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ABSTRACT

Generally, chemical sensor comprises of a selective detection of molecule which
is sensitive to stimuli by the analyte and a transduction material that develop an
analytically advantageous signal whose significance is functionally contributing to the
concentration of the analyte or substance. Based on working principal of chemosensors it
can be categorized such as electrochemical, thermal sensor, mass sensors, magnetic
sensor and optical sensors. The inexpensive optical sensors have vast applications in
various area like medicine, environmental pollution and many others. It attracts the
scientific community such as researcher, scientist and biologist due to highly sensitive
and selective nature towards the various transition metal ions, other toxic metal ions and
anions. Optical sensors depend on the optical changes observed upon the detection of
targeted analyte with chemosensor. These are simple to use, portable, in-situ and
miniature in size, these features are necessary for real-time on field measurements. The
thesis is managed with some chemosensors and their analytical studies. For the
convenience and clarity, the work in the thesis divided into six chapters and arranged as

follows:

Chapter 1 deals with “Introduction” of chemical sensor as well as classification
of optical sensors. Chemosensors are generally based on chelating ligands such as Schiff
bases, coumarin, bipyridine, indole, quinoline, calixrene, BODIPY, crown ether,
porphyrin, rhodamine and nanoparticles. The theory behind the mechanism to sense the
analyte has been described. The details of analytical (photoluminescence) processes is
discussed -in the different subsections. The optical chemosensors has been classified
according to performance of the signal transmitted by the active unit and diverse possible
mechanisms like PET, ICT, ET, CHEF/CHQF for signal transduction upon analyte
binding to chemosensors and the term used in the fluorescence sensing have also been

discussed in this chapter.

Chapter 2, entitled “Thiosemicarbazide based chemosensor for Arsenite and
cyanide ion” described the synthesis and characterization of 2-((2-Hydroxynaphthalen-1-
yl)methylene)hydrazinecarbothioamide (L1) and successfully applied for the detection of

toxic anions arsenite and cyanide ion among other anions. L1 is utilized as a turn-on



sensor for arsenite and cyanide ions via deprotonation and hydrogen bonding mechanism
upon interaction with both analytes in DMF: H,O (HEPES buffer, pH = 7.2, 9:1 viv
solution) medium. This L1 was characterized by different techniques including UV-vis,
FT-IR, NMR and mass spectroscopy. This ligand shows 1:1 and 1:2 stoichiometry with
arsenite and cyanide ions respectively via Job’s plot. The binding constant of AsO," and
CN" with L1 was calculated by using B-H (Benesi-Hilderbrand) plot and found as 3.1
x10° and 1.9 x 10° for AsO, and CN" respectively and limit of detection of AsO, and
CN" was 66 nM and 77 nM with ligand L1 respectively. Further the binding affinity of
probe L1 with both anions was manifested using NMR, theoretical optimization, mass
spectroscopy, optical studies and electrochemical studies and used in real .time water

analysis for the detection of both anions.

OH
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Chapter 3 entitled “Pyridine dicarbohydrazide based chemosensor for the
detection Copper and cyanide ions” described the synthesis and characterization of bis-
(4-hydroxy-3,5-dimethoxybenzylidene)pyridine-2,6-dicarbohydrazide (L2), bis(-(1H-
pyrrol-2-yl)methylene)pyridine-2,6-dicarbohydrazide (L3), bis(-(2-hydroxynaphthalen-1-
yl)methylene)pyridine-2,6-dicarbohydrazide (L4), bis(-anthracen-9-
ylmethylene)pyridine-2,6-dicarbohydrazide (L5) by NMR, FT-IR, UV-vis spectroscopy,
elemental analysis and mass spectroscopy, SC-XRD and emission spectra. These ligands
were recognized copper ion among other metal ions and cyanide ion detection by copper
complex via in-situ experiment with turn on-off-on behavior in MeOH: H,O (9:1, v/v
solution) medium. The red shift was observed in absorption spectra and quenching
behavior observed in emission spectra of these ligands with copper ions through PET

mechanism and further copper complex was applied for CN™ ion detection. The ligands



(L2-L5) were showed 1:2, 1:3, 1:2 and 1:2 stoichiometric ratios respectively, with copper
ion via Job’s plot based on UV-vis spectra. The S-V plot demonstrate the linear
quenching of the ligands with copper ions. The formation constant of L2 to L5 was as
8.866, 17.645, 11.145 and 6.45 respectively. The limit of detection for copper ion with
ligands (L2-L5) were calculated as 0.12, 0.10, 0.097, 0.098 uM respectively, using
emission spectra. The binding affinity of copper ion with ligands was supported by FT-
IR, mass spectroscopy, redox studies and optical studies. furthermore, cyanide detection
was found by the copper complexes of ligands via in-situ experiment with displacement
approach. Further, these ligands were applied for practical applications such as real water

analysis and in logic gate behavior.
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Chapter 4 entitled “Pyrimidine based fluorescent sensor for aluminum ion
detection” illustrated the synthesis and characterization of 6-amino-5(((2-
hydroxynaphthalen-1-yl)methylene)amino)-2-mercaptopyrimidin-4-ol (L6) and 6-amino-
5((4-bromobenzylidene)amino)-2-mercaptopyrimidin-4-ol (L7) by different techniques
(UV-vis, FT-IR, Mass spectroscopy and NMR and fluorescence spectroscopy) and found

that L6 recognize the aluminum ion among other metal ion whereas L7 didn’t show any

Vi



change in UV-vis and emission spectra with any metal ions. So further all studies have
been performed only with L6 ligand. L6 was more selective towards aluminum ion with
“OFF-ON type” behavior. The fluorescent sensor recommended 1:1 stoichiometry with
aluminum ion by Job’s plot in CH3CN medium. The high sensitivity of ligand L6 towards
aluminum ion supports the high detection limit viz. 99 nM with 3.5 x 10* association
constant (K,). There was no interference was found by another metal ions. The binding
was supported by NMR titration, Theoretical studies and cyclic voltammetry studies.
Further, it was used in different practical applications such as bacterial cell imaging with
E. coli DHa bacteria and logic gate applications that manifested the red and green
fluorescent images in green and red channel with AI** ion as well as in logic gate

application it showed INHIBIT logic gate in switching behavior.
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Chapter 5 entitled “Oxalohdrazonamide based turn-off chemosensor for Hg?*
and Cu*" and turn-on for Cd*" ion” described the synthesis and characterization of
Bis((indol-3-yl)methylene)oxalohydrazonamide (L8) via different spectroscopic
techniques. It was found that ligand L8 was shown colorimetric and turn-off behavior
with Hg”* and Cu®* ion among other metal ions through CHQF and PET mechanism
whereas in fluorometric studies it shows turn-on demeanor for Cd*" ion with CHEF
mechanism in aqueous medium. The binding constant of Cu®*, Hg** and Cd** with
ligands L8 viz. 7.35 x 10° 2.33 x 10° and 11.612 (log p) respectively. It has high
sensitivity towards Cu**, Hg*" and Cd*" ions and LOD was ca. 0.16 uM, 0.33 uM and
0.11 puM respectively. The binding of these metal ions was supported by NMR titration,

mass spectrometry, electrochemical studies and FT-IR spectra. Further, in situ
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experiment for the detection of cyanide ion with ligand appended copper ion. The

practical application such as logic gate and real water analysis was successfully applied.
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Chapter 6 entitled “Carbohydrazide based chemosensors for magnesium,
manganese and copper ion” was determined the synthesis and characterization of ((6-
nitro-4-oxo-4H-chromen-3-yl)methylene)furan-2-carbohydrazide (L9) and ((6-bromo-4-
oxo-4H-chromen-3-yl)methylene)furan-2-carbohydrazide ~ (L10)  through ~ various
techniques such as NMR, FT-IR, UV-vis spectroscopy and fluorescence spectroscopy.
Ligand L9 shown the detection of manganese and magnesium ion by UV-vis and
emission spectra among other metal ions. However, L10 detected the Cu* ion by UV-vis
studies and Mg** ion by emission studies. These ligands show good affinity towards these
metal ions. The formation constant of Mn®* and Mg?" ion with L9, is 1.68 x 10° and 1.2 x
10°, respectively. Similarly, the association constant of L10 with Cu®*" and Mg*" ion as
1.99 x10° and 5.25 x 10* respectively. The limit of detection of magnesium and
manganese ion with L9 was as 2.56 x 10°and 1.63 x 10”" respectively and LOD for Cu**
and Mg®* with LL10 was 3.71 x 10" and 1.28 x 10° respectively. Binding of these metal
ions is confirmed by NMR and cyclic voltammetry. Further these ligands and ligands

with magnesium ion was used in different applications such as bioimaging.
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CHAPTER 1

1.1 INTRODUCTION

Now-a-days, there are many issues on ecological and public health interest due to
infectious environment by the toxic ions. The hazardous effect of toxic metal ions and
anions on environment extensively increased many health problems. The reason behind
environment pollution is the major use of pesticides in agriculture, e-wastes, industries,
mining, smelter, municipal waste, biomedical waste and fertilizers. Apart from this, some
elements are useful biologically but beyond the certain limit they are also harmful.
Environmental pollution and its cure are one of the main concerns for scientist or
researchers. Accurate recognition and assessment of various toxicant is the early step to
deal with this very serious problem and it is the stage where molecular sensors performed
an essential role. The present work manages to identification of poisonous heavy metal

ions and toxic anions.
1.2 TOXIC EFFECT OF ANIONS IN THE ENVIRONMENT

Anions are omnipresent in nature and in biological processes, they are also
involved in many industrial processes like mining, smelting, extraction of gold and silver
from ore, uses of pesticides, insecticides and fertilizers, electroplating, preservatives,
enameling and anti-rust paints [1]. Due to the vital role of anions in the field of
environment, catalysis and medicinal chemistry, it generates the attention of scientist or
researcher. There are numerous anions such as cyanide, arsenite, acetate, chloride, nitrite,
bromide, fluoride etc. that are pervasively present in the biological systems and affect the

environment by their toxicity [2].

Chloride ion 'is an essential electrolyte in sustaining the potential across the cell
membrane and the cause of cystic fibrosis is mis-regulation of chloride transport in the
cell membrane through the chloride channels [3]. Prodigiosins transport chloride as HCI
by biological lipid bilayer membranes which has been shown in uncouple lysosomal
vacuolar-type ATPases [4]. Cyanide ion is also a very hazardous anion among other
anions. It disturbs many functions of the body including visual, metabolic system,
vascular, cardiac and endocrine. Whereas the best-known effect of cyanide is it binds

with enzymatic proteins and disrupt the electron transfer chain in the mitochondria of cell



[5-9]. Similarly, the high concentration of acetate ion is also harmful for living organism
whereas it plays an important role in the various metabolic processes such as acetyl
coenzyme [10,11]. Some other anions that have some importance in biological systems
PO,*, F, HoPO4, HPO,, SO4%, NO; etc., these types of anions also permit for accurate
assessment in numerous environmental systems [12-15]. In the treatment of osteoporosis
F~ ion plays an important role and preventing in tooth decay. But its high concentration
leads fluorosis disease which is also known as fluoride disease [16-18]. Phosphorous is
an essential nutrient for human body and it is also a key element for plants growth and
animal that is absorb by daily diet such as milk product, vegetables, fish, meat and it is
present in human body and other living system as phosphate ion [19]. it can be harmful
and toxic if exist in very high level that causes damaging of tissues. The chronic kidney
disease and higher existence of vascular calcification is associated to the higher retention
of phosphate in the body [20,21].

1.3 BIOLOGICAL FUNCTIONS AND TOXIC EFFECT OF METAL IONS IN
THE ENVIRONMENT

Heavy metals are commonly occurring in the nature by earth’s crust, but pervasive
human interference have intensely altered their biological balance and geological cycle
[22]. The phrase that establish “heaviness” has been suggested based on atomic weight,
density, atomic number and chemical properties. The common definition is “The metals
whose density higher than 5 g/cm® are considered as heavy metals™ [23]. Many
researches have displayed that these metals play a major role in regulating of ‘many
physiological functions and bio-chemical in the living thing at convinced amount
moreover excess above permissible amount inimically affect the system. Unluckily, the
fact is heavy metals and anions are everywhere in the environment due to the extensive
use of these ions in the modern society. The most common heavy metals are chromium
(Cr), mercury (Hg), cadmium (Cd), silver (Ag), lead (Pb), copper (Cu), Iron (Fe), zinc
(Zn), arsenic (As) and platinum group element. There are various sources of extraction of
these metal ions in the environment like soil erosion, sewage parole, fossil fuel

combustion, industrial waste, metal mining etc.



Alkali and alkaline earth metal ions perform an essential role in numerous biochemical
activities because of their engrossment in various biological and environmental processes
[24,25]. The reason behind the distribution of these metal ions into the climate is daily
industrial turnover that leads negative effect on human being and biota. Recently, the
structure of new potassium channel (Streptomyces lividan) has stimulated via
construction of abiotic systems [26]. Na'/K" plays an important role in blood circulatory
system in the body to maintain blood pressure [27,28]. Rb" ion is mostly used in
radiopharmaceutical analysis [29]. Nuclear fuel is essentially containing radioactive Cs*
ion [30] and therefore its quantitative and qualitative assessment is demanding field of
the many researchers. Magnesium ion is also an essential metal ion because it takes part
in many enzymatic reactions as a cofactor, magnesium fulfills numerous intracellular
physiological functions [31]. The imbalance magnesium status might generate unwanted

neuromuscular, cardiac/neurons disorders [32,33] etc.

Same as, transition metal ions plays an important role in biomedical and natural
processes. These metal ions such as Zn?*, Cu**, Mn*" and Fe®" are indulged in various
structural and catalytic aspects of the biological procedures [34]. In Alzheimer’s disease,
the transition metals Cu®*, Fe?* and Zn?* have been bound to the peptides in the
aggregation of B-amyloid peptides [35]. However, Cu?* ion is an essential element for
human body and have importance in the field of biological processes. But its high
concentration may cause many diseases, it is accumulated in kidney and liver that affects
the gastrointestinal part of human body or may responsible for other diseases viz.
Wilson’s disease, infant liver damage, dyslexia and hypoglycemia [36]. Moreover, the
most hazardous element Ag*, Hg®*, Pb®*, Cd** and Arsenic have the serious concern of
their detection. Arsenic is the more toxic and carcinogenic metal among all heavy metals.
In 19" century, arsenic compounds arsphenamine (salvarsan), neoarsphenamine
(neosalvarsan) etc. used as chemotherapeutic agents in the field of medicine [37,38]. It is
present in the environment in two forms viz. organic and inorganic arsenic, its inorganic
form (As(I1l) and As(V)) is highly toxic among both forms [39]. The main source of
arsenic exposure is drinking water drawn from ground [40] that causes many diseases
such as skin cancer, arterial disease, urothelial cancer, arsenic-induced skin lesion and

hypertension [41,42]. The other more toxic metal ion is lead that can damage all the

3



organ and nervous system of the human body and causes many diseases such as kidney
damage, muscular paralysis, memory loss, cardiovascular affect, mental retardation and
anemia [43,44] etc. Similarly, mercury is also a very dangerous metal ion for living
organism and environment [45]. It binds with sulfhydryl unit of tertiary and quaternary
structure of proteins. Its adverse effect is mainly focusing the brain, it can also damage
the nerve system, renal functions and immune system [46]. Cadmium ion is also a
poisonous element that causes many disease [47]. Its small amount can bind with amino
acids which affect the organs of the body. The sources of these heavy metal ion are
aquatic, industrial, agricultural activity, nuclear waste and industrial waste. Therefore, the
estimation and detection of these ions are very prominent area to scientist and
researchers. The precise and accurate detection of anions and metal ion in the water,
food, medical field as well as in environment is an important and challenging problem for
the analytical chemist. For this, sensors are most suitable as fast and cost effective still it

proposed high precision and sensitivity.
1.4 HISTORICAL SURVEY OF MOLECULAR SENSORS

The recent growth in the optical sensors arrays i.e. the substitute to electronic
sensors has dance history as ocular indicators in the field of analytical chemistry. In
recent years, Scientist and researchers are focusing on the advancement of the optical
sensors arrays because of its high sensitivity and accessible recognition process. In early
23-79 AD, Elderpliny performed the papyrus test which was used in ancient Greece to
detect the adulteration of copper ion from iron. Further, in 16™ century, Tachenius used
this method for the detection of ferric ion in urine. Later, another Spanish botanist
Nicolus Monardes was described the first recorded fluorescence by a strange blue
grimmer from water confined in a specific wooden cup from Ligirium Nephiticiem.
Further, Robert Boyle and Isaac Newton were widely explained this phenomenon in 17"
century. Than in 1865, the first crude fluorescence emission spectra were established by
John Hershel for quinine. In 1852, Another famous scientist George Stokes was made
good progress to understand of fluorescence process. He started the procedure of
analyzing fluorescence by using two distinct filters, in which one for excitation

wavelength and another for measuring emission wavelength. He found that the emission



wavelength was longer than excitation wavelength, and now this phenomenon of
fluorescence known as “Stokes’ Law”. The first fluorescence dependent analysis was
performed for the determination of AI(Ill) ion by producing morin chelate by F.
Goeppelsrieder in late 19" century [48]. In 1950, the fluorescent quinine was responsible

for inspiring the development of first Spectro fluorometers.
1.5 CONVENTIONAL METHODS FOR DETECTION OF IONS

There are various inorganic techniques available for the detection of trace amount
of metal ions. These techniques are Atomic Absorption Spectroscopy (AAS), Flame
Atomic_ Absorption Spectrometry (FAAS), Graphite furnace Atomic Absorption
Spectrometry (GAAS), Electrothermal Atomic Absorption spectrometry (EAAS) [49],
Inductively Coupled Plasma (ICP), some hyphenated techniques are also available such
as Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [50], Inductively Coupled
plasma optical Emission Spectrometry (ICP-OES) [51]. Several heavy metal ions such as
Co, Cu, Cr, Cd, Ni, Pb, Sb, Hg and Zn are required to detect precisely and accurately on
daily basis. These metal ions are present in the environment through industrial waste
water. These instruments are used in the detection of various metal ions whereas these
instruments are costly, time consuming and have large size therefore, the development of
colorimetric and fluorometric chemosensors is the main concern for the effective and

sensitive detection.
1.6 AIM OF THE THESIS

In the context of the importance and future-outlook of chemosensors based
materials, the aim of the thesis is to design a chemosensor scheme that have capability to
analyze the analyte .accurately via selective detection procedure. For making the
determination of analyte fast, simple and cost effective, the optical sensors are the better
option than conventional methods because conventional methods instruments are
sophisticated, highly expensive and complicated. Many of these analytes chemosensor is
proposed for the specific planed purpose. The detailed overview of these is deliberated in
the following sections. For the selective detection of analyte, these chemosensors

performed via different techniques such as colorimetric, absorption and emission studies.



The goal of the thesis is to construct such optical sensors that are selective, sensitive and
low-cost techniques for various toxic analytes. The thesis contains a number of
chemosensors which is synthesized and having different heteroatom moieties (NH, OH,
C=S and C=0) that can have high selectivity and sensitivity towards analytes.

1.7 MOLECULAR SENSOR

It is a device which collect the information through analyte and change into an
appropriate signal that can be comfortably recordable and readable by an apparatus or
observer. The recordable signal is countable on the interaction between the analyte and
molecular sensors. Therefore, the molecular sensor is constructed based on response of
the analyte on different phases [52]. Molecular sensors are made up of two basic
functional units: a receptor part and a transducer part. The receptor part of the sensor is
designed based on the functions of interaction towards analyte. The transducer unit is
recorded the changes that generates on the interaction between the receptor part and
analyte (figure 1.1).

The low- cost sensors have wide applications such as in environment pollution,
mining, medicine, home safety and many others. A perfect chemosensor generally
signifies to a molecular structure (organic or inorganic complex) that is used for sensing
of an analyte to produce a detectable changes or signals. When analyte interact with the
receptor (chemosensor) then its properties has been changed (i.e. color change, change in
absorption, change in electrical potential at the surface of interaction and emission

spectra) further, transducer transform the magnitude into essential analytical information.

L Analyie

—~—  Platform/ _ >
“<«._transduction .~

Signal processing

Figure 1.1. Schematic representation of a sensor.

6



1.7.1 MOLECULAR RECOGNITION

Molecular recognition is the procedure of non-covalent binding between organic
molecule and a guest molecule. It also specifies as the process by which one or two
molecules bind to each other in a specific geometry [53,54]. The source of molecular
recognition is dependent on host-guest chemistry which is related to normal macrocyclic
compounds that are capable to selective binding of alkali ions and supramolecular
chemistry. The synthetic or natural receptors, known as carrier/ionophores recognize the
ions. The molecule having hosting ability and suitable becomes sensitive and selective
sensors for the guest analyte and ion. There are two ways for the recognition of guest by
host which is presented in the figure 1.2. In this representation the molecular recongnition
is performed, type (a) shows that the recognition unit and repoter are connected by a
linker and when the anlyte is recognize by the molecule the reporter or receptor has some
changes (in fluorescence), type (b) demontrate that there is only a recognition unit which

is only recognize the analyte.

a) Typel P

Recognition unit Recognition unit

b) Type2

ﬁ( @ analyte
¢ X 7

v

Figure 1.2. Two ways for the guest recognition.
1.7.1.1 Cation Recognition

Since last decades scientists including environmentalists, clinical biochemists,

chemists and biologists have great interest in “Cation Recognition” as a research area
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[55,56]. In the alkali and alkaline earth metal ions Na*, K*, Mg®* and Ca*" ions are
participating in many important biological functions such as required in different cellular
mechanism, locomotion, DNA replication, transition of nerve impulse, enzyme catalysis,
muscle contraction etc. and various metalloenzymes activities are found to operate by
several metal ions [57,58]. In the favor of biological term, it is essential to restraint the
level of Li* ion in the serum of patients under treatment of manic depression [59] and K*
level should be controlled in high blood pressure [60,61]. According to the
oceanography, the survival of micro-organisms under sea water depend upon some
nutrients. Moreover, most of the nutrients contain chromium (Cr**), manganese (Mn?"),
iron (Fe®*/Fe*), cobalt (Co?"), copper (Cu®") and zinc (Zn**) that works as enzyme
cofactors. In these metal ions aluminum toxicity has long been identified and
Alzheimer’s disease is a possible implication of its toxicity [62].

It is well-known that lanthanide ions are biologically and environmentally important due
to their specific role in catalytic reactions and biological imagining processes [63]. Many
of lanthanide metal ions are present in T-channel antagonist because of their +3 valency
[64]. Other metal ions like Pb?*, Hg** and Cd*" are known as their toxic influence on
living organisms as well as their biological significances [65]. Whereas, there are large
number of analytical methods are available for the detection of metal ions such as flame
photometry, electron microscope, atomic absorption spectroscopy, inductively coupled
plasma etc. but all these instruments have high expenses, sophistication with very high
expenditure for maintenance [66]. Moreover, these instrumental techniques are not well
suited for in-vivo and in-field studies for detection of the metal ions. On the other hand,
colorimetric and analytical techniques are present to be comparatively easier to handle
with fast response time, high selectivity and sensitivity. Chromogenic sensors have an
interesting quality that the visual detection of the ions, it permits the semiquantitative
naked eye detection of selective analyte without establishment of any spectroscopic data.
Similarly, fluorescent sensors are also important due to their simplicity, reliability and
high sensitivity and used in different application such as bioimaging of living cell with

high temporal and resolution.



Further, the luminescence response of the fluorophore is tune up by different
photoinduced processes e.g. Charge Transfer (CT), Energy Transfer (eT), Electron
Transfer (ET), Forster Resonance Energy Transfer (FRET). Figure 1.3 represents some
chelating ionophores [67-71] that contain hetero atom group for ion sensing. In which
compound 1 (7-nitrobenzo-2-oxa-1,3-diazolyl) shows turn-on behavior for Hg** and Ag*
ions, compound 2 (1 N-(9-Anthracenylmethyl)aza-18-crown-6)is recognized the alkali
metal ions, compound 3 (derivative of terpyridine) is respond as a colorimetric sensor for
Hg?* ion in aqueous media while compound 4 (quinoline-carbaldehyde) shows the naked
eye detection for Cu®* and Hg®* ions and compound 5 (8-hydroxy-1,2,3,5,6,7-
hexahydropyrido-[3,2,1-ij]Jquinoline-9-yl)methylene)benzohydra-zide) behave as a

fluorescent chemosensor for A" ion.

i
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Figure 1.3. Different example of chelating ionophores for metal ions appropriate for
optical chemosensor, compound 1 for Hg?* and Ag” ion, 2 for alkali metal ions, 3 for

Hg?* ion, 4 for Cu®* and Hg?* ions and 5 for AI** ion.



1.7.1.2 Anion Recognition

Anion are important for life, as various biological processes relay on the existence
and transport of anions. Many of the chemical transformations and industrial processes
are carried out by using anions. Rather than this these anions are generally found as
injurious pollutants [72,73]. The anions binding with receptor realm in “Supramolecular
Chemistry” and recognition [74] of the anions through different receptor molecules
depend on the identification of the anions that can cause many changes like color,
absorbance, emission and electrochemical studies which is advantageous in the
recognition of anions as well as in real time concentration [75]. These studies are useful
for the detection of toxic anions (e.g. CN’, AsO,, F, NOs,, PO,> etc.). Therefore, it is
needed to develop the reliable and sensitive methods for detection of these anions in the
favor of environment and human health. In this context, the most active area in research
is optical anion sensors, in which the recognition of anions is occurred via receptor
molecules with changes in color and spectral properties [76]. Figure 1.4 represents some
chemosensors for anions [77-81] detection in which compound 6 (4-phenylsemicarbazide
or 4-phenylthiosemicarbazide) shows urea and thiourea based compound for the detection
of F and AcO" ion. Compound 7 (1,3-Bis(4-nitrophenyl urea) is highly selective and
efficient for F ion. Compound 8 salicylaldehyde hydrazones based chemosensor is highly
selective for CN™ ion sensing, compound 9 (Dipyrrole carboxamide based) is highly
sensitive towards CN" ion similarly, compound 10 is used for the sensing of H,PO, anion

among other anions.
1.7.2 TYPES OF SENSORS

Sensors can be classified as Physical sensors, Chemical sensors or Biosensors depending
on the quantity they are measuring (figure 1.5). Physical sensors contain electrochemical

SEensors, magnetic sensors, thermal sensors etc.

= Physical sensors: These sensors have the capability to quantify the physical
responses such as pressure, volume, force, magnetic field, temperature etc.
= Biosensors: Biological sensors measures biological properties such a cell or virus

numbers. Biosensors can be physical, chemical or biological sensors, which
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respond towards biomolecules such as amino acids, proteins, tissues and
nucleotides [82-86].
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Figure 1.4. Various type of chemosensors for the detection of anions in which compound
6 F and AcO"ion, 7 for F ion detection, 8 for CN" ion, 9 for also for CN" detection and
10 for H,PO,.
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Figure 1.5. Types of Molecular sensors.
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e Chemical sensors: Chemical sensors are the materials that transform chemical
information to analytically useful signals. It distinguishes the molecule which is
conscious towards stimuli yield by different chemical analytes and transduction
part generate a signal whose magnitude is straightly proportional to concentration
of analyte [87]. The suitable definition of a “‘chemical sensor” has been defined as
“Cambridge definition”, by which a “chemical sensor” is one that “a miniaturized
device/ material, which passes real time and on-line information in the presence
of specific ions in the complex”. The phrase “chemosensor” had been described
as a material of abiotic origin that indicate the existence of energy or matter [88].
Chemosensors can be divided by the nature of signals such as electrochemical,
optical and colorimetric sensors etc. and further the electrochemical and optical

sensors are briefly discussed.
1.7.2.1 Electrochemical sensors

Clinical chemistry has great interest in electrochemical sensors like
potentiometric, amperometric and ion selective electrode because they propose fast
response, relatively inexpensive and electroanalytical results [89,90]. The sensor
membrane is an example of clinically useful sensor [91]. Membrane plays an essential
role in ion-selective electrode/sensor where the chemical detection and other processes
occurred. The necessity of the signal’s quality and persistence of the sensor depend upon
the membrane. Electrochemical sensors present electrochemical changes between the
analyte and characteristic electrodes [92]. These devices convert the response of
electrochemical interaction between analyte and electrode in to useful signals.

