on-site’
recognition of particular analyte with better sensitivity and improved LOD without much necessity of
sophisticated instruments.” "2 Considering the importance of phosphates in environment and industry, it is
necessary to detect HoPO4™ in solid platform which practically offers quick response and easy to handle. In

order to achieve selective solid state detection of H.PO4~, disposable paper strips of Whatman 41 are soaked
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readily with probe solution (HL) and air dried. Then the aqueous solution of Zn?* (10~2 M) is sprayed over the
strip which in turn reveal blue fluorescence from the treated area while illuminating it under UV light (Aex =
365 nm) (Fig.111.31(i)). Interestingly, the bright blue fluorescence is noticed to be selectively fades away when
above strip is allowed to be treated with aqueous solution of H.PO4~ (102 M) (Fig.111.31(ii)) out of eighteen
other anions. The observation clearly indicates selective detection of H2PO4~ by the Zn(11) complex of pyridyl-

benzimidazolyl-phenolato in solid state.

@ (ii) (iii) (iv) ) (vi) (vii)

(viii) (ix) ®) (xi) (xii) (i) (xiv)

(xv) (xvi) (xvii) (xviii) (xix) (xx)

Fig.111.31 Paper kit detection: Zn-complex in presence of different anions; (i) [Zn(LY)OAc], (ii) H2PO4, (iii)
I, (iv) Br-, (v) CI, (vi) H2PO4-, (vii) S*, (viii) PO4>, (ix) S203%, (xx) 1037, (xi) citrate, (xii) AcO-, (xiii) F,

(xiv) AsOz", (xv) AsOs*, (xvi) CN-, (xvii) SCN-, (xviii) SO4>, (xix) NOz", (xx) NOs".

Subsequently, to inspect the sensitivity of Zn(11)-coated paper strips, the concentration-dependent fluorescence
quenching of the Zn(I1) complex is readily monitored by simply varying the aqueous concentration of HoPO4~
from 1073 M to 108 M upon spotting different concentrations on the fluorescent filter papers. The quenching
of blue emission intensity slowly weakens with decreased H2PO4~ concentration (Fig.111.32) where the bright
blue luminescence starts to revive when the analyte concentration was as low as 10® M. Meanwhile, when ~5
UL volume of 10 M aqueous H2PO4~ was allowed to be spotted on a Zn(ll)-coated filter paper covering an
area of 1 cm?, the LOD was found to be as low as 10.97 pg(picogram)/cm?. Evidently, the Zn(1l) complex of
present chemosensor is capable of instantaneous trace quantity detection of H2PO4 by regulating the

guenching strength through a simple and portable paper strip method in solid state.
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Decreased [H,PO,]
PR
‘\ ’\v ‘& ‘\' ‘s. '»

Fig.111.32 Photographs of Zn-complex embedded paper strips spotted with different concentrations of HoPO4~

(i) 1073, (ii) 1074, (iii) 10°5, (iv) 1075, (v) 1077, (i) 1078 (hex = 365 nm).

Fluorescence images and labels have increasingly been utilized widely as the embedded security markers
owing to their reluctance to be photocopied, which mostly remain invisible under day light and hardly to be
duplicated.”™ Therefore, stimuli responsive fluorescence materials which exhibit definite changes in their
optical features in response to the specific analyte have been considered to be the suitable candidate for
architecting security devices.’”* Consequently, the reversible ‘ON-OFF’ fluorescence switching of present
chemosensor during alternate presence of Zn?* and H.PO4 inspires us to execute a solid state security activity
with enhanced practical implication. For this, a solution-coated “Use” and “Throw” thin film fabricated upon
dip coating a Whatman filter paper into a chloroform solution of HL followed by drying it under room
temperature Subsequently, writing the word ‘JU’ with an aqueous Zn?* filled pen, the HL-coated film divulges
blue emission (‘ON’ state) only from the written portion due to feasible interaction of HL towards Zn?* to
form the highly emissive [Zn(LY)OAc] complex. Interestingly, the glared emission completely fades away

after washing the Zn(ll)-treated film with aqueous H2PO4 solution (‘OFF” state). (Fig.111.33.)

Write with
Zn?*
Erase with
H,PO,
again

Fig.111.33. Photographs of HL coated filter paper with hand written images under illumination at 365 nm.
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Moreover, the ‘ON’ state can be regenerated after rewriting the word ‘JU’ on washed surface, which evidently
undergoes the ‘OFF’ state immediately after washing the film again This fluorescence switching property can
feasibly be repeated to complete the security cycle without draining the emission property. The sensing event
of [Zn(LY)OACc] as a security label remains unaffected in presence of simple water sample containing no
H2PO4 (Fig.111.34), which further reinforce selective fluorescence quenching of the chemosensor in solid

state.

Write with
Zn**

Wash with
water

Fig.111.34. Photographs of HL coated filter paper with hand written images and after washing with water;

kex, 365 nm.
I11.4. Conclusions

The present work sheds light on an ‘ON-OFF’ fluorescence switching assisted trace quantity detection of
environmentally relevant H.PO4 ion in a desired selective and sensitive fashion based on a newly designed
Zn(ll) complex of 2-ethoxy-6-[1-(phenyl-pyridin-2-yl-methyl)-1H-benzoimidazol-2-yl]-phenol (HL) in
DMSO-water [(9:1, v/v), pH = 7.4]. Free HL is nonfluorescent and exhibits remarkable fluorescence ‘turn-on’
recognition to Zn?* ion out of sixteen pertinent cations (Cu?*, Co?*, Pb?*, Zn?*, Cr3*, Cd?*, Ca?*, AI**, Fe®*,
Hg?*, Ni%*, Mn?*, Ba?*, Na*, K*, Mg?* and Pd?*). The desired complexation is confirmed through a ring
opening pathway, where the sensitivity of the probe towards Zn?* is found to be superior to other reported Zn-
sensor and the LOD is considerably low, 3.2 nM. The emissive [Zn(L})OAc] complex is further capable of
disclosing a selective fluorescence ‘turn-off” detection towards H2PO4~ out of nineteen admissible anions
(HPO4~, PO#*", SO4*7, SCN™, H2PO4 ™, S203%7, S*, 1037, AsO2~, Br', NOs~, CH3COO ™, AsOs, NO2, F,CN",
HF,", citrate and S20s%"). The demetallation of the probe in presence of H,PO,~ leads to a sensitive detection
of the desired analyte, where the LOD is found to be as low as 0.238 uM. Subsequently, taking the advantage

of sequential sensing performance of HL, a reversible and recyclable ‘ON-OFF’ fluorescence switch is
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constructed which is capable to be operated upto 6 cycles without noticeable exhaustion in switching activity.
Finally, the switchable emissive characteristics of HL triggers us to construct an INHIBIT logic gate, proficient
of mimicking a smart memory circuit with two input (Zn%*, H,PO4") and one output (Aem = 461 nm) signaling
propensity. Importantly, the sensitivity of the present chemosensor is successfully extended in solid state
where the highly emissive [Zn(LY)OAc] complex is found to be capable of recognizing H2PO4 up to 108 M
level from water with the LOD of 10.97 pg(picogram)/cm? based on a portable and cost-effective contact mode
detection on the fabricated paper strips. Furthermore, the remarkable reversibility in the optical characteristics
of the chemosensor enables us to develop a disposable security device, where the desired changes of
fluorescence property in presence of Zn?* and H,PO4™ results in an ‘ON-OFF’ switching aided security labels
without adopting any complicated methodologies. Taking the results together, the present findings pave an
avenue towards attaining the multi-sensing venture of biologically apposite analytes in reasonably minute
quantity from a single probe where the desired selectivity, sensitivity and low LODs enable HL to be a potent

sensing candidate of practical significances.
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Chapter 1V

Idiosyncratic recognition of Zn?* and CN° using Pyrazolyl-
Hydroxy-Coumarin scaffold and live cell imaging: Depiction of

Luminescent Zn(I1)-Metallocryptand.
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CHAPTER IV

Abstract

Multi-responsive and selective sensor design is one of the stimulating researches in sensor field. We have
designed a pyrazolyl-hydroxy-coumarin scaffold, 7-hydroxy-4-methyl-8-(((5-phenyl-1H-pyrazol-3-
yl)imino)methyl)-2H-chromen-2-one (H.L) and characterized by spectroscopic data (*H-NMR,*C-NMR,
ESI-MS, IR). The Single crystal X-Ray diffraction measurement confirms the molecular structure of the probe.
It undergoes selective sensing to Zn?* in presence of sixteen other cations with ‘Turn On’ approach through
enhancement of green fluorescence ((Aem.= 499 nm; Aex.= 390 nm) in CH3CN/H-0 (99:1, v/v; HEPES Buffer,
pH 7.5) medium with the limit of detection (LOD) 34.76 nM. The structural depiction of isolated Zn?* complex
reveals cage like metallocryptand cyclic hexamer, [ZnsLe] with 30.9% void of cavity along crystallographic ¢
axis of approximate dimension of 7.502 x 7.050 x 7.068 A3. Diffusion NMR study reveals the only one type
of complex in solution, having 1:1 composition, Zn?*: H,L which affirms the isolated form of the complex.
On the other hand, the receptor, HoL, recognizes very noxious anion CN™ out of sixteen anions. The product
identification by spectroscopic data supports the nucleophilic addition of CN™ across the exocyclic imine
(C=N) bond which shows blue emission ((Aem.= 447 nm; Lex.= 390 nm) and LOD is 19.91 nM. The composition
of [Hz2L-Zn?"] and [H2L-CN-] are established by *H NMR titration, Job’s method, ESI-MS and FTIR spectra.
The efficacy of the probe is further applied for MTT Assay in MDA-MB 231 and WI-38 cell line as well as
for intracellular imaging of Zn?* and CN" under Fluorescence microscope. Flow Cytometric Data has been

further performed for quantitative analysis of Zn?* distribution in MDA-MB 231 cells.
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1V.1. Introduction

Biochemical implication of ions in human health and environment focuses on the synthetic strategy of a
receptor in such a manner that the chemosensor selectively emanates recognizable signals on binding with
bioactive or toxic cations and anions. Polypodal Schiff bases may synthesize multinuclear metallo-macrocycle
complexes!? those may act as potential magnetic materials,>* homogeneous catalysts,® optical and electronic
materials,®’ sensing devices® etc. Schiff bases with fluorogenic components like, carbazole,®° quinoline, 2
Rhodamine, > naphthyl,*>%® pyrenyl, 118 fluorenyl,*?° diformyl??? etc. influence the emission energy,
intensity, pattern and the molecules might serve as sensitive detector of ions/molecules. Fluorogenic units of
Coumarin derivatives®2 are beneficial for their diverse pharmacological properties, low toxicity and
interesting photophysical responses to analytes.

Zinc ion (Zn?*) ranks second in terms of its abundance and activity in environmental and human
health.2®27 It involves in cell division, gene expression, neurotransmission, signal transduction DNA and
protein synthesis.?®% In general, balanced concentration of Zn?* is beneficial for human health while
misregulation has a serious effect on life. On deficiency of Zn?*, mental retardation, unbalanced metabolism
are the common side effects.>! However excess accumulation of Zn?* in cells causes severe neurodegenerative
disorder such as Alzheimer’s disease and Parkinson’s disease.3>% As per the WHO guidelines, the permissible
limit of Zn?*consumption in drinking water is 76 pM.** Visual detection of Zn?" is a convenient approach for
easy detection in the materials; bis(oxadiazole)pyridine derivative is recently demonstrated as effective Zn?*
fluorescent sensors® even in cellular environment and benzothiazole based chromogenic unit senses also Zn?*
colormetrically.3® Pyrazolyl derivatives efficiently serves the purpose of colorimetric as well as fluorometric
Zn?* sensor.3"® So it is important to design analytical methods for efficient, sensitive, selective, nontoxic,

cheap detection of Zn?* at cellular level.

On the other hand, cyanide (CN"), often found in the seeds of apples, Cassava and apricot kernels etc.,
which on consumption leads to acute toxicity as the CN™ strongly binds Fe of Cytochrome C oxidase causing

the disruption of mitochondrial electron-transport process resulting in reduction of oxidative metabolism and
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interferes with energy production.®*#? In addition CN- gets absorbed through skin and lungs and even
microscopic increase in its concentration in human body causes serious hazardous to health.** Cyanide is used
in gold and silver extraction, electroplating, plastic production, synthesis of resins, fibers and pesticides. The
discharge of cyanide contaminated industrial waste in environment can results the exposure of CN™ to human
health through food and drinking water.**¢ So detection of CN- at trace level is important owing to its extreme
toxic nature and proper regulations and guidelines were imposed by WHO for monitoring of CN" level with
maximum permissible limit for consumption in drinking water is 1.9 pM.**® Therefore generation and

advancement of molecular probes for sensitive cyanide detection at trace level are gaining importance.

Spectroscopic methods are easily operative, rapid responsive and economical method for highly
sensitive and efficient detection of ions.*® Use of coumarin derivatives are potentially effective for sensing as
well as biological application.>®®! In this account, we design and structurally characterize coumarin based
Schiff  base, (Z)-7-hydroxy-4-methyl-8-(((5-phenyl-1H-pyrazol-3-yl)imino)methyl)-2H-chromen-2-one
(H2L) which serves as chemosensor for the sensing of Zn?* (Aem = 499 nm, LOD, 34.76 nM) and CN" (Aem =
447 nm LOD, 19.91 nM) with distinctive fluorescence responses at two emissive states in acetonitrile medium.
The interaction of Zn?" and HoL has isolated a metallocryptand hexanuclear complex, [ZnsLs]. The
composition and binding stoichiometry of the complex ([HzL-Zn?*'] and [H2L-CN7) has been confirmed
through *H-NMR, ESI-MS, IR and other spectroscopic techniques. Theoretical study has been performed for
the probe H.L along with its Zn?* ([H2L-Zn?'T) and CN- ([H2L-CN-]) complexes to explain the spectroscopic
changes. MTT Assay of probe has been carried out in MDA-MB 231 and WI-38 cell line for cytotoxicity
analysis. Distribution of Zn?* and CN" in MDA-MB 231 cells has been checked through intracellular
fluorescence imaging and detailed estimation of Zn?* distribution in cells was further examined through Flow

Cytometric Analysis.
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IV.2. Experimental section
IV.2.1. Materials and methods

All the reagents of analytical grade (A.R) were collected from the commercial suppliers and used without
further purification. 3-Amino-5phenyl pyrazole, Resorcinol, Ethylacetoacetate, Hexamine were purchased
from Sigma-Aldrich. Inorganic salts and other organic chemicals (ZnCl,, CdCl,, HgCl,, CuCl2.2H20,
CoCl,.6H20, PbCl;, AICI3, CaCl2.6H20, FeCls.6H20, BaCl2.2H20, NiCl2.6H20, NaCl, MnCl2.4H20, PdCl>,
CrCl3.6H20, KCI, MgClz, Na:S:03.5H.0, K3POs4, NaCl, NaF, NHiHF2 KNOs, KBr, NaNO2, NaNgs,
CH3COONa,, KIO3, NasP.0O7KI,Na2SO4, NazS, NaxS;0s5, C4H9N(CN)) were bought from TCI chemicals and
Merck. For spectroscopic measurement UV graded solvents spectroscopic were used. The solvents were dried
by standard procedure for spectroscopic studies.> Milli-Q water (Millipore) has been used for preparation of
aqueous solutions of metal salts. Perkin-Elmer (2400 Series-I1, Perkin EImer, USA) CHN analyser has been
used for elemental analysis purpose. The spectra were recorded by Lambda 25 spectrophotometer: UV-Vis;
LS55: fluorescence and LX-1FTIR spectrophotometer: FT-IR spectra (KBr disk, 4000-400 cm™) on Perkin
Elmer instruments. *H and 3C NMR spectra were taken by Bruker 300 MHz FT-NMR spectrometer. The
chemical shift (3) of the respective NMR spectra were recorded in parts per million (ppm) with respect to
trimethylsilaneas internal standard. ESI-MS spectra were obtained from HRMS spectrometer (model, XEVO-

G2QTOF#YCA351).

IVV.2.2. Synthesis of 7-hydroxy-4-methyl-8-(((5-phenyl-1H-pyrazol-3-yl)imino)methyl)-2H-chromen-2-

one (HzL)

7-Hydroxy-4-methyl-2-0xo0-2H-chromene-8-carbaldehyde prepared following the literature procedure.>® To a
10 mL stirred methanol solution of 7-Hydroxy-4-methyl-2-oxo-2H-chromene-8-carbaldehyde (204.18 mg, 1
mmol), a solution of 3-Amino-5-phenylpyrazol (159.19 mg, 1 mmol) in MeOH (5 mL) was slowly added in
dropwise. The resulting solution, after few minutes, turned orange which on stirring for 12 h followed by
refluxing for 3h isolated orange precipitate. It was filtered off and thoroughly washed with methanol, dried

under vacuum. (Scheme V) The compound was recrystallized by slow evaporation of DMSO/MeOH solution
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(1:4, viv) and orange block shaped crystals were isolated. Yield: 79.2% (273.32 mg). Microanalytical data
(C20H15N303) Fd Calcd.(%) C, 69.50 (69.56);H, 4.38 (4.35);N, 12.23(12.17).'H-NMR (300 MHz, DMSO-ds):
514.87 (s,1H, OH), 13.47 (s,1H, NH), 9.49 (s, 1H, CH=N), 7.89-6.96, (m, 8H, Ar-H), 6.27 (s, 1H, Ar-H), 2.42
(s, 3H, CH3) (Fig.IV.1) ®CNMR (75 MHz, DMSO-de): & 165.20, 159.62, 156.11, 154.43, 154.37, 144.38,
130.72,129.50, 129.36, 129.01, 125.66, 114.42, 111.75, 111.05, 106.75, 100.01, 94.42, 18.82. (Fig.1V.2) ESI-
MS shows a molecular ion base peak at 368.0911 (Calculated m/z = 368.10 [M+Na']). (Fig.IV.3) IR
Spectrum: 3207 cm(N-H stretching, pyrazole), 2886 cm™ (C-H stretching, CH3), 1691 cm™ (C=0, coumarin),

1617 cm™* (C=N, imine), 1082 cm™ (C-O, phenolic). (Fig.1V.4)

o N
NH Stir 12 hrs
2 Reflux 3 hrs NZ
I'\,N + Dry MeOH 3 TN "

(Z)-7-hydroxy-4-methyl-

5-phenyl-1H-pyrazol-3-amine 7-hydroxy-4-methyl-2-oxo- A H- .
phenyiir-py 2H-chromene-8-carbaldehyde 8-({{5-phenyl2‘::-fcg:.5:roanig:f2-£)rl|r:Ino}methyl}

Scheme 1V. Synthesis of Ligand HoL
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1VV.2.3. Synthesis of Hexanuclear Zinc Complex, [ZnsLs]

To a solution of HoL (345 mg, 1 mmol) in 1ml DMSO, a 5 mL methanolic solution of Zn(CH3C0O0)2.2H20
(220 mg, 1 mmol) (DMSO:MeOH, v/v, 1:5) was added slowly under stirring condition for 3 h. The resulting
mixture was filtered and kept isolated and allowed for slow evaporation at room temperature for few days.
Needle shaped single crystals were separated and used for different physicochemical studies and suitable for
X-ray Diffraction data collection. tHNMR: 9.51-9.43 (d, 1H, CH=N), 7.76-6.00 (m, 9H, Ar-H), 2.35 (s, 3H,
CHs). Microanalytical data (C123HgasN18020SZne) Fd (Calcd.) (%) C, 57.59 (57.63); H, 3.47 (3.50); N, 9.87

(9.84). IR Spectrum: v(C=0) 1702 cm™, v (C=N) 1573 cm™. Yield: 70%. (155 mg)
IV.2.4. X-Ray Crystallographic Measurements

Single crystals of (Z)-7-Hydroxy-4-methyl-8-(((5-phenyl-1H-pyrazol-3-yl)imino)methyl)-2H-chromen-2-one
(H2L, Orange crystal, 0.12 x 0.08 x 0.08 mm?) and needle shaped yellowish green crystals of [ZnsLe] (0.27 x
0.09 x 0.05 mm?®) were obtained by slow evaporation from equimolar solution of DMSO and MeOH. Single
Crystal X-ray data were collected by Bruker Apex Il CCD Area Detector at 100.4K and 273K.Graphite-
monochromatized Mo-Ka. radiation (A= 0.71073 A) was used in fine-focus sealed tube. The hkl range for data
collection were -15< h< 15; -16< k< 16; -14< I< 14 for the probe HoL and -21< h< 21; -21<k< 21; -29< I< 29
for [ZneLs]. Diffraction was recorded within the angular range from 2.364<6 <27.158° (H.L) and
2.276< 6 <25.495° ([ZnsLs]). The intensity was corrected for Lorentz and polarisation effects and empirical
absorption corrections were applied for both the probe and the complex. Data were collected applying the
condition 1>2c(1). The structure was solved by direct method and followed by successive Fourier and
difference Fourier syntheses. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were
geometrically fixed and refined using the riding model. All calculations were carried out using SHELXL-
2016/6 Program for Crystal Structure Solution, University of Gottingen: Géttinge,>* ORTEP-32,%° PLATON-
99% and Olex 2-1.5-alpha®” programs. The crystal data of probe HzL and Zn?* complexes have been deposited
to Cambridge Crystallographic Data Centre with CCDC 2109503 and 2109502. Details of Data collection and

Crystal data with some selected bond length and bond angle were listed in (Tables 1V.1,2, 3 and 4).
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Table 1V.1: Crystal Data and Refined Parameters for HoL and [ZnelLs]

"Rq = Z||Fo|—|Fdl[/Z|Fol; "WR2 = {Z[w(Fo’~Fc?)’/=[w(F%)? I}

Empirical formula

C20 Hi5 N3 O3

C245.78H168.66N36039.7851.57 ZN12

CCDC No. 2109503 2109502
Formula weight 345.35 5097.43
Temperature (K) 273(2) 100.4
System Monoclinic Triclinic
Space group P 21/c P-1

a(A) 11.8984(10) 17.5384(14)
b (A) 12.8002(10) 17.6613(12)
c(A) 11.1706(9) 24.5865(16)
a/® 90 97.163(2)
B/° 101.831(2) 100.276(2)
v/° 90 106.205(2)
V (A)? 1665.2(2) 7072.1(9)

Z 4 1

D(cal) /g cm™3 1.378 1.197
p/mmt 0.095 1.076

MA) 0.71073 0.71073
Data[l >25(1)]/param | 3676/237 26162/ 1546
Ri[1>26(1)] 0.0530 0.0612
WR2" 0.1595 0.1656
GOF°¢ 1.215 1.043

2F:?)/3; ¢ Goodness-of-fit.

