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Abstract

Analytical chemistry has developed tools and methods for qualitative and quantitative
analysis of species in a various variety of samples. In these days, growing industrialization has
exerted substantial pressure on the environment. The global emission of raw materials,
intermediates and final products from industries have become a severe problem to living
organisms. Because of the negative influences of these contaminants, a number of analytical
methods have been applied for their removal from water and soil samples. However, many of
those methods are expensive as they require specialized reagents and apparatus, and they may
also produce a large quantity of waste.

Currently an overview of analytical chemistry expansion reveals that amongst the wide
variety of sensors, spectrophotometric and electrochemical sensors are preferred choice of
analytical chemists as they provide convenient, fast and low cost analysis over a wide
measuring concentration range. However, sometimes the application of sensors is limited by
poor selectivity and sensitivity. Thus, there is a need for preparing sensors of higher sensitivity
and selectivity with wide working concentration range. Keeping this in view, a number of
sensors have been prepared and investigated for the determination of some metals and
biomolecules. The work carried out is incorporated in the present thesis which consists of five

chapters. A brief abstract of the subject matter presented in various chapters is discussed here.

The First Chapter is a general introduction about the subject and summarizes
important literature on sensors dealing with determination of biomolecules, metals and anions.

The chapter ends up with an outline of the objective of the present work.

The first chapter is followed by the Second Chapter which mainly deals with
principles, theory and practice of voltammetric, ion selective electrodes and
spectrophotometric sensors. Furthermore, the methodology and experimentation has also been

detailed in this chapter.

The Third Chapter deals with the simultaneous determination of ascorbic acid (AA)
and caffeine (CAF) by a voltammetric sensor using a glassy carbon electrode (GCE). The
glassy carbon electrode was further modified with a multiwall carbon nanotube (MWCNT) to

improve the performance of the electrode. It was found that the oxidation of AA and CAF



occurred at 202 mV and 1402 mV with bare GCE whereas the same process occurred at —10
mV and 1103 mV respectively for MGCE, a much lower oxidation potential. Further
mechanistic investigation of the oxidation process has shown that the equal number of
electrons and protons are involved in the oxidation of both the drugs. The peak current was
found to be proportional to concentration of drugs and could therefore be used for their
determination. The electrodes could thus be used for the determination of AA and CAF in a
wide working concentration range 10-500 uM, with a detection limit of 1.0 x 10 pM and
3.52 x 10~° uM for MWCNT modified GCE, whereas for bare GCE are 5.29 x 10" uM and
9.41 x 1072 pM respectively. The lower value shows that the modified glassy carbon electrode
IS superior to bare glassy carbon electrode. Further, the alternative approach of determining
AA and CAF by square wave voltammetry is convenient, faster and accurate. In view of high
sensitivity for the detection of the drugs, the technique has been used for the reliable
determination of AA and CAF in tea leaves, coffee, cold drink (mountain dew),
pharmaceutical preparations and urine samples. Thus, it can be said that this biosensor is a
useful addition in the field of analytical chemistry for the determination of biomolecules in

environmental as well as medicinal samples.

The Fourth Chapter deals with the preparation and investigation of a cadamium
selective sensor. The sensor makes use of poly(vinyl chloride) (PVC) based membranes of p-
tert-butylcalix[6]arene as an ionophore (1). The preliminary investigations revealed that these
PVC membranes developed shows potential response to Cd®* ions, hence can be used for its
determination. The performance of the membrane was improved by the addition of plasticizer
and anion excluder sodium tetraphenylborate (NaTPB). The plasticizer di-octyl phthalate
(DOP) was found to improve the performance to the maximum extent. By varying the
amounts of various ingredients of the membrane, the composition of the membranes was
optimized. It was found that the best performance of the membrane is obtained when its
composition is 1-PVC-NaTPB-DOP in the ratio 1:33:1:65 (w/w). The electrode gives linear
potential response to Cd** ions over the concentration range 9.7 x 10> to 1.0 x 10 mol dm™
with a Nernstian slope of 29.0 + 1 mV decade* of activity. Hence, it could be used for Cd?®*
determination in this concentration range. The sensor was found to be work satisfactorily in
non-aqueous medium (water-ethanol (20%) and water-methanol (20%) mixtures). Further, the

response of the electrode is fast with a response time of 35 seconds. The sensor exhibited a



shelf life time of about 4 months. The selectivity studies show that the electrode is selective to
Cd** over many alkali, alkaline earth and heavy metals. Thus, the Cd®* selective electrode
developed is sufficiently selective and sensitive and can be considered a good addition to the
family reported of Cd?* selective sensors.

The Fifth Chapter deals with determination of aluminum by fluorescent sensors based
on Schiff bases and an azo compound. A new azo compound, 1-(2-pyridylazo)-2-naphthol
(R1) has been prepared and characterized by various analytical techniques such as elemental

analysis, FT-IR, *H-NMR, *C-NMR and HRMS. Preliminary studies revealed that this azo

ol

compound shows strong interaction with AI°" metal ions with the emission of fluorescence.

[*

The fluorescence developed is proportional to concentration of AI°" and can be used for its

determination. Further, this azo compound shows less fluorescence emission with other metal
ions (Ba**, Cs*, Ca®*, Cr**, Fe*", Fe**, Gd**, Hg™', Li*, Na*, K, Mg, Mn?*, Nd**, Pb**, Co?*,
Cd*, cu*, zn®*, Ni** and Sr**) indicating that the fluorescence response of the azo compound
is selective to AP* ions with high sensitivity (detection limit 1.81 x 108 M). Thus, this

fluorescence chemosensor could be used for the determination of A" and may be a useful

13

tool for quantification of AlI°" in various environmental and biological samples.

Two new Schiff bases N,N'-bis(salicylidene)-m-phenylenediamine (R2) and N,N'-
bis(salicylidene)-o-phenylenediamine (R3) have been synthesized and characterized by
HRMS, FT-IR, 'H-NMR and *C-NMR spectroscopic techniques. The Schiff bases were

I**

found to strongly interact with AI°" causing emission of sharp bright blue fluorescence on

exposure to UV light owing to chelation enhanced fluorescence (CHEF) effect. Thus, the

I**

Schiff bases formed complexes with AI°" and act as receptors for it. The fluorescence intensity

was found to be proportional to concentration of AI** and can be used for its determination.

I** and receptor complexes were determined to be 1.41 x 10* M

The stability constants of A
and 1.59 x 10* M, respectively. Both the receptors were used to determine AI** with the
detection limit of 4.79 x 10 M and 8.28 x 10°® M for receptors R2 and R3, respectively.
Moreover, the reported receptors work glowing in the physiological pH spectrum. The

I** is selective over a number

spectroscopic studies showed that the response of receptors to A
of metals (Ba?*, Ca®*, Co®*, Cd**, Cs*, Cr¥*, Cu®*, Fe**, Fe**, Hg®", K*, Li*, Na*, Mg*", Mn*",
Gd*, Nd**, Pb?*, Sr**, Zn?* and Ni?*). Finally, the voltammetric studies (decrease in HOMO—

LUMO band gap energy) coupled with spectroscopic studies showed the higher binding ability
i



i

of receptors to AlI°". Hence, the fluorescence sensors developed using R2 and R3 can be used

for quantification of AI** in various samples.

In addition to the above reported Schiff bases, two more Schiff bases N,N'-bis(o-
hydroxyacetophenone)-m-phenylenediamine (R4) and  N-(o-hydroxyacetophenone)-o-
phenylenediamine (R5) were synthesized and characterized by a number of analytical
techniques viz. elemental analysis, FT-IR, HRMS, *H-NMR and *C-NMR. Both the Schiff
bases act as receptors for AI** due to complex formation. The complex formed emits strong
bright blue fluorescence on exposure to the UV radiation. The intensity of fluorescence was
found to be directly proportional to AIF* concentration, hence could be used for its
determination. Studies revealed that the stability constant of the complexes were found to be
6.64 x 10° M* and 7.29 x 10° M for receptors R4 and R5, respectively. These receptors do
not show significant fluorescence emission on the addition of other metal ions. Hence, the

I>*

response is selective and the fluorescence sensor developed can be used for AI°" determination

in various samples.
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1.1. Introduction

Analytical chemistry is the science of inventing and applying the concepts,
principles, and strategies for measuring the characteristics of chemical systems. Recently,
science and technology have attained a swift development in industry which contributes
significantly towards growing the value of life along with polluting the environment and
consequently posing injurious effects on living organisms and balance of environmental
systems. Thus, the cleaning of environment and its protection from pollutants are the major
concern to the scientists and various agencies so as to keep the level of pollution below
permissible limits [1-3].

In order to attain this assignment, analytical chemistry extents almost all areas of
chemistry however engage with the development of tools and methods to evaluate physical
and chemical properties of substances or composition of matter and applying those
techniques in their qualitative as well as quantitative estimation. Therefore, numerous
techniques for determining the concentration of biomolecules, cations and anions in
solutions viz. atomic absorption spectrometry, electrothermal atomic absorption
spectrometry, inductively coupled plasma atomic emission spectrometry, inductively
coupled plasma mass spectrometry, inductively coupled plasma optical emission
spectrometry, electrospray ionization mass spectrometry, high performance liquid
chromatography, gas chromatography, X-ray photoelectron spectroscopy have been
developed. Although some of these techniques are very precise and selective for the
determination of a number of cations, anions and biomolecules in the solution, but their
applications are limited by various factors such as cost, complex infrastructure and
consumption of time [4-18].

Therefore, proposing a number of unguestionable advantages such as simplicity,
low cost, quick response, wide working concentration range, and analytically relevant
selectivity; ion concentration determination with electrochemical (voltammetric and
potentiometric) and spectrophotometric methods comfortably took a leading place among
all the above methods of analysis. Voltammetric sensors measure current as a function of a
potential applied between a reference and a working electrode that causes oxidation or
reduction of the analyte while in potentiometric sensors potential of the cell set up with an
indicator electrode (ISE) in conjunction with a reference electrode is measured. On the
other hand, the spectrophotometric sensors are based on measurement of absorbance or
fluorescence emission caused by analyte directly or by a reaction/irradiation. However,

analysis of viscous and colored samples can also be carried out by means of these
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techniques without any difficulty. Therefore, these techniques can be employed in the
analysis of ions/molecules in various fields including clinical, environmental, industrial
effluents, wastewater, soil, fertilizers and agricultural studies. Keeping these advantages in
mind, sensors which generally provide convenient, fast and low cost analysis are preferred,
if available.

1.2. Historical review of electrochemical and spectrophotometric sensors
1.2.1. Historical review of voltammetry

The beginning of voltammetry was assisted by Nobel laureate Sir Jaroslav
Heyrovsky who proposed the innovation in polarography while recording the first
dependence of the current flowing through the dropping mercury electrode on the applied
potential and drew the first polarogram. Later on, development of modern polarographic
and voltammetric methods on mercury electrodes were proceeded from classical dropping
mercury electrode through mercury streaming electrode, hanging mercury drop electrode,
mercury film electrode, static mercury drop electrode, mercury amalgam electrodes,
mercury microelectrodes, controlled growth mercury electrodes and contractible mercury
drop electrodes [19-24]. Nowadays, reliable mercury electrodes for nanomolar and
subnanomolar concentrations are commercially available.

Further, development of measuring techniques which proceeded from classical DC
polarography, through oscillopolarography, Kalousek’s switcher, AC polarography, tast
polarography, normal pulse polarography, differential pulse polarography, square-wave
voltammetry, cyclic voltammetry, anodic stripping voltammetry, adsorptive stripping
voltammetry, convolution techniques and elimination methods [25-29], played a
conclusive role in this process resulting in the decrease of the detection limit from 10° M
for DC polarography through 10" M for pulse techniques to 10™* M for stripping methods
[30]. Following the various advantages of voltammetry, industry reacts with the production
of cheaper potentiostats, electrodes, and cells that could be effectively used in routine

analytical work.

1.2.2. Historical review of ion selective electrodes

The electric potential was first observed by Luigi Galvani in 1791 during the
dissection of a frog. Further, du Bois-Reymond proposed that living cell membranes have
properties similar to an electrode of galvanic cell. However, the scientific reason to this
phenomenon was given in 1890 when Ostwald explained that the semi-permeability of the

membrane was the main cause of potential generation [31]. The discovery of hydrogen ion
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sensing glass electrode in 1906 by Cremer set a landmark in history of ion selective
electrodes (ISEs). Efforts to develop other ISEs were initiated by Kolthoff and Sanders
[32] who made first silver halide disk sensors. In the early 1960s, Pungor characterized Ag-I
based heterogeneous membrane electrodes which were used as commercial solid state ISEs.
These electrodes exhibited good selectivity and gave a thermodynamically reversible
Nernstian response with respect to the primary ion. Many researchers continued their work
towards the fabrication of various ISEs of heterogeneous membranes consisting of an
electroactive material supported in an inert matrix of silicone rubber [33]. However, active
research in the field of ISEs was performed with the discovery of fluoride ISEs by Frant
and coworkers [34]. This electrode was based on lanthanum fluoride doped with europium
fluoride and considered as the second best electrode after glass electrode.

Afterwards, a widespread research was started in the field of precipitate based ion-
selective electrodes as well as on the application of complexing agents based liquid
membrane electrodes [35]. Bloch and coworkers developed the first ionophore-based
polymeric membrane based on PVC [36]. The procedure for compounding, casting, drying
and mounting P\VC membranes was introduced by Moody et al. [37]. Finally, the origin of
host-guest chemistry [38, 39] explored various materials in developing ISEs for various

cations and anions.

1.2.3. Historical review of UV-vis spectrophotometry

Spectrophotometry measures quantitatively the reflection or transmission properties
of a material as a function of wavelength. In 1666 Sir Isaac Newton studied the nature of
light by allowing sunlight to enter a small hole in a window shutter passing it through a
glass prism and observed a spectrum of color lines. Further, William Wollaston employed
a narrow slit instead of a round aperture and produced a series of visible spectral lines,
each one an image of the slit and representing a different color of the visible spectrum.
Afterwards, the spectroscope was developed by a German optician Joseph von Fraunhofer
during the study of light. After various developments, in 1930's, a new instrument called
colorimeter or spectrophotometer was developed that used a grating or prism to isolate a
specific wavelength for absorption spectral analysis and eventually photo detectors
replaced the inaccurate human eyes [40]. In 2002, Varian Inc. developed a double beam
6000i UV-vis—NIR spectrophotometer which involves an InGaAs detector that improves
signal to noise ratio over conventional lead sulfide detectors. Its operating range of 175 nm
to 1800 nm is applicable to materials science research. In 2003, Thermo Scientific

introduces the ‘Evolution 300’ spectrophotometer, based on xenon lamp technology.
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In 2004, Shimadzu introduces the SolidSpec-3700/3700DUV series of UV-vis—NIR
spectrophotometers involving three detectors. In 2011, Agilent Technologies releases the
Cary 60 UV-vis spectrophotometer with xenon lamp typically lasts 10 years and remote
sampling options that minimize sample handling. Although modern UV—-vis spectrometers
differ greatly from the first DUs, all operate on the same basic principle.

1.2.4. Historical review of fluorescence spectrophotometry

In 1833, Sir David Brewster recognized a red emission from green leaf extracts,
dispersive-scattering phenomenon; known as characteristic fluorescence emission from
chlorophyll. In 1845, Herschel recorded the first “fluorescence emission spectrum™ of
quinine. In 1852, George Gabriel Stokes determined that the emission from quinine was at
a longer wavelength than the excitation and used fluorescence as an analytical tool. In
1867, Goppelsroder performed a fluorescence-based analysis and developed a method for
the quantization of non-luminescent Al(I1l) by forming a strongly fluorescent AI(II)
complex. In 1877, evidence of the power of luminescence was demonstrated when Adolf
Baeyer used fluorescence to demonstrate a link between the Rhine and Danube rivers [41,
42]. R. Meyer in 1897 introduced the term “fluorophores” to describe those compounds or
the specific functional groups responsible for the phenomenon of fluorescence. Heimstaedt
and Heinrich Lehmann (1911-1913) developed the first fluorescence microscope to
investigate the auto fluorescence of biosamples such as bacteria, protozoa, plant, and
animal tissues. A lot of development in fluorescence stream in subsequent years and first
commercial fluorometer was developed by an American Instrument Company (AMINCO)
collaborated with Dr. Robert Bowman who designed the instrument and marketed first
ever spectrophotofluorimeter (SPF) in 1956. Invention of spectrophotofluorimeter was
indeed an exciting journey which started with a need to destroy the malaria parasite
effectively during World War Il. The basic spectroscopic techniques were invited in the
early 20th century and became well developed in the late 20th century and found
applications in the field, including forensic, environmental, industrial and medical

questions.

1.3. Sensor

Sensors are sophisticated devices that are frequently employed to detect and
respond to electrical, physical, chemical or optical signals. Sensors are usually designed to
operate under well defined conditions for individual analytes in certain sample types.

Technically, a sensor provides a certain type of response directly related to the quantity of
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a specific chemical species. There are certain features which have to be considered when
we choose a sensor. These are as follows:
I.  Sensor should provide accurate, inexpensive and easy handling.
ii.  Sensors have usually limits for temperature/humidity.
iii.  Sensors have a range of measurement limits.
iv.  Calibration — Essential for most of the measuring devices as the readings changes
with time.
v.  Resolution — Smallest increment in signal detected by the sensor.
vi.  Repeatability — The reading that varies is repeatedly measured under the same
environment.

vii.  Sensors should satisfy a strong and large market need.

1.3.1. Classification of sensors
Depending upon the nature of properties under investigation, the sensors have been
classified into three main categories:
(A) Physical Sensors
(B) Biochemical Sensors

(C) Chemical Sensors

(A) Physical sensors

A physical sensor provides information about a physical property of the system and
no chemical reaction takes place. Typical examples are those based upon measurement of
conductivity, refractive index, temperature, pressure or mass change. Currently, a number
of physical sensors are available and uses for temperature monitoring and pressure control

in various industrial process.

(B) Biochemical sensors

In such type of sensors, a biochemical process is the source of the analytical signal.
In other words, a device that utilizes biological components such as organisms, tissues,
cells, membranes, enzymes, antibodies etc. to indicate the amount of a biomaterial. They
may be considered as a subgroup of the chemical ones because the mechanisms on which
they are based is similar to other chemical sensors besides they are developing at such a
rapidity that they deserve their own category. Such sensors are also called biosensors.
Typical examples are microbial potentiometric sensors, immunosensors, and glucose
sensors. They are applied for food testing, medical care device, environmental monitoring,

water testing and biological warfare agent detection.
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(C) Chemical sensors

According to the IUPAC recommendations, 1991, chemical sensor is a device that
transforms chemical information, ranging from the concentration of a specific sample
component to the total composition analysis, into an analytically useful signal [43]. All the
chemical sensors are composed of a transducer, which transforms the response into a
noticeable signal on modern instrumentation, and a chemically selective layer, that
separates the response of the analyte from its instantaneous environment.

Chemical sensors produce an electrical signal in response to the presence of a
particular analyte which give information about the chemical composition of its
environment in the form of a molecular, ionic or atomic species. Moreover in such type of
sensors, a chemical reaction with the contribution of the analyte gives rise to the analytical
signal.

Classification of chemical sensors
The development of instrumentation and computers makes it possible to design
chemical sensors utilizing operating principles of the transducer that have been used in

chemistry. Further, chemical sensors may be classified in the following categories:

1) Optical sensors

An optical sensor is a device which changes optical signal into electronic signals.
This group may be further subdivided according to the type of optical properties which
have been applied in chemical sensors:
a) Absorbance, measured in a transparent medium, caused by the absorptivity of the
analyte itself or by a reaction with some suitable indicator.
b) Fluorescence, measured as the positive emission effect caused by irradiation. Also,
selective quenching of fluorescence may be the basis of such devices.
¢) Luminescence, based on the measurement of the intensity of light emitted by a chemical
reaction in the receptor system.
d) Reflectance, measured in non-transparent media, usually using an immobilized
indicator.
e) Refractive index, measured as the result of a change in solution composition. This may
include also a surface plasmon resonance effect.
f) Optothermal effect, based on a measurement of the thermal effect caused by light

absorption.
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g) Light scattering, based on effects caused by particles of definite size present in the
sample.

2) Electrochemical sensors

Devices transform the effect of the electrochemical interaction analyte—electrode
into a useful signal. Such effects may be stimulated electrically or may result in a
spontaneous interaction at the zero-current condition. The following subgroups may be
distinguished:
a) Voltammetric sensors, in which current is measured in an electrochemical reaction at the
sensing electrode and the voltage, measured by the reference electrode, at which it occurs
depends on the potential between the sensing electrode and the electrolyte. This subgroup
may include sensors based on chemically inert electrodes, chemically active electrodes and
modified electrodes. In this group are included sensors with and without (galvanic sensors)
external current source.
b) Potentiometric sensors, in which the potential of the indicator electrode (ion-selective
electrode, redox electrode, metal/metal oxide electrode) is measured in the solution against
a reference electrode and the voltage difference between the two electrodes is measured.
c) Chemically sensitized field effect transistor, in which the effect of the interaction
between the analyte and the active coating is transformed into a change of the source-drain
current. The interactions between the analyte and the coating are, from the chemical point
of view, similar to those found in potentiometric ion-selective sensors.
d) Potentiometric solid electrolyte gas sensors work in high temperature solid electrolytes

and are usually applied for gas sensing measurements.

1.4. Literature survey

Forever since the discovery of electrochemical and optical sensors has provoked a
great deal of interest owing to their substantial role in analytical chemistry steadily
increasing. In recent years, the field of sensors is perhaps one of the most eminent
examples of interdisciplinary research in analytical chemistry. A number of some
significant papers [44-56] have appeared in the recent past. Progress in this field, including
principles, theory, and applications of electrochemical and optical sensors have been
described in the periodic reviews [57-64]. The list is absolutely comprehensive and it is
improbable to report the total bibliography on these sensors. Therefore, merely some latest
and considerable publications, that highlight various aspects of sensors developed for

various biomolecules and metal ions, and are presented here.
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1.4.1. Voltammetric sensors for biomolecules and pharmaceutical formulations

Considerable efforts have been made by researchers to develop voltammetric
sensors for biomolecules and pharmaceutical formulations due to their occurrence in
diverse samples including food, industry, medical, environmental and clinical. Although a
large number of sensors for these formulations have been reported, a brief review on
voltammetric sensors for these formulations is given in the following paragraphs.

A number of reviews [65-69] have been reported which summarize the different
types of electrometric methods and represent their mechanisms in the determination of
biological samples. The reviews are focused on a comparative description of the
applications of carbon-based nanomaterials towards detection of biomolecules and hence
present the results in a critical manner, future challenges of better sensor design and
implementation are evaluated. Radovan and coworkers [70] reported ascorbic acid and
acetaminophen simultaneously on bare boron-doped diamond electrode by a differential
pulse voltammetry using aqueous buffered media. The working concentration range for
both the analytes were obtained in the concentration range 0.01-0.1 mM for anodic current
peaks. The potential applicability of the technique was associated with pharmaceutical
products. Further, a voltammetric sensor was developed by Alizadeh et al. [71] for the
determination of caffeine owing to differential pulse voltammetry using a carbon paste
electrode prepared by a molecularly imprinted polymer. The linear working concentration
range and detection limit of the sensor was calculated as 6 x 10 ®to 2.5 x 10 ° mol L * and
1.5 x 10 mol L™ respectively. Ragupathy et al. [72] reported an electrocatalytic
oxidation at multiwalled carbon nanotube-silica network-gold nanoparticles based
nanohybrid modified electrode for determination of ascorbic acid in the presence of
dopamine. The sensor electrode presented a high sensitivity (8.59 pA/mM) and selectivity
for ascorbic acid by differential pulse voltammetry in the presence of a large excess of
dopamine with a large potential separation of ~0.26 V. Sanghavi et al. [73] have
determined acetaminophen, aspirin and caffeine simultaneously by voltammetric technique
employing an in situ surfactant-modified multiwalled carbon nanotube paste electrode.
Later on, Jain and coworkers [74] have investigated cefixime in pharmaceutical and
biological fluids by a number of voltammetric techniques. Lu and coworkers [75] used a
novel nanocomposites sensor for electrocatalystic investigation of epinephrine in the
presence of uric acids and ascorbic acids. Similarly, Raoof et al. [76] constructed a carbon
nanotubes and ruthenium oxide hexacyanoferrate film modified glassy carbon electrode

sensor for simultaneous determination of ascorbic acid, epinephrine and uric acid.
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The differential pulse voltammetric sensor prepared by Habibi and coworkers [77]
based on single-walled carbon nanotube-modified carbon-ceramic electrode performed
excellent electrochemical catalytic activities toward acetaminophen and ascorbic acid; and
gives linear responses over ranges of 0.2 to 150.0 uM and 5.0 to 700.0 uM respectively.
Further, Chatraei et al. [78] studied an acetaminophen-modified glassy carbon electrode
for the simultaneous determination of ascorbic acid, glutathione, tryptophan and adrenaline
by voltammetric methods. Mazloum-Ardakani et al. [79] employed electropolymerization
of a thin film of para-phenylenediamine at a glassy carbon electrode and applied for the
simultaneous determination of ascorbic acid, dopamine and uric acid. The detection limits
were found to be 0.4, 1.0 and 2.5 pM for ascorbic acid, dopamine and uric acid,
respectively. Later on, Zhang and coworkers [80] developed a sensitive differential pulse
stripping voltammetric sensor for the determination of caffeine using glassy carbon
electrode modified by multi-walled carbon nanotubes and nafion. The modified electrode
was successfully utilized for real samples of pharmaceuticals and cola.

Recently Amare and coworkers [81] reported a glassy carbon electrode modified by
4-Amino-3-hydroxynaphthalene sulfonic acid for the determination of caffeine by
electrochemical techniques. The enhancement in the peak current of caffeine concentration
was found to be 6 x 10 ® to 4 x 10™° mol L * with a detection limit of 1.37 x 10" mol L ™.
The results achieved from coffee extracts indicated the applicability of the developed
method for analysis of real samples. Later on, Ba et al. [82] used poly(sulfosalicylic acid)
modified glassy carbon electrode for the determination of L-tryptophan in the presence of
ascorbic acid and dopamine by electrochemical methods. The proposed method exhibited a
wide measuring concentration range of 5 x 10 ® to 1 x 10~> M with a detection limit of 6.8
x 107° M. Raj et al. [83] introduced graphene oxide modified glassy carbon electrode for
the electrocatalytic determination of purine derivatives as uric acid, xanthine,
hypoxanthine and caffeine at physiological pH. Not only this, the synthesized sensor was
successfully demonstrated in real samples such as human blood plasma and urine samples.
Rezaei et al. [84] reported electrochemical sensor for caffeine using imprinted film based
on polypyrrole, sol-gel, and gold nanoparticles hybrid nanocomposite modified pencil
graphite electrode. The proposed method was applied successfully in the real samples viz.,
plasma, urine, tablet, green tea, energy and soda drink for the determination of caffeine.