Electrochemical sensors have following subgroups.

» Potentiometric sensors in which potential is measured for indicator
electrode (e.g. metal/metal oxide, ion-selective electrode and redox
electrode) Vs reference electrode.

» Next one is voltammetric sensors that include amperometric sensors.

These sensors generally measured the direct current (d.c.) [93].
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In various analytical techniques, the ISE (lon-Selective electrode) sensor is found
to simple and have wide range of benefits. Another way to sense the guest molecule by
the receptor is electroanalytical techniques such as Cyclic Voltammetry (CV). Cyclic
voltammetry measures the redox potential or properties of the receptor in the presence or
absence of the guest molecule. This type of sensor has redox active groups and binding
units. In this procedure, the binding processes must be connected to the redox reactions
which is the necessity factor that means redox active center must be included with
binding of guest molecule.

1.7.2.2 Optical Sensors

Generally, optical sensors are categorized into colorimetric sensors, fluorescent
sensor, and electronic transfer path selective sensors [94,95]. Over the other method,
fluorescent sensor has main concern due their high sensitivity, real time monitoring, high
speed and safety. In the fluorescence, the substance emits the light on absorption of
electromagnetic radiation, this emitted light always absorb at higher wavelength with
lower energy than the absorb light. The main issue is sensitivity of fluorescence which is
generated via difference between emission and excitation wavelength. Absorption
measurement is described the concentration up to the range of micromolar whereas
fluorescence measurement precisely determined the concentration in range of picomolar
or femtomolar level. Therefore, fluorescent sensors have great interest, as they provide
good output with very easy measurement of lower concentration. Further, it can be used

in different biological system.
1.7.2.2.1 Photoluminescence

When a molecule absorbs the photons and emits the light from any form of
molecules, this phenomenon is called photoluminescence [96]. Normally, this
phenomenon is classified into two categories i.e. fluorescence and phosphorescence. In
phosphorescence and fluorescence mechanism, the time interval between absorption and
emission of light may vary from short femtosecond and millisecond respectively.
Generally, fluorescence happens when the emission of the photons within the two energy

levels of same spin multiplicity. The process is very vast, and an electron is in the excited
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state has the lifetime is 10°-10® s. Phosphorescence mechanism takes place when a
photon is transferred to the triplet excited state to singlet ground state, where the spin
multiplicity is not same. The lifetime for phosphorescence is in the range 10*-10%s. The
photoluminescence method is divided into following sub-divisions (figure 1.6).

Phosphorescence
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Figure 1.6. Possible pathways of excited molecule and various photoluminescence

processes.
1.7.2.2.2 Absorption of light

A molecule irradiates by electromagnetic radiation, it starts to absorb this
radiation and becomes reactive in higher energy levels or excited state. Due to the
reactivity of the molecule, the transition of the electrons occurred from highest occupied
molecular orbital (HOMO, HOMO-1) to lowest unoccupied molecular orbital (LUMO,
LUMO+1). For the transition between electronic energy level, the electromagnetic light
must be of enough energy and these photons are found deceptive in UV-vis region.
Because of this region, the visible range of electromagnetic radiation from 200-800 nm is
called as “photochemical window”. The spam of the wavelength of spectrum and results

of absorption are summarized in the table 1.1.
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The optical UV-vis range are subdivided into ultraviolet, visible light and near-IR.
When an extension in conjugation or mixed-valence system occurred, it is come under
Near-IR absorption [97]. When electromagnetic radiation is irradiated any molecule or
substance, the substance starts to absorb, scattered, transmitted or reflected the radiations.
Substance absorbs the radiations only of exact frequency i.e. related to energy difference

of two electronic levels.

Table 1.1: Ranges of the electromagnetic radiation and their significance on molecular

structures

Radiation Range of wavelength () Absorption Associated

Gamma Rays 0.1 nm Nuclear Reactions

X-rays 0.01-10 nm Transitions of inner atomic electrons
uv 10-400 nm Transitions of outer atomic electrons
Visible 400-750 nm Transitions of outer atomic electrons
Infrared 750 nm-15 pum Molecular vibrations

Far Infrared 15 um-1mm Molecular rotations

Radar 1 mm-1m Oscillation of movable electrons

The molecule irradiated by light radiation, the excited state of the molecule is
generated, and it has different chemical reactivity with its ground state. The intensity and
shape of the absorption band or spectra are depending upon excitation between ground
and excited state. The absorbance, concentration of absorber and path length is connected
to each other by the Lambert-Beer Law [98].

Iy
A=€¢ XC XIl= 109107

Where, A represents absorbance, € for molar absorption coefficient, C represents
conc. of the substance, | shows path length, lp represents incident radiation light and |

show the transmitted light.
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The absorption spectra of a substance can be achieved by using UV-vis
spectrometer. The absorbance of a molecule at specific wavelength is dependent on the
concentration of the species and its molar absorption coefficient. This coefficient is
related to the electronic transition at specific wavelength. The analyzed value of this
coefficient (through guantum chemical parameters) provides a proof of how allowed a
transition is. The term “allowed” and ‘“forbidden” are related to classical physics and
meant as quantum chemical term. If the value of € is greater than 10> dm® mol™ cm™ for a
transition, this transition is assigned as “fully allowed” and if the value of € is below ~100
dm?® mol™ cm™, this transition is act as “forbidden”. The “forbidden” transition indicates
that the molecule does not absorb the radiation well and transition is very low. The values
of ¢ between ~10? and ~10%, the transition is “partially allowed”. The selection rule of

transitions is based on two factors, “spin and symmetry” [99].

By the spin selection rule, the electronic transition is allowed, where the spin
remains unchanged and “forbidden” transition occurred if there is difficulty in spin. This
suggest that during transition spin changes from singlet to triplet. Whereas symmetry
selection rule analyzes the symmetry of ground and excited state and it may be distorted
by the environmental factor or presence of metal ion. Therefore, it is critical to know
which transition is allowed and which is forbidden by the symmetry selection rule. To
overcome this situation, the absorption coefficient is measured and found that if € < 100
than transition is symmetry allowed and spin-forbidden and if the transition is forbidden
by the symmetry rule and allowed by the spin selection rule the value of € is 10?~10* in

the range due to the symmetry distortions [100].

The € values, types of transitions and intensity defines the form of absorption
spectra. The transitions are carried out by Franck-Condon principle, which declares that
the electronic transitions in a molecule appeared very fast or in simple manner that
transitions are vertical. Potential energy diagram reveals that each electronic orbital has
their own vibrational levels for HOMO-LUMO transitions. During these transitions, the
internuclear space remains unchanged. These transitions show very intense transition in
absorption spectra. Generally, due to the large number of vibrational levels in electronic

state, the organic system does not give fine and sharp transition in solution or solid
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media. Comparatively, they represent the broad curves, such as a line drawn over the
peak maxima of the specific transition. Moreover, the Franck-Condon principle is equally
applicable to both absorption and florescence phenomenon [101]. In the fig 1.7
demonstrates the decay to the ground state through photon emission. Details of these

processes and different types of relaxation will discussed in following section.
1.7.2.2.3 Physical deactivation of excited state

When a substance is exposed to light and it starts to form an excited state, which
is chemically different substance to their corresponding ground state. This excited state of
the molecule has been called “electronic isomers” which is moderately under assessment
their relevance. Due to the instability of these excited states, they lose their excess energy
instantly via deactivation processes. The Perrin-Jablonski diagram is suggested to
visualize the most instinctive process in a simple way, which is usually occurs after
absorption of photon and explains the properties of excited state and their relaxation
processes. After absorption of light by the molecule, the vibrational energy levels in the
excited state will be populous with electron, which have huge energy and starts to relax in
lowest vibrational level of S; with in picosecond or less through vibrational relaxation
and this process known as the “Internal Conversion” (non-radiative loss of energy).
According to Kasha’s rule, [102] the other photochemical processes like fluorescence,
qguenching etc. are occurs from S;. This rule says that after excitation all the
photochemical reactions will enduringly arises from v = 0 of S; due to the relaxation rate
to the lowest vibrational level of S; is the fastest deactivation process. Now the excited
electrons at S; level of excited molecule may go through either fluorescence by emission
of photons or. intersystem crossing to the triplet state or it may reduce to the ground
singlet state Sy through emission of energy by Internal conversion. In the idealized
conditions, intersystem crossing for relaxation from singlet S; to triplet T, via spin
alteration is forbidden transition process. Moreover, the relaxation from excited T, state
to the ground state Sy is a radiative process and it is called as “phosphorescence”, it is
also called a delay process. This process is lower energetic radiative, and it is also slower
than the fluorescence processes due to the spin multiplicity. In this process, fluorescence

is a spin-allowed radiative relaxation process because of same multiplicity of both states
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excited S; and ground Sy. This process takes very short time period within the range of
picoseconds to microseconds. According to the Jablonski’s diagram (figure 1.7), during
this process the emitted light has the higher wavelength (lower energetic) distinguished to
absorbed light due to loss of limited energy by the molecules [103].

The difference between the Amax (Spectral position) of absorption and emission is
known as “Stokes Shift” (figure 1.8) [104]. The instant non-radiative decay to the lowest
vibrational level of S; is the main reason of Stokes’ shift. Furthermore, due to this effect,
the fluorescent molecules show the stokes shift because of complex formation, solvent
effect, energy transfer and excited-state reaction.
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Figure 1.7. The Perrin-Jablonski diagram.
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Figure 1.8. Demonstration of Stokes shift.
1.7.2.2.4 Fluorescence Sensors

Nowadays, fluorescence sensors are more fascinating for researchers due to their
stability, reliability and luminescence behavior via different mechanism or photoinduced
processes viz. charge transfer (CT), energy transfer (eT) and electron transfer (ET). The
variations in the structure after host-guest binding leads via luminescence Reponses and
these receptors shows both behavior (colorimetric and fluorometric) [105,106]. In favor
to develop a competent artificial receptor for appropriate cationic or anionic analytes,
multiple interaction between host and guest in a complementary fashion must be
considered. The main factor for fluorescence sensing is fluorophore and it is responsible

output signals.
1.7.2.2.4.1 Mechanism of Signal Transduction

Emission phenomenon takes place from excited state molecule due to the higher
reactivity of the molecule in the excited state. The interaction between two molecules
resulted the signal transduction and go through the intramolecular or intermolecular
electron transfer, charge transfer, energy transfer and proton transfer. Different types of

mechanism are further discussed.
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1.7.2.2.4.2 Photoinduced electron transfer (PET)

The photoinduced electron transfer chemosensors are an important part of the
chemosensor family. Turn-on fluorescence by small molecule have been developed and
examined based on PET mechanism. In the PET mechanism the indicators devices
connected to an analyte recognition unit (called as chelating group, coordination site,
ligand, receptor, host or probe) with a fluorophore. In PET chemosensors the receptor and
fluorophore are separated by a spacer that electronically connected by the m-electrons of
receptor with fluorophore. By the absorption of light, an electron hole pair or molecular
ion pair is formed via excited of electrons. In these types of systems, generally receptors
contain high-energy nonbonding electron pair. In the PET mechanism, the donor unit in
the molecule can promote an electron to the empty low-level orbital of the receptor which
is called as quencher. After excitation, an electron is transferred form highest occupied
molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO), which
generates the fast-intramolecular electron transfer form HOMO of receptor to LUMO of

excited fluorophore through radiative and non-radiative process [107,108].
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Figure 1.9. The graphically representation of “off-on” PET mechanism.
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After absorption of light, the electron transfer occurred within the molecule that is
called as photoinduced electron transfer. This type of chemosensor has both the units,
receptor and fluorophore with in the same molecule which are linked by the non-
conjugated bridges. Such a procedure produces a mechanism for nonradiative
deactivation of the excited state of molecule, resulting a quenching effect of the
fluorescence of the system. This system represents ‘off-on’ type chemosensor in which the
fluorophore unit shows weak fluorescence on unbound condition, when receptor is
coordinated to Lewis acid it shows strong fluorescence. Figure 1.9 demonstrated that when
receptor is bound, the transfer of electron is not performed by the receptor, rather than this
electron pair is transfer to Lewis acid or cation. In such cases the HOMOQO of the receptor is
lowered than HOMO of the excited fluorophore, the redox potential of the receptor is
hampered, and the PET process goes slow down, encouraging fluorescence emission,; this can

also be reversed [109]. This is also called as “Reductive PET” mechanism.
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Figure 1.10. The graphically diagram of oxidative PET mechanism.
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The oxidative photoinduced electron transfer mechanism between receptor and
fluorophore is fully dependent on the redox potential of the both units. Apart from the
reductive PET mechanism, oxidative PET chemosensor shows strong fluorescence from
unbound molecule, whereas the fluorescence emission is quenched on bound species. This
type of process called as ‘on-off” System. The fluorescence intensity of such chemosensor is
decreases as the amount of analyte increases. Figure 1.10 represents the molecular orbital

diagrammed of oxidative PET process [110].

Liu et al. [111] synthesized 8-hydroxyquinoline based chemosensor HL (N-
(quinoline-8-yl)-2-(quinoline-8-yloxy)acetamide) for Cd** ion in ethanol via ‘off-on’ PET
mechanism (Scheme 1.1). On the other hand, it also senses Zn** ion simultaneously. In this
study the composition between Cd** ion and HL is 1:1 occurred based on emission and

absorption titration. Scheme 1.1 represents the chemosensor for Cd** and Zn®* ion.
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Scheme 1.1. PET based Cd?* and Zn?" ion selective chemosensor.

Lee et al. [112] has been reported a fluorescent sensor which is based on the
pyrene unit (Schemel.2). In this chemosensor the receptor and fluorophore unit both are
present. This molecule has tryptophan unit as receptor and pyrene unit is as fluorophore
unit for the detection of Hg** and Pb®* ion in the aqueous medium (10 mM HEPES buffer
of 7.4 pH) with 5% CH3CN. This chemosensor viewing turn-on emission in case of Ph?*
(380 nm) and in case of Hg?* ion (at 380 and 475 nm). Identification of Pb*" and Hg®" ion
by the sensor hampered the PET mechanism from indole moiety to pyrene moiety in the
molecule, that results enhancement in the emission. Whereas, in the sensing of Hg?* ion

due to stacked dimerization of pyrene fluorophore, the absorption intensity is decreased.
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Scheme 1.2. Pb*" and Hg?* selective chemosensor based on oxidative PET process.

Saha et al. [113] worked on an azo based Schiff base ligand (E)-6,60 —((1E,10E)-
(propane-1,3-diylbis(azanylylidene))bis(methanylylidene))bis(2-methoxy-4-((E)-
phenyldiazenyl)phenol) H,L (Scheme 1.3) that exhibits highly selective towards AI** ion
with good selectivity in semi-aqueous medium.
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Scheme 1.3. Azo based PET chemosensor for aluminum ion.
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The sensor represents the mechanism during sensing is chelation enhancement
fluorescence (CHEF) through inhibition of PET mechanism. This chemosensor
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demonstrate the 1:1 stoichiometry between the sensor and aluminum ion. it also shows

reversibility behavior of the chemosensor.

Another PET chemosensor 1 based on anthracene with two imidazolium groups
(Scheme 1.4) was developed by Yoon et al. [114] for recognition of anions via hydrogen
bond formation. This Fluorescent PET based chemosensor demonstrate the sensing
towards H,PO, and three halides (CI’, Br and I") anions through emission spectroscopy
and 'H NMR. Ab initio calculation predicted a unique tweezer-like binding of sensor

with anions.

1 1+H,PO,

Scheme 1.4. Dihydrogen phosphate selective probe based on PET mechanism.
1.7.2.2.4.3 Intramolecular charge transfer (ICT)

CT (charge transfer) mechanism is divided in to two categories. The promotion of
charge from an electron-rich (Donor) moiety to an electron deficient (acceptor) moiety
present in different molecules is known as intermolecular charge transfer method.
However, the donor and acceptor both moieties are in the same molecule, this
phenomenon known as intramolecular charge transfer process. The ICT process normally
occurs in the excitation state of the molecule due to the absorption of light of proper
wavelength. In the excited state of the molecule facilitate promotion of an electron from

one segment of the molecule or ion to the other segment in the excited state, that generate
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the charge distribution in the excited state is different from the ground state. In this type
of molecule, the donor and acceptor are connected through a n-electron bridge not by the
spacer [115, 116].

For this Pichumani et al. [117] synthesized a thiophene based sensor 4-methoxy-
N-((thiophen-2-yl)methyl)benzenamine which is highly selective towards Ag* ion among
other metal ions in methanol: water (1:1, v/v solution) medium with a detection limit as
5.0 uM (Scheme 1.5). A strong fluorescent enhancement is occurred on addition of Ag*

ion that ascribed to an increase in intramolecular charge transfer.

Scheme 1.5. Thiophene based Ag* selective probe with ICT mechanism.

A new fluorescent probe was developed by Misra et al. [118] that was further
used in anion sensing. This tricyanoethylphenyl phenanthroimidazole (TCPPI) probe
(Scheme 1.6) represents naked-eye “turn-on” detection for F* and CN™ ion among other
anions in acetonitrile (CH3CN). The probe displays 1:1 stoichiometry with anions (F" and
CN"), shows good selectivity towards F* (0.98 uM, 18.68 ppb) and CN" (1.12 uM, 29.12
ppb). The other spectral analyses such as NMR titration represents the affinity towards
both anions with acidic -NH fragment of imidazolyl unit via H-bonding interaction and
deprotonation mechanism. Further, the anions activated probe shows the interaction for
CO; with “On-Off-On” type fluorescence.
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Scheme 1.6. F and CN'" selective probe based on intramolecular charge transfer

mechanism.
1.7.2.2.4.4 Energy transfer

To understand optical sensing, energy transfer is an essential mechanism. This is
classified as electronic energy transfer (EET) and fluorescence resonance energy transfer
(FRET). Both mechanisms are relying upon distance between donor and acceptor groups
in multi-chromophoric system [119]. In these types of systems, donor unit always absorb
radiation at smaller wavelength and transferred this energy to acceptor unit that
fluoresces at higher wavelength [120]. The fluorescence resonance energy transfer
(FRET) is possible when the distance between donor and acceptor unit is in the range 10-
100 A i.e. known as Forster type energy transfer and similarly, electronic energy transfer
(EET) is occurred when the distance remnant within 10 A, this mechanism also known as
Dexter electron transfer of energy transfer [121]. Figure 1.11 demonstrate the Forster and

Dexter energy transfer.
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Figure 1.11. Energy transfer (Forster & Dexter type).

(i) Forster energy transfer

The Forster energy transfer or fluorescence resonance energy transfer is a
nonradiative process, in this mechanism the energy transferred between a photoexcited
donor (D) fluorophore which is in excited electronic state and an acceptor (A)
chromophore molecule present in ground state via long range dipole-dipole interactions
[122,123]. FRET based processes have two important advantages: one is emission band
are well separated with comparable intensities, and second is the large spectral shift from
emission to excitation, effects fluorescence detection [124]. This distinct mechanism is
not applicable for simple fluorescent molecules because of their small stokes shift and
emit fluorescence at different wavelength from excitation wavelength. In this mechanism,
the acceptor molecule is present in ground state that absorb the energy from donor unit
which is in excited state. Furthermore, this can be described that the energy released in
electron relaxation process from LUMO to HOMO of donor unit is used for the excitation

of electron in acceptor unit from HOMO to LUMO. Therefore, the overlapping must
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appear in absorption and emission spectra. As FRET systems are distance dependent and
its efficiency varies with metal ions that control the distance between two fluorophore
units [125].

Kong et al. [126] designed and synthesized a naphthalimide rhodamine-based
compound (Scheme 1.7). This chemosensor shows FRET based mechanism and OFF-ON
type behavior with AI** ion among other metal ions. This chemosensor represents a stable

I** ion over a vast range of concentration from 5.0 x 107 to 1.0 x10™° M.

response with A
it shows a good detection limitas 1.0 x 107 M. it is pH independent in medium condition
(pH 6.0 to 8.0). The other competitive studies show that the chemosensor is remarkably
specific for AI** except Mn®* ion in the presence of other metal ions. Further this
chemosensor is used in practical application such as visualization of aluminum ion in

living cells.

o€

Scheme 1.7. FRET based aluminum ion sensor.

A FRET based cyclodextrin appended fluorescent probe has been reported by the
co-worker of Wu et al. [127]. This cyclodextrin derived probe is selectively recognize the
ferric ion in aqueous medium by the formation of supramolecular B-cyclodextrin complex
or dye (Scheme 1.8). In this probe the dansyl moiety acts as donor unit and rhodamine B
work as energy acceptor. The best phenomenon of this system is that the enough distance
between donor and acceptor unit, that restrict any unwanted interactions (such as, n-n

interaction) and settled inside or outside of the CD cavity.
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Scheme 1.8. Cyclodextrin derived fluorescent sensor with FRET mechanism.

(ii) Dexter or Electronic Energy Transfer

For the metal ion recognition, another process of energy transmission for
fluorescence quenching is Dexter energy transfer or electron energy transfer [128-130].
This is also a nonradiative process and it can be performed via electron transfer, bond
energy transfer and collision or exchange energy transfer. Both mechanisms are similar
but varied only in distance scale. The needs of this mechanism are the proximity of metal
ion or cation to fluorophore and another is direct overlapping of the orbitals. The electron
transfer from donor to acceptor in a single molecule occurs within 10 A distance spam
[131-133]. Generally, it appeared where there is a linker between donor and acceptor

group. Exchange of electron is relied upon Winger spin conversion rule, i.e.

1. Energy transfer in singlet-singlet
1D* + 1A - 1D + 14"
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It is understanding that a singlet group is produces another excited singlet group.

2. Energy transfer in triplet-triplet:
3D+ 1A - 1D + 34"

By this, it also understood that a triplet group is produced another excited triplet

group.

Singlet-singlet energy transfer involves the Coulombic interactions, whereas, the
triplet-triplet energy transfer will free from the participation of Coulombic interactions

because it violets the Wigner spin conservation law.

Mondal et al. [134] has been reported a chemosensor that is fluorescein-based
Schiff base (FNSB), 1,4-bis(1-fluorescein)-2,3-diaza-1,3-butadiene (Scheme 1.9). This
chemosensor shows efficient binding with Cu®* ion in water with 1:1 stoichiometry as
copper-ligand complex. The complexation of Cu** FNSB due to molecular interaction at
longer wavelength in UV-vis absorption spectra. It also represents quenching behavior in
fluorescent intensity with maxima at 519 nm in tris buffer with physiological pH 7.4. in
this complexation followed the Dexter type energy or electron transfer mechanism.
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COOH
< z
o "
HO 0 OH o o OH  Cu(Cl0,), .
HC -

\\N 1% DMSO-Tris buffer HC¢N
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Scheme 1.9. Cu®* selective fluorescent probe based on Dexter type energy transfer.



1.7.2.2.4.5 Excimer/Exciplex formation

An excited molecule that have two monomers unit forms by the absorption of
electromagnetic radiation and combine or overlap with unexcited species and generate a
dimer in the excited state. This dimer is called excimer or exciplex that represents
different emission spectrum from initial monomers. The relative difference between the
equilibrium shape of the excited to ground state generates a broad, red-shifted emission
that indicates the formation of excimer/exciplex [135,136]. The contact between
structurally distinct species (e.g. an electron donor and an acceptor), generates an excited
state complex called as exciplex (from “excited complex”). The development of
excimer/exciplex is a reversible process and both are luminescent chemical entities.
When an analyte is present (metal ion or anion), the formation of excimer/exciplex is
either strongly strengthen or disturb, that varied the emission spectra of excimer/exciplex.
The ratio of fluorescence intensity of excimer and monomer provides a quantitative
amount of metal ion present in solution mixture [137]. These types of sensors are called

as “‘ratiometric sensors”’.

Cho et al. [138] have been reported 1,8-naphthalimides based some molecules
and describe their aggregation behavior in both extremely polar and nonpolar solvents
(Scheme 1.10). The emission of the molecules is induced by the aggregation in the
solvent and shifted to longer wavelength. It ascribed the intermolecular excimer or

intramolecular exciplex formation.

B G

0 NI-C8-PTZ
NI-C7

Scheme 1.10. 1,8-naphthalimide based molecules represented excimer and exciplex

formation.
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1.7.2.2.4.6 CHEF and CHQF mechanism

Chelation enhancement fluorescence and chelation quenched fluorescence both
are familiar mechanism in fluorescence sensors. The changes in fluorescence intensity
(enhanced or quenched) may be occurred due to the recognition of metal ion or anions
and when it is enhanced or quenched then called as CHEF or CHQF mechanism
respectively [139]. In the presence of paramagnetic metal ions, the fluorescence intensity
may be quenched in proximity of fluorophore and forbidden intersystem crossing process
become faster, this effect is called as paramagnetic effect [140,141]. Chelation of probes
affect the molecular system, it increases the rigidity of the molecular system via blocked

rotation of the fluorophore.

Earlier in 2015, Goswami et al. [142] reported a quinoline based chemosensor
(Scheme 1.11), it was directly used in the sensing of Cd*" ion among other biologically
important metal ions. The fluorescence intensity was enhanced with Cd?* ion with large
spectral shift (38 nm) may be occurred due to chelation enhanced fluorescence (CHEF)
and intramolecular charge transfer (ICT) mechanism. In competitive experiment there, no
interference occurred by the other metal ions specially Zn®* metal ion. further this probe
was used in different applications such as non-cytotoxic effect with live raw cells and
cadmium detection with paper strip. The LOD of the Cd*" ion with this probe is 9.9x10®

M level.
0o
/N\
INI | \ Cd2+
OH OH N £
OH
0 V ‘ 2-
CdS P
N
z
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Scheme 1.11. Cd?* ion selective CHEF based fluorescent based chemosensor.
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1.7.2.2.4.7 Excited State Intramolecular proton transfer (ESIPT)

ESIPT processes have more importance among molecular probes [143],
luminescent materials [144-146] and molecular logic gates [147]. Excited state
intramolecular proton transfer (ESIPT) mechanism was discovered by Weller in 1956.
The molecules which shows ESIPT mechanism possesses both a proton acceptor
(carbonyl oxygen or azo nitrogen) and a proton donor (e.g. hydroxyl or amino group),
that can form a five-, six- or seven-membered ring via intramolecular hydrogen bond
[148]. ESIPT processes involves the transfer of hydroxyl proton to the adjacent carbonyl
oxygen which have distance between them is less than 2 A [149]. The photophysical
mechanism of ESIPT chromophores using 2-(2-hydroxyphenyl)-benzothiazole (HBT) in
the figure 1.12. ESIPT examined as a fast photoinduced proton tautomerization switching
methods. At ground state the molecule present in cis enol form which undergo ESIPT via
intramolecular hydrogen bond equivalent to enol tautomer (E), whereas the keto (K) form
is thermodynamically unstable. When the molecule is excited, proton transfer begins in
the molecule and forms keto (K*) isomer in the excited state with large stokes shift (up to
10,000 cm™) comparatively energy of absorption. Further, dual emission is obtained by
fluorescence for both enol and keto excited states. For cis-keto form, the deactivation
channel is intersystem crossing that influence to triplet excited state of the keto tautomer.
On the other hand, for trans-keto form the deactivation channel is isomerization. An
energy barrier will cross by the molecule for the transformation of the trans-keto to cis-
keto form, therefore this process is a slow process. The relatively slow decay of triplet

state and trans-keto to cis-keto processes are at similar time scale [150].