W = [6%(Fo)? + (0.1003P)? + 4.9693P ] (F,2 +
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Table 1V.2: Selected Bond length (A) of HaL

Bond Length (A) Bond Angle (°)
N(3)-H(3A) 0.86 N(3)-N(2)-H(3A) 123.2
N(3)-N(2) 1.345(2) N(3)-N(2)-C(11) 103.60(16)
N(2)-C(11) 1.339(2) N(2)-C(11)-N(1) 116.66(17)
C(11)-N(1) 1.401(2) C(11)-N(1)-C(10) 120.49(16)
N(1)-C(10) 1.285 (2) N(1)-C(10)-H(10) 120
C(10)-C(8) 1.452(2) N(1)-C(10)-C(8) 119.72(17)
C(8)-C(7) 1.406 (2) C(10)-C(8)-C(7) 121.75(15)
C(7)-0(3) 1.342(2) C(8)-C(7)-0(3) 121.15(17)
0(3)-H(3) 0.82 C(7)-0(3)-H(3) 109.5

Table 1V.3: Selected Bond length (A) for [ZnsLs]

Bond Length Length (&) Bond Length Angle (°)
Zn(1)-0(1) 1.932(4) Zn(4)-0(12) 1.945(3)
Zn(1)-N(12) 1.973(4) Zn(4)-0(20) 2.539(4)
Zn(1)-N(13) 2.010(4) Zn(4)-N(5) 2.087(4)
Zn(1)-N(18) 1.979(4) Zn(4)-N(7) 1.983(4)
Zn(2)-0(6) 1.986(4) Zn(4)-N(14) 2.007(4)
Zn(2)-0(19) 2.253(4) Zn(5)-0(18) 1.960(4)
Zn(2)-N(1) 2.027(4) Zn(5)-0(20) 2.360(4)
Zn(2)-N(4) 2.025(4) Zn(5)-N(8) 2.023(4)
Zn(2)-N(16) 2.124(4) Zn(5)-N(10) 2.126(4)
Zn(3)-0(13) 1.944(3) Zn(5)-N(15) 2.012(4)
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Zn(3)-0(19) 2.597(4) Zn(6)-0(7) 1.938(3)
Zn(3)-N(2) 1.991(5) Zn(6)-N(9) 2.001(4)
Zn(3)-N(3) 2.014(5) Zn(6)-N(11) 1.983(4)
Zn(3)-N(6) 2.070(5) Zn(6)-N(17) 1.985(4)
Table IV.4: Selected Bond Angles (°) for [ZnsLs]
Bond Angles Degrees (°) Bond Angle Degrees (°)
O(1)-Zn(1)-N12 118.25(16) O(1)-Zn(1)-N(13) 92.96(16)
N(12)-Zn(1)-N(13) 115.22(16) N(12)-Zn(1)-N(18) 107.7(17)
0(6)-Zn(2)-0(19) 82.42(14) 0(6)-Zn(2)-N(1) 113.83(16)
0(6)-Zn(2)-N(16) 86.57(14) 0(19)-Zn(2)-N(1) 86.31(15)
0(19)-Zn(2)-N(16) 167.20(14) N(1)-Zn(2)-N(4) 107.03(16)
N(4)-Zn(2)-N(16) 101.32(19) 0(13)-Zn(3)-0(19) 77.46(15)
0(13)-Zn(3)-N(3) 111.32(16) 0(13)-Zn(3)-N(6) 90.47(15)
0(19)-Zn(3)-N(3) 82.44(17) 0(19)- Zn(3)-N(6) 167.36(17)
N(2)-Zn(3)-N(6) 108.78(16) N(3)-Zn(3)-N(6) 105.81(17)
0(12)-Zn(4)-N(5) 89.82(15) 0(12)-Zn(4)-N(7) 127.43(17)
0(20)-Zn(4)-N(5) 165.09(17) 0(20)-Zn(4)-N(7) 74.55(15)
N(5)-Zn(4)-N(7) 108.47(16) N(5)-Zn(4)-N(14) 108.56(16)
0(18)-Zn(5)-0(20) 80.48(13) 0(18)-Zn(5)-N(8) 115.94(16)
0(18)-Zn(5)-N(15) 130.84(16) 0(20)-Zn(5)-N(8) 82.63(14)
0(20)-Zn(5)-N(15) 82.70(15) N(8)-Zn(5)-N(10) 105.00(15)
N(10)-Zn(5)-N(15) 103.34(17) 0(7)-Zn(6)-N(9) 93.58(15)
0(7)-Zn(6)-N(17) 117.06(15) N(9)-Zn(6)-N(11) 113.73(17)
N(11)-Zn(6)-N(17) 108.30(16) Zn(1)-0(1)-C(1) 127.5(3)
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Zn(6)-0O(7)-C(63) 126.8(3) Zn(3)-0(13)-C(103) 128.8(4)
Zn(5)-0(18)-C(52) 131.4(3) Zn(2)-0(19)-Zn(3) 87.62(15)
Zn(3)-0(19)-C(025) 128.1(3) Zn(4)-0(20)-zn(5) 87.89(15)
Zn(5)-0(20)-5(1) 139.3(2) Zn(2)-N(1)-N(2) 120.4(3)
Zn(3)-N(2)-N(1) 112.8(4) Zn(3)-N(2)-C(14) 137.7(3)
Zn(3)-N(2)-C(14) 137.7(3) Zn(3)-N(3)-N(4) 119.8(4)
Zn(2)-N(4)-N(3) 115.2(3) Zn(2)-N(4)-C(81) 135.8(3)
Zn(3)-N(6)-C(112) 119.2(3) Zn(4)-N(7)-N(8) 113.9(3)
Zn(5)-N(8)-N(7) 121.5(3) Zn(5)-N(8)-C(80) 128.0(3)
Zn(6)-N(9)-C(80) 117.0(4) Zn(5)-N(10)-C(49) 120.6(3)
Zn(6)-N(11)-N(12) 123.9(3) Zn(6)-N(11)-C(49) 125.9(4)
Zn(1)-N(12)-C(41) 134.0(4) Zn(1)-N(13)-C(11) 124.4(3)
Zn(4)-N(14)-N(15) 123.1(4) Zn(4)-N(14)-C(112) 126.3(3)
Zn(5)-N(15)-C(114) 137.7(3) Zn(2)-N(16)-C(31) 126.0(4)
Zn(6)-N(17)-N(18) 114.6(3) Zn(6)-N(17)-C(34) 134.5(4)
Zn(1)-N(18)-C(32) 124.8(4) Zn(2)-0(19)-H(19) 119.8(2)
O(1)-Zn(1)-N(18) 107.72(16) 0(18)-zn(5)-N(10) 87.83(15)
N(13)-Zn(1)-N(18) 114.52(15) 0(20)-zn(5)-N(10) 168.04(14)
0(6)-Zn(2)-N(4) 134.84(15) N(8)-Zn(5)-N(15) 107.12(16)
0(19)-Zn(2)-N(4) 81.62(15) 0(7)-Zn(6)-N(11) 110.73(15)
N(1)-Zn(2)-N(16) 104.21(16) N(9)-Zn(6)-N(17) 113.04(16)
0(13)-Zn(3)-N(2) 126.67(17) Zn(2)-0(6)-C(22) 133.3(3)
0(19)-Zn(3)-N(2) 76.26(17) Zn(4)-0(12)-C(92) 131.1(4)
N(2)-Zn(3)-N(3) 110.20(16) Zn(2)-0(19)-C(025) 123.7(3)
0(12)-Zn(4)-0(20) 77.26(15) Zn(4)-0(20)-S(1) 118.2(2)
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0(12)-Zn(4)-N(14) 111.09(19) Zn(2)-N(1)-C(12) 126.8(3)
0(20)-Zn(4)-N(14) 83.57(17) Zn(3)-N(3)-N(4) 119.8(4)
N(7)-Zn(4)-N(14) 108.64(16) Zn(3)-N(3)-C(89) 126.9(3)
Zn(5)-N(10)-C(50) 123.9(4) Zn(3)-N(6)-C(101) 124.1(4)
Zn(1)-N(12)-N(11) 115.9(3) Zn(4)-N(7)-C(72) 135.8(3)
Zn(1)-N(13)-C(12) 116.4(3) Zn(5)-N(15)-N(14) 1135(3)
Zn(2)-N(16)-C(32) 120.1(3) Zn(1)-N(18)-N(17) 126.0(3)

IV.2.5. Quantum Yield and Limit of detection Calculation
Fluorescence quantum yields (®) were obtained by using the equation:
Dsample = (ODstg. x Asample)/(ODsamplex Astd.) X Dstg.

Where, Asample and Asta represent the areas under the fluorescence spectral curves for sample and standard
respectively. ODsampie and ODstq represents the optical densities of the sample and standard respectively at the
excitation wavelength.®®*° In this work, acidic quinine sulfate (0.1(N) H.SO4 solution) was taken as the
standard with known quantum yield, ®std. = 0.54 for the quantum yield calculation of ligand HL and the

complex with Zn?* and CN".

LOD determination was calculated from fluorescence Titration Experiment on gradual addition of Zn?* and
CN- ion to the solution of ligand HL. Standard Deviation measured from emission intensity of ligand with
addition of varying concentration of Zn?* and CN". Limit of Detection for Zn?* and CN- determined from the
equation LOD = (3c/Slope) where o represents standard deviation and m is the slope acquired from the plot

of fluorescence titration experiment.
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I1VV.2.6. Solution for Spectral Measurement

For UV-Vis and Fluorescence study, the ligand H.L with concentration of 1x 103(M) was prepared in DMSO.
All the cationic and anionic solutions of 1 x 103(M) were arranged in deionized water. The Spectroscopic
experiment was carried out in acetonitrile medium. A 25 uM of HL solution was prepared in 2 mL
CHsCN/H20 (99:1, v/v) (HEPES Buffer, pH 7.5) for sensing study. To this solution 1 equivalent of metal
cations were added and the sensitivity and selectivity was checked by UV-vis and Fluorescence measurement
of the probe HL solution. The absorption and emission path length of cell used were 1 cm. fluorescence
measurement experiments were done on excitation and emission of 12 nm x 7 nm (For Zn?*) and 12 nm x 3

nm (For CN") slit width.
IV.2.7. DFT Computation

DFT and TD-DFT calculation were conducted to elucidate theoretical correlation with experimental
spectroscopic results. Gas phase geometry of HoL was optimized with coordinates obtained from single crystal
structure using DFT/B3LYP method with 6-311G as basis set (O, N, C, H) whereas LanL2DZ basis set has
been employed for the [ZnsLs] and [L-CN7] complex of Gaussian Program Package 09.%%%2 The vibrational
frequency calculation has been performed to ensure that the optimized geometries represent the local minima
and the only positive Eigen values are used. To understand the change in absorption band of the probe
regarding the sensing pathway towards Zn?* and CN-, selective electronic transitions were theoretically
obtained by Time Dependent DFT (TD-DFT) calculation in Acetonitrile medium using conductor like
polarizable continuum model (CPCM).%3% GAUSSSUM employed for calculation of fractional contribution

of groups to the Molecular orbitals.%®
1V.2.8. Cell line study

In the present study Human breast cancer cell line MDA-MB 231 was procured from the central cell repository
of National Center for Cell Science (NCCS), Pune, India and human normal kidney epithelium cell line NKE

was obtained from Bose Institute, India. All the above cell lines were cultured either in a T25 with DMEM
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(for MDA-MB 231) RPMI-1640 (for, NKE) supplemented with, non-essential amino acids, ImM sodium
pyruvate, 10% Fetal bovine serum, 2 mM L-glutamine, 100 units/L penicillin,100 mg/L streptomycin, and 50

mg/L gentamycin in a 37°C humidified incubator containing 5% CO..

Fluorescence ability of the probe H.L in the presence of Zn?* was envisioned in living cell MDA-MB 231.
Briefly, cells were grown in coverslips for 24 h in a 37°C humidified incubator containing 5% CO and then
either mock-treated or treated with 10uM of HoL in the presence or absence of 10 uM Zn?* and CN" and
incubated for different time period at the same temperature. The cells were washed with 1xPBS and then they

were mounted on a glass slide and detected under fluorescence microscope (Leica).

Cell survivability of the ligand HzL was studied by performing MTT cell proliferation assay and MTT assay
was performed following reported procedure.®” ¢ In brief, MDA-MB 231 and NKE cells were seeded in 96-
well plates at a concentration of 1 x 10* cells per well and exposed to the H,L at different concentrations of 0
uM, 10 uM, 20 uM, 40 uM, 80 uM, 100 uM for 24 hrs. After incubation cells were washed with 1xPBS twice
and MTT solution (100 ul; 0.5 mg/ml) were added to each well and incubated for 4 h at 37°C. The resulting
purple coloured formazan crystals were dissolved in DMSO and the absorbance was measured at 570 nm by

using a microplate reader. Cell viability was expressed as a percentage of the control experimental setup.
IVV.3. Results and Discussion
IVV.3.1. Characterization of HzL

The THNMR spectrum (Fig.1V.1) of (Z)-7-hydroxy-4-methyl-8-(((5-phenyl-1H-pyrazol-3-yl)imino)methyl )-
2H-chromen-2-one (H:L) shows singlet peak at 14.87 ppm for phenolic proton (O-H) of coumarinyl group;
another sharp singlet at 13.48 ppm refers to N-H proton of pyrazole moiety while the singlet at 9.50 ppm
represents the imine proton (CH=N). These data confirm the formation of the Schiff base. Rest of the aromatic
protons appear at 7.89 - 6.96 ppm. The signal at 6.28 and 2.42 ppm refer to the proton adjacent to aromatic-H
of carbony! unit and -CHs protons of coumarin ring.:3C-NMR spectrum (Fig.1V.2) also reveals characteristics

signals at 165.20 and 159.62 ppm for carbonyl (C=0)-C and phenolic (C-O)-C centers while signal at 156.11
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ppm represents the imine-C (HC=N)/pyrazolyl-C (C=N). Remaining Cs of the aromatic region appears at
154.43 10 94.92 ppm and -CHz shows a peak at 18.82 ppm. ESI-MS spectrum (Fig.1V.3) of the probe generates
a molecular ion peak at 368.0911 [M+ Na*] which confirms the formation of probe. FTIR spectrum exhibits
stretching frequencies at 3207 cm™ (v(N-H)), 1691 cm™ (v(C=0)) and 1617 cm™ (v(C=N)) of the probe, HoL

(Fig.1V.4).
1VV.3.2. Structural Description of HzL

HoL crystallizes in P21/c space group. The molecular structure with the atom labelling scheme of H.L is shown
in Fig.1V.5 and selected bond parameters are summarized in Table 1V.1. The O(3)-C(7), 1.342(2) A is longer
than O(1)-C(1), 1.207(2) A which indicate that O(3)-C(7) is phenolic type and O(1)-C(1) is ketone type. The
N(1)-C(10) length is 1.285(2) A (imine type) and shorter than N(1)-C(11), 1.401(2) A (amine linkage). In the

pyrazole ring the bond lengths are: N(2)-C(11), 1.339(2); N(3)-C(13), 1.353(3) and N(2)-N(3), 1.345(2) A.

\ ol el
A S b
gl A

Fig.1V.5. Molecular geometry of HzL in crystals (40% thermal ellipsoids, hydrogen atoms omitted for clarity).

The intermolecular and intramolecular H-bonding O---H-N (2.060 A), N---H-O (1.843 A) enhances the
strength and stability of the probe (Fig.1V.6(a)). The probe has three N donor and one O donor centers in close
proximity behaving as tetradentate chelating site for metal binding. The angle of deviation corresponds to

plane containing the coumarin unit with respect to the plane of pyrazol fragments is 24.89° while the plane

corresponds to phenyl unit exhibits a 16.19° deviation from the pyrazol plane. (Fig.1VV.6(b) (i), (ii))
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Fig.1V.6. (a) O+esNH and N<eeHO interactions content in the HzL; (b) angle of deviation of (i) coumarin and

(i) phenyl unit with respect to pyrazol plane.
IV.3.3. Spectroscopic Response towards Zn?* and CN- Sensing

The absorption spectrum of HoL in CH3CN/H20 (99:1, v/v; HEPES Buffer, pH 7.5) shows transition at 316
nm who is ascribed to m—m* band. Upon addition of salt solutions of different cations (Cu?*, Co?*, Pb?*, Cr3*,
Cd?*, Ca?*, AP, Fe3*, Hg?*, Ni?*, Mn?*, Ba?*, Na*, K*, Mg?* and Pd?*) the absorption wavelength more or
less remains unshifted; only in case of Zn?* the ligand solution shows significant red shifting of the band to
340 nm along with a low energy hump at 412 nm (Fig.1V.7(a)). On incremental addition of [Zn?"] (1 pM) to
the probe HoL (25 uM) in the same medium, the spectral change is observed and attained saturation at 1:1
mole ratio of metal : ligand stoichiometry (Fig.1V.7(b)). The probe in its solution state remains colorless and
transforms distinctively to greenish yellow on addition of Zn?* which makes it a colorimetric responsive as

well as optically detectable towards Zn?* sensing.

163



Chapter 1V Pyrazoly-Hydroxy-Coumarin: Zn?*and CN- Sensor

1.0

0.8 +

]
Wavelengéh (nen)

0'6 9 + 5 + . . 3
cd”, Hg"', cu™, AI", Pb™, Co’
ca®, Fe*', Ba"', Ni*’, Na'

/ Mn™, Pd™ cr”, K', Mg™

0.4+

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

0.2 4

0.0

250 300 350 400 450 250 300 350 400 450
Wavelength (nm) Wavelength (nm)
(a) (b)

Fig.1V.7 (a) UV-Vis Absorption Spectra of HoL on addition of cations (2 equiv.) in (99:1, v/v) (HEPES Buffer,
pH 7.5) medium. Inset: Absorption Spectrum of HoL and HoL+Zn?*. (b) Change in the Absorption Spectrum

of HoL on incremental addition of Zn?*.