Later on, a selective and sensitive electrometric method at a glassy carbon electrode
modified with polyaniline-zinc oxide nanocomposite for betahistine hydrochloride have

been reported by Jain and coworkers [85] in solubilized system. Herein, the lower the
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detection limit of 19.57 pug/mL established the sensitivity of the proposed method. Zhu et
al. [86] introduced a novel multi-nanopore graphene modified glassy carbon electrode for
the determination of dopamine and uric acid simultaneously in the presence of ascorbic
acid. Another graphene-gold nanoparticles composite coated with nafion film modified
glassy carbon electrode was developed by Sanghavi and coworkers [87] for the
voltammetric quantification of sumatriptan drug. Deng et al. [88] explored an acetylene
black paste electrode modified with graphene—polyvinylpyrrolidone composite film for the
determination and study of the electrochemical behavior of vanillin. Under the optimal
conditions, the oxidation peak current was proportional to vanillin concentration and the
detection limit was found to be 10 nM.

Furthermore, a novel voltammetric sensor was prepared by Arabzadeh et al. [89]
for femtomolar determination of lysozyme based on a glassy carbon electrode modified by
metal-chelate affinity immobilized onto gold nanoparticles. The proposed electrochemical
sensor showing the high selectivity, good sensitivity and stability toward lysozyme
detection and was satisfactorily applied to the determination of lysozyme in real samples
such as hen egg white, a great deal in developing other electrochemical sensors. Kalambate
et al. [90] developed a graphene—platinum nanoparticles coated nafion film composite
modified glassy carbon electrode for the estimation of paracetamol and domperidone
simultaneously. The reported method allowed for the determination of these drugs in the
linear working range of 8.2 x 10 °~1.6 x 10° M with detection limits of 1.06 x 10° M
and 4.37 x 10 *° M, respectively. Vidya et al. [91] determined an electrochemical sensor
for the determination of dopamine in the presence of ascorbic acid and uric acid at carbon
paste electrode modified by sodium dodecyl sulphate-reduced graphene oxide. On the
basis of the sweep rate effect, it was concluded that the diffusion and adsorption controlled
process was taken place in the electrochemical study of the reported sensor.

Carbon nanotubes have also gained attention to a great extent during the last two
decades and various biomolecules and drugs were reported for the preparation of
voltammetric sensors. Therefore, some other multi-walled carbon nanotubes modified
glassy carbon electrode for, gemifloxacin [92], 4-aminohippuric acid and uric acid [93],
mycophenolate mofetil and mycophenolic acid [94], N-acetyl-L-cysteine and tryptophan
[95], verapamil [96] were also investigated to develop voltammetric sensors with a good
linear working concentration range. Similarly, some other important glassy carbon
electrode fabricated with multi-walled carbon nanotubes functionalized with polymeric

membrane for, ascorbic acid [97], ascorbic acid, dopamine, uric acid and tryptophan [98],
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paracetamol in the presence of dopamine and folic acid [99], olanzapine [100],
paracetamol [101, 102], clenbuterol [103], epinephrine in the presence of serotonin and
folic acid [104], norfloxacin [105] were determined by electrometric methods. The
developed sensors were efficiently applied towards the determination of these drugs in
human real samples and pharmaceutical formulations.

On the other hand, some voltammetric sensors for, salbutamol [106], clonazepam
[107], dopamine and ascorbic acid [108], carbohydrates (glucose, xylose, galactose and
mannose) [109] using glassy carbon electrode fabricated via self-assembled of
nanoparticles on multi-walled carbon nanotubes were also developed. Further, some
carbon paste electrode fabricated with multi-walled carbon nanotubes for pharmaceutical
formulations such as morphine [110], ascorbic acid, acetaminophen and tryptophan [111],
6-mercaptopurine [112], acetaminophen [113], meloxicam [114] were developed. On the
other hand, a variety of voltammetric sensors based on single-walled carbon nanotubes
modified electrode for drugs viz., caffeine [115], 3,4-dihydroxyphenylalanine [116],
codeine and caffeine [117], neohesperidin dihydrochalcone [118], natamycin [119] were
also developed having a good agreement with the linear concentration range.

Recently, Khoshhesab [120] developed a novel nanocomposite based on CuO
nanoparticles/graphene nanosheets and applied as an electrode material for the
simultaneous electrochemical determination of acetaminophen, caffeine and ascorbic acid
followed by the differential pulse voltammetry. The proposed sensor was successfully
applied for their determination in urine, blood serum and pharmaceutical samples.
Similarly, Daneshinejad et al. [121] introduced a selective and sensitive voltammetric
sensor for simultaneous determination of dopamine and acetaminophen on a glassy carbon
electrode modified with a thin film of poly(solochrome black T). The modified electrode
was found to be free from the interference effect of other analytes such as ascorbic acid
and uric acid. The detection limits were calculated to be 0.092 and 0.142 pmol L™ for
dopamine and acetaminophen, respectively. Wierzbicka et al. [122] reported highly
ordered nanoporous thin Au film electrochemical sensor for the determination of
epinephrine. That work includes the calculations of total number of electrons involved in
the oxidation of epinephrine, transfer coefficient and diffusion coefficient of epinephrine.
Further, a voltammetric sensor for the simultaneous determination of acetaminophen and
ascorbic acid based on carbon paste electrode modified with Fe(lll)-clinoptilolite nano-
particles was reported by Sharifian and coworkers [123]. In this the working concentration

ranges by square wave peak current were found to be 1.0 x 10 °-1.0 x 102 mol L™ for
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ascorbic acid and 1.0 x 10°~1.0 x 10 mol L™* for acetaminophen with detection limits
of 1.8 x 10° mol L ™" and 9.9 x 107 mol L™*, respectively. Bouabi and coworkers [124]
reported chitosan modified carbon paste electrode for square wave voltammetric
determination of paracetamol. The reported method was applied successfully in natural

water samples, commercial tablets and human urine samples.

1.4.2. lon selective sensors for transition metal ions

The determination of metals in various samples is essential in view of their toxicity
above certain concentration level. Such efforts have been made by many researchers in the
field of ion selective electrodes (ISEs) to develop selective sensors which allow their quick
and reliable determination. We have reported an ion selective electrode for Cd** and
detailed literature survey on ISEs for Cd?* is presented in the subsequent Chapter of the
thesis. Here a brief review of recently developed ISEs for various transition elements viz.,
Ti*, Cr¥*, Mn**, Fe**, Co?*, Ni**, Cu®*, Zn?*, Mo®, Ag®, Cd**, Pt?*, Hg®" etc. has been
presented.

Abbas et al. [125] reported tetraiodo- and tetrabromo-ion pairs with
cetylpyridinium based novel cadmium solid-state ion-selective electrodes employing by a
graphite rod electrode. The developed sensors revealed near-Nernstian anionic slopes of —
29.8 and —25.1 mV/concentration decade over a wide pH range. The tetraiodocadmate and
tetrabromocadmate electrodes showed linear ranges of 1.5 x 10°-1.0 x 10 * and 1.0 x 10"
®_1.0 x 10 M and detection limits of 6 x 10" and 8 x 10”" M respectively. Singh et al.
[126] reported pentaazamacrocyclic manganese complex based PVC membrane electrode
for selective determination of Mn®* ion over other mono-, di-, and trivalent cations. The
working concentration range of the sensor was found to be 1.25 x 10 to 1.0 x 10 * M and
had a fast response time of 20 s with a lifetime of 4 months. Jain et al. [127] synthesized
two new salen type Schiff base based ionophores for the development of Ni?*—selective
PVC membrane ion sensors. The developed sensor exhibited a Nernstian response in the
concentration range of 3.2 x 10°® to 5.0 x 102 M nickel(l1) and used adequately over a
wide pH range (2.2-5.9) with a fast response time (~10 s). The sensor was also employed
successfully for the trace level estimation of nickel in biological and environmental
samples. Fakhari and coworkers [128] synthesized salen type Schiff bases as carriers using
cresol derivatives for the development of copper(ll)-selective PVC membrane sensors.
The developed sensors gave a linear potential response in the concentration range of 1.0 x
107° to 1.0 x 10"* M without any significant deviation in potential upto 9 weeks and also

applied successfully for the determination of copper in real sample analysis. Gupta et al.
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[129] used dibenzo-24-crown-8 ion active material for the development of a PVC matrix
zinc selective sensors which worked well in the pH range of 4.8-6.2 and working
concentration range was calculated to be 9.2 x 10™° to 1.0 x 10" M. The potentiometric
titration of Zn?* with ethylenediaminetetraacetic acid (EDTA) demonstrated the practical
utility of the sensor as well as utilized for the determination of Zn** in real wastewater
samples.

Gupta et al. [130] fabricated chromium(l11)-selective PVC matrix sensor using tri-
o-thymotide as an electroactive material. Zamani et al. [131] developed 4-amino-3-
hydrazino-6-methyl-1,2,4-triazin-5-one based selective and sensitive chromium(l1l) PVC
membrane sensors. Similarly, cobalt(ll)-selective PVC membrane sensors based on a
salicylidene Schiff base [132] and pyridine derived macrocyclic compound [133] were also
introduced. The developed sensors worked effectively in the wide pH range and applied in
the real samples for the estimation of cobalt(Il) ions. Further, Gupta et al. [134] reported
PVC matrix membranes containing porphyrins carrier Cu(ll)-selective potentiometric
sensors. Additionally, Gupta and coworkers [135] developed a zinc(ll)-selective PVC
membrane electrode based on N,N'-bis(acetylacetone)ethylenediimine ionophore. The
developed sensor worked linearly in the concentration range of 1.0 x 10 °t0 1.0 x 10* M
and the selectivity of the proposed electrode was also calculated employing by the fixed
interference method. Mashhadizadeh et al. [136] described a silver(l) ion selective
electrode based on a modified carbon paste electrode and a coated wire PVC membrane
electrode using a synthesized Schiff base as a suitable carrier.

Khan et al. [137] prepared a sensitive polyaniline Sn** phosphate composite cation-
exchanger material for the sensitive determination of Hg?* ions in aqueous solutions owing
to ion-selective membrane electrode. Another some mercury(ll) ion selective electrodes
[138, 139] were established in the presence of interfering cations which showed wide
dynamic working range, near-Nernstian slope, fast potential response and long lifetime.
Similarly, some new Mn?*-selective P\VC matrix membrane electrodes [140, 141] based on
distinct type of Schiff bases have been investigated. The developed sensors were
successfully established the selectivity of Mn?* over a wide variety of interfering cations
and thus could be used for the determination of Mn®* in a lot of samples by direct
potentiometry. Wang et al. [142] reported novel PVC membrane electrodes for the
selective determination of molybdate(V1) via triheptyl dodecyl ammonium iodide

ionophore. The developed electrodes revealed near-Nernstian responses over a wide
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working concentration range of 2.0 x 10°° to 5.0 x 10 M and used in the pH range of
5.0-7.0.

Further, Zamani and coworkers [143] presented a novel ionophore N-(2-
hydroxyethyl)  ethylenediamine-N,N',N"-triacetic ~ acid based PVC membrane
potentiometric sensor having high affinity for iron(lll). The designed sensor was
successfully utilized in the concentration range of 1.0 x 107°-1.0 x 10 mol L™ with a
slope of 19.5 + 0.4 mV per decade and the detection limit was illustrated to be 3.0 x 10 *°
mol L™* of Fe** ions concentration. In the same way, several PVC membrane ion selective
sensors prepared based on various types of ionophores viz., quinoline [144], salicylidene
[145] and pyridine diamide [146] derivatives for cadmium(ll) ions.

Another, PVC matrix membrane ion selective sensors have been proposed utilizing
imidazole [147] and triazene [148] based ionophores for selective determination of Hg?*
ions. The proposed electrodes showed a good Nernstian response, wide working
concentration range, and excellent selectivity over a wide variety of alkali, alkaline earth,
transition and heavy metal ions. Similarly, Gholivand et al. [149] reported a Pt** selective
membrane electrode using 1,3-bis(2-cyanobenzene)triazene as an ionophore. Further, new
PVC based membranes consisting of p-(4-n-butylphenylazo)calix[4]arene [150] as an
electroactive material were employed to fabricate a cobalt(ll)-selective sensor which
exhibited Nernstian slope of 29.0 £ 1.0 mV/decade of activity with a wide concentration
range of 9.2 x 10 ® to 1.0 x 10 * M and the detection limit was found to be 4.0 x 10°° M. It
was also utilized in partially non-aqueous medium (up to 10%, v/v) without considerable
change in the slope of the working concentration range.

Similarly, numerous PVC membrane sensors based on different type of ionophores
viz., bis-benzilthiocarbohydrazide [151], naphthalene derivative [152], 1-phenyl-3-pyridin-
2-yl-thiourea [153], di-tert-butylazodicarboxylate [154] and heptadentate Schiff's base
(tris(3-(thiophenal)propyl)amine) [155] have been evolved for the selective determination
of Fe** ions. The developed sensors showed high selectivity, faster response time, wide
iron ion concentration range, relatively low detection limit, high stability, low cost and
simple design. The reported electrodes were also utilized to the determination of iron in
different real water samples.

Zhang et al. [156] synthesized and utilized monoazathiacrown ethers as ionophores
for PVC membrane Ag*-selective electrodes. Furthermore, some chromium(li1)-selective
PVC membrane sensors have been fabricated based on different types of ionophores viz.,

imidazole derivative [157] and methyl violet [158]. The developed electrodes exhibited
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good selectivity and sensitivity with respect to alkali, alkaline earth, transition and heavy
metal ions. The electrodes were effectively employed as an indicator in the potentiometric
titration of Cr®* with EDTA and were also applied to the direct determination of
chromium(l11) content in real water samples. Later on, Isa et al. [159] developed an ISE
based on palladium(l1) dichloro acetylthiophene fenchone azine for cobalt(ll) ions. This
electrode revealed Nerstian response of 1.0 x 10 *~1.0 x 10"® M with a detection limit and
slope of 8.0 x 10’ M and 29.6 + 0.2 mV per decade respectively. Some ISEs based on
different types of ionophores viz., disufanylphenylimine [160], phenylhydrazine [161], and
hydroxyacetophenone [162] derivatives have been proposed for selective determination of
Cu* ions. The proposed sensors were successfully applied for the determination of Cu®* in
various real and environmental samples and as indicator electrode for potentiometric
titration of Cu®* ions with EDTA.

Sheikhshoaie et al. [163] synthesized and utilized 2-(hydroxyl-5-
methoxybenzylideneamino) phenol Schiff base as an ionophore for development of a Mn?*
selective membrane in PVC matrix. The proposed membrane sensor worked well over a
wide concentration range of 6 x 10°-2 x 102 M with a slope of 29 + 1 mV per decade
showing a Nernstian response for Mn* ions. In addition, Gupta et al. [164] constructed a
new thioallophanate based copper(11) PVC membrane sensor.

Several PVC based membrane sensors for silver(l) cation have been fabricated via
various types of ionophores viz., p-tert-butylcalix[4]arene [165], 15-crown-5 [166] and
benzophenone hydrazone derivative [167]. The developed electrodes revealed a wide
linear concentration range, good Nernstian response, excellent selectivity towards Ag* ions
over a range of alkali, alkaline earth, and transition metal ions. The prepared electrodes
were used as an indicator electrode in potentiometric titration and successfully applied for
the determination of Ag” ions in real water samples. Similarly, a number of mercury(ll) ion
selective PVC membrane electrodes have also been proposed based on different types of
ionophores such as poly-o-toluidine Zr(IV) tungstate [168], symmetrical thiourea
derivatives [169], quinoline derivative [170], and oxime derived compounds [171] giving a
good response in the presence of interfering ions. Further, several tetrazole di- and triamide
derivatives have been synthesized by Pazik et al. [172] and utilized as ion carriers in the
development of ion-selective membrane electrodes. The developed electrodes were applied
for the selective and sensitive determination of alkali, alkaline earth, transition and heavy

metal cations.
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Recently, Wardak et al. [173] proposed a novel cadmium ion selective PVC
membrane electrode through solid contact based on ionic liquid and multi-walled carbon
nanotubes. The detection limit of this electrode was found to be 2.3 x 10°° mol L™ and
measuring range 10 -1.0 x 10 mol L™* with slope of 30.2 mV/decade. In addition,
Ahmadzadeh et al. [174] have successfully fabricated calix[4]pyrrole derivative ionophore
doped highly selective PVC membrane electrode for Ti** ions in the presence of alkali,
alkaline earth and transition metal cations. The proposed sensor was effectively applied in
tab water and industrial wastewater samples for the detection of titanium(l11) ions.

1.4.3. Optical sensors for metal ions

The determination of metal ions using optical sensors has been reported by
numerous researchers. Detailed literature survey on optical sensors for various metals is
presented in the subsequent Chapter of the thesis. Here a brief review of recently
developed optical sensors for various elements viz., Na*, K*, Cs*, Be**, Mg*, AP, cr**,
Mn®*, Fe¥*, Co?*, Ni**, Cu®*, Zn**, Pd**, Ag*, Au®*, Hg?*, UO,*" etc. has been presented.

Xiang et al. [175] reported a highly selective and sensitive copper(ll) fluorescent
sensor at micromolar levels with salicylaldehyde rhodamine B hydrazone in neutral
buffered media. The spirolactam ring-opening was taking place upon addition of copper(ll)
and a 1:1 metal-ligand complex was formed. Singh et al. [176] introduced a first
polymeric sensor for chromogenic naked eye detection of silver and ratiometric fluorescent
recognition of manganese. The linear working concentration range for silver via UV-vis
spectra were established 10-60 uM whereas for manganese 0-50 nM by the fluorescence
emission spectra. Bhalla et al. [177] reported a fluorescence ‘Turn—On’ sensor for mercury
with a new pyrene—substituted terphenyl based derivative. The reported chemosensor
exhibited photo-induced electrone transfer process upon addition of Hg®* ions. Wang et al.
[178] fabricated a binaphthyl-derived salicylidene Schiff base for copper and zinc ions
sensing. It presents integrated molecular logic gates by monitoring fluorescence and
absorbance mode. Further, a pyrrolidine constrained bipyridyl-dansyl chemosensor
conjugate by triazole moiety was synthesized by Maity and coworkers [179]. The
synthesized chemosensor worked as a selective colorimetric and ratiometric sensor for AI**
followed by internal charge transfer mechanism. Later on, Xie and coworkers [180]
developed a near infrared fluorescence probe for detection of copper and aluminum ions by
a photo-induced electron transfer process based on 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene dye. The linear working concentration range by fluorescence emission were
found to be 10-50 pM and 30-110 pM for Cu®* and AP** ions respectively. Mahapatra and
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coworkers [181] reported triphenylamine-based indolylmethane unit as a colorimetric and
fluorogenic probe for selective determination of Cu?* over other heavy and transition metal
cations in CH3;CN/H;0 (70/30, v/v) solution.

Similarly, Tang et al. [182] reported a reversible and sensitive rhodamine B
fluorophore based “turn-on” chromogenic and fluorogenic chemosensor for selective
sensing of Cu®* in aqueous acetonitrile solution. Liu and coworkers [183] developed a new
fluorescent probe for zinc(ll) based on a Schiff base synthesis. The fluorescence intensity
for zinc(11) ion was linear in the range of 1 x 10~" molL* to 1.2 x 10" mol L™ promising
for the preparation of new fluorescent probes for the recognition of zinc(l1) ion. Liu et al.
[184] reported a sensitive and selective colorimetric and fluorescent “turn-on” probes
based on a photochromic diarylethene with a fluorescent rhodamine unit for AI** and Cr**
ions. The reported sensors were utilized in environmental pollutants and biological systems
for recognition of AFF* and Cr** owing to its reversible and fluorescent switch cycle.
Similarly, a highly selective fluorescent “turn-on” rhodamine based sensor for Fe** and
Cu** was developed by Weerasinghe and coworkers [185].

In addition, Liu et al. [186] reported a simple and sensitive fluorescence turn-on
probe utilizing berberine-G-quadruplex complex as sensing element for the detection of
potassium cation despite being a high concentration of sodium cations. Hosseini and
coworkers [187] reported a novel fluorogenic turn-on chemosensor for selective and
sensitive determination of beryllium over other common mono, di- and trivalent cations.
The enhancement in the fluorescence emission intensity of beryllium was found to be
linear in the concentration range of 1.6 x 107°~1.6 x 10’ M with a detection limit of 1.5 x
10 M. Moreover, a ratiometric fluorescence sensor for beryllium(l1) has been fabricated
by Ji et al. [188] using naphthylazo derivative as a sensing material. Later on, Kaur et al.
[189] reported a dipodal chemosensor for detection of aluminium and the resultant
complex demonstrated a highly selective response to perchlorate anion. The conditions
were satisfied for AND molecular logic gate by the chemical inputs of aluminum and
perchlorate. Further, You et al. [190] reported a highly fluorescent triazine-bridged

polymer for the selective determination of AI**

though in the presence of competing metal
ions. Jung et al. [191] reported the first fluorescent chemosensor based on thiazolothiazole
derivatives for Cr** and AI** metal ions.

Similarly, several sensitive and selective fluorescent probes based on a variety of
chemosensor derivatives viz., 4-aminoantipyrine [192], thiazole [193], pyrazole [194, 195],

pyrimidine [196], quinazoline [197], naphthalene [198-204], chromone [205, 206],
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quinoline [207, 208] reported for the trace level determination of aluminium. The possible
binding mode of the system between probe and AI** was evaluated by the job’s plot.
Moreover, the reported probes show linear fluorescence enhancement with the addition of
aluminium metal ions. On the other hand, a number of fluorometric sensors based on
rhodamine fluorophore derivatives were successfully explored for various metal ions [209—
221]. The results indicated that the ring-opening of the rhodamine spirolactam fluorophore,
induced by metal ion binding, dramatically enhanced in the absorbance and fluorescence of
the mixed solution.

Chopra et al. [222] reported the first fluorescent organic nanoparticles based
chemosensor in aqueous medium for nanomolar detection of Cs® cation over other
competing metal ions. Further, Wang et al. [223] synthesized a multianalyte probe based

1** and Fe®" selectively. The

on diketopyrrolopyrrole Schiff base for the detection of A
reported Schiff base showed a good colorimetric as well as a fluorescence turn-on response
to A" and Fe** metal ions. Kim et al. [224] reported the solvent dependent fluorescence
enhancement probe for A" and Zn?* ions with a naphthaldehyde derivative Schiff base
receptor. The binding properties of the reported probe with metal ions were investigated by
UV-vis, fluorescence, electrospray ionization mass spectroscopy and *H-NMR titration.
Jiang et al. [225] described a highly selective and sensitive new fluorescence turn-on probe
for aluminum. Moreover, the applicability of the probe in living systems was also
evaluated in Escherichia coli and Gram-negative bacteria. Further, two simply and highly
selective fluorescent probes based on 4-aminoantipyrine derivative for aluminium ions
were derived by Li et al. [226]. The association constants for the probes are 1.58 x 10° M*
and 8.72 x 10° M™* obtained by fluorescent titration experiments. Qin et al. [227]
synthesized a new quinoline derivative fluorescent chemosensor selective for AI** ions.
The significant enhancement in the fluorescence intensity upon addition of AI** might be
ascribed due to the formation of 1:2 ligand—-metal complexes inhibiting photoinduced
electron transfer progress.

In addition, Chang et al. [228] designed a novel bifunctional Schiff base for
selective sensing of AI** and CN™ ions by colorimetric and fluorometric techniques. A
fluorescence turn-on chemosensor for AIF*, F~ and CN™ ions was developed by Ding and
coworkers [229] using a pyridine derivative Schiff base in dimethyl sulfoxide media. The
developed sensor was also successfully applied in the bioimaging studies of the living cell.
Qin et al. [230] synthesized two pyrazolone derivative Schiff base fluorescent sensors for

sensing of aluminium(lll). The theoretical calculations were employed for the

18



General Introduction Chapter 1

identification of the proposed mode of binding between sensors and aluminium(lll).
Similarly, Guo et al. [231] reported a naphthalene derivative Schiff base based fluorescent
turn-on chemosensor selective for AI** ions. The detection limit of the reported
chemosensor for AFF* was found to be 1.0 x 10" M. Kim and coworkers [232] designed
and synthesized a rhodamine B based Schiff base receptor for recognition of Cu?* and AI**
ions as an “OFF-ON-OFF” logic function dual sensor. The detection limits of the receptor
for Cu** and AP** were found to be 4.726 x 107 and 4.43 x 10’ M respectively.
Moreover, the confocal laser scanning microscopy and scanning electron microscopy was
employed to investigate the sensitivity of the solid sensor.

Huerta-Aguilar and coworkers [233] synthesized organic nanoparticles of N,N'-
ethylenebis(salicylimine) as chemosensor for the recognition of Zn* and AP ions in
aqueous medium. The synthesized system was utilized in biological and environmental
samples as a novel three inputs logic gate supported by the fluorescence. A fluorescence
‘turn-on’ chemosensor reported by Sarkar et al. [234] for the sensitive and selective
detection of Zn®* based on quinoline derivative and the limit of detection was found to be
5.0 x 10° M. The reported sensor was successfully applied in living cells and also
demonstrated an INHIBIT logic gate with Zn** and EDTA as chemical inputs by means of
fluorescence emission mode. Ponnuvel et al. [235] developed a quinolone tetrazole based
fluorescence turn-on chemosensor for the selective recognition of Zn?*. The enhancement
in the fluorescence intensity upon addition of chemosensor to the Zn** ions took place due
to the internal charge transfer mechanism which was further explained by the Density
Functional Theory (DFT). Similarly, a reversible fluorescence turn-on receptor for
detection of Zn?* ions based on an amino acid Schiff base was developed by Subha and
coworkers [236] and DFT calculations were carried out to understand the binding
mechanism. Not only this, the receptor was also successfully applied in living cells as a
microbial sensor for Escherichia coli and Staphylococcus aureus. Further, Park et al. [237]
reported a new quinoline derived dual chemosensor for detection of Zn?* and Co?* in
aqueous media. The reported chemosensor was applied to quantify Zn?* and Co?* in water
samples as well as for Zn?* in living cells.

Cimen et al. [238] developed a novel on-off fluorescent sensor by benzimidazole—
benzothiadiazole derivative for recognition of Co®* and Cu?* in ethanol solution. The
detection limits were estimated to be 4.1 x 107" M and 5.5 x 10~ M for Co®" and Cu** ions
respectively. Recently, several colorimetric and fluorescent sensors have been developed

based on different types of chemosensor derivatives viz., isophorone [239], pyridine [240]

19



Studies on Some Chemical Sensors

and coumarin [241] for the selective determination of copper(ll) ions. These sensors
showed micromolar sensing ability towards the copper(ll) ions. Further, Sharma et al.
[242] reported a Schiff base chemosensor derived from vitamin Bg cofactor pyridoxal-5-
phosphate for colorimetric sensing of Cu?* and fluorescence turn-off sensing of Fe*" in
aqueous medium at the micromolar detection limit. Similarly, Wang et al. [243]
synthesized a rhodamine derivative bifunctional optical sensor for pH and Cu®* ions. The
synthesized sensor was applied successfully in the living cells and real water samples.
Yang et al. [244] developed a tetraphenylethene functionalized rhodamine derivative
chemosensor for colorimetric and fluorescent turn-on signal towards Fe®* and ‘naked eye’
detection of Cu®** ions. The binding mode of the metal-ligand complexes showed a 1:1
stoichiometry attributed to spirolactam ring-opening process.