Ghosh et al. [151] has been reported a ESIPT based ratiometric fluorescent sensor
1H. This fluorescent sensor is highly selective for -aluminum ion among other
biologically active metal ions in 90% aqueous system (Scheme 1.12). The photophysical
properties of probe as well as selectivity of aluminum ion are explored by using different
spectroscopic techniques such as UV-visible, emission spectroscopy, steady state and
time resolved study. The selectivity towards aluminum ion increased in water/acetonitrile
(9:1) medium with a change in fluorescence color from pale green to dark blue color with

six-fold enhancement in the fluorescence intensity. The aluminum complex
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[Al(1H)(OH)],** was also analyzed by different techniques which reveals that the ESIPT

mechanism is inhibited by the fluorescent sensor 1H after the interaction with aluminum

ion.
E * 1 K*
ESIPT E 7
A 3K* Keto isomerization
emission
E
Reverse proton transfer
enol-form cis-keto-form Trans-keto-form
H
y
N
@s :
(o}

Figure 1.12. Mechanism of ESIPT, represented by 2-(2-hydroxyphenyl)-benzothiazole

molecule.
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Scheme 1.12. The binding of aluminum ion with fluorescent probe 1H.
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CHAPTER 2

2.1 INTRODUCTION

Anions demonstrate their necessity in a broad range of chemical and biological
processes. Various efforts have been devoted to generate numerous receptors for anionic
species since two decades [1]. Among all the anions, it is well-known that arsenic (in the
form of anions) and cyanide ion are extremely toxic and lethal for living organisms.
Arsenic is the 20" most abundant element in the earth’s crust. It mainly exists in the four
oxidation states, As(V), As(Ill), As(0) and As(-3), in the environment [2]. Inorganic
arsenic, viz. arsenite, As(lll) and arsenate As(V) is more toxic than organic arsenic, viz.
monomethylarsonic acid and dimethylarsonic acid [3]. Arsenite [As(I11)] is more toxic
than arsenate [As(V)] due to its binding with the sulfhydryl unit of proteins, which can
intervene with the reactions of other enzymes and proteins [4]. The binding of trivalent
arsenic with specific proteins can convert the conformation and functionality of the
protein as well as hamper their reaction with other proteins. As(V) can also interrupt the
conversion of ATP to ADP via the permanent replacement of phosphate groups due to its
resemblance to phosphite ions [5]. The main source of arsenic exposure in the
environment is from ground water or drinking water [6,7]. The chronic toxicity of arsenic
has adverse effect on human health such as skin cancer, skin lesions, neuratoxicity,
cardiovascular diseases and diabetes [8]. Similarly, cyanide anions are also detrimental to
biological systems and environment. It’s acute poisoning can damage the body’s central
respiratory system because it can easily bind with heme-proteins to block cytochrome ¢
oxidase, which hindered the electron transfer chain in the mitochondria [9]. It is released
in the environment by ammonia manufacturing, electroplating, steel production and
extraction of gold [10]. Inhalation of toxic cyanide can occur from absorption by the
lungs and exposure via the skin, polluted drinking water and contaminated food [11]. As
per as the guidelines of the World Health Organization (WHO) and U.S. Environment
Protection Agency (USEPA), the permissible limits of arsenic and cyanide in drinking
water is 0.01 ppm or 10 ppb and 0.2 ppm, respectively [12]. There have been many
methods developed for the detection of arsenite and cyanide ions. Electrochemical
analysis and ion chromatography are the traditional methods, which require time
consuming procedures and the use of sophisticated instrumental techniques [13], whereas

chemical sensors are another approach, which are simple, affordable and expeditious in
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real time monitoring. The sensing process frequently uses absorption and emission
spectroscopy, which precisely monitor and sometimes detect using naked eye [14].
Chemical sensors for arsenite anion are rarely available with fluorescence intensity
enhancement. The cyanide ion analyzed by their Lewis basicity, nucleophilicity [15] and
quality of making hydrogen bonds in a solution [16]. There are so numerous mechanisms,
including internal charge transfer [17], single electron transfer [18], fluorescence
resonance energy transfer [19] and plated electrode [20-22], which support the

fluorescence behavior for anions.

In this chapter, a single probe was developed that can sense both arsenite and
cyanide ions. The sensing mechanism involves the probe having two acidic protons,
which results in deprotonation via interaction of both anions as well as hydrogen bonding
as revealed by NMR spectroscopy and detailed theoretical studies. To date, no reports are
available based on the direct detection of both the toxic arsenite and cyanide anions
together using a single chemical sensor with high limit of detection in the range of uM to
nM. Most of the previous reports on chemical sensor that detect multiple anions using the
same probe molecule only detect common anions. The present protocol detects those
anions, which attract more interest from researchers due to their high toxicity and adverse
effect i.e. AsO, and CN" with the same platform. The as-synthesized probe is a potential
candidate to sense multiple anions whilst maintaining a high limit of detection using the
same platform. Sensing using this probe is cost effective in terms of the reagents used for
its synthesis as well as reduce number of steps used in sensing because it can sense both

the anions simultaneously.
2.2 EXPERIMENTAL SECTION
2.2.1 Reagents and instruments

The sodium salts of the anions used were of analytical grade, purchased from
Merck and used without further purification. 2-hydroxy-1-naphthaldehyde and
thiosemicarbazide were purchased from Sigma Aldrich (99%). All absorption spectra
were recorded in Shimadzu, UV-3600 double beam spectrophotometer using a square

quartz cell with a path length of 10 mm. The NMR spectra were recorded on a JEOL 400
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MHz spectrophotometer. All emission spectra were recorded on a Horiba RF-5301PC
using a standard quartz cell (path length, 3 cm). Vibrational spectra were recorded on a
Perkin-Elmer FT-IR 1000 Spectrophotometer. Elemental analysis (CHNS) was
performed on Elementar Model Vario El-I1I instrument. Cyclic voltammetry was carried
out on an CHI760E electroanalyser with glassy carbon electrode as a working electrode,
Ag/AgCI as the reference electrode and platinum wire used as an auxiliary electrode with
0.1 M tetrabutylammonium perchlorate used as the supporting electrolyte at a scan rate of
0.1 V/s. The mass of the probe and the probe with the anions was analyzed using a
WATERS Q-TOF premier-HAB213 mass spectrometer. Fluorescence lifetime was

recorded using a Horiba Jobin Yvon fluorocube fluorescence life time system.
2.2.2 Synthesis of Probe (L1)
2-((2-Hydroxynaphthalen-1-yl)methylene)hydrazinecarbothioamide (L.1):

Thiosemicarbazide (1 mmol, 0.091 g) was dissolved in ethanol (10 ml) in a round
bottom flask and 2-hydroxy-1-naphthaldehyde (1 mmol, 0.158 g) in ethanol (10 ml) was
added dropwise to the solution with stirring. After completion of the reaction, the
reaction mixture was refluxed for 5 h according to a previously reported literature
procedure [23]. A yellow colored precipitate was obtained, which was filtered and
recrystallized from DMF : ethanol (1:4) (Scheme 2.1).

Yield: 80%. Calcd. for C1,H11NsOS: C, 58.76; H, 4.52; N, 17.13; S, 13.07; O, 6.52 and
found: C, 59.02; H, 4.182; N, 17.16; S, 12.927, O, 6.711. FT-IR data (KBr vma cm™):
NH,: 3254, N-H: 3165, C=S: 1394, C=N: 1611, O-H: 3447, UV-Visible (DMF: H,0
(9:1), Amax NM): 331, 368 nm. *H NMR (DMSO, 400 MHz, 8/ppm): N-H: 11.36 (s, 1H),
O-H: 1051 (s, 1H), CH=N: 9.00 (s, 1H), NH.: 8.48 (s, 1H), 8.16(s, 1H), 7.83 (d, J = 9.0
Hz, 1H), 7.80 (d, J = 8.1 Hz, 2H), 7.53 (t, J = 7.5, 1H),7.33 (t, J = 7.5 Hz, 1H), 7.15 (d, J
= 9.0 Hz, 1H). ®C NMR (DMSO, 100 MHz, 5/ppm):177.81, 157.16, 143.60, 133.04,
132.05, 129.23, 128.60, 128.44, 124.01, 123.44, 118.89, 110.29. ESI-mass of probe L1
m/z 246.0547, (M+H)".
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Scheme 2.1. Synthesis of probe (L1).

CHO

2.3 RESULTS AND DISCUSSION
2.3.1 Visualization test

The preliminary test for the detection of both anions was performed via a
colorimetric test. Figure 2.1 shows the performance an equimolar concentration (5.0x107
M) of probe in-DMF: H,O (HEPES buffer, pH= 7.2) (9:1, v/v solution) with 5
equivalents of the anion solutions (1 mM). A sudden color change was observed, which
turned light yellow to dark yellow with arsenite and cyanide ions among other anions.
The color change was observed due to deprotonation or strong hydrogen bonding
between the probe and the anions (AsO, and CN’). Moreover, the selectivity of arsenite

and cyanide ions with probe was analyzed using absorption and emission spectra.

Figure 2.1. The visualization test of L1 with different anions in DMF:H,O (9:1, v/v
solution, HEPES buffer 7.2) medium.

2.3.2 UV-Vis studies of probe with different anions

The selectivity of anions (AsO, and CN") with probe L1 was investigated using
UV-Vis studies among different anions including CI', Br, F, I, SCN", H,PO,’, HPO,Z,
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CH3COO", NOg, SO.%, SO5%, PO,¥, 105, N3 in the DMF : H,O (9:1, v/v solution)
medium. The probe showed two absorption peaks at 332 (due to m-n* transitions) and 369
nm (due to n-m* transitions). Arsenite and cyanide ions have the ability to abstract
hydrogen or make hydrogen bonds with the probe. Upon the addition of all anions
investigated, a new absorption band appeared at 452 nm in the UV-Vis spectra in the case
of arsenite and cyanide ions, while this band was absent for the other anions. The
selectivity of probe for only these two anions over the others may be attributed to its
dissociation energy i.e. pKa value with these anions, which provide more stability to the
probe. Figure 2.2 represents the selectivity with AsO, and CN" ions among other anions.
The experiment was performed using fluorescence spectroscopy and the intensity
enhancement was observed with AsO,” and CN™ among all the other anions studied. This

study revealed that the probe was selective for arsenite and cyanide anions.

Probe + other anions (Cl,Br , F , 1,

0 / SCN', HyPOy, HP042', AcO,
o 3

NO37, 80477, 8057, PO, 10537, Ny )

ASOZ_

Absorbance

0-0 I 1 .. | I 1
300 400 500 600 700 800

Wavelength (nm)

Figure 2.2. The selectivity of AsO, and CN" ion among different anions with L1 in

DMF:H,0 (9:1, v/v solution, HEPES buffer 7.2) medium via absorption spectroscopy.
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2.3.3 Binding sites and stoichiometry

The binding stoichiometry of the probe L1 with arsenite and cyanide ions was
observed in the absorption spectra of equimolar solutions (50 uM) of probe L1 upon
gradual variation in the mole fraction with anions (AsO, and CN"). Figure 2.3(a) and
2.3(b) show the change in the absorption spectra with different mole fraction of anions in
the Job’s plot [24, 25], which support the 1:1 and 1:2 stoichiometry with arsenite and
cyanide ions (50 uM) respectively. Using the Job’s plot, the mole fraction value for
arsenite ion was 0.55 and for cyanide ion it was 0.66, which endorse the 1:1 and 1:2
stoichiometry. The absorption spectra show the changes upon the addition of the anions
to the probe (L1); the bands at 332 nm and 369 nm were quenched with an increase in the
absorption band at 452 nm due to interaction of the anions with probe (L1). The
isosbestic point was revealed from the non-interacted to interacted probe with anions by
absorption titration of probe L1 with both anions (Figure 2.4(a) & 2.4(b)). The formation
constants were calculated and found to be 3.6x10° M and 5.8x10° M™ for the arsenite

and cyanide ions, respectively, by Job’s continuous variation method.

0.15 4 (a) 0.124
8 o) "
£ 0.10 =
..§ E 0.08 4
2 S j
Z 00s- = 0.04]

"o oz wa _ds da 1 “%0 oz o4 05 08 1?0

L1/ L1+AsO L1/(L1+CN")

Figure 2.3(a). The Job’s plot obtained Figure 2.3(b). The Job’s plot obtained
with an equivalent mole concentration of with an equivalent mole concentration of
probe L1 (50 uM) and arsenite ion (50 probe L1 (50 uM) and cyanide ion (50
uM). uM).
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Figure 2.4(a). UV-Vis titration of L1 Figure 2.4(b). UV-Vis titration of L1
with AsO," ion. with CN" ion.

2.3.4 Fluorescence emission spectra

Fluorescence studies were carried out in the same medium with a 10 pM
concentration of the probe (L1); Figure 2.5 shows the selectivity test using the emission
spectra. First, the selectivity test was performed with probe L1 (10 pM) and 2 equivalent
of all anions (40 pM). At an excitation wavelength of 363 nm, a “turn-on” emission
occurred in the case of arsenite and cyanide ions over all other anions studied (CI', Br, F,
I, SCN’, H.PO,, HPO,”, CHsCOO’, NOj3, SO,, SOs*, PO4%*, 1035, N3). The
deprotonation and strong hydrogen bonding between the probe and both the anions
(arsenite and cyanide) caused an enhancement in the emission. Hydrogen was
deprotonated from the —OH group and hydrogen bonding with the —~NH group occurred.
Absorption and emission studies are strong evidence, which indicates that the probe is
more selective for arsenite and cyanide ions among all the other anions studied. To
confirm the sensitivity of L1 towards CN™ and AsO,, dual anion treatment was also
performed with probe L1. In favour of dual anion studies, -equal concentrations (10 uM +
10 uM) of the anions were used with probe L1. Figure [2.6(a) & 2.6(b)] reveals the
interference effect of the secondary anion in both case viz. AsO,” and CN'". Single anions
(CI', Br, F, I, SCN’, H,PO,, HPO,*, CHsCOO", NOg, SO,%, SO5%, POs>, 103, N3)
treatment of the probe is indicated by the green bars, blue bar represents for L1 and the
red bars for L1+CN" with other anions in Figure 2.6(a). In the case of L1+AsO; Figure

2.6(b), blue bar showed L1 where as red bars represented with interfering anions and
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green bar for single anions with probe L1. The interference studies revealed that there is
no interference by the other anion in case of both anions whereas AsO, and CN" act as
interfering ions with each other. Therefore, with the help of interference studies it can be
concluded that probe was highly selective for AsO,” and CN"anions. These findings were

strongly supported by UV-vis analysis of the probe with the various ions mentioned.
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Figure 2.5. The fluorescence emission spectra of probe L1 (10 uM) with different anions
in DMF:H,0 (9:1, v/v solution, HEPES buffer).
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Figure 2.6(a). The interference study of L1 in the presence of other anions, in figure the
blue bar for L1, green bar represents L1+ other anions and red bar shows L1+AsO,+

different anions.
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Figure 2.6(b). The interference study of L1 in the presence of other anions, in figure the
blue bar for L1, green bar represents L1+ other anions and red bar shows L1+CN+
different anions.

2.3.5 Emission Titration of probe L1 with AsO, and CN’

An emission titration was performed with 2.5 ml of probe L1 (10uM) and each
anions (AsO, and CN") were added gradually to the same amount of probe in DMF :
H20 (HEPES buffre, pH = 7.2, 9 :1, v/v solution). The association constant of both

1 and

anions with probe were calculated from fluorescence titration i.e. 3.1x10°> M
1.9x10° respectively for the anions (AsO, and CN") using Benesi-Hildebrand plot [26].
The B-H plot was constructed between 1/(I-l1,) and 1/[A’], where | is the emission
intensity [27] of probe L1, I, for L1 + anion (AsO; and CN’) and Iy IS the emission
intensity of complete binding of anions with L1 and A" is the concentration of anions.
Figure 2.7(a) and 2.7(b) represents the B-H plots of L1+CN" and L1+AsO,, respectively.
Similarly, the limit of detection (LOD) was calculated using the plot between (I - I,)/(Imax
- lp) and log (anions). Figure 2.8(a), 2.8(b) are the plots for the LOD for AsO, and CN’
with probe L1 i.e. 66 nM (6.6x10° M) and 77 nM (7.7x10® M), respectively in DMF:
H,0O (9:1, HEPES buffer, pH = 7.2), which are significantly less than the permissible

limit cited by the WHO.

57



0.000041 " 22 0.99288

Intercept = 6.03E-06
Slope = 3.06E-12

0.00003

0.00002

—~
<
=
S
=
-

150000 -

120000 -

0 2500000 5000000 7500000 10000000

90000+
60000 -

30000+

Fluorescence Intensity (cps)

400 450 500 550 600 650

Wavelength (nm)

Figure 2.7(a). The emission titration of L1 with CN" and inset shows the B-H plot of L1
with CN- ion in medium (DMF:H,0, v/v solution HEPES buffer 9:1).
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Figure 2.7(b). The emission titration of L1 with AsO," and inset shows the B-H plot of
L1 with AsO; ion in medium (DMF:H,0, v/v solution HEPES buffer 9:1).
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In a previous report a minimum detection limit of 0.18 uM to 2.1 uM for CN" and 10.0
MM to 1.32 uM for AsO, were observed [28-31] whereas, in this work the LOD for
AsO; and CN' is 0.066 uM and 0.077 uM, respectively.

10 LOD =66 nM
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E = = | A=495n0m
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c 1
= 0.3
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Figure 2.8(a). Limit of detection graph Figure 2.8(b). Limit of detection graph
of L1 with AsO;". of L1 with CN".

2.3.6 pH studies

The performance of the probe L1 and the probe when treated with both anions
was found to be strongly dependent on the pH of the medium because the probe was
enriched with proton sensitive donar sites. It was essential to investigate the pH
dependence of the probe and the probe with both anions. The pH study of probe L1
showed that at acidic pH the intensity did not change as much as at basic pH and pH
maintained by NaOH and HCI in basic and acidic range. On further enhancement in pH,
deprotonation occurred as well as increase in the fluorescence intensity. The same
experiment was performed with L1+AsO, and L1+CN", which exhibited that in case of
L1+AsO, the compound was stable between pH 8-11 and after that the intensity
decreased and the compound became turbid. However, probe L1 with CN™ demonstrated
that the compound was stable from pH 7-11 and beyond this pH range, the compound
was found to degrade [Figure 2.9(a) & 2.9(b)]. The pH studies of the probe with anions

revealed that the pH range between 7 and 11 was suitable for sensing of anions.
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in presence of AsO," ion at various pH. in presence of CN' ion at various pH.

2.3.7 Binding Interaction

Further, the interaction of the probe with AsO,” and CN" ions were demonstrated
using an *H NMR titration study. Experiments of the probe L1 and both anions was
performed in DMSO. In the NMR spectrum of the probe L1 the peaks at 6 9.04 ppm, 6
11.38 ppm, 6 10.49 ppm was designated as the —CH proton, -NH proton and —OH proton,
respectively and other doublet and triplet corresponded to the aromatic protons. Upon
addition of the CN" and AsO;  ions, the proton signals were shifted towards upfield in
both cases. In case of AsO,’, a substantial upfield shift (A6 =0.01 ppm) was observed due
to the resonance of the —OH proton with n-e* cloud of aromatic region whereby, the
electronegativity on the molecule increased. The peak for the —-OH proton (10.49 ppm)
was found to be completely disappear and similarly, the peak of -NH proton (11.38 ppm)
decreased. On the other hand, the addition of CN" ion to the probe lead to a significant
upfield shift (Ad= 0.02 ppm) and the peaks corresponding to -NH and —OH completely
disappeared. Meanwhile, the aromatic signals were also shifted upfield. The *"H NMR
studies clearly illustrate that both anions interacted with the probe L1 via. deprotonation
of the —NH and —OH groups in the case of CN™ whereas, in the case of AsO;
deprotonation and hydrogen bonding occurred with —OH and —NH protons, respectively.
Figure 2.10(a) & 2.10(b) show the binding interactions with and without the anions.
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Figure 2.10(a). Repesents the varied NMR spectra without and with addition of AsOy
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Figure 2.10(b). Repesents the varied NMR spectra without and with addition of CN™ ion
with L1 in DMSO-d®.
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Further, the deprotonation behavior of probe L1 in the case of both anions (AsO,
&CN") was confirmed using ESI-mass spectrometry. Figure 2.11(a) & (c) represented the
ESI-mass of L1 with both anions. The mass (m/z) of the probe L1 was 246.0547 (M+H)",
which changed upon the addition of the anions to m/z = 244.0547 (M-2H+H)" in case of
cyanide and with arsenite the m/z value was 245.0587 (M-H+H)", which supported the
1:2 and 1:1 stoichiometry between anions and the probe L1. Figure 2.11(b) & (d) shown
the binding mode of L1 with CN” and AsO;," ion respectively.
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Figure 2.11(a). ESI-MS of L1 with CN".
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Figure 2.11(b). The binding mode of L1 with CN" ion.
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Figure 2.11(d). The binding mode of L1 with AsO, ion.

2.3.8 Theoretical studies

The host and guest interaction was varified using density functional theory (DFT)
calculations. The optimizied geometry of probe L1 and L1+ anions (AsO, and CN’) was
obtained in gas phase using the Gaussian 09 W computational program [32]. This was
performed with B3LYP functions and basis sets 6-31G(d, p) for probe L1 and L1+

anions. In the HOMO, the electron density of probe L1 was spread over the



thiosemicarbazone unit while in the LUMO, the electron density was localized on the
naphthalene unit. However, The energy band gap calculated between HOMO-LUMO of
probe L1 was 3.732 eV.

The electron density of probe L1 in HOMO — LUMO was effected by the
deprotonating agent like CN" and AsO,". As these anions deprotonate the proton from the
probe the electron density increased in the HOMO in the case of CN". Similarly, in the
case of AsO;  electron density was more effected than CN" due to influence of hydrogen
bonding. As a result, the decrease in the energy band gap and optimized structures in both
cases are shown in the Figure 2.12. In the case of L1+CN™ and L1+AsO,, the energy
band gap was _diminished up to 1.822 eV and 0.961 eV respectively. The electron
distribution in the case of L1+2CN" in the HOMO was around the thiosemicarbazone unit
while in the LUMO it was mostly distributed around the naphthalene unit. Similarly, for
L1+AsOs, the electron cloud was localized around the naphthalene unit in the HOMO
and in the LUMO, the electron density was localised on the AsO;" unit, which supports

the deprotonation and hydrogen bonding mechanism [33].

2.3.9 Cyclic Voltametric studies

Furthermore, the electrochemical demeanour of probe L1 and L1+ anions (AsO,
& CN’) were analysed in DMF solution containing 0.1M TBAP as the supporting
electrolyte. The voltammogram of probe L1 represented one irreversible reduction peak
at -1.65 V and one oxidation peak at 1.01 V. After the addition of AsO, solution to the
probe there was not any change in the irreversible reduction peak at -1.65 V but the
current was droped-off in comparison to the previous case and a new peak appeared at
0.36 V that support As(0) was oxidised to As(l11) [34]; simultaneously the peak at 1.01 V
was diminished with an electrochemical difference of 0.07 V. On the other hand, the
oxidation and reduction peaks at -1.65 V, 1.01 V was shifted upto -0.85 V and 1.06 V
respectively, which supports the formation of anoinic species and an increased in 7-
conjugation in case of cyanide [35,36], concurrently, a new oxidation peak appeared at
0.21 V that supports the interaction between probe L1 and cyanide ion. Figure 2.13 (a),

(b) and (c) shows all voltammogram.
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CN) by using 6-31G(d, p) basis set.
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Figure 2.13(a). The cyclic
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Figure 2.13(b). The cyclic
voltammogram of L1 with AsO," ion.
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Figure 2.13(c). The cyclic voltammogram of L1 with CN"ion.

2.3.10 Life Time Decay Measurement

In order to confirm the turn-on emission behavior of probe L1 with arsenite and

cyanide, the life time was meseaured of probe L1 with both the anions (AsO, & CN).

The lifetime follows the mono-exponencial decay of probe L1 with arsenite ion and the

life time was 0.98 ns. Similarly, the probe L1 with cyanide ion also follow the mono-
exponential decay which depicts that the lifetime of the probe L1 with cyanide was 0.90
ns as the probe L1 with cyanide and arsenite ion shows trun-on emission at an excitation

wavelength of 363 nm [37]. Figure 2.14(a) and 2.14(b) represents the plot of the life time

decay curves.
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Figure 2.14(a). Lifetime profile of probe Figure 2.14(b). Lifetime profile of

L1 with arsenite ion.

probe L1 with CN" ion.
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2.4 APPLICATIONS
2.4.1 Sensitivity test

The concentration of probe L1 was maintained at 10 uM, while the concentration
of arsenite ion was varied from 0-20 uM. The fluorescence intesity was measured at 363
nm of all the solution. Then, a calibration plot was plotted between the concentration and
the change in the intensity resulting in a linear relationship. A similar experiment was
performed with cyanide ions, which results in a similar linear plot (figure 2.15(a) &
2.15(b)). Using this plot, an unknown concentration of arsenite and cyanide ion can be
determined by measuring the fluorescence intensity in water and also in the presence of

all other anions studied.
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Figure 2.15(a). Calibration plot between
change in fluorescence intensity of the
probe L1 at 363 nm vs arsenite ion for
the quantitative analysis of arsenite ion

in water.

Figure 2.15(b). Calibration plot between
change in fluorescence intensity of the
probe L1 at 363 nm vs cyanide ion for
the quantitative analysis of cyanide ion

in water.

2.4.2 Real water analysis

For the assessment of the pratical application of probe L1, the probe was applied to
analyse real water samples. The water sample used was tap water from Roorkee and
known amounts of cyanide and Arsenite were added into the water samples. The assay
was calculated by spiking a known amount of standard cyanide and arsenite solutions
followed by evaluating its recovery. The water samples was compared with a controlled
sample of same concentration and find the value of the concentration of the spiked
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anions. The recovery of the different known amounts of cyanide added was acquired
from 95% to 104%, whereas for arsenite ion, it was from 93% to 99%, which showed that
the application of probe L1 in real water samples was quite feasible. Table 2.1 & 2.2
represent the study with real water sample analysis.

Table 2.1: The determination of cyanide ions in tap water sample using probe L1.

Sample Added CN" (M)  Found®CN (M) +SD  Recovery (%)
5.0 x 10 5.2+0.4 %107 104 %
Tap water 10.0 x 10° 9.5+0.2 x 10° 95 %
15.0 x 10® 148 +0.2 x 10° 98.6 %

@ Standard deviation calculation for three measurements.

Table 2.2: The determination of arsenite ions in tap water samples using probe L1.

Found?® AsO, (M) +

Sample Added AsO; (M) X Recovery (%)
5.0 x 10™ 49+0.1x10” 99 %
Tap water 10.0 x 10° 9.3+0.3x 107 93 %
15.0 x 10° 14.7 £ 0.3 x 10 98 %

2 Standard deviation calculation for three measurements.

2.5 CONCLUSIONS

The probe L1 was synthesized and characterised using different techniques like
UV-Vis, FT-IR, ESI-mass and NMR spectroscopy. The probe displayed high selectivity
as well as sensitivity towards both the toxic arsenite and cyanide anions, when comparing
to other biologically admissible anions. The probe acts as a chemodosimeter for both ions
(AsO; & CN’) with LOD as low as ca. 66 nM for arsenite ions and 77 nM for cyanide
ions. The binding affinitty of probe L1 to arsenite and cyanide ion was confirmed by
NMR, DFT optimization, ESI-MS, electrochemical behaviour and optical studies. The
probe can also used for the determination of unknown concentration of arsenite and
cyanide ion in water using the calibration plot of known concentration vs fluorescence

intensity as well as in real water sample analysis.
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CHAPTER 3

3.1 INTRODUCTION

Transition metals such as iron, zinc, magnesium and copper, play an important
role in living systems. Among transition metals, copper is the third most essential trace
metal and performs a foremost role in human nervous system as the cofactor of many
metalloenzymes [1,2]. It is essential for a wide range of physiological processes, such as
in bone growth, hemoglobin biosynthesis, dopamine production, nerve function
regulation, the functional and structural augmentation of protein and enzymatic functions.
Copper also generates cellular energy, induced signal transduction and diminishes
molecular oxygen [3]. However, the presence of unregulated copper and disrupted copper
ion homeostasis [4] can lead to numerous neurogenerative diseases such as Menkes
syndrome, Alzheimer’s disease, Wilson’s syndrome [5], Amyotrophic lateral sclerosis,
Parkinson’s disease and Prion diseases [6,7]. Menkes syndrome [8] is due to copper
deficiency, while Wilson syndrome is due to copper toxicosis, and both are human
genetic disorders [9-12]. Cyanide ions are more toxic ion compared to other anions,
although cyanide is very vital reagent for many industrial processes in different areas
such as mining, synthetic fiber production and electroplating [13-16]. The "excessive"
utilization of cyanide [17] in these factories and its fundamental transportation, expands
the likelihood of human exposure. Its acute toxicity destroys the central respiratory

system of the body and block the electron transfer chain in mitochondria [18,19].