The selectivity of HoL to anions is also checked following similar procedure. The anions used are CI-, Br', I,
CN, S*, CH3COO", CeHs07*, S203%, SO4%, F, SCN-, NOs,, NO2, S20s5%, N3, 103” in CH3CN/H20 (99:1,
v/v; HEPES Buffer, pH 7.5). Noticeably, out of all anions the UV-Vis spectral change is observed only when
CNis added. Upon addition of NEtsCN solution to HzL in the same medium the band at 316 nm shifts to 380
nm (Fig.1V.8(a)). The incremental addition of CN™ (1 uM) to HoL solution (25 uM), results in gradual decrease
of band, 316 nm and a new band appears at longer wavelength, 380 nm with a shoulder at 390 nm. The
bathochromic shift on successive CN™ addition remains unchanged until a molar ratio 1:1 of H.L to CN"is
reached (Fig.1V.8(b)). However, on addition of CN" to the probe solution generates a transient straw yellow
colour which rapidly changes to colourless solution. The change is visually detectable but colour of the

resulting solution on addition of CN™ remains unchanged.
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Fig.1V.8 (a) Absorption Spectra of H.L on addition of different anions (2 equiv.) in CH3CN/H20 (99:1, v/v)

(HEPES Buffer, pH 7.5) medium. (b) Change in the absorption spectrum of H.L on gradual addition of CN-

Upon excitation of acetonitrile solution of HoL at 390 nm exhibits weak fluorescence at 433 nm (¢ = 0.006).
Energy scavenging of excited species by PET and ESIPT may be the reasons for nonradiative decay process
in solution phase.® In solid state HoL exhibits enhanced fluorescence at longer wavelength (557 nm) with
higher quantum yield (¢ = 0.201) which may be due to molecular rigidity that induces RIR (Restricted

Intramolecular Rotation) and inhibits isomerization around C=N bond (Fig.I1V.9).7%"
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Fig.1V.9. Solid State Emission Spectrum of HoL (Inset: images) (Aex= 390 nm).
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The fluorogenic sensitivity of the probe (H2L) was examined through change of emission intensity (Aex, 390
nm) on adding seventeen different cations in CH3CN/HO (99:1, v/v; HEPES Buffer, pH 7.5). Interestingly,
the fluorescence intensity of HoL selectively enhances upon addition of Zn?* (¢ = 0.097) and is improved by
20 fold at 499 nm. (Fig.1V.10(a)) The enhancement may be explained on account of its complexation of HoL
with Zn?*as confirmed from the crystal structure that tends to suppression of the non-radiative PET and ESIPT
processes and inclusion of Chelation Enhanced Fluorescence (CHEF).”>"3 On incremental addition of [Zn?]
(0-26 uM) to probe, HoL (25 uM) in CH3CN/H20 (99:1, v/v) (HEPES Buffer, pH 7.5) medium, the emission
intensity increases linearly with added concentration of Zn?* and saturates when the molar ratio is reached at
1:1 concentration of the probe and Zn?* (Fig.1V.10(b)). Limit of detection (34.76 nM, Fig.IV.11) has been
evaluated from the calibrated titration profile of Zn?* fluorescence titration following the 3c/Slope method.

The LOD for Zn?* is much below the recommended limit by WHO.
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Fig.1V.10. (a) Emission Spectra of HzL in presence of different cations (2 equivalents) in CH3CN/H20 (99:1,
v/v) (HEPES Buffer, pH 7.5) medium. (b) Change in the Fluorescence Spectrum of HL on successive addition

of Zn?* in CH3CN/H20 (99:1, v/v) (HEPES Buffer, pH 7.5) medium. (Inset: images) (Aex= 390 nm).
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Fig.1V.11. Detection limit of HoL for Zn?* sensing.

Similar experimental method is applied for CN”sensing as well; the probe has been treated with 2 equivalent
anions in CH3CN/H20 (99:1, v/v) (HEPES Buffer, pH 7.5) medium. Upon excitation at 390 nm the emission
appears at 447 nm. (¢ = 0.137) In presence of only CN-, the emission is 32-fold enhanced while other ions
remain insensitive (Fig.1V.12(a)). The incremental addition of CN (0-29 uM) in the same solution of the
probe (25 uM) a gradual increase in the emission intensity is observed. The plot of emission intensity vs
[CN] is linear and the emission is optimized when 1 equivalent of CN" is added (Fig.1V.12(b)). The LOD is

19.91 nM (3o method) (Fig.1V.13).
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Fig.1VV.12. (a) Emission Spectra of H.L in presence of different anions (2 equivalents) in CH3CN/H20 (99:1,
v/v) (HEPES Buffer, pH 7.5) medium. (b) Change in Fluorescence Spectrum of H.L on successive addition

of CN"in CH3CN/H20 (99:1, v/v) (HEPES Buffer, pH 7.5) medium. (Inset: images) (Lex= 390 nm).
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Fig.1V.13. Detection limit of HoL towards CN" sensing

A list of the reported probes along with their LOD value has been compared (Table 1V.5) and it is revealed

that the Pyrazolyl-Hydroxy-Coumarin probe (H.L) serves efficiently and effectively detects Zn?* and CN".
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Table 1V.5: Reported Zn?" and CN- selective probe with their LOD value

Sl Probe Selectivity Solvent Reference
No. (LOD)
1.
<> Zn?* (32 nM) CHsCN [74]
oM | CN(13 nM)
2.
| A
O AN AN® Zn?* (0.87 M) DMSO:H,0 [75]
NH NG (9:1)
Q NI | CN- (1.56 uM)
oy Lo
0 O
3.
NE Zn?* (13 nM)
|
ZMho Cu?* (1.6 uM) H.0 [76]
OH
OO N 021400
4,
O Zn?*(1.29 uM)
DMF [77]
\4>_N/ O CN (12.3 uM) H.0
O~y
HO
5.
OH
0 Z N 2+
e s Zn2* (0.302 uM)
N DMSO [78]
OH -
H, CN(0.153 uM)
6.
WA Zn2* (0.23 uM)
' H.0 79
No"‘N—/_/ CN- (0.39 uM 2 "
_)=J HO ( . “’ )
°
¢ N
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The idea of 1:1 mole proportion of HoL with Zn?*/ CN-is also supported by the Job’s Plot (Fig.1V.14 (a) and
(b)). HaL shows spontaneous responsive and separately senses Zn?* and CN™ at two distinctive emissive

wavelengths with a detection limit at nM range (34.76 nM for Zn?* and 19.91 nM for CN").
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Fig. 1V.14. Job’s Plot for stoichiometric binding to (a) Zn?* (b) CN-.

For detailed understanding of selectivity of probe H,L towards Zn?* and CN- sensing in presence of other ions,
interference study was conducted under the identical condition. To the solution containing Zn?* and HaL, 2
equivalents of external co-cations were added at each time and their fluorescence spectra were recorded. The
emission intensity of [HzL-Zn?"] in presence of Fe3*, AI**, Cr®" exhibits slight interferences. This may be due
to the weak secondary interaction among molecular assembly of [HzL-Zn?*] and M3* (Fe3* AR+ Cr3*) 8081

while for others cations, the emission is almost unaffected and interestingly the probe could detect Zn?* even

in presence of Cd?* and Hg?* (Fig.1V.15).
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Fig.1V.15. Interference Study on Zn?* Sensing.

In case of interference study of CN™ detection, 2 equivalents of external anions were added at each time to the
resulting solution containing CN™ and H.L and their emission spectra were noted. Interestingly, the impacts of
interfering effects were negligible on the emission of [H2L-CN7 in presence of added external anions

(Fig.1V.16). Results clearly assert the probe to be applicable for sensitive detection of Zn?* and CN-.

EH2L
™ H2L+Anion

H2L+CN—+ Anion

Fig.1V.16. Interference study on CN" Sensing.

IV.3.4. (HNMR Study

The THNMR titration explains the extent of binding of H.L with Zn?*/CN". For detailed understanding of
interaction of HoL on addition of Zn?*, the tTHNMR Titration has been performed with Zn(CHsC0OO)2.2H.0
in DMSO-ds medium.. The *HNMR Spectrum of H.L recorded at 298 K in DMSO-ds exhibited a singlet at
14.89 ppm which attributed to the resonance of phenolic proton, another singlet at 13.50 ppm assigned to
resonance of pyrazolyl protons; besides, an imine singlet at 9.50 ppm, another doublet at 7.86 ppm (2H, J=7.8
Hz) integrating two protons, a doublet at 7.83 ppm (1H, J = 9.0 Hz), a triplet at 7.49 ppm (2H, J = 6.6 Hz),

another triplet at 7.40 ppm (1H, J = 6 Hz), asinglet at 7.16 ppm, a doublet 6.98 ppm (1H, J =9 Hz), singlet
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at 6.28 ppm and a sharp singlet arises at 2.43 ppm attributed the resonances of three proton of aliphatic -CH3
unit. The presence of two equivalent acetate in Zn(CH3COO).2H20 causes the deprotonation of ligand as L*
to bind with Zn?*. The presence of acetate ions is also confirmed from the presence of sharp singlet peak at
1.90 ppm. Addition of 0.5 equivalent Zn?* results in gradual fading and broadening of phenolic peak (O-H)
and pyrazol proton (N-H) at 14.89 and 13.50 ppm. On addition of 1 equivalent Zn?* the disappearance of
phenolic peak at 14.89 ppm along with further reduction and complete broadening of pyrazolic proton
concludes its participation in complexation to Zn?*. Appearance of peak at 11.99 ppm are assigned to the OH
peak of CH3COOH. The imine proton at 9.50 ppm undergoes downfield shift with respect to the protons of
aromatic region. The signal at 6.99 and 6.29 ppm of the aromatic region undergoes upfield shift to 6.64 and 6.
06 ppm. The aliphatic zone corresponding to the sharp singlet signal at 2.429 ppm assigned to methyl unit

shifted slight upfield from 2.43 to 2.38 ppm (Fig.1V.17).
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Fig.IV.17. *tHNMR Titration of HoL on successive addition of Zn?* in DMSO-ds.

The DOSY HNMR Spectra of the in-situ complex generated from addition of 1 equivalent

Zn(CH3C0O0:>).2H20 to the probe HoL in DMSO-ds clearly explains the formation of single species with a
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Diffusion Coefficient of D = 2.86 x 101 m? s (Fig.1V.18). The 'HNMR spectrum of [ZneLe] reveals absence
of phenolic and pyrazolyl proton peaks which indicates the coordination of Zn?* to L. Further broadening of

imine and aromatic signals due to complexation was also observed in the spectrum as well. (Fig.1V.19).
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Fig.IV.18. DOSY NMR (600 MHz) of complex on addition of Zn?* (1 equivalent) to HoL in DMSO-ds.
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Fig.IV.19. tHNMR Spectra of Zn** Complex in DMSO-ds
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Upon addition of 0.5 equivalent CN-, the *H-NMR titration of the probe HoL (DMSO-ds) shows the attenuation
of the signal corresponding to -OH and -NH proton of coumarin and pyrazol unit whereas on addition of 1
equivalent CN-, the complete disappearance of phenolic-OH peak followed by further reduction as well as
broadening of NH peak clearly indicates that the interaction with CN™ proceeds through deprotonation
pathway. Gradual fading of the imine singlet at 9.482 ppm is observed on adding CN™ and complete attenuation
of imine singlet is noted on adding 2 equivalent of CN" with simultaneous appearance of singlet at 5.870 and
5.500 ppm that attribute to NH and 3° CH protons. This observation supports the nucleophilic addition of
cyanide to the carbon atom of imine group. The proportional broadening and upfield shifting of aryl protons

also validate the adduct formation resulted from CN™ addition to HoL (Fig.1V.20).

H,L + 2.0 equivalent CN-

(I l I

H,L+ 1.5 equivglent CN- N
H,L+ 1.0 equivalent CN-

H,L + 0.5 equivalent CN-

2 1 1 T b ) | T T 1

9 .14 I 12 1N 10 9 8 7 6 5 4 3 N 2 1 ppm

Fig.1V.20. tTHNMR Titration of H,L with successive addition of CN- in DMSO-ds.
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Furthermore, the appearance of peak at 3.150 and 1.121 ppm due to CH2 and CH3 protons of EtN4* in the
'HNMR spectra of CN- Complex also supports and confirms the formation of such CN- binding adduct

(Fig.IV.21).8282
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Fig.1V.21. THNMR Spectra of CN- Complex in DMSO-ds.
IVV.3.5. Structural Description of Hexanuclear Metallocrypytand [ZneLe]

The structure of the complex forms a hexanuclear metallocryptand with Zn(I1) and HzL. [ZneLe] crystallizes
in P-1 space group. The pyrazolyl unit of HoL forms bridged binuclear Zn(11) motif and imine phenolato
pendant portion of the ligand chelates to neighboring Zn(I1) center. Each Zn(Il) center is chelated by N,O
group of one HoL and coordinated by two pyrazolyl-N centers from two other HoL ligands. Thus, there are
three ligands involve about each Zn(l1) center. In each hexanuclear cage structure half of the Zn(lIl) centers
form four coordinated distorted tetrahedral ZnNsO sphere and other half Zn(1l) centers form five coordinated
distorted trigonal bipyramidal ZnNsO; sphere. The fifth coordination center about Zn(ll) is assisted from

MeOH/DMSO. There are different types of macrocycle rings are formed between the zinc ion. The Zn(1) and
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Zn(6) are bridged by the nitrogen atom of two diazole ring and exhibits tetrahedral geometry with Zn(1)---

Zn(6) distance of 3.520 A.

(©) (d)

Fig.1V.22 (a) Discrete hexanuclear Zn(Il) complex [ZnsLs] showing parallel 7' -7 interaction between
coumarin units. (b) Top and side views of [ZneLe], (c) Linkage Framework unit of [ZneLe] exhibiting crown

like cavity and (d) 3D Supramolecular assemblies along c¢ axis.
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The Zn(1)-O(1) and Zn(6)-O(7) distances are 1.932(4) and 1.938(3) A which are similar type whereas Zn(1)-
N(18), Zn(1)-N(12), Zn(1)-N(13) lengths are 1.979(4), 1.973(4), 2.010(4) A and Zn(6)-N(17), Zn(6)-N(9) and
Zn(6)-N(11) lengths are 1.985(4) 2.001(4) and 1.983(4) A. This clearly indicates that the Zn(1) and Zn(6) are
equivalent and form six membered macrocycle. Zn(2) forms distorted triagonal bipyramidal structure
(ZnN3O2) with one MeOH molecule coordinated and bond distances are 1.986(4) (Zn(2)-0(6)), 2.027(4)
(Zn(2)-N(1)), 2.025(5) (Zn(2)-N(4)), 2.253(4) (Zn(2)-0(19)) and 2.124(4) A (Zn(2)-N(16)). The distance
between the Zn(1) and Zn(2) is 4.187 A. The Zn(3) center is tetrahedrally coordinated and the bond distances
are 1.991(5) (Zn(3)-N(2)), 2.070(5) (Zn(3)-N(6)), 1.944(3) (Zn(3)-O(13)) and 2.014(4) A (zZn(3)-N(3)). Zn(2)
and Zn(3) are bridged in similar manner by the pyrazolo entity and the distance between Zn(2)----Zn(3) and
Zn(3)----Zn(4) are 3.364 and 4.308 A, respectively.The Zn(4) and Zn(5) are bridged by nitrogen atom of two
diazole ring and one oxygen atom of DMSO molecule and the Zn(ll) ions are formed distorted trigonal
bipyramidal structure. The measure distance between Zn(4) and Zn(5) is 3.404 A. The distances Zn(4)-O(12),
1.945(3); Zn(4)-N(5), 2.087(4); Zn(4)-N(14), 2.007(4); Zn(4)-N(7), 1.983(4); Zn(5)-O(18), 1.960(4); Zn(5)-
N(8), 2.023(4); Zn(5)-N(10), 2.126(4) and Zn(5)-N(15), 2.012(4) A are comparable with first hemisphere of
the metallocryptand. The Zn(5)---Zn(6), 4.181 A in the macrocyclic cage lies in the supramolecular
framework. Six Zn(Il) centres constituting eight membered macrocycle are embedded in loop and form the
macrocycle. The discrete hexanuclear unit exhibits a crown like cavity in the crystal structure (Fig.1V.22(b))
and the diagonal distances are 7.502 (Zn(2)-Zn(5)), 7.050 (Zn(1)-Zn(4)) and 7.068 A (Zn(3)-Zn(6))
(Fig.1V.22(c)). The overall crystal structure of the six nuclei and the ligands forms fifteen membered
macrocycles. The solvent molecules are eliminated by Solvent Mask method from the crystal structure during
refinement stage. The coumarin ring of H.L interacts with another coumarin ring of adjacent ligand by n----n
interaction at 3.471, 3.699 and 3.591 A (Fig.1V.22(a)). Three dimensional supramolecular assemblies along
crystallographic c axis exhibits 30.9% void space (Fig.1VV.22(d)). The absorption spectrum of isolated complex
[ZneLs] also exhibits bands at 335 nm and 412 nm (Fig.1V.23(a)) and the fluorescence spectrum of [ZnsLeg] in
acetonitrile-water shows emission at 500 nm upon excitation at 390 nm in (99:1, v/v) (HEPES Buffer, pH 7.5)

medium. (Fig.1V.23(b)).
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Fig.1V.23. (a) UV-Vis Absorption Spectrum of [ZneLs] (b) Fluorescence Spectrum of [ZneLe]

IR spectrum of [ZneLe] reveals broad stretching band around 3500 cm™ which indicates presence of MeOH
coordinated to the complex as evident from the crystal structure. The shifting of v(C=N) from 1606 to 1573
cm* confirms its participation the coordination of L% to Zn?* (Fig.1V.24(a)). IR Spectrum of the composite
[H2L+CN] also exhibits stretching band at 2200 cm™ which confirms CN- addition to the probe HaL.

(Fig.IV.24(b).).
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Fig.1V.24. (a) IR Spectrum of Zn?* Complex. (b) IR spectrum of CN- Complex.
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The ESI-MS Spectrum of CN™ complex in anion mode gives a molecular ion peak at m/z = 371 corresponding
to [HL+CN'] which supports the formation of cyanide adduct along with the presence of expected deprotonated

molecular ion peak of HoL at m/z =344 corresponds to [HzL-H].8* (Fig.1V.25).
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Fig.1V.25. ESI-MS of CN" Complex.

IV.3.6. Time -Correlated Single Photon Counting (TCSPC) (Lifetime Measurement):

Average lifetime (tav) decay profile of HzoL (1.272 ns) as well as the composite of [HzL+Zn?*] (3.177 ns) and
[H2L+CN (2.8934 ns) fits well into bi-exponential decay process (Fig.1V.26) proves delocalization of excited

energy over the complex motifs of [HoL+Zn?*]/[H2L+CN]
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Fig.IV.26. Lifetime Plot of HoL with Zn?* and CN-
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IVV.3.7 DFT Computation

To understand the probing efficiency of HoL to Zn?*/CN-theoretical computation of H,L and the composites
were carried out by Density Functional Theory (DFT) using Gaussian Program Package 09. The DFT
calculation was employed to obtain the optimized structure of ligand HoL using B3LYP/6-311G as basis set

and LanL2DZ basis set were used for [ZnsLs] and L-CN™ complex. (Tables IV.6)

Tables 1V.6: Optimized Geometry of HaL, [ZnsLe] and [L-CN']

[ZnsLe] HaoL L-CN-

Based on the experimental results the binding model of the respective Zn?* and CN- complexes were guided.
Bond parameters obtained from optimized structure of free probe H.L in the Table V.7 are compared and in
well accordance with the single crystal X-Ray structure of the probe HzL. Bond Length (A) calc. (exp.): (C(10)
— N(2)), 1.309 (1.285); (C(11)-N(1)), 1.392 (1.401); (C(7)-O(3)), 1.342 (1.349); (N(2)-N(3)), 1.367 (1.345).
Bond Angles calc. (exp.): N(2)-C(11)-N(3), 117.53 (116.66); C(7)-O(3)-H, 108.56 (109.5); N(2)-N(3)-C(11),

103.60 (103.97); C(10)-N(1)-C(11) 120.49 (123.19) N(2)-N(3)-H, 118.63 (123.2).
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Table I1V.7: Calculated Bond Parameters obtained from DFT calculation of the optimized geometry of HaL

Bond Length Theoretical Value (A) Bond Angle Theoretical Value (°)
C11-N1 1.392 N2-C11-N1 117.53
C11-N2 1.353 N2-N3-H32 118.63
N3-N2 1.367 N3-N2-C11 103.97
N1-C10 1.305 C10-C8-C7 120.95
C7-03 1.349 C8-C7-03 120.57
03-H38 1.034 C7-03-H38 108.56
N3-H32 1.005 C11-N1-C10 123.19
C10-C8 1.440 N1-C10-C8 118.91

C8-C7 1.424 N1-C10-H34 120.22

181



Chapter 1V

Pyrazoly-Hydroxy-Coumarin: Zn?*and CN- Sensor

Optimized geometry and energy of the selected orbitals are enlisted in Tables IV. 8,9 & 10

Table 1V.8: Selected MO’s of HoL along with their energy.