Similarly, two fluorometric probes have been introduced based on a variety of
chemosensors derivatives viz., bithiazole [245], pyridine [246] for the sensitive and
selective sensing investigation of Fe®" ions. The binding analysis liable for the
enhancement in the fluorescence intensity was calculated through the method of
continuous variations (Job’s plot). Zhao et al. [247] investigated fluorescent sensors based
on two new naphthalimide derivatives for pH and Fe** ions. The photoinduced electron
transfer process was observed between the fluorophore and the donor and this process
could be reversibly switched by repeated protonation and deprotonation. The geometrical
structure and electronic structure of the sensors were reorganized by Density Functional
Theory (DFT)/Time-Dependent Density Functional Theory (TDDFT) calculations. In
addition, Wu et al. [248] reported a highly selective and sensitive fluorescent sensor for
Fe**/F ions. The limit of detection was found to be 5.87 x 10°® M for Fe** and 4.84 x 10°®
M for F respectively. Further, Janakipriya et al. [249] developed fluorescence turn-on
probe for selective interactions of trivalent cations Fe®*, A" and Cr®" based on
naphthalimide derivative. Gupta and coworkers [250] reported two new aminopyridine
Schiff bases based chemosensors for colorimetric and optical sensing investigation towards
Zn?*, Ni#*, Fe*" and UO,?* ions. The colorimetric behavior of chemosensors with different
sensing aspects such as binding constant, sensitivity, pH range, stoichiometry and
interference effect was investigated towards these ions. Moreover, the reported probes also
exhibited excellent “off-on” fluorogenic selectivity with Zn®" ions.

Further, a highly selective and sensitive mercuric ion ratiometric fluorescent sensor
with imidazole derivative fluorophore was demonstrated by Ma and coworkers [251]. The

limit of detection by this method was calculated to be 6.5 nM and the probe was also
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applied successfully for the determination of mercuric ion in real water samples. Niu et al.
[252] reported a fluorescence quenching sensor for highly selective and sensitive
recognition of Hg*" based on phenylamine-oligothiophene derivative demonstrating no
significant interference effect in the presence of competing metal ions as Na*, K*, Ca?",
Ag*, Fe**, AP*, Cr¥, Co*, Ni**, zn*, Pb?*, Cd*" and Fe?*. The detection limit of the
sensor was found to be as low as 4.392 x 10" M.

In addition, a naphthalene derivative macrocyclic Schiff base was synthesized by
Azadbakht et al. [253] and utilized for the development of fluorescent chemosensor for
cesium ions. Kambam et al. [254] reported a highly sensitive and selective fluorescence
probe based on fluorescein derivative for Au®* in aqueous solution. The confocal
fluorescence images revealed the probe as a cell permeable and were used to monitor Au**
in living cells. Huang et al. [255] developed a rhodamine B derivative based off-on
fluorescent probe for Pd?* in aqueous medium which showed an excellent selectivity to
Pd** over other metal ions owing to the rigid hydrazone binding site and the spirolactam
ring-opening. Additionally, the probe has been successfully applied in detection of Pd?* in
natural water samples, palladium containing catalyst and imaging of Pd?* in living cells.
Later on, Li et al. [256] introduced a fluorescent turn-on chemosensor based on rosamine
derivative for selective sensing of silver(l) ion over other competing metal ions. The
binding properties between silver ion and chemosensor were further studied by Job’s plot
and "H-NMR titration experiments.

Recently, two new fluorescence turn-on sensors reported in the presence of other
competing metal ions based on chemosensor derivatives viz., chromone [257] and
quinoline [258] for the selective recognition of Mg®" ions in organic solvents. The
association constants for complexes were estimated to be 3.33 x 10* M* and 1.91 x 10’
M~ respectively, on the basis of the fluorescence titration curve assuming a 1:1

stoichiometry by the Benesi—Hildebrand method.

1.5. The problem

On the basis of the previously reported literature it was found that numerous types
of electrochemical and optical sensors were developed for biomolecules and
pharmaceutical formulations, alkali, alkaline earth and transition metals, and other
elements. The researchers tried to improve the validation parameters viz., working
concentration range, detection limit, binding constant, selectivity, life time and response
time of previously reported electrochemical and optical sensors using newer materials.

Consequently, a number of sensors are available using diverse type of materials. Though,
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for most of the biomolecules and cations, yet the best sensor so far developed is not the
final word and can forever be improved in some aspects by the accessibility of newer
selective materials. Additionally, the literature survey demonstrates that the most of the
sensors reported for biomolecules AA and CAF, and AI**, Cd** metal cations are not of
very high selectivity and usually demonstrate high response time, high detection limit and
limited working concentration range. Since the determination of these biomolecules and
cations are significant, therefore attempts have been made to develop some new
electrochemical and optical sensors for biomolecules and cations which illustrate enhanced
the performance compared to the existing ones.

The performance of the every sensor largely depends on the selectivity of the
sensing material utilized during the preparation. It is vastly significant and necessary that
the sensing material employed should have high affinity for a particular
biomolecule/cation/anion and poor for others. The high affinity of the sensing material for
a particular ion may be because of numerous processes such as applied potential, excitation
wavelength, selective ion exchange, ion-ionophore complexation or hydrogen bonding.
However, the problem is that very few sensing materials are accessible which demonstrate
high affinity to a particular ion as a result of these processes. Though, the newer materials
such as calixarenes, porphyrins, Schiff bases, macrocyclic compounds, metal chelates and
biomolecules are being continually synthesized. In the present investigations, some of such
materials have been utilized as sensing material for the fabrication of voltammetric
sensors, PVC membrane ion selective electrodes and optical sensors for CAF, AA, Al**
and Cd?* metal ions. The attempts have been made successfully to a considerable extent as
evident from the results reported in the following chapters.

e Biomolecules and pharmaceutical formulations are the compounds of a huge
attention in the field of development of voltammetric sensors owing to their
biological relevance and numerous biochemical and industrial aspects. In view of
the applications mentioned earlier, we thought it is significant to develop
voltammetric sensor employing modified electrode and to examine as molecular
recognition materials for simultaneous determination of AA and CAF.
Consequently, glassy carbon electrode modified by multiwall carbon nanotube was
employed for the determination of AA and CAF by means of cyclic and square
wave voltammetry. The results obtained are given in Third chapter, which

obviously reveals that efforts have been substantially successful.
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e Chelating ligand is an additional class of compounds which have been employed as
sensing material for the development of many sensors. The chelating ligand p-tert-
butylcalix[6]arene having six oxygen donor sites for complexation with metal ions
was procured. The selectivity coefficients of its complexes with numerous metal
cations were established and it was observed that the ionophore showed high
affinity towards Cd(ll) cations. Therefore, it was used as a potential ionophore for
the preparation of PVC membrane Cd(ll)-selective electrode. The results are
summarized in Fourth Chapter which clearly indicates that attempts have been
successful to a remarkable extent and the developed Cd(Il)-selective PVC
membrane electrode illustrates better performance compared to the existing ones in
a range of aspects.

e Some novel aza compound and Schiff bases viz. 1-(2-pyridylazo)-2-naphthol (R1),
N,N'-bis(salicylidene)-m-phenylenediamine (R2), N,N'-bis(salicylidene)-o-
phenylenediamine (R3), N,N'-bis(o-hydroxyacetophenone)-m-phenylenediamine
(R4) and N-(o-hydroxyacetophenone)-o-phenylenediamine (R5) were synthesized
and used as highly selective receptors in the development of optical sensors for the
trace level detection of A" ions. The complexation behavior of the reported
receptors over a number of competing metal ions disclosed their high affinity for
AP ions. The reversibility of these receptors was also investigated by EDTA
titration. The results obtained are incorporated in Fifth Chapter which suggests that
efforts are successful over a remarkable extent and newly developed optical sensors

demonstrate better performance than the existing ones in several aspects.
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2.1. Introduction

A number of various types of instrumental analytical techniques are available to the
analysis of industrial, chemical, biomedical, drug formulations and environmental
research. Consequently, the basic concepts of some analytical techniques applied in the
present communications are described here:
2.1.1. Voltammetric techniques
2.1.2. Potentiometric ion selective electrodes
2.1.3. Spectrophotometric techniques

2.1.1. Voltammetric techniques

Voltammetry is a group of electroanalytical methods employed in numerous
industrial processes. In these techniques, a time-dependent potential (E) excitation signal to
the working electrode about an analyte is applied and the resulting current (i), with respect
to the fixed potential of the reference electrode, flowing among the working and auxiliary
electrodes is measured as a function of that potential [1, 2]. Hence, consequently the plot
among applied potential versus measuring current is known as voltammogram. In some
cases, the applied potential is varied or the current is monitored over a period of time (t).
The arrangement of a modern typical voltammetric electrochemical cell is shown in Figure
2.1(a). In the present communications we have utilized glassy carbon electrode as working

electrode shown in Figure 2.1(b).

(a) (Pt Wire)  reference (SCE or (b)
auxiliary  glactrode Ag/AgCl)

electrode
/ working

Nzlfnugg; i Xl ‘ .—electrode ‘
= (PtAg, Au,
l M Hg, GCE)
AN
stir bar

Figure 2.1. Schematic arrangement of a typical electrochemical cell for voltammetry (a) and (b)

Glassy carbon electrode as working electrode.
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2.1.1.1. Cyclic voltammetry
Cyclic voltammetry (CV) is an electrochemical technique that measures the current

developed in an electrochemical cell under higher voltage compared to predicted by
the Nernst equation. The potential generated on the working electrode is measured with
respect to a reference electrode, and the resultant applied potential produces an excitation
signal shown in Figure 2.2 [3, 4]. In the Figure 2.2(A), the forward scan of the potential
first scans negatively, starting from a greater potential (a) and ending at a lower potential
(d). The potential extrema (d) is the point where the voltage is sufficient enough to have
caused an oxidation or reduction of an analyte, is called the switching potential. The
reverse scan arises from (d) to (g), and where the potential scans are positively. The Figure
2.2 (A) shows a typical reduction occurring from (a) to (d) and an oxidation occurring
from (d) to (g). This cycle can be repeated, and the scan rate can be varied. The slope of

the excitation signal gives the scan rate used.

Cyelie Voltammaogram
(B)

(A) Cyclic Voltammogram Excitation Signal

d reverse

forward
scan ¢

N\

b
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Figure 2.2. (A) Typical CV excitation signal (B) Voltammogram of a single electron oxidation—

reduction.

In Figure 2.2 (B), the reduction process occurs from (a) the initial potential to (d)
the switching potential. In this region the potential is scanned negatively to cause a
reduction. The resulting current is called cathodic current (i,c). The corresponding peak
potential occurs at (c), and is called the cathodic peak potential (Epc). The Epc is reached
when all of the substrate at the surface of the electrode has been reduced. After the
switching potential has been reached (d), the potential scans positively from (d) to (g). This
results in anodic current (l,a) and oxidation to occur. The peak potential at (f) is called the
anodic peak potential (Epa), and is reached when all of the substrate at the surface of the

electrode has been oxidized. Further, a useful information is that, if the diffusion constants
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for the oxidized and reduced species are similar, the value of peak potential (E°) can be
estimated from the mean of E, and E,, and the separation of both the peaks is
approximately (59/n) mV at 25 °C (n = number of electrons participating in the redox
process). The peak current in cyclic voltammetry [5-7], for a reversible reaction is given
by the Randles-Sevcik equation (at 25 °C):

i, = (2.69 x 10%)n*2AD2C V2 (2.1)

where,

ip = peak current

n = number of electrons in the redox reaction

A = surface area of the working electrode (cn?)

D = diffusion coefficient for the electroactive species (cm?/s)

v = scan rate (V/s)

C = concentration of the electroactive species at the electrode (mol/cm?®)

Consequently, cyclic voltammetry can be employed to study qualitative
information about electrochemical processes under numerous conditions like; the presence
of intermediates in oxidation-reduction reactions, the reversibility of a reaction. CV can
also be used to determine the diffusion coefficient of an analyte, the electron stoichiometry

of a system and the formal reduction potential.

2.1.1.2. Pulse voltammetric techniques

The basis of all the pulse voltammetric techniques is the difference in the rate of the
decay of the charging and the faradaic currents followed by a potential step or pulse. The
decays in the charging current is exponentially, while the faradaic current (for a diffusion-

controlled current) decays as a function of 1/(time)*?

. The important parameters for pulse

techniques are as follows:

1. Pulse amplitude — height of the potential pulse in mV. This may or may not be
constant depending upon the technique.

2. Pulse width — duration of the potential pulse in ms.

3. Sample period —time at the end of the pulse during which the current is measured
(ms).

4. Pulse period or drop time — the time required for one potential cycle (ms), and is
particularly significant for voltammetry.

A lot of diverse pulse techniques (like normal pulse voltammetry, reverse pulse

voltammetry, differential pulse voltammetry, staircase voltammetry and square wave
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voltammetry) are accessible, which differ in their potential pulse wave forms, the number
of sampling points, and whether a solid electrode (voltammetry) or a mercury drop
electrode (polarography) is used. The discrimination against the charging current that is
inherent in these techniques leads to lower detection limits (when compared to linear
sweep techniques), which makes these techniques suitable for quantitative analysis. In the
present communications differential pulse voltammetry and square wave voltammetry are

described here:

2.1.1.2.1. Differential pulse voltammetry

Differential pulse voltammetry (DPV) is considered as a derivative of linear sweep
voltammetry or staircase voltammetry, with a series of regular voltage pulses
superimposed on the potential linear sweep or stair steps depicted in Figure 2.3. The
current is measured immediately before each potential change, and the current difference is
plotted as a function of potential. By sampling the current just before the potential is
changed, the effect of the charging current can be decreased. Further, the reversible
reactions exhibit symmetrical peaks, and irreversible reactions exhibit asymmetrical peaks.
In this technique an analyte can be detected at a level of about 10 M. The detailed study
of DPV is described in the literature [8, 9].

potential

time

Figure 2.3. Potential-excitation signals for differential pulse voltammetry.

The current is sampled at the time intervals shown by the black rectangles. When
measuring a change in current, Ai, the current at point 1 is subtracted from the current at
point 2. The symbols shown in the diagrams are as follows: t is the cycle time (pulse
period); AE, is a fixed or variable pulse potential (pulse amplitude); AEs is the fixed change

in potential per cycle, and t, is the pulse time (pulse width).
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2.1.1.2.2. Square wave voltammetry

Square wave voltammetry (SWV) is a form of linear potential sweep voltammetry.
In a square wave voltammetric experiment, the potential waveform can be viewed as a
superposition of a regular square wave onto an underlying staircase (Figure 2.4). Thus
SWV can be considered a modification of staircase voltammetry.

Figure 2.4. Image explaining origins of the potential waveform in square wave voltammetric

analysis.

In square wave voltammetric process the current is sampled at two times; once at
the end of the forward potential pulse and again at the end of the reverse potential pulse (in
both cases immediately before the potential direction is reversed). This difference current
is displayed as a function of the applied potential. As a result of this current sampling
technique, the contribution to the current signal resulting from capacitive (sometimes
referred to as non-faradaic or charging) current is minimal [10]. The potential wave form
for square wave voltammetry (SWV) is shown in Figure 2.5 and the terms are explained in
the section 2.1.1.2.1.

potential

time

Figure 2.5. Potential-excitation signals for square wave voltammetry.
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Square wave voltammetry has been employed in various electrochemical
measurements owing to its characteristics such as minimal contributions from non-faradaic
currents, the use of a differential current plot instead of separate forward and reverse
current plots, high sensitivity and viewed as an improvement to other electroanalytical
techniques. For instance, SWV suppressed background currents much more effectively
than cyclic voltammetry, hence, analyte concentrations on the nanomolar scale can be
recorded utilizing SWV.

2.1.2. Potentiometric ion selective electrodes

In an ion selective electrode, a semipermeable membrane is used for separation of
two differently concentrated solutions of an appropriate electrolyte and the electric
potential evolved across the membrane is observed under zero current condition; i.e., when
there is no transport of charge at any point in the system. The generation of membrane
potential usually depends upon the ratio of activity of diffusible ions present on the two
sides of membrane. Therefore, the membrane potential can be employed for determination
of activity/concentration of an ion by an appropriate membrane setup [11]. The theory and
methodology of ion selective electrodes assumed in such determinations is briefly
discussed here.

When, a semipermeable cation-exchange membrane placed between two solutions
having different concentration of an electrolyte AY allows the diffusion of A* from higher
to lower concentration side as membrane is more permeable to these ions and hinders
partially or totally the diffusion of other ion Y . Hence, an electrical double layer is

formed across the membrane, results electrical potential gradient generated. This potential
is the sum of Donnan and diffusion potential known as membrane potential (E,,). Since

potential developed across a membrane depends upon the activity of a particular charged

species, and is given by the expression [12]:

_2303RT || (a,),

Em
Z,F CW)

2
—(z, —zA)_[tY‘d loga* (2.2)
1

where z, and z, are the charges on the ion A and Y, respectively, t, is the

transport number of Y, aT is the mean activity of electrolyte and (a,): and (a,).

represent the activities of A” in solutions 1 and 2, respectively.
First term on the right hand side of the equation (2.2) gives the thermodynamic

limiting value of the concentration potential, i.e., Donnan potential while the second term
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denotes the diffusion potential due to co-ion flux in the membrane. However, if the

membrane is believed to be ideally permselective (t|=0), then equation (2.2) takes the

form of the Nernst equation:

E _+ 2.303RT log (a,),
Z,F ()

(2.3)

The equation (2.3) represents Donnan potential for an ideally permselective
membrane. The sign will be +ve for cation selective and —ve for anion selective
membranes. The following cell set up is usually employed for the measurement of
membrane potential using saturated calomel electrodes (SCE) or other reference

electrodes.
External External or Internal Internal
Reference Test Membrane | Solution reference
Electrode Solution of AY electrode
(SCE) of AY (SCE)
2 1
ELe ELw

In general, compartment 1 contains reference or internal solution whose
concentration is kept constant. The saturated calomel electrode dipped in this solution is
known as internal reference electrode. The membrane together with internal solution and
internal reference electrode is known as membrane electrode or membrane sensor. The
saturated calomel electrode dipped in external solution, which is generally referred to as
test solution or sample, is known as external reference electrode. The electromotive force
(emf) across this cell is the sum of all individual potential contributions. Many of these are
sample-independent and the calculated emf can frequently be described by the following

expression
Ecel = Eca + EL)+ Em + ELt)— Ecal (2.4)

where Ec, EL and En are the saturated calomel electrode potential, liquid junction

potential and membrane potential, respectively. From equations (2.3) and (2.4):
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2.303RT , (a,),

Ecell = Ecal — Eca + ELy+ ELp) £ log
Z,F T (a),
2.303RT 2.303RT
Ecen = [EL(l) + EL(2) ——Iog (aA)l] + —Iog (aA)Z (2-5)
Z,F Z,F

(For cation exchange membrane)
The values of E_ ;) and E,(») are small and generally remain constant. Also the term

2.303RT . . . . o
Tlog (a,), remains constant if the concentration of internal solution is not
A
changed.
Consequently, in a given experimental setup, all the terms in parenthesis of
equation (2.5) are constant and can be substituted by a constant E . The value of E, would
change only when experimental conditions are changed. The equation (2.5) is reduced to

well-known Nernst equation:

. 2.303RT
Ece“ = E0+ Tbg (aA)2 (26)

A
Thus, it is clear from equation (2.6) that the cell potential is directly proportional to the
concentration or activity of the sample ions in aqueous solution under investigation.
Usually attempts are not made to determine the membrane potential by subtracting external
SCE potential. The whole electrochemical cell as described above is taken as a sensor and
the value of Ec gives activity of the ion of interest. If for a developed membrane sensor,

the slope of the plot between Eq and log (a,), comes out to be equal to theoretical slope

ie., 0'(2)591, then the membrane is said to be ideal as it has responded according to Nernst

A

equation (2.6) [13, 14]. The slope of such a membrane is called Nernstian slope.
Before further discussion on the performance of ion-selective electrodes, some of
the terms used require to be defined. IUPAC compendium of nomenclature [15, 16] is

helpful in sorting out the terms.

2.1.2.1 Membrane

Generally, ion selective electrodes employ homogeneous/heterogeneous
membranes of chemical compounds. The capability to differentiate between numerous
permeating species is the principal characteristics of a membrane applied in

electrochemical sensors. This differentiation leads to the formation of an electrical double
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layer, which is the source of electric potential. The potential developed is basically due to
two processes: (i) different mobilities of the ions through the membrane resulting in the
generation of diffusion potential, (ii) Donnan or phase boundary potential arising from
non-transport of one or more kind of ions. The potential developed is a function of activity
ratios of the interchangeable ions on the two sides of the membrane.

In general, the polymeric membrane used in ISEs consists of four components:
Electroactive material (ionophore), lipophilic additive, plasticizer and the polymer matrix
depicted in Figure 2.6. The detailed description is described in subsequent sections.

rowmre | [ ) (oo ) (1ve )
\\/ /

Glass plate )
/‘ Membrane Solution

[—]
Dried for 24 h Cut and glued to glass rod
1 PME |

Acrylic Ring

Figure 2.6. Schematic presentation of preparation of polymeric membrane electrode.

i. Electroactive Material (lonophore)

lon carrier or ionophore is the key components of polymeric membrane ion-
selective electrodes that govern the ion selectivity and sensitivity because the molecular-
level phenomenon, sensed by the ISE is the binding between the ionophore and target ion.
Ideally, it forms reversible and relatively strong complex with target ion and not with the
other ions. A range of substances viz., solid electrolyte, inorganic and organic ion
exchanger, salts of multivalent atoms, metal chelates, polythia macrocycles, polyaza,
crown ethers, cryptands and calixarenes which have been employed as ion carriers for the
preparation of ISEs. Depending upon the nature of ionophore, ISEs are classified into three

different classes as shown in Figure 2.7. Top: electrically neutral carrier (L) and lipophilic
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cation exchanger (R-); center: charged carrier (L—) and anion exchanger (R+); and bottom:
cation exchanger (R-) based ion selective electrodes [17].

Neutral carrier based ion-selective electrode

Sample solution Polymeric membrane Inner filling solution
" IL* R- I
E=———— L —_—
A- A-
R- "L

Charged carrier based ion-selective electrode

|+

|+ R_

Figure 2.7. Schematic representation of equilibria between sample, ion-selective membrane and

inner filling solution.

ii. Polymeric (Inert) Matrix

The matrix utilized provides an inert base which imparts physical-mechanical
stability and elasticity to the membrane. As it was mentioned above, polymer membrane
provides a unique opportunity to obtain a variety of electrodes selective towards particular
ions by doping membrane with certain ionophore. Polymer matrix should be chemically
inert, hydrophobic, flexible, non-porous; stable and crack resistant. Moreover, it should not
swell in sample solutions. Polymers as homogenous membrane matrices first came in use
with charged carriers. Poly(vinyl chloride) (PVC), Silicon rubber, some methacrylates,
polyurethanes and polystyrene [18-20] have been demonstrated as polymer matrices
meeting this requirement. Though, the most commonly used polymer is PVC due to

simplicity of membrane preparation. Of the various binders used for preparing
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heterogeneous solid state membranes, PVVC has been most widely used due to its relatively
cheap cost, good mechanical properties, inertness and amenability to plasticization. It also
provides good flexibility to mechanical and pressure damage as well as the electroactive
materials is highly compatible with the matrix resulting in their reduced leaching from the

membrane and the electrode life is increased to a substantial extent.

iii. Solvent mediator or Plasticizer

Plasticizers are the high molecular weight compounds, used in polymeric
membranes to enhance its flexibility and softness and provide mobility of membrane
constituents within the membrane phase. A good plasticizer should exhibit high
lipophilicity, low tendency to exudate from the polymer matrix, low vapor pressure and
high capacity to dissolve the membrane components [21]. Extension of plasticizer alkyl
chains may be a partial solution, as it may lead to incompatibility of plasticizer with
membrane components. The membrane polarity, which may give a selectivity modifying
influence because of the improved solvation of high valence ions by more polar media,
depends also on the nature of membrane plasticizer. A number of organic solvents such as
phthalates, dioctylsebacate, 2-nitrophelyl octyl ether, acetophenone and benzyl acetate
have been utilized suitably and efficiently as plasticizer to enhance the performance of
ISEs.

iv. Lipophilic additive or lipophilic ionic sites

The prerequisite for obtaining a theoretical response with ISE membranes is their
perm-selectivity, which means that no significant amount of counter ions may enter the
membrane phase. Lipophilic ionic additive is a salt of non-exchangeable lipophilic
anion/cation and an exchangeable counter ion. Their main function is to provide the ion
selective membrane permselective by reducing interference owing to foreign ions, to
optimize sensing selectivity (by defining the ratio of complexed to uncomplexed ionophore
concentration in the membrane) and to reduce the bulk membrane impedance [22].
Moreover, the presence of lipophilic additive in ion selective membrane not only reduces
the ohmic resistance but also increase the sensitivity of membrane electrodes. These
additives may also catalyze the exchange kinetics at the sample-membrane interface [23].
Lipophilic ion exchangers traditionally used for polymeric membrane preparation are the
anionic tetraphenylborate derivatives viz., sodium tetrakis-[3,5-bis- (1,1,1,3,3,3-
hexafluoro-2-methoxy-2-propyl)-phenyl]borate trinydrate (NaHFPB), sodium tetraphenyl
borate (NaTPB) and potassium tetrakis p-(chloro phenyl)borate (KTpCIPB) and the
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cationic  tetraalkylammonium salts viz., tridodecyl methylammonium chloride
(TDDMACI), hexadecyl trimethylammonium bromide (HTAB) and tributylammonium
chloride (TBAC).

2.1.2.2. Combination electrode/Cell assembly

It is an electrochemical apparatus that incorporates an ion-selective electrode and a
reference electrode in a single assembly, thereby avoiding the need for a separate reference
electrode. A simple schematic format of the cell assembly is depicted in Figure 2.8.

Potential Recorder

*— Glass or Epoxy Stem

Internal Reference Electrode

External Reference Electrode

Internal Solution

<l +T— Membrane

+—— External Solution

Figure 2.8. Schematic representation of membrane electrode cell assembly.

2.1.2.3. Calibration curve

EMF
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cation
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Figure 2.9. Calibration Curve of an ion-selective electrode.

The cell potential of the assembly is changed when the activity of the solution of

primary ion is altered. A plot between cell potential and logarithm of the activity or
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concentration of the primary ion is generally referred as calibration curve. It determines the
performance characteristics of the ion selective electrode and is used in the determination
of primary ion concentration. For a primary ion A, the logarithm of its activity (log aa) is
usually plotted along the abscissa of the graph and the cell potential is plotted along the

ordinate. A Typical calibration curve ordinarily is shown in Figure 2.9.

2.1.2.4. Limit of detection

According to the IUPAC recommendation of 1976, detection limit can be defined
as the minimum concentration which can be determined for the primary ion. It is obtained
from the point of intersection of two extrapolated linear segments of the calibration curve
as shown in Figure 2.9. The potential response of ISEs becomes stable below the detection

limit.