The extensive use of copper within daily life is the prime reason of copper
pollution in the environment, and although copper is essential metal ion, it is harmful for
living systems when found in concentration higher than required. This is similar with
cyanide ions, as its frequent use in industries to make environment polluted. According to
World Health Organization (WHO), the permissible limit of copper ions and cyanide ions
in drinking water is 2 ppm (30 uM) and 0.2 ppm [20,21] respectively. In blood, the
maximum concentration of copper ions should not be greater than 100-150 pg-dL’
'122,23]. The Environmental protection Agency has advised that the safe maximum limit

of copper in drinking water 1.3 ppm (ca. 20 uM) [24].

There are many sensors, which can sense copper ions, using different mechanism.

Aside from this, the multidentate chemosensors also have the ability to sense other
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specific metal ions. In this chapter, multidentate ligands have been synthesized and
applied as chemosensors. This chapter shows that the ligands, which have large number
of donor atom and hydroxyl group, are highly sensitive and selective for copper ions. The
chapter presents four ligands, each with different molecule added and with a common
backbone of pyridine dicarbohydrazide. All four of these ligands were highly selective
and sensitive towards copper ions among the metal ions. The complexation occurred via.
PET (photoinduced electron transfer) mechanism. Furthermore, anion sensing was
performed with L+ Cu®" and result shown that the ligands with copper ion can sense

cyanide ion with good limit of detection via. metal displacement path.
3.2 EXPERIMENTAL SECTION
3.2.1 Materials and Measurements

The acetate and chloride salts used were of analytical grade purchased from
Merck and used without further purification. All other chemicals were purchased from
Sigma-Aldrich and distilled solvents were used throughout the experiments. The
elemental analysis (CHNS) was performed using a Verio MICROV3.1.1 instrument. The
vibrational spectrum was acquired using a Perkin Elmer FT-IR 1000 spectrophotometer.
A Specord 600 thermo scientific PC double beam spectrophotometer (with a path length
3cm) was used to obtain absorption spectra and the emission spectra obtained using a
Horiba RF-5301PC with standard quartz cell (path length 3cm). A JEOL 400 MHz
spectrometer was used to obtain the NMR spectra. A CHI760E Electro-analyser was used
to obtain electrochemical studies, with three electrodes configuration of pyrolytic
graphite as a working electrode, Ag/AgCl, as a reference electrode, Pt wire used as a
counter electrode and 0.1 M tetrabutylammonium hexafluorophosphate (nBusNPFg) as a

FTM

supporting electrolyte. The mass spectrum gleaned via Bruker micrOTOF ™-Q Il mass

spectrometry.
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3.2.2 Synthesis of the ligands:
Synthesis of precursor (1)

The pyridine-2,6-diester obtained by the refluxing pyridine-2,6-dicarboxyclic acid
with thionyl chloride in methanol solvent 6hr. Pyridine-2,6-dicarbohydrazide (1) was
synthesized by stirring hydrazine (4.4 mmol, 0.223 g) with pyridine ester (2 mmol, 0.390
g) in the presence of ethanol.

Yield: (95%). FT-IR data (KBr, vmadcm Y): -NH,: 3440 and 3277, C=0: 1681, N-H:
1516 and 1640, and C-N: 1442. ‘H NMR Spectra: NMR (DMSO, 400 MHz) (ppm)
10.64 (s, 2H), 8.105 (d, 2H), 8.152 (t, 1H), and 4.621 (s, 4H). **C-NMR (DMSO,100
MHz): 5(ppm) 124, 139, 148, and 162.

§ x
i SN SOCI,, MeOH /O\: _NHEO .
—_— . =
Hooc BN H,COOC” “NZ “COOCH, _Ethanol, 6hr

“O0OH  Reflux,4hr

MeOH, Reflux N

8hr

Scheme 3.1. Synthesis of L2 to L5.
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Synthesis of Ligand L2 [Bis(4-hydroxy-3,5-dimethoxybenzylidene)pyridine-2,6-
dicarbohydrazide]:

Pyridine-2,6-dicarbohydrazide (1) (Immol, 0.196 g) was refluxed with
syringaldehyde (2 mmol, 0.364 g) for 6hr in methanol lead to the formation of ligand L2.
Light-yellow colored precipitate was occurred (Scheme 3.1). Same procedure was

followed for the synthesis of other ligands.

Yield: (74%). Calc. for C,sHzsNsOg: C, 57.36; H, 4.81; N, 13.38 and O, 24.45 and found:
C, 55.73; H, 4.784; N, 13.29 and O, 26.196. FT-IR data (KBr, vmad/cm): -N-H: 3506,
3279, O-H: 3495, C-H: 2938, C=0: 1678, C-N: 1456, C-O: 1113, and N-H:.1588. UV-
Visible (MeOH:H,0, Ama/nm): 337 nm (n-7*). *H-NMR (DMSO, 400 MHz, /ppm)
12.24 (s, 2H), 9.05 (s, 2H), 8.66 (s, 2H), 8.33 (d, 2H), 8.28 (t, 1H), 7.10 (s, 4H), and 3.85
(s, 12H). *C-NMR (DMSO, 100 MHz, &/ppm) 159, 151.37, 151.29, 148.93, 148.73,
138.81, 124, 105.49, 105.34, and 56.10. ESI-mass of L2 m/z: 546.1865, (M+Na)".

Synthesis of Ligand L3: Bis((1H-pyrrol-2-yl)methylene)pyridine-2,6-
dicarbohydrazide

Yield (50%), Calc. for C17H15N;O,: C, 58.45; H, 4.33; N, 28.07 and O, 9.15 and found:
C, 58.59; H, 4.441; N, 28.45 and O, 8.519. FT-IR data (KBr, vmad/cm *): -N-H: 3389, C-
H: 3208, C=0: 1652, C-N: 1416, C-O: 1118, and N-H: 1527. UV-Visible (MeOH,
Ama/nm): 339 nm (n-7*). 'H-NMR (DMSO, 400 MHz, &/ppm) 12.04 (s, 2H), 11.66 (s,
2H), 8.54 (s, 2H), 8.32 (d, 2H), 8.25 (t, 1H), 6.98 (s, 1H), 6.61 (s, 1H), and 6.19 (s, 1H).
3C-NMR (DMSO, 100MHz, &/ppm) 159.36, 148.91, 143.36, 140.31, 127.30, 125.53,
123.49, 114.57, and 109.98. ESI-mass of L3 m/z: 372.4048, (M+Na)".

Synthesis of ligand L4 bis((2-hydroxynaphthalen-1-yl)methylene)pyridine-2,6-
dicarbohydrazide

Yield (60%), Calc. for Co9H21Ns04: C, 69.18; H, 4.20; N, 13.91 and O, 12.71 and found:
C, 69.39; H, 3.860; N, 14.34 and O, 12.41. FT-IR data (KBr, vmad/cm ): -O-H: 3435, -N-
H: 3236, C-H: 3054, C=0: 1680, C-N: 1465, C-O: 1190, and N-H: 1575. UV-Visible
(MeOH, Amax/nm): 317, 330 (n-n*), 372 nm (n-n*). *H-NMR (DMSO, 400 MHz, 8/ppm)
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12.59 (s, 2H), 12.51 (s, 2H), 9.81 (s, 2H), 8.53 (d, J = 8.6 Hz, 2H), 8.40 (d, J = 6.9 Hz,
2H), 8.36 — 8.31 (m, 1H), 7.99 (d, J = 9.0 Hz, 2H), 7.94 (d, J = 7.9 Hz, 2H), 7.68 (t, J =
7.6 Hz, 2H), 7.47 (t, J = 7.4 Hz, 2H), and 7.29 (d, J = 8.9 Hz, 2H). **C-NMR (DMSO,
100MHz, &/ppm) 159.39, 158.81, 149.72, 148.36, 133.78, 132.27, 129.62, 128.50,
128.39, 126.10, 124.29, 121.66, 119.41, and 109.17. ESI-mass of L4 m/z: 526.1512,
(M+Na)".

Synthesis of ligand L5: Bis(anthracen-9-ylmethylene)pyridine-2,6-dicarbohydrazide
Yield (50%0), Calc. for C3sHxsNsO,: C, 77.74; H, 4.41; N, 12.25 and O, 5.60 and found:
C, 77.59; H, 4.31; N, 12.05 and O, 6.05. FT-IR data (KBr, vmaxlcm_l): -N-H: 3449, C-H:
3047, C=0: 1679, C-N: 1533, and C-0O: 1165. UV-Visible (MeOH, Amax/nm): 386 nm (n-
1*), 'H-NMR Spectra: NMR (DMSO, 400 MHz) &(ppm) 12.64 (s, 2H), 9.97 (s, 2H), 8.91
(d, J =8.8 Hz, 4H), 8.74 (s, 2H), 8.44 (d, J = 7.3 Hz, 2H), 8.39 — 8.33 (m, 1H), 8.15 (d, J
= 8.3 Hz, 4H), 7.66 — 7.60 (m, 4H), and 7.60-7.54 (m, 4H). *C-NMR (DMSO, 100MHz)
d(ppm) 159.91, 149.96, 148.86, 131.51, 130.64, 130.37, 129.64, 127.90, 126.20, 125.55,
and 125.40. ESI-mass of L5 m/z: 594.1910, (M+Na)".

3.2.3 X-ray Crystallography

Structural measurement of single crystal of L4 and L5 were performed on a
Bruker Kappa Apex four circle- 5 CCD diffractometer. Single crystal of L4 and L5
compounds, which were suitable for X-ray diffraction, were developed in DMSO that
mounted on nylon 7 Cryoloop. SMART/SAINT software was used for data reduction.
Graphite monochromatic MoK radiation (0.7107 A°) at 298 K was used in intensity data
collection. Structural solutions, refinement and data collection were collected using the
SHELXTL program as a direct method. Images and hydrogen bonding interaction were
constructed of the crystal lattice with mercury software. The refinement parameters of L4
and L5 are shown in Table 3.1. The 3*3 packing interaction representations of L4 and L5
ligands is shown in figure 3.2 (a) and (b). The Crystallographic data for both compounds
has been deposited with Cambridge Crystallographic Data Centre (the deposition
numbers of L4 and L5 are CCDC 1577825 and CCDC 1552443) (Figure 3.1).
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Figure 3.2(a). The 3*3 packing diagram of L4 along ‘a’ axis with hydrogen bonding

interaction.
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Figure 3.2(b). The 3*3 packing diagram of L5 along ‘a’ axis with hydrogen bonding

interaction.

Table 3.1: Crystal data and structure refinement parameters of L4 and L5.

L4

L5

Empirical formula
Formula weight

Crystal system

Space group
alA
b/A
c/A
B/A

V/IAZ

C31H27N505S
581.64

Monoclinic

C2/c

30.297

12.301

16.640

112

5750

C39H31N503S

649.75

Monoclinic

P21

10.0344

8.1177

20.1951

97.782

1629.87
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Deaie(g cm)
wmm’®
O range/°
Reflections collected
Independent reflections
Parameters
GOF (F?)
R1; WR[1>2 sigma(l)]

R1; WR; (all data)

1.344

0.162

0.926 - 29.158

7191

3666

403

1.040

0.0863 —0.2384

0.1561 — 0.2939

1.324

0.147

2.408 —28.314

8135

2584

449

0.794

0.0603 - 0.1320

0.1767-0.1593

3.3 RESULTS AND DISCUSSION

3.3.1 The binding mode of Ligands with Copper lon

The binding of copper with these four ligands is evidenced by the FT-IR spectra
and mass spectra. The FT-IR spectra of L2 and L2 with Cu*" ions showed that the
fingerprint reason with Cu®* ions was different to the L2 vibrational spectra. There are
some bands present at 3279 (—NH), 1678 (-C=0), and other bands, which disappeared
upon complexation with the Cu®* ions. New bands generated at 1627, 1434, 1328 cm™
supports that the complexation occurred with C=0O, -NH. Similarly, the vibrational
spectrum of L3 with Cu?* ions was different to that of L3. In the vibrational spectra of
complexed and decomplexed L3, bands disappeared at 3208 (pyrole -NH), 3383 (-NH),
1652 (-C=0), 1641, 1527 and band at 1416 was shifted to 1441 cm™ and new bands are

generated at 1609, 1035 cm™ that confirmed the complexation with Cu®* ion.
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Figure 3.3. (a) FT-IR Spectrum of ligand L2 and L2+ Cu®* (b) FT-IR Spectrum of
ligand L3 and L3+ Cu®* (c) FT-IR Spectrum of ligand L4 and L4+ Cu®* (d) FT-IR
Spectrum of ligand L5 and L5+ Cu®*.

The vibrational spectra of L4 also showed that the bands disappeared on
metalation with Cu®* ions i.e. 3232, 3062, 1680, 1666, 1578 cm™, and some are shifted
from 1624 to 1618 cm™, 1598 to 1602 cm™, 1548 to 1537 cm™. This was due to the Cu**
ions combining with —NH, -C=0 and hydroxyl group of the ligands. There were new
bands at 3451, 1454 cm™ which appeared after the binding with Cu?* ions. Like the L4
ligand, the FT-IR spectra of L5 with Cu®*" ion the obscured bands were at 3445 (-NH),
3247, 1682 (-C=0), 1538,1450 cm™, and new bands were visible at 3448, 1632, 1561,
1425 cm™ This affirmed metalation of all four ligands with Cu®* ions. Figure 3.3
represents the binding mode of ligand with copper ions and ligand in FT-IR spectrum.
The binding of Cu?* ion with ligands was also confirmed by mass spectrometry [25]. The
mass of L2 with Cu®" ion is 926.68 which represented 1:2 stoichiometry, i.e. 2 Cu?* with
one L2. The mass of L3 with copper ion showed the 1:3 stoichiometry, i.e. 570.86.

Similarly, L4 also displayed 1:2 stoichiometry in its mass spectrum, which was 701.41.
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L5 also exposed 1:2 stoichiometry with Cu®* ion, the mass was 815.51. It was
demonstrated in the Figure 3.4, 3.5, 3.6, and 3.7 for L2, L3, L4, and L5 respectively.
Binding mode with copper ion represents by the figure 3.8.

Intens._ | +MS, 0.2-0.4min #(9-21)
926.6872
80004
8000+
4000
7E66.4120
725.3845
2000+
685.4448
595.4137
895.67928
| J 1014.4928
o il il D il m

Figure 3.4. Mass Spectrum of ligand L2 with copper ion (L2+2Cu®*+ 4ACO

+
+H,0+Na").
Intens. | +MS, 0.0-0.1min #(2-5)
570.8652
2000+
1500
588.8706
1000
509.9447 643.9148
523.3125 B1578923
500 550.6343
537.3215 668.9412
o ;
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Figure 3.5. Mass Spectrum of ligand L3 with copper ion (L3+ 3Cu?*+2H,0 +H").
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Figure 3.6. Mass Spectrum of ligand L4 with copper ion (L4+2Cu®*"+ CH;COO)).
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Figure 3.7. Mass Spectrum of ligand L5 with copper ion (L5+ 2Cu*+ 2ACO™+ 1H").
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Figure 3.8. Binding mode of L2 with copper ion with metal displacement via cyanide

ion.
3.3.2 Photo-physical properties

The photophysical properties of all four ligands L2, L3, L4 and L5 were recorded
via. UV-vis absorption and emission spectroscopy in MeOH: H,O (9:1) as a solvent.
Ligand L2 displayed one broad absorption band at 337 nm due to @ - ©* transition from
the conjugated system of the ligand. Similarly, L3 showed a broad absorption peak at 339
nm that was most likely again due to n-rt* transition. L4 showed three absorption band at
316, 330, and 372 nm which were ascribed to n - ©* and = - ©* transitions. Similarly, L5
displayed two bands at 379 and 386 nm, corresponding to n - «* and x - * transition. L2,
L3, L4 and L5, when investigated with a pool of different metal ions such as Mg**, Fe**,
Na®, Li*, Ca?*, Ba*, Cr¥, Mn*, Co®*, Ni**, Cu®*, zn**, AI**, Hg", Hg®* and V**,
displayed the most expressive binding with Cu?* ions, as recognized from the modulation
of absorption spectra.-On addition of Cu** (5 mM) salt in L2 (20 uM) the absorption
profile was shifted from 337 to 399 nm towards red shifting due to the d-d transition
between Cu?* and Ligand. Similarly, the absorption spectrum of L3 also shifted to red
shift from 339 to 450 nm on addition of copper salt, among other metal salts. Likewise,
the absorption profile of L4 and L5 were shifted from 372 to 447 nm and 386 to 395 nm
respectively, after interaction with Cu?* ions, but with L5 there was a new band which
appeared at 322 nm. This demonstrated the interaction with Cu®* ions because of d-d
transition of Cu?* ions with ligands and m-m interaction between the aromatic rings
(Figure 3.10). The stoichiometry of Cu®" ions with L2 was determined by the addition of
mole fraction of Cu®* ion in the ligand L (L2, L3, L4, L5) by plotting Job’s plot. The 1:2,
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1:3, 1:2, 1:2 stoichiometry was presented for L2, L3, L4, L5 respectively (Figure 3.9 (a),
(b), (c), (d)).
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Figure 3.9. Demonstrated the Job’s plot with the mole fraction of ligands (L2, L3, L4

and L5) and copper ion.

Further, the titration experiments for the four ligands with 20 uM concentration
were performed with gradual addition of Cu?* ions and absorption spectra were recorded
after each addition. The consecutive addition of Cu®* ions to L2 resulted in an increase in
the absorbance at 399 nm with two isosbestic points at 295 and 370 nm. The new
absorption band originating at 399 nm was due to d-d transition of copper complex, as

shown in Figure 3.11.

85



Probe (L2)+ Ag", Na*, V¥, a8, Ba?*, Ca®*, Probe (L3) + Ag+, Na®, AP, Ba?t, a2, Cu’
ca?, cott, o, ke, ngt, cut ng?t, K b
’ ’ ’ ’ N e S+ + + + + + + +
(a) / Lit, Mg2*, Mn®*, Pp2*, N2, zn®t ( ) Ve, cd? s co* s o’ »Cs Fe? »Hg', ng ,

1.0
0.8 K*, Lit, Mg?*, MnZ*, Pb2*, Ni#T, Za2*

0.5

Absorbance

Absorbance
o
F-S
I —

0.0-

300 400 500 600 700 0.0
700

Wavelength (nm)

Wavelength (nm)
Probe (L4) + Ag*’, Al3+, Ba2+, Ca“, \‘5+ ( d) Probe (L5) + Ag*, AI:H‘ BaZ+. Cazﬂ Na+.
cd?, co?t, et R et ot N cd?*, co?t, crtt, st Re?t Hgt, cut LV

He2t, K Lit, M2, Mot Pp2t, N

2

Cu
/

He', K, Lit, Ma2t, Mn2?, P2t N, Zn2* i znlt

0.5+

Absorbance
N~
+
Absorbance

T 1 0'0 T T
600 700 400 600

Wavelength (nm) Wavelength (nm)

Figure 3.10. Selectivity spectra of L2 to L5 with 20 uM solution of ligand with SmM of

metal ion solutions by absorption spectra in that was selective for copper ion among other

metal ion.

The L3 was investigated with the same metal ions which were used for L2, and a
significant change in absorbance was observed. The titration experiment with L3 was
implemented to validate the reproducibility of the binding of Cu®* ions with L3. The
addition of consecutive amounts of Cu?* to L3 lead to an increase in the absorbance band
at 450 nm. The absorbance band at 450 nm correlates to d-d transition of the copper
complex and is shown in Figure 3.11. Similarly, titration experiments were also
implemented to confirm the binding of Cu?* with L4 and L5. It was confirmed by the
graphs that the intensity of absorbance band at 447 nm with L4 was increased by
subsequent addition of Cu?* to ligand solution and with L5 the absorbance band was also

increased at 395 nm and 322 nm with consecutive addition of Cu®* ion (Figure 3.11).
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Figure 3.11. Titration experiment of L2, L3, L4 and L5 (20 uM) with gradual addition

of Cu®* ion.

The selectivity and sensitivity of Cu®* ion among various metal ions were also
confirmed using emission studies of all four ligands. The Cu?* ions were selective for all
four ligands and there was quenching in the fluorescence intensity due to photoinduced

electron transfer mechanism which is presented in the Figure 3.12.

Furthermore, the titration experiment performed with a gradual addition of Cu?*
to a 10 uM solution of all four ligands showed the interaction of copper ions (10uM) with
all ligands and the quenching in fluorescence intensity was prominent in titration
experiments due to the photoinduced electron transfer from nitrogen atom as shown in
Figure 3.14. Moreover, competitive experiments were also performed with Cu® ion in
the presence of other metals ions with all four ligands, and the results of these showed

that there was no interference from the other metal ions in the selectivity of Cu* ion. The
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results of these competitive studies with Cu®* ions, in which blue bar represents the
ligand + metal ions and red bar show ligand+ Cu?*+ other metal ions are shown in the
Figure 3.13 (a), (b), (c), (d). Using the emission spectra, the S-V plot shows the static
nature of quenching by addition of Cu** (Figure 3.14).
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Figure 3.12. The selectivity of Cu?* ion with all four ligands where (a) shows the
selectivity with L2 ligand, (b) shows selectivity with L3 ligand, (C) represents the
selectivity of L4 ligand and (d) shows the selectivity with L5 ligand.
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ligands L2, L3, L4 and L5 respectively with various metal ions in the presence of copper

ion.

Table 3.2: Photophysical properties, binding constant and limit of detection.

N} Binding
Absorpance Emls_smn Stoichiometry StO.Ck constant LOD
maxima maxima shift
(log £)
L2 337(n-n*) 494 nm - - - -
L3 339 (n-n*) 514 nm - - - =
316, 330, 372
L4 (m-1*) & 485 nm - - - -
(n-n*)
379, 386
L5 (m-n*) & 499 nm - - - -
(n-m*)
Fluorescence
Cu(L2) 399 quenching at 12 62nm | 8gee | V1ZHM
494 nm
Fluorescence
Cug(L3) 450 quenching at 1:3 111 nm 17.645 0.10 uM
514 nm
Fluorescence
Cuy(L4) 447 quenching at 1:2 72 nm 11.145 | 0.097 uM
485 nm
Fluorescence
Cuy(L5) 395 quenching at 1:2 16 nm 6.45 0.098 uM
499 nm
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Figure 3.14. These all figures represent the titration experiment by emission spectra of
L2 to L5 with copper ion at excitation wavelength 340 nm, 348 nm, 383nm and 394 nm

respectively and inset shows the S-V curve of L2 to L5.

The Hill plot [26] has been plotted between log(Cu?®*) and log(l - Imin)/(Imax - 1) for
binding constant where | represents the intensity by the gradual addition of Cu®* ion, Imis
represents intensity without the addition of Cu®* ions, Imax Shows the intensity on
complete addition of copper ions in the solution of ligands and the value of association
constant (K,) for L2, L3, L4, L5 (log ) was 8.866, 17.645, 11.145, and 6.45 respectively.
Figure 3.15 shows the Hill Plot of all four ligands with Copper ions. The limit of
detection (LOD) of L2 to L5 were 0.12, 0.10, 0.097 and 0.098 uM respectively, which
are all less than the permissible limit of copper ions given by the WHO, all data was
summarized in Table 3.2. The Figure 3.16 (a), (b) (c) (d) shows the plots of limit of

detection. Comparison with previous reported data is summarized in Table 3.3.
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Table 3.3: Comparison table with previously reported data.

Previous Chemosensor Detection Applications | Binding L+Cu®* As
literature limit of constant Anion
copper ion sensor

Sensors and | Maleonitrile based | 7.3 uM - 2.8x10*M™ -

Actuators B

211 (2015)

498-506.

[27]

Tetrahedron | Dioxotetraamine 0.3 uM - - -

letters 48 and 1,8-

(2007) 5525- | naphthalimide

5529. [28] based

Tetrahedron | Quinolin based 1.4 x 10° M - 3.3x10° M™ Selective for

70 (2014) CN™ion with

2822-2828. 0.57 uM

[29] detection
limit

Sensors and | Rhodamine B- 1.8x10"M | Real water 228x10°M " | -

Actuators B | paseq analysis, Paper

211 (2015) strips test

325-331.

[30]

Tetrahedron | Acenaphthene 2 uM 1.18x10° M™" | Selective for

68 (2012) based CN " ion with

9076-9084. 1 uM

[31] detection
limit

Anal. Picolinamide 0.67 uM Real Water - -

Methods, 9 based analysis

(2017) 618-

624. [32]

present work | Pyridine 0.09t00.12 Logic gate 6.45 10 17.645 | Selective for

dicarbohydrazided | pM behavior, real CN " ion with
based water analysis 0.31 and 0.53

uM detection
limit
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Figure 3.15. The Hill plot of all four ligands L2, L3, L4 and L5.
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3.3.3 Electrochemistry

The redox behavior of all four ligands and their metal complex with copper ions
was measured in distilled methanol in the potential range of +2.0 to -2.0 V and
electrochemical data is abridged in the Table 3.4. All the copper complexes have shown
one quasi-reversible peak in the range -0.9 to -1.2 V. The Cu* complex with L2 a
cathodic peak (Ec) at -1.194 and an anodic peak (Epa) at 0.57 V, as represented in the
figures, that was attributed to Cu®*/Cu The other copper complexes with other ligands
L3, L4 and L5 also displayed cathodic peaks at -1.190, -1.080 and -1.003 and anodic
peaks at 0.57, 0.67, 0.935 V, respectively. Aside from these potentials, the current was
also simultaneously increased in the anodic region. The redox potential of all copper
complexes was negative, due to the presence of a conjugated aromatic ring [33]. In the
positive potential of all of the copper complexes, oxidation peaks in the range of 0.57 to
1.49 V, represented Cu/Cu?*. However, all four ligands showed a positive potential in the
range of 0.0922 to 1.54 V and negative potential in the range of -0.58 to 1.50 V which
was diminished after complexation with copper ions. The new potential peaks were
different to the other potentials due to complexation of copper ions with the ligands. The
Figures 3.17 shows all of the changes resulting from the presence of the Cu®* jon from

decomplexation to complexation.

Table 3.4: Electrochemical behavior of all ligands and their copper complexes.

| 1 | 11
Oxidation peak | Oxidation peak | Reduction Peak | Reduction peak

L2 1.056 1.54 -0.985 -

L3 1.06 - -0822 -
L4 0.122 0.182 -0.58 -0.79
L5 0.092 1.13 -0.935 -1.500
Cuy(L2) 0.57 - -0.82 -1.194
Cus(L3) 0.57 1.06 - -1.190
Cuy(L4) - 0.325 -0.67 -1.08
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Figure 3.17. (a) Electrochemical behavior of L2 and L2 +Cu?*, (b) Electrochemical behavior of
L3 and L3 +Cu®, (c) Electrochemical behavior of L4 and L4+ Cu®, (d) Electrochemical
behavior of L5 and L5+ Cu®".

3.3.4 pH study of ligands

The efficiency of all four ligands with or without copper ion at different pH levels
was studied. The results showed that at acidic pH, the intensity of the ligand not change
as much as when it was at basic pH. The pH study showed that the intensity was
increased at basic pH because of ligands are enriched with sensitive proton donor sites.
At high pH, deprotonation occurred simultaneously as fluorescence intensity increased.
This study revealed that ligands were stable between 4-10 pH, outside of this range the
ligand properties changed. The same experiment was performed with L (L2-L5) + Cu®*
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and it was found that in case of L2+Cu®", the compound was stable between 4-11 pH and
outside of this range the compound became turbid and intensity changed. In the case
L3+Cu®", a range of 4-11 pH was suitable and apart from this range the compound
deteriorated. From the pH study, the suitable pH range for L4 and L5 with Cu** was
found to be 3-10 pH and aside of this the properties of compounds changed. So, the
results showed that the 4-11 pH range was the most convenient for all four ligands.