LUMO+1
-1.64 eV

LUMO+2
-1.12eV

LUMO+3
-0.44 eV

LUMO+4
-0.1eV

LUMO+5
0.63eV
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Table 1V.9: Selected MO’s of [ZneLe] Complex with their energy state

LUMO+1
-2.16 eV

-2.13eV

LUMO+3
-2.05eV

LUMO+4
-2.00 eV

LUMO+5
-1.95eV

183



Chapter 1V Pyrazoly-Hydroxy-Coumarin: Zn?*and CN- Sensor

Table 1V.10: Selected MO’s of L-CN"complexes with their energy level.

LUMO LUMO+1 LUMO+2
3.34eV 4.92 eV 4.95eV

LUMO+3 LUMO+4 LUMO+5
5.09 eV 5.42eV 6.4 eV

Electronic Transition derived from Time Dependent Density Function Theory (TD-DFT) calculation
determines the HOMO-LUMO gap of the probe and the complexes. Time Dependent Density Functional
Theory (TD-DFT) studies elucidate the theoretical aspects of spectral behaviour of HaL in presence of Zn?*
and CN". HOMO-LUMO band gap of the optimized structure of HaL, [ZnsLs] and [H2L-CN"] was determined

as 4.53, 3.51 and 2.73 eV. The transitions obtained from TD-DFT listed in the (Table 1V.11).
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Table 1V.11: TD-DFT transition of HzL, [ZneLe] and [L-CN"] complex.

System | Excitation Experimental Theoretical Oscillation Key Transition
Energy (eV) | Wavelength (nm) | Wavelength (nm) | Frequency (f)
HoL 3.9591 316 313.16 0.8159 HOMO-2—LUMO
[ZneLe] 3.2772 339 378.32 0.0018 HOMO-1-LUMO
3.0436 412 407.05 0.0509 HOMO-1—-LUMO+1
[L-CNT] 3.3103 379 374.55 0.3658 HOMO-1-LUMO

The absorption wavelength obtained from DFT calculation correlates well with experimental absorption
spectra. The probe HoL in its free state exhibits absorption band at 316 nm corresponds to the transition of
HOMO-2 —LUMO. In case of hexanuclear Zn?" complex [ZneLe], the absorption band at 339 and 412 nm are
mainly ascribed due to the transition of HOMO-1—-LUMO and HOMO-1—-LUMO+1 respectively. For the
motif L-CN-, the transition HOMO-1—LUMO contributes to absorption maxima at 379 nm. The decrease in
band gap of [ZnsLe] and L-CN" by about 1.02 and 1.70 eV suitably explains the bathochromic shift in

absorption Spectra of H,L on addition of Zn** and CN- respectively (Fig.1V.27).
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Fig.IV.27. HOMO-LUMO gap of probe H,L, Zn?* and CN- Complexes.
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IV.3.8. MTT Assay and Cell Imaging

In-vivo cell survivability and cytotoxicity of HoL was checked on MDA-MB 231 and WI-38 cell line. The
cells were treated with five different concentrations of HoL (0 uM, 10 uM, 20 uM, 40 uM, 80 uM, 100 uM)
for 24 h and results were evaluated. Cell viability was expressed as a percentage of the control experimental
setup and the results of MTT assay (Fig.1V.28) had shown no substantial toxicities even at the concentration
of 100 uM. Hence, the probe HoL shows significant biocompatibility and favourable for biological

applications.
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Fig.1V.28. Cell survivability (MDA-MB 231 and WI-38 cells) exposed to different H.L concentration Data
are representative of at least three independent experiments and bar graph shows mean + SEM, ***p <(.001

were interpreted as statistically significant, as compared with the control.

When MDA-MB 231 cells were treated with only Zn?* and CN- the results were ineffective (Fig.1V.29).
Fluorescence microscopy imaging showed an increase in fluorescence intensity when MDA-MB 231 cells
were exposed with both the mixture [HzL (10 uM) + Zn?* (10 uM)] (green emission, Fig.1V.30 and 31) and
[HoL (10 uM) + CN7(10 uM)] (blue emission, Fig.1V.32 and 33) at a different incubation time frame of 30
min and 1 h. acquired using blue filter with excitation using 390 nm monochromatic laser beams. Whereas
cells exposed to only the H.L ligand (10 uM) have shown very low level of fluorescence intensity. Results
from fluorescence microscopic images manifest that in presence of Zn?* and CN-, ligand HzL emits prominent

fluorescent signal.
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Merge

Bright Field Fluorescence

Zn2+

Cyanide

Fig.IV.29 Microscopic images of MDA-MB 231 cells treated with Zn*(10uM) and CN"(10uM) after 30 min
incubation period under bright, fluorescence and merged field.

Fluorescence

(30 min) HzL Control

Hol+ Zn?+

Hol+ Zn?+
(1 h)

Fig.IV.30. Microscopic images of untreated MDA-MB 231 cells (Control), cells treated with HoL (10uM),

H>L (10uM) + Zn** (10uM) after 30 min and 1h of incubation period under bright, fluorescence and merged

field.
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Fig.1V.31. HoL Fluorescence emission fold induction in untreated MDA-MB 231 cells (Control), cells treated

with HoL (10uM), HoL (10pM) + Zn?* (10uM) after 30 min, 1h and 2h.
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(30 min)
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Fig.1V.32. Microscopic images of untreated MDA-MB 231 cells (Control), cells treated with H>L (10uM),

HoL (10uM) + CN°(10uM) after 30 min and 1h of incubation period under bright, fluorescence and merged

field.
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Fig.1V.33. HoL Fluorescence emission fold induction inuntreated MDA-MB 231 cells (Control), cells treated
with HoL (10uM), HoL (10uM) + Cyanide (10uM) after 30 min, 1hr.

FACS was performed to quantitatively analyze the population of cell that shows fluorescence emission after
being either mock-treated or treated with 10 uM of ligand in the presence or absence of 10 uM Zn?* at different
time period. Flow cytometric data of HoL (10 pM) + Zn?* (10 uM) treated cell also showed that about 92%
and 99% population of cell showed H»L fluorescence emission after an incubation period of 30 min and 1 h
respectively. Thus, we can conclude that the cells readily uptake the ligand HoL (10 uM) in the presence of
Zn?. Further flow cytometric data also showed that in comparison to control cell, 7.46- and 9.27-fold induction
in HoL fluorescence emission in the HaL (10 uM) + Zn?* (10 pM) treated cell after an incubation period of 30
min and 1 h receptively. Results from cell trace experiment using FACS clearly shows a 92% + 2.47 increase
in the cellular population expressing fluorescence emission in ligand HoL + Zn?* treated cell, in comparison
to control as well as ligand HoL treated cell. This indicates the permeability of the ligand H.L throughout the
cell membrane and clearly justified our findings from fluorescence microscopy and also helps in quantitative
analysis of Zn?* distribution in live cells and showed that in the presence of Zn?* and ligand H.L results in

prominent fluorescent signal (Fig.1V.34).
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Fig.1V.34. Flow cytometric analysis of (a) dot plot and (b) bar plot untreated MDA-MB 231 cells (Control),
cells treated with HoL (10uM) + Zn?*(10uM) after 30 min and 1h of incubation period. Data are representative
of at least three independent experiments and bar graph shows mean+SEM, *p<0.05 **p<0.01,

*#%p <0.001 were interpreted as statistically significant, as compared with the control.

1VV.4. Conclusion

7-Hydroxy-4-methyl-8-(((5-phenyl-1H-pyrazol-3-yl)imino)methyl)-2H-chromen-2-one  (H2L) has been
developed for selective recognition and dual channel response to Zn?* and CN- at two emissive region
following different mechanism. Detailed Structural characterization for probe HoL and hexanuclear Complex
[ZneLs] has been confirmed from Single Crystal X-Ray Diffraction (SCXRD) and other Instrumental analyses.

The probe selectively senses Zn?* through CHEF and inhibition of PET results in greenish emission (Aex= 390
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nm, Aem= 497 nm) while for CN™ generates bluish emission (Aex= 390 nm, Aem =447 nm) in CH3CN/H20 (99:1,
vIv) (HEPES Buffer, pH 7.5) medium. The proposed binding mechanism and composition of the Zn?* and CN-
complexes has been well accomplished by 'HNMR Titration, IR and ESI-MS analysis. Limit of Detection
(LOD) has been experimentally found to be 34.76 and 19.91 nM for Zn?* and CN- detection which accomplish
the probe to be efficiently sensitive. DFT calculation establishes the theoretical interpretation of spectral
behaviour of the probe in presence of Zn** and CN". The biocompatibility of the probe was established from
MTT Assay in MDA-MB 231. The probe has been successfully capable of intracellular imaging of Zn?* and
CN-is imaged in MDA-MB 231 cells those have been confirmed from the fluorescence microscopic images.
The overall results certify that the probe as competent chemosensor of selective ion sensing and efficient

detection of Zn?* and CN- with dual channel response for practical application.
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Chapter V

Naphthyl-Azine Scaffold: AlEgen, Reversible Acidochromism,

Cyanide sensing and its application in Intracellular Imaging.
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CHAPTER YV

Abstract

Naphthylhydrazone derivative, 1-[(2-Hydroxy-4,6-dimethoxy-benzylidene)-hydrazonomethyl]-naphthalen-2-
ol (HoL), an AIE active probe emerges out as a promising solid-state emitter upon exercising restricted
intramolecular rotation (RIR) in an ordered J-type self-assembly and accounts for solid-state sensitive
fluorescence quencher of trifluoroacetic acid (HTFA) vapour with limit of detection (LOD), 1.41 ppm. A
plausible mechanism of quenching may be the protonataion driven destruction of compacted arrangement in
the solid state of the probe. Interestingly, HoL executes reversible acidochromic behavior upon sequential
addition of HTFA and TEA (Triethylamine, NEtz) vapour, which has been utilized for information protection
application using the “write-erase” technique. Moreover, the probe divulges a selective and sensitive
colorimetric and ‘turn-on’ fluorogenic response towards CN~ amongst other anions, where deprotonation
induced intramolecular charge transfer (ICT) ultimately determines LOD, 45.42 nM. Interestingly, the CN"-
sensing activity of HoL is found to be reversible in presence of HTFA, which can easily be cycled for several
times to demonstate its potent reusability. Furthermore, cytotoxicity studies with MTT assay reveals
considerable biocompatability and intracellular-imaging of the probe, which reflects the AlEgenic properties

and CN- detection in MDA-MB 231 cells as well.
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V.1. Introduction

n-Conjugated organic material with fluorogenic motif exhibits tunable photophysical behavior in aggregated
state and executes a vast arena of potential application including sensing, optoelectronic device formation
(OLEDs, OFETSs), bioimaging etc.1® Aggregation has two opposite basic effects - Aggregation-caused
Quenching (ACQ)*® and Aggregation-induced Emission (AIE).5. In case of AIE property, molecular packing
plays an important role behind the onset of this unusual event, where Restriction of Intramolecular Rotation
(RIR) induces vigorous rigidity upon aggregation/self-assembly and prevents the continuous dissipation of
energy through non-radiative relaxation.”® Owing to the augmented luminescence feature accomplished with
superior photostability, AIEgens have established themselves as the sensitive agents behind construction of
efficient chemosensors for trace quantity detection of toxic ions, gases, and even explosives.®*® Solid
luminophores owing to their high quantum efficiency are often considered as convenient multi-stimuli
responsive materials in presence of external stimuli such as heat,** light,®> mechanical force®® and chemical
vapors.t® 2 Subsequently, fluorogenic devices fabricated for the detection of volatile acids have drawn
considerable attention due to their inevitable implications for the estimation of acidity in local environment in
biology, chemistry, food science, pharmacy, forensic science etc.?! Even lower concentration of such acid
vapours are potentially toxic, corrosive, irritant to skin, eyes and causes severe burn to mucous membrane of
the respiratory tract.?22* Therefore, an increasing demand has recently been perceived for developing an

improved, cost-effective, reusable and responsive materials for ultra-trace recognition of toxic acid vapors.

Side-by-side, anion sensors have also been emerged as a progressive field of research owing to their crucial
roles in various biochemical and industrial processes. Out of several existing anions in surroundings, Cyanide
ion (CN"), known to be a highly toxic anion can easily bind with the iron (Fe**) centre of Cytochrome-C
oxidase and causes the disruption of mitochondrial electron transport chain, which ultimately lead to
hypoxia.?>?® Also, CN-is extremely detrimental as it gets easily absorbed through skin and induces potential
damages to vascular, central nervous, endocrine and even cardiac system.?” Extensive utilization of CN- for

different industrial processes of gold extraction, synthesis of fibers and electroplating results in its accidental
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release as unprocessed waste into ecology, which severely causes environmental contamination and increases
the risk of damage for human health mostly via oral and dermal exposure. Therefore, the permissible limit for
CN- in drinking water has been restricted to 1.9 uM by WHO.?® Hence, an urgency for the development of
efficient chromogenic and fluorogenic sensing module for visual detection of CN" remains a top priority in the

ongoing research fraternity.

In the present work, we have designed an azine derivative based on naphthyl scaffold namely 1-[(2-Hydroxy-
4,6-dimethoxy-benzylidene)-hydrazonomethyl]-naphthalen-2-ol (H.L), which exhibits excellent AIE
behavior in mixed aqueous medium. The n-r stacking of naphthyl unit plays a predominant factor contributing
to its interesting photophysical properties. The probe, HzL is strongly emissive and is employed as a reversible
fluorescence sensor at solid-state to HTFA/TEA (NEts) vapours which enables it as a promising solvent free
medium for analysis and encrypted security ink application. Further the azine probe, HzL simultaneously
detects CN"in acetonitrile medium through chromogenic response via selective deprotonation pathway which
has been substantiated by DFT computation of the probe (HzL) and deprotonated (L%) form. The MTT assay
and intracellular-imaging application in MDA-MB Cells exhibits red emission of CN™ by HoL emphasizes its
biocompatibility and interesting photophysical properties revealing the AIEgenic behaviour at different water

fractions which shows resemblances with the spectral outcomes.
V.2. Experimental Section
V.2.1. Materials and Methods

All the reagents of analytical grade (A.R) were collected and used without further purification. 2-Hydroxy-
Napthaldehyde, Hydrazine Hydrate, 4,6-Dimethoxy-Salicyldehyde, Inorganic salts and other chemicals
(Na2S203.5H,0, NaCl, NaF, NH4HF2, KNO3, KBr, NaNOz, NaN3, CH3COONa, , KIO3, KI, Na;SO4, NazS,
C4H9N(CN), KSCN) Trifluoroacetic Acid, Triethylamine , Phosphoric acid, Propionic acid, Sulphuric acid,
Methane sulfonic acid, Methacrylic acid, Heptanoic acid, Oleic acid, AcOH, HNO3z HCI were bought from
TCI chemicals and Merck. For spectroscopic measurement UV graded spectroscopic solvents were used. The

solvents were dried by standard procedure for spectroscopic studies.*Milli-Q water (Millipore) has been used
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for preparation of aqueous solutions of metal salts. Perkin-Elmer (2400 Series-11, Perkin ElImer, USA) CHN
analyzer has been used for elemental analysis purpose. The spectra were recorded by Lambda 25
spectrophotometer: UV-Vis; LS55: fluorescence, LX-1FTIR and LITA spectrophotometer: FT-IR spectra
(KBr disk, 4000-400 cm™) on Perkin Elmer instruments. *H and *C NMR spectra were taken by Bruker 300
MHz FT-NMR spectrometer. The chemical shift (3) of the respective NMR spectra were recorded in parts per
million (ppm) with respect to trimethylsilaneas internal standard. ESI-MS spectra were obtained from HRMS

spectrometer (model, XEVO-G2QTOF#YCA351).

V.2.2. Synthesis of 1-[(2-Hydroxy-4,6-dimethoxy-benzylidene)-hydrazonomethyl]-naphthalen-2-ol

(H2L)

1-Hydrazonomethyl-naphthalen-2-ol was synthesized based on a literature procedure ?® To a methanolic
solution (10 mL) of 1-hydrazonomethyl-naphthalen-2-ol (0.186 mg, 1 mmol), 2-hydroxy-4,6-dimethoxy-
benzaldehyde (0.182 mg, 1 mmol) in MeOH (5 ml) was added dropwise slowly. The resulting solution stirred
overnight followed by reflux for 3 h and a bright yellow precipitate was appeared. The precipitate was filtered,
washed several times with methanol and dried under vacuum (Scheme V). The product was further
recrystallized from a saturated solution of DMSO/Acetonitrile (1:5 v/v) through slow evaporation method and
the isolated yellow needle shaped crystals were found to be suitable for single crystal X-ray diffraction. Yield:
73%. 'H NMR (CDCls, 300 MHz): 13.12 (s, 1H, OH(1)), 12.41(s, 1H, OH(10)), 9.56 (s, 1H, N=CH(8)), 9.11
(s, 1H, N=CH(9)) 8.16-7.24 (m, 6H, Ar-H(2-7)), 6.20-6.02 (s, 2H, Ar-H(11,12)), 3.89 (s, 6H, CH3(13,14))
(Fig.V.1); 3C NMR (CDCls, 75 MHz) : 165.19, 163.17, 161.00, 160.68, 159.55, 158.71, 134.27, 132.58,
129.15, 128.18, 127.84, 123.68, 120.09, 119.17, 108.26, 101.29, 93.50, 90.76, 55.78, 55.56 (Fig.V.2). ESI-
MS: 351.1333 [M+H"] (Fig.V.3). IR spectrum: 3392 cm™ (O-H stretching), 2953 & 2843 cm™ (C-H

stretching), 1628 & 1583 cm™ (C=N stretching) (Fig.V.4).
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V.2.3. X-Ray Crystallographic Measurements

The needle shaped yellow single crystal (0.20 x 0.12 x 0.08 A®) of H,L was obtained through slow evaporation
technique in DMSO/Acetonitrile (1:5, v/v) medium. Single Crystal X-ray data were collected by Bruker Apex
I1 CCD Area Detector at 100(2) K. Graphite-monochromatized Cu-Ko. radiation (A = 1.54178 A) was used in
a fine-focused sealed tube. The hkl range for data collection was -12 <h <13;-11 <k <11; -37 <| <37 for
the probe HzL, where diffraction was recorded within the angular range from 2.292 <6 <73.202° for HL.
The intensity was corrected for Lorentz and polarisation effects and empirical absorption corrections were
applied for both the probe and the complex. Data were collected applying the condition | > 25(l). The structure
was solved by direct method followed by successive Fourier and difference Fourier syntheses. All the non-
hydrogen atoms were refined anisotropically. The hydrogen atoms were geometrically fixed and refined using
the riding model. All calculations were carried out using SHELXL-2016/6,%° ORTEP-32,%! and PLATON-99%?
programs. The crystal data for the probe HoL have been deposited to the Cambridge Crystallographic Data

Centre with CCDC 2178275. The copies of this data may be picked up free of cost from the Director, CCDC,
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12 Union Road, Cambridge CB2 1EZ, UK (e-mail:deposit@ccdc.cam.ac.uk or www:htpp://

www.ccdc.cam.ac.uk). Details of Data collection and Crystal data were listed in Tables V.1 and V.2.

Table V.1. Crystal Data and Refined Parameters for HoL

Empirical formula C20H1g N2 O4
CCDC No. 2178275
Formula weight 350.36
Temperature (K) 100(2) K
System Orthorhombic
Space group Pna2l
a(A) 11.7509(4)
b (A) 9.3631(3)
c(A) 30.1678(10)
a/° 90

p/e 90

v/° 90

V (A) 3319.21(19)
z 8

D(cal) /g cm™3 1.402
w/mm? 0.813

N 1.54178
Data[l >2c(l)]/param 6304/474
R:[1>25(1)] 0.0517
WR2" 0.1343
GOF° 1.090

205


http://www.ccdc.cam.ac.uk/

Chapter V Naphthyl-Azine: Acidochromism and CN-sensing

*R1 = Z||Fol—|Fe|l/Z|Fo|; "WR2 = {Z[W(Fo’~Fc?)’J/Z[W(F?)’]}"%; w = [6%(Fo)? + (0.1003P) + 4.9693P 1 (Fo” +
2F:%)/3; ¢ Goodness-of-fit.

Table V.2: Selected Bond length and Bond Angles of HoL

Bond Length A Bond Angle Degree (°)
(Experimental) (Experimental)

N2-N1 1.396 C33-N2-N1 112.45
C22-N1 1.298 C22-N1-N2 113.91
C22-C23 1.454 N1-C22-C23 120.65
C23-C24 1.400 C22-C23-C24 119.92
C24-03 1.345 C23-C24-03 123.07
03-H3 0.840 C24-03-H3 109.50
N2-C33 1.304 N2-C33-C34 131.96
C33-C34 1.440 C33-C34-C35 122.12
C34-C35 1.410 C34-C35-08 121.31
C35-08 1.349 C35-08-H8 103.42
0O8-H8 0.840

V.2.4. Quantum Yield and Limit of detection Calculation
Fluorescence quantum yields (®) were obtained by using following equation:
Dsample = (ODstd. X Asample)/(ODsampleX Astd.) X Dstd.

