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ABSTRACT

Biomedical diagnosis and testing are often accompanied by inefficiencies, including high-
priced tests, high detection limits, and interference from other biologically relevant
molecules. To overcome such inefficiencies, the construction of electrochemical sensors has
attracted interest due to their promising nature. They are simple to fabricate, and they offer
high sensitivity and selectivity and low detection limits. In this research work, aniline and
some transition metals were used to form complex materials as tools in electrochemical
biosensor fabrication. In general, cyclic voltammetric (CV), square wave voltammetric
(SWV), and chronoamperometric techniques were employed to model the aniline metal
complexes electrochemical reactivities on working glassy carbon electrodes. Fourier
transformed infrared spectroscopy (FTIR), Transmission electron microscopy (TEM),
Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), Nuclear magnetic resonance (NMR), and Elemental analyzer (EA) were
used for further characterization. Furthermore, the materials were employed for
electrocatalytic detection of biologically active molecules.

In this regard, aniline-based metal complexes of bismuth, nickel, and cobalt were
synthesized, characterized, and applied for the electrocatalytic detection of biologically active
molecules. The complexes were synthesized by a simple complexation method using aniline
as a ligand. The as-prepared complexes were deposited on the glassy carbon electrode (GCE)
using the drop and dry method and investigated as an electrocatalyst for the efficient and
sensitive detection of dopamine, iodine, uric acid, and cysteine. The hybrid materials showed
good voltammetric sensor application for the detection of biologically active molecules. The
results indicated that the electrodes modified with the complex materials could detect
micromolar concentrations of dopamine, iodine, uric acid, and cysteine. The bismuth aniline
complex (BAC) indicated 12.3 uM and 23.17 uM low detection limits for dopamine and
iodine, respectively. The nickel aniline complex (NAC) revealed a 2.09 uM limit of detection
and a wide linear range of 2.5 pM-220 uM for cysteine detection. The cobalt-aniline complex
(COACQ) indicated 9.26 uM and 9.52 uM limit of detection for uric acid and dopamine
respectively, with linear ranges of 20 — 280 uM and 10 — 200 uM. The developed sensors
could eliminate the interference of other biomolecules such as ascorbic acid, glucose, and
histamine, to mention a few. The sensors were only selective to the analytes of interest. The
electrochemical sensors developed in this work demonstrate good potential for the molecular

diagnosis of neurological disorders such as Parkinson’s disease.
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CHAPTER 1
INTRODUCTION

1.1 Background Information

The development of cheap, easy-to-use, yet sensitive biosensing devices for early detection of
disease biomarkers has become significant due to their wide application in the environment
[1], foods [2,3], disease monitoring [4], monitoring of drugs [5], agriculture [6], and
industries [7], etc. Most importantly, in disease monitoring, biosensors are of immense use to
monitor and detect diseases that have infected human blood. The root cause of these diseases
has been through industrialization, which has caused resource depletion and impaired humans
health by exposing them to new conditions through pollution. These diseases can also be
traced to the imbalance of essential biological molecules in the body. Diagnostic tests are
usually conducted to monitor and detect these molecules in human fluid with the aid of
conventional techniques such as capillary electrophoresis [8], fluorescence spectrometry [2],
colorimetry [9], high-performance liquid chromatography (HPLC) [10,11,12]; just to mention
a few. However, these techniques are accompanied with a handful of drawbacks that includes
high-priced test, the requirement of experts to conduct analyses, the laborious task, coupled
with the time consuming [13]. Therefore, it is pertinent to pursue user-friendly, faster,
miniaturized, and convenient techniques that could complement existing analytical methods

and assure good quality results to resolve these challenges.

Point-of-care (POC) diagnostic devices hold a lot of promise for diagnostic testing. POC
devices such as the glucose biosensor used to monitor patients' blood glucose levels can
fulfill the requirements expected from a present-day analytical device. POC devices are
flexible, highly adaptive, versatile, and useful in health and environmental applications. The
POC devices market has soared, constituting 85% of the world market for biosensors [14]. As
a result, hybrid material /nanomaterial-based electrochemical sensors have gained attention
due to their promising nature. They are simple to fabricate, and they offer high sensitivity and
low detection limits [15]. These sensors can serve as a firm foundation for the detection of
diseases. They can convert biological or chemical responses into such an analytically
measurable signal.