Figure 3.18 demonstrate the pH study of all four ligands in the absence or presence of

copper ions.
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Figure 3.18. Represents the spam of pH for all four ligands in the absence and presence

of Cu®" ions.
3.3.5 In-situ photophysical study with different anions

As indicated by the displacement approach of all four ligands, their fluorogenic
activity was completely quenched by the complexation with copper ions [34-36]. On
exposure with CN™ [Cu®* with chelating ligands], CN~ can combine with Cu?* to produce

the extremely stable species [Cu(CN),]™, resulting in the arrival of a free ligand among
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other anions (CI', Br', F, CN’, NO3, SOs%, SO,", SO4*, S*, H,PO,, HPO4*, SCN’, COs*
and Cys). Figure 3.19(a) and (b) shows the selectivity of cyanide ion among other anions.
This led us to estimate that the L (L2-L5)-Cu?* gathering is a potential sensor for cyanide
ions among other anions. The in-situ CN" induced decomplexation was investigated using
UV-vis studies. The results show that, in-situ, L2 and L5 with copper ions have an
affinity towards cyanide ions among other anions due to the decomplexation of L2 and
L5 from copper ions, but L3 and L4 are not subject to any interference by different
anions because of their high affinity towards Cu® ions. As a result, the study shown that
in the cases of L2 and L5, CN" ions encountered decomplexation with Cu?* ions, whereas
L3 and L4 did not previously develop the ligand after the in-situ reaction with CN" ions.
The Figures 3.19(c) and (d) show the changes in absorption spectra on gradual addition
of cyanide ions with L2+Cu?* and L5+Cu?*, respectively. Using plot of log(CN) vs A-
Ao/Anax-Ao. The limit of detection of cyanide with L2 and L5 are 0.31 uM and 0.53 pM
respectively, which are much less than the permissible limit of cyanide ions prescribed by
the World Health Organization (WHO). Figure 3.20 (a) and (b) expressed the detection
limit graphs for cyanide ions.
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Figure 3.19. (a) & (b) Show the selectivity of CN" ion via absorption studies of in-situ L2
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3.4. APPLICATIONS
3.4.1 Real sample analysis

To evaluate the potential uses of synthesized ligands (L2-L5), the ligands are applied in
the analysis of different water samples. The water samples used were tap water and the
Ganga river water from Roorkee, and known amounts of copper were added to the water
samples. The assessment was determined by spiking with a known amount of standard
copper ion solution followed by calculating its recovery. The resulting recovery of
different known amounts of copper ions added was noted to be 94% to 99% from tap
water and 99.4% to 103% from Ganga river water. This result shows that the-application
of ligands for real water analysis was quite achievable. Table 3.5 represents the real water
analysis. The same experiment was performed for CN" ions in water samples, which is
represented in Table 3.6. The in-situ experiment was carried out using CN™ ions. This
experiment was analyzed only for L2 and L5 because only these two ligands showed the
metal displacement approach. The results revealed that the recovery of CN" ions from tap
water was between 99% to 99.7% and from 93% to 96% for Ganga river water.

Table 3.5: Determination of copper ion in different water samples by using L2, L3, L4
and L5 ligand.

Samples Spiked Cu® (M) Found *Cu®* + SD (M) Recovery (%)
L2 Tap water 5x10” 495+0.1x 107 99 %
Ganga River water = 5x 107 5.00 + 0.2 x 10 100 %
L3 Tap water 5x 107 473+0.3%x107 94.6 %
Ganga River water 5 x 107 51+0.1x10° 102 %
L4 Tap water 5x 107 4.94+0.1x%10° 98.8 %
Ganga River water 5 x 107 5.15+ 0.5 x 10° 103 %
L5 Tap water 5x10° 489+0.2x10° 97.8 %
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Ganga River water 5 x 107 497+0.1x10° 99.4 %

a Standard deviation was calculated for three measurements.

Table 3.6: Determination of cyanide ion in different water samples by using L2 and L5

ligand.
Samples Spiked CN° ®Found CN + SD Recovery
Tap water 4 %107 3.96+0.1 x 10° 99%
L2+Cu?t
River water 4x107° 3.87+0.2x 107 96.7%
Tap water 4x107° 3.99+0.1x10° 99.7%
L5+ Cu®*
River water 4x10° 3.75+0.3x 10° 93%

& Standard deviation was calculated for three measurements.
3.4.2 Logic gate operation for L2 and L5

Studies were carried out based on metal displacement approach of L2-Cu?** and
CN’, with consistent changes in its absorption intensity at 397 nm. Furthermore, these
changes were applied as a molecular switch which uses on Boolean logic operations [37].
For the explanation of the design of the logic gate, 1 logic assigned for input and O for
output. The four plausible input combinations are (0,0), (1,0), (0,1), (1,1) [38] which are
shown in the Figure 3.20, and it was observed that in the absence or presence of Cu®* and
CN" (Cu**, CN" = 1 or Cu*, CN" = 0) there was no output signal. However, in the
presence of a Cu®* only input signal (Cu?* = 1, CN" = 0) at maximum absorption, 397 nm
was accomplished as the output signal, but inverse of that (Cu** = 0, CN" = 1) did not
show any output signal. The truth table was integrated for logic circuit with two inputs as
Cu® (Iny), and CN" (In). L2 and L5 have the ability to expose INHIBIT job through
absorption output with the AND logic gate as an inverter to invert the input signal. A
similar experiment was performed with the L5 molecule and the absorption changed at
398 nm, which showed the same logic gate after applying same inputs. Figure 3.21

showed the molecular switch for L2,
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Figure 3.21. Change in absorbance of L2 at four different input conditions: inset shows

implicated logic diagram.
3.5 CONCLUSIONS

Multidentate dicarbohydrazide based ligands were successfully synthesized and
well characterized through NMR, FTIR, elemental analysis, crystal structure analysis,
mass spectrometry and investigation into their photophysical properties. These ligands
show high selectivity and sensitivity towards copper ions amongst other metal ions. The
Job’s plot analysis showed that Cu®* forms 1:2, 1:3, 1:2, and1:2 complexes with L2, L3,
L4, L5 respectively. The good binding constants were demonstrated by L2, L3, L4, and
L5 with copper ions to be 8.86, 17.645, 11.145 and 6.45 respectively, and good detection
limits were established by the ligands between 0.097 to 0.12 uM. The studies using FT-
IR and ESI Mass spectroscopy proved the coordination site of the Cu®* ion with all four
ligands. Furthermore, these in situ experiments were explored for anion detection, where
the results showed that only L2+Cu?* and L5+Cu®" could detect cyanide ions with good
sensitivity at ca. 0.31 and 0.53 uM i.e. less than the permissible limit given by WHO.
The in-situ experiments showed that L2 and L5 could sense cyanide ions in presence of
copper ions. The data was also applied in molecular switch and represents an INHIBIT

logic gate.
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“PYRIMIDINE BASED CHEMOSENSOR
FOR ALUMINUM IONS”
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CHAPTER 4

4.1 INTRODUCTION

Aluminum is the 3" generous element in the earth’s crust. Acid rain is one of the
main sources of leaching of free aluminum ion in the environment and surface water. Its
uses have been increased drastically in day-to-day activities from last few years i.e.
cooking utensils, aluminum foil which raises the amount of aluminum metal ion in daily
food and drinking water [1,2], as well as pervasive use in diverse field like automotive
and aeronautic transport, food additive, space industries, construction, packaging and
aluminum-based pharmaceuticals, which creates adverse effect on the environment. Its
toxicity causes many deceases such as Alzheimer’s disease [3,4], Amyotrophic lateral
sclerosis, Parkinson’s disease i.e. damages the human nervous system as well as it also
deadly hindered the plants growth [5,6] etc. According to FAO/WHO the tolerable limit
of aluminum ion is 7.0 mg/Kg body weight in a week which was suggested based on

short term toxicity [7,8]. Therefore, to prevent the direct impact on the human being and

I3 I3

biosphere by AI°", it is needed to control the concentration levels of AlI°" in the
environment. Due to poor coordination ability and insufficient spectroscopic
characteristics, it is difficult to detect the aluminum ion concentration in the environment
and surface water. Therefore, it is required to promote AI** sensors, which possess easy

synthetic route, and sensitive, selective mechanisms.

Some tedious, time consuming and sophisticated techniques such as graphite
furnace atomic absorption spectroscopy and inductively coupled plasma atomic emission
spectroscopy are used in the detection of aluminum ion. Due to the drawbacks of these
techniques, in recent years, fluorescent sensing has great attraction by virtue of its high
efficiency to. sense numerous biological and chemical species. Therefore, many
fluorescent sensors have been synthesized and used them in the detection of different
metal ions with different mechanism [9-17]. ESIPT mechanism (Excited state
intramolecular proton transfer) has unique properties in practical application because of
its attractive photophysical property such as large Stokes shift that avoided the self-
absorption of molecule or inner filter effect, which improve the fluorescence analysis
with this type of molecule. Another property is keto tautomer or transient character of

molecule in the ground state. Those molecules which has H-bond donor group such as
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phenolic or amino group established photo-tautomer by transferring the proton to an
adjoining atom in electronically excited state. Similarly, here C=N isomerization is also

occurred.

On the basis of these properties the chapter demonstrated the sensor that has —OH
group adjacent to the imine nitrogen which exemplifies intramolecular proton transfer
from —OH to imine nitrogen i.e represents ESIPT mechanism. Here the C=N
isomerization is also inhibited after addition of aluminum ion and showed high

I** ion unlike other

fluorescent properties. This sensor depicts specific affinity towards A
metal ions with large spectral shift (58 nm) due to the presence of polar groups such as
hydroxyl groups, amine group which shows high affinity with AI** ion. As result of

I** jon leads to hinder ESIPT mechanism and C=N

interaction between -host with A
isomerization of host. The sensor reveals low detection limit in nano molar range (99
nM) for AI** ion in ACN. Photoluminescence of host with AI** ion emits green and red
fluorescent light for imaging of bacterial cell (E. coli DHa). It also acts as a reversible
chemosensor and represents INHIBIT logic gate. The host L6 represents ESIPT

mechanism that was hampered with AI**

ion after that it was used in various practical
applications. The synthesis process of the sensor is a simple and easy one-step method.

The synthesis did not involve costly chemicals or sophisticated techniques.
4.2 EXPERIMENTAL SEGMENT
4.2.1 Reagents and instruments

Chloride and nitrate salts of metals were purchased from SDFine and Merck of
analytical reagent grade and used them for analytical studies without any purification.
Reagent 2-hydroxy-1-naphthaldehyde and 5,6-diamino-2-mercaptopyrimidin-4-ol was
purchased from Sigma Aldrich (>90%). Absorption spectra was measured by Shimadzu,
UV-3600 double beam spectrophotometer with quartz cell. Vibrational spectra recorded
in Perkin-Elmer FT-IR 1000 spectrophotometer. The Elementar Model Vario EI-lII
instrument was used for the elemental analysis. JEOL 400 MHz spectrophotometer was
used to record all NMR spectra. Emission spectra was recorded on Horiba RF-5301PC by

standard quartz cell (3 cm path length). The electrochemical was documented on
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CHI760E electro analyzer Ag/AgCI as reference electrode, glassy carbon electrode as
working electrode and platinum wire as auxiliary electrode with 0.1 M nBusNPFg (as
supporting electrolyte), 0.1 Vs™ scan rate and -2.0 to 2.0 potential range. Mass spectrum
was analyzed on WATERS Q-TOF premier-HAB213 mass spectrometer and Bruker

micrOTOF™ -Q 11 mass spectrometer.
4.2.2 Synthesis of ligand L6, L7:

A) Synthesis of ligand L6 (6-amino-5-(((2-hydroxynaphthalen-1-

yl)methylene)amino)-2-mercaptopyrimidin-4-ol):

Ligand L6 was synthesized by adding methanolic solution of 2-hydroxy-1-
naphthaldehyde (1.5 mmol, 0.2582 g) in methanolic solution of 5,6-diamino-2-
mercaptopyrimidin-4-ol (1 mmol, 0.1581 g) with continuous stirring. After completion
the adding of reagent, reflux the reaction mixture for 12 hr. A dark yellow colored

precipitate was obtained, which was recrystallized with ethanol (Scheme 4.1) [18].

Yield. 80%. Calc. for C15H12N4O,S: C, 57.68; H, 3.87; N, 17.94; O, 10.24; S, 10.27 and
found: C, 57.79; H, 3.623; N, 17.84: O, 10.724; S, 10.023. FT-IR data (KBr umaxcm™):
O-H: 3490, NH,: 3387, C-H str.: 3169, S-H: 2895, C=N: 1568, C=C: 1626, C-S: 1477.
UV-Visible (CH3CN, Amax nmM): 400 nm. *H NMR (DMSO, 400 MHz, &/ppm) 14.12 (s,
1H), 12.17 (s, 1H), 11.90 (s, 1H), 10.50 (s, 1H), 8.10 (d, J = 8.5 Hz, 1H), 7.87 (d, J = 9.0
Hz, 1H), 7.83 (d,J = 8.9 Hz, 1H), 7.53 (t, J = 7.1 Hz, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.12
(d, 3 = 9.0 Hz, 1H), 6.57(s, 2H). **C NMR (DMSO, 100 MHz, &/ppm) 172.20, 160.94,
157.97, 155.72, 150.59, 133.89, 132.61, 129.57, 128.33, 128.04, 123.95, 120.56, 119.75,
110.80, 102.42. ESl-mass of L6 m/z 313.0750, (M+H)".

B) Synthesis of ligand L7 (6-amino-5-((4-bromobenzylidene)amino)-2-
mercaptopyrimidin-4-ol):

Ligand L7 was synthesized by adding methanolic solution of 4-
bromobenzaldehyde (1 mmol, 0.1850 g) in methanolic solution of 5,6-diamino-2-

mercaptopyrimidin-4-ol (1 mmol, 0.1581 g) with continuous stirring. After complete
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addition of reagent, reflux the reaction mixture for 5-6 hr. A light-yellow colored

precipitate was obtained, which was recrystallized with ethanol (Scheme 4.1).

Yield. 70%. Calc. for C1;HgBrN4OS: C, 40.62; H, 2.79; N, 17.23; S, 11.72 and found: C,
39.95; H, 2.540; N, 17.72; S, 11.525. FT-IR data, (KBr vma cm™): O-H: 3433, NHy:
3323, C-H str.: 3202, S-H: 2909, C=C: 1634, C=N: 1599, C-S: 1477. UV-Visible
(CH3CN, Amax NM): 367 nm. *H NMR (DMSO, 400 MHz, &/ppm) 11.96 (s, 1H), 11.81(s,
1H), 9.58 (s, 1H), 7.81 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 6.75 (s, 2H). *C
NMR (DMSO, 100 MHz, &/ppm) 172.51, 157.60, 152.91, 150.51, 138.02, 131.98,
129.88, 123.29, 102.40. ESI-mass of L7 m/z 346.96 (M+Na)*.

Br
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.’ 2
N ¢:-
% i \ ZN ETOH, reflux \
I ETOH, reflux

~N \ ~N
H
) | 6
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e}
w

6-amino-5-((4-bromobenzylidene)amino)-

2-mercaptopyrimidin-4-ol 6-amino-5-(((2-hydroxynaphthalen-1-

yl)methylene)amino)-2-
1

mercaptopyrimidin-4-o
L7
L6

Scheme 4.1. Synthesis of L6 and L7 ligand.

4.3 RESULT AND DISCUSSION

4.3.1 Solvochromic test

The solvochromic trends was checked with different solvent such as MeOH,
ACN, DMF, DMSO, THF, Hexane and Water. A new peak was appeared at 482 nm with
MeOH, DMF, DMSO and THF solvent due to the hydrogen bonding takes place between
ligands (L6, L7) and with these solvents. In case of Hexane then precipitate occurred and
with water the ligands generated strong hydrogen with decreases the intensity of
absorbance. DCM is also not chosen due to the less miscibility of this solvent. Therefore,

ACN was selected as a solvent for all further studies because of less tendency of
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hydrogen bonding with the ligands (L6, L7). Figure 4.1 shows the solvent study with the

both ligands.

Further the binary mixture study of ACN was also performed with different

volume of water. This study revealed that the peak corresponds to 400 nm was found to

decrease, simultaneously, with increasing the water concentration. However, a new peak

at 482 nm was observed due to hydrogen bonding of water content with ligands; which

was increased with water concentration. Hence, ACN solvent without water was used to

avoid the peak of hydrogen bonding at 482 nm. Figure 4.2 demonstrate the binary

mixture study of both the ligands.
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Figure 4.1. The solvent study of L6 and L7 respectively with different solvent.
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Figure 4.2. The binary mixture study of L6 in ACN with water.
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4.3.2 Visualization test

Initiatory test for the detection of aluminum ion was performed as fluorometric
test in UV light. Figure 4.3 represents the performance of equi-molar concentration
(4.0x10* M) of L6 in CHsCN with 5 equivalents of all metal ion solution (ImM). A
sudden highly green fluorescent has emitted with aluminum metal ion among other metal
ions in UV light. Whereas, in case of L7 there was no change with AI** ion in daylight as
well as in UV light.

N RS R W E 4 i e

% ' - -

L6 Ag+ Ba2* Ca2* Cd?* Co2* Cr3* Cs* Cu?* Fe3* ng+ Hg" K+ Lit MnZ Nizt A3t pb2+Zn2+
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Figure 4.3. L6 + different metal ion in UV light.
4.3.3 Photo-physical Studies of both ligands L6, L7 with different metal ions

The selectivity of AI** ion with both the ligand L6, L7 was investigated by UV-
vis and emission studies among different metal ions such as Ag*, AI**, Ca**, Ba**, Co**,
Cd?, cr®, Cs*, cu?*, Fe** Hg*, Hg™', K*, Li*, Ni?*, Mn?*, Pb?*, Zn®*. In UV-vis studies,
the ligand L6 showed the Amax at 400 nm due to n - ©* transition and L7 represented at
367 nm due to n - w* transition. The Anax difference in both ligand L6 and L7 has due to
the more conjugation shown by naphthalene ring in L6 as compared to L7. In case of L6,
the 400 nm peak was shifted by 58 nm bathochromic shift at 458 nm with the addition of
aluminum salt whereas, the absorption spectra of L7 did not show any change with
aluminum salt or other metal ion due to the deficiency of aldimine nitrogen with adjacent
two hydroxyl group moiety. In case of L6, this red shift is due to the addition of
aluminum ion by figure 4.4. On the other hand, in order of selectivity the emission
spectra at excitation wavelength 405 nm was represented an immediate enhancement in
the fluorescence intensity of L6 with AI** metal salt rather than other different metal ions
which shown in figure 4.4. This enhancement supports the behavior of complexation of

L6 with aluminum ion. A turn-on fluorescent emission with AI** ion indicates inhibition
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of keto-enol form and C=N isomerization of L6. In ESIPT mechanism, the compound
was presented in the keto-enol form but after addition of AI** metal ion with L6, the
formation of keto-enol form in L6 was hampered and showed high fluorescence intensity.
Further, the emission study was performed with L7 ligand but there was not much more
change in L7 emission spectra that didn’t show any change with aluminum ion (Figure

4.5). therefore, further studies were performed only with L6 ligand not with L7.

Ligand (L6) + metal ions (Ag*, AT, Ba2™, || 1600+
0.9 Caz+~ Cd2+, C02+. Cr3+. Cs+, Cu2+. Fc3+,
He', He?t, KT, Lit, Mn2*, NiZ*, pb2T, Zn2H)

0.6 . /

0.34
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Figure 4.4. UV-vis study and Emission spectra for selectivity test of L6 with various

metal ions.

I3

Furthermore, for the justification of high selectivity of L6 towards AI®® metal ion the

competitive experiment was performed with other metal ions. L6 (5 uM) was served with

1.0 equivalent of AP*

ion and 1.0 equivalent of different metal ions. Figure 4.6
demonstrated the interfering study with different metal ions, which represented that there
is slight decrease in the fluorescent intensity with copper ion while no interference was
observed with other metal ions in the detection of AI** metal ion. In this figure 4.6 the
orange and blue bar represents L6, L6 + metal ions (Ag®, AI**, Ca**, Ba®*, Co**, Cd*",
cr¥, Cs*, cu®, Fe*, Hg', Hg®", K", Li*, Ni**, Mn**, Pb?*, Zn®") respectively and red bar
indicates the L6 + AlI**+ different metal ions. This study was supported that L6 is highly

selective for A" ion in ACN.
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1400
=
f‘i 1200
B
=
=
= 800
—
3
= 600
=51
[
7]
2 400
=]
=
= 200
0

L6 Ag" Ba* Ca¥Cca® o or*t Cs*Co*™ FeHg' Hg™* K' Li* Mn** Ni** Pb* Zn™ Le+Ar™

Figure 4.6. Interference study with different metal ion in the presence of AI** here blue

|

bar represents L6+metal ion and red bar shown L6+AlI°"+ different metal ions.

Further, the fluorescence changes were also studied at different pH of L6 in the
presence and absence of AI** metal ion. The weak fluorescence intensity was manifested
by L6 from 5 to 10 pH after that in basic pH the intensity was increased due to proton

ejection from the L6 molecule. However, the same experiment was performed with
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aluminum ion, which exhibited from pH 4-10, the fluorescence intensity was increased,
apart from this pH the fluorescence intensity was not that much change only some
decrement was observed in intensity which was depicted in figure 4.7. This increment
was because of the complexation with aluminum ion. This broad span of pH makes L6

useful in various applications [19].

The binding stoichiometry of L6 with AI** metal ion was examined by the
emission spectra of equimolar solution (10 uM) of L6 with concomitant variation in mole
fraction of AI*" ion. Figure 4.8 represents the change in fluorescence spectra with
different mole fraction of AI** ion in Job’s plot which results the 1:1-stoichiometry was
confirmed through the Job’s plot. Moreover, the binding constant and limit of detection

were calculated through B-H plot by fluorescence titration of L6 with AI** ion.
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Figure 4.7. Change in fluorescence intensity of L6 and L6+AI*" at different pH.
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Figure 4.8. Maxima at 1:1 by Job’s plot.

The Benesi-Hildebrand plot [20] (B-H plot) was plotted between 1/AI** and 1/(I-
lo) which was shown in figure 4.9 and the association constant K, was found to be 3.5 x
10* which was within the range (10%-10°) and has high limit of detection (LOD) as 9.9 x
10 (99 nM), which is remarkably less than the admissible limit specified by the WHO.
Figure 4.10 represents the LOD graph. It is also less than the previously reported limit of

detection [21-27] which was represented in table 4.1.
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Figure 4.9. Emission titration of L6 with AI** ion in ACN medium.

1ol LOD=9.90x10"8
Aex = 500 nm

o
o
[

e
o
1

o
(¥
1

(I-I9)/(Iyax-10)

e
o
1

A . T ' T ' T '
-7.0 -6.8 -6.6 -6.4 -6.2 -6.0

log (ARH)

Figure 4.10. Determination of limit of Detection limit (LOD) for aluminum ion by using

emission spectra.

115



Table 4.1: Comparison with some previously reported work.

. ) Detection o
Previous literature Chemosensor limit Applications
imi
Chem. Commun. 48 (2012) 1039- quinoline-triazolyl- <10 UM )
1041.(ref. 21) pyrrolidinyl-coumarin H
Chem. Commun., 47 (2011) . 1.2-10"
8778-8780. (ref. 22) Calix[4]arene based UM
1,1-bis-[2-hydroxy-3-
RSC Adv. 5 (2015) 63338 FEL RO
63344, (ref. 23) s o i 2
= ol methylphenyllmethane
Inorg. Chem. 49 (2010) 7229- Coumarin-Triazolyl- 25 UM !
7231. (ref. 24) Bipyridyl based 5
Chem. Commun. 50 (2014) 2.8 -50 !
Naphthal Il
11833-11836. (ref. 25) gPEtalenc bosgl ang | ke Imaging
Tetrahedron Lett. 55 (2014) "
13471352, (ref. 26) Quinoline based 1 uM
Analytica Chimica Acta 853 _ 1 U
(2015), 596-601. (ref. 27) Aminoquinoline based | 1.08 uM | Cell imaging
Cell
Present work Pyrimidine based 99 nM imaging,

Dipstrip test

The reversibility factor is very important for

practical application. For

reversibility, the EDTA was used with L6+AI** mixture as chelating ligand, which was

quenched the fluorescence intensity due to the formation of well-known complex
between EDTA and AI** ion. Figure 4.11 described the reversibility of L6 with AI** and
EDTA. After that, again the addition of AI** ion in the mixture of L6 + AI** +EDTA the

fluorescence intensity was turned-on. These results offering that L6 is the reversible

chemosensor and it can be used as recyclable sensor over analyzed with AI** with

binding agent i.e. EDTA [28].
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Figure 4.11. The reversibility behavior of L6 by using EDTA as binding agent.
4.3.4 "H-NMR titration

The binding mode of L6 with AI** ion, *H-NMR titration was performed in
DMSO-ds. The complexation of L6 with aluminum ion was also influence the NMR
spectra, that changes was represented in the figure 4.12. It was clearly shown by the
NMR spectrum the peaks at & 14.20, 12.17, 11.90, 10.50, 6.57 ppm designated —OH", -
SH, -OH?, -CH=N, -NH, respectively, in which some was shifted to downfield region
and some was shifted to upfield due to the co-ordination of AI** with L6. An attractive
observation was that ~OH" proton was experienced exceptionally upfield shifting with
AI** ion from 14.20 & ppm to 14.13 & ppm, which was assigned as the proton for keto-
amine tautomerization of L6. The aldimine proton along with —OH? was showed
downfield shifting from 6 10.49 to & 10.500 ppm and & 11.90 to & 11.93 ppm
respectively. This all assignment was demonstrated in figure 4.12. Other proton signals
were also shifted downfield region due to the decrement of electron density on L6

chemosensor. During the NMR titration of L6 with AI**

, the all changes in the chemical
shift clearly demonstrated that the N-atom of aldimine along with O* and O? (keto) as the
donor atom in a tridentate form which represents the hard acid — hard base interaction

[29].
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Figure 4.12. Binding affinity by *H NMR titration of L6 with AI** in DMSO-ds.
4.3.5 Computational studies

In theoretical context, the host-guest interaction was documented by Density
Functional theory (DFT) method. The optimized geometry of L6, L7 and L6+AI** were
gleaned in solution phase by Gaussian 09 W computational program with B3LYP
functions and 6-31G(d, p) basis set for metal free chemosensor apart from this LaNL2DZ
basis sets for L6+AI** was used [30]. Figure 4.13 and figure 4.14 advertised the all
optimized structure of L6 and L6 + AI**. The inter conversion of proton in keto - enol
form of L6 was also optimized by Gaussian 09 W program. The bond length of hydrogen
bond of L6 in keto — enol form was different the O-NH (the bond length is 1.553 A) and
OH-N (1.633 A) which was clearly indicated the tautomerization of L6 which support the
ESIPT mechanism. In HOMO of L6 the electron density was spread over the pyrimidine
unit but in LUMO the electron cloud was localized over the naphthalene unit. The energy
band gap of L6, L7 was 3.43 eV (Figure 4.13, 4.14 and figure 4.15) and 2.71 eV
respectively. After the addition of aluminum ion with L6 the energy band gap was
diminished up to 2.04 eV. HOMO of L6+AI*" represented that the electron distribution
was focalized on whole molecule but in LUMO the electron density was spread over the
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naphthalene unit. The decrement in energy band gap with aluminum ion supports that

after complexation with metal ion ESIPT mechanism was hindered [31].

9
HOMO
HOMO

9

AE =3.325eV
AE =3.503 eV

LUMO LUMO

Figure 4.13. Computational study of L6 the Keto-enol form in solution phase (solvent
=ACN).