2.1.2.5. Working concentration range/Linear range/Measuring range

The working concentration range of ISEs is generally defined as the activity range
over which the potential response of the cell is linear. In this range the electrode responds
according to the Nernst equation. A maximum range will be attained if the interfering ion
is not complexed at all by the carrier. A typical linear range of the calibration curve of the

ISE shown in Figure 2.9 is considered to be its linear part between A and B.

2.1.2.6. Slope of the ISE
In general, slope is defined as the gradient of the linear portion of the calibration

curve. According to Nernst equation (2.6)

. 2.303RT
Ecen =Eo+ ng (@)

A
If the slope is equal to 2.303 RT/ zaF, the slope is normally called Nernstian slope.
If the slope of an ISE Nernstian, it is said that the electrode behavior is ideal. The
theoretical values of the slope is 59.1 mV decade activity at 298 K for monovalent ion,

29.5 mV decade* activity for divalent ion and 19.7 mV decade™ activity for trivalent ion.

2.1.2.7. Response time
According to recommendations for nomenclature of ion-selective electrodes [11],
the response time is the time elapses between the instant at which an ion-selective

electrode and a reference electrode are brought into contact with a sample solution and the
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first instant at which emf/time slope (AE/At) becomes equal to a limiting value on the basis
of the experimental conditions and/or requirements concerning the accuracy.

The IUPAC recommendations outline two experimental procedures for measuring
the response time. According to first method so called dipping method, the electrode is
instantaneously immersed into a solution of known activity of the target ion;
simultaneously the response time is recorded. The response time determined by this
method is called as static response time. In second method response time is recorded by
varying standard test solutions with different target ion concentrations. The measurement
sequence is from lower to higher concentration. To evaluate the reversibility of the
electrodes, a similar procedure in the opposite direction can also be adopted.

2.1.2.8. Lifetime of ISE

The lifetime of an ion-selective electrode may be defined as the time interval
between the conditioning of the membrane and the moment when at least one parameter of
the functionality characteristics of the device changes detrimentally. The working shelf life
of an ISE can vary from a few days to a few months. After this time the slope and
detection limit of the sensor get changed significantly. It will depend on the nature of the

samples analyzed and the lipophilicity of the ingredients of ion selective membrane.

2.1.2.9. Potentiometric selectivity

Selectivity is an important characteristic of an ISE that describes the extent to
which the device may be used in the estimation of analyte ion in the presence of other ions.
The ion for which the sensor is designed is called primary ion and all other ions are
referred to as interfering ions or foreign ions or secondary ions. In fact, no ISE responds
exclusively to primary ion i.e., specific to it. However, in practice it is more selective to
primary ions than to interfering ions. Therefore, it is a necessary parameter to determine as
it indicates the commercial potential of any sensor. The degree of selectivity of the sensor

for primary ions A, with respect to interfering ion B, is expressed in terms of

Pot

potentiometric selectivity coefficient (K7°;) which is defined by the semi-empirical

Nicolsky-Eisenman equation (2.7)

z

.. 2.303RT :
E=E°+ Z.F log {aA +ZKZ?§ aB%a} (2.7)

where za, Zg, aa and ag are the charges and activity of ions A and B, respectively. It

is apparent from equation (2.7) that a value of K} =1 at za=z g indicates equal response
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to both A and B. Similarly, the value of K}’ <1 indicates that the sensor responds more

to A in comparison to B i.e., the sensor is selective to A over B. Smaller is the value of

selectivity coefficient better is the selectivity. On the other hand, K/’ > 1 indicates that

the sensor’s response is more towards B rather than A and in such a case it is said that the

ion B causes considerable interference.

When the charges za#zs, the values of selectivity coefficient K:°2=1 does not

A,B—
indicate equal response to primary and interfering ions as per equation (2.7), but now it

depends on the values of za and zg. For different values of z and zg, K%°;

" Vvalues showing
equal response to both A and B have been computed from equation (2.7).

It is important to highlight that selectivity coefficient values signify the selectivity
only at the conditions of determination but in actual practice the interference caused
depends on the relative concentration of the primary and interfering ions and other
experimental conditions. Though the selectivity coefficient may not reflect exactly the
interference level but still it is a very important parameter to estimate the likely
performance of a sensor. However, it has been seen that the deviation between the
expected performance of a sensor on the basis of selectivity coefficient and the
experimental performance is not large. Therefore, it is essential to evaluate the
performance of a sensor in the presence of other ions by determining selectivity
coefficient. A number of methods have been described to determine selectivity coefficient
[24-26] and are grouped into the following categories.

(a) Separate solution method (SSM)
(b) Fixed interference method (FIM)
(c) Matched potential method (MPM)

(a) Separate solution method (SSM)
In SSM method, the potential of the cell containing test solution of primary ion A
of activity aa is first determined. The emf of this cell E, is related to the activity of primary

ion by the equation (2.8)

2.303RT
+ _—

Z)

E,=E° loga, (2.8)

Further, the emf of a separate cell containing test solution of interfering ion B of

activity ag is determined. Its emf Eg is related to activity ag by the equation:
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E,=E°+ 2303RT log K % (a5 ) /% (2.9)
A

From equations (2.8) and (2.9)

logK 5% = % +log . E;AZ%B (2.10)

B

When Ep = Eg

K% = a—“/ (2.11)

(ag) 7™

Even though the separate solution method is simple to perform, is not usually

applied for the determination of K/’ values, because it does not represent the actual

conditions under which the ion selective electrode is used [27].

(b) Fixed interference method (FIM)

In this procedure, the potential of the cell is measured for a number of solutions
containing interfering ion of constant activity ag but varying values of activity of primary
ion aa. The plot of potential so obtained against activity aa is shown in Figure 2.10. This
plot generally has three distinct regions. In the first region PQ, the linear response of the
sensor indicates that it is responding only to primary ion, A, with no interference caused by
B in this concentration range.

In the second region QR, deviation from linearity is caused because now the sensor
is also responding to the activity of B as the concentration of primary ion decreases. So in
this region (QR), the response of the sensor is mixed and is owing to both the ions A and
B. The third region RS of the plot is linear and the potential is constant. Constancy in the
potential indicates that the sensor is now only responding to interfering ion B with no
contribution arising owing to primary ion A. This generally occurs at lower activity of A.
Since the activity of B is constant and A is not affecting the potential in this concentration
range, the potential of the sensor remains constant. The linear portion PQ and RS are then
extrapolated and meet at the intersection point T. The potential corresponding to point T
can be generated by constant activity of B or by the activity of A. Thus, for point T, Ea is
equal to Eg (Ea is generated by A of activity ax and Eg by B of activity ag). Under this
condition of Ex = Eg, the Ka g can be calculated by the following equation (2.11) already

derived under separate solution method.
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an

(a)

Pot __
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This procedure is the most extensively utilized procedure as per IUPAC
recommendation for determining selectivity coefficients [28, 29].

Cell Potential (mV)

log a,

Figure 2.10. Potential vs. (logio aa) plot illustrating the determination of selectivity coefficient by

fixed interference method.

(c) Matched potential method (MPM)
This method is independent of the Nicolsky-Eisenman equation, was proposed by
Gadzekpo and Christian [30] to overcome the difficulties in obtaining accurate selectivity

coefficients when ions of unequal charge are involved. In this method, the selectivity

coefficient K5 is given by the following expression:

K =—2—~= (2.12)

and is determined by measuring the change in potential upon increasing by a definite
amount the primary ion activity from an initial value of ax to a’a and ag represents the
activity of interfering ion added to same reference solution of activity as which brings
about same potential change. The potential response curve obtained in the matched

potential method is depicted in Figure 2.11. This method provides practically realistic

values of K . The characteristics of matched potential method are that the charge number
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on primary and interfering ions is not taken into consideration and Nernstian responses are
assumed neither to the primary nor interfering ions. These characteristics lead to the
following advantages: (i) the power term problem for ions of unequal charge disappears,
and (ii) the method is applicable even to non-Nernstian interfering ions. However, as this
method is independent of the Nicolsky-Eisenman equation or its modified forms, and it is

therefore difficult to correlate the values of K,% obtained by this method with any

particular phenomena such as ion exchange [31].

10n
ion B
z
""""""" B |
> yd

log as loga'y logap

-log a
Figure 2.11. Potential vs. log a plot illustrating the determination of selectivity coefficient by

matched potential method (activity of B = ag).

It is seen from the above paragraphs that the selectivity of ion selective electrode

depends on the experimental conditions, usually the concentration of ions and the method

of determination. It is for this reason, K,3 is not called selectivity constant, but

selectivity coefficient. Further, different methods give different values of selectivity
coefficient as the conditions prevailing at the membrane-solution interface are not same
[32, 33]. In this thesis, the selectivity coefficients values have been determined using fixed
interference method and the values have been worked out from the experimental data using
equation (2.11).
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2.1.3. Spectrophotometric techniques

Spectrophotometry deals with visible light, near-ultraviolet and near-infrared. It
measures the light intensity transmitted or reflected by a chemical substance as a function
of wavelength quantitatively and the device which can employed for measuring light
intensity is known as spectrophotometer.

2.1.3.1. Photoluminescence

At room temperature most of the elementary particles reside in their ground state.
When these ground stated particles irradiated with an electromagnetic radiation, they
absorb photons with proper energy. The energy absorbed by the particles leads to a rapid
formation of an electronically excited state followed by the dissipation of the excess
energy in different ways (Figure 2.12). The phenomenon occurs emission followed by the
absorption of a photon is known as photoluminescence whereas another one that followed
by a chemical reaction is known as chemiluminescence [34]. Basically, depending on the
nature of the excited state, the emission light can be divided into two major categories as
phosphorescence and fluorescence. A detailed study of the photoluminescence process is

discussed under the following subsections.

Excited Molecule

| RN

Fluorescence |Intersystem Crossing Internal Conversion | Intramolecular | Electron Transfer
Charge Transfer

—> Phosphorescence

Photon Transfer Energy Transfer Photochemical
Transformation

Figure 2.12. Typical possible excitation and de-excitation of the molecules.

As previously discussed atom or molecule absorb photons when irradiated by
electromagnetic radiation, hence a rapid transition of an electron occur from highest
occupied molecular orbital (HOMO, HOMO-1 etc.) to the lowest unoccupied molecular
orbital (LUMO, LUMO+1 etc.) of the molecule. In the majority of cases, for such
electronic transitions the UV-Visible region (200-800 nm) of the electromagnetic
spectrum is sufficient. In addition, the other regions of the electromagnetic spectrum may
induce exciting changes upon irradiation of the molecule and results are roughly outlined
in the Figure 2.13.
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Figure 2.13. Typical electromagnetic spectrum showing different regions and type of transition
responsible for the change in energy. The visible spectrum shown in colored band.

Optical radiation is subdivided into ultraviolet, visible light and near-infrared (NIR,
750-1000 nm). Near-infrared absorption can be achieved in extended conjugation [35] or
mixed-valence system [36].

When matter hits by radiation, it might be absorbed, scattered, transmitted or
reflected the radiation. The matter may absorb radiation of a distinct frequency; the energy
of the frequency relates to the difference between two electron energy-levels. Therefore,
the relationship between absorbance, the concentration of the absorber and the path length

is described by the Lambert-Beer Law:
A=egxcXxl = —logloli = —logoT (2.13)
0

where, A = Absorbance, € = molar absorption coefficient or molar extinction coefficient, ¢
= concentration, | = absorption path length, Iy = Incident light, I = Transmitted light

At a specific wavelength, the intensity of the absorption depends on the molar
absorption coefficient (¢) of the molecule. Its value gives us the information of how
‘allowed’ a transition is. ‘Allowed’ and ‘forbidden’ terms are beyond the classical physics,
as they represent the results of quantum mechanical calculations. As mentioned earlier, the
value of absorption coefficient indicates the probability of an electronic transition from the
ground state to an excited state of a molecule. The low probability (¢ < 100) exhibits spin
forbidden and symmetry allowed transition. Whereas, the high probability of absorption
coefficient (¢ < 10*) shows spin and symmetry allowed transition resulting a strong

absorption band.
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2.1.3.2. The physical deactivation of excited states

Once the molecules disclose having a particular energy photons, excitation may
occur, i.e. an electron from lower-energy to higher-energy molecular orbitals can be
encouraged in the molecule. In the visible and/or ultraviolet range, such types of
excitations are typical for the photon energies and produce electronically excited states.
Aforesaid excited states are unstable and instantly lose their excess energy via a range of
deactivation processes. To ease understand the photon absorption and deactivation
processes, it is recommended to visualize a typical way which may happen is depicted in
the Perrin-Jablonski diagram (Figure 2.14).

The Perrin-Jablonski diagram demonstrates the properties of excited states as well
as their relaxation processes. After light absorption by the molecules in ground states, the
vibrational levels in the excited states will be crowded with electrons. Owing to volatility
of this state, the electrons instantly calm down to the lowest vibrational level of S; within
picosecond or less through vibrational relaxation, and this process (non-radiative loss of
energy as heat to the surroundings) is known as the internal conversion. According to
Kasha’s rule, the residuary photochemical processes namely fluorescence, quenching etc.,
are more possibly to happen from the vibrational level of S; [34]. On the basis of this rule,
after excitation all the photochemical reactions forever will originate from the v = 0 of Sy,
because the relaxation rate to the lowest vibrational level of S; is the fastest deactivation
process. Now, the excited electron at S; of the excited molecule may undergo either
fluorescence via emitting photons or intersystem crossing to the triplet state or it may just
relax to the ground singlet state Sy through releasing by the excess energy via internal
conversion.

In idealized conditions, the intersystem crossing (non-radiative transition between
states of different spin multiplicity) transitions from singlet state S; to the triplet state T; is
forbidden and it will occur when the electron in the S; state undergo a spin conversion.
These transitions favoured in some conditions such as presence of heavy atom and/or
exciton coupling within a molecule. The relaxation of electron from triplet state T, to
singlet state Sy is a radiative process, named as “phosphorescence”. The rate of radiative
decay from T, to Sy state is much slower than the fluorescence process owing to its spin
multiplicity and additionally it is a lower-energetic radiation. The details of these processes
including timescales are depicted in the Figure 2.14.

The fluorescence is a spin-allowed radiative relaxation process owing to the same

spin multiplicity of the excited (S;) and the ground (So) states. Thus, it occurs in a very
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short period within the range of picoseconds to microseconds. The emitted light always has
a longer wavelength (less energetic) compared to absorbed light because loss of limited
energy by the molecule during this process. This energy difference or red-shift of the
fluorescence spectrum contrast to the absorption spectrum is called the Stokes shift.
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Figure 2.14. The typical view of Perrin-Jablonski diagram representing energy levels and spectra.

In the Figure 2.14 the solid arrows occurring by absorption (violet, blue) or
emission (green for fluorescence; red for phosphorescence) designate radiative transitions
of a photon whereas non-radiative transitions represented by dashed arrows (violet, blue,

green, red).

2.1.3.3. Fluorescent chemosensors

To the invent of a fluorescent chemosensors, the synthesis of signalling moieties
(fluorophore) and recognition of analyte (the receptor unit) are the major significant things.
During the recognition process the analyte part is covalently connected to the receptor. The
consequence of the receptor occurs from its impact on binding and selectivity [37].
Therefore, it is concluded that a receptor should be sensitive and should provide a strong
and selective affinity towards the target analyte. Further, the fluorophore part in the
chemosensor works as a signal transformer, since it can transform the information into a

useful optical signal. The considerable changes arise in the photophysical properties of a
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fluorophore during the binding of an analyte to the receptor, the changes can be observed
and processed in the right way to determine a given analyte. The design of the
chemosensor affects the variations in the fluorescence signal and this signal can be
examined while complexed with the targeted analyte. The signal could be in the form of
quenching or enhancement in the fluorescence intensity, in addition the certain shift in the
emission wavelength [38].

The fluorescent probes or receptors are two types to construct, they are integrated
and spacer types (Figure 2.15). In the first case, the receptor and fluorophore are attached
through spacer that prevents the conjugation while in the latter case, both the receptor unit
and the signalling moieties (both having m-electron system), are connected to each other
conjugatively [39].
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Figure 2.15. Simple illustration of a chemosensor.

2.1.3.4. Mechanisms of signal transduction

The fluorescence emission process appears from the electronic excited states of
analytes. Though, owing to the high reactivity of the electrons in these states, reactions
which generally do not take place in the ground states are able to occur. Some of these
reactions are established to be interesting, in the point of view of chemical sensing, as they
allow a one-step deactivation of the excited state (quenching) and occasionally, formation
of new emission bands resembling to the products of these reactions. Upon binding of
analyte to chemosensors, it is probable to modulate some of these reactions (since they
depend on the interaction of reaction sites through enhancers or quenchers of their

emission), and hence take advantage of the different mechanisms for signal transduction.
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2.1.3.4.1. Photoinduced electron transfer (PET)

The extensive range of analytes such as cations, anions and neutral molecules can
be detected by employing a simple, sensitive and naked-eye fluorescent sensor. In some
cases, during the relaxation of the excited molecule, it may transfer an electron from
potential donor unit to low-lying vacant orbital or either it may transfer to another system
that is generally named as quencher. Additionally, the luminophore that absorbs the light
after excitation process accept an electron into its unfulfilled ground state or it may donate
an electron to the vacant orbital of receptor from its excited state. This process has been
studied well, owing to its important role in photosynthesis [40]. Subsequent to the
absorption of light the electron is transferred, this process is entitled as photo-induced
electron transfer (PET). In case of PET-type chemosensor both the fluorophore and the
receptor units linked by a non-conjugated bridge existing in the same molecule and
receptor accepts/donates an electron from/to the fluorophore.

A typical model of allowed and forbidden PET-type mechanisms in the forms of
frontier molecular orbital is depicted in Figure 2.16. The PET-type model chemosensor is
incorporated of three units, as fluorophore, spacer and receptor. The nature of the receptor
unit which fluorophore will give upon analyte binding, determines the type of the response.
In this case, the receptor unit performs as the electron donating unit and the PET process is
activated through the electron transfer from fulfilled HOMO of the receptor unit to the
semi vacant ground state orbital of the fluorophore. This process blocks the customary
relaxation pathway of excited fluorophore and hence quenches emission. This can also said
to be reductive photo-induced electron transfer. When donor orbital of the receptor unit
can be controlled or somehow stabilized, an off-on type fluorescence emission will be
accomplished. Further, when bonded to the targeted analyte, the weakly fluorescent sensor
will become strongly fluorescent. Thus, the probes which display such PET type
mechanism are employed widely in the field of chemosensing [41, 42].

In a practical application, the fluorescence of unbound chemosensor 1 was
quenched and it may donate an electron to the excited state HOMO of the chemosensor 1
moiety depicted in Scheme 2.1 based on a PET switching mechanism. A PET sensor based
on nitrogen donors was extremely sensitive to environmental pH stimuli owing largely to
the protonation extent of the nitrogen being strongly dependent on environmental pH. At
low pH conditions, the quenching of fluorescence 1 designated due to the lone pairs of the
sulphur donors and performed an important role in the modulation of the PET processes. In

neutral and acidic conditions, the PET process from a nitrogen donor to the fluorophore
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was blocked owing to intramolecular hydrogen bonding or by protonation of the nitrogen
donor. The PET derived from the sulphur donors to the fluorophore is always switched on
and hence resulted in the fluorescence being quenched. Further, the PET processes from
both the nitrogen donor and the sulphur donors to the fluorophore in the basic media were
switched on owing to the deprotonation of the phenol hydroxy, leading to the complete
quenching of the fluorescence. The phenolic O, N, and S donors are probably coordinate to
AP** ion subsequent to bonding with the AI** jon. Hence, the PET processes were entirely
blocked, obtained from the lone electron pairs of both the sulfur and nitrogen donors to the
fluorophore and generated strong fluorescence enhancements [43]. PET systems can
exhibit either ON—OFF or OFF-ON switching, but systems exhibiting OFF—-ON behavior
are preferred for signalling binding events.
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Figure 2.16. Typical view of PET mechanism.

O OH Q Al3* O OH Q
S B ——— S
N S-
N
Al ) J@

V7
1

Scheme 2.1. Anthraquinone based AI** sensor displaying a PET fluorescence response.
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In the excited state a molecule is an electron acceptor as well as a better electron
donor owing to the promotion of electron to a higher energy level. The principle of a
simple PET type chemosensor which contains electron accepting fluorophore from
receptor is briefly discussed. What if the receptor moiety accepts electron from excited

fluorophore?
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Figure 2.17. Typical view of oxidative PET mechanism.
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Scheme 2.2. Oxidative PET mechanism generated after coordination with zinc.
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The oxidative PET depends on redox potentials of both the receptor and
fluorophore units. The probable oxidative PET mechanism in terms of the molecular
orbitals involved exhibits in Figure 2.17. Contradictory to the earlier mechanism, the
unbound form of the chemosensor exhibits strong fluorescence, whereas the fluorescence
of the bound species is quenched and this is termed as an on—off system. Therefore, in the
presence of an analyte the emission intensity of such system decreases extensively.

Compound 2 [44] demonstrates the oxidative PET mechanism in the presence of
zinc cation. As shown in Scheme 2.2, Bodipy dye and 2,2'-bipyridine were selected as the
fluorophore and the receptor, respectively in the sensing probe. The fluorophore shows
bright green fluorescence in the absence of zinc cation, beyond complexation with zinc ion
quenches the fluorescence through oxidative PET mechanism.

The PET process and its projected mechanisms were exhibited technically within
the above figures. In this section the principles of a range of photo-induced electron
transfer (PET) type mechanisms and its utilization in the field of development of molecular
sensing have been examined in the previous papers. Therefore, PET has been the most
extensively used mechanism amongst other conventional sensing mechanisms in the

design of fluorescent chemosensors.

2.1.3.4.2. Intramolecular charge transfer (ICT)

It is an electron transfer process in which the fluorophore is directly connected to
the receptor and is a part of the fluorophore n—electron system where one terminal is
possibly to be electron rich (electron donor) while the other one is electron poor (electron
acceptor). The two phenomena (PET and ICT) are simply differentiated with their
absorption and emission spectra [38]. In PET, strong quenching occurs and no spectral
shifts are noticed. On the other hand, binding of a cation to the receptor, alters the
fluorescence emission intensity and lifetime, as well as induces a spectral shift of the
absorption and emission bands. In cases of cation sensing, it is predictable that a
complexed cation will reduce the electron-donating character of the electron donor (such
as amino group), causing a reduction in conjugation, resulting blue-shift of the absorption
spectrum. Conversely, if the acceptor group (e.g. a carbonyl group) interrelates with a
cation, its electron withdrawing character is increased, the conjugation is augmented, and a
red-shift in the absorption spectrum is noticed. Generally, the fluorescence spectra are
shifted in the same way like the absorption spectra.

The changes in photophysical properties can also be described by charge dipole

interactions [45]. The electron donating group will be positively charged in the excited
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state and upon binding with the cation, the excited state is destabilized than the ground
state. Consequently, the energy gap between the excited and ground states will increase
showing a blue shift in both the absorption and emission spectra. Moreover, in the
presence of electron accepting group (such as carbonyl group) on the receptor unit, the
interaction towards cation will stabilize the excited state more than the ground state,
reducing the energy gap between the ground and excited states and hence a red shift
appears in both the absorption and emission spectra. Thus, the energy (AE) needed for the
electron transition from ground state to excited state is less, and so the wavelength
corresponding to this energy is increased and a red-shift will be observed in the absorption
as well as in the emission spectra (Figure 2.18).

Blue Shift — ...
< — h T
Interaction with donor group

L -H::_- ] Red Shift

Interaction with acceptor group

Figure 2.18. Simple spectral displacements of ICT type sensors.

Compounds those are structurally similar but varied in receptor unit can
demonstrate different spectral shifts upon binding with the same analyte. For example, two
Bodipy dyes alone show similar spectral properties, whereas upon protonation display
opposite spectral shifts [46]. One of those dyes contains electron donating aniline moiety
whereas another contains electron accepting pyridine moiety as receptor units (Figure
2.19). As a result, in their protonation form, these two compounds show spectral shifts in
the opposite directions owing to the reasons as described earlier.

A number of numerous fluorophores have been designed and reported in
accordance with the ICT mechanism. Conjugated compounds containing both electron
donor (D) and electron accepting (A) groups which show ICT mechanism via the -
conjugated link are also said to be ‘Push-Pull’ system (D-n-A system). Besides this, the

applications of chemosensing and analyte monitoring discussed earlier, this kind of
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systems has also been found in numerous optical-electrical applications together with
organic light emitting devices [47, 48], and solar cell materials [49, 50].

A (nm) . A (nm)

Figure 2.19. Characteristics bidirectional switching dyes associated to ICT donor and acceptor.

2.1.3.4.3. Energy transfer (ET)

The energy transfer is an additional signalling mechanism which can be categorized
as fluorescence resonance (FRET) and electronic energy transfer (EET) derived from the
interaction distance between donor and acceptor moieties and it is merely feasible when
the system is multichromophoric. In this process, the energy of donor chromophore is
transferred to acceptor chromophore as the donor unit absorbs light at comparatively short
wavelength and the acceptor unit fluoresces at longer wavelength (Figure 2.20). Moreover,
the energy of the donor at its excited state is employed to excite the acceptor via energy

transfer.

FRET

excitation emission

Figure 2.20. A schematic representation of the FRET process.
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As depicted in Scheme 2.3 displays FRET fluorescence when unbound; the
phenanthrene group is excited and emission from the pyrene is viewed. The unbound
sensor has free rotation through the hexyl spacer which permits the fluorophores to
associate because of hydrophobic interactions. Binding of a carbohydrate forces the
fluorophores aside by rigidifying the system and excitation of the phenanthrene yields
phenanthrene emission.

Over the past three decades, the utility of FRET has established applications in
numerous fields like light frequency conversion, artificial photosynthetic antenna, cascade

systems, singlet oxygen generation and switching element in molecular machines.
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Scheme 2.3. FRET fluorescence response showing in a carbohydrate sensor.

2.1.3.4.4. Excimer and exciplex formation

A molecule in the excited state can overlap with an unexcited molecule similar to
itself, giving rise to a dimer in the excited state [38], so-called as excimer (from “excited
dimer”). The excimer emission spectrum differs significantly from that of monomers; it is
generally broad, shifted to longer wavelengths and does not demonstrate vibrational
resolution. If the collision occurs between molecules which vary in structure an excited
state complex is produced which is called exciplex (from “excited complex”). The
formation of excimers and exciplexes is reversible (subsequent to emission they separate
and are free to form again upon excitation) and requires close location and sufficient
orientation of the two molecules engaged (in the case of excimers, generally two
heterocycles rich in m-electrons are needed, which form two parallel planes via m-7
stacking).

A band demonstrating the monomer fluorescence of naphthalene, is depicted on the
left side in Figure 2.21. The fluorescence emission changes (right of Figure 2.21) and a
new red-shifted band is apparent at the high concentrations of naphthalene. The new band

is the consequence of a lower energy complex which forms when an excited naphthalene
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moiety transfers energy to an adjacent cofacially stacked naphthalene molecule to form an

excited state complex (exciplex).

Fluorescence
Fluorescence

monomer monomer excimer

A A

Figure 2.21. Excimer fluorescence of naphthalene.