Electrochemical-based sensors consist of three main components; a chemical recognition

element, a transducer, and a data acquisition device. The chemical recognition element is
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made up of an active sensing material such as a polymer, carbon nanotubes, graphene, and
metal nanoparticles, which can interact with the target molecule. The transducer component
transforms the recognition occurrence to an analytically measurable signal. The last
component of an electrochemical sensor is the signal processing system, which transforms

the measurable signal into a visual format.

The main focus of this work is the synthesis of aniline-based transition metal complexes and
their applications for electrochemical sensing of biologically active molecules. Aniline
transition metal complexes could successfully detect electrochemically active molecules.
Furthermore, the aniline-based metal complexes electrode modifiers could serve as platforms

for developing the next-generation sensors/biosensors.

1.2 Problem Statement and Research Motivation

Specific biological molecules play important functions in the human body and brain. For
example, the biological molecules sometimes act as neurotransmitters (NTs) in the
cardiovascular, hormonal, and central nervous systems. These molecules perform functions
including metabolism, mental activity, emotional expression, cell growth, thyroid hormones,
and neurotransmission. Examples of such biological molecules are ascorbic acid and
dopamine. However, the imbalance of these molecules in the body can be detrimental to
health; for example, low dopamine levels may lead to Parkinson's disease associated with

slowed movement, tremors, impaired posture, and imbalance; to mention a few [16,17].

In contrast, high dopamine levels may lead to schizophrenia (a chronic psychiatric disorder)
and obesity [14,16]. Also, iodine is required in the human body in trace amounts, but it is
essential for producing thyroid hormones such as thyroxine (T4) and triiodothyronine (T3).
These hormones assume a crucial role in a broad range of bodily functions, including bone
health, immune response, metabolism, and the central nervous system. lodine deficiency may
lead to goiter, hypothyroidism, and possibly intellectual disabilities in infants, while severe
cases can worsen hyperthyroidism and hypothyroidism [18,19]. The World Health
Organization (WHO) has estimated the number of individuals affected globally and die
annually owing to irregular neurological activity, approximately 6.8 million [20]. Hence, the

rapid and selective detection of these biologically active molecules is imperative.

Electroanalytical Chemistry has established an analytical substitute for the analysis of

neurochemicals using electrochemical-based sensors. These electrochemical sensors have
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advantageous properties such as high selectivity and sensitivity, swift responses, simplicity,
reproducibility, good controllability, and real-time detection [21,22]. To achieve sensitivity in
electrochemical sensors, the surface of the electrodes needs to be improved by modification.
In the current project, aniline-based transition metal complexes were chosen to act as
modifiers. Aniline has an amine site for potential metal coordination such that its interaction
with some selected metal ions gave rise to novel catalytic, luminescence, and other properties
of the complexes formed. Aniline also has proficient redox behavior especially when
oxidized. Furthermore, it can mediate the electron shuttling between the reaction sites to the
electrode surface, making it an efficient conducting platform for electrochemical sensors
[21]. The transition metal ion also imparted some desirable properties to the aniline complex,
such as good thermal stability and mechanical strength. This research work addressed
developing a protocol for incorporating the metal ions into the organic matrix and the strategy
to fabricate an electrochemical sensor platform. The electrochemical sensors fabricated using

metal-aniline complexes have exciting prospects for the analysis of biological molecules.

1.3 Justification

The need for quick and selective detection of biologically active molecules for humankind's
health and economic prosperity cannot be overemphasized. The effective fabrication of
highly sensitive and selective electrochemical sensors to satisfy this need is a definite
necessity. The justification for the proposed study is the need for a moderately low cost,
miniaturized, and convenient nano-sensor system with sample integrity for onsite application.
Aniline-based metal complexes have been indicated to hold a huge potential for improving
the working electrode's performance in sensor fabrication, thereby increasing the chances of
sensing the biological molecules. The integration of transition metal with aniline offers a
significant impact on biosensing. Transition metals salts of bismuth, cobalt, and nickel can
provide a large surface area, electrochemical stability, and catalysis behavior. Thus, these
transition metals could make a significant contribution to the advancement of

electrochemistry technology.