AE=2.183eV

Figure 4.14. Computation study of L6 with AI** ion in solution phase (Solvent = ACN).
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L7

LUMO
AE=2.71 eV

Figure 4.15. Optimized structure of L7.

4.3.6 Electrochemical demeanor

Further the electrochemical behavior of L6 and L6+AI** were evaluated in ACN
solution with 0.1 M TBAP as supporting electrolyte. The voltammogram of probe L6
described one oxidation peak at 1.465 V and one reduction peak at -0.690 V. Upon the
addition of AI** solution in the L6 solution there was one new oxidation peak appeared at
0.92 V and one reduction peak at -0.94 V, simultaneously the current was increased due
to the complexation with metal ion [32]. This anodic shift in the peaks specified the
electrostatic interaction between L6 and AI**. Figure 4.16 presented the cyclic
voltammogram of L6 and L6+AI*.
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Figure 4.16. Cyclic Voltammogram of L6 and L6+AI*".

4.3.7 Receptivity of sensor

The fluorescence life-time decay was measured of L6 with AI** by Horiba Jobin
Yvon fluorocube instrument using time resolved fluorescence plot. The life time decay

I** followed

measurement was shown in figure 4.17, this life time decay plot of L6 + A
the mono-exponential decay which revealed that decay time of L6 with aluminum ion

was 2.31 ns [33].

O Promt
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Figure 4.17. Time decay profile of L6+AI*".
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4.3.8 OFF-ON switching behavior of L6

Based on reversibility behavior of L6 receptor and consequent changes in
fluorescent intensity at 500 nm, it can be implemented on Boolean logic operations [34,
35]. This was used as combinational logic circuit. In this context the strong fluorescence
at 500 nm was prescribed by ON state (output= 1) whereas, the weak fluorescence
corresponds to OFF state (output=0). There are two inputs IN1 AI** and IN2 EDTA,
whose presence and absence were itemized as 1 and 0. Figure 4.18 validated the logic
gate behavior. The threshold value of intensity was determined as 400. The weak
fluorescence intensity was observed below threshold value in the absence (0, 0), in
presence of both inputs (1, 1) and also alone EDTA (0, 1). So, by analyzing the
fluorescence intensity behavior with two inputs IN1 and IN2 an INHIBIT logic gate was

entrenched at molecular level.

INHIBIT
IN-1
Output
IN-2 {>O
~ 14004
=
= 12004 , gy r o L
£ IN1(AP¥ | IN2(EDTA] | Output
Z 10001 ¥ . of _+ A -
iz 0 0 0
= 800 ' |
E 6004 ! ' 4 \ !
o 0 1 ' 0
g 4004
=]
g 1 1 0
=
{]-

Figure 4.18. Represents the logic gate behavior which follow the INHIBIT gate.
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4.4 APPLICATIONS
4.4.1 Bacterial cell imaging

For bacterial cell imaging, the E.coli DH5-a bacterial cell were grown overnight
in LB (Luria Bertani) medium at 37 °C in a shaker incubator. Overnight grown bacterial
cells was incubated with 10 uM of Al(Cl)z in PBS at 37 °C for 4 h. PBS solution was
used for washing and remove the remaining AIl(Cl);, the bacterial cells were then
incubated with 10 uM of L6 in ACN:PBS for half an hour at room temperature. Again,
the incubated bacterial cells were washed with PBS solution and recorded onto a glass
slide. Fluorescence images of fixed bacterial cells were gleaned using a Nikon Eclipse
LV 100 fluorescence microscope at 20X magnification. This test reveals that the bacterial

cell emits red and green fluorescence with AI**

in the presence of L6 under fluorescence
microscope. Figure 4.19 displayed the fluorescence images of bacterial cell in the

presence of AI** with L6.

(a) (b) (c)

Figure 4.19. Fluorescent imaging of bacterial cell (E.coli DH5-a) a gram negative
bacterial cell (a) represents the bacterial cell on glass slide with 20X magnification, in

(b), (c) shows that it emits red and green fluorescent of bacteria with AI** ion and L6.
4.4.2 Dip-strip test

Further for the practical application, L6 used as chemosensor for aluminum metal
ion, test paper strips easily prepared by normal filter paper and baptizing in the solution
of L6 (10uM) and dried these paper strips in open air for 3-4 hours.
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Figure 4.20. Represents the Paper strips of L6 with different concentration of AI**,

Furthermore, the dried strips were drenched into diversified concentration of AI**;
these strips advertised a significant change in UV light [36]. The result change in
fluorescent behavior of these strips shown in figure 4.20, it is a small kit for the detection
of AI** in UV light.

45 CONCLUSIONS

The pyrimidine-based ligands L6 and L7, was successfully synthesized and
characterized via different tools such as NMR, UV-vis, Mass spectrometry, fluorescence
spectroscopy, FTIR and elemental analysis. Apart from this, in both ligands only L6 was
highly selective for aluminum ion among other admissible metal ions as colorimetric and
fluorescent chemosensors. The reversible chemosensor L6 demonstrated low detection

limit with aluminum ion ca. 99 nM. The binding interaction of L6 with AI**

was
successfully demonstrated by NMR, DFT optimization, cyclic voltammetry and optical
studies. L6 with aluminum ion was also represented the molecular switching behavior.
Further, L6 was successfully applied in different practical application viz. cell imaging

and dip-strip test.
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CHAPTER 5

“OXALOHYDRAZONAMIDE BASED
CHEMOSENSOR FOR MERCURY,
CADMIUM AND COPPER IONS”




CHAPTER 5

51 INTRODUCTION

The exposure and assessment of low contamination of transition and heavy metal
ions are exclusively essential because these metal ions played a vital role in living
systems and their high concentration showed extremely toxic impact on the environment
[1,2]. This toxic effect of these metal ions attracts not only the scientific community,
especially chemist, biologist, but progressively in general population who have
knowledge of some disadvantages of these metal ions [3].

Among various metal ions mercury and cadmium are very toxic in nature due to
their less solubility, not biodegradable, and thence can accumulate in the environment,
that developed the contamination in food and water [4]. Apart from this, the slightly large
concentration of copper ion also has the property to be an ecological pollutant and
probably toxic to living cells [5]. Thus, these three metal ions have been involved in
many diseases such as neurodegenerative diseases (Menkes, Alzheimer’s and Wilson
diseases) that related to copper ion high concentration [6-8]. Same as Hg(I1) ion is highly
toxic ion that can coordinate to biological ligands like DNA, enzyme and proteins which
increases the toxic level of mercury ion that causes significant damage of kidney [9],
brain [10] and central nervous system [11], accretion of Hg(ll) in human body can
supremacy of cognitive disorders and Minamata disease [12,13]. Cadmium is also an
immensely toxic and carcinogenic metal ion whose higher level can associated with
cardiovascular diseases, cancer morality and damage to kidneys and liver [14]. Therefore,
it is necessary to develop the easy way to detect these ions in the environment. In this
context, there are lots of instruments are available such as AAS, IES, ICP but these are
very sophisticated and time consuming. Due to less biodegradability of these three metal
ions it can accumulate in the environment, that contaminated the food and water. So,
WHO (world health “organization) and EPA (environmental protection agency) had
rigidly determined the permissible limit of concentration of these metal ions that allowed
in the drinking water.

Despite of, there are many sensors was designed for Copper, Mercury or
Cadmium [15] via numerous mechanism such as ESIPT (excited state intramolecular
proton transfer) [16], PET (photoinduced electron transfer) [17,18] and ICT
(intramolecular charge transfer) [19,20]. On the next hand, still there are some flaws
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among the noted chemosensors. Whereas, a smaller number of chemosensors that could
analyze three cations simultaneously [21]. The detection of cations by the various
fluorophores used are limited and usually organic solvent is the media for the detection of
cations that limited many sensors for practical applications. The CHEF mechanism has
some different quality rather than other mechanism such as large stock shift. Therefore,
designed new chemosensor is highly sensitive towards the detection of Cu**, Hg®* and
Cd*" simultaneously via CHEF mechanism in pure aqueous media. Moreover, the
detection of these toxic metal ions in pure aqueous condition is still practical and
challenging. In this context, this chemosensor detected copper, mercury and cadmium
metal ion in aqueous media with good sensitivity. The present chemaosensor has the multi
donor atom i.e. the main reason to detect these ions.
5.2 MATERIALS AND METHODS
5.2.1 Materials and instruments

The distilled solvents were used throughout the whole experiments. The metal
salts were used of analytical grade without further purification purchased from Merck.
The FT-IR spectra was produced from Perkin EImer FT-IR 1000 spectrophotometer. The
NMR (*H and *C) was received by JEOL 400 MHz spectrometer. All absorption spectra
were gleaned by using Specord 600 Thermo Scientific PC double beam
spectrophotometer with 3 cm path length quartz cell. Horiba RF-5301PC instrument was
used for all emission spectra with standard quartz cell. The Verio MICROV3.1.1
instrument was used to perform elemental analysis (CHNS). The electrochemical studies
executed on CHI760E Electro-Analyser instrument with three electrodes as, graphite
electrode as working electrode, Pt wire had used as counter electrode and Ag/AgCl;
electrode as reference electrode with 0.1 M tetrabutylammonium hexafluorophosphate
(nBusNPFg) supporting electrolyte. The mass spectra were received by using Brukar

micrOTOF™-QII mass spectrometry.

5.2.2 Synthesis of ligand (L8)
Synthesis of oxalohdrazonamide (1): The ethanolic solution of dithiooxamide (1 mmol)

and dropwise addition of 3 mmol hydrazine in the solution. After that this reaction
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mixture was reflux for overnight. The dark brown precipitate was obtained after

completion of the reaction by reported method [22].
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Bis((indol-3-yl)methylene)oxalohydrazonamide
Scheme 5.1. Synthesis of compound L8.

Synthesis of Bis((indol-3-yl)methylene)oxalohydrazonamide (L8):

The ethanolic solution of 1 (1 mmol, 0.116g) was added dropwise to the ethanolic

solution of indole 3-carboxaldehyde (2 mmol, 0.290g) with continuous stirring. The
reaction mixture was refluxed for 6 hr. TLC was continuously checked up to completion
of the reaction. A yellow coloured solution was acquired which was placed for
crystallization for 7-8 days, after 7-8 days there was yellow coloured crystals appeared in
block shaped. That crystals were separated from the solution and washed with ethanol
and used for further studies. (Scheme 5.1)
Yield: 70%, Calculated for CyH1gNg; C: 68.28, H: 5.18, N: 26.54, and Found; C: 68.48,
H: 5.099, N: 26.421, FTIR data (KBr, vmax Cm™): NHy: 3377, imidazole N-H: 3443,
aromatic C-H: 3108, C=N: 1603, C-N: 1524, N=N: 1426. UV-Visible (water, Amax NM):
358 nm. "H NMR (400 MHz) 6 11.62 (s, 2H), 8.64 (s, 2H), 8.31 (d, J = 7.5 Hz, 2H), 7.84
(d, J=2.8 Hz, 2H), 7.43 (d, J = 7.6 Hz, 2H), 7.21-7.16 (m, 2H), 7.16-7.12 (m, 2H), 6.29
(s, 4H). *C NMR (100 MHz) & 153.01, 151.37, 137.64, 132.12, 125.03, 123.32, 122.85,
121.39, 113.09, 112.41. ESI mass: 393.2078 (M + Na) *.
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5.2.3 X-ray Crystallography

Bruker Kappa Apex four circle -5 CCD diffractometer was used for structural
measurement of single crystal of L8. The suitable single crystal of L8 was grown in the
mixture of DMF:. H,O (1:2) solution that escalated on nylon 7 Cryoloop. The data
reduction was performed on SMART/SAINT software and the intensity data collection
was mounted on Graphite monochromatic MoKa radiation (0.7107 A) at 298 K. All the
data collection, structural solution and refinement were gained by SHELXTL program
with direct method. Hydrogen bonding interaction with packing of 3*3 [figure 5.1(a)] and
[figure 5.1(b)] images were designed in the crystal lattice by Mercury 3.9 software.
Refinement parameter of L8 is shown in table 5.1. Crystallographic data of L.8 has been
deposited in Cambridge Crystallographic Data Centre with CCDC 1835002.
Table 5.1: Crystal data and structure refinement parameters of L8.

L8
Empirical formula C28 H32 N10 O4
Formula weight 550.63
Crystal system Triclinic
Space group P-1
alA 7.1650
b/A 11.7125
c/A 18.4026
/A 84.993
B/A 81.868
v/A 74.095
VIA® 1468.38
z 2
Dealc (g cm®) 1.245
p/mm’ 0.088
O range/’ 1.119-28.376
Reflection collected 7373
Independent Reflection 4575
Parameters 374
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GOF (F% 1.116
R1; WR; [I>2 sigma(l)] 0.0776-0.1145
R1; WR; (all data) 0.2097-0.2468

Figure 5.1(b). Packing of 3*3 diagram with hydrogen bonding interaction of compound
L8.

5.3. RESULTS AND DISCUSSION
5.3.1 Visual test

The preliminary test for naked eye detection of metal ion is visualization test. This

test was performed with 10 x 10 M concentration of L8 in water with various metal ions
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(ImM). Figure 5.2 represented the colorimetric experiment that revealed the sudden color
change was occurred with Cu®*, Hg** and with Cd** ions among other metal ions [23].
This color change was from colorless to dark yellow in case of mercury and light yellow
with cadmium ions whereas, dark green color was observed with copper ion. The color

change refers to complexation of probe L8 with metal ions.

_A s e
Ca2i#Co?t | [Cs* | Cd?H Cri+

- .
L8 Ag“‘ A&A Ba?

Figure 5.2. The colorimetric test of L8 with different metal ions in aqueous medium.

5.3.2 Photophysical properties of L8

Further, the absorption study was conducted of L8 with all three ions by UV-Vis
spectroscopy. Figure 5.3 represented the selectivity experiment of all three metal ions
among other metal ions via absorption and emission studies. The absorption studies of L8
were investigated by observing the absorption spectral demeanor upon the addition of
various metal ions such as AI**, Ag®, Fe**, Ba?*, Ca®*, Cd**, Co*, Cu®*, Cr**, Cs*, Hg*",
Hg*, K*, Pb?*, Li*, Mn*, Ni**, and Zn** in an 100% aqueous medium. L8 showed an
absorption band centered around 356 nm due to n-z* transition and this band remain
unaffected by the addition of 10 equivalent of all metal ions except Cd**, Cu** and Hg®".
The absorption band at 356 nm was slightly shifted to red shift (3 nm) with the
interaction with Cd** ion, whereas in case of Hg?* ion it was shifted to red shift (AL = 49
nm) at 405 nm due to ligand to metal charge transfer (LMCT). Similarly, in case of
copper ion there was slight shifting (AA = 18 nm) towards red shift from 356 nm to 374
nm that also support the LMCT behavior of complexation, which was shown in the figure
5.3.

Further, the selectivity and sensitivity of Cu®*, Hg®* and Cd?* ions among
different metal ions were proved by emission studies of L8 with pool of various metal

ions. The fluorescence studies were performed in aqueous medium with 10 pM
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concentration of L8 with 3 equiv. of all metal ions (50 uM). The emission spectra
manifested that there was quenching occurred in the fluorescence intensity with Cu®* due
to photoinduced electron transfer whereas in case of Hg?* ion quenching appeared with
excellent red shift (Alex = 81 nm) because of chelation fluorescence quenching behavior.
Whereas, in case of Cd** ion an immediate enhancement in the fluorescence intensity was
occurred with some red sift (Ahex= 53 nm) due to chelation enhanced fluorescence

(CHEF) mechanism (Figure 5.3).
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Figure 5.3. UV-vis and emission spectra of L8 with the various metal ions.

After selectivity checking, the titration experiment was executed with a
consecutive addition of metal ions to a 10 uM solution of L8 one by one. Firstly, upon
gradual addition of Cu®* to L8 one strong high energy absorption band at Ama = 356 nm
decreased with a simultaneous increment in intensity of the band at 374 nm. Similarly,
with Hg?* the absorption band at 356 nm was gradually decreased with increasing in the
band at 405 nm that was shown in figure 5.4. This shifting in the absorption bands
revealed that the complexation occurred from the decomplexed probe L8. The titration
experiment was also performed by emission spectroscopy that represented in the figure
5.5 (a), (b) & (c). The consecutive addition of Cd®" ion in the solution of L8 supported
the red shift by 53 nm due to the chelation enhanced fluorescence mechanism with the
excitation wavelength of 373 nm. In case of Cu®" the fluorescence intensity was quenched
due to photoinduced electron transfer from imine nitrogen atom. However, the

continuous addition of mercury ion in probe L8 solution demonstrated that the intensity
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was also quenched due to the CHQF mechanism with shifting 81 nm bathochromic shift

by figure 5.5 (c).
1.5+ 1.5+
L8 + Hg?t
L8+ Ccu?t £
8 1.0 8 1.0 4
= =
2 2
s 12eq ‘5 2.2eq
17 n
iz 0.5 T i% 0.5+
0eq
0 eq
0.0 T T T 1 0.0 T T T 1
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
Figure 5.4. The titration experiment of L8 with Cu?* and Hg?* ion on consecutive
addition.
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Figure 5.5. The emission titration of L8 with three metal ions, (a) figure represent the

Cd?* titration with probe L8, (b) titration with Cu®" ion, (c) shows titration of Hg** with

probe L8.
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The binding assays was represented by utilizing the method of continuous
variation in mole fraction (Job’s Plot) that was plotted between continuously varied mole
fraction and intensity/absorption of probe L8 with metal ions. The Job’s plot
recommended 1:2 (Receptor: Cation) stoichiometry for Cu**, Hg?* and Cd** metal ions

respectively  which is represented in Figure 56 (a), (b) and (c).
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Figure 5.6(a). The Job’s plot of Hg®" Figure 5.6(b). The Job’s plot of Cu®*
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Figure 5.6(c). The Job’s plot of Cd*" with L8.
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Moreover, the stoichiometry of the complex has been endorsed by ESI-mass
where peaks at m/z 791 for (L8 + 2Cd + 2CIO,’), m/z 610 for (L8+ 2Cu + 2AcQO") and
m/z 839 for (L8+2Hg+2CI") was examined which supported 1:2 stoichiometry between
probe L8 and all three metal ions that is shown in figure 5.7 (a), (b) and (c).
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Figure 5.7(a). The mass spectra of [L8 + 2Cd** + 2CIO4].
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Figure 5.7(b). The mass spectra of [L8 + 2Cu*" + 2AcO].
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Figure 5.7(c). The mass spectra of [L8 + 2Hg**+2ClI].

Further, the sensitivity of L8 was also affirmed by the performance of competitive
experiments with all three-metal ion in the presence of other metal ions and the results
revealed that there was no interference found besides Cu** and Hg?* in case of Cd** ion,
the intensity was slightly decreased with copper and mercury ion. Similarly, the same
experiment was performed with Cu®* and Hg?* ion in presence of other metal ions and
monitored that there was no interference of other metal ions apart from Cd* ion in which
some increment in the intensity was found. Figure 5.8 (a), (b) and (c) shown the

competitive experiment with other metal ions in presence of Cu®*, Hg**and Cd** ion.
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Figure 5.8. Competitive experiment of L8 with Cu?* and Hg?* ion in the presence of
different metal ions that is presented in (a) and (b) respectively.
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Figure 5.8(c). Represented the interference study of L8 with Cd®* ion in the presence of
other metal ions.

Moreover, determined the association constant (Ka) for Cu®*, Hg®" ion with L8
represented by Stern-Volmer plot [24-26] between concentration of metal ion (Cu®* &
Hg?") and Fo/F where Fq represents the initial intensity of L8 without addition of metal
ion and F showed the intensity of the solution on gradual addition of metal ions. The S-V
plot explained the static nature of quenching by the addition of metal ions. Figure 5.9 (a)
& (b) and Figure 5.10 (a) & (b) represented the S-V plot of L8 with Cu** and Hg?" ions
respectively. Similarly, the formation constant of Cd** ion was established by Hill plot
[27] that was constructed between log (1/metal ion concentration) and log [(I-1o)/(Imax - 1)]
that was demonstrate in figure 5.12 (a) & (b).
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Figure 5.9. (a) Demonstrate the S-V plot of L8 with Cu®* ion for binding constant and
(b) shows limit of detection graph of L8 with Cu®*
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The formation constant for Cu®*, Hg** ions were calculated 7.35 x 10°, 2.33 x 10°
by S-V plot and for Cd** ion the K, value was 11.1621 (log ) by Hill Plot. Similarly, the

limit of detection was calculated through 3c/slope where o represents the standard

deviation calculated for different solution of same concentration of ligand L8 (Figure
5.11). The limit of detection was 0.16 uM for Cu®*, 0.33 uM for Hg®" ion and 0.11 uM

for Cd?* ion. All data was summarized in table 5.2.
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Figure 5.10. (a) Manifested the S-V plot of L8 with Hg** ion for binding constant and (b)

shows limit of detection graph of L8 with Hg?* ion.
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Figure 5.11. The standard deviation of six samples of L8 (10 uM).
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Figure 5.12. (a) Determined the B-H plot for Cd®* ion and (b) manifested the limit of

detection of Cd*" ion.

Table 5.2: Summarized all data of photophysical properties of L8.

Absorption
Maxima

(Amax), NM

Emission

Maxima
(hem), NM

Stoichiometry

Stock
shift

(nm)

Binding
Constant
(Ka)

LOD
(rM)

L8

356

468

CUZ(LS)

374

Fluorescence
guenching at
468 nm

1:2

18 nm

7.35 x 10°

0.16

Hg(L8)

405

Fluorescence
guenching at
468 nm with
shifting by 68

nm

1:2

49 nm

2.33 x 10°

0.33

Cd,(L8)

360

Fluorescence
enhancement at
468 nm with
shifting by 81

nm

1:2

81 nm

11.1621
(log 5)

0.11
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5.3.3'H NMR studies, FT-IR spectra for binding mode

The binding mode of all three metal ions with probe L8 was identified by FT-IR,
NMR titration and mass analysis of L8 with all three metals respectively. The FT-IR
spectra of L8 and L8 with copper ion shown that the finger print region is not same of
both spectra. There were few bands at 3482, 3443 for -NH,, 3377 for pyrrole -NH and
3108 for aromatic -C-H, 1524 cm™ for -C=N were completely disappeared after
complexation with copper ion. There were some new bands occurred at 1399 and 1118
and some was shifted from 1603 to 1601 cm™ that supported to -C=N, 749 to 747, 620 to
605 Cm™ that supported the complexation with copper ion from -C=N, pyrrole -NH and -
NH,_(figure 5.13 (a)). Likewise, the vibrational spectrum of L8 with Hg®" ion was
dissimilar to the vibrational spectra of L8. Some bands that represent the -NH, functional
group disappeared and some was shifted 1426 to 1399 cm™, 1106 to 1102 cm™ and 620
to 597 cm™ that also support the complexation with mercury ion (figure 5.13 (c)).
Similarly, the vibrational spectra of decomplexed and complexed L8 with Cd** ion was
different to each other. In presented spectra with Cd** showed that some bands at 3482,
3443 for -NH,, 3377 for pyrrole was completely diminished whereas some was shifted
from 1426 to 1399 cm™, 1106 to 1118 cm™ and 620 to 630 cm™ that affirmed the
metalation of L8 with Cd* ion [28] (figure 5.13 (d)). Figure 5.13 (b) represents binding
mode with metal ions.

Further, the binding mode of these metal ions with L8 also entrenched by 'H
NMR titration. The experiment was accomplished in DMSO-d°® solvent and *H NMR of
L8 the peaks at 611.62, 8.64, 8.32 and 6.28 ppm were designated as the -NH(pyrrole)
proton, -CH=N proton, aromatic ring protons and -NH, protons respectively. Other
doublet and triplets was corresponded to aromatic proton. Figure 5.14 and figure 5.15
represents the *H NMR spectra of after and before the addition of both ions (Hg®* and
Cd?"). The all proton signals were shifted towards downfield in both cases (Hg** and
Cd?"). In case of Hg*" a significant downfield shift (A5 = 0.34) of pyrrole -NH due to the
complexation with Hg®* ion, the NH, protons was completely disappeared which
supported to the complexation occurred from -NH;, the downfield shift in aromatic
protons (Ad = 0.08, 0.24, 0.09, 0.05 ppm) sustained that the electronegativity on the

molecule was decreased binding with Hg?* ions and aldimine proton was also shifted (A8
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= 0.16) that supported in binding with Hg** ion aldimine proton are also involved [29].
Figure 5.14 represented the NMR titration with Hg?* ion. On the other hand, the binding
with Cd** ion also presented by NMR titration that indicated there was downfield shift
was observed in proton signals (Figure 5.15) NH; protons was completely diminished
with the gradual addition of Cd®* ion and pyrrole proton have significant shift (A8 =
0.09), aldimine proton was shifted ((Ad = 0.12 ppm) downfield, aromatic protons were
also shifted downfield which supported decrement of electronegativity of molecule L8
after complexation with Cd** ion [30]. The complexation was also affirmed by the mass
spectra with all three metal ions that manifested the interaction between L8 and metal

ions that was already discussed above.
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Figure 5.13(a). The combine FT-IR spectra of L8 and L8+Cu?* ion.
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Figure 5.13(b). The binding mode of L8 with metal ions.
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Figure 5.13(d). The combine FT-IR spectra of L8 and L8+Cd?" ion.
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Figure 5.14. The NMR titration of L8 with Hg** in DMSO-ds.
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Figure 5.15. The NMR titration of L8 with Cd*" in DMSO-ds.
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5.3.4 Electrochemical behavior of L8

The redox demeanor of L and all metal complexes was examined in H,O in the
potential range -2 to +2 V and all electrochemical data encapsulated in the table 5.3 all
three metal complexes have represented one irreversible reduction peak. The L8+Cu,
complex manifested an anodic peak (Ep) at 0.45 V and a cathodic peak (E;.) at -0.63 that
associated to Cu(l1)/Cu(l) which was supported by Laviron equation for electron count in
the redox process (Figure 5.17 (a)), on the other hand the probe displayed two irreversible
anodic and two cathodic peaks at -1.82, -0.91, 1.21, 0.42 V respectively with
simultaneous slight variation in current. The negative potential range for copper complex
was -1.81 to -0.60 V represents one quasi-reversible peak. The voltammogram showed
that the peak at -0.91 V was shifted to -0.63 on the complexation with copper ion [31]
(Figure 5.16 (a)). Same as with Hg?" ion, the voltammogram of L8+Hg*" demonstrated
one cathodic and one anodic peak at 0.35 V and -0.59 V respectively, which was
occurred because of increment in conjugation of aromatic ring present in the molecule
after interaction with Hg** ion [32] with one electron transfer by the Laviron equation
(Figure 5.17 (b)). Figure 5.16 (b) demonstrated the redox properties of L8 with Hg?* ion.
By the cyclic voltammogram of L8 and all metal complexes the negative potential range
was -1.82 to -0.59V. The voltammogram of L8 with Cd(ll) ion acquired one reversible
peak at negative potential -0.59 and positive potential at 0.60 V that supported that the
Cd?* ion bind with L8 in reversible behavior [33] and there was some peaks occurred at -
1.53 and 0.60 V, some peaks was shifted from -0.91 to -0.59V, 1.21 to 1.24 V and few
new peaks was displayed after interaction with Cd*" ion at -1.53 and 0.75 (Figure 5.16
(c)) that represented the redox behavior in the solution with one electron transfer as Cd*/
Cd" by Laviron equation [34] which was plotted between log(scan rate) and different

potential on different scan rate (Figure 5.17 (c)). All data was categorized in table 5.3.
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Figure 5.16(b). The electrochemical

behavior of L8 with mercury ion.
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Figure 5.16(c). Electrochemical

behavior of L8 with cadmium ion.
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Table 5.3: Electrochemical behavior of ligand L8 and their metal complexes.

| 1 | |
Oxidation Oxidation Reduction Reduction
peak peak peak peak
L8 1.21 0.42 -0.91 -
Cd,(L8) 1.24 0.75 -0.59 -1.53
Cu,(L8) 0.45 - -0.63 -
Hgo(L8) 0.35 - -0.59 -

5.3.5 In-situ experiment for anion sensing by L8 +metal ion ensemble

Further, the in-situ experiment was performed with different anions (CI", H,PO4%,
HPO,*, $%, SO5, SO+, NOs, CN', NOs', F, Br, SOy, SO,%, SCN", COs%) in presence of
metal ions (Cu**, Hg®" and Cd?*) because some anions are good chelating binder with
metal ions [35-36]. This could be indirect approach for anion sensing. On disclosure of
different anions with L8 in-situ presence of metal ions in water as result L8 with Cu* ion
sense only CN™ ion due to the strong binding behavior of CN™ with Cu®* metal ion
(strongly stable species [Cu(CN),]™") apart from other anions whereas L8 with Hg** and
Cd?* ion was not sense any anion via in-situ experiment that shows no interference
occurred by anion in the sensing of Hg?* and Cd?* ion. Figure 5.18 manifested the in-situ
anion selectivity with ligand L8 in presence of all three metal ions respectively. The
study demonstrated that in case of Cu®* ion with L8, CN™ ions confronted decomplexation
of Cu?* ion with L8 among the pool of anions that develop the ligand L8 as previously
whereas, in case of Hg** and Cd?* ion the development of L8 was not occurred with any
anion which represented the strong binding between L8 and both heavy metal ions.
Figure 5.18 showed the sensing of anions with L8 in-situ metal ions. After analyzation of
selectivity of anion, the sensitivity of CN™ ion was calculated by the changes in
absorption spectra on consecutive addition of CN” ions with L8+Cu®" (Figure 5.19). The
limit of detection of CN™ ion was analyzed by plotting between log(CN’) and A-
Anin/Anax-Amin -~ (Figure 5.20) and found 0.29 puM which was very less than the
permissible limit given by WHO.
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5.4. APPLICATIONS
5.4.1 Real water analysis

Further to analyze the promising uses for presented ligand L8. The ligand was
enforced in the investigation of diverse water samples. The tap water and ganga river
water of Roorkee were used for the analysis, and these sample were spiked with known
amount of Cu?*, Hg®* and Cd*" ion. The estimation was analyzed by spiking of known
amount of standard metal ions (Cu®*, Hg** and Cd?*) solution followed by determining its
recovery. The resulting recovery of diverse known amount of metal ions Cu**, Hg** and
Cd?* added was recognized to be 98% to 99.5% from tap water and 90% to 99% from
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Ganga river water. These results show that this ligand is quite acceptable for the real
water analysis. Table 5.4 contains the all finding of real water analysis.