2.1.3.5. Association constant (K)

The binding affinity between the two molecules at equilibrium is described by the
mathematical constant named as association constant. For a fluorescence enhancement
process the association constant can be calculated employing Benesi-Hildebrand equation
[38]:

11 1 1
F-Fo Fuax—Fo Fuax—Fo K[M"+]

(2.14)

where Fo, F, and Fuax are the fluorescence intensities of the fluorophore without analyte,
intensity with varying concentrations of analyte, and intensity with the maximum
concentration of analyte, respectively. K is the association constant, and [M"*] is the
analyte concentration. The linear relationship was attained from the fluorescence titration
plotted [1/(F—Fo)] as a function of 1/[M™] and slope is equal to [1/(F—Fo)K].

Whereas, in case of a fluorescence quenching process, the association constant is

described by the Stern-Volmer equation [34] which is given by
D =1+ K[M™] (2.15)

where, Fo and F are the observed fluorescence intensity of fluorophore in the absence and
presence of analyte, respectively. K is the association constant and [M™] is the
concentration of analyte. A plot of Fo/F versus [M™] is named as a Stern-Volmer (SV)

plot that yields a straight line by means of a slope equal to K.
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2.1.3.6. Limit of detection (LOD)

The lowest concentration of an analyte which can be reliably measured is known as
limit of detection and could be calculated based on Signal-to-Noise ratio = 3. Signal to
Noise ratio (S/N) is a dimensionless measure of the relative strength of an analytical signal
(S) to the average strength of the background instrumental noise (N) for a particular
sample and is closely associated to the detection level. The general formula of limit of
detection is given by:

LOD = >> (2.16)
where, SD is the standard deviation from the blank measurement (fluorophore without
analyte) and m is the slope from the calibration curve of the fluorophore with varying
concentrations of analyte.
The detection limit is calculated from the standard deviation of the blank. The
sample Standard Deviation is a measure of the degree of agreement, or precision, among
replicate analyses of a sample. The standard deviation is defined as:

Y(x—x')?

SD =
N-1

where, X is the emission intensity of the blank solution, x' is the mean of the intensity of all

blank solutions and N is the number of measurements.
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3.1. Introduction

Ascorbic acid (AA) (2-(1, 2-dihydroxyethyl)-4,5-dihydroxyfuran-3-one),
commonly known as vitamin-C [1], is one of the most important and widespread natural
compounds. It plays an important role in the formation and maintenance of collagen, and
as a powerful antioxidant defending the body against oxidative stress [2]. Therefore, these
materials are employed extensively in skin care products and as important agents in the
treatment of skin pigmentation and aging [3]. It strengthens and protects the immune
system, increases iron bioavailability, and is thought to assist diminish cholesterol levels
[4]. Owing to these properties, it is used for the prevention and treatment of common cold,
mental illness, infertility, cancer, Alzheimer’s disease, atherosclerosis, and AIDS [5-7];
thus it is essential for humans, since its absence can cause damage, known as the syndrome
of scurvy [8]. However, guinea pigs, humans and other primates are not capable to
synthesize vitamin C owing to the final enzyme (L-gulonolactone oxidase) of the vitamin
C synthesis pathway is missing. Because of the absence of this enzyme, humans are
dependent on vitamin C from their diet [9-11]. However, at higher concentration levels,
AA contributes to the formation of kidney stones.

Caffeine (CAF) (1,3,7-trimethylpurine-2,6-dione), is an alkaloid; a class of
naturally occurring compounds containing nitrogen and having the basic properties of an
organic amine called xanthenes [12-14]. Other common members of this class include
theophylline and theobromine. It’s found naturally in many food products such as coffee,
tea, yerbamate, guarana berries, cola nuts and cacao beans etc. [15-18]. For the plant,
caffeine acts as a natural pesticide since it paralyzes and kills some of the insects that
attempt to feed on the plant [19]. However, there may appear some undesirable and toxic
consequences to their consumers due to overdose of CAF like; hypertension, nausea,
anxiety, hyperactivity, oversensitivity, irritability, nervousness, insomnia, depression,
seizure, and inhibition of DNA which acutely threaten people’s health and therefore,
lowers quality of life in the long run [20, 21]. It promotes many physiological functions
such as gastric acid secretion, dieresis, cardiac stimulant and stimulates the central nervous
system by increasing the release of adrenaline and results in the absorption of body fat as
fuel and spares glycogen [22-28]. CAF was banned by the World Anti Doping Agency
(WADA) at a level of 12 pg/ml in urine because of its use by professional athletes to give
them endurance, alertness and sense of extra energy needed for their workouts. However,
its other formulations are used for the treatment of migraine and for anti-inflammatory and

diuretic action.
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In addition to several important applications of AA and CAF separately, their
combinations are widely used for analgesic and antipyretic effects [29, 30]. As a result of
widespread use of AA and CAF they are present in many environmental samples. In view
their adverse effects it is important to determine them in environmental samples, human
body fluids and pharmaceutical preparations.

A number of techniques such as spectrophotometry [31, 32], gas chromatography-
mass spectrometry (GC-MS) [33], high-performance liquid chromatography (HPLC) [34,
35], ion chromatography [36], and solid phase analysis [37] are available for the
determination of AA and CAF. These techniques are highly sophisticated, time consuming
and expensive, and require large infrastructure back up and expert knowledge. Thus, they
are not very appropriate for the analysis of large number of samples, whereas electrometric
methods provide a faster and convenient route for the determination of drugs. A number of
drugs have been accurately determined separately by voltammetric technique using
modified glassy carbon electrode (MGCE) [38-40].

Simultaneous determination of AA and CAF in many pharmaceutical formulations
is important as they are widely used for treatment of various diseases. It has been
attempted by differential pulse voltammetry using boron doped diamond electrode (BDD)
[41] and glassy carbon electrode (GCE) [42]. The detection limit for BDD has been found
19 uM and 7.0 uM and for MGCE 1.0 x 10 pM and 3.52 x 10~ pM for AA and CAF,
respectively and therefore these methods are not very appropriate for trace determination
of these drugs.

In order to estimate the concentration of AA and CAF simultaneously, we have
made attempts to employ square wave voltammetry (SWV) using both bare GCE and
MGCE for their determination up to low level concentration. As the sensitivity of bare
GCE was found to be poor, the electrode was modified by multiwall carbon nanotubes
(MWCNT) to give better results.

After the discovery of carbon nanotubes (CNTSs) by lijima in 1991 [43], they have
received increasing employment to prepare electrodes. Recently CNTs have obtained
remarkable attention in chemical, physical and material fields because of their unique
structure and extraordinary properties, such as high electrical conductivity, tubular
structure, large surface area, excellent adsorptive ability and efficient catalytic activity
[44-46], indicating that they can facilitate charge transfer reaction and make contributions
to the higher current response of AA and CAF; when they are used as electrode materials

in electroanalytical chemistry.
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Scheme: 3.1. Chemical structure of the studied compounds.

3.2. Material and methods
3.2.1. Chemicals, reagents and instrumentation

CAF and AA (Scheme 3.1) were procured from Adams, USA and Sigma Aldrich,
respectively. Phosphate buffer (PBS) of different pH values was prepared according to the
method of Christian and Purdy [47]. All reagents used were of analytical grade. Tablets of
different pharmaceutical companies containing AA and CAF were procured from the local
market. Ag/AgCIl (BAS Model MF-2052 RB-5B), GCE and MWCNT (purity > 98%,
outer diameter 10-15 nm and inner diameter 2—6 nm) were procured from BAS, USA. All
the solutions were prepared in double distilled water.

All the electrochemical experiments were conducted in a single cell assembly
having three electrodes: Ag/AgCl (3M NacCl) electrode, glassy carbon electrode and Pt
wire electrode as reference, working and counter electrodes, respectively. The
voltammetric experiments were carried out on a bioanalytical system (BAS, West
Lafayette, USA) Epsilon EC-USB voltammetric analyzer. All pH measurements were
made on a digital pH meter (Model CP-901, Century India Ltd.).

3.2.2. Preparation of modified glassy carbon electrode (MGCE)

The bare GCE was modified by the reported method with a slight modification
[48]. The bare GCE was polished carefully using zinc oxide and alumina mixture with the
help of a silky pad. The polished electrode was washed with doubly distilled water and
then dried. A suspension of MWCNT (0.5 mg/ml) in N,N'-dimethyl formamide (DMF) was
prepared by the dispersion of MWCNT using ultrasonic churning. Small amount (40ul) of
this suspension was put on the surface of bare polished GCE. It was seen that the
suspension covered total surface area of the GCE. The suspension was allowed to desiccate
by keeping the electrode in open at room temperature (25 = 2 °C). Within about half an

hour, the solvent evaporated off leaving a thin layer of MWCNT all around the electrode
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surface. This process was repeated a number of times till a smooth layer formed all around
the electrode surface. The electrode so obtained is called MGCE. Further, modified
electrode was cleaned by applying a potential of —200 mV for 180 seconds after each run
to remove the adsorbed analyte.

3.2.3. Voltammetric procedure

One mmol per liter of stock solutions of AA and CAF were equipped in double
distilled water. In the electrolytic cell, 2 ml of phosphate buffer solution (PBS) pH 7.2 and
needed amount of stock solution was added and the total volume made up to 4 ml with
double distilled water. VVoltammograms were then recorded using voltammetric analyzer
under gilt-edged parameters. Voltammetric parameters were gilt-edged for a better
electrode response and these gilt-edged parameters were used throughout the experiment.
Gilt-edged parameters for SWV were: initial (E): —200 mV, final (E): 1000 mV, step (E): 4
mV, square wave amplitude (Esw): 25 mV, square wave frequency (f): 15 Hz, Quit time: 2
s and full scale (+/-): 1 mA and initial (E): 0 mV, final (E): 1600 mV, step (E): 4 mV,
square wave amplitude (Esw): 25 mV, square wave frequency (f): 15 Hz, Quit time: 2 s
and full scale (+/-): 1 mA for AA and CAF, respectively.

Gilt-edge conditions for cyclic voltammetry (CV) were initial (E): 0 mV, switching
potential 1 (E): 1600 mV, switching potential 2 (E): —1600 mV, final (E): 0 mV, scan rate
(v): 10 mV/s and full scale (+/-): 1 mA. All the potentials are recorded at an ambient

temperature of 25 + 2 °C with reference to Ag/AgCl electrode.

3.3. Results and discussion
3.3.1. Cyclic voltammetry

The electrochemical behavior of ascorbic acid and caffeine on the modified GCE
was estimated by cyclic voltammetry at a scan rate of 100 mV/s and the other parameters
were, initial (E): —200 mV, Switching potential (1): 1600 mV, Switching potential (2): —
1600 mV, final (E): —200 mV, Quit time: 2 s, No. of segments: 3, full scale (+/-): 1mA
using modified GCE. Well established peaks were obtained for ascorbic acid and caffeine
in anodic region at ~ 190 mV and ~ 1400 mV, respectively as shown in Figure 3.1 and
there were no reduction peaks were obtained in reverse scan indicates the irreversibility of
the electrode reaction. In addition to obtained better results, further study of ascorbic acid
and caffeine samples were carried out by using square wave voltammetry, as it has well
established rewards such as low background current, low detection limit and high

sensitivity [49].
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Figure 3.1. A cyclic voltammogram recorded at MWCNT modified GCE using 0.1 mM
concentration (solid line —). The dotted line (...... ) shows blank at pH 7.20.

3.3.2. Square wave voltammetry

The voltammetric response of mixture of AA and CAF in phosphate buffer was
investigated using square wave frequency at 15 Hz in the pH range 2.15-9.15 and 4.0—
10.0, respectively. The voltammograms, in dashed line and solid line for bare GCE and
MGCE, respectively at pH 7.0 are given in Figure 3.2. It is seen that the oxidation peaks
obtained with MGCE are sharper than those obtained with bare GCE. Further, the peak
potentials obtained with MGCE are lower (~—10 mV and ~1103 mV for AA and CAF,
respectively) than the peak potentials with bare GCE (~202 mV and ~1402 mV). Not only
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Figure 3.2. The square wave voltammograms of AA and CAF in a mixture, obtained with bare
GCE (dashed line — — — —), MGCE (solid line —) and (dotted line ...... ) for blank solution.

this, the peak current obtained with MGCE for both the drugs is higher than that obtained
with bare GCE. Similar observations were also obtained in case of an oxidation study by
multiwalled carbon nanotubes modified basal plane pyrolytic graphite electrode
(MWCNT/BPPGE) [50]. As carbon nanotubes exhibit high electrical conductivity, it
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appears that the carbon nanotubes accelerate electron transfer reaction rate in the oxidation
process at some exposed walls of MWCNTS owing to its aromatic structure with the sp*-
like planes and thus lowering the peak potential for modified electrode [51-54].

The effect of increasing concentration of AA and CAF on the voltammogram is
shown in Figures 3.3 and 3.4. It is seen from the voltammograms that the peak current
increases with increase in the concentration of the drug. The increase in the current with
concentration of the drug is linear as evidenced by the linear plots (shown in insets in the

same figures).
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Figure 3.3. The square wave voltammograms obtained with blank solution (dotted line...) and with
MGCE (solid line —) in phosphate buffer solution 7.2 pH; (a) containing constant concentration of
CAF (30 uM) and increasing concentration of AA: (a) 10, (b) 30, (c) 50, (d) 80, (e) 100, (f) 300

and (g) 500 uM. Inset is the plot between peak current versus concentration of the AA.
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Figure 3.4. The square wave voltammograms obtained with blank solution (dotted line...) and with

MGCE (solid line —) in phosphate buffer solution 7.2 pH; (a) containing constant concentration of
AA (80 uM) and increasing concentration of CAF: (a) 10, (b) 30, (c) 50, (d) 80, (e) 100, (f) 300

and (g) 500 M. Inset is the plot between peak current versus concentration of the CAF.
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In order to determine AA and CAF in various samples, calibration plots are needed.
Calibration plots were drawn (Figures 3.5a and 3.5b) from the voltammograms obtained by
the oxidation study of AA and CAF taken separately. Calibration characteristics evaluated
from the figures (3.5a and 3.5b) are summarized in Table 3.1. The following equations
obtained on regression analysis fit these linear plots:
ip (WA) = 17.17C (uM) + 2.603 For AA (3.1)
ip (UA) = 48.54C (M) + 3.319 For CAF (3.2)
where, C is the concentration of analytes and the correlation coefficients are 0.992 and
0.995 for AA and CAF, respectively.
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Figure 3.5a. Plot between peak current versus concentration as obtained in oxidation of AA taken

separately by square wave voltammetry with MGCE.

30 -
25 -
20 -

3

215 -
10 -

5 4

0 T T T T T 1
0.1 0.2 0.3 0.4 0.5 0.6
Concn/mM

o

Figure 3.5b. Plot between peak current versus concentration as obtained in oxidation of CAF taken

separately by square wave voltammetry with MGCE.
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Table 3.1. Calibration characteristics for the determination of AA and CAF by SWV using
MWCNT modified glassy carbon electrode.

Characteristics AA CAF
Calibration range 10 uM—500 uM 10 uM-500 pM
Detection limit 1.0 x 102 uM 3.52 x 107 uM
Limit of quantification 3.33 x 102uM 11.73 x 10° uM
Sensitivity 17.17 pA pM ™ 48.54 pA p M
Intercept 2.603 3.219

RSD of slope 2.97 5.35

RSD of intercept 0.45 0.02

3.3.3. Effect of pH

The effect of pH on peak potential was studied by determining the voltammograms
of the drugs separately at various pH values. The peak potential values were evaluated
from the voltammograms at different pH values, and are plotted as a function of pH in
Figures 3.6a and 3.6b for AA and CAF, respectively.
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Figure 3.6a. Plot between peak potential versus pH as obtained in oxidation of AA by square wave
voltammetry with MGCE (A ) and bare GCE (m).

The following equations obtained on regression analysis fit these linear plots with
correlation coefficients 0.997, 0.999, 0.998 and 0.994, respectively.
Ep / mV = -58.36pH + 404.4 versus Ag/AgCl for AA on MGCE (pH 2.15-9.15) (3.3)
Ep/ mV = -55.39pH + 593.5 versus Ag/AgCl for AA on bare GCE (pH 2.15-9.15) (3.4)
Ep/ mV =-55.44pH + 1748.0 versus Ag/AgCl for CAF on MGCE (pH 4.0-10.0) (3.5)
Ep/mV =-58.98pH + 1818.0 versus Ag/AgCl for CAF on bare GCE (pH 4.0-10.0) (3.6)
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Figure 3.6b. Plot between peak potential versus pH as obtained in oxidation of CAF by square
wave voltammetry with MGCE (A ) and bare GCE (m).

It is seen that the values of dEp/dpH obtained from the linear plots are ~58 and ~55 mV
which indicate that equal number of protons and electrons are involved in the
electrochemical oxidation of these drugs at the electrode. Further, similar values of ~55
and ~59 mV are obtained for AA and CAF respectively, for bare GCE indicate that the
equal number of electrons and protons are involved in the oxidation reaction at this

electrode also [55].

3.3.4. Effect of square wave frequency
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Figure 3.7a. Plot between peak current versus f *?

voltammetry with MGCE (A ) and bare GCE (m).

as obtained in oxidation of AA by square wave

Voltammograms of AA and CAF were also obtained as a function of frequency at
pH 7.2. The peak currents were evaluated from these voltammograms and are plotted

against frequency in Figures 3.7a and 3.7b respectively. The linear nature of iy versus f ”
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shows that the oxidation process at the electrode is diffusion controlled for both the drugs.
The following equations obtained on regression analysis fit the linear plots with correlation
coefficient 0.994, 0.983, 0.989 and 0.990, respectively.

i (WA) = 4.982 f ”* (Hz) + 1.589 for AA on MGCE (3.7)
ip (WA) = 0.161 f * (Hz) + 0.576 for AA on bare GCE (3.8)
ip (WA) = 11.19f * (Hz) —21.74 for CAF on MGCE (3.9)
ip (WA) = 2.920f * (Hz) —1.081 for CAF on bare GCE (3.10)
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Figure 3.7b. Plot between peak current versus f Y% as obtained in oxidation of CAF by square wave
voltammetry with MGCE (A ) and bare GCE (m).

3.3.5. Analytical utility
3.3.5.1. Determination of CAF in real samples as coffee, tea leaves and mountain dew

The MWCNT modified glassy carbon electrode was also used to determine CAF in
coffee (Instant Coffee of Nescafe Sunrise), tea leaves (Mohani Tea Leaves) and cold drink
(mountain dew), which were procured from local market. 25 mg of coffee powder or tea
leaves were heated with 25 ml of double distilled water with constant stirring. After about
6 hours CAF was extracted in water in aqueous phase and the mixture was then filtered
using whatman filter paper 42. Then 2 ml of PBS of pH 7.2 was added to 2 ml of the
filtrate and square wave voltammograms were recorded for this mixture. The amount of
CAF determined in coffee, tea leaves and cold drink (mountain dew) is reported in Table
3.2.

2 ml of the cold drink (mountain dew) was taken and volume made up to 4 ml with
PBS (pH 7.2) for the determination of CAF and subjected to SWV. The peak currents were
evaluated from the voltammograms and used to determine amount of CAF using

calibration plot Figure 3.5b obtained for the oxidation of CAF separately.
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Table 3.2. Determination of CAF in tea leaves, coffee and cold drink (mountain dew) by SWV
using MWCNT modified glassy carbon electrode.

Sample Determined amount (mg/gm)
Tea leaves 28.00 £ 0.02

Coffee 96.44 + 0.03

Cold drink (Mountain dew) 0.145 + 0.003

3.3.5.2. Determination of AA and CAF in pharmaceutical preparations

Table 3.3. Determination of AA and CAF in pharmaceutical formulations by SWV using MWCNT

modified glassy carbon electrode.

Compound  Tablet name/ company Amount  Reported Amount Determined

mg/gm of the tablets mg/gm of the tablets

AA Limacee (Abbott Healthcare 727.273 715.345 + 0.02
Pvt. Ltd., Ahmedabad)
Berocin-C (Micro Labs Ltd., 541.541 549.946 £ 0.14
Banglore)

CAF Nimutal Cold + (Elder 39.370 41.024 £ 0.21
Pharm. Ltd., Mumbai)
Sinarest (Centaur Pharm. Pvt. 55.351 52.934 £ 0.04
Ltd., Goa)
Cozy Plus (Ind-Swift Ltd., 55.866 54.674 +0.18
H.P.)
CC-GO (G.S. Pharm. Pvt. 56.866 58.250 + 0.03

Ltd., Uttrakhand)

The electrode was also used to determine the quantity of the AA and CAF in
various pharmaceutical tablets as available in the local market. Tablets containing AA and
CAF were procured from the local market. The tablets were powdered and the known
quantity of tablets were dissolved in 25 ml double distilled water and the total volume of
this solution was made up of 50 ml by adding of PBS pH 7.2 . The square wave
voltammograms of this solution were recorded under gilt-edged parameters. The peak
current of voltammograms evaluated and used to calculate AA and CAF from the
calibration plots Figures 3.5a and 3.5b. The amount so determined is given in Table 3.3,

where it is compared with the amount reported as per specification of the drug. It is seen
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from the Table 3.3 that there is a close agreement between the amount determined and
amount reported indicating that the proposed electrode is an efficient tool for
quantification of AA and CAF in pharmaceutical preparations.

3.3.5.3. Determination of AA and CAF in human urine samples

The utility of the biosensor (MGCE) was further explored by using it for the
simultaneous determination of AA and CAF in urine samples of patients. Patients who
were taking AA and CAF in some form in the treatment of the disease were selected. Urine
samples were collected from the patients undergoing treatment in the hospital of Indian
Institute of Technology Roorkee, Roorkee. The urine sample was diluted twenty times by
PBS pH 7.2 and square wave voltammograms of the samples were recorded using MGCE.
A typical voltammogram obtained is shown in Figure 3.8, which shows well defined
oxidation peaks at ~ —10mV and ~ 1103 mV for AA and CAF, respectively. Other peaks
present in the same voltammogram could be due to oxidation of other compounds present

in urine but not identified. The amount of AA and CAF determined is shown in Table 3.4.
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Figure 3.8. The square wave voltammograms for blank solution (dotted line ...... ), urine sample
without addition of drugs (dashed line — — — —) and after addition of AA and CAF (solid line —).

Amount added of AA (a) 0.00, (b) 0.002215, (c) 0.004403, and (d) 0.006605 mg/ml and amount
added CAF (e) 0.00, (f) 0.002428, (g) 0.004855, and (h) 0.007282 mg/ml.

3.3.6. Reproducibility and stability of the modified electrode
The sensing reproducibility and stability of a sensor increases its reliability and
therefore MWCNT modified GCE was used by measuring voltammetric current for a fixed

concentration of AA and CAF in phosphate buffer solution (pH 7.2). Five repetitive
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measurements at MGCE under the optimal conditions were performed. The relative
standard deviations (RSD) were found to be 1.45% and 1.74% for AA and CAF,
respectively at MGCE, which showed that the electrode have good reproducibility. The
electrode was stored in the laboratory before and after its continuous use for 20 days and it
was observed that it could retain 96.3% and 95.8% current of its original response for AA
and CAF, respectively, suggesting acceptable stability of the electrode [56, 57]. The results
showed that the developed electrochemical sensor can be used as an alternative method for
the quantification of AA and CAF in real samples because of its simplicity and good

reproducibility.

Table 3.4. Determination of AA and CAF in human urine sample by SWV using MWCNT

modified glassy carbon electrode.

Urine Added AA Added CAF Determined AA Determined CAF
sample amount (mg/ml) amount (mg/ml) amount (mg/ml) amount (mg/ml)
Sample 0.00 0.00 0.078 £ 0.0016  0.150 * 0.0037

0.002215 0.002428 0.091 £0.0053  0.187 + 0.0041
0.004403 0.004855 0.099 £0.0032  0.197 +0.003
0.006605 0.007282 0.141 £0.0027  0.215+0.0018

3.4. Conclusion

The cyclic voltammogram indicates well established oxidation peaks for ascorbic
acid and caffeine in anodic region and the absence of reduction peaks in reverse scan
shows the irreversibility of the electrode reaction. Further, the square wave voltammetric
studies have shown that the peak potentials and detection limits for modified glassy carbon
electrode for the determination of AA and CAF are ~ -10 mV and ~1103 mV, and 1.0 x
10% pM and 3.52 x 10°° uM respectively and for bare glassy carbon electrode are ~ 202
mV and ~ 1402 mV and 5.29 x 10 * uM and 9.41 x 102 pM respectively. The lower value
shows that the modified glassy carbon electrode is superior to bare glassy carbon electrode.
The mechanistic study has shown that the equal number of electrons and protons are
involved in the oxidation of drugs. In view of high sensitivity for the detection of the
drugs, the technique has been used for the reliable determination of AA and CAF in tea
leaves, coffee, cold drink (mountain dew), pharmaceutical preparations and urine samples.
Further, it is believed that the determination of AA and CAF by square wave voltammetry
is convenient, faster, accurate and low cost analysis. It is thus superior to existing

spectrophotometric and chromatographic methods which are expensive and time
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consuming. Thus it can be said that this biosensor is a useful addition in the field of
analytical chemistry for the determination of drugs.
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4.1. Introduction

Heavy metals are toxic to plants, animals and human beings as they pose a
detrimental risk to human health even in trace concentrations [1]. In recent years, the
analytical field has evolved, with growing concern for the welfare of the environment
requiring that qualitative and quantitative information on the nature and concentration of
pollutants needs to be explored [2]. In terms of environmental mobility and bioavailability,
metal ions that are soluble in water are amongst the most dangerous contaminants because
they are easily transported in aquifers, taken up by plants or aquatic organisms, and may
interfere with any kind of dissolved organic or inorganic matter in water, e.g., humic
substances. Cadmium is one of the metal ions which easily participate in biological
processes and causes harmful health issues [3]. Cadmium is a non-essential and one of the
most toxic metals and effect of its severe poisoning is manifested in a variety of symptoms
which include high blood pressure, anaemia, kidney damage, bone marrow disorders,
hypertension, and toxicity to aquatic biota etc. [4, 5]. It also causes a bone-related
syndrome called itai-itai disease, metabolic disorders, and increased incidence of specific
forms of cancer, possibly because of the direct inhibition of DNA mismatch remediation
[6-8]. The provisional tolerable weekly input for cadmium recommended by the WHO on
food additives is 0.4-5.0 mg based on a tolerable intake of 1ug/Kg of body weight per day
[9]. It is released by various natural and anthropogenic sources to the atmosphere, aquatic
environments (fresh and salt water environments) and terrestrial environments, such as
from smelters, earth’s crust, mantle, volcanic activity, weathering of rocks, and the
disposal of cadmium bearing products. It enters natural water through industrial discharges
from electroplating industries, metal finishing, nikel-cadmium (Ni-Cd) batteries, phosphate
fertilizers, and mining, combustion of fossil fuels, pigments, solar cells, stabilizers and
metallurgical alloying activities and finally it is bio-concentrated through the food chain
[10-13].