Where, Asample and Ast represent the areas under the fluorescence spectral curves for sample and standard
respectively. ODsampie and ODstq represents the optical densities of the sample and standard respectively at the
excitation wavelength.3 In this work, acidic quinine sulfate (0.1N H2SO4 solution) was taken as the standard

with known quantum yield, ®sta = 0.54 for quantum yields calculation of HoL and the CN™ complex.
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Limit of Detection (LOD) was calculated from absorption titration experiment on gradual addition of CN"ion
to the solution of ligand HoL. Accordingly, standard deviation was measured from absorbance of ligand, where
the limit of detection (LOD) for CN™ was determined from the equation LOD = (36/Slope) where, 6 represents

standard deviation and m is the slope acquired from the plot of absorption titration experiment.
V.2.5. Solution for Spectral Measurement

For UV-Vis and Fluorescence study, the ligand H.L with concentration of 1x 103(M) was prepared in DMSO.
All anionic solutions of 1 x 103(M) were arranged in CHsCN. The Spectroscopic experiment was carried out
in acetonitrile medium. A 25 uM of HL solution was prepared in 2 mL CH3CN/H20 (99:1, v/v) (HEPES
Buffer, pH 7.5) for sensing study. To this solution 2 equivalent of anions were added and the sensitivity and
selectivity was checked by UV-vis and Fluorescence measurement of the probe HoL solution. The absorption
and emission path length of cell used were 1 cm. Fluorescence measurement experiments were done on

excitation and emission of 12 nm x 3 nm (For HTFA vapor) and 10 nm x 10 nm (For CN") slit width.
V.2.6. Theoretical Calculation

The Gas-phase optimized structures of ligand HzL and its CN- complexes (L?") were calculated with 6311-G
basis set (C, H, O, N) and B3LYP functional of Gaussian Program Package 09.34® The optimized geometry
of HoL was obtained using the coordinates from single crystal structures where the vibrational frequency
calculation represented the local minima with positive Eigen values. The TD-DFT calculation determined the
theoretical transition in relevance to that of experimental absorption spectral behaviour in presence of CN,
which was performed using conductor like polarizable continuum model (CPCM) in acetonitrile medium.3"-°

Fractional contribution of the orbital were calculated using GAUSSUM.*
V.2.7. Cell line study

In the present study, human breast cancer cell line MDA-MB-231 and human normal lung fibroblast cell line
WI-38 were procured from the central cell repository of National Centre for Cell Science (NCCS), Pune, India.

All the cell lines were cultured in a T25 flask with DMEM which were supplemented with 10% FBS ( Fetal
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bovine serum), ImM sodium pyruvate, 2 mM L-glutamine, non-essential amino acids, 100 units/L penicillin,

100 mg/L streptomycin, and 50 mg/L gentamycin in a 37°C humidified incubator containing 5% CO..
V.2.8. Cytotoxicity assay

The MTT cell proliferation assay** was performed to assess the cytotoxic effect of the ligand HzL in both the
cancer cell line MDA-MB-231 and normal cell line WI-38. In brief, the cells were first seeded in 96-well
plates at a concentration of 1 x 10 cells per well for 24 h, which were then exposed to the different working
concentration of ligand H2L in DMSO (0, 10, 20, 40, 80, 100 uM) for 24 h. After incubation, the cells were
washed with 1xPBS and MTT solution (0.5 mg/ml) were added to each well and incubated for 4 h and the
resulting formazan crystals were dissolved in DMSO and the absorbance was measured at 570 nm by using a

microplate reader. Cell viability was expressed as a percentage of the control experimental setup.
V.2.9. Fluorescence imaging

To envision the fluorescence ability of HoL in the presence of mixed solvent medium (water (H-O) and
acetonitrile (CH3CN)), also in the presence of cyanide (CN°), the fluorescence imaging was performed in cell
line MDA-MB 231. Briefly, the cells were allowed to grow in cover slips for 24 h in a 37°C humidified
incubator containing 5% CO> and then the systems were either mock-treated or treated with 10 uM of HoL in
presence and absence of CN™ (5 and 10 uM) separately both in water as well as inorganic solvent medium and
incubated for 30 minutes in dark at 37°C. The cells were washed with 1xPBS and then they were mounted on

a glass slide and detected under fluorescence microscope (Olympus) using DAPI filter .42
V.3. Results and Discussion
V.3.1. Structural Characterization

'H NMR spectrum of 1-[(2-Hydroxy-4,6-dimethoxy-benzylidene)-hydrazonomethyl]-naphthalen-2-ol (HzL)
(Fig.V.1) reveals two singlet Hs at 13.12 and 12.41 ppm who are assigned to the naphthyl-OH and
dimethoxyphenyl-OH, respectively. In addition, the sharp singlets at 9.56 and 9.12 ppm are assigned to the

two imine (CH=N) protons of naphthyl and dimethoxypheny!l unit, which certainly confirms the formation of
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probe HoL. The two aromatic singlets of the dimethoxyphenyl group appear at 6.20 and 6.02 ppm. An intense
singlet at 3.89 ppm implies -OCH3 protons. Other aromatic protons of HoL observe at 8.16 — 7.24 ppm. The
13C NMR spectrum of HzL shows two peaks at 165.19 and 163.17 ppm due to C (C-O) centres attached to the
methoxy unit. The two peaks at 161.00 and 160.68 ppm represent the C of (CH=N) imine signal. Phenolic (C-
O) centres attributed to the peaks at 159.55 and 158.71 ppm. The remaining aromatic-C centres appear from
134.27 to 90.76 ppm. The signals for the methoxy unit are assigned at 55.78 and 55.56 ppm (Fig.V.2). ESI-
MS analysis of HoL shows molecular ion peak at 351.1333, which corresponds to [M+H"] formation and
confirms its composition (Fig.V.3). IR Spectrum of HoL exhibits stretching frequencies of two imine (C=N)
groups at 1630 and1590 cm™ which certifies the formation of the probe. Correspondingly, The N-N stretching

band of the azine linkage appears at 1219 cm™ (Fig.V.4).
V.3.2. Molecular Structural Description of HzL

The emissive molecule HzL crystallizes in orthorhombic system with Pna21 space group. The bond lengths,
C22-N1(1.296 A) and C33-N2 (1.304 A) exhibit imine linkage, which are found to be shorter than the distance
between N1-N2 (1.400 A) of azine function. Also, the lengths C24-O3 (1.345 A) and C35-08 (1.349 A)
indicate characteristic phenolic type bonding. Two methoxy groups, C37-O1 and C39-02, are identical and
exhibit a bond length 1.360 A. (Table V.2). There are two types of intramolecular hydrogen bonds, viz., O3-
H3--N1 (1.821 A) and 08-H8-~N2 (1.873 A) which impart stability to the molecule (Fig.V.5(a)). A 2D

supramolecular self-assembly is formed by various non-covalent x...w (4.312 A) interactions (Fig.V.5(b)).

(@) (b)

Fig.V.5 (a) Single crystal X-Ray structure of the probe. (b) Supramolecular assembly and occurrence of

n--m interaction (4.312 A) in molecule of HoL due to different non-covalent interaction.
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V.3.3. AIEgen Spectroscopic Study

The absorption spectrum of HoL in acetonitrile (CH3CN) solution exhibits multiple absorption with two intense

bands at 339 and 409 nm, and are assigned to m-n* and n-n" transitions respectively (Fig.V.6).
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Fig.V.6. Absorption Spectrum of HoL in CH3CN.
The probe, HoL is weakly emissive (hem = 503 nm; Aex = 420 nm) in pure CH3CN (fw = 0); on increasing
addition of water (fus) into CH3CN solution enhances the intensity of emission (Aem = 537 nm) and the
maximum intensity appears at fw = 80%. However, further addition of water (80% < fw < 100%) shows gradual
depletion in emission intensity presumably due to stabilization of less emissive ICT state with increasing
solvent polarity. This observation refers to Aggregation Induced Enhanced Emission (AIE).> Moreover,
increased water fractions to the solvent system of the probe lead to a bathochromic shift in the emission
spectrum at fw = 80%, emission maximum (Aem = 537 nm) by 34 nm compared to pure CH3CN (Aem = 503
nm), which signifies the formation of J-type self-assembly where the instigation of RIR within the aggregated
framework ultimately promotes a 152 fold enhanced fluorescence maxima together with an augmented
qguantum yield from 0.0025 at fw = 0 to 0.306 at fw = 80%, respectively (Fig.V.7(b)). The effect of AIE is
further confirmed from the UV-photographs of HoL in CH3CN with varied fws, where execution of RIR in J-
type of self-assembly confers the probe to emit bright green emission (Aem, 530 nm) from CH3CN/H-O solvent

mixture at fw = 80% (Fig. 7(c)). The fluorescence (FL) spectrum in the solid phase is more intense compared
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to the solution phase located at 503 nm upon excitation at 420 nm (Fig.V.7(a)) and Aem shifts to longer

wavelength.
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Fig.V.7. Emission spectra of the probe HzL in (a) solid state (Inset: Solid State Image Under UV chamber Aex
= 365 nm) (b) on increasing water conent in CH3CN medium and (c) Vial images of AIE effect of the probe

under UV chamber (Aex = 365 nm).

Apart from the fluorescence characteristics, absorption spectral measurement of the probe in CH3CN and
different CH3CN-H2O fraction has also been performed to explicate the AIE behaviour. Initially, HoL exhibits
absorption band at 390 nm in pure CH3CN and upon increased fus, the band corresponding to fw = 80% shows
the level off tailling in the visible region (around 500-700 nm), aroused due to Mie scattering from the evolved

nanoaggregates in binary solvent mixture (Fig.V.8).1’
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Fig.V.8. Absorption spectra of AIE phenomena of H.L on varying CH3CN/H2O fraction.

Correspondingly, the Dynamic Light Scattering (DLS) measurement reveals the growth of particle size with

increased fw, which is broadened from 41.04 £ 1.0 nm in pure CH3CN to 550 + 6.0 nm in pure water (Fig.V.9).
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Fig.V.9. DLS Spectrum of HoL in CH3CN/H.O fraction fw (a) 0% (b) 30% (c) 80% (d) 100%

212



Chapter V Naphthyl-Azine: Acidochromism and CN-sensing

Scanning Electron Microscopic (SEM) images indicate change in the morphology of HoL in presence of higher
water fractions, where evolution of self-assembled spherical nanoparticles at fw = 80% from a discontinuous
irregular shaped particles at fw = 0% confirms the formation such aggregates in the binary solvent mixture

(Fig.V.10).

Fig.V.10. SEM images of HoL in pure CH3CN (fw = 0%) (Left) and (fw = 80%) medium (Right).

In order to understand the detailed mechanistic pathway behind AIE, viscosity-dependent fluorescence studies
has been performed and the changes in the emission intensities of HoL in CH3CN are noted carefully with
increasingly added glycerol fractions. Interestingly, upon increasing the percentage of glycerol from 0-95, the
emission intensity from HoL is concomitantly enhanced and reaches maximum at 95% gylycerol content
(Fig.V.11 (a)). Herein, thickening of the resultant solvent mixture with increased glycerol fraction induces
considerable viscous drag, which imparts rigidity to the molecule upon freezing its free rotation that inevitably
elucidates more emissive behaviour for this AIE luminogen. Evidently in pure CH3CN, free rotation of HoL
around its azine bond results in weak emission on account of non-radiative decay, whereas 41 fold augmented
emission intensity in 95% gylycerol content supports the vivid effect of RIR, which enables the solid and/or
aggregated state of the resultant probe to reveal the pronounced effect of AIE. Meanwhile, time resolved
fluorescence decay profile of HoL in CH3CN/H20 solvent mixture with different fus are measured, where the
relaxation Kkinetics fits well into bi-exponential decay and shows resemblances with AIE behaviour with an

increased lifetime (tavg) from 0.023 ns (fu=0) to 4.63 ns (fw = 80). (Fig.V.11(b)). 4344
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Fig.V.11. (a) Emission spectra of HoL in varying proportion of CH3CN/glycerol. (b) Lifetime decay curve of

H>L on addition of different fraction of water.
V.3.4. Trifluoroacetic Acid (HTFA) Vapour Sensing

The enhanced fluoresence properties of aggregated state of HoL ascertains that the resultant fluorophore might
act as a promising solid state chemosensing material. The compact packing mode in solid phase results in
improved fluorescence, which has further been explored as a reversible signalling protocol for a solvent-free
detection to acid/base vapour. Henceforth, to check the sensory activity of aggregated HzL, a thin film of
approximately 1 cm? area is immersed into 10 (M) CH,Cl, solution of the probe and allowed to dry in open
air. Subsequently, optical behaviors of the homogeneously coated yellow-emissive thin film were noted.
Firstly, the solid-state luminiscence spectrum of HaL film reveals an intense emissive band at around 530 nm
(Aex = 420 nm). Then the film upon exposure to HTFA vapour, responses rapidly through notable rapid
qguenching of emission, where a signficant red shift in absorption maximum indicates a distinguished
chromogenic transformation from bright yellow to orange color, observed under naked eye. Such behaviour
Is prominent in presence of gaseous HTFA while for other acid vapours the effects are less significant even

on prolonged exposure (Fig.V.12.).

214



Chapter V Naphthyl-Azine: Acidochromism and CN-sensing

100

754

uj 50-

254

1. 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Acid Vapours

Fig.V.12. Bar plot showing Quenching Efficiencies (QE(%)) of solid emissive test kits after exposure to the
saturated acid vapors of common interfering agents for 10 minutes. The analytes used are: 1. CH3CN, 2.
EtOH, 3.THF, 4. DCM, 5. n-HXN, 6. TOL, 7. phosphoric acid, 8. propionic acid, 9. sulphuric acid, 10.
methane sulfonic acid, 11. methacrylic acid, 12. heptanoic acid, 13. oleic acid, 14. AcOH, 15. HNO3 16. HCI

and 17. HTFA. The emission was recorded with 5 minutes interval for each turn.

Then fluorescence titration experiment is performed for the thin film while exposing the system towards
increasing concentration of HTFA vapour (0-183.35 ppm), which divulges gradual decrease in emission
intensity, accompanied with shifting of the characteristics emissive band from 530 nm to 565 nm in presence
of saturated HTFA vapor (Fig.V.13(a)). Accordingly, concentration-dependent fluorescence quenching
exhibits nonlinear fluorogenic response towards entire HTFA vapor concentration, where Quenching
Efficiency (QE, 1-1/lo) of HoL film reaches upto 94.72%, when HTFA vapor concentration is as high as 183.35

ppm. (Fig.V.13(b)).
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Fig.V.13. (a) Solid-state fluoresence titration of the thin film on gradual addition of HTFA vapor (b)

Concentration-dependent alteration in QE(%)s of HoL in presence of HTFA.

The probe shows a rapid response time of 8.5 sec towards HTFA vapor. (Fig. V.14(a)) Considering linear

variation in QE (%)s with respect to lower HTFA vapor concentration (0 < [HTFA] < 100 ppm), Limit of

detection (LOD: 3o/slope), calculated from the luminiscence quenching titration curve is found to be as low

as 1.41 ppm, which accredits the emissive self-assembled substrates as sensitive platform towards HTFA vapor

detction (Fig. V.14(b)).
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Fig.V.14. (a) Kinetics of time dependent response Decay. (b) Limit of Detection for HTFA Vapor Sensing.
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Next, the Stern-Volmer equation, employed on fluorogenic response of HoL film illustrates the extent of
quenching in presence of HTFA vapor. The Stern-Volmer plot of [(Io/I)-1] v/s [HTFA] displays a steep upward
bending at [HTFA] > 0.52 ppm (Fig.V.15(a)); while a linear response is exhibited at concentration lower than
that of 0.52 ppm (Inset of Fig.V.15(a)). The Stern-Volmer Constant (Ksv = 2.78 ppm™/8.0866 x 10* M) is
calculated from the linear segment of S-V plot, which confirms reasonable interaction between analyte and
probe.** This proves the combination of static and dynamic quenching of emission. Also, the colorimetric
response has further been verified from the remarkable red shift of the absorption band of thin film from 430

to 479 nm before and after addition of saturated HTFA vapor. (Fig.V.15(b)).
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Fig.V.15. (a) Stern-Volmer plot of H>L towards increased addition of [HTFA]. Inset: linear variation in
Fluoresence intensity under lower analyte concentration. (b) Absorption spectra of the thin film ifself and

under HTFA vapor (Inset: solid film of the probe on exposure to HTFA vapour (under normal light).
V.3.5. Reversibility of the probe in presence of HTFA/TEA vapour

Reversibility of a material has been demonstarted as an important parameter for its reusuability in the
sustainable development. Accordingly, self-assembled film from H.L is allowed to expose sequentially
towards saturated vapors from HTFA and NEt; (TEA). Meanwhile, FESEM images clearly demonstrates the

desired changes in the respective morphologies before and after treatment with HTFA vapor followed by an
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exploration of the acid-treated film in TEA vapor. The morphology of free probe depicts a robust
interconnecting plate like porous network of aggregated probe, which upon treatment with HTFA collapses to
disorded structure, causing quenching in emission intensity. Interestingly, a densely aggregated morphology
started to evolve again in presence of TEA vapor with restored emission intensity (Fig.V.16). Importantly,
the film acts as a recyclable emissive and colorimetric optical switch which turns off its emission and alter its
visible color from yellow to orange in presence of HTFA due to the disrruption in ordered morphology.
Notably, it switches on original emission and recovers its yellow color under naked eye upon expsosure to

TEA.

Fig.V.16. FESEM images of the HoL (a) unreacted form and on treatment with (b) HTFA and (¢) TEA.

The reversibilty of the probe can be repeated upto 6 cycles. (Fig.V.17.(a)). Powdered X-Ray Diffraction
(PXRD) pattern clearly explains the reversible acidochromic behaviour of probe in presence of HTFA/TEA
vapour exposure. The PXRD of free probe with sharp and intense reflection peaks changes into relatively less
intense diffractogram in presence of HTFA, which almost retains back to its pattern of free probe in presence

of TEA (Fig.V.17.(b)).
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Fig.V.17. (a) Reversibilty of the probe HoL to HTFA/TEA cycles. (b) PXRD patterns of the probe in presence
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of HTFA, TEA.

The reversibility has been confirmed through *HNMR titration of HoL with successive addition of HTFA and
TEA in CDCls solvent. On addition of HTFA, the phenolic protons (OH (1,10)) attributed to naphthyl and
dimethoxyphenyl moeity at 13.12 and 12.41 ppm are completely vanished with the generation of broad signal
at 8.95 ppm due to the protonation in imine nitrogen (N=CH(9)) of the methoxy unit. The resultant shifting
in peak position is attributed to the proton transfer from the carboxylic group of HTFA to the imine N forming
an ionic compound. The aromatic protons attached to the naphthyl ring remains unaltered. Out of the two
aromatic protons attached to dimethoxyphenyl unit, (C-H(12)) present adjacent to the methoxy unit exhibits
downfield shifts from 6.20 to 6.55 ppm while the other gets unaffected. When TEA is added to the acidified
solution most of peak regenerates except the phenolic —OH signals and this phnomena may occur due to the

presence of base (TEA) which capture the proton from -OH (Fig.V.18).4
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Fig.V.18. 'THNMR titration of HoL on addition of HTFA/TEA in CDCls.
The reversible acidochromic response of the probe upon treatment with HTFA/TEA has further been employed
for the fabrication of information sheilding application which enables a reusuable write-erase fluoresence
platform. The non-fluorescent Whatman filter paper were dipped in CH2Cl> solution of HoL and air dried. The
probe coated paper emits a bright green fluorescence upon excitation under UV chamber (Aex = 365 nm). The
inscriptions referred to ‘JU’ is written using CH2Cl2 solution of HTFA which became readable and appeared
as orange color letters under normal light and exhibits quenching under UV/light irradiation. The information
gets easily erased upon exposing to TEA vapor within 15 seconds after writing. Thus a rapid reversible
behaviour of the probe has been verified for write-erase-write application over multiple cycles under ambident

conditions (Fig.V.19).
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Fig.V.19. Write-Ersae-Write application of HoL using HTFA/TEA vapour.
V.3.6. CN" Sensing

Along with solid-state acidochromism, the probe, HoL exhibits interesting chemosensing properties in solution
phase. Conversely, the solution-phase chromogenic response from HzL has been verified upon treating the
probe with various anions (CI-, Br,, I, CN", S, CH3COO", S;0s%, SO+, F,, HF2,, SCN", NO3", NO2, N3) in
CH3CN/H20 (99:1, v/v; HEPES Buffer, pH 7.3) medium. Upon adding 2.0 equivalent of several anions, only
CN- induces a prominent naked eye colorimetric response from colourless to orange while other anions
essentially remain silent. Then the selective colorimetric response has been confirmed from UV-Vis absorption
study which shows the appearance of newly aroused low energy band around 479 nm specifically in case of
CN-" while for the rest of the anions, the characteristic peaks remain unaffected as observed in the spectra
(Fig.V.20 (a) & (b)). Consequently, the sensitivity of the probe was investigated in detail by UV-Vis
absorption titration experiment with CN". On gradual addition of CN" to the probe solution in CH3CN/H20
(99:1, v/iv; HEPES Buffer, pH 7.3) medium, the existing absorption maxima at 381, 392 and 409 nm gradually
decreases with concomitant generation of new broad band at 479 nm. Upon increased CN- concentration, the
absorption band varies linearly with a well-defined isobestic point at 430 nm and finally attains saturation after

addition of 2.0 equivalents CN™ (Fig.V.20(c)).
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Fig.V.20.(a) Vial images. (b) Absorption Spectra of the probe on addition of anions (2 equivalent) in
CH3CN/H20 (99:1, v/v; HEPES Buffer, pH 7.3) medium. (c) Change in Absorption Spectra of the probe on

incremental addition of CN™ to HzoL in CH3CN/H20 (99:1, v/v; HEPES Buffer, pH 7.3) medium.