The design and construction of transition metal-based biosensors are an exciting area of
research in healthcare applications. Hybrids containing transition metals are suitable
supportive materials for electrocatalytic processes as they have intriguing surface structure,
excellent electrical and mechanical properties, limited aggregation, high stability, and

outstanding performance. Composites made with aniline monomer and transition metals of Bi
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[23,24], Co [25], and Ni [26,27] have previously been constructed for sensing applications,
but no evidence on the synthesis of aniline metal complexes using the oxidized species of Bi,
Co, and Ni for sensing applications. There are some pieces of evidence that Bi, Co, and Ni
preferentially formed a metal-ligand complex with aniline with tetrahedral geometry. The
synergistic properties of aniline and the transition metals provided a good electrochemical
response for the detection of biological molecules. The proposed sensor was also free from

coexisting molecules that could act as interferences.

1.4 Aims and objectives
1.4.1 Aims

This study aims to develop improved electrochemical sensors for the electrochemical
detection of some biologically active molecules using aniline-based transition metal

complexes synthesized with a simple complexation method.

1.4.2 Objectives

The specific objectives of this project are as follows:
I.  To prepare suitable aniline complexes of bismuth, cobalt, and nickel for the

fabrication of a biosensor.
Il.  To fabricate the complexes into the working electrodes.

1. To investigate the morphology, structural pattern, binding ability, and the interaction

between the transition metals and the aniline moiety.

IV. To carry out the optical and electrochemical characterization of the synthesized

aniline metal complexes.

V. To investigate the catalytic sensor responses for the aniline metal complexes

electrodes.

VI.  To apply the fabricated electrodes for the detection of biologically active molecules.

1.5 Thesis Statement

Electrochemical sensor platforms for detecting biologically active molecules with enhanced
and good sensor performance can be developed using aniline and transition metals complexes

as fabrication materials.
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1.6 Thesis Outline
The thesis comprised seven chapters:

Chapter 1: This chapter presents a general introduction, research problem, motivation,
justification, thesis statement, aim and objectives of the proposed research, and an outline of
the thesis.

Chapter 2: This chapter entails reviewing some biologically active molecules,
electrochemical sensors, and their market value, transition metal complexes, and their role in

the fabrication of sensors.

Chapter 3: This chapter discusses the materials, methodology, design, and apparatus used in
this work. The different characterization and electrochemical techniques used are discussed,

as well.

Chapter 4: This chapter contains a report on the synthesis and application of the bismuth

aniline complex for the electrochemical detection of iodine and dopamine.

Chapter 5: This chapter discusses the synthesis, characterization, and application of nickel

aniline complex for cysteine electrochemical sensing.

Chapter 6: This chapter reports on the electrochemical recognition of uric acid and dopamine

using the cobalt-aniline complex.

Chapter 7: This chapter presents the general conclusion and recommendation and future

projects established on the findings obtained in this current research.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter describes a general literature review of the various concepts relevant to this
study. A brief overview of biologically active molecules and their examples as well as the
high and low concentration problems associated with some selected biologically active
molecules in human beings. A general overview of sensors with emphasis on electrochemical
sensors and their transducing methods. Furthermore, an overview of transition metal
complexes as sensors and a brief review of the transition metal complexes-based

electrochemical sensors for sensing biologically active molecules was also presented.

2.2 Analytes

An analyte is a substance or chemical constituent that is being identified and measured.
Analytes are at times referred to as a component of blood or another body fluid. For this

project, analytes are biologically active molecules.

2.3 Biologically active molecules

To define a biologically active molecule, we need first to introduce what a biomolecule is. A
biomolecule, otherwise known as a biological molecule, is a commonly used term for
molecules found in organisms central to one or more usual biological functions, including
cell division, morphogenesis, or development [1].

Biologically active molecules exert a direct physiological effect on living organisms.
Examples of these biologically active molecules are alanine, cysteine, tyrosine, and glycine,
but to mention a few. These physiological impacts may be positive or negative, contingent
upon the molecule, the dosage, or the bioavailability [2].

Some important classes of biomolecules includes carbohydrates, enzymes, nucleic acids,
amino acids, and vitamins. We focused on some of the essential biomolecules in this project:
amino acids such as dopamine and cysteine. The amino acids are important biomolecules
containing both amine (NH2) and carboxyl (-COOH) functional groups. In biological
systems, these amino acids are the building blocks of proteins. Some amino acids are

biosynthetic precursors for neurotransmitters. For instance, the aromatic amino acids
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(tryptophan, tyrosine, phenylalanine) are the biosynthetic precursors for the
neurotransmitter’s serotonin, dopamine, and norepinephrine.