Therefore, in consideration of various health problems caused by cadmium due to
its increased industrial use, it is desirable to search for a fast, responsive and simple
analytical technique for the detection and trace level monitoring of cadmium. Presently,
sophisticated techniques, viz. atomic absorption spectroscopy (AAS), inductively coupled
plasma mass spectrometry (ICP—-MS) are employed for the determination of cadmium.
However, these methods suffer disadvantages in terms of cost and unsuitability for routine
analysis of large number of samples [14-16]. lon-sensors are routinely used for such

analysis, as these provide a convenient, fast and ‘on-line’ method for monitoring. A
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number of Cd(Il) ion-selective electrodes based on Ag,S/CdS mixture [17, 18] have been
reported but majority of them suffered serious interferences from various cations including
Ag(l), Cu(ll), zZn(ll), Hg(ll), and Fe(lll). ISEs based on 3,6-dioxaoctanedithioamide
offered a reasonable discrimination of all alkali and alkaline earth metal ions but are
poisoned by Cu(ll), Pd(Il), Pt(I1), Ag(l) and Hg(ll) ions. A higher discrimination of Cd(ll)
ions was reported for an ISE based on benzo-15-crown-5 [19]. Jain and coworkers [20]
reported inorganic ion-exchanger based on cerium(lV) vanadate in polystyrene matrix as
Cd(Il) ion-selective electrode. Gupta and coworkers exploited several crown molecules
such as dibenzo-24-crown-8 [21], monoaza-18-crown-6 [22], dicyclohexano-18-crown-6
[23] and dicyclohexano-24-crown-8 [24], t-butyl thiacalix[4]arene and thiacalix[4]arene
[25] in PVC matrix for construction of Cd(Il)-selective electrodes. Khamjumphol et al.
have worked on tripodal amine based ionophores [26] for cadmium determination. J.
Sochor and coworkers reported bio-sensing of Cd(Il) ions using commonly occurring
potential pathogenic microorganism Staphylococcus aureus [27]. Recently, Karimi et al.
have utilized multi-walled carbon nantotubes functionalized by dithizone as membrane
material for ion sensing [28]. Among the various ligands available for ion-selective
electrodes, the calixarenes met many of the requirements that an ionophore should satisfy
for the use in ion-selective electrodes [29].

In the present studies p-tert-butyl calix[6]arene (Figure 4.1) was explored as a
membrane material for the preparation of cadmium ion-selective electrode for selective
determination of cadmium ions. This ionophore in molecular form exists in a cup-like
shape having a well defined upper and lower rim resulting in the rigid confirmation which

enables it to act as host molecule for Cd?* ions because of the well performed cavities.

(p-tert-butylcalix[6] arene)

Figure 4.1. Structure of the studied compound (p-tert-butylcalix[6] arene).
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4.2. Materials and methods
4.2.1. Reagents

All the reagents used were of analytical reagent grade and were used further
without purification. P-tert-butyl calix[6]arene, and high molecular weight poly(vinyl
chloride) (PVC) were procured from Aldrich, USA. Sodium tetraphenylborate (NaTPB)
were procured from BDH, England; and dibutylphthalate (DBP) and dioctlyphthalate
(DOP) were procured from Mobil, USA. 1-Chloronaphthalene (CN) and tetrahydrofuran
(THF) were obtained from E. Merck, Germany and Ranbaxy (India), respectively. Metal
nitrate solutions prepared were standardized according to appropriate methods. Solutions
of different concentrations were made by diluting 0.1 M stock solutions.

4.2.2. Apparatus

Potentiometric measurements were carried out at 25 £ 0.1 °C on a Mettler Toledo
pH/ion analyzer (model MA235). The membranes were equilibrated for 3-5 days in 1.0 M
cadmium nitrate solution and potentials were measured by using PVC matrix membranes

in conjunction with saturated calomel electrodes (SCE) by setting up the following cell

assembly:
Internal reference Internal solution PVC Test External reference
electrode (0.1 M Cd*) membrane  solution electrode

4.2.3. Membrane preparation

The membranes were prepared by adding THF (5-10 ml) to 1% of ionophore (p-
tert-butyl calix[6]arene) and PVC (33%), anion excluder NaTPB (1%), solvent mediators
(DBP, DOP, DBBP and CN) (65%) were further added to obtain membranes of different
compositions (Table 4.1). The optimum composition of the membranes was obtained after
a good deal of experimentation. After complete dissolution of all the components and
thorough mixing, the homogeneous mixture obtained was concentrated by evaporation of
THF. The oily viscous mixture obtained was poured into polyacrylate rings placed on a
smooth glass plate. THF was allowed to evaporate at room temperature, after 24 hour,
transparent membranes of about 0.5 mm thickness were obtained. A 5 mm diameter piece
was cut out and glued to one end of a pyrex glass tube. The membranes prepared above
were equilibrated with 1.0 M Cd(NO3), solution for 2 days. The membranes were further

used for potential measurement studies.
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4.3. Results and discussion
4.3.1. Potentiometric response

The plasticized PVC-based membrane electrode containing p-tert-butyl
calix[6]arene as the neutral ion carrier, generated stable potential responses in solutions
containing cadmium. Consequently, the performance of the membrane electrodes based on
this carrier for Cd(I1) ion in aqueous solution was studied. In the presence of the proposed
carrier, the optimized membranes demonstrated Nernstian response and remarkable
selectivity for Cd(Il) ion over a wide variety of metal ions. The potentiometric response
curves obtained for individual metal ions with ionophore under identical conditions are
given in Figure 4.2. Among these ions, except for Cd(ll) ion, for all other ions the slope of
all the corresponding potential vs. log [M™] plots is much different than the expected
Nernstian slopes of 59.0, 29.5 mV per decade for the univalent and divalent cations

respectively with very narrow linear range of concentration.

01| —w—cr*
—e—Cu®
20| ——Pb**
—v—Co™
10| —e—cd

——zn"

2+

60

-E(mV)

80

100 -+

120

6 5 4 3 2 1

-log[Conc.]
Figure 4.2. Potentiometric response curves of PVC-based electrodes containing | as ionophore

towards various metal ions.

Membranes were prepared by dissolving the ionophore and PVC in THF. The ratio
of ionophore and PVC was varied in order to obtain a composition which gives a
membrane of best performance with regard to working concentration range, slope and
response time. Further, the effect of anion discriminators (NaTPB) and plasticizers (solvent
mediators), which are frequently used to improve the electrochemical properties of PVC
membranes were also studied. For this purpose four solvent mediators viz. DOP, DBBP,

CN and DBP were tried. Membranes having PVC-solvent, mediator-ionophore in different
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compositions were prepared. The composition of the membranes showing the best results
(wide working concentration, Nernstian/near-Nernstian slope, fast response time) are

presented in Table 4.1.

4.3.2. Working concentration range and slope

0 —— (i)

20

40 4

-E(mV)

80

100 -+

o
7 6 5 4 3 2 1

-log cd*

Figure 4.3. Variation of cell potential with concentration of Cd?* ions of PVC based membranes of
(1) with different plasticizers (i): DOP (ii): DBP (iii): DBBP (iv): CN (v): without plasticizer.

The membranes were equilibrated with 1.0 M cadmium nitrate solution before
carrying out potential studies. It was found that an equilibrium time of 2-3 days was
optimum as the equilibrated membranes gave reproducible results and no drift in potentials
were observed. The potentials of different membrane electrodes as a function of cadmium
nitrate concentration are plotted in Figure 4.3. The working concentration range for
different electrodes as evaluated from Figure 4.3 is given in Table 4.1. It is seen that
electrode no. 1 having membrane without plasticizers exhibited a working concentration
range of 7.8 x 10 * to 1.0 x 10* mol dm™® and non-Nernstian slope of 45 mV per decade
of activity. However, upon addition of anion discriminator and plasticizers to the
membranes (electrode nos. 2-5) the working concentration range changed. The membranes
incorporating the solvent DBP (electrode no. 3), DBBP (electrode no. 4), CN (electrode
no. 5) along with anion discriminator, NaTPB, exhibited linearity in the concentration
ranges 3.7 x 10 *t0 1.0 x 10%, 1.0 x 103 t0 1.0 x 0%, 1.0 x 10 to 1.0 x 10" mol dm>
with slopes of 35, 40 and 43 mV per decade of activity; respectively. It can be inferred that
the membrane no. 2 incorporating ionophore, PVC, NaTPB as anion discriminator and
DORP as the solvent mediator in the ratio (w/w) 1:33:1:65 (I-PVC-NaTPB-DOP) gives the
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best performance with regard to wide working concentration range of 9.7 x 107 to 1 x
10 mol dm 3 with a near-Nernstian slope of 29.0 + 1 mV/decade of activity.

Table 4.1. Compositions and response characteristics of Cd** selective PVC based membrane
containing p-tert-butylcalix[6]arene (I) as electroactive material.

Memb. % Composition (w/w) of various components Slope
. Working

no. in membranes (mV Response

concentration o
NaT decade -~ time (S)
|  PVC DOP DBP DBBP CN range -
PB activity)

7.8x107-

1 1 99 - - - - - 45 80
1.0x10™
9.7 x 10™°-

2 1 33 1 65 - - T lox10% 30 35

U X

3.7 x 10"~

3 1 33 1 - 65 - T lox1o0t 35 40

U X

1.0 x 107~

4 1 33 1 - - 65 - - 40 65
1.0x10™
1.0 x 107~

5 1 33 1 - - - 65 43 57
1.0x10™

4.3.3. Response and lifetime

160

150 —\
140 —

130 — \
120 — \
\

100

-E(mV)

Time(S)
Figure 4.4. Practical response time of the sensor from the time of addition of Cd** (1 x 10> M)

solution.
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The response is the time taken by the electrode to achieve a stable potential.
Electrodes without solvent mediator gave a steady response in 75-90 s. However, the
addition of solvent mediators improved the response time, as observed for membrane nos.
2-5. Though the response time of membranes with DBBP, CN, DBP were better (65, 57,
40 s respectively) over the whole concentration range, the fastest response (35 s) was
shown by electrode no.2 (containing DOP as plasticizer) (Figure 4.4). The main factor for
limited lifetime is the loss of ionophore from the membrane while contacting with aqueous
solution. Sufficient lipophilicity of ionophores and plasticizer ensures stable potentials and
long lifetimes [30, 31]. The membranes were studied over a period of 4 months without
significant change in potentials. Whenever a drift in potential was observed, membranes
were re-equilibrated with 1.0 M Cd®* for 2-3 days. The membranes were stored in 0.1 M

Cd?* solution when not in use.

4.3.4. pH and non-aqueous effect

The dependence of electrode potential response on pH was tested over the range 2—
8 for 1.0 x 102 M and 1.0 x 10* M Cd* ions (Figure 4.5). The operational range was
studied by varying the pH of the test solutions with nitric acid or sodium hydroxide. Figure

4.5 shows that the potential is independent of pH in the range 2.8 to 6.2. The performance

50
60 +
1x10°M
70 4
N
E
o 80
90 +
1x10*M
100
T T T T T T T T
1 3 4 5 6 7 8 9

Figure 4.5. Effect of pH on the potential response of the optimized Cd**-selective electrode.

of these sensor systems was also investigated in non-aqueous media by using water-
methanol and water-ethanol mixtures. The membranes work satisfactorily up to maximum
20% (v/v) content of methanol and ethanol. In these mixtures, the working concentration

range and slope remain unaltered; above a 20% non-aqueous content the slope was
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appreciably decreased and the membranes were destroyed due to leaching of the ionophore
from the PVC matrix.

4.3.5. Potentiometric selectivity

The most important characteristics of any ion selective electrode are its response to
the primary ion in the presence of other ions in solution, which is usually expressed in
terms of potentiometric selectivity coefficient. It illustrates the preference of the membrane
for the interfering ion relative to a primary ion. In this work, the potentiometric selectivity

coefficients were determined by ‘fixed interference method’ at 1.0 x 10% M concentration

Table 4.2. Selectivity coefficients of ions determined through ‘fixed interference method’.

Interfering ion (B) Selectivity coefficients Kj%
Na' 6.8x107°
K* 6.5%x 107
ca® 7.9x107?
Sr2t 6.3 x 1072
Ba2* 8.5 x10°°
Ni2* 1.1x 107"
Zn?* 33x10"
cu? 2.4 %107
pp?* 3.5x10°
Co%* 47 x 10"
crt 6.9 %1072
Fe¥* 6.6 x 10

of interfering ions (Table 4.2). This method was employed because the conditions
prevailing at the membrane surface are the same while that analyzing the real samples. The
selectivity coefficient values of the order of 0.001 are indicative that the sensor is selective
for Cd** ions over a number of mono, bi and trivalent cations. Thus, the electrodes can be

used for the determination of Cd** ions in the presence of these cations.

4.3.6. Analytical application

To assess the analytical applicability of the proposed sensor to real samples, the
proposed sensor was used to measure Cd(Il) in industrial waste water samples. The
samples were collected and acidified with HNO3; and used for further analysis. The

potentials were measured by using the electrode cell assembly and calibration plots were
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further employed to evaluate the concentration of Cd** in these samples (Table 4.3). Table
4.3 shows that the values of Cd** obtained by the proposed sensor are in good agreement
with those obtained by standard AAS technique. Thus, the proposed sensor can be used for

the determination of cd** in real samples.

Table 4.3. Determination of cadmium in industrial waste water samples.

Sample Cd** Conc. (M) proposed ISE Cd** Conc. (M) AAS
1. 5.6 x10° 59x10°
2. 5.8 x 107 6.0 x 107°

4.3.7. Comparative studies
The proposed sensor was compared with reported Cd(ll)-ion selective electrodes
depicted in Table. 4.4. The result shows that the proposed sensor is comparable to those

reported in literature and even better in certain aspects.

Table 4.4. Comparison of the potentiometric parameters of the proposed Cd(Il)-ISE with Cd(Il)-

ISEs reported previously.

_ Lifetime Slope
Linear Response pH
Ref.  lonophore of _ (mv/
range (M) time (s) range
electrode decade)
NC 1.7x10°%- 46
4 TR 1 7 20.6+0.08 2.6-8.0
ol C 1.0x 10 week
s CN
9 Qo G 79X 10 2 month 10 30.0£0.2  2.0-8.0
=N N N mon .010. .0-8.
L) 10x10%
I "
( ) 1.0x 10—
13 o o 7week 15 29.8+0.1  1.0-6.0
g v, 1.0x10"
OH
SN 50x10°- 25
11 ©CWN?@ ) 11 30.0+0.2  2.0-85
CB/OH 1.0x 10 month
OH
(?\OH 1.0 x 10°°-
12 Ho oH 8week 20 30.1+1.0 2.8-8.1

ij\jg 1.0x 10"

113



Studies on Some Chemical Sensors

4 39x105-
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24
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?\‘_\ L
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o 1.0x 10
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work  “or WO YT 64 1.0 x 10

5 month

3 month

6 month

5 month

3 month

1 week

12 week

>4

month

25

<10

17

23

10

37

30.0+1.0

29.0+0.1

29.0+1.0

30.0£1.0

29.5

29.4+0.6

29.4+1.3

29.0+1

3.2-7.5

5.0-7.7

1.9-7.0

2.0-54

4.5-6.5

6.0-9.0

3.0-7.0

2.8-6.2

4.4. Conclusion

The molecular interaction between p-tert-butyl calix[6]arene and Cd(l1) resulted in

a sensor which exhibits fast (~35 s), stable, reproducible and selective response over

prolong period. The sensor works well over a wide concentration range of 9.7 x 10 to 1.0

x 10~ mol dm™® with near Nernstian slope of 29.0 + 1 mV/decade of activity. The working

pH range of this sensor is 2.8 to 6.2. It can be used for more than 4 months without any
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considerable change in response characteristics. It has excellent selectivity for Cd(l11) over
alkali, alkaline and other heavy metal cations.
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Determination of Aluminium by Fluorescent Sensors Chapter 5

5.1. Introduction

The quest of developing sensor of high selectivity and sensitivity for various metal
ions is greatly increasing as a demand of analytical research in different areas of science
[1, 2]. Presently in the modern analytical era, fluorescent sensors have widely shown their
presence because of their numerous applications in therapeutic and ecological field.
Generally, the florescent sensors have a combination of substrate-recognition functionality
i.e. receptor and optical signalling capacities (chromophore), and its operational
mechanism may follow two well distinct pathways. (1) It may get linked directly to the
specific metal or (2) it may be appropriately associated with the metal in a non-covalent
method [3]. Several fluorescent receptors which are highly specific and selective for Hg*",
Cu®, Zn**, Fe* and other transition metal ions, have been reported [4—12]. However, still
there is requirement of introducing good fluorescent receptors in the literature for the

I** metal ions.

detection of A

Aluminium is found in the earth crust widely in the form of polymorphous
aluminosilicates (Al,OsSi) which upon acidification release the element into the
environment and increases its bioavailability [13-15]. Being one of the most plentiful
elements, aluminium metal is available cheaply and finds extensive use in home
construction, food packing, cookware, deodorants, bleached flour, transport, house hold
appliances, water treatment, phosphate binders, food additives, machinery and medicines
such as buffered aspirins, antacids, vaccine, antiperspirant and allergen injection etc. [16—
20]. According to a World Health Organization report, the average daily human intake of
aluminium is approx. 3-10 mg per day. The tolerable weekly aluminium intake by the
human being is estimated to be 7 mg per kg body weight [21, 22]. It is a good conductor of
electricity and therefore used for the manufacture of electric wires, various electrical and
electronic appliances. Biologically, it is not an essential element for human life and
therefore high intake of aluminium can be toxic for human health. The excessive use of
aluminium has resulted in its slow consumption by human beings where it causes many
deadly effects; such as neurotoxicity, anaemia, dementia, Parkinson’s and Alzheimer’s
diseases and cancer [23-29]. Also the ingestion of excessive amount of aluminium leads to
its accumulation in target organs presenting damage of testicular tissue of both humans and
animals. It has also been found that excess of aluminium in human spermatozoa and
seminal plasma is directly correlated with decreased sperm motility and viability. In
addition to it, long-term consumption of aluminium chloride in drinking water causes

suppressive effects on both sexual and aggressive behavoir and fertility of male rats [30].
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The results showed that aluminium significantly increased nitric oxide (NO) production
and decreased both testicular adenosine 3’,5’—cyclic monophosphate (CAMP) and
testosterone levels. It also affects iron metabolism which may cause pernicious anaemic
condition. In view of widespread applications of aluminium in domestic life, biological
and environmental importance, toxicity of aluminium is highly considerable and therefore
its determination in environment is desirable. Owing to the coordination and strong
hydration ability of aluminium metal ions in water [31], it is easily interfered by the
variation of pH value of solution and the coexistence of interfering ions.

There are several sophisticated analytical techniques viz. atomic absorption
spectroscopy (AAS), inductively coupled plasma emission spectrometry (ICP—AES) and
spectrophotometric sensors [32-37] for low concentration determination of metal ions.
Among all of these techniques, determination of aluminium by spectrophotometric sensors
has been found to be expedient, fast and can be used for the analysis of large number of
samples in a very short period of time.

The problem is, that inspite of many merits of sensors, its use is limited due to poor
selectivity and sensitivity. Thus a more selective and sensitive sensor is required to be
developed. Our studies revealed that an azo compound and Schiff bases synthesized by us
interacts strongly and selectively with aluminium metal ions. Therefore, these receptors
have been used for preparing colorimetric and fluorometric sensors for aluminium metal
ions. This chapter is divided in three parts (A), (B) and (C) and the results of these

investigations are reported in present communication.

5.2. PART (A) Aluminium fluorescent sensor based on an azo compound (1-(2-
pyridylazo)-2-naphthol)

5.2.1. Experimental

5.2.1.1. Reagents, materials and apparatus

2-aminopyridine, B-naphthol and sodium hydroxide of analytical grade were
procured for synthesis of 1-(2-pyridylazo)-2-naphthol (PAN) (R1) from Merck (India) and
further used without any purification. Sodium nitrite was procured from Samir tech-chem
industry (India). Chloride and nitrate metal salts were purchased from SD-Fine chem.
Limited.

The IR spectra of chemosensor were recorded on a Perkin Elmer FT-IR
spectrometer in the range 4000-400 cm *. The CHNS data were collected on a Vario
MICRO Cube and, *H-NMR and *C-NMR spectra of chemosensor were recorded on a
Bruker 500 MHz (USA), using TMS as an internal standard, CD3;OD and CDCI; as
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solvent. Mass spectra were recorded on Bruker-MicrOTOF 1l (USA). The differential
pulse voltammetric experiments were performed using a CHI760E Electrochemical
Workstation (USA) with a conventional three electrode cell assembly consisting of glassy
carbon electrode, platinum wire and calomel electrode as working electrode, counter
electrode and reference electrode, respectively. The UV-vis absorption spectra were
recorded on a Shimadzu UV-2450 spectrophotometer and the fluorescent spectra on a
Shimadzu RF-5301PC spectrofluorophotometer with slit width value of at 5.0 and 3.0 nm.
The pH measurements were performed using a Eutech CyberScan pH 510 (Singapore). All
the metal solutions for the study were prepared in methanol solution. Stock solution of R1
and different metal chlorides and nitrates (10 mM) were prepared in methanol.

5.2.1.2. Synthesis of ligand (R1)

The ligand, (R1) (Scheme 5.1) was synthesized in aqueous media by the reported
method with a slight modification [38]. 5.0 mmol of 2-aminopyridine was dissolved in 100
ml of water with concentrated HCI (5.0 ml). The resulting solution was cooled to 0-5 °C
with ice and an aqueous cold solution of sodium nitrite (24.0 mmol) was added under
stirring. After about 2 min, a cold solution of B-naphthol (2.0 mmol) in aqueous sodium
hydroxide (8.0 ml; 0.2 M) was added. The formation of a colored azo compound was
observed. This mixture was stirred for about 10 min and then filtered and air-dried. Color:
brick red; yield: 0.350 g (70%); state: solid; m.p.: 139-141 °C.

HO
NH NaOH O
AN 2
Oy ) =— v
~N HO |N\ N
(J

1-(2-pyridylazo)-2-naphthol

Scheme 5.1. Synthesis of receptor (R1) in methanol.

5.2.2. Results and discussion
The binding ability and mode of ligands with aluminium metal ions was
investigated by FT-IR, HRMS, 'H-NMR, UV-vis absorption and fluorescence emission

spectroscopic experiments.

123



Studies on Some Chemical Sensors

5.2.2.1.Characterization of R1 and its complex with aluminium
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Figure 5.1. FT-IR spectra of R1 (a) and (b) R1-Al complex (in methanolic solution).

The FT-IR Spectrum of R1 (Figure 5.1a) shows prominent peaks (v, cm %) at: 3324
(methanolic —O—H), 2943, 2831 (aliphatic —C—H), 1621 (—C=N), 1448, 1413 (aromatic
—C=C-), 1271, 1201 (phenolic —O—H), 1113, 1022 (aliphatic —C—0), 736 (ortho
substituted phenol). A comparison of FT—IR spectra (Figure 5.1a) of the ligand and spectra
of the aluminium complex (Figure 5.1b) shows that the ligand peaks at 1621 cm * due to
—C=N group are shifted at 1640 cm™*; and 1271 and 1201 cm* due to —O—H group are
merged into one and appears at 1323 cm * indicating —C=N and —O—H are coordinating
sites. Thus FT-IR spectra support that Al forms, complex with R1 with nitrogen and
oxygen, acting as donor sites. The elemental analysis of the R1, was done and results are;
Anal. calcd. % for CisH11N3O: C=72.20, H=4.41, N=16.85, found %: C=71.52, H=4.4,
N=16.71. The prominent *H-NMR peaks were found at; ((CDs0D, 500 MHz), (5, ppm) (J,
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Hz)): 6.592-6.611 (d, J = 9.5, 1H), 7.200-7.226 (m, 1H), 7.405-7.422 (dt, J = 1.0, 7.5,
1H), 7.511-7.553 (m, 2H), 7.745-7.765 (d, J = 10.0, 1H), 7.911-7.935 (m, 2H), 8.341-
8.374 (m, 2H); *C-NMR ((CDCls 500 MHz), (5, ppm)): 110.11, 120.30, 122.32, 127.07,
127.19, 128.50, 128.93, 129.42, 130.65, 133.54, 138.33, 142.82, 148.65, 155.57, 181.19
also support the structure of R1 as shown in Scheme 5.1.
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Figure 5.2. ESI-MS spectra of (a) ligand R1 and (b) Al-complex with R1.

Further, HRMS spectra (Figure 5.2(a)) showing a prominent peak at 272.0780 due
to [R1+Na]" also supports the alleged structure of R1 as given in Scheme 5.1. The spectra
of aluminium complex with R1 also give a prominent peak at 277.9203 due to
[R1+AlI+H]" as shown in Figure 5.2(b). Hence the HRMS spectra indicate the

stoichiometry of ligand and Al-complex is 1:1.

5.2.2.2. UV-vis absorption spectral studies

The UV-vis absorption spectrum of the metal and ligand mixture was recorded in
methanolic solution (50 uM) is shown in Figure 5.3 which reveals absorption band at 464
nm. Different metal ions formed color complexes with the ligand that are exhibited in
Figure 5.4, aluminium ions formed a dark red color complex whereas the other metal
complexes were of different colors. It is clear that most of the metal ions (Mn®*, Fe?*, Fe**,
Co?*, zn*, Cd**, cu®, Ni**, Gd**, Nd**, Pb** and AI**) form complexes with R1 in the
absorption band region of 490-650 nm. Whereas other metal ions like Li*, Na*, K*, Cs",

Mg**, Ca®*, Ba®*, Cr**, Hg*" and Sr** do not react significantly with the ligand.
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Figure 5.3. Absorption spectra of (50 pM) methanolic solution of ligand in the presence of
different metals (Ba?*, Ca®*, Co*, Cd*, Cr**, Cs*, Cu®*, Fe*, Fe**, Hg*, K", Li*, Na*, Mg*, Mn%,
Nd*, Pb?, Sr**, Gd*, Zn*, Ni**and AI**) (50 pM) in methanolic solution.
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Figure 5.4. Color changes of (50 uM) concentration of ligand with different metal ions (50 uM) in

methanol in 1:1 (v/v, mL) ratio.

5.2.2.3. Fluorescence emission studies

The reported ligand (10 uM) shows a weak fluorescence emission band at 521 nm
with an excitation of 490 nm. However, upon addition of aluminium, significant
fluorescence enhancement accompanied by a red shift of 48 nm from 521 to 569 nm was
noticed (Figure 5.5). Whereas when other metal ions (10 uM) such as Li*, Na*, K*, Cs",
M92+’ Ca2+, Ba2+, CI’3+, C02+, Mn2+, Fez+' Fes+, Ni2+, Cd2+, Zn2+, Cu2+, ng+' Nd3+, Pb2+,
Sr**, and Gd** were added to the ligand, there were no significant changes observed in
fluorescence emission spectra of metal ligand complex. The enhancement in fluorescence
emission intensity is observed that exhibits “on—off’ mode of high sensitivity towards AFF*
ions. Additionally, the receptor on UV light treatment shows remarkable changes from
colorless to pinkish red fluorescence in the presence of aluminium within 5 s, which can be
easily detected by the naked eye. Thus, this ligand can be used to detect aluminium

visually.
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Figure 5.5. Fluorescence emission spectra of ligand (10 uM) in the presence of different metal ions
(Ba®*, Ca*, Co*, Cd*, Cr*, Cs*, Cu®, Fe?*, Fe**, Hg”", K*, Li*, Na*, Mg*, Mn*, Nd**, Pb**, Sr?,
Gd*, zn*, Ni**and AI**) (10 pM) in methanol solvent using slit width 5.0 nm.