Next, the fluorogenic response of H.L have further been examined upon monitoring variation in emission
spectral response of probe in presence of aforementioned different anions (CI, Br’, I, CN-, S*, CH3COO,
S203%, SO4%, F, HF2, SCN", NOs", NO2, N3?) in CH3CN/H20 (99:1, v/v; HEPES Buffer, pH 7.3) medium.
The enhancement of emission intensity was observed only in case of CN™ while others exert negligible effect.
Upon exciting the probe at 460 nm, HoL exhibits 20 fold enhanced fluorogenic response selectively towards
CN- with emissive band centred around 565 nm. (Fig.V.21 (a)) On incremental addition of CN" (0-55 uM)
into the probe solution (25 pM), the emission intensity gradually increases till it attains saturation on 2.0
equivalent CN addition and the change in emission intensity varies linearly with increasing concentration of

CN- (Fig.V.21 (b)).
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Fig.V.21. (a) Emission spectra of HoL on addition of different anions (2 equivalents) in CH3CN/H>O (99:1,

v/v; HEPES Buffer, pH 7.3) medium. (b) Change in the emission spectra of HoL (25 uM) on gradual addition

of CN" (0-55 uM).

Meanwhile, the limit of detection (LOD: 3o/slope), estimated from the absorption titration curve is calculated

as 45.42 nM (Fig.V.22 (a)), which is found to be compatible or even better than LOD of some reported

colorimetric probes (Tables V.3). Incidentally the binding constant, evaluated from the Benesi Hildebrand

plot is 9.27 x 10* M, which indicates a stable association of probe HoL with CN- (Fig.V.22 (b)).
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Fig.V.22.(a) Limit of Detection for CN" sensing of the probe HzL. (b) Binding Constant (Kq) from Benesi-

Hildreband Plot of the corresponding CN™ absorption titration Curve.
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Table V.3: Reported Probes for CN™ detection along with their LOD

SI.
No. Reported Probes Solvent LOD References
1.
NN DMSO/H,0 . 47
N\ s I N_~ ,ID 2 0.46 uM [47]
s QN s S (9:1)
2.
%_\\ 9y CH3sCN/H0O 46.2 nM [48]
s N"“:@\ (7:3)
O,N NO,
3.
0 OH
O‘O N CHsCN/H0 0.22 uM [49]
o (95:5)
o]
4,
DMSO 21 nM [50]
5.
DMF/H,0 0.21 uM [51]
O NQ OO (1:1)
OH
HO
6. =
Cl H >
:5 =N" T W DMSO/H,0 6.4 uM [52]
Cl N:N_dOH (64)
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7.
F\_,F
.BZ
5, © THF/H,0 2.23 M [53]
N AN -~
(8:2)
SN
|
8.
DMSO/H,0 7.8 uM [54]
| 0] H ‘ (9:1)
~ .
O
(0] HO
9,
OEt
[0}
T\ _4 CN DMSO 67 nM [55]
S
|
10.
CH,OH
HO O o O OH CHsCN 3.68 UM [56]
O
0

'H NMR titration of the probe with CN™ in DMSO-ds explains the interaction of the probe in presence of
varying proportion of CN". On addition of 1 equivalent CN", the phenolic proton (OH (1,10)) singlet of at
12.72 and 12.26 ppm attributed to naphthyl and aromatic unit disappears. The imine peak (N=CH(8))
corresponding to that of naphthyl ring undergoes significant upfield shift from 9.85 to 9.52 ppm compared to
that of shifting of imine singlet (N=CH(9)) of aromatic unit from 9.02 to 8.97 ppm. The doublet signal appears
at 8.61 ppm (C-H (3)) results in only downfield shift and merges with imine singlet. The remaining protons of

naphthyl unit undergoes an upfield shifting where the two protons (C-H (11,12)) corresponding to the aromatic
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unit exhibits marginal shifting from 6.20 to 6.16 ppm. The overall shielding effect, resulted from the negative

charge of deprotonated ligand is clearly depicted in the *H NMR titration of the probe with CN- (Fig.V.23).

-OH signal vanishes
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Fig.V.23. 'THNMR Titration of H.L on successive addition of CN" (DMSO-ds)

The deprotonation brings about a charge separation between acceptor and donor, which ultimately results in
the appearance of a red-shifted low energy band at 472 nm in the absorption spectra. The enhancement in the
emission spectra towards CN™ could be accredited to an extensive delocalization of charge between
deprotonated oxygen centres and the aromatic as well as naphthyl rings, which breaks the intramolecular
hydrogen bonding owing to charge separation and leads to an enhanced intramolecular charge transfer (ICT)
for its effective “turn on” response. Nonetheless, the overall results clearly depict that the probe HoL acts as a
selective and sensitive naked eye colorimetric and “turn on” fluorogenic sensor towards CN-%"6!
IR spectrum of the CN- complex indicates the absence of phenolic peak at 3393 cm™ which validates
deprotonation mechanism and a slight shifting of the two imine peaks at 1620 and 1583 cm™* with respect to

that of the free probe (Fig.V.24).
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Fig.V.24. IR Spectrum of CN- Complex.

The mass spectrum of the probe with CN" in anionic mode gives out both the peak at m/z value of 174.2801

for its dianionic forms and 349.6396 respectively for its monoanionic form, which ascertains the desired

anionic species and mechanistic pathway. (Fig.V.25.).
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Fig.V.25. ESI-MS(-) mode of CN- Complex (L%)
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V.3.7. DFT Computational Study

In order to decipher the chemosensing activity of probe in presence of CN-, Density Functional Theory (DFT)

calculation has been performed using X-Ray coordinates of the probe (HzL) and optimised geometry of probe

in presence of CN™ (L?) by B3LYP method and 6-311G basis set of Gaussian Program Package 09. The

calculated theoretical bond lengths and angles of the probe are listed in Table V.4 and the optimized geometry

of the probe and its deprotonated form (L?) are represented in Table V.5. From the TD-DFT calculation,

selected transitions are enlisted and subsequently tabulated in the Table V.6.

Table V.4: Theoretical Bond Length and Bond angle from Optimized structure of HoL.

Bond Length (Theoretical) A Bond Angle (Theoretical) Degree (°)
N12-N13 1.415 C14-N13-N12 112.49
N12-C11 1.312 C11-N12-N13 113.72
C11-C10 1.447 N12- C11-C10 121.81

C10-C9 1414 C11-C10-C9 119.44
C9-020 1.358 C10-C9-026 121.86
020-H44 1.024 C9-020-H44 108.88
N13-C14 1.303 N13-C14-C15 126.41
C14-C15 1.449 C14-C15-C16 118.91
C15-C16 1.418 C15-C16-021 123.05
C16-021 1.389 C16-021-H37 113.16

Tables V.5: Optimized Geometry of H.L and L%

CN- Complex (L*)
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Table V.6: TD-DFT transition of HoL and CN™ complex (L2

System Excitation Exp. Wavelength Theor. Oscillation Key Transition
Energy (eV) (nm) Wavelength (nm) | Frequency
H.L 3.0311 409.04 410 1.0890 HOMO —LUMO
3.7105 334.15 337 0.1594 HOMO-4 -LUMO
L* 2.7410 474 452.33 0.8995 HOMO —LUMO
3.9154 338 316.66 0.0283 HOMO-1—-LUMO+1

The HOMO-LUMO gap of the probe, HzoL 3.40 eV which is sternly decreased on deprotonation (L?) upon
binding with CN-, 2.84 eV with the electronic distribution mainly concentrated on the naphthyl ring in the
LUMO (Fig.V.26). This reduced energy gap explains the observed decrement in the absorption wavelength of
the probe in presence of CN" through deprotonation pathway. Selected orbitals along with their energy are

listed in the Tables V.7,8.

(-1.97 eV)

(4.45 eV)

AE=3.40 eV AE=2.84 eV

HOMO
(1.61eV) ,

HOMO 2.

4
(-5.37 eV) ;’

Fig.V.26. HUMO-LUMO gaps of H,L and L? from DFT Calculations.
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Tables V.7: Orbitals of HoL and their corresponding energies

HOMO-5
(0.01 V)

HOMO-3
(0.41 eV)

by

J 9

HOMO-2 HOMO-1 HOMO
(0.93eV) (1.02 eV) (1.61eV)

LUMO LUMO+1 LUMO
(4.45 eV) (5.06 eV) (5.44 eV)

LUMO LUMO LUMO
(5.68 V) (5.79 V) (5.91eV)
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Tables V.8: Molecular Orbitals of L? and their corresponding energies

HOMO-5 HOMO-4 HOMO-3
(0.01 eV) (0.15 eV) (0.41 eV)

HOMO-2 HOMO-1 HOMO-1
(0.93 eV) (0.93eV) (0.93 eV)

HOMO-2 HOMO-2 HOMO-2
(0.93eV) (0.93eV) (0.93eV)

J é
o Jé(’d
9
HOMO-2 HOMO-2 HOMO-2
(0.93eV) (0.93eV) (0.93eV)
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V.3.8. Reversibility CN/HTFA

The reversibility of the CN™ detection has also been checked in presence of gradual addition of HTFA (H")
solution [10° (M)], where restoration of original absorbance at 381, 392 and 409 nm with concomitantly
reduced red-shifted absorbance at 479 nm, clearly demonstate re-protonation of L by HTFA to unearth the
original product HoL (Fig.V.27 (a)). The outcome is also accompanied with decoloration of CN™-treated
solution of HoL in presence of HTFA (Fig.V.27 (b)). The reversible colorimetric response on addition of

HTFA can be repeated up to 5 cycles.
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0.1 4

Absorbance (a.u.)

Absorbance (a.u.)

0.0 4
L] I L L]
300 350 400 450 500 550 ) 1 ) , ) - ) y ) d
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Fig.V.27. (a) Change in the Absorption Spectra of CN- Complex on gradual addition of TFA (HY). (b)

Reversible Cycles on addition of CN/H".
V.3.9. Biological Applications

In-vivo cell cytotoxicity assay of the ligand, HoL was checked on MDA-MB 231 and WI-38 cell line. Data
from MTT assay have showed minimal toxicities even at the concentration of 100 uM of ligand HoL (Fig.

V.28). Hence, 10 uM working concentration of the ligand H2L was selected to perform further studies.
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Fig.V.28. Cell survivability of MDA-MB 231 and WI-38 cells exposed to ligand HzL concentration. Data are
representative of at least three independent experiments and bar graph shows mean + SEM, *p <0.001 were

interpreted as statistically significant, as compared with the control

Results from fluorescence microscopy imaging in aqueous medium showed maximum level of fluorescence
intensity when MDA-MB 231 cell were treated with ligand HoL in in 80 % H20 + 20% CH3sCN medium at an
emission level of 535 nm while a gradual decrease observed at 100% water medium and further decreases at
50 % H20 + 50% CH3CN medium compared to untreated as well as cells treated in CHzCN medium whereas
no fluorescence level have been found (Fig.V.29 (a)). While cells treated with ligand H2L (10 pM) in
combination with CN" (5 and 10 uM respectively) in CH3CN at an incubation time frame of 30 min a shift in
fluorescence intensity from 535 nm to 650 nm have been observed compared to untreated as well as cells
treated with only the ligand HoL, which have shown no fluorescence (Fig.V.29 (b)). Thus we can conclude
that the cells can readily uptake the ligand HoL both in water as well as CH3CN medium and the ligand HoL
act as a cell imaging probe in aqueous medium. Based on the exciting properties of the ligand H.L in
recognizing CN™ in CH3CN medium it is very useful for tracking and analyzing CN" in living systems. Hence,
our synthesized ligand H.L is biocompatible due to its minimal toxicities and favourable for biological

application.
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Fig.V.29. (a) Microscopic images of untreated MDA-MB 231 cells (Control), cells treated with ligand H.L
(10 uM) in (100% water medium, 80 % H>O + 20% CH3CN medium , 50 % H>0 + 50% CH3CN medium and
100% CH3CN medium ) after 30 min incubation period under bright, fluorescence and merged field. (b)
Microscopic images of untreated MDA-MB 231 cells (Control), cells treated with ligand HzL (10 uM) + CN-
(5 uM) and ligand HoL (10 uM) + CN™ (10 uM) in 100% CH3CN medium after 30 min incubation period

under bright, fluorescence and merged field.

V.4. Conclusion

A multifunctional material, 1-[(2-Hydroxy-4,6-dimethoxy-benzylidene)-hydrazonomethyl]-naphthalen-2-ol
(Hz2L) has been well-characterized through different spectroscopic technique (NMR, ESI-MS, IR) and Single-
Crystal X-ray Diffraction studies (SCXRD) confirmed the structure. The AIE active probe HzL executes solid
state emission phenomena which accounts for a solvent-free acidochromic property selectively in presence of
HTFA vapor with a detection limit (LOD), 1.41 ppm. The acidochromic behaviour exhibits reversibility in
presence of sequential addition of HTFA/TEA vapors, which has further been employed to develop a security

encrypted device. The probe has also been applied for the colorimetric and fluorogenic detection of CN-
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specifically over a series of other compatible anions in CH3CN/H2O (99:1, v/v; HEPES Buffer, pH 7.3)
medium with a low detection limit (LOD) 45.42 nM. MTT assay of the probe in MDA-MB 231 cells ensures
biocompatibility even at higher concentration (100 uM) and has successfully been applied for intra-cellular
imaging of AIE phenomena at different fraction of water content as well as for the sensitive CN- detection

which has clearly been concluded with the appearance of greenish and reddish emission in the cells.

V.5. References

1. B. Chen, B. Liu, J. Zeng, H. Nie, Y. Xiong, J. Zou, H. Ning, Z. Wang, Z. Zhao, and B. Z. Tan. Adv.
Funct. Mater. 2018, 28, 1803369.

2. S. Jhulki, S. Seth, A. Ghosh, T. J. Chow and J. N. Moorthy. ACS Appl. Mater. Interfaces 2016, 8,
1527-1535

3. H.Li, H. Kim, J. Han, V.-N. Nguyen, X. Peng, J. Yoon. Aggregate, 2021, 2, 1-30.

&

Y. Hong, J. W. Y. Lamab and B. Z. Tang. Chem. Soc. Rev., 2011, 40, 5361-5388.

ol

. S. Sivalingam, K. Debsharma, A. Dasgupta, S. Sankararaman and E. Prasad., ChemPlusChem 2019,
84, 392-402.

6. Z.He, C. Ke, and B. Z. Tang., ACS Omega 2018, 3, 3267-3277

~

Y. Hong, J. W. Lam, B. Z. Tang, Chem. Commun. 2009, 4332-4353.

8. J.Li, W.Yang, W. Zhou, C. Li, Z. Cheng, M. Li, L. Xie and Y. Li., RSC Adv 2016, 6, 35833-35841.

9. P. Alam, N.L.C. Leunga, J. Zhang, R.T.K. Kwok, JW.Y.Lam, B. Z. Tang., Coord. Chem. Rev 2021,
429, 213693.

10. H.Wan, Q. Xu, P. Gu, H. Li, D. Chen, N. Li, J. He, J. Lu., J. Hazard. Mater. 2021, 403, 123656

11. M. H. Chua, K. W. Shah, H. Zhou and J. Xu., Molecules 2019, 24, 1-42.

12. H. Xie, Y. Wu, Fang Zeng, J. Chena and S. Wu., Chem. Commun. 2017, 53, 9813-9816.

13. S. Dey, R. Purkait, K. Pal, K. Jana, and C. Sinha. ACS Omega 2019, 4, 8451-8464.

14. Y. Li, H. Li, W. Jina, X. Xua, H. Liu, Y. Ding, G. Wang, T. Zhang, Q. Peng, J. He, Q. Hu, L. Pan, K.

Li., Dyes Pigments 2022, 202, 110295.

235



Chapter V Naphthyl-Azine: Acidochromism and CN-sensing

15. H. Sun, J.-Y. Li, F.-F. Han, R. Zhang, Y. Zhao, B.-X. Miao, Z.-H. Ni., Dyes Pigments 2019, 167, 143-
150.

16. L. Huang, Y. Qiu, C. Wu, Z. Ma, Z. Shen and X. Ji., J. Mater. Chem. C, 2018, 6, 10250-10255.

17. K. Debsharma, J. Santhi, B. Baire and E. Prasad., ACS Appl. Mater. Interfaces 2019, 11, 48249—48260.

18. S. Suganya, K. Debsharma, E. Ravindran, M. K. Mahato and E. Prasad., ACS Appl.Polym. Mater.
2020, 2, 1222-1233.

19. H. Zhu, J. Huang, L. Kong, Y.Tian, J. Yang., Dyes and Pigments, 2018, 151, 140-148.

20. J. Hua, Y. Liu, X. Zhanga, H. Han, Z. Li, T. Han., Dyes and Pigments. 2021, 192, 109393.

21. S. Cui, B. Wang, Y. Teng, Z. Wan, Y. Zan, L. Chen, Y. Li, X. Yan., Sens. Actuators B: Chem. 2021,
344, 130120.

22. V. Ramanathan, P.J. Crutzen, J.T. Kiehl, D. Rosenfeld., Science 2001, 294, 2119-2124

23. S. Gupta, M. D. Milton., Dyes Pigments 2019, 165, 474-487.

24. P. Xue, J. Ding, Y. Shen, H. Gao, J. Zhao, J. Sun, R. Lu, J. Mater. Chem. C 2017, 5, 11532-11541.

25. Z. Xu, X. Chen, H. N. Kim, J. Yoon, Chem. Soc. Rev. 2010, 39, 127—-137.

26. F.J. Baud. Cyanide: critical issues in diagnosis and treatment. 2007, 26, 191-201.

27.S. Paul, S. Maity, S. Halder, B. Dutta, S. Jana, K. Janab and C. Sinha., Dalton Trans., 2022, 51, 3198-
3212

28. Guidelines for drinking-water quality, World Health Organization, Geneva, Switzerland (1996)

29. S. Paul, S. Dey, K. Pal, S. Maity, K. Jana, C. Sinha., ChemistrySelect 2020, 5, 15233-15242.

30. G. M. Sheldrick, Acta Crystallogr. Sect.A: Found.Crystallogr., 2008, 64, 112-122.

31. A. L.Spek, Platon, The Netherlands, 1999.

32. J. Farrugia, J. Appl. Crystallogr., 1997, 30, 565-565.

33. D. Maiti, A. S. M. Islam, M. Sasmal, C. Prodhan and M. Ali, Photochem. Photobiol.Sci., 2018, 17,
1213-1221.

34. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani,

V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.

236



Chapter V Naphthyl-Azine: Acidochromism and CN-sensing

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46

Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery Jr.,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R.
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi,
N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L.
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A.
D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox, Gaussian 09, Revision
D.01, Gaussian Inc., Wallingford, CT, 2009.

A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652.