Other molecules that exert a physiological effect on humans looked upon in this project are
iodine and uric acid. Hence, we categorize them as biologically active molecules. lodine is a
fundamental component for the thyroid gland being the vital constituent of the thyroid
hormones thyroxine (T4) and triiodothyronine (T3), which control a variety of physiological
processes, including protein synthesis and enzymatic activity, and are significant indicators of
metabolic activity [3]. The other bioactive molecule, uric acid, has strong antioxidant
properties that can neutralize considerable numbers of free radicals. As a matter of fact, over
half the antioxidant capacity of blood plasma in human being comes from uric acid [4,5].

Dopamine and iodine are further discussed in the next sections.

2.4 Dopamine — definition and function

Dopamine (DA) is a biogenic monoamine that belongs to the catecholamine family of
neurotransmitters and very significant to humans [6]. It can be found or produced in the
brain, adrenal glands, as well as central nervous system. A molecule of dopamine comprises a
catechol structure (a benzene ring containing two hydroxyl side groups) with one amine
group attached by an ethyl chain.

DA performs a crucial function in the renal, mammalian hormonal, cardiovascular, and
central nervous systems [7,8]. It is commonly related to motivation, pleasure, movement,
attention, mood, sleep, behavior, arousal, and reward within the brain [9]. Besides, it's
involved in controlling cognition and emotion. It has the responsibility of sending signals
between the brain and different nerve cells of the body. The imbalance or depletion of
dopamine in the central nervous system may result in various neurological disorders such as
senile dementia, Parkinson's disease, and schizophrenia [10,11]. The last two conditions are

important to this study; hence they are discussed in the sections below.

2.4.1 Diseases linked to Dopamine

2.4.1.1 Parkinson disease

This is a disease that is best known for uncontrollable tremors. Parkinson's disease (PD) is
characterized by a dramatic decrease in dopamine-secreting cells in the substantia nigra,
contributing to motor impairment [12,13,14]. This disorder is usually predominant among

individuals above the age of 50 as the gradual decline in dopamine cells hits a critical level
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for the disease to manifest. However, juvenile cases have been reported on rare occasions
[15].

Individuals suffering from PD suffer a gradual loss of memory and a subsequent increase in
behavioral disturbances [16]. These occur as early symptoms, and as they become
pronounced, patients may have trouble talking, walking, or completing other simple tasks.
These symptoms begin to appear when the loss of nerve cells in the mid-brain approaches
80%. Cases of PD can either be acquired, genetic or idiopathic, meaning no origin is known.
PD is treatable, particularly when at its early stage. The use of L-DOPA (Levodopa), the
metabolic precursor of dopamine, for the treatment of PD at its early stages has proved to be
effective as it provides much-improved mobility for the patients [17,18]. However, when L-

DOPA is prescribed for such a long period, some unpleasant side effects might result.

2.4.1.2 Schizophrenia

Schizophrenia is a severe psychiatric illness that affects a little less than 2% of the human
population worldwide [16]. It's a chronic and painful condition characterized by distortion in
a person's ability to think, feel, and behave clearly. Individuals with schizophrenia require
lifetime treatment and are bound to die younger than the overall population because of other
underlying medical conditions such as diabetes and heart diseases [19]. Research has
revealed that schizophrenia affects both men and women equally but may spring up earlier in
the younger ones, mostly the male counterparts [20,21].

Possible symptoms that are associated with schizophrenia can either be classified as positive,
negative, and cognitive. Individuals with positive symptoms often "lose touch™ with reality.
They develop symptoms such as hallucinations, thought disorders, and movement disorders,
and delusions. Individuals with negative and mental symptoms, on the other hand, exhibit
disruptions to normal emotions, behaviors, and thinking. These include a deficit in attention,
motivation, executive, and memory functions [22,23,16]. Schizophrenia can be treated
(usually lifetime) with medicines, psychosocial support, and coordinated specialty care

services to reduce symptoms and improve quality of life.