Table 5.4: Represent the determination of Cu®*, Hg’* and Cd*" ions in various water

samples Kit.
Samples Spiked Cu®* (M) Found 2Cu*+SD (M) Recovery (%)
L8 Tap water 10 x 107 9.95 + 0.036 x 10~ 99.5 %
Ganga River water 10 x 10 9.00 + 0.037 x 107 90 %

8tandard deviation with three measurement.

Samples Spiked Hg”* (M) Found ®Hg™ #+SD (M)  Recovery (%)
L8 Tap water 10 x 107 9.90 + 0.026 x 10~ 99 %
Ganga River water 10 x 107 9.50 + 0.14 x 10° 95 %

3standard deviation with three measurement.

Samples Spiked Cd** (M) Found *Cd** +SD (M)  Recovery (%)
L8 Tap water 10 x 10” 9.80+0.1 x 10° 98 %
Ganga River water 10 x 10 9.90+0.1 x 10 99 %

%tandard deviation with three measurement.
5.4.2 Mimicking of logic gate

The mimicking of logic gate was applied in case of copper ion with L8, due to the
displacement occurred with CN" ion among other anions. The immediate changes were
appeared in its emission intensity with CN™ ion in-situ presence of Cu** ion. Moreover,
these variations were enforced as a molecular switch that uses Boolean logic operations
[37]. Further the construction of the logic gate, 1 logic was designated to ‘ON’ state and 0
for ‘OFF’ state in representing input and output. The four conceivable input combos were
(00),(10), (01) and (1 1) that represented by the figure 5.21 and it was recognized that

in the presence and absence of Cu?* and CN™ respectively given output signal 0 same as
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with presence of CN™ ion and absence of Cu?* shown the output signal 1 and when both
are absent the output signal was 1, further presence of both ions shown the output signal
1. The truth table represented the two inputs Cu?* (In1) and CN" (In2) for Boolean logic
circuit that demonstrated IMPLICATION job by emission output signal where AND gate
act as an inverter to convert the input signal. Figure 5.21 manifested the emission spectra
of both inputs and truth table also exhibited the inputs and outputs with represented the
IMPLICATION logic gate.
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Figure 5.21. Fluorescence curve of “IMPLICATION” logic gate with different
combination of inputs, column representation of fluorescence intensity, the blue dashed
line shows the threshold value (40000 cps), truth table of “IMPLICATION” logic gate

and electronical circuit representation of logic gate.
55 CONCLUSIONS

The oxalohydrazonamide based ligand was successfully synthesized and
characterized by different technique such as NMR, FT-IR, mass spectrometry, crystal
structure, elemental analysis and photophysical studies. This ligand shows high
selectivity and sensitivity towards toxic heavy metal ions Hg®*, Cd** and Cu®*" ions in
100% aqueous solution by visual and photophysical studies which supported different

mechanism on complexation with metal ions. The stoichiometry 1:2 for all three metal
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ions (Hg®*, Cd*" and Cu?*) supported through Job’s plot. Further, the formation constant
calculated using the S-V plot for Cu** and Hg** ion through PET and CHQF mechanisms
respectively, whereas for Cd®" ion it was calculated by Hill plot via CHEF mechanism.
The association constant (K,) as 2.33 x 10°, 7.35 x 10° and 11.612 (log f8) for Hg**, Cu?®*
and Cd*" metal ions respectively. Furthermore, the LOD was calculated 0.33 uM, 0.16
uM and 0.11 pM for Hg**, Cu®* and Cd®* metal ions respectively. The complexation was
successfully examined by NMR titration, mass spectrophotometry and electrochemical
behavior. Moreover, the in-situ complexed ligand was used in practical applications such

as real water analysis and mimicking of logic gate.
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CHAPTER 6

“CARBOHYDRAZIDE BASED
CHEMOSENSORS FOR MAGNESIUM,
MANGANESE AND COPPER ION”




CHAPTER 6

6.1 INTRODUCTION

The identification and sensing of metal ions have been a key research motif
because of the paramount and essential roles of metal ion in the environment and
biological field. Among the entire pool of metal ions magnesium possess the potential in
the field of biologically activation [1]. Magnesium ions is the fourth most abundant
element in the atmosphere [2]. It plays a vital role in DNA synthesis and protein
phosphorylation [3,4]. It is very necessary for cardiovascular and neurological processes
in human body. It’s aberrant concentration in cytosol and subcellular regions generates
many diseases such as Hypertension, Diabetes, Epilepsy and Alzheimer. Same as with
copper ion it is essential for many biological processes such as neurotransmitter synthesis
and metabolism [5], epigenetic modification, antioxidant defense and copper act as a
catalytic cofactor in various cellular processes [6], but the abnormal concentration of
copper ion is responsible for various diseases [7]. Similarly, in case of manganese, it is an
essential metal ion i.e. demanding to metabolism because of its involvement in activation
of enzymes; still in large concentration it is hazardous for environment [8]. Therefore, it
IS necessary to develop an easy method for detection of these ions rather than time
consuming, sophisticated and expensive instruments. There are lots of conventional
methods that are used in the detection of these metal ions [9].

In this context, this chapter deals with there were two coumarin based materials
that have been synthesized and which was very important because of its desirable
photophysical quality such as visible excitation and emission wavelength and large stoke
shift [10,11]. Another one, coumarin family compounds has important quality is the
tunability of photophysical properties [12,13]. In these ligands L9 and L10 has the
fluorophore unit that have strong “push-pull” m-electron system [14]. L9 ligand
containing Nitro group, in which the fluorophore unit that generated more conjugation in
the ligand and hampered the easy binding with metal ions. Rather than this L9 also
behave as a chemosensor for Mn ion via absorption spectra and it shows turn-ON
behavior for magnesium metal ion by emission spectra among other metal ions. However,
bromo group containing L10 ligand has electron withdrawing group that shows less
conjugation as compared to L9 ligand and electron transfer occured from imine N-atom

of the molecule. L10 ligand also represent a turn-ON behavior in emission spectra with
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magnesium ion among various metal ions, whereas it senses the copper ion in absorption
spectra due to less hydrogen bonding generating with solvent than L10. These ligands
show good selectivity towards magnesium ion in emission spectra and high selectivity
and sensitivity towards manganese and copper ion. there was a smaller number of data
present for sensing of magnesium and manganese ion. One of the ligands in both ligands
sense manganese ions with good selectivity.

6.2 MATERIALS AND METHODS

6.2.1 Reagents and instruments

The experiments were performed in distilled or HPLC grade solvents. The
chloride and nitrate metal salts were used of AR grade of Merck without further
purification. Perkin Elmer-FT-IR-1000 spectrophotometer was used for the analysis of
vibrational spectra. JEOL-400 MHz instrument was used for NMR (proton & carbon)
spectra. The all absorption and emission studies were performed on Thermo-Scientific
PC double beam spectrophotometer and Horiba RF-5301PC respectively with 3 cm path
length quartz cell for absorption spectra, standard quartz cell for emission spectra. The
elemental analysis (CHNS) was performed on Verio MICROV3.1.1 instrument.
CHI760E Electro-Analyzer Instrument was used for electrochemical studies with three
electrodes in which graphite electrode behave as counter electrode, Pt-wire electrode was
performed as reference electrode and Ag/AgCl; electrode as working electrode with 0.1
M tetrabutylammonium hexafluorophosphate (nBusNPFg) as supporting electrolyte. MTT
(3-(4,5- Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was obtained from USA
based Amresco life science. For cell-based assays, cervical cancer cells (HeLa cells) were
pre-occupied from National Centre for Cell Science, Pune, India.

6.2.2 Cell Culture

All the cells were maintained in DMEM (Dulbecco’'s modified Eagle's medium)
supplemented with 10% fetal bovine serum (FBS) and 1X Penicillin-streptomycin.
Further, the cells were grown in aseptic condition inside a humidified chamber provided
with 37°C along with 5% CO, and 95% air supply.
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6.2.2.1 MTT based Cytotoxicity assay

The biocompatibility of synthesized imaging probes was estimated by MTT dye
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) [15]. Initially, HeLa cells
in the log phase were seeded in 96 well plate following a seeding density of 6,000 cells/
well. The cells were left undisturbed overnight to adhere. This was followed with a
concentration dependent treatment of L9, L10 along with their Mg counterparts (L9+Mg,
L10+Mg) (10pug/mL - 75pug/mL) for 24 hours. Onset of treatment, a brief PBS wash was
done to remove samples in the wells. Fresh media along with 10 pL of MTT (5 mg/mL)
was replaced with spent media to each well. After 3-4hs incubation of MTT, the insoluble
purple formazan crystals were checked by microscopic observations. The latter was re-
dissolved in dimethyl sulfoxide (DMSO) provided with gyratory shaking for 15-20 min.
Finally, the absorbance readings of purple formazan (A570 nm) were determined by
using a multimode microplate reader (Cytation 3, Biotek). The cell viability was then
calculated with the following equation [mean (%) + SEM, n=3].
Cell viability (%) = [(A570 — A690) of treated cells / (A570 — A690) of control cells]
*100.
An ICsy was calculated by nonlinear regression (curve fit model) adopted as standard
methodology in dose-response analysis [16].
6.2.2.2 Bio Imaging

The fluorescent imaging property of the synthesized imaging probes were later
validated in HelLa cells [17]. Initially, 3*10° cells were seeded on each well of 6 well
plate and allowed to attach until overnight. The cells were further treated with 75 pg/mL
of all the four samples (L9, L10, L9+Mg?*, L10+Mg"") in the growing well. After 24h
incubation, cells were underwent PBS wash followed with PFA (3%) fixation. Lately, the
cells were micrographed by inverted phase contrast fluorescent microscope (EVOS FL
Color, AMEFC 4300) cell imaging system obtained from Life technologies, USA.
6.2.3 Synthesis of L9 and L10:
Synthesis of L9 (6-nitro-4-oxo0-4H-chromen-3-yl)methylene)furan-2-
carbohydrazide:
The ethanolic solution of furan-2-carbohydrazide (1mM, 0.6305 g) was added dropwise
to the solution of 3-formyl-6-nitrochromone (1 mM, 0.2191 g) in THF with continuous
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stirring. The immediate precipitate was observed in the reaction mixture, therefore reflux
the reaction mixture for 3 hr and then check the TLC for reaction completion and found
that reaction has been completed. The precipitate was washed with Methanol and dry it in
the air. (Scheme 6.1)

Yield. 70%, Anal. Calculation for C15HgN3Og: C, 55.05; H, 2.77; N, 12.84; Found: C,
55.37; H, 2.292; N, 13.21; FT-IR data (KBr, vmadem'): -N-H: 3430, C-H: 3145, C=0:
1695, C=0: 1632, -C=N: 1592 and N-O (nitro): 1539, 1468. *H NMR (400 MHz, ) &
11.85 (s, 1H), 8.97 (s, 1H), 8.39 (s, 1H), 8.31 (dd, J = 9.0, 2.9 Hz, 1H), 8.28 (d, J = 2.8
Hz, 2H), 8.06 (d, J = 3.6 Hz, 1H), 7.16 (d, J = 9.0 Hz, 1H), 6.88 (dd, J = 3.7, 1.5 Hz, 1H).
¥ NMR (100 MHz) 6 187.040, 162.91, 154.36, 151.11, 145.04, 143.97, 139.95,
135.207, 128.87, 126.81, 126.51, 126.48, 125.35, 118.11, 113.97. ESI-mass of L9:

350.0440.
(o) 0
OHC NO,

/ \“\)‘ji)/ " O,N 0

(0] 0 (6} /

| / ) A

NH
| / Reflux 3hr / Reflux, 4 hr N
0 H,N 0 NH

Furan-2-carbohydrazide m
L10 §

((6-bromo-4-0x0-4H chromen-3-yl)
methylene)furan-2-carbohydrazide
((6-nitro-4-o0x0-4 H-chromen-
3-yl)methylene)furan-2-
carbohydrazide

Scheme 6.1. Synthesis of L9 and L10.

Synthesis of L10 (6-Bromo-4-oxo0-4H-chromen-3-yl)methylene)furan-2-
carbohydrazide:

The ethanolic solution of furan-2-carbohydrazide (1mM, 0.6305g) was added to
the ethanolic solution of 3-formyl-6-Bromo-chromone (1.2mM, 0.1518g) with
continuously stirring. After complete addition of chromone the reaction mixture was
refluxed for 6hr and check the TLC for the confirmation of completion of reaction. The

white precipitate was obtained on completion of reaction. This ligand was recrystallized
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by ethanol: DMF (4:1) (Scheme 6.1). Further, the ligands were characterized by different
techniques.
Yield. 70%, Ana. Calculation for C15HgBrN,O4: C, 49.89; H, 2.51; N, 7.76; Received: C,
49.97; H, 2.256; N, 6.77. FT-IR data (KBr, vmadcm '): -N-H: 3420, -C-H (ar): 3028, -
C=0: 1662, -C=0: 1630, and -C-Br: 609. ‘H NMR (400 MHz) & 11.96 (s, 1H), 8.80 (s,
1H), 8.53 (s, 1H), 8.13 (s, 1H), 7.96 (dd, J = 8.9, 2.5 Hz, 1H), 7.91 (s, 1H), 7.68 (d, J =
8.9 Hz, 1H), 7.28 (s, 1H), 6.66 (dd, J = 3.5, 1.7 Hz, 1H). *C NMR (100 MHz) & 174.43,
155.37, 155.24, 154.61, 146.85, 146.58, 140.46, 137.74, 127.82, 125.36, 121.95, 119.02,
118.97, 115.65, 112.65. ESI mass: 382.9735 (M+Na)".
6.3 RESULTS AND DISCUSSION
6.3.1 UV-Vis and emission studies of L9 and L10

The absorption and emission spectroscopy were recorded used for all
photophysical properties of L9 and L10 in CH3CN. L9 showed one broad absorption
band at 295 nm (Ags) due to n-n* transition of the N-atom to conjugated system in the
ligand. Similarly, L10 displayed two absorption band at 286 nm and 313 nm
corresponding to m-n* and n-n* transition of conjugated system presents in the ligand.
The binding of L9 with the pool of various metal ions (Ag*, Na*, AI**, Ba**, Ca*', Cd*",
Co?, Cr¥*, Cs*, Fe*', Hg*, Hg*", K*, Li*, Mg?*, Mn®*, Pb*, Ni**, Zn*") displayed the
most significant binding with Mg?* and Mn?* ion via modulation of absorption and
emission spectra and L10 showed with Cu®* ion by absorption spectra whereas it
demonstrate Mg ion sensing via plotting of emission spectra. L9 has more conjugation
and stable than L10 due to the electron donating nitro group that become the ligand L9
more stable than L10, therefore L9 creates hydrogen bonding with solvent which inhibit
the easy metal binding. Rather than this L9 has high affinity towards Mg** and Mn?* ion.
However, L10 has electron withdrawing bromo group in coumarin unit that creates less
conjugation in the molecule, by which it was not hinder the easy metal binding with
metal ions. It demonstrated high selectivity towards Cu®* and Mg** ion through
absorption and emission spectra respectively. In absorption spectra (Aqps) Of L9 (20 uM),
the significant change in absorption profile as a new broad band generated at 382 nm and
372 nm with on addition of Mg®* and Mn*" ion respectively with 87 nm & 77 nm

bathochromic shift clearly indicates the interaction with Mg®* and Mn** ion [18]. On the
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other hand, L10 demonstrate a broad band at 418 nm from 313 nm with large red shift

(105 nm) in the presence of Cu®* ion by absorption spectra among other metal ions

whereas emission spectra demonstrated an enhancement in the fluorescence intensity

with Mg?* ion at excitation wavelength 340 nm among various metal ions that support the

binding of Mg®* ion with L10. Figure 6.1 and figure 6.2 deals with the absorption and

emission studies of L9 and L10 respectively with different metal ions and found that L9

is highly selective or sensitive towards Mn?* and Mg?* ion among various metal ions and

L.10 shown response towards Mg** and Cu®" rather than other meal ions.

Probe (L9) + Ag+, Na+. Al3+, Ba2+, C32+. Cu2+.
ca?t, co?t, cr’t, os’, Rt Het, Hg?T,
K*, L% Pb2t, Ni2¥, Zn2*
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Figure 6.1. The absorption and emission studies of L9 (20 uM) with different metal ions

where, (a) represents absorption spectra and (b) shows emission studies.
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Figure 6.2. The absorption and emission studies of L10 (20 uM) with different metal

ions where (a) demonstrate absorption studies and (b) represents emission studies.

Further confirms the binding of both ligands with metal ions, such as L9 with

Mg** & Mn*" metal ion and L10 with Cu** & Mg*" metal ion, the titration experiment
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was executed. The consecutive addition of Mg?* and Mn?* to a fixed concentration of L9
(20 uM) in CH3CN as well as absorption spectra was recorded after each addition and
found that an increment occurred on gradual addition of Mg®* at 382 nm with one
isosbestic point at 334 nm. Similarly, on gradual addition of Mn?*" an increment was
appeared at 372 nm in absorption spectra with one isosbestic point at 333 nm. Further,
the emission spectra were recorded for the selectivity of metal ion with L9 and found that
there was no change with Mn?* ion but in case of Mg** ion there was an enhancement in
intensity occurred among other metal ions. Figure 6.3 manifested the titration of Mg**
and Mn*" with L9 ligand [19].

1.0+
0.8
0.8 "
L9+ Mn" titration o%
(%] .6
v = L9+ Mg™
=
= =
S
2 S 04+
S 0.4 1.1eq =
= (a) ¥ (b)
0.2
0.2
Oeq
0.0 /] T T T 1 0.0 T T - T T 1
300 400 500 600 700 300 400 500 600 700
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400000
(c) L9 + Mg2t

300000 4

200000

100000 4
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Wavelength (nm)

Figure 6.3. (a) and (b) represents the titration experiments of L9 with Mn?* and Mg**
respectively by using UV-vis study and (c) shows the titration experiment with Mg®* ion
by Fluorescence study.

In the titration experiment of L10 with successive addition of Cu?* ion a band on
418 nm was continuously increased because of d-d transition with one isosbestic point at

346 nm but in emission spectra there was no change with Cu* ion and L10 also shows an
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enhancement in fluorescence intensity with Mg ion due to LMCT (ligand to metal
charge transfer) (figure 6.4) [20]. Further, the stoichiometry was supported by the Job’s
analysis, plotting between varied mole fraction of both ligand with metal ions and
intensity or absorption of the ligands with metal ions. The Job’s plot manifested that the
1:1 stoichiometry occurred with Mg?* and Mn?*, same as with Ly, the 1:1 stoichiometry

was received in case of Cu®** ion as well as Mg?" ion [21]. Figure 6.5 represented the

Job’s plot for ligands with metal ions.
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Figure 6.4. The absorption and emission titration of L10 with Cu?* and Mg®* ion
respectively by gradual addition of metal ion.
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Figure 6.5. Job’s plot of L9 with Mn®* and Mg?* ion and L10 with Cu** and Mg®* ion
and represents 1:1 stoichiometry with the metal ion.
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Furthermore, the competitive experiment was also performed for the interference

of other metal ions. The interference study reveals that there was not any metal ion

interfere in the sensing of magnesium ion by emission studies. It is also clear in case

Mn®* there was no interference occurred in sensing of Mn?* by absorption study. Figure
6.6 (a) & (b) demonstrated the competitive study of L9 with Mn** and Mg®* ion
respectively. Whereas, the absorption study for Cu** with L10 ligand in the presence of

other metal ions revealed that no interference was occurred in sensing of Cu®* ion and

Mg®* with L10 ligand there was also no interference by the other metal ion in the sensing
of these ions. Figure 6.7 (a) & (b) displayed the competitive study of L10 with Cu** and

Mg?®* ion.
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Moreover, the association constants (K;) of metal ions with ligands were
calculated by plotting B-H plot between the concentration of metal ions, 1/(M**) ion and
1/1-1o where | represents the intensity/absorption after consecutive addition of metal ion
and lp shows the initial intensity/absorption of ligands (L9 and L10) with-out addition of
metal ions [22]. Figure 6.8 demonstrated the association constant of magnesium with L9
ca. 1.2x10°, for Mn?* ion with L9 the formation constant is 1.6x10°, similarly the binding
constant of Mg”* and Cu®" with L10 is 5.25x10% and 1.99x10° respectively. Same as, the
limit of detection was calculated by the plotting between log (M**) and I-lo/Iax-lo Where
Imax Shows maximum intensity/absorption after maximum addition of metal ion in the
ligand. The findings of both ligands with metal ions are summarized in table 6.1 and
LOD for Mg®* and Mn*" with L9 showed 2.5 uM and 0.16 uM respectively. However,
the LOD for Mg?* and Cu?®* with L10 represented as 1.2 pM and 0.37 uM respectively.
Figure 6.9 showed the LOD plots.
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Figure 6.8. The B-H plot represent the association constant (a) shows B-H plot for Mg**
ion with L9, (b) represents binding constant of Mn?* ion with L9, (c) demonstrate the

formation constant of Mg?* ion with L10, and (d) shows the B-H plot of Cu®* ion with

L10 ligand.
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Table 6.1: All photophysical data of L9 and L10.

Ligands | Absorbance | Emission (Ae) (NM) Stoichiometry | Binding LOD
(Amax) (NM) constant

L9 294 (n-1%) -

Fluorescence 5 6
L9 (Mg) 382 nm 11 12x10° | 2,56 x 107
enhancement at 526 nm

L9 (Mn) 372 nm - 1:1 1.68 x 10° | 1.63 x 107
286 (mt-1*),
L10 ) -
313 (n-m*)
L10 (Cu) 418 nm - 1:1 1.99% 10° | 3.71x 10"
L10 Fluorescence ) s
- 1:1 5.25x 10* | 1.28 x 10’
(Mg) enhancement at 422 nm
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Figure 6.9. These plots represented Limit of Detection where (a) shows LOD plot for
Mg** ion with L9, (b) represented LOD of Mn®" ion with L9, (c) demonstrated the
sensitivity of Mg?* ion with L10, and (d) showed the LOD plot of Cu?* ion with L10
ligand.
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6.3.2 'H NMR titration of L9 and L10 with metal ions

Further, the coordination of magnesium ion to both ligands was approved by the
"H-titration with L9 & L10 ligands. The NMR titration revealed that the -NH proton in
both ligands were downfield shifted with magnesium ion. In case of L9 ligand the -NH
proton is shifted from & (ppm) 11.80 to 11.81 and with L10 -NH proton is also deshielded
from & (ppm) 11.98 to 12.06 due to the strong conjugation between -NH and -C=0O group
that are adjacent to each other and solvent water peak was also shifted to downfield
which reveals that the solvent water takes part in complexation. However, other aromatic
and -imine protons of both ligands L9 & L10 were upfield shifted upon interaction with
magnesium ion which suggested that the binding of magnesium ion is from -C=0 of
chromone moiety, imine nitrogen and oxygen of furan moiety and form a stable tridentate
form (figure 6.10).
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Figure 6.10. NMR titration of L9 with magnesium ion.
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Figure 6.11. NMR titration of L10 with magnesium ion.

With L9 the -CH proton of imine is shifted AS (ppm) 0.03, similarly, in the
presence of L10 this proton shifted Ad (ppm) 0.05. Other aromatic protons in both the
cases were shifted to upfield shift by A6 (ppm) 0.02, 0.03 and 0.05 that shows the
coordination of magnesium ion to the ligands via inhibition of “push-pull” behavior of
chromone and furan moiety in the molecules. Figure 6.10 & 6.11 represented the NMR
titration of L9 and L10 with magnesium ion respectively [23].

Similarly, the binding of manganese ion to the L9 ligand also supported by the *H
NMR titration. The study demonstrated that upon interaction of Mn?* ion with L9 ligand,
the all aromatic protons was shifted to upfield Ad (ppm) 0.01 and the -NH proton was
completely disappeared upon complexation with manganese ion whereas the intensity of
imine proton was decreased that supported the interaction was occurred with -C=0 of
chromone moiety, imine nitrogen, -NH proton of ligand and furan oxygen. The NMR
(proton) titration was supported the binding of Mg?* with L9, L10 ligands and Mn?* with
L9 ligand (Figure 6.12). Figure 6.13 represents the binding mode of L (L9 & L10) with
Mg®* ion.
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Figure 6.13. The Binding mode of L (L9 & L10) with manganese ion.
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6.3.3 Electrochemical studies

The binding proximity was also supported by the electrochemical behavior of
both ligands with magnesium ion, L9 with Mn?* ion and L10 with Cu®* ion. the redox
properties of L9, L9 with Mg®*, Mn*" and L10, L10 with Mg?*, Cu*" ion was analyzed
in the potential range -2 V to +2 V in CH3;CN medium for L9 and L10 in MeOH
medium. The cyclic voltammetry of L9 was shown two irreversible reduction peaks at -
0.77 V and -0.52 V and one oxidation peak at 1.411 V (table 6.2). After the addition of
Mn®* to L9, the reduction peak was shifted to -0.74 towards cathodic shift, oxidation
peak was shifted to anodic shift at 1.465 V and there were two new peaks was appeared -
0.09 and 0.35 V due to the electron transfer from ligand to metal ion [24]. Similarly,
when L9 interact with Mg”" ion the reduction peaks were shifted to -0.76 V-and -0.50 V
whereas the oxidation peak at 1.411 V was diminished completely as well as current
slightly decreased and two new peaks was appeared at -0.12 and 0.17 V which support
the interaction between Mg?* ion with L9 ligand. Further, the same study was performed
with L10 ligand in presence or absence of metal ions (Mg?* and Cu®" ion). L10 was
represented one irreversible reduction peak at -0.85 V and three oxidation peaks at 0.48
V, 1.48 V, 1.64 V, which was shown sifting upon the interaction between L10 and Mg>*.
The reduction peak was shifted anodic shift at 0.91 V and some oxidation peaks were
disappeared upon interaction with Mg®" ion. one oxidation peak was shifted to 0.44 V
and a new peak was found at 0.68 V due to the inhibition of push-pull behavior in the
ligands. However, in the presence of Cu?* ion the cyclic voltammogram showed there are
two new oxidation peaks at 0.62 V and 1.14 V, besides this the irreversible reduction
peak at -0.91 was shifted to anodic shift upto -0.87 V and peaks at 1.48 V, 1.64 V were
diminished, and new peaks was appeared at 0.62 V, 1.14 V [25-27]. These
electrochemical studies were strongly supported the interaction between L9, L10 with
metals ions (Mg**, Mn?* and Cu?"). The all cyclic voltammogram were given in figure
6.14 (a), (b), (c) & (d) and all oxidation and reduction peaks were summarized in table
6.2.
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Table 6.2: The all Cyclic voltammogram data.