W.R. Wadt and P.J. Hay, J. Chem. Phys. 1985, 82, 299-310

R. Bauernschmitt and R. Ahlrichs, Chem. Phys. Lett. 1996, 256, 454-464.

M. Cossi and V. Barone, J. Chem. Phys. 2001, 115, 4708-4717.

M. Cossi, N. Rega, G. Scalmani and V. Barone, J. Comput. Chem., 2003, 24, 669-681.

N. M. O’Boyle, A. L. Tenderholt and K. M. Langner, J. Comput. Chem., 2008, 29, 839-845.

D. Laha, A. Pramanik, S. Chattopadhyay, S. K Dash, S. Roy, P. Pramanik, P. Karmakar, RSC Adv.
2015, 5, 68169-68178.

M. Mandal, D. Sain, Md. M. Islam, D. Banik, M. Periyasamy, S. Mandal, A. K. Mahapatra and A.
Kar., Anal.Methods, 2021, 13, 3922 - 3929.

M. Mathivanan, B.Tharmalingam, O. Anitha, C.-H. Lin, V. Thiagarajan and B. Murugesapandian ,
Mater. Chem. Front., 2021, 5, 8183-8196.

X. Feng, J. Zhang, Z. Hu, Q. Wang, M. M. Islam, J.-S. Ni, M. R. Elsegood, J. W. Lam, E. Zhou and
B. Z. Tang., J. Mater. Chem. C, 2019, 7, 6932-6940.

P. Alam, N. L. C. Leung, H. Su, Z. Qiu, R.T. K. Kwok, J. W. Y. Lam and B. Z. Tang. Chem. Eur. J.
2017, 23, 14911-14917.

. M. E. Abdelhamid, T. Murdoch, T. L. Greaves, Phys. Chem. Chem. Phys., 2015, 17, 17967

237



Chapter V Naphthyl-Azine: Acidochromism and CN-sensing

47. Q. Niu, L. Lan, T. Li, Z. Guo, T. Jiang, Z. Zhao, Z. Feng, J. Xi., Sens. & Actuators: B. Chem. 2018,
276, 13-22.

48. P. Karuppusamy, S. Sarveswari. J. Mol. Struct., 2022, 1248, 131494,

49. R. Shanmugapriya, P. Saravana Kumar, S. Ponkarpagam, C. Nandhini, K.N. Vennila, A. G. Al-
Sehemi, M. Pannipara, K. P. Elango., J. Mol. Struct., 2022, 1251, 132081.

50. T. P. Martyanov, A. A. Kudrevatykh, E. N. Ushakov, D.V. Korchagin, I. V. Sulimenkov, S. G.
Vasil'ev, S. P. Gromov, L. S. Klimenko., Tetrahedron, 2021, 93, 132312.

51. 5. B. Yilmaz, M. Keskinates, Z. Aydin, M. Bayrakci., J. Photochem. & Photobio. A: Chem., 2022,
424, 113651

52. 6. Z. Li, C. Liu, S. Wang, L. Xiao, X. Jing., Spectrochim. Acta A, 2019, 210, 321-328.

53. 7. Y. Gao, M. Li, X. Tian, K.Xu, S.Gong, Y. Zhang, Y.Yang, Z. Wang, S. Wang. Spectrochim. Acta
A, 2022, 271, 120882.

54. 8. S. Dey, C. Sen, C. Sinha, Spectrochim.Acta Part A.,2020, 225, 117471.

55. G.A. Zalmi, D.N. Nadimetla, P. Kotharkar, A. L. Puyad, M. Kowshik, and S. V. Bhosale., ACS Omega
2021, 6, 16704—16713.

56. R. V. Rathod, S. Bera, D. Mondal., Spectrochim. Acta A, 2020, 238, 118419.

57. Q. Niu, T. Sun, T. Li, Z. Guo, H. Pang. Sens. Actuators B: Chem. 2018, 266,730-743.

58. M. Sahu, A. Kumar, M. K. Rout, D. Nikunj, B. Sharma, G. K. Patra., Inorg. Chim. Acta., 2021, 528,
120600.

59. R. Bhaskar, S. Sarveswari. Inorg. Chem. Commun. 2019, 102, 83-89.

60. D. Udhayakumari., Sens. Actuators B Chem., 2018, 259, 1022-1057.

61. S. Panja, A. Panja and K. Ghosh. Mater. Chem. Front., 2021, 5, 584-602.

238



Chapter VI Coumarinyl-Pyridyl Zn(11) CP: Electrical and Anti-carcinogenic property

Chapter Vi

Tangible Coumarinyl-Pyridyl Schiff base Appended Carboxylato
Bridging Zinc(Il) 2D Coordination Polymer : Electrical Property

and Anti-carcinogenic Application.

Intercellular ROS
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CHAPTER VI

Abstract

Coumarinyl-Pyridyl Schiff base coordinated terephthalato bridging Zn(1l) 2D co-ordination polymer,

[Zn2(BDC)4(QPR)2(H20)]n  (Zn(I1)-CP) (BDC?* = 1,4-benzenedicarboxylato; QPR 7-[(Pyridin-4-

ylmethylene)-amino]-chromen-2-one) is structurally confirmed by Single Crystal X-Ray Diffraction
measurements. The optical band gap obtained from Tauc’s plot is 2.91 eV which insists to fabricate a device
to measure electrical conductivity, A, 8.07 x 1073 S m* (dark) and 9.26 x 102 S m! (light) which suggests
the semiconducting property of the material. The MTT assay determines the cytotoxicity in the selected human
cancer cell lines, HeLa (Cervical Cancer), HepG2 (Liver Cancer) and MDA-MB 231 (Breast Cancer), relative
to the normal kidney epithelial cell line NKE and its efficacy in inhibiting proliferation of HeLa (ICso, 21.02)

is highest relative to two other cancer cells (ICso : 42.22 (HepG2) and 46.37 (MDA-MB 231)).
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VI1.1. Introduction

Zn(I1) (d*%) compounds are widely used in different fields, while its application in the area of energy and
biological materials are very stimulating.! On considering the sustainable health, the use of phytochemicals as
food/food supplement/drugs or pharmaceuticals has been receiving a great attention. Towards this approach,
Coumarin and its derivatives are widely used for stress-related disorder, a potential ROS (Reactive Oxygen
species) scavenger and in different biomedical applications. Therefore, the coordination complexes of
Coumarinyl-Zn(Il) or their coordination polymers (Zn(11)-CPs) can be recognized as an emerging and effective
functional material for societal applications in different area.>”” Coordination Polymers (CPs) and/or Porous
Coordination Polymers (PCPs) are diversely applied in the field of gas sorption, catalysis, biological
applications, electrical conductivity, magnetic, sensing, electrochemical CO: reduction, solar energy
harvesting etc.®?! Structural architecture of the CP dictates its functional behaviour with metal ion as node
and the organic ligand as bridging agent.?>?* Depending on the variation in structural dimension (1D, 2D or
3D) due to different spatial arrangements; properties and applications of the CPs inflate extensively.?>?
Generally, redox inactive metal centres and carbon compacted ligand based CPs are electrically non-
conducting. But, in recent times, CPs have emerged as distinctive solid-state materials with interesting
conductive behaviour as Schottky diode. CPs based on the d*° configuration (Zn?*) and conjugated carboxylate
linkers are known to exhibit semiconducting device. Dicarboxylic acids are the key constituent of coordination
polymers.?”%- In this work, coumarinyl-pyridine Schiff base ligand, a n-conjugated monodentate N donor, is
used in conjunction with dicarboxylato bridging motif (terephthalic acid) to architect a 2D Zn(Il)-CP. It is
used to fabricate Schottky diode device and the relevant studies have been discussed in detail. Density
Functional Theory (DFT) calculation has been attempted for optimization of the geometry of asymmetric unit
of Zn(11)-CP and the resultant band gap shows close resemblance to the value obtained from Tauc’s Plot. In
addition, the anticancer activity of the compound has been explored against different cells (HeLa (Cervical
Cancer), HepG2 (Liver Cancer) and MDA-MB 231 (Breast Cancer)) and highest efficiency is observed in case

of HelLa cells.

241



Chapter VI Coumarinyl-Pyridyl Zn(11) CP: Electrical and Anti-carcinogenic property

V1.2. Experimental Section
VI1..2.1. Materials and Methods

Analytical grade reagents (AR) were collected from the Merck (India), Himedia (India), Invitrogen (India),
SRL (India) and TCI chemicals. For spectroscopic measurement spectroscopic graded solvents were directly
used. Other solvents were dried by standard procedure for spectroscopic studies. Water from Milli-Q water
(Millipore) was collected for preparation of aqueous solutions of metal salts. Perkin-Elmer (2400 Series-IlI,
Perkin Elmer, USA) CHN analyzer was used for collecting the elemental analysis data. Other instruments such
as, Perkin Elmer Lambda 25 UV-Visible spectrophotometer for absorption spectral studies; Infrared (IR)
spectrum (4000—500 cm™*) was taken on a Bruker ALPHA 1l spectrometer in an attenuated total reflectance (ATR)
mode. *H and ¥C NMR spectra were taken by Bruker 300 MHz FT-NMR spectrometer. The chemical shift
(8) of the respective NMR spectra were recorded in parts per million (ppm) with respect to trimethylsilane as
internal standard. ESI-MS spectra were obtained from HRMS spectrometer (model, XEVO-

G2QTOF#YCAS351).
V1..2.2. Synthesis of the Ligand 7-[(Pyridin-4-ylmethylene)-amino]-chromen-2-one (QPR)

7-Amino coumarin was synthesized modifying the literature procedure.?® To a methanol (15 mL) solution of
7-amino coumarin (161.16 mg, 1 mmol), 4-pyridine carbaldehyde (107.11 mg, 10 mmol) (5 mL) was added
dropwise and yellow solution was stirred overnight followed by reflux for 7 h; then filtered and allowed for
slow evaporation; light brown crystalline compound of 7-[(Pyridin-4-ylmethylene)-amino]-chromen-2-one
(QPR) was obtained. (Scheme V1) Yield: 190.11 mg 75.7%. Elemental analysis (%) calcd for C15H10N202: C,
71.70; H, 4.41; N, 11.90; found: C, 71.61; H, 4.35; N, 11.96. ‘H-NMR (DMSO-ds, 300 MHz): 8.76 (s, 3H,
CH=N, Pyr-H(1,3)), 8.10-8.07 (d, 2H, Ar-H(7)), 7.87-7.85 (d, 2H, Pyr-H(2)), 7.72-7.71 (d, 1H, Ar-H(4)),
7.65-7.62 (t, 1H, Ar-H(6)) 7.50-7.47 (d, 1H, Ar-H(5)) 6.57-6.54 (d, 1H, Ar-H(8)).(Fig.VI1.1) 3C-NMR
(DMSO-ds, 75MHZz): 160.47, 160.30, 152.79, 151.00, 147.10, 144.50, 142.76, 125.64, 122.68, 121.12, 119.72,

117.76, 117.33 (Fig.VI1.2). ESI-MS (+) shows a molecular ion base peak at 251.0318 (Calculated m/z =
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251.082). (Fig.V1.3). IR Spectrum: 3036 cm™ (C-H stretching), 1705 cm™ (C=0 stretching), 1594 cm™ (C=N

stretching); (Fig.V1.4)
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V1.2.3. Synthesis of [Zn2(BDC)4(QPR)2(H20)]n, (Zn(11)-CP)

A methanol (3 mL) solution of QPR (75.081 mg, 0.3 mmol) was carefully layered at the interface of the
aqueous solution (2 mL) of Zn(NO3)..6H20 (83.847 mg, 0.3 mmol) maintained with aqueous-methanol buffer
solution (MeOH:H20, 1:1, v/v, 3 mL). To the resulting solution, an ethanolic solution of H,.BDC (49.8 mg,
0.3 mmol) and EtsN (0.031 g, 0.3 mmol) were slowly layered and allowed to diffuse for several weeks. Brown
crystals were deposited on glass wall after three weeks and were collected carefully. Yield: 59.07 mg, 65.6 %.
Elemental analysis (%) calcd for C24H1sN2O72Zn: C, 56.32; H, 3.55; N, 5.47; found: C, 56.23; H, 3.51, N, 5.51.

IR Spectrum: 1726 cm™ (C=0 stretching), 1630 cm™ (C=0 stretching), 1555 cm™ (C=N stretching). (Fig.V1.5)
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Fig.V1.5. IR Spectrum of Zn(11)-CP.

V1..2.4. X-Ray Diffraction Measurement

Brown single crystal of Zn(11)-CP of suitable dimension (0.13x0.09x0.05 mm?) was mounted for single crystal
X-ray diffraction (SCXRD) analysis and data collected using Bruker SMART APEX Il diffractometer having
graphite-monochromatic MoKa: radiation (A = 0.71073 A). Structural arrangements of the single crystal were
solved using the SHELX-97%° PLATON-99%! and ORTEP-32,%2 package. Non-hydrogen atoms of the single
crystal were refined with anisotropic thermal parameters. Crystal-orientation matrices and unit cell parameters
of the crystal were determined following least-squares refinement of all reflections within the hkl range —13
<h <13, -13 <k < 13, —13 <1 < 13. The diffraction angle was recorded within the angle from 1.937
<0 <27.203°. All the hydrogen atoms were geometrically fixed and constrained to ride on their parent atoms.
All the crystallographic data are listed in Table VI.1. Selected Bond Length and Bond Parameters are listed

in Table V1.2 & V1.3. The crystal data have been deposited to Cambridge Crystallographic Data Centre with
CCDC No. 2191815.
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Table VI1.1: Crystal Data and Refined Parameters for Zn(11)-CP

Empirical formula

C24 Hig N2 O7 Zn

CCDC No. 2191815
Formula weight 511.79
Temperature (K) 273 K
System Triclinic
Space group P-1

a(A) 10.3582(13)
b (A) 10.8566(13)
c(A) 10.8861(13)
o/° 79.654(4)
B/° 70.435(3)
v/° 77.041(3)
V (A)® 1116.8(2)

Z 2

D(cal) /g cm™3 1.522

wmm ™t 1.149

MA) 0.71073
Data[l >2c(1)]/param 4925/310
R:[1>25(1)] 0.0372
WR2" 0.1104
GOF° 1.150

*R1= Z||Fol-|Fell/EIFol; "WR2 = {E[W(Fo>-F22/EW(FZ) 132 w = [6%(Fo)® + (0.1003P)2 +  4.9693P ] (Fo?

+ 2F:2)/3; ¢ Goodness-of-fit.
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Table VI1.2: Selected Bond Length for the following Zn(I1)-CP

Bond-Length A
Zn(1) - O(1) 2.0667(18)
Zn(1) - 0(2) 2.0750(19)
Zn(1) - O(3) 2.0151(17)
Zn(1) - O(4) 2.0264(18)
Zn(1) - N(1) 2.036(2)
Table VI1.3: Selected Bond Angles for the following Zn(11)-CP
Bond Angle Degree (°)
O(1) - Zn(1) - O(4) 90.09(8)
0(1) - zn(1) - N(1) 104.85(8)
O(1) - zn(1) - O(2)b 158.34(8)
0() - zn(l) - O3 87.34(8)
o) - Zn(1) - N(1) 99.02(8)
0(4) - zn(1) - O(Q2)P 85.85(8)
O(4) - Zn(1) - O(3) 158.52(8)
N(1) - zn(l) - O(2)° 96.80(8)
N(1) - zZn(1) - O(3)° 102.26(8)
O(2)b - Zn(1) - O(3)° 88.70(8)
Zn(1) - O(1) - C(20) 110.70(16)
C(20) - O(2) - zn(1)P 145.75(16)
C(16) - O@3) - zn(1)° 125.72(17)
Zn(1) - O(4) - C(16) 129.27(15)
Zn(1) - N(1) - C(1) 123.11(18)
Zn(l) - N1) - C(5) 119.4(2)
b2-x,1-y,-z.
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V1.2.5. DFT computation

Optimization of the gas phase geometry of the Zn(I1)-CP was carried out using Density Functional Theory
(DFT) calculation of Gaussian Program Package 09. All calculations were performed using SCXRD
coordinates and B3LYP method. LanL2DZ basis set were employed for all elements including Zn.**%
Different electronic transitions were theoretically determined using the time-dependent density functional
theory (TDDFT) formalism calculation.®®-3 Vibrational frequency calculations were performed to ensure that

the DFT-optimized geometries represent the local minima and only positive eigenvalues.®
V1.2.6. Fabrication and characterization of ITO/Compound/Al based Schottky Barrier Diode

Thin film semiconducting device of Zn(I1)-CP was used to carry out electrical characterization of the material.
ITO (Indium Tin Oxide) coated glass substrate has been used for the study, and it was cleaned with 2-propanol,
acetone, and deionized water in an ultrasonic bath for 12 minutes respectively. The glass substrate was simply
dried in a N2 environment. The synthesized chemical produced a homogenous dispersion using N, N dimethyl
formamide (DMF) as the dispersive medium. With use of a Spin Coating Unit, the dispersion has been spin
coated on the conducting side of ITO coated glass at 1500 rpm for 2 minutes. The film thickness was tested
using a surface profiler after complete vacuum drying and the measured value is nearly one micrometer. A
vacuum coating device (HINDHIVAC) using the evaporation process with an electron beam discharge at
pressure of about 1078 Torr deposited aluminum (Al) metal onto the thin film. Finally, Metal Semiconductor
(MS) junction Schottky Diode (SD) with Al as the metal electrode was fabricated in an 1TO/Zn(11)-CP/Al
sandwich arrangement. At the time of metal deposition, the effective diode area (A) was kept as

7.065 x 10°® m? using a shadow mask.

The current-voltage (I-V) properties of the device was measured in the dark and light (intensity ~100
mWcm™2) with a Keithley 2635B source meter utilizing the two-probe approach at a bias voltage range of -1
V to 1V for electrical characterization. All preparations and measurements were completed at room

temperature and under natural conditions.
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V1.2.7. Cell culture and maintenance

To perform the present study three cancerous cancer cell lines - HeLa (human cervical cancer cell line), MDA-
MB-231 (triple negative breast cancer cell line) HepG2 (human liver cancer cell line) and human normal
kidney epithelialcell line NKE were obtained from Bose Institute, Kolkata. All the above cell lines were
maintained using DMEM (for HeLa, MDA-MB-231 and HepG2) or RPMI medium (for NKE), supplemented
with 10% FBS, 2 mM L-glutamine, 100 mg/L streptomycin, 100 units/L penicillin, non-essential amino acids,

1mMsodium pyruvate, and 50 mg/L gentamycin in a 37°C humidified incubator containing 5% CO..
V1.2.8. In-vitro cell survivability assay

Along with three cell lines (HeLa, HepG2, MDA-MB-231) Etoposide was used as a standard
chemotherapeutic agent considering its tremendous anti-proliferative activity. Cells were seeded in 96-well
plates at 1x10* cells per well and exposed to different concentration of Zn(11)-CP (0-100 ug/MI) for 24 h.
Following this the cells were washed with 1xPBS and then incubated by MTT solution (0.5 mg/mL) for 3-4
h at 37°C and resulting formazan crystals formed were further dissolved in DMSO and the absorbance was

observed at 570 nm wavelength, and the obtained results were compared with control cells.
V1.2.9. Annexin V-FITC/PI staining for apoptosis assay

Induction of apoptosis has been quantified via flow cytometric analysis utilizing the Annexin V-FITC
apoptosis detection kit (BD Bioscience).*° Briefly, HeLa cells were seeded in a 6 well plate at a density of
1x10° cells /ml for a time period of 24 h and treated with compound Zn(I1)-CP (10 pg/ml, 20 pg/ml, and 40
pg/ml) for the interval of 24 h. After treatment cells were trypsinized and re-suspended in 100uL of 1X binding
buffer solution and incubated with 5 uL of annexin V-FITC and 5 pL of PI for 15 min at room temperature in
dark and data was acquired using BD FACS Verse flow cytometer (BD Biosciences, San Jose, CA). Annexin

V/FITC positive cells were regarded as apoptotic cells analysed using Cell Quest Software (BD Biosciences).
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V1.2.10. Measurement of cellular ROS using DCFDA

To estimate the intercellular ROS generation upon Zn(11)-CP treatment, DCFDA method was used.*! HelLa
cells were seeded in a 6 well plate and treated with the compound, Zn(I1)-CP (10 pg/ml, 20 pg/ml, and 40
pg/ml) for the time period of 24 h. Post treatment cells were washed with 1XPBS and incubated with 10 uM
H2DCFDA for 30 min at 37° C. For fluorescent imaging, H.DCFDA incubated cells were washed, resuspended

in 1x PBS and directly imaged under fluorescent microscope (Leica).
V1.3. Results and Discussion
V1.3.1 Crystal Structure of Zn(11)-CP

[Zn2(BDC)4(QPR)2(H20)]n (Zn(11)-CP) crystallizes in triclinic system having space group P-1 with Z=2. In
the crystal structure the metal centre has been coordinated with dicarboxylic acid and coumarin appended
nitrogen donor ligands. Zn(l1) centres are in distorted square pyramidal coordination sphere; the square plane
is formed by two chelated carboxylato-O,0 rings of two BDC? and apical position is occupied by pyridyl-N
of QPR to form ZnO4N unit. Two Zn(I1) centres are bridged by -COO(BDC?) in a paddle wheel pattern. The
bond lengths of square pyramidal ZnO4N unit are Zn(1)-O(1), 2.0670(18); Zn(1)-O(2), 2.0745 (19); Zn(1)-
0(3), 2.0153(16); Zn(1)-0(4), 2.0263 (17); Zn(1)-N(1) 2.036(2) A which support the geometrical distortion
of the molecular geometry. Thus, molecular units are assembled to form 2D square-grid arrangement (Fig.
V1.6. (a) & (b)). Some of the reported Pyridyl-N coordinated Zn(11) Coordination Polymer exhibits similar
coordination environment and their structural parameters are represented in Table V1.4. The bond parameters

of Zn(11)-CP are comparable with published results.*2-
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()

(b)

Fig.V1.6. (a) Coordination unit around metal centre of Zn(I1)-CP (b) Two Dimensional Network of Zn(11)-CP

generated through terephthalate bridging.