2.5 lodine and its importance

lodine is a significant mineral needed in the human diet for the proper functioning of the
thyroid hormone required for the growth of the central nervous system, metabolism, bone

health, and immune response [24]. lodine helps synthesize triiodothyronine (T3) and
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thyroxine (T4) for the thyroid to function properly. It occurs more in the form of salt than
element; hence, its majorly referred to as iodide.

lodine inadequacy affects more than a billion individuals and recognized as the world's top
correctable factor of brain damage worldwide [25]. Consequently, it is necessary to prevent
iodine deficiencies by adding a well-controlled intake of this element in foods such as table
salt [26]. lodine is used in industrial applications for the preparation of intermediary
compounds used in synthesizing various chemicals. An iodine imbalance can result in an
underactive or overactive thyroid. Too little or too much iodine intake may result in
symptoms of hyperthyroidism or hypothyroidism [27]. Goiter frequently accompanies these
conditions. In pregnant women, iodine deficiency can cause spontaneous abortion, growth
retardation in the fetus, and still-birth [28]. lodine deficiency in infants and children can
cause neurodevelopmental deficits by impairing their intelligence level as measured by 1Q
[27,29,30]. The efficient determination of iodine is thus important in several domains,
including health and the environment.

There are several analytical methods employed for the detection of iodine such as capillary
electrophoresis  [31,32,33], colorimetry [34,35,36,37], ion-exchange chromatography
[38,39,40], spectrophotometry [41,42,43], and electrochemistry [44,45,46]. The most
commonly used method was coulometry by the Sandell-Kolthoff reaction, in which yellow
cerium (IV) is reduced to cerium (111) by As®* in the presence of iodide ions [47]. These
techniques are nevertheless high-priced, time-consuming, outdated, and involve complicated
laboratory management and instrumentation [48]. Also, some of the technique's performances
have been hampered and influenced by coexisting anions [49]. Therefore, finding a suitable
anion-selective sensor could resolve these challenges. The detection of iodine needs a simple
and sensitive approach utilizing cost-effective probes that allow no additional sample
preparation or reagents. Electrochemical techniques present the characteristics of being fast,

selective, sensitive, moderately inexpensive, and easy to implement.

2.6 Sensor

It is a device, module, or system that detects and converts signal (biological, physical, or
chemical) into a signal measured electrically. Sensors contain transducers that change one
form of energy into another. A sensor can be likened to an architecture of the human sense
organs such as the eye, ear, and nose, acting as a stimulus receptor and communicating with a

transducer that eventually leads to a signal that reaches the brain. In comparison, the human

12|Page


https://www.medicalnewstoday.com/articles/9153.php
https://www.medicalnewstoday.com/articles/163729.php

Chapter 2 Literature Review

senses transforms the input variable into an electric signal in the brain is the same way a

sensor transforms the input variable into an electric signal appropriate for measurement [50].

2.7 Types of Sensors

Sensors can be ordered into two classifications based on the means of detection used in the

Sensor.

2.7.1 Biosensor/Biological Sensor

It is an analytical device that comprises a transducer and a biological element used to detect
an analyte. The biological element may be a nucleic acid, an enzyme, or an antibody that
binds with the target molecule. The transducer translates the ensuing biological response into

electric signals by the transducer.

2.7.2 Chemical sensor

It is an analytical tool used to recognize a chemical substance that integrates a chemical
constituent with a physicochemical detector. The chemical constituent usually contains a
compound or group of compounds acting as the receptor. The receptors (synthetic) have in
their structure, functional groups that can selectively interact with an analyte of interest,
changing its physical properties so that the detector can gain an electric signal.

The synthetic receptors are more stable than biological ones used for biosensors. They also
have a molecular weight that is moderately small and can bind more strongly to the analyte.
Their primary downside is their comparatively poor biocompatibility. Chemical sensors are
useful in various areas, including medicine, environmental pollution, home safety, and

several others.

2.7.2.1 Types of Chemical sensors

Chemical sensors can be categorized according to the transducer operating principle:

1. Electrochemical sensor: Amperometric, Potentiometric, and Conductimetric/Impendence,
2. Optical sensor: fluorescence, absorbance, luminescence, reflectance, refractive index,
optho-thermal, light scattering,

3. Electrical sensor: metal oxide, an organic semiconductor, electrolytic conductivity
sensors, electric permittivity,

4. Mass sensitive sensor,
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5. Thermometric sensor,

6. Magnetic sensor.

Electrochemical sensors are the most promising sensor due to their user-friendly advantages,
low detection limits, low cost, a wide linear response range, and good stability and
reproducibility [51].

2.8 Electrochemical sensors

According to IUPAC, electrochemical sensors are associated with a group of chemical
sensors wherein the device's receptor part is connected to an electrochemical transducer [52].
Thus, it provides an effective way to analyze a sample by directly converting a reactant to a
product with the generation of electric signals.