Oxidation peaks

Reduction peaks

L9 141 - -0.77 -0.52
L9 + Mg** - - -0.76 -0.50
L9 + Mn?* 1.47 0.35 -0.74 -0.51
L10 1.48 1.64 -0.91 -
L10 + Mg®* - ] -0.89 .
L10 + Cu® 0.62 1.14 -0.87 -0.38
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6.4 APPLICATIONS
6.4.1 Cytotoxicity assay

The biocompatibility of the synthesized imaging probe (L9, L10, L9+Mg,
L10+Mag) is a limiting factor for the influential usage of the same in the bio-imaging
field. To confer this, all the samples were tested their cytotoxicity assay in a dose
dependent manner in HeLa cancer cell lines [28]. In HeLa cells, only L9+Mg was found
little toxicity of 27.8% at maximum concentration of 75ug/mL (Figure 6.15). On the
contrary, L9, L10 and L9+Mg shows better bio-compatibility than L10+Mg. The ligand
alone (L9 and L10) showed negligible toxicity towards the cells used. The possible
reason behind the differences in the cytotoxicity might be due to the magnesium
complexes . (positive charged) can effectively interact with of negatively charged
biomolecules like cell membrane, DNA, Protein etc. [29,30]. A close examination into
the result obtained from the assay entrust the knowledge better and facilitated

improvisation of imaging agents can be possible with synthesized metal complexes.
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Figure 6.15. MTT based cytotoxic assessment of L9, L10, L9+Mg®* and L10+Mg** on
Hela cells for 24h.
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6.4.2 Bioimaging

As the synthesized metal complexes possess an intrinsic fluorescent activity, this
can be applied in the bioimaging field. So, we performed bioimaging in cancer cells. A
multiple color scheme in the GFP (Green Fluorescent Protein) and Qdot (Quantum Dot)
filters. The HelLa cells were screened for bioimaging provided with L9 + Mg*" with
maximum and better resolution than any of the others (L9, L10 and L9 + Mg**) (Figure
6.16). The increased interaction of L10 + Mg®* with cells and biomolecules as described
in the cytotoxic assay was later confirmed with the micrograph obtained after the
treatment. A wideband pass of Qdot was having a fluorescent excitation of 445 nm
provided with an emission maxima of 525-800 nm (wide bandpass) resulted with pale
yellow fluorescence of the complexes [31]. Furthermore, the fluorescence was observed
throughout the cell shows the ubiquitous distribution and interaction of the biomolecule
present inside the cells [32]. Figure 6.16 represented bioimaging of HelLa cells treated
with L9, L10, L9 + Mg?** and L10 + Mg*".

Bright field Overlay

I-9+Mg----
o ----

Figure 6.16. Bioimaging of HeLa cells treated with L9, L10, L9+Mg*" and L10+Mg**
for 24h.
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6.5 CONCLUSIONS

In summary, carbohydrazide based novel chemosensors (L9 & L10) were
successfully synthesized by simple path and characterized by different analytical
techniques. Both chemosensor is highly sensitive towards magnesium ion and L9 was
also analyzed Mn?* ion via absorption studies. Whereas, L10 sense the Cu?* ion through
absorption studies and it also sense Mg®* ion via fluorescence studies. These all findings
were supported by the UV-vis, emission spectra, NMR studies and electrochemical
studies. The binding affinity for Mg** and Cu®* ion with L9 ca. 1.2 x 10° and 1.68 x 10°
respectively. Similarly, the association constant of Mg®* and Cu®*" ion with L10
determined as 5.25 x 10* and 1.99 x 10° respectively. Both chemosensors shown high
sensitivity with magnesium ion as the LOD was calculated for Mg? ion with L9 and L10
viz. 2.5 pM and 1.2 uM respectively. The LOD for Mn?* ion with L9 was 0.16 pM and
LOD for Cu?* ion with L10 was 0.37 uM. Further, these ligands were used to check
cytotoxicity and found that the ligands L9, L10 and L9 + Mg®" demonstrate excellent
biocompatibility than L10 + Mg*" ion. These ligands with magnesium ion were
successfully used in bioimaging of HeLa cancer cells.
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Appendix

Spectrum No. 1: FTIR spectra of probe L1.
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Appendix

Spectrum No. 3. *H NMR spectra of probe L1.
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Spectrum No. 5. ESI-MS spectra of L1.
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Spectrum No. 6. FT-IR spectrum of pyridine-2,6-dicarbohydrazide (1).
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Appendix

Spectrum No. 7. FT-IR Spectrum of ligand L2.
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Appendix

Spectrum No. 9. FT-IR Spectrum of ligand L4.
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Appendix

Spectrum No. 11. UV Spectrum of Spectrum No. 13. UV Spectrum of
ligand L2. ligand LA4.
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Appendix

Spectrum No. 15. *H NMR Spectrum of precursor (1).
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Appendix

Spectrum No. 17. *H NMR spectrum of Ligand L2.
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Appendix

Spectrum No. 19. *H NMR Spectrum of Compound L3.
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Appendix

Spectrum No. 21. *H NMR Spectrum of Compound L4.
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Appendix

Spectrum No. 23. *H NMR spectrum of ligand L5.
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Appendix

Spectrum No. 25. Mass Spectrum of ligand L2.
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Spectrum No. 27. Mass Spectrum of ligand L4.
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Spectrum No. 28. Mass Spectrum of ligand L5.

|||‘ ‘i||ul| || Lt
53

| .|||| | | ‘\ ‘ll“
550 miz

Intens_-{

%104 |

1.254

1.00

0.754

0.50

0.254

577 .6408 ‘

581.3435

585.2943

589.4821

594.1910

601. 4906

610.1628

+MS, 0.2-0.2min #(10-11)

616.1711

0.00 ‘ |
57

| |.||.“|. 1L |||I|| |I\||I.u
o 575 580

‘]I|||II| |||| Ll
585

‘. ‘I..|||.
590

o
cD—

195

620miz



Appendix

Spectrum No. 29. FT-IR of L6.
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Appendix

Spectrum No. 31. 'H NMR spectra of L6 in DMSO-ds.
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Spectrum No. 32. *H NMR spectra of L7 in DMSO-ds.
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Appendix

Spectrum No. 33. *C NMR spectra of L6 in DMSO-d.
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Spectrum No. 34. *C NMR spectra of L7 in DMSO-d.
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Appendix

Spectrum No. 35. UV-vis spectra of L6.
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Spectrum No. 36. UV-vis spectra of L7.
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Appendix

Spectrum No. 37. ESI-

MS of L6.

Electrospray ionisation -MS WATERS Q-TOF Premier-HAB213 05-Aug-2016
12:11:59
§8-019 21 (0.443) AM (Cen 4, 100.00, Ar,8500.0,556.28,0.30,LS 10); Sm (SG, 2x5.00); Sb (10,1.00 ); Cm (21:24-1:3) 1: TOF MS ES+
100 3130750 2.13e3
169.0197
314.0782
1439984
|:86.0978 :
253.1446 (3150737
183.0781 351.0194
| | 368.9913
| 4 32 625.1481 775.58! 5
0 1R EOW RIS (SN & ! 250332 5682661 55889 g16.4140 960.6855 4001.1710 1147018 1197.7158
e B\ 10011710 R 6
100 200 300 400 500 600 700 800 900 1000 1100
Spectrum No. 38. ESI-MS of L7.
Intens. +MS, 0.2-0.5min #(13-28)
25004 346.9558
2000
1500+
1000+
347.1926
500
345.1747 347.5462 348.2048
345.5667 346.0406
‘ 346.4996
L -. L B I . L L L
344.5 345.0 3455 345.0 346.5 347.0 347.5 348.0 miz

200



Appendix

Spectrum No. 39. FT-IR spectra of L8.
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Appendix

Spectrum No

.41. 'H NMR of LS.
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Spectrum No. 43. ESI-MS of L8.
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Spectrum No. 44. FT-IR spectra of L9.
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Spectrum No. 45. FT-IR spectra of L10.
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Spectrum No. 46. UV-Vis spectra of L9.
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Spectrum No. 47. UV-Vis spectra of L10.
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Spectrum No. 49. **C-NMR spectra of L9.
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Spectrum No. 51. **C-NMR spectra of L10.
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Spectrum No. 53. Mass spectrum of L10.
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Dual anion colorimetric and fluorometric sensing
of arsenite and cyanide ionsf¥

Neetu Yadav and Ashok Kumar Singh*

A naphthalene appended probe, 2-((2-hydroxynaphthalen-1-yl)methylene)hydrazine carbothicamide, was

synthesized and found to recognize AsO,™ and CN™ ions with turn-on emission fluorescence over different
anions in a DMF : H,O (HEPES buffer, pH = 7.2) (9 : 1, v/v solution) medium. The probe was characterized
using different techniques including NMR, IR, CHNS, UV-visible and ESI mass spectroscopy. This probe

shows colorimetric change and an enhancement in the fluorescence emission with arsenite and cyanide

ions among the other anions. The 1: 1 and 1 : 2 stoichiometries of the probe with arsenite and cyanide ions,

respectively, were calculated from the Job's plots based on the UV-visible spectra. The binding constant

was established using the B—H (Benesi—Hildebrand) plots for both anions arsenite and cyanide as 3.1 x 10°
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and 1.9 x 10°, respectively. The limit of detection (LOD) of arsenite and cyanide ions was 66 nM and 77 nM,

respectively, using the emission spectra. The binding affinity of probe L with both anions was determined
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1. Introduction

Anions demonstrate their necessity in a broad range of chem-
ical and biological processes. Various efforts have been devoted
to generate numerous receptors for anionic species over the last
two decades.” Among all the anions, it is well known that
arsenic (in the form of anions) and cyanide ions are extremely
toxic and lethal to living organisms. Arsenic is the 20™ most
abundant element in the earth's crust. It mainly exists in the
four oxidation states, As(v), As(ur), As(0) and As(—3), in the
environment.”> Inorganic arsenic, viz. arsenite As(u) and arse-
nate As(v) is more toxic than organic arsenic, viz. mono-
methylarsonic acid and dimethylarsonic acid.® Arsenite [As(u)]
is more toxic than arsenate [As(v)] due to its binding with the
sulfhydryl unit of proteins, which can intervene with the reac-
tions of other enzymes and proteins.* The binding of trivalent
arsenic with specific proteins can convert the conformation and
functionality of the protein as well as hamper their reaction
with other proteins. As(v) can also interrupt the conversion of
ATP to ADP via the permanent replacement of phosphate
groups due to its resemblance to phosphite ions.> The main
source of arsenic exposure in the environment is from ground
water or drinking water.*” The chronic toxicity of arsenic has
adverse effects on human health, such as skin cancer, skin
lesions, neurotoxicity, cardiovascular diseases and diabetes.®

Department of Chemistry, Indian Institute of Technology-Roorkee, Roorkee-247667,
India. E-mail: akscyfcy@iitr.ernet.in
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100136 | RSC Adv., 2016, 6, 100136-100144

using NMR, DFT optimization, ESI-mass spectroscopy, electrochemical behavior and optical studies. The
probe is the first chemical sensor that detects both major toxic anions with significantly high detection limits.

Similarly, cyanide anions are also detrimental to biological
systems and the environment. Its acute poisoning can damage
the body's central respiratory system because it can easily bind
with heme-proteins to block cytochrome c oxidase, which
hinders the electron transfer chain in the mitochondria.’ It is
released in the environment by ammonia manufacturing,
electroplating, steel production and extraction of gold.*
Inhalation of toxic cyanide can occur from absorption by the
lungs and exposure via the skin, polluted drinking water and
contaminated food." As per as the guidelines of the World
Health Organization (WHO) and U.S. Environment Protection
Agency (USEPA), the permissible limits of arsenic and cyanide
in drinking water are 0.01 ppm (or 10 ppb) and 0.2 ppm,
respectively.”” There have been many methods developed for
the detection of arsenite and cyanide ions. Electrochemical
analysis and ion chromatography are the traditional methods,
which require time consuming procedures and the use of
sophisticated instrumental techniques,” whereas chemical
sensors are another approach, which are simple, affordable
and expeditious in real time monitoring. The sensing process
frequently uses absorption and emission spectroscopy, which
precisely monitor and sometimes detect using the naked eye.*
Chemical sensors for arsenite anions are rarely available with
fluorescence intensity enhancement. Cyanide ions are ana-
lysed by their Lewis basicity, nucleophilicity*® and quality of
making hydrogen bonds in a solution.'® There are numerous
mechanisms, including internal charge transfer,"” single
electron transfer," fluorescence resonance energy transfer®
and plated electrode,®?* which support the fluorescence
behaviour for anions.

This journal is © The Royal Society of Chemistry 2016
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and cyanide ions via a displacement approach

Cite this: New J. Chem., 2018,

42,6023 Neetu Yadav and Ashok Kumar Singh " *

Ligands attached to pyridine dicarbohydrazide were synthesized and characterized by NMR, FT-IR,
elemental analysis, UV-visible spectroscopy, mass spectrophotometry, emission spectra and single
crystal X-ray diffraction. These ligands were found to recognize copper ions over other metal ions and
cyanide ions by a copper complex performing an in situ experiment with turn on-off-on behaviour over
different anions in a CHsOH : H,O (9:1, v/v solution) medium. These ligands displayed a red shift in their
absorption spectra and quenching in their emission spectra when exposed to copper ions via a PET
mechanism and a further copper complex was applied for cyanide detection among the other anions.
The 1:2, 1:3, 1:2 and 1:2 stoichiometric ratios of the ligands (Ly—L4, respectively) with copper ions
were calculated from a Job plot based on the UV-visible spectra. The S—V plot represents the linearity
of the ligands with copper ions. The limits of detection (LOD) of copper ions along with the ligands
(Ly—L4) were calculated to be 0.12, 0.10, 0.097 and 0.098 pM using emission spectra, respectively. The
binding affinities of the ligands with copper ions were determined by various characterization techniques
such as FTIR, mass spectrophotometry and electrochemical and optical studies. Furthermore, an in situ
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1. Introduction

Transition metals, such as iron, zinc, magnesium and copper,
play an important role in living systems. Of all transition
metals, copper is the third most essential trace metal and
performs a foremost role in the human nervous system as the
cofactor of many metalloenzymes."? It is essential for a wide
range of physiological processes, such as in bone growth,
haemoglobin biosynthesis, dopamine production, nerve func-
tion regulation, the functional and structural augmentation
of proteins and enzymatic functions. Copper also generates
cellular energy, induces signal transduction and diminishes
molecular oxygen.> However, the presence of unregulated
copper and disrupted copper ion homeostasis* can lead to
numerous neurogenerative diseases such as Menkes syndrome,
Alzheimer’s disease, Wilson’s syndrome,” Amyotrophic lateral
sclerosis, Parkinson’s disease and Prion diseases.®” Menkes
syndrome® is due to copper deficiency, while Wilson’s syn-
drome is due to copper toxicosis, and both are human genetic
disorders.” > Cyanide ions are more toxic compared to other

Department of Chemistry, Indian Institute of Technology Roorkee, Uttarakhand,
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Cu?* ions showed an affinity towards cyanide ions, with detection limits of 0.31 and 0.53 pM.

anions, although cyanide is a very vital reagent for many
industrial processes in different areas, such as mining, syn-
thetic fibre production and electroplating."*™'® The “excessive”
utilization of cyanide'” in these factories and its fundamental
transportation, expands the likelihood of human exposure. Its
acute toxicity destroys the central respiratory system of the body
and blocks the electron transfer chain in mitochondria.'®"®
The extensive use of copper within daily life is the prime reason
for copper pollution in the environment, and although copper
is an essential metal ion, it is harmful for living systems when
found in concentrations higher than required. This is similar
with cyanide ions, as its frequent use in industries is the reason
that it makes environments polluted. According to the World
Health Organization (WHO), the permissible limits of copper
ions and cyanide ions in drinking water are 2 ppm (30 uM) and
0.2 ppm,>>?*' respectively. In blood, the maximum concentration
of copper ions should not be greater than 100-150 ug dL~*.>*23
The Environmental Protection Agency has advised that the
safe maximum limit of copper in drinking water should be
1.3 ppm (ca. 20 uM).**

There are many sensors which can sense copper ions, using
different mechanisms. Aside from this, some multidentate
chemosensors also have the ability to sense other specific metal
ions. In this study, multidentate ligands have been synthesized
and applied as chemosensors. The presented work shows that
the ligands, which have a large number of donor atoms and a

New J. Chem., 2018, 42, 6023-6033 | 6023
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6-amino-5-(((2-hydroxynaphthalen-1-yl)methylene)amino)-2-mercaptopyrimidin-4-ol (L1) and 6-amino-5-((4-
bromobenzylidene)amino)-2-mercaptopyrimidin-4-ol (L2) have been designed and characterized by various
techniques such as UV-Vis, fluorescence, FT-IR, mass spectrometry and NMR spectroscopy. L1 was successfully
applied for selective recognition of aluminum ion and showed “OFF-ON type” mode in the presence of AI>* ion.
The sensor was recommended for the selective detection of AI** with 1:1 stoichiometry by Job's plot in ACN
medium. The high sensitivity of host L1 supports the high detection limit, 99 nM with good association constant.

It was also used for bacterial cell imaging (E.coli DHa) and logic gate applications which was manifested the
green and red fluorescent images with AI**ion and represents INHIBIT logic gate in switching behavior.

1. Introduction

Aluminum is the 3rd generous element in the earth's crust. Acid rain
is one of the main sources of leaching of free aluminum ion in the en-
vironment and surface water. It's uses have been increased drastically in
day-to-day activities from last few years i.e. cooking utensils, aluminum
foil which raises the amount of aluminum metal ion in daily food and
drinking water [1,2] as well as pervasive use in diverse field like au-
tomotive and aeronautic transport, food additive, space industries,
construction, packaging and aluminum-based pharmaceuticals which
creates adverse effect on the environment. Its toxicity causes many
deceases such as Alzheimer's disease [3,4], Amyotrophic lateral
sclerosis, Parkinson's disease i.e. damages the human nervous system as
well as it also deadly hindered the plants growth [5,6] etc. According to
FAO/WHO the tolerable limit of aluminum ion is 7.0 mg/Kg body
weight in a week which was suggested based on short term toxicity
[7,8]. Therefore, to prevent the direct impact on the human being and
biosphere by Al**, it is needed to control the concentration levels of
APP* in the environment. Due to poor coordination ability and in-
sufficient spectroscopic characteristics, it is difficult to detect the alu-
minum ion concentration in the environment and surface water.
Therefore, it is required to promote AI** sensors, which possess easy
synthetic route, and sensitive, selective mechanisms.

Some tedious, time consuming and sophisticated techniques such as
graphite furnace atomic absorption spectroscopy and inductively cou-
pled plasma atomic emission spectroscopy are used in the detection of
aluminum ion. Due to the drawbacks of these techniques, in recent
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years, fluorescent sensing has great attraction by virtue of its high ef-
ficiency to sense numerous biological and chemical species. Therefore,
many fluorescent sensors have been synthesized and used them in the
detection of different metal ions with different mechanism [9-17].
ESIPT mechanism (excited state intramolecular proton transfer) has
unique properties in practical application because of its attractive
photophysical properties such as large Stokes shift that avoided the self-
absorption of molecule or inner filter effect, which improve the fluor-
escence analysis with this type of molecule. Another property is keto
tautomer or transient character of molecule in the ground state. Those
molecules that has H-bond donor group such as phenolic or amino
group also established photo-tautomer by transferring the proton to an
adjoining atom in electronically excited state. Similarly, here C=N
isomerization is also occurred.

On the basis, of these properties present article demonstrates the
sensor that has —OH group adjacent to the imine nitrogen which ex-
emplifies intramolecular proton transfer from —OH to imine nitrogen i.e.
represents ESIPT mechanism. Here the C=N isomerization is also in-
hibited after addition of aluminum ion and showed high fluorescent
properties. Presented sensor depicts specific affinity towards AI** ion
unlike other metal ions with large spectral shift (58 nm) due to the
presence of polar groups such as hydroxyl groups, amine group. This
trivalent form of these groups has high affinity with AI** ion. As result
the interaction between hosts with AI** ion leads to hinder ESIPT
mechanism and C=N isomerization of host. Introduced sensor reveals
low detection limit in nano-molar range (99 nM) for AI®* jon in ACN.
Photoluminescence of host with AI** ion emits green and red
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Colorimetric and Fluorometric Detection of Heavy Metal Ions in
Pure Aqueous Medium with Logic Gate Application
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The new Ligand was developed and characterized by different spectroscopic techniques such as NMR, mass spectrometry, single
crystal XRD and photophysical studies. The ligand was shown colorimetric and turn-OFF behavior for Hg>* and Cu®* ions via PET
and CHQF mechanisms respectively, whereas it shows turn-ON demeanor for Cd>* metal ions among other metal ions through CHEF
mechanism. It demonstrated good sensitivity toward Hg?*, Cu?t, and Cd** ions ca. 0.33 uM, 0.16 wM and 0.11 M respectively,
with a good binding constant in 100% aqueous medium. The binding of these metal ions with ligand was supported through NMR
titration, mass spectrometry, electrochemical studies, and FT-IR spectroscopy. In-situ experiment appended with copper ion was
supported for selective detection of cyanide ion among other anions and given 0.29 pM limit of detection for cyanide ion. The
practical applications such as real water analysis and logic gate were successfully demonstrated with it.

© 2019 The Electrochemical Society. [DOI: 10.1149/2.1341906jes]
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The exposure and assessment of low contamination of transition
and heavy metal ions are exclusively essential because these metal
ions played a vital role in living systems and their high concentration
showed an extremely toxic impact on the environment.'? This toxic
effect of these metal ions attracts not only the scientific community,
especially chemist and biologist, but also the general population who
have knowledge of some disadvantages of these metal ions.> Among
various metal ions mercury and cadmium are very toxic in nature
due to their less solubility, nonbiodegradable behavior, and thence
can accumulate in the environment, that contaminate food and water.*
Apart from this, the slightly large concentration of copper ion also
has the property to be an ecological pollutant and probably toxic to
living cells.’ Thus, this metal ion has been involved in many diseases
such as neurodegenerative diseases (Menkes, Alzheimer’s and Wil-
son diseases) that related to the high concentration of copper ion.5
Same as Hg(II) ion is highly toxic ion that can coordinate to biologi-
cal ligands like DNA, Enzyme and proteins, which increases the toxic
level of mercury ion that causes significant damage of kidney, brain'®
and central nervous system,'! accretion of Hg(II) in human body can
supremacy of cognitive disorders and Minamata disease.'>”'* Cad-
mium is also an immensely toxic and carcinogenic metal ion whose
higher level can associate with cardiovascular diseases, cancer mor-
tality and damage to kidneys and liver."> So, WHO (world health or-
ganization) and EPA (environmental protection agency) had rigidly
determined the permissible limit of the concentration of these metal
ions that allowed in the drinking water. Therefore, it is necessary to
develop an easy way to detect these ions in the environment. In this
context, there are lots of instruments are available such as AAS, IES,
ICP but these are very sophisticated and time-consuming. Moreover,
the development of the chemosensor is the best way to analyze these
ions instantly. Despite, there are many sensors were designed for Cop-
per, Mercury or Cadmium'® via numerous mechanism such as ESIPT
(excited state intramolecular proton transfer),'”” PET (photoinduced
electron transfer),'® ICT (intramolecular charge transfer).!” In all these
mechanisms, the CHEF mechanism has some different quality such as
large stock shift which established enhancement in the fluorescence
intensity with large shifting. On the next hand still, there are some
flaws among the noted chemosensors. The detection of cations by the
various fluorophores are limited and usually, organic solvent was used
as media for the detection of cations that limited practical applications
for many sensors.

Therefore, designed new chemosensor is highly sensitive toward
the detection of Cu*t, Hg?*, and Cd** ion simultaneously under
pure aqueous conditions without using an organic solvent. Whereas,
a smaller number of chemosensors that could analyze three cations
simultaneously via PET and CHEF mechanism in pure aqueous me-
dia. Moreover, the detection of these toxic metal ions in pure aque-

“E-mail: akscyfcy @iitr.ernet.in

ous condition is still practical and challenging. In this context, this
chemosensor detected copper, mercury, and cadmium metal ion in
aqueous media with good sensitivity. The present chemosensor has
the multi-donor atom i.e. the main reason to detect these ions. This
chemosensor detects all three metal ions via PET and CHEF mecha-
nism with good selectivity.

Materials and Methods

The distilled solvents were used throughout the whole experiments.
The metal salts were used of analytical grade without further pu-
rification purchased from Merck. The FT-IR spectra were produced
from Perkin Elmer FT-IR 1000 spectrophotometer. The NMR ('H and
13C) was received by JEOL 400 MHz spectrometer. All absorption
spectra were gleaned by using Specord 600 Thermo Scientific PC
double beam spectrophotometer with 3 cm path length quartz cell.
Horiba RF-5301PC instrument was used for all emission spectra with
standard quartz cell. The Verio MICROV3.1.1 instrument was used
to perform elemental analysis (CHNS). The electrochemical studies
executed on CHI760E Electro-Analyser instrument with three elec-
trodes as, graphite electrode as working electrode, Pt wire had used as
counter electrode and Ag/AgCl, electrode as reference electrode with
0.1 M tetrabutylammonium hexafluorophosphate (nBusNPFg) sup-
porting electrolyte. The mass spectra were received by using Brukar
micrOTOF-QII mass spectrometry.

Synthesis of starting materials.—Synthesis of oxalohdrazon-
amide (1).—The ethanolic solution of dithiooxamide (1 mmol) and
dropwise addition of 3 mmol hydrazine in the solution. After that this
reaction mixture was reflux for overnight. The dark brown precipitate
was obtained after completion of the reaction by reported method.?

Synthesis of Bis((indol-3-yl)methylene)oxalohydrazonamide
(2).—The ethanolic solution of 1 (1 mmol, 0.116g) was added drop-
wise to the ethanolic solution of indole 3-carboxaldehyde (2 mmol,
0.290g) with continuous stirring. The reaction mixture was refluxed
for 6 hr. TLC was continuously checked up to completion of the re-
action. A yellow colored solution was acquired which was placed for
crystallization for 7-8 days, after 7-8 days there were yellow col-
ored crystals appeared in block shaped. These crystals were separated
from the solution and washed with ethanol and used for further stud-
ies (Figures 1 and 2). Crystallographic data of 2 has been deposited in
Cambridge Crystallographic Data Centre with CCDC 1835002.

Yield: 70%, Calculated for C20 H18 N8; C: 68.28, H: 5.18, N:
26.54, and Found; C: 68.48, H: 5.099, N: 32.27, FTIR data (KBr, v,
Cm™!): NH,: 3377, imidazole N-H: 3443, aromatic C-H: 3108, C =N:
1603, C-N: 1524, N = N: 1426 (ESI fig. S2). UV-Visible (water, hmax
nm): 358 nm. 'H NMR (400 MHz) 5 11.62 (s, 2H), 8.64 (s, 2H), 8.31
(d,J=17.5Hz,2H),7.84 (d,J =2.8 Hz, 2H), 7.43 (d, /= 7.6 Hz, 2H),
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