In addition, the fluorescence response of the ligand for various concentrations of

13

AP ions (0-50 pM) was also investigated. Upon addition of A" ions, the fluorescence

intensity centred at 569 nm of receptor gradually increased and remained approximately
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Figure 5.6. Fluorescence titration curve of the ligand (10 puM), on addition of increasing
aluminium ion concentration (0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 10, 25 and 50 puM)
with an excitation of 490 nm. Inset shows the linear relation for fluorescence change at 569 nmas a
function of the amount added of AI** ions (0-5.0 uM) at a slit width of 3.0 nm.
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steady when 1.0 equivalent of AI** ions was added, indicating the formation of a 1:1
bonding mode between ligand and AI** ions (Figure 5.6). In order to prove the selectivity
of R1 probe towards the AI** ions, the calculation of detection limit was performed by the
help of standard deviation based on S/N = 3 and linear fittings (Inset in the Figure 5.6) by
plotting the fluorescence intensity changes as a function of AI** concentration and
detection limit was found to be 1.81 x 107 M.

Further, the binding constant of chemosensor R1 with AI** has been calculated
with the help of the Benesi—Hildebrand equation via the fluorescence titration [39, 40]. The
principle and theory of the method have been described earlier in the section 2.1.3.5 in
chapter 2. From curve fitting the fluorescence emission intensity of receptor R1 against the
reciprocal of the AI**
the stability constant was calculated to be 1.025 x 10* M™* (R? = 0.9801). The linear fit

also exhibited the 1:1 complexation behavoir of receptor to metal ions.

concentration yielded a linear fit depicted in Figure 5.7. The value of
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Figure 5.7. Benesi—Hildebrand plot recorded the fluorescence changes at 569 nm using slit width
3.0 nm.

5.2.2.3.1. Proposed binding mode

In this study the metal-to-ligand ratio of the chemosensor R1-APF* complex, Job’s
plot method was employed for the fluorescence emission spectra of chemosensor and Al**
metal ions. A plot of fluorescence emission intensity versus molar fraction of
[R1]/([R1]+[AP]) depicted in Figure 5.8 and the results designated the formation of a 1:1

stoichiometric complexation between R1-AI**.
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Figure 5.8. Job’s plot for receptor by fluorescence method (Aem = 569 nm) using slit width at 3.0

nm; and total concentration of receptor and metal is 10 uM.

In addition to this, the Figure 5.9 shows the changes in fluorescence intensity of the

receptor before and after the addition of A

ions under UV lamp. It has exhibited that the other metal ions (Cd**, Co?*, Cu®*, Fe**, Ni**

ions in the presence of other sensed metal

and Zn®*) quenches the fluorescence intensity of the receptor—AP* complex, due to the

similar binding ability towards these metal ions.
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Figure 5.9. The fluorescence emission changes of sensor (10 pM) with 1.0 equivalent of AI**, and
in the presence of other metal ions (Cd**, Co*, Cu®, Fe®*, Ni**, Zn®") excited by a commercially
available UV lamp (Aex= 490 nm).

The selectivity of the ligand (10 uM) for AI** ions over other metal ions was also
investigated (Figure 5.10). It was seen that the fluorescence emission intensity of
aluminium ligand mixture remained unaffected by Ba**, Ca**, Cr**, Cs*, Fe**, Gd**, Hg*",
K*, Li*, Na*, Mg®*, Mn®*, Nd**, Pb?* and Sr**. Therefore, aluminium has selectivity over

these metals and the synthesized receptor can be used for its estimation in the presence of
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these metals. On the other hand metal ions such as Co®*, Cd*", Cu®*, Fe?*, Zn*" and Ni**
were found to decline emission intensity of R1-AI*" complex and therefore expected to
cause interference. This interference effect could be reduced by addition of higher

concentration of AP ions.
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Figure 5.10. Selectivity of the receptor toward AI**

and other metal ions. In the absence (red bars)
and presence (green bars) of 1.0 equivalent AI** ion at Aex= 490 nm, slit width was taken at 3.0 nm

during the experiment at room temperature in methanol.

5.2.2.3.2. Reversibility of the ligand
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Figure 5.11. The variation in the fluorescence intensity on the increasing concentration of EDTA
(0.0, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 uM) in the presence of the ligand (10 pM) with an
excitation of 490 nm at slit width value of 3.0 nm. Inset is the plot between fluorescence intensity

vs EDTA equivalent.
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On the other hand, the reversibility of the ligand is considered as an important
aspect in practical applications, therefore EDTA titration was conducted to examine the
reversibility of the R1-AI** complexation in Figure 5.11. Results of the titration shows
that, R1-AI** complex emission intensity declines after the addition of EDTA solution at
569 nm because EDTA reacts first with the available free metal ions in the solution and
then it displaces the metal ions from the ligand—metal ion complex. Owing to this effect

the fluorescence of metal ligand complex goes to “turn—off”.

5.2.2.3.3. Effect of pH
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Figure 5.12. (a) Fluorescence intensities of R1 (10 pM) at Amax = 569 nm in the presence of AI**

(10 uM) under different pH conditions at slit width value of 5.0 nm. Inset: Photographs showing

I*

the colorimetric changes of R1-Al*" in different pH conditions (left), (b) Spectral changes of R1-

AI*" as a function of pH (right).

Moreover, to examine the metal ion selectivity, for some biological applications, it
is extremely necessary that the chemosensor should be suitable for measuring specific
cations in the physiological pH range [41, 42]. Therefore, we measured the effect of pH
between chemosensor and AI** ions in the pH range of 2.0 to 12.0 at 569 nm. The
experiment was carried out at a fixed concentration of 10 uM of fluorescent probe (R1-
AIF*) and the results are depicted in Figure 5.12(a). The fluorescent probe showed color
changes in acidic as well as in basic media which could be detected by naked-eye under
UV lamp (Inset in the same figure). The fluorescence intensity reduced in acidic condition
because of receptor could be protonated and its binding ability reduced. The decrease in
fluorescence intensity was also observed in basic media, it may be due to formation of

metal hydroxides and thus reducing the formation of R1-AP*

complex. The spectral
changes observed in different pH conditions are shown in Figure 5.12(b). As a result,

chemosensor exhibited exceptionally good fluorescent nature for aluminium metal ions at
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approximately neutral pH range in 30% aqueous solution revealing that the chemosensor
could be applied for the detection of AI** ions in biological environment.

5.2.2.3.4. Solvent effect

In addition to this, the effect of a range of solvents such as dimethyl sulfoxide
(DMSO), tetrahydrofuran (THF), dimethylformamide (DMF), acetone and methanol on the
detection of AI** metal ions by R1 was explored and the results are shown in Figure 5.13.
From the figure it can be seen that the fluorescence intensity is changed owing to different

I3

binding mode of the chemosensor with AI*" ions in different solvents. Thus, the best

results were observed when methanol was treated as solvent.
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Figure 5.13. The effect on the fluorescence emission intensity of R1-AI** probe in the presence of

different solvents recorded at a slit width value of 3.0 nm.

5.2.2.4. Electrochemical measurement

As depicted in Figure 5.14, the corresponding wavelength to the band gap energy
can be calculated from the cross point of absorption and emission onset lines. The
corresponding wavelength for R1 is 508 nm and R1+AP" is 555 nm which are equal to
2.441 eV (for R1) and 2.234 eV (for R1+AI**) band gap energy. Figure 5.15 shows the
current-voltage curve for R1 and R1+AI** regarding to differential pulse voltammetric
experiments. Based on results, R1 shows Eqx = 0.620 eV which is equal to Epomo = —5.420
eV and R1+AIP* shows Eq = 0.624 eV which is equal to Epomo = —5.424 eV. The results

1>

show that upon addition of AI°" ions increased the oxidation potential of R1, due to

decrease in electron releasing nature of R1-AI**

—2.979 eV, and for R1+APF* is —3.190 eV) were estimated from HOMO and band gap

complex. LUMO energy levels (for R1 is

132



Determination of Aluminium by Fluorescent Sensors Chapter 5

energies (Figure 5.16). This experiment proves that increase in oxidation potential and
decrease in band gap as a result of interaction in between R1 and AI** ions [43].
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Figure 5.14. The normalized UV-vis absorption and fluorescence emission spectra of R1 and R1-
AP®* recorded in methanol at a slit width of 3.0 nm.
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Figure 5.15. Differential pulse voltammograms recorded for the chemosensor R1 and the

corresponding AI** addition product in methanol.

5.2.2.5. '"H-NMR titration
The 'H-NMR spectra of R1 with and without addition of AI** metal ions are
shown in Figure 5.17. The results showed that when metal-ligand titrations were

performed by the addition of different equivalents of AI** ions, some changes in the *H—

133



Studies on Some Chemical Sensors

NMR-spectra were observed. It has been found that the peak of protons at about 8.05 and
7.95 ppm of ligand were shifted to upfield 8.0 and 7.90 ppm upon addition of AI** ions,

LUMO ——
(-2.979 V) R LUMO
(-3.190 eV)
2441 eV
2234V
HOMO  mes - - — HOMO
(-5.420 eV) (5.424V)
R1 R1 + Al3*

Figure 5.16. Energy level diagram of the chemosensor R1 and it’s corresponding complex with

AP* metal ions.
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Figure 5.17. '"H-NMR (500 MHz) spectra of receptor and its complex, after addition of different
quantities of AI** (0.0-2.0 equivalent) in CD;0D.
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owing to interruption of the intra-molecular hydrogen bonding between the phenolic
hydroxyl group and the nitrogen of the azo moiety. Conversely, the protons of pyridine
ring were shifted downfield with the addition of AI** ions, which indicated that the
structure of receptors became more rigid after coordination with aluminium ions. This
indicates that the phenolic hydroxyl group, nitrogen atom of the azo moiety and nitrogen of
pyridine ring participated in complexation with aluminium ions. Therefore, it can be
supposed that the aluminium ion may be chelated by the counter anion or solvent in order
to satisfy the need of six-coordination [44].

5.2.3. Conclusion

The ligand prepared can be used to detect AI** jons qualitatively and quantitatively
both by colorimetry and fluorescence spectrophotometry. However, fluorescence method
shows higher selectivity and it can be used to estimate AI** ions concentration with a
detection limit of 1.81 x 10® M. The receptor can also be employed to detect AI** ions in
diverse samples under the UV light even though naked eye. The receptor gives
exceptionally good results with aluminium metal ions at the physiological pH range.
Consequently, it is of great utility for analysing large number of biological, analytical and

environmental samples.

5.3. PART (B) Aluminium fluorescent sensor based on Schiff bases N,N'-
bis(salicylidene)-m-phenylenediamine and N,N*-bis(salicylidene)-o-
phenylenediamine

5.3.1. Experimental

5.3.1.1.Materials and apparatus

Salicylaldehyde, m-phenylenediamine and metal salts were of analytical grade
reagent and procured from Merck, India and o-phenylenediamine was obtained from Loba

Chemie (India), which were used without further purification. The FT—IR spectra were

recorded using a Thermo Scientific Nicolet 6700 FT-IR spectrometer within the range

4000—400 cm*. The CHNS percentage was determined using a Vario MICRO Cube. The

'H-NMR and “*C-NMR spectra were documented on a Bruker 500 MHz (USA), using

TMS as an internal standard, CDCl; and CD3;OD as solvents. The mass spectra were

recorded on Bruker—MicrOTOF-Q Il (USA). The UV-vis absorption spectra and

fluorescence emission spectra were plotted using a Shimadzu UV-2450 spectrophotometer

and Shimadzu RF-5301PC spectrofluorophotometer equipped with a quartz cuvette of 1.0

cm path length with a xenon lamp as the excitation source by means of slit width value of
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at 3.0 nm, respectively. The differential pulse voltammetric experiments were carried out
using a CHI760E Electrochemical Workstation (USA) with a predictable three electrode
cell assembly consisting of glassy carbon electrode, platinum wire and calomel electrode
as working electrode, counter electrode and reference electrode, respectively.

The stock solutions (10 mM) of receptors (R2 and R3); and metal chlorides and
nitrates were prepared in methanol. For all the fluorescence emission measurements,

excitation wavelength was 410 nm.

2-((E)-(3-((E)-2-hydroxybenzylideneamino)
H phenylimino)methyl)phenol

CEOAHON\ _Q

Q N N=
o QoD

2-((E)-(2-((E)-2-hydroxybenzylideneamino)
phenylimino)methyl)phenol

R3
Scheme 5.2. Synthesis of receptors: path (a) for R2 and (b) for R3.

B SO0
H,N
(@)

5.3.1.2. Synthesis of receptor

The receptors (R2 and R3) were synthesized using the reported method [45, 46]
with a specific modification as shown in Scheme 5.2. A solution of (5.0 mmol, 0.541 g)
corresponding phenylenediamine in 20 ml of ethanol was added slowly to 2-
hydroxybenzaldehyde (1.221 g, 10.0 mmol) ethanolic solution (15 ml) under the nitrogen
atmosphere with continuous stirring. The obtained mixture was refluxed for 3 h and the
completion of the reaction was checked by TLC in hexane-ethyl acetate mixture. Then the
resulting mixture was cooled to room temperature, evaporate the solvent at reduced
pressure, and the resulting solid product was then washed with cold ethanol. The desired
receptor products were recrystallized by using ethanol. The characterization of the
synthesized compounds was done by various spectroscopic techniques such as FT—IR, *H-
NMR, *C-NMR and HRMS.,
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N,N'-Bis(salicylidene)-m-phenylenediamine, (R2): Yield: 1.32 g (83%); color:
yellow solid; m.p. 104-106 °C; Anal. calcd. for CyoH16N202: C=75.93, H=5.10, N=8.86,
found: C=75.22, H=5.08, N=8.84; FT—IR (KBr, v, cm %): 3429 (O-H), 1564 (C=N), 1500
(C=C), 1283 (C—N), 1197, 1146 (C-0); ‘H-NMR (CDCls, 500 MHz, § ppm, J Hz):
6.946-6.977 (t, J = 7.5, 2H), 7.038-7.054 (d, J = 8.0, 2H), 7.182-7.209 (m, 3H), 7.383-
7.424 (m, 4H), 7.451-7.482 (t, J = 7.5, 1H), 8.663 (s, 2H), 13.103 (s, 2H); *C-NMR
(CDCls, 500 MHz, ¢ ppm): 113.96, 117.34, 119.10, 119.21, 119.62, 130.33, 132.48,
133.47, 149.75, 161.20, 163.37; HRMS (ESI, m/z): [M+H]" calcd. for CaoHisN2O2:
317.1290; found: 317.1281.

N,N’-Bis(salicylidene)-o-phenylenediamine, (R3): Yield: 1.39 g (88%); color:
orange yellow solid; m.p. 153-155 °C; Anal. calcd. for CyHisN202: C=75.93, H=5.009,
N=8.86, found: C=75.28, H=5.14, N=8.82; FT-IR (KBr, v, cm *): 3427 (O-H), 1562
(C=N), 1411 (C=C), 1274 (C-N), 1192, 1103 (C—O); *H-NMR (CDCls, 500 MHz, 6 ppm,
J Hz): 6.907-6.939 (t, J = 7.5, 2H), 7.038-7.054 (d, J = 8.0, 2H), 7.230-7.249 (m, 2H),
7.338-7.390 (m, 6H), 8.639 (s, 2H), 13.051 (s, 2H); *C-NMR (CDCls, 500 MHz, 5 ppm):
117.55, 119.03, 119.24, 119.71, 127.75, 132.37, 133.42, 142.52, 161.36, 163.71; HRMS
(ESI, m/z): [M+H]" calcd. for CyoH16N20,: 317.1290; found: 317.1266.

5.3.2. Results and discussion
5.3.2.1. Spectral analysis
The UV-vis and Fluorescence spectra were recorded in methanol solvent for both

I** ion could induce dramatic

the receptors (R2 and R3) in which the simulations of A
spectral changes; however there were some perceptible distinction. Detailed spectral

changes would be particularly discussed in the following sections.

5.3.2.1.1. UV-vis absorption spectral response of the receptors

The UV-vis absorption spectra of methanolic solution of the receptors R2 and R3
(50 uM) and their mixtures with various metal ions (50 uM) are depicted in Figure 5.18(a
and b). Both the receptors exhibit weak absorption band in the ultraviolet region at about
340 nm and 328 nm, respectively. It is seen from spectral changes that the receptors show
a high selectivity towards aluminium over the other metal ions studied (Ba**, Ca**, Co*,
Cd*, Cs*, cr¥*, cu®, Fe**, Fe**, Hg®*, K*, Li*, Na*, Mg®*, Mn?*, Gd**, Nd**, Pb**, Sr**,
Zn** and Ni*"). Since UV-vis absorption spectroscopy is the complementary part of
fluorescence emission spectroscopy, thus for interpreting the more precised results, further

we applied fluorescence emission studies.
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Figure 5.18. UV-vis absorption spectra of; (a) receptor R2 and (b) receptor R3 in the presence of
(50 uM) several metal ions (1.0 equivalent for each metal ion).

5.3.2.1.2. Fluorescence emission spectral response of the receptors

In order to further examine the selectivity of receptors towards the metal ions, the
fluorescence response of the receptors (R2 and R3) in methanolic solution was also looked
into. The fluorescence emission spectra were recorded after addition of 40 uM of each of
various metal ions and depicted in Figure 5.19(a and b). It is seen that the receptors do not
show a significant fluorescence emission band in the absence of metal ions. A remarkable

enhancement in the fluorescence emission band is observed upon addition of AI** to the
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Figure 5.19. Fluorescence emission spectra of receptors (40 uM) in the presence of 1.0 equivalent
of different metal ions (Ca**, Ba®*, Co®*, Cd**, Cs*, Cr**, Cu?, Fe**, Fe*', Hg?*, K*, Li*, Na', Mg%,
Mn®, Nd**, Pb?*, Sr**, Gd*, AI*, Ni? and Zn?*) in methanol.

receptors at Amax = 506 nm and 489 nm for receptor R2 and R3, respectively. However, the
addition of Zn** to receptor R2 and of Cr®* to receptor R3 results in a small enhancement
in fluorescence emission intensity. On the other hand, the addition of all other metal ions
including Ba?*, Ca**, Co?*, Cd**, Cs*, Cu®*, Fe*", Fe*, Hg**, K*, Li*, Na*, Mg*", Mn*,
Nd**, Gd**, Pb*, Sr** and Ni** causes no significant fluorescence emission under the same
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conditions. Thus the receptors show a selective emission response to AlI** and they exhibit
“ON-OFF” mode of high sensitivity. Additionally, on treatment with UV light they show
incredible changes from colorless to sharp bright blue fluorescence in the presence of
aluminium within 5 s which could easily be detected by naked eye.

5.3.2.1.2.1. Fluorescence titration on aluminium metal ions
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Figure 5.20. Changes in the fluorescence emission spectra of receptor R2 (a) and R3 (b) (40 uM)
with added [AI**]. [AF*] = 0.0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100 pM, (from
bottom to top). Inset: linear plot between added amounts of metal ion (0.0-50 uM) and intensity
(Aex = 410 nm; Aery = 506 Nm and 489 nm for R2 and R3, respectively).

The fluorescence response of the probe for increasing concentrations of AI** (0.0,
5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100 uM) was shown in Figure 5.20(a

and b). It is seen that upon addition of AI**

, the fluorescence emission intensity (at 506 nm
and 489 nm) of receptor R2 and R3 gradually increased. The changes in the fluorescence
intensity ratio lead to a continuous color change from colorless to sharp bright blue which

I**

can distinguished under the UV lamp allowing the fluorescence detection of Al°", which

cannot be seen or distinguished by naked eyes. The fluorescence dose response of the

I*

probe with AI°" metal ions were examined and shown inset in the same Figure. Noticeably,
the fluorescence intensity with the concentration of the AI** ions added (0-50 puM) shows
good linearity with a correlation coefficient of 0.9914 and 0.9804 which could be used for
the quantification of AI**; and the detection limit is determined to be 4.79 x 10° M and
8.28 x 10® M on the basis of signal to noise ratio (S/N = 3) for receptors R2 and R3
respectively. The sensitivity of the studied method is comparable to or higher than
reported methods using fluorescence probes.

On the other hand, the binding constant of the receptors R2 and R3 with AP* has

been established using the Benesi—Hildebrand equation by the fluorescence method [47].
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The Benesi—Hildebrand equation plot yielded a linear fit Figure 5.21(a and b) and the
stability constants for the receptors R2 and R3 are found to be 1.41 x 10* M and 1.59 x
10* M, respectively. The linear fit also indicates 1:1 complexation behavoir of receptors

with metal ions.
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Figure 5.21. Benesi-Hildebrand plot for the determination of binding constant; of (a) receptor R2
and (b) of R3 for AI** in methanol at A¢ = 410 nm.

5.3.2.1.2.2. Proposed binding mode
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Figure 5.22. Job’s plot for the determination of stoichiometry of [R—AI**] system in methanol for
receptors R2 (a) and for R3 (b).

Further, the stoichiometry of receptor R2-AIFF* and R3-AlI**, complexes formed

was calculated using the Job’s plot method. The plot between fluorescence emission

intensity versus molar fraction of [R]/([R]+[AI**

1) was shown in Figure 5.22(a and b)
which clearly depicts that formed metal ion complex posses 1:1 stoichiometry for the AI**
and the receptors.

[>*

The receptor-Al°" complexes were subjected to HRMS (ESI, m/z) analysis. The

mass spectra of the complexes formed are presented in Figure 5.23(a and b). In order to
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Figure 5.23. HRMS spectra showing complexation behavior with Al°" for receptors R2 (a) and for

R3 (b), respectively.

further confirm the stoichiometry of the receptor and AI**

complexes, it is seen that the
spectra shows well defined isotopic sharp peaks for both the complexes corresponding to
m/z = 420.0451 and m/z = 359.0973 which fit well with molar mass of the receptor R2 and
R3 complexes [CoH1sN202+AINO3)-2H+OH]" and [CaoH1sN202+A2H+H,0]"

respectively. The results also supports the 1:1 metal-to—ligand ratio of the R—AI**

complex
as concluded from the job’s plot method.
To prove the chemical reversibility of the ligand to metal ion, EDTA titration

method with receptor—AI** complex solution was used. Upon addition of EDTA (0.0-1.0
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Figure 5.24. Fluorescence emission spectra of (a) receptor R2 and (b) receptor R3; showing the

changes of receptor—Al**

complex upon addition of EDTA (0.0-1.0 equivalent). Inset: images
showing the corresponding fluorescence color changes under UV lamp (top) and addition of EDTA

equivalent as a function of fluorescence intensity (bottom).
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equivalent), fluorescence emission intensity at 506 nm and 489 nm gradually declines due

to chelation of AI**

with EDTA releasing the free receptor R2 and R3 shown in Figure
5.24(a and b). This shows the reversible nature of the receptor and thus our synthesized
receptors can be used again and again. Furthermore, the fluorescence response of the

probe-AP*

with added equivalent of EDTA is examined and was shown in inset of the
same Figure. This quenching of fluorescence intensity upon the addition of EDTA reflects
a powerful selective “ON—OFF” fluorescent signalling property of the studied receptors R2

and R3.

5.3.2.1.2.3. Selectivity of the receptor for AI** over other cations
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Figure 5.25. Fold of enhancement and % quenching for different cations upon binding with; (a)
receptor R2 and (b) receptor R3 in methanol. Black bar: receptor (40 uM) and other competing
metal ions (40 puM). Grey bar: (40 uM) of receptor with respective competing metal ions (40 pM)
and AI** (1.0 equivalent) stated.
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The selective response of the receptors towards aluminium has been further
examined by determining the fluorescence of receptors (40 uM) with 40 uM aluminium
metal ions and equivalent amount of other metal ions (including Ba®*, Ca?*, Cr**, Cs",
I:ez+1 Fe3+, Gd3+, ng+’ K+, Li+, Na*, Mg2+, |\/|n2+, Nd3+, Pb2+, C02+, Cd2+, Cu2+, Zn2+, Ni2+
and Sr?*). The fluorescence of the solutions was shown in Figure 5.25(a and b). From

figures it can be easily concluded that the addition of AI**

to the solution of competing
metal ions and receptor lead to a remarkable enhancement of the fluorescence intensity.
Metal ions such as Cd**, Ni**, Fe?*, Zn?*; and Co?", Cr**, Cu®*, Fe*" and Ni** for receptor
R2 and R3 respectively induces the fluorescence emission intensity almost to negligible
value and therefore these would interfere in the estimation of AI** by the receptors.
Therefore, the synthesized receptors are highly selective in the recognition of AI** even in
the bulk presence of other metal ions and thus it can be used for its estimation in biological

or environmental samples where other metals usually co-exist with AP,

5.3.2.1.2.4. Effect of pH
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Figure 5.26. Fluorescence intensity recorded for Receptor—AI**

complex in aqueous methanolic
solution (80:20) at various pH values shown in the; black line: receptor R2 and pink line: receptor
R3. Inset: shows the fluorescence color changes under UV lamp in (a) and (b) for receptor R2 and

R3, respectively.

In addition to metal ion selectivity for some biological applications, it is

exceptionally imperative to examine the pH span of the receptor-metal complex in which

1> 1

receptor can selectively detect AlI°" efficiently. However, on addition of Al°" (methanol to
water; 80:20) solution led to the fluorescence enhancement over a wide pH range of 5.5—

8.5 (Figure 5.26), and the color changes was also noticed under the UV light (inset in the
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same figure). Therefore, the receptor may be suitable for measuring aluminium metal ions
in the physiological pH range and was favourable for its application in environmental and

biological samples.

5.3.2.1.2.5. Possible mechanism of the fluorescence detection of AI** using the
receptors

Further, the interaction between the receptors (R2 and R3) and AF* have been
examined under the UV chamber and changes in color of the receptor before and after
addition of AI** is viewed. It has established that when metal ions added to the receptor, it
binds at the donating sites of the receptor and result in the blockage of electron transfer and
enhancement of fluorescence intensity [48, 49]. Thus, the chelation enhanced fluorescence
(CHEF) process was observed. It appears that the complexes may have tentative structures
for receptors R2 and R3 with AF* depicted in Figure 5.27.
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Figure 5.27. Possible mechanism of the complexation of receptors with Al°" ions.

5.3.2.2. 'H-NMR titration

To study the detailed complexation of AI** with the receptor R2 and R3, *H-NMR
spectra of both the receptors upon addition of different concentration of aluminium ions in
CD30OD was recorded. As depicted from Figure 5.28(a and b), the consecutive additions of
AP to the receptors induced significant changes in its "H-NMR spectral pattern. Upon

I3

addition of 1.0 equivalent of Al*", the imine proton signals around at 8.79 ppm (of R2) and

at 8.70 ppm (of R3) was splitted and shifted to downfield at 8.92 ppm and at 8.75 ppm
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Figure 5.28. 'H-NMR titration spectra of receptor R2 (a) and receptor R3 (b) with 0.0, 0.25, 0.50,
1.0 equivalent of A" in CD3;OD solvent.
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respectively and new peaks were generated at 9.25 ppm and 9.95 ppm in both the receptors
after addition of metal ions. In addition, the aromatic ring protons of the receptor R2
(6.82—7.52 ppm) and receptor R3 (6.41-7.83 ppm) also changes their multiplicity and
more complicated as well as slightly downfield shifted around 0.22-0.45 ppm was
observed. On the other hand, the peaks at about 5.32 ppm and 5.50 ppm for receptor R2
and R3 respectively show a slight downfield shift. Furthermore, addition of more than 1.0
equivalent of AI** does not cause an appreciable shift in the position of the signals suggests
that the formation of a 1:1 complex between receptors and AI** [50]. Thus, it can be made-
up that the A" ion may be chelated by the counter anion or solvent in order to satisfy the

need of six—coordination.