The electrochemical sensor principle can be explained by the chemical reaction occurring
between an analyte and the conductive material (as a working electrode), which is monitored
electrochemically. After that, the transducer transforms the result of the analyte and
electrode's electrochemical interaction into a suitable electric signal in the form of an
oxidation/reduction peak of the analyte at a specific potential value. This signal confirms the

presence of an analyte of interest (Figure 2.1).

analyte receptor Transducer

recognition

Electrochemical signals

Figure 2.1: Working principle of an electrochemical sensor

Electrochemical sensors are an essential part of our daily lives, making up the most
significant proportion of all chemical sensors. Electrochemical sensors may employ a two or
three-electrode arrangement, and a potentiostat distinguishes the sensing performance. There

is a working and a reference electrode in a two-electrode system, while the three-cell system
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has a working, counter, and reference electrode. A transducer element (electrode) covered by
a recognition element (chemical/molecular) forms the working electrode. A reference
electrode may be Ag/AgCI electrode, Hg/HgCI electrode, while the counter electrodes are
typically made up of inert material such as Pt, Au, and graphite. The counter electrode applies
a current to the working electrode by conducting electricity from the signal source. It is used
in an electrochemical cell to complete the current circuit and is not involved in the
electrochemical reaction. The reference electrode's steady and constant potential could also
be used to measure the working electrode's potential. Electrochemical reactions take place at
the working electrode caused by the analyte of interest.

It is important to note that transduction/transformation of a biological or chemical signal into
electric signals can be achieved by electrochemical transducers/devices that employ different
techniques/mechanisms. Examples of these transducers are: voltammetric/amperometric,
potentiometric, and conductometric/impedimetric. These electrochemical transducers are
used in the development of electrochemical sensors. We will explore these electrochemical

transducers in the next section.

2.8.1 Types of Electrochemical Sensors

2.8.1.1 Voltammetric/Amperometric Sensors:

Voltammetric sensors reveal information (reduction potential and electrochemical activity)
about an analyte by measuring the current in an electrochemical cell as a function of the
varying or constant potential applied [53]. Probing a chemical system with a voltammetric
transducer will demand a three-electrode system: the reference, counter, and the working
electrode, connected with a voltage source (potentiostat) that allows precise application of
potential functions and measurement of the resultant current. The resulting curve/graph
formed when the analyte's current is plotted against the working electrode's potential is called
a Voltammagram [54]. Voltammetric methods can be utilized for various objectives,
including determining the oxidation/reduction potential of the analyte of interest, its
electrochemical activity, and kinetics of electron transfer processes. The voltammetric
experiment requires a small amount of analyte with a concentration ranging between 1-10
mmol/L and a volume of 1-10 ml. Hence it can be said to be non-destructive. Some of the
major types of voltammetry include square wave voltammetry, cyclic voltammetry,
differential pulse voltammetry, linear sweep voltammetry, and Amperometry [55]. These are

the main techniques used in the detection of various analytes reported in the literature. For
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example, Cho et al. reported the voltmmetric determination of iodine using mechanically
treated carbon nanofibers [56]. They employed the use of differential pulse voltmmetry to
determine the limit of detection that produced 0.59 uM and a linear range of 5-700 uM. Shen
Ming et al. developed an iodate sensor made up of a hybrid containing ruthenium oxide and
silicon molybdate [57].

A cyclic voltammetric detection technique was used in that report, which produced a
detection limit of 50 uM. The aniline complexes sensor developed in this project was
designed to improve the sensitivities and detection limit of some iodine sensors reported in
the literature. In addition, a sensor with a wide linear range was also developed to address
other iodine illnesses that might emerge when iodine levels are too high. According to
research, excess iodine, defined as concentrations larger than 4.73 uM, has been linked to
health problems such as hyperthyroidism and autoimmune thyroid disease [58]. Balamurugan
and his colleagues conducted a study and employed a nanostructured polymer electrode to
detect iodine [59]. They adopted the amperometric technique for the detection process and
achieved a linear range of 0.1-0.4 uM. A report of dopamine and uric acid detection by Cai et
al. is not an exception [60]. They used graphene fibers enhanced with NiC0204 for the
simultaneous detection of UA, DA, and AA using the DPV technique. A very narrow linear
range of 1-13 uM and 10-26 uM for DA and UA respectively was produced by their sensor.
These restricted linear ranges will pose a challenge in detecting DA and UA on patients with
high concentrations. Therefore, there is a need to improve the linear range of biomolecules
sensors and that we were able to achieve in the current research.