Table VI1.4: Summarized Bond Distance of Reported Zn(1l) Coordination Polymer.

SI. No.

Coordination Polymer

Bond Distance (A)

Reference

1.

[Zn(adc)(4-nvp)2(H20)2]x

2.200(13)-2.172(13) (Zn-N)
2.075(11)-2.156(10) (Zn-O)
2.779-3.001(C-H--x)

[42]

[Zn(adc)(4-spy)2(H20)2]n

2.140(2)-2.148(2) (Zn—N)
2.0999(14)-2.1357(15) (Zn-0)
2.716 (O---0)

[43]

[Zn2(DABA)4(4,4'-BPY)]a

2.045(4)-2.064(4) (Zn-N)
2.003(4)-2.075(4) (Zn-O)
3.066-3.454 (C-H...n)

[44]

[Zn(ADC)(PBT)2(H20)2]n

2.159(4)- 2.158(4) (Zn-N)
2.092(3)- 2.158(3) (Zn-0)
3.489(8)-3.685(8) (C-H---x)

[45]

[Zn(glu)(4-nvp)]

2.039(2) (Zn-N)
2.026(2)-2.053(2) (Zn-O)
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2.934 (Zn---Zn) [46]
! [Zn2(BDC)4(QPR)2(Hz0)] 2.036(2) (Zn-N) Present
2.0153(16) — 2.0745(19) (Zn-O) work
(Zn(11)-CP)
2.980 (Zn---Zn)

Four BDC? form bridges between two Zn(l1) centres and QPR is appended through pyridyl-N coordination to
Zn(I1). The bridged linker repeats to develop 2D polymeric pattern. The Zn----Zn distance is 2.980 A.
Molecular forms in 2D-arrangement are self-assembled through secondary interactions to generate 3D

supramolecule (Fig. V1.7 (a), (b) & (c)).

(b) (c)
Fig.V1.7. (a) Supramolecular Assembly of Zn(Il)-CP. (b) & (c) Interpenetration of 2D layers has been

exhibited in view of self-assembly of Zn(11)-CP.
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In addition, the intramolecular noncovalent interactions (C(5)-H(5)---O(4) = 2.55 A) and intermolecular
(C(13)-H(13)---0(2) = 2.60 A (symmetry: 1-x,1-y,1-z), C(23)-H(23)---05 = 2.49 A (symmetry: -x,1-y,1-7))
hydrogen bonds make 3D superstructure; the C-H ---r (C(8)-H(8) ---Cg(5)) = 2.49 A; (Cg(5) = C(21)-C(22)-
C(23)-C(21)- C(22)-C(23)) and =---x (Cg(3)---Cg(3)=3.891 A; Cy(3) = C(7)-C(8)-C(9)-C(10)-C(11)-C(12))
interactions are responsible to make the structure more robust. Again, PXRD determines the phase purity of
powdered form of Zn(I1)-CP. The PXRD pattern of the as-synthesized Zn(11)-CP shows resemblance with
major peaks of the spectra of simulated geometry obtained from the single crystal X-ray data which validates

the purity and consistency of the bulk material (Fig. V1.8).

0 10 20 30 40 50
2Theta/Degree

Fig.V1.8. Powdered X-Ray Diffraction (PXRD) of Zn(11)-CP [Simulated (black) and As Synthesized (red)]

V1.3.2. DFT Computational Study

Optimization of the asymmetric unit of Zn(11)-CP was performed using the coordinates of SXCRD in order to
obtain the theoretical band gap corresponding to HOMO-LUMO difference ((AE = 3.68 eV, Fig.V1.9) which
correlates well with the band gap of 2.91 eV evaluated from Tauc’s plot (Fig.V1.10, vide infra). However, a
increment in the theoretical band gap may be attributed to the geometrical factor which was restricted for

single motif in DFT calculation. For coordination polymer with d'° system, the band edges depend on the
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electronic state of the geometrical framework. Some selected orbitals along with their respective energies are

listed in Table VI.5.

AE=3.68 eV

HOMO
(-6.98 V)

Fig.V1.9. HOMO-LUMO gap of Zn(I1)-CP from DFT calculation

Table VI1.5: Selected Orbitals of Zn(11)-CP along with their energy.

HOMO-5 HOMO-4
(-7.43 V) (-7.41eV)
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HOMO-3
(-7.38 eV)

HOMO-2
(-7.33eV)
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<
HOMO-1 HOMO
(-7.03eV) (-6.98 eV)

LUMO
(-3.3eV)
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(-2.78 eV) (-2.76 eV)
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LUMO+4
(-2.38 eV)

LUMO+5
(2.31eV)

V1.3.3. Opto-electrical Property

The UV-Vis spectrum (200 — 700 nm) of Zn(I1)-CP dispersion in DMF has determined the optical band gap,

2.91 eV, by Tauc’s equation (Eq. VI.1, Fig.VI1.10)*" 48,

(ahv)" = c(hv — Eg)

(VI. 1)

(o = the absorption coefficient, h = Planck’s constant, v = frequency, E¢ = the optical band gap energy, c = a

constant and n = the order of energy transition which is taken as ¥z for indirect allowed transition).

20
| — Indirect Band Gap|

w ) 20

E ; 10

> 104 2 0.5

3 <
Q R T T R g 2
-; Wavelength in nm

=

g

0 ; ,
1 2 3 4
hv (eV)

Fig.V1.10. Tauc’s plot to determine the indirect allowed band gap energy of Zn(II)-CP. (Inset: UV-Vis

absorption spectrum of the material.
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The device's 1-V characteristic was recorded both in dark and light, and the results are depicted in Fig.\VV1.11
(inset logarithmic current vs voltage) The measured conductivity of Zn(I1)-CP is 8.07 x 102 S m™* (dark) and
is enhanced by about 15% upon irradiation with light (9.26 x 10~* S m™1) which suggests the semiconducting
property of the material. Zn(ll), a d°, unlike to show conductivity; Zn-O (carboxylato) is covalent in nature
and certainly does not favour through bond electrical transport. Hence the conductivity arises from metal
dependent charge transport through non-covalent H-bonding interactions. The electron density concerted as
evident from the DFT calculation suggest that Zn(11)-CP influences of on the conductivity. The nonlinear
rectifying nature of the representative 1-V characteristics of the Al/compound interface was obvious,
confirming Schottky barrier diode (SBD) development at the MS contact. At +1 V, the compound's
rectification ratios (lon/lofr) were discovered to be 17.65 and 19.22 respectively. However, compound has a low

photosensitivity which is enhanced by about 15%.

0.06

0.084
] o \/

0 04 i L s B 0E

Current (A)

-1.0 0.5 0.0 0.5 1.0
Voltage (V)

Fig.V1.11. Characteristics curve in linear scale (Inset: logarithmic scale) for ITO/Compound/Al configuration.

I-V measurements are commonly used for calculation of various SD factors. Pure thermionic emission is
assumed to be the major transport process in SDs for this reason. The experimental |-V data in this

circumstance may be explained by the Eq. VI.2:

I = Isat[expgv - 1] (VI. 2)
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where | represent diode current density at bias V, n is the ideality factor, p=(q/kT) represents inverse thermal

voltage and lsat denotes saturation current density as given by Eq. VI1.3:
Isqr = AA*TZEXp (—=Be) (VI.3)

A give the diode area, A* represents modified Richardson constant and ¢ denotes Schottky barrier height

(SBH). The modified Richardson constant is considered as 1.206 x 108 AK?m?,

-2.5+4
1 O Dark
-3.01 O Light
-3.54
1 region TT
4.0
E ] region 1 [5)
-4.54 Ooof
g0
1 o
-5.0- o 2
] o vt
ss5{ @0
{ ©
_6|0 L} 1 LI L ) 1

InV

Fig.V1.12. In 1 vs In V plot for fabricated Schottky device

The In 1 vs. InV graph is plotted for the forward bias voltage regime (Fig.V1.12) and has been linearly fitted
for better understanding of the charge transport process through MS interface. Slope corresponding to region
I is ~ 1 that indicates the that carrier transport events were dominated by Ohmic conduction. The slope in
region Il is ~ 2, that exposes the Space Charge Limited Conduction (SCLC) mechanism which is due to trap

assisted carrier transitions.

Because of existence of a parasitic series resistance (Rs) impacts the 1-V characteristics mostly at high

voltages, Eq. 2 can be rearranged to generate Eq. V1.4: 4
I= Isat[expS(V — IRy — 1] (V1. 4)

Where, IRs term indicates the voltage drop across series resistance of a semiconductor diode. Inserting

saturation current density value from Eq.3 into Eq.4, and differentiate with respect to Inl, we get Eq. VI. 5.
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av. n
a7 = 1ARs + 7 (VL. 5)

For constructed Schottky device, the ideality factor (n) and series resistance (Rs) were determined from
dv/dinl vs | plot (Fig.V1.13 (a), (b)). In I-V characteristics curve for dV/dInl vs I curves of diode curves of
diode, linearity was discovered in downward curvature zone of forward bias. The ideality factor and series
resistance in this region were calculated from slope and intercept. The ideality factor for the compound
deviated from 1 due to inhomogeneity at the MS junction. Ideality factor nearly equals to 2 indicates
recombination is limited by both majority and minority carriers. at dark condition. Under light illumination

the fabricated diode behaves more ideal.

1.31
0.5{ | m Dark .‘.’,'
B Light L 1.21
0.4 4,.]'1.'. 1.1
"
s 1.0
= 0.3 LS
z (T2 = 0.9
= .-.I A
- L T
= 0.2 wa" 0.8
.,:,l
> "u 0.7
0.1 oW
" (a) 0.6] (b)
0.0 T T T T T T T T T T T T T T 0.5 T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.0040 0.005 0.010 0.013 0.020 0.025 0.030 0.035
Current (A) Current (A)

Fig.VI1.13. (a) dVv/dInland (b) H(I) vs current density plot for Zn(11)-CP based Schottky diode.

In the Cheung model, the current density-reliant function H(l) can be expressed as (Eq. V1.6).%°

I
AA*T?2

H(I)=V—%ln( )=1ARs+ n ¢ (V1.6)

Schottky barrier height of the device was determined using the relevant H(Jq) versus Jq¢ graph. In the low
potential area, this plot, like the dVv/dInl vs I plot, indicated linearity. The series resistance (Rs) and barrier
height (ps) were estimated from H(I) vs I plot are represented in Table V1.6. Series resistance values obtained
from two different procedures (dV/dInl and H(l)) were nearly equal and also very low with reference to

Coordination Polymer semiconductor. This generally depends on many different factors including the
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semiconductor thin-film morphology in the vicinity of the contact interface, the contact work function, and

the energetic landscape of the material > >1-%%

Table VI1.6: Schottky diode parameters of Zn(I1)-CP fabricated device

Condition = Rectification = Conductivity (Sm™) Ideality Barrier height = Rsfrom = Rsfrom

Ratio factor @p (eV) dv/dinl | H(T) (Q)
Q)
Dark 17.65 8.07x107 1.64 0.52 14.14 14.35
Light 19.22 9.26x10° 0.99 0.51 13.63 13.67
0.08- ?
]l @ Dark P ) s
0.07- J" Light oeg 29°
] Qe = ae =
2 0.06+ 099 o®
E 1 ?"
£ 0.05 o” o
= 9 @
O 1 J’r ff“
0,044 agoo;g,,fa‘
0.034 ezz"

03 04 05 06 07 08 09 1.0 11

Voltage? (V)

Fig.V1.14. Current density vs. voltage? graph for SCLC region

In SCLC region (region Il) charge transport parameters (e.g. carrier concentration, mobility, transit time and
density of states) was calculated to further investigate the device. Considering the slope of I vs. V2 graphs of
region 11 (Fig.V1.14), mobility (1) of the charge carrier was estimated from Mott-Gurney equation using space

charge limited current density theory. The corresponding Eq. V1.7 is 3

=) o

€0 and & is the absolute permittivity and relative dielectric constant of the compound respectively. e (= 1.08) &

was extracted from capacitance versus logarithm of frequency (Fig.V1.15) using the equation written below

in Eq. VI. 8.
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1 Cgar d

gy = L (V1.8)

€0

1.8x1 0'3" °
Lex10°] |
1.4x10" ?
1m0t @
Loxio*] @
2 §.0x10°- ?.
6.0x10°"
4.0x10"’-:

2.0x10” 1
0.0

Capacitance (F

1 2 3 4 5 6 7
Logf

Fig.V1.15. Capacitance versus logarithm of frequency plot

The time of flight (t) of the carrier is the time required to transit from compound to aluminum through MS

junction. From the slope of 1-V curve of region-II, T was derived using Eq.V1.9.>

=2e5() w9

Charge carrier concentration (N) near the Fermi level and density of states had been also calculated (Table

V1.7) with the help of the following Egs. V1.10, 11,556

OsCLC
N =—=

- (V1.10)

_ 2g9&r(Vo=V1)

Ns =—Gae (V1.11)

Where AEF represents the shift in quasi-Fermi level and can be determined from the subsequent Eq. VI. 12.

AEy = kTin (22) (VI.12)

Table VI1.7: Charge Transport Parameters of the device

Condition Mobility (p) Time of flight Carrier Concentration Density of States
(m2V-1ST) T (A) N (m?3) Ns (m3)
Dark 8.08x10™ 7.95 1.03x10%° 7.45x10%
Light 8.82x10* 7.24 1.01x10%° 9.36x10%
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V1.3.4. Cytotoxicity study against several cancer cell lines

Results from MTT assay in terms of ICsp value (Fig.V1.16(a) and (c)) show that the Zn(I1)-CP shows

cytotoxicity in most of the selected human cancer cell lines, like HeLa, HepG2, MDA-MB 231 relative to the

normal kidney epithelial cell line NKE and its efficacy in inhibiting proliferation of HeLa (ICso: 21.02 + 1.57)

was highest as compared to other cancer cells (HepG2 ICsp: 42.22 + 3.45, MDA-MB 231 ICs; 46.37 + 3.06).

Thus, based on this study HelLa was selected for further study. Phase contrast microscopic imaging of

compound Zn(11)-CP treated HeLa cell was performed which revealed that as compare to control experiment,

treated setup showed concentration-dependent increase in the level of morphological change to induce death

in HeLa cells (Fig.V1.16 (b))

100 %

o]

8

% Cell Viability
3

o
=]

= Hela
= MDA-MB 231
mHepG2

m NKE

\
o Lol el g™ geel™ g™ o \s%"“ ovel™

Concentration

B) Control ‘ c)

1Cso Concentration ( pg/ml)

Compound Etoposide

2102£157 | 1426326

MDA-MB-231

Hela

4637306 | 20.03£1.98

HepG2

02021345 2023832

NKE

2100 34.05£2.46

Fig.V1.16. In vitro cytotoxicity was measured by MTT (@) Bar graph and Table (b) Phase contrast microscopic

imaging of compound Zn(I1)-CP (10 pg/ml, 20 pg/ml, and 40ug/ml) treated HelLa. Results were expressed as
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mean + SEM. “(P <0.01-0.05) is the level of significance in respect with the control. (c) showing ICso values
of Compound Zn(I1)-CP in various cancer cell lines including HeLa, MDA-MB 231, HepG2 (cancer cells),

and NKE (human normal kidney epithelialcell line).
V1.3.5. Zn(11)-CP treatment promotes apoptotic cell death and involves intracellular ROS generation

To understand the mechanism of anti-proliferation potential of the compound Zn(11)-CP, we have studied the
generation of intracellular Reactive Oxygen Species (ROS) accumulation, H.DCFDA fluorescence assay was
performed with Fluorescence microscopic imaging. From H>DCFDA assay of Zn(Il)-CP co treated cells
showed a dose dependent increase in greenish emission intensity on compared to that of the control untreated
cells indicating intracellular ROS generation even at a concentration 10 pg/ml and in comparison, to control
its fluorescence intensity increases to 2.24, 4.25 and 4.92-fold respectively upon 10 pg/ml, 20 pg/ml, and 40
pg/ml Zn(11)-CP treatment for 24 h. Nonetheless, HeLa cells pre-treated with 10 mM N-Acetyl-Cysteine
(NAC), a potent and widely accepted inhibitor of ROS, reduced compound Zn(11)-CP induced ROS generation

in comparison to Zn(I1)-CP treatment alone, at a concentration of 40 pg/ml (Fig.V1.17(a)).

Results from Annexin V-FITC/PI flow cytometric assay also showed a dose dependent increased in the number
of apoptotic cell population upon treatment of Zn(11)-CP. As shown in (Fig.V1.17(b)) 10 pg/ml, 20 pg/ml, and
40 pg/ml Zn(11)-CP treatment for 24 h increased the annexin V-FITC*/PI- (early apoptotic) and annexin V-
FITC*/PI* (late apoptotic) cell population to 24.39%, 35.15% and 69.35% respectively in comparison to
2.24% in control experiment. Therefore, it is very clear that compound Zn(I1)-CP mediated anti-proliferative

potential may be mediated by ROS mediated apoptosis of the HeLa cells.
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Fig.V1.17. (a) Concentration-dependent increase in intercellular ROS accumulation of HeLa cells, in response
to Compound Zn(I1)-CP treatment. Post treatment with Zn(I1)-CP (10 pg/ml, 20 pg/ml, 40 pg/ml and Pre-
treatment with NAC) for 24 h, cells were stained with H2DCFDA and fluorescence microscopic was
performed. (b) Concentration-dependent increase in annexin V-FITC/PI-positive (Apoptosis) population of
HelLa cells, in response to Zn(l11)-CP treatment. Post treatment with Zn(11)-CP (10pg/ml, 20 pg/ml, and

40ug/ml) for 24 hr cells were stained with annexin V-FITC/PI and analyzed in FACS.
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V1.4. Conclusion

In summary, multifunctional applications of Zn-coordination polymer, [Zn2(BDC)4(QPR)2(H20)]n (Zn(11)-
CP) (BDC?, 1,4-benzenedicarboxylato; QPR, 7-[(Pyridin-4-ylmethylene)-amino]-chromen-2-one) are
recorded in this work. From the best of our knowledge, the coumarin decorated probe 7-[(Pyridin-4-
ylmethylene)-amino]-chromen-2-one has been utilized first time in the construction of coordination network.
In view of the structural architecture, this material has also been quite unique to make a square grid framework
within the molecular assembly. However, low band gap (2.91 eV) electrical property can be tempted to
fabricate a semiconducting Schottky diode device. Besides, the biological activity of the compound is also
simulating; the Zn(1l)-CP has revealed the effective anticancer property and highest efficiency is shown
against HeLa cell line (1Csp, 21.02+1.57). Recent technological advancement and biological requirement can

be utilized for substantial use of this material in laboratory to land applications.
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VI1.1. Conclusion

The research work in this Thesis focuses on the characterisation of Schiff bases those have been considered
as a versatile chemosensors for the recognition of bio-relevant ions/molecules at a very low concentration (uM
to nM) level. The coordination environment of such molecule with metal centre can form discrete complex
and coordination polymers (CPs) who have been characterised by the spectroscopic data and the structural

confirmation by Single Crystal X-Ray Diffraction Data.

VI1.2. A Fluorogenic Triphenyl-Amine-Naphthyl-Hydrazide Probe Selective for Cu?* and Cysteine

Detection via an ON-OFF-ON Log