5.3.2.3. Electronic potential measurement and partial charge transfer
As a result, the corresponding wavelength for the calculation of band gap energy

for both the receptors (R2 and R3) and their complexes with AI**

can be achieved by the
cross point of absorption and emission onset lines shown in the Figure 5.29(a and b). The
corresponding wavelength for receptors R2 and R3 are 391 and 408 nm; and 409 and 443
nm for their corresponding complexes with AI**
and R3 are 3.171 eV and 3.039 eV respectively and 3.032 eV and 2.799 eV for receptor

R2-AIP* complex and receptor R3-APF* complex respectively. However, for the

, the band gap energy for the receptors R2

calculation of electronic properties of the receptors (R2 and R3) and their complexes with
AI** have been achieved by the differential pulse voltammetric experiments based on the
current voltage is illustrated in Figure 5.30(a and b). Thus, on the basis of this HOMO-
LUMO were calculated for both the receptors and their corresponding complexes with
AP, It was concluded that after addition of AI** ion following changes were oberved i.e.

decrease in the oxidation potential of complex; shows a stronger electron acceptor, easier
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Figure 5.29. UV-vis absorption and fluorescence emission spectra of; (a) receptor R2 and (b)

receptor R3, and their corresponding complexes with AI**,
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electron transfer, higher emission intensity in the fluorescence experiment than the
receptors depicted in Figure 5.31. Thus, owing to the interaction between receptors and

AP the experiment provides evidence to decrease in oxidation potential and decline in

band gap energy.
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Figure 5.30. Differential pulse voltammograms recorded for both the receptors and their

I

corresponding Al°" addition product in methanol solvent.
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Figure 5.31. Energy level diagram of the receptors and their addition product with AI** metal ions.

5.3.3. Conclusion

The significant naked—eye “ON-OFF” type fluorescent probe (R2 and R3) for
detection of AI** was synthesized and characterized; the detection can be percept by the
significant color changes from colorless to sharp bright blue in methanol media under UV

light. It presents an outstanding selectivity to AI**

qualitatively as well as quantitatively by
the fluorescence spectrophotometry over other metal ions. Furthermore, the stability
constants and the detection limits of the receptor—AI** complexes were found to be 1.41 x
10* M and 1.59 x 10* M and 4.79 x 10° M and 8.28 x 10 M for receptor R2 and R3
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respectively. The receptors can be successfully applied in the physiological pH range. On
the other hand, the decrease in HOMO-LUMO band gap energy evidenced the more
binding ability of receptors with AI**. Not only this, the ligand can also be used to detect
AP in various samples under the UV light even though naked eye. Consequently, it is of
great utility for analysing large number of biological, analytical and environmental
samples.

5.4. PART (C) Aluminium fluorescent sensor based on Schiff bases N,N'-bis(o-
hydroxyacetophenone)-m-phenylenediamine and N-(o-hydroxyacetophenone)-o-
phenylenediamine

5.4.1. Experimental

5.4.1.1. Materials and measurements

2-Hydroxyacetophenone was obtained from Alfa Aesar and ortho-
phenylenediamine from Loba Chemie (India). Meta-phenylenediamine and all the metal
salts of analytical grade were procured from Merck, India and further used without
purification. The IR spectra were recorded on a Thermo Scientific Nicolet 6700 FT-IR
spectrometer in the range 4000—400 cm*. The *H-NMR and *C-NMR spectra were
recorded on a Bruker 500 MHz (USA), using CDClI; and CD30D as solvent, TMS as an
internal standard. The CHNS data were determined on a Vario MICRO Cube. The mass
spectra were recorded on Bruker—-MicrOTOF-Q IlI (USA). The differential pulse
voltammetric experiments were performed using a CHI760E Electrochemical Workstation

(USA) with a conventional three electrode cell system consisting of glassy carbon

electrode as working electrode, calomel electrode as reference electrode and platinum wire

as counter electrode. The UV-vis absorption spectra were recorded on a Shimadzu UV-

2450 spectrophotometer and the fluorescence emission spectra were measured on a

HORIBA Scientific, Fluoromax—4 spectrofluorometer using both the excitation and

emission slit width value of at 0.5 nm. For all the measurements, excitation wavelength

was 375 nm. The pH was determined through a Eutech CyberScan pH 510 (Singapore).

All the metal solutions for the study were prepared in methanol. Stock solution (10 mM) of

receptors (R4 and R5), and of different metal chlorides and nitrates were prepared in

methanol.

5.4.1.2. Synthesis of the Schiff base receptors
The receptors were prepared by condensation as per reported procedure [51] with a

slight modification (Scheme 5.3). A typical procedure for the synthesis of schiff bases is as
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2-((E)-1-(3-((E)-1-(2-hydroxyphenyl)ethylideneamino)

phenylimino)ethyl)phenol
OH
b ;
: J\\
N
; OH NH,
NH,

(E)-2-(1-(2-aminophenylimino)ethyl)phenol

H,N

R5

Scheme 5.3. Synthetic route for target compounds performing through; (a) for receptor R4 and (b)
for R5.

follows: a solution of 2-Hydroxyacetophenoene (10.0 mmol, 1.36 g) dissolved in 20 ml
ethanol was slowly added to a solution of 1,2-phenylenediamine or 1,3-phenylenediamine
(5.0 mmol, 0.54 g) in a 15 ml ethanol. The reaction mixture was magnetically stirred for
about 30 min and then refluxed for 3 h at 70 °C. The resulting solution was concentrated
by evaporation in vacuum and allowed to stand. The solid crystals were obtained and
washed throughly with distilled water followed by rewashing with cold ethanol and
recrystallized in ethanol. The pure schiff bases were isolated as a crystalline solid. The
structures of receptors were characterized by FT-IR, 'H-NMR, *C-NMR and HRMS

spectroscopy.

N,N'-bis(o-hydroxyacetophenone)-m-phenylenediamine (R4): Yield: 1.31 g
(76%); color: brown-black solid; m.p. 147-149 °C, and Anal. calcd. for
C22H20N20,: C=76.72, H=5.85, N=8.13, found: C=76.62, H=5.82, N=8.28; FT-IR
(KBr, v cm™): 3364 (O—H), 1602 (C=N), 1398 (C=C), 1301 (C—-N), 1247, 1155
(C—0); 'H-NMR (CDCls, 500 MHz, ¢ ppm): 2.337-2.382 (d, 6H), 3.732 (s, 1H),
6.240-6.297 (t, 1H), 6.469-6.515 (t, 1H), 6.731-6.746 (d, 1H), 6.863-6.914 (m,
2H), 6.998-7.031 (t, 2H), 7.137-7.168 (t, 1H), 7.341-7.419 (m, 2H), 7.603-7.646
(m, 2H), 14.413 (s, 1H); *C-NMR (CDCIls;, 500 MHz, § ppm): 17.07, 17.27,
107.76, 111.39, 111.58, 113.97, 117.69, 118.06, 118.23, 118.28, 119.68, 128.88,
129.01, 129.83, 129.92, 132.94, 133.23, 147.22, 147.99, 161.89, 162.00, 171.52;
HRMS (ESI, m/z): [M+Na]" calcd. for C2,H20N20,: 367.1422, found 367.1403.
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N-(o-hydroxyacetophenone)-o-phenylenediamine (R5): Yield: 0.78 g (69%);
color: yellow solid; m.p. 108-110 °C; Anal. calcd. for Ci4H14N20: C=74.31,
H=6.24, N=12.38, found: C=74.21, H=6.17, N=12.47; FT-IR (KBr, v cm_l): 3449,
3341 (NHy), 1613 (C=N), 1496 (C=C), 1416 (C-N), 1301, 1254 (C—-0); '"H-NMR
(CDCls, 500 MHz, § ppm): 2.382 (s, 3H), 3.656 (s, 2H), 6.722—6.737 (d, 1H),
6.789-6.817 (t, 2H), 6.897—6.927 (t, 1H), 7.032-7.063 (t, 2H), 7.376-7.407 (t, 1H),
7.652-7.667 (d, 1H), 14.815 (s, 1H); **C-NMR (CDCls, 500 MHz, ¢ ppm): 17.22,
115.79, 118.25, 118.32, 118.49, 119.78, 121.58, 126.20, 129.07, 133.24, 133.31,
138.21, 162.18, 173.69; HRMS (ESI, m/z): [M+H]" calcd. for Ci4H14NO:
227.1184, found 227.1188.

5.4.2. Results and discussion

The addition of a small amount of aluminium induced sharp intense blue
fluorescence and the resultant solution were then subjected to UV-vis absorption,
fluorescence emission, ESI-MS, electrochemical (DPV) and *H-NMR studies.

5.4.2.1. UV-vis spectral responses of the receptors

In preliminary study, the molecular interaction of the receptors (R4 and R5) was
explored by UV-vis absorption spectrum in methanolic solution (50 uM) in the presence
of 50 pM of a variety of metal ions (Cr®*, Ca®*, Ba*", Fe**, Fe**, Co*, Cu**, Cd*, Cs',
Hg?*, Gd**, Li*, K*, Na", Mg?*, Mn?*, Nd*", Sr**, Zn®*, Pb**, Ni** and AI**) and the spectra
shown in Figure 5.32(a and b). Both the receptors show two absorption bands centered at
324 nm and 254 nm. These bands arise primarily due to n—n* and n—=n* transitions. Upon
addition of AI** ions, both the receptors (R4 and R5) exhibit a weak absorption band in the
range at about 380 nm and 324 nm, respectively. It has been found that, upon addition of
metal ions such as mainly Cu?* and Cr®" with receptor R4 and Cu®*, Cr®" and Ni** with
receptor R5, shows a significant spectral changes in the absorption band in the region of
330430 nm under identical conditions. On the other hand, the other metal ions did not
cause any significant spectral changes under the identical conditions. Therefore, the results
show that these metal ions (AI**, Cu®**, Cr®" and Ni?*) could be distinguished easily over
other ones, using UV-vis spectroscopy. To further explore the utility of both the receptors
(R4 and R5) as a metal ion-selective receptor for these metal ions, the fluorescence

emission behavior of the receptors was investigated.
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Figure 5.32. Absorption spectra of receptors R4 and R5 in methanol in the presence of 1.0

equivalent of various metal ions.

5.4.2.2. Fluorescence emission spectral responses of receptors
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Figure 5.33. Fluorescence spectra of; (a) receptor R4 and (b) receptor R5 in the presence of 1.0

equivalent of a range of metal ions (40 pM) in methanol at A = 375 nm.

The fluorescence emission spectra of 40 uM solution of receptors R4 and R5 was

I** and many other matal ions (Ba®*, Ca?*, Cr*",

examined in the presence of 40 uM of A
Fe?*, Fe**, Co*, cu®, Cd*', Cs*, Hg*", Gd*, Li*, K*, Na", Mg*, Mn*", Nd**, Sr**, zn*,
Pb* and Ni*"). It is seen from the fluorescence spectra Figure 5.33(a and b) that the
addition of AP generate high fluorescence emission peak with Amax = 465 nm and 464 nm
for receptors R4 and R5 respectively. Other metal ions do not generate any significant
fluorescence under the identical conditions. Thus the response of the receptors to AI** is
highly selective and can be used for its determination in the presence of these metals by

means of calibration plot.

151



Studies on Some Chemical Sensors

5.4.2.2.1. Quantitative fluorescence exposure of AI** ions
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Figure 5.34. Fluorescence spectra of receptor R4 and R5 (40 uM) in methanol as a function of

I

exterior gradual addition of Al*" (from 0.0 to 100 uM); from bottom to top. Inset is the linear plot

between amounts of metal ion (0.0-50 uM) added and intensity at; Aem = 465 nm and 464 nm for
receptor R4 and R5, respectively.

Furthermore, the fluorogenic quantitative sensing ability of the probe for AI®*

was
studied. It was noticed that upon addition of increasing concentration of AI** (0.0, 5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100 uM), the fluorescence intensity of the
receptors R4 and R5 steadily increased up to 60 uM and after this no significant changes
were noticed (Figure 5.34 a and b). On behalf of this, the quantitative response of the probe
with AP metal ions was examined, and working curve was obtained (inset in the same
Figure). At the same time, a 1 nm and 3 nm red-shifts at the emission maxima were also
observed for receptors R4 and R5, respectively. The curve showed a good linear
relationship between the fluorescence intensity of receptor and concentration of the Al**

ions added (0-50 uM), which benefits for the establishment of working curves in practical
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Figure 5.35. Benesi-Hildebrand plot (a and b) for the determination of stability constant of R4 and
R5 for AI** in methanol at Ae, = 375 nm,
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AP®* detection. Thus, the detection limit for AI** has been determined to be 5.25 x 107" M
and 2.38 x 10° M for receptor R4 and R5, respectively. The binding constants of the
receptor—AI** complex for R4 and R5 was determined and found to be 6.64 x 10° M™* and
7.29 x 10° M respectively (Figure 5.35 a and b), as obtained by fitting the data to the
Benesi—Hildebrand expression.

5.4.2.2.2. Selectivity of the receptor to AI** over other cations

To further explore the selectivity of AI**

over other metal ions, competition
experiments were carried out, where the receptors R4 and R5 were first treated with
1.0 equivalent of various metal ions (including Ba®*, Ca®*, Cs*, Fe*", Fe*", cr*,
Gd*, K*, Li*, Na*, Mg®", Mn?*, Hg?*, Nd**, Pb?*, Co**, Cd*", Cu**, zn*, Ni** and
Sr?"), followed by adding 1.0 equivalent of Al**. Figure 5.36(a and b), shows that
the addition of AI®* to the mixture of competing metal ions and receptor produces
remarkable changes in the fluorescence intensity and no significant changes in
fluorescent intensity was observed excluding Cd**, Fe?*, Ni**, zn*"; and Cd**, Cs",
Fe?*, Zn®" and Ni** for receptors R4 and R5, respectively. Therefore, the

synthesized receptors are adequate in the detection of AI®*

in the presence of
competing metal ions and thus it can be used for its estimation in biological or

environmental samples where other metals usually co-exist with AI°*.
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Figure 5.36. Bar diagram screening the fluorescence response of other diverse metal ions upon
binding with; (a) receptor R4 and (b) receptor R5 in methanol (dark blue bar portion) and to the

mixture of 1.0 equivalent of other competing metal ions with 40 uM of AI** (red bar portion).

5.4.2.2.3. Effect of pH

Further, to ensure the metal ion selectivity for some biological applications, it is
exceptionally important to examine the pH effect. Therefore, the effect of pH on the
fluorescence emission intensity of receptors R4 and R5; and its complex with AI** ions

were examined (methanol:water; 80:20) in the pH range of 2-10 and no significant
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changes were observed in the fluorescence intensity of the receptors only. However, on the
addition of AI** led to the fluorescence enhancement over a wide pH range of 6.0-8.0
(Figure 5.37). It was observed that, in the alkaline pH range i.e. pH > 7.0, fluorescence
intensity declined due to formation of salt. On the other hand, the fluorescence emission
intensity of receptor—AI** complex was quenched due to the protonation of receptors in
acidic conditions. Therefore, the result shows that the receptors may be suitable for

[*

measuring Al*" ions in the physiological pH range and favourable for its application in

biological samples.
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Figure 5.37. Fluorescence intensity recorded for receptor—AI** complex in aqueous methanolic

solution (80:20) at various pH values shown at the slit width value of 0.5 nm.

5.4.2.2.4. Reversibility of the receptor towards metal ions

Reversibility is a necessity for developing a novel sensor for practical utility. Thus,
the chemical reversibility of the receptors R4 and R5 were examined by adding chelating
agent EDTA to AIP*. The binding constant between AI** and EDTA is 1.30 x 10 M
[52]; conversely the binding constants were found to be 6.64 x 10° M ™ and 7.29 x 10° M
for receptors (R4 and R5) and AP*. Thus, the addition of increasing concentration of
EDTA (0.0-1.0 equivalent) to a mixture of receptors (R4 and R5) and AI** resulted in
quenching of the fluorescence emission intensity at 465 nm and 464 nm gradually (Figure
5.38 a and b). It was observed that on adding of EDTA to the receptor—AI** solution, metal
ions were displaced from the ligand-metal ion complex which point towards the chelation
of APF* with EDTA releasing the free receptors R4 and R5 and receptor—AF* complex
goes to turn—off. Additionally, the fluorescence response of the probe—AIF* with added
equivalent amount of EDTA was examined under UV light and the change in color
demonstrated inset in the same figure. Such reversibility and regeneration are important for

the production of devices for detection of the AI** jons.
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Figure 5.38. Reversibility experiment from fluorescence emission spectra of; (a) receptor R4 and
(b) receptor R5 showing the changes of receptor—AlI** complex upon addition of EDTA (0.0-1.0
equivalent). Inset: images showing the corresponding fluorescence color changes under a UV lamp
(top) and addition of EDTA equivalent as a function of fluorescence intensity (bottom).

5.4.2.2.5. Stoichiometries of receptor complexes
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Figure 5.39. Proposed mechanism (CHEF) for the fluorescent sensing of receptor towards the Al**

metal ions.

Further, a most probable coordination mode for receptors R4 and R5 with AI** was
proposed and scrutinized. The changes in color of the receptors before and after addition of
A" were observed under UV radiation depicted in Figure 5.39. In the absence of AI** the
quenching of fluorescence intensity might be sufficient owing to the extent of
intramolecular charge transfer in the receptors [53]. On the other hand, the chelation of
receptors with A" restricts the free azomethine carbon with respect to the hydroxyl
phenyl ring and consequences in a significant fluorescence intensity augmentation

followed by a CHEF mechanism demonstrated in the same figure.
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The stoichiometry of the receptor—AI** complex with R4 and R5 was determined
by the job’s method. Thus, the plot of fluorescence emission versus mole fraction
[RI/([R]+[AF*]), was drawn in Figure 5.40(a and b). The maxima occur at 0.5 indicating
1:1 stoichiometry.
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Figure 5.40. Job’s plot for the interaction of receptor R4 and R5 with various mole fractions of
AP,
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Figure 5.41. HRMS spectra of;, (a) receptor R4 and (b) receptor R5 upon addition of
Al(NO3)3.9H,0 in methanol.

The stoichiometry was further confirmed by HRMS studies. HRMS plots are given
in Figure 5.41(a and b), where peaks for m/z = 450.1236, 387.1277 are obtained for both
the receptors R4 and R5, respectively. The peak at m/z = 450.1236 was the isotopic peak
of compound [R4-H+AI(NO3)+H,0]", the peak at m/z = 387.1277 corresponds to [R5
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H+AI(NO3)+CH30H+CHsCN]". As a little amount of moisture introduced with hydrated
aluminium salts may hydrolyse it and so lead to the formation of hydroxylated aluminium
compounds. Therefore, it can be assumed that the aluminium ions may be chelated by the
counter anions or solvent in order to satisfy the need of six-coordination. Thus, HRMS

I3

studies further confirm the 1:1 stoichiometry of AlI*" complex with receptors.

5.4.2.2.6. Solvent effect

In order to confirm the consequence of the unlike solvents such as DMSO,
THF, DMF, acetone and methanol; fluorescence spectrophotometry was explored
for the receptors followed by addition of AI** and the results are depicted in Figure
5.42(a and b). Thus, the change in fluorescence intensity owing to the unlike
binding mode of the receptors with AI** ions was observed in different solvents.
Consequently, methanol was concluded as the best solvent for the
spectrophotometric investigation of the receptors.

35000 {2y 12000 4

—— R4 (Acetone) (b) ——R5 (Acetone)
30000 4 —— R4+AI* (Acetone) —— R5+AI*" (Acetone

@ —— R4 (DMSO0) . 10000 4 — R5 (DMSO)
S 250001 —— R4+AI” (DMSO) 4 — R5+AI* (DMSO)
= —— R4 (MeOH) o —— R5 (MeOH)
2 o > 8000 3
5 —— R4+AI”" (MeOH) = —— R5+AI™ (MeOH)
< 20000 —— R4 (DMF) % —— R5 (DMF)
£ —— R4+AI”" (DMF) £ 60004 —— R5+AI*" (DMF)
8 15000+ — R4 (THF) 9 ——R5 (THF)
3 —— R4+AI™ (THF) 5 —— R5+AF (THF)
@ 10000 ~ & 4000 4
S o
3 o
L 5000 - E 2000 4

0 T T T T T T = = =

Wavelength (hnm) Wavelength (nm)

Figure 5.42. The effect of a range of solvents on the fluorescence intensity; (a) for receptor R4
and (b) for R5.

5.4.2.3. "H-NMR titration

Stoichiometry was further confirmed by *H-NMR titration experiments and
spectral changes are shown in Figure 5.43(a and b). The protons of aromatic ring
(6.12—-7.69 ppm and 6.58-7.67 ppm for receptor R4 and R5, respectively) as well as
the protons of aliphatic group shifted to downfield and became more complicated
upon addition of 1.0 equivalent of the AI** metal ions which indicated that the
structure of receptors became more rigid after coordination with Al**. Additionally,
the peak at 2.26 ppm due to —NH, group (Figure 5.43b) disappeared after addition
of 1.0 equivalent of AlI®", clearly indicating the bonding between —NH, and AI**

ions. These observations apparently designated that the original intramolecular
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(a)

1.0 equiv. AP* J

0.50 equiv. Al3*
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0.25 equiv. AP*

0.0 equiv. AP*
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Figure 5.43. '"H-NMR spectra of receptor R4 (a) and receptor R5 (b) with 0.0, 0.25, 0.5 and 1.0
equivalent AI* jons in CD;0OD.
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hydrogen bonding interaction between the phenolic O—H and the nitrogen atom of the
imine has been interrupted by the addition of AI** and a complicated *H-NMR spectrum is
observed [54, 55].

5.4.2.4. Electrochemical measurements

Voltammetric studies were also carried out to support the view that AI** forms
complexes with the receptors in methanol via ferrocene as a reference in DCM.
Differential pulse voltammograms for applied potential as a function of current attained for
both the receptors and their complex via AI**

this the oxidation peaks were detected at 0.296, 0.624 and 1.128 V for receptor R4 whereas

depicted in Figure 5.44(a and b). Owing to

all these peaks were shifted to 0.332, 0.636 and 1.108 V respectively and a new peak also
observed at 1.244 V after addition of AI** to the receptor. On the other hand, the oxidation
peaks were observed for receptor R5 at 0.184, 0.628, 0.872 and 1.200 V while after
addition of AI** all the peak potentials were shifted and found at 0.152, 0.680, 1.092 and
1.204 V. Thus, it can be concluded that the changes in redox potentials after addition of
AI** ions confirm the formation of R4-AI** and R5-AI** complex.

1o o IE
—e— R4+AI —e—R5+AI”

Ep =0.332

104 Ferrocene 10 4

Ferrocene

<
E Ep = 0.636 Ep = 0.296 = Ep Y0872 0.152
T 15 o 154 Ep =0.628
[ Ep = 0.624 =
E Ep =1.128 o Ep = 0.680
© 204 Ep = 1.092
T Ep = 1.200 -
Ep =1.108 Ep = 1.204
25 25
30 1— T . . 30 - T T T
15 1.0 0.5 0.0 0.5 15 1.0 0.5 0.0 0.5
Potential vs Ferrocene (V) Potential vs Ferrocene (V)

Figure 5.44. Differential pulse voltammograms; (a) for receptor R4 and (b) for R5 and its complex

I

subsequent to addition of 1.0 equivalent of Al°" in methanol.

5.4.2.5. Logic function

There are numerous reports in the literature on multifunctional molecular
logic devices which engage multiple fluorescent output modes. Therefore, starting
with two integrated inputs (Al** and EDTA) the fluorescence behavoir of both the
receptors R4 and R5 have ability to exhibit the logic function via an emission
output. The value of the emission can be obtained only when individual AI** is

present with receptors R4 and R5 and the value of the all other actions are 0 (Figure
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5.45). Furthermore, the logic function can be successfully developed when we
observe the intensity of fluorescence emission at 465 and 464 nm. Thus, on the basis
of these two input signals the ON—OFF mechanism of the developed sensor can be
symbolized as a combination of NOT and AND gate whether one of the two input
lines contains an inverter [56-58]. Consequently, the fluorescence intensity changes
at 465 and 464 nm upon the inputs of AI** and EDTA which can be interpreted as a

monomolecular circuit depicted in the same figure.

Input Output 35000
IN1 IN2 ouUT1 OUT2 . oooo4 Ra+AI"
5 25000 |
Al EDTA Receptor R4 | Receptor RS z
2 20000
(emission) (emission) £ RE+AI"
g 15000 -
0 0 0 0 g o000 R4+AI"+EDT A
g R5+AI"+EDTA
0 1 0 0 T 5000
0]
1 0 1 1 ™ e O O Y ™
1 1 0 0 W avelength/nm
EDTA % 465 nm
FL
AP
464 nm
FL

Figure 5.45. Truth table and the monomolecular circuit based on AlI** and EDTA by means of
fluorescence intensity. Spectral changes upon addition of EDTA to R—AI** complex (upper right
side).

5.4.3. Conclusion
In summary, we have effectively developed an inexpensive and simple naked-eye

1>

fluorescent probe (receptors R4 and R5) for AI°" in methanol media. It shows high

sensitivity and fluorescence selectivity towards AI**

over other metal ions. Further, the
reversibility of the receptors was also examined by quenching the fluorescence intensity
via EDTA titration. The detection limit was sufficiently low to detect the micromolar
concentration of AI**. More importantly, the receptors work efficiently in the physiological

pH spectrum and shows higher selectivity towards AI** ijons. Not only this, we can
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illustrate the one set of integrated logic gates: a combination of NOT and AND logic gate
approach under the actions of the receptor—AI** complex behavior by means of EDTA,
through the fluorescence emission. Thus, we believe both the receptors (R4 and R5) have
the ability to serve as a practical sensor for AI** analyzing a large number of biological,

analytical and environmental samples.
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1H-NMR Spectrum (500 MHz, CD,0D) of R1
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ESI-MS Spectrum of R2
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ESI-MS Spectrum of R3
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'H-NMR Spectrum (500 MHz, CDCl;) of R4
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ESI-MS Spectrum of R4
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13C-NMR Spectrum (500 MHz, CDCl;) of R5

6L"
GZ'BIl \
6"

8L®
85"
02921
6T —
'€€z7-
‘E€Et

"BET —

cE

Lo
1 14
143

69°

It

BIT
611
it

9ZT —

ELT

OH

H,N

ppm

10

70

130 120 110 100 S0

150 140

160

170

174




Determination of Aluminium by Fluorescent Sensors Chapter 5

ESI-MS Spectrum of R5
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