In a report documented by Majd et al. [61], the modified electrode could detect cysteine at
high potentials of 0.8 V from the cyclic voltammogram. However, overpotential can reduce
the electrochemical response of analytes on modified electrodes. Therefore, the study was
aimed at developing sensors that will detect biomolecules at lower potentials. One
outstanding advantage of the current research was to develop sensors that are simpler and less

costly.
2.8.1.2 Conductometric Sensors

Conductometric sensors measure conductivity changes ascribable to charge transfer between
the probe and analyte. They can detect a change in the conductive properties of the sample
during a reaction [62,63]. The method used by these types of sensors is non-selective [64].

These sensors are simple, attractive, offer low cost, and do not require reference electrodes
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[65]. According to the conductivity measurement, improvement of conductivity sensors'
instrumentation has brought about analytes' fast and straightforward determination [66]. More
so, conductometric devices are applicable in investigating enzymatic reactions that give rise
to concentration changes of charged species in a solution [67]. It has been reported that some
analytes such as creatinine acetaminophen, glucose, urea, and phosphate have been

determined using conductometric biosensors [68].

2.8.1.3 Potentiometric Sensors

Several decades ago, these sensors had the most common practical applicability due to their
cost, simplicity, and familiarity. A solution's potential is measured in potentiometry by
measuring a working/ indicator electrode's potential against a selected reference electrode at
zero current. The potential difference between the two electrodes assesses the composition of
the sample [69,70,71]. Alternatively, potentiometry supplies information regarding the ion
activity in an electrochemical reaction. Potentiometric devices can be divided into three
types, namely ion-selective electrodes (IES), Coated Wire Electrodes (CWES), and Field
Effect Transistors (FETS). Potentiometry usually uses an indicator electrode (ion-selective
electrode) to measure an ion of interest activity selectively. The measurement's sensitivity
will be affected when it takes the electrode to establish equilibrium with the solution.
Potentiometric sensors are suitable for measuring tiny sample volumes containing low
concentrations since they preferably offer the advantage of not chemically influencing a

sample.

2.9 Challenges of conventional methods of sensing biologically active molecules

Several methods have been investigated to detect biologically active molecules and other
analytes within the physiological system. These methods are high-pressure liquid
chromatography (HPLC), brain micro-dialysis, mass spectroscopy (MS), and capillary
electrophoresis (CE) [72]. These techniques were eventually substituted with imaging
techniques, to cite an example; proton nuclear magnetic resonance, electroencephalography
(EEG), and magnetic resonance imaging (MRI) [72]. Studies were conducted using
integrated HPLC and electrochemical (EC), coupled electrochemical and fluorescence, and
capillary electrophoresis laser-induced fluorescence-based analytical technique for the
detection of DA, Serotonin (5HT), and acetylcholine [73,74]. lodine was being monitored

spectrometrically by Sandell-Kolthoff reaction and inductively coupled mass spectrometry
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(ICP-MS) methods [75,76]. However, these methods experienced some limitations, including
time consumption, expensiveness, additional sample treatment, low temporal resolution, and
inability to use as point care devices (bulkiness). Hence, new techniques such as single voxel
MEGA-edited PRESS magnetic resonance spectroscopy and Surface-Enhanced Raman
Scattering came into the limelight [77]. Integrated analytical and imaging techniques have
also been developed for the recognition of biologically active molecules. Examples of such
imaging techniques include chromatography, chemiluminescence, fluorimetry, mass
spectroscopy, and capillary electrophoresis. In some cases, these methods require additional
time for sample preparation, skilled human resources, expensive, low sensitivity, and
specificity [78,79]. Hence, the demand for a new analytical technique that can overcome

these drawbacks became a necessity.

2.10 Improved Sensing Techniques

Some improved sensing techniques have been discovered as good and promising approach
for sensing purposes and are now widely utilized in sensing neurotransmitters in blood
plasma and urine. These techniques can be categorized into two parts, namely the
electrochemical and optical methods. The electrochemical sensor mainly involves the
immobilization of the working electrode with cells, antibodies, enzymes, oligonucleotides,
biomimetic polymers, or catalytic nanomaterials, thereby producing conductivity or
resistivity effects [80]. On the contrary, optical sensors work based on optical physics to
result in either fluorescence or luminescence or endpoints. In this work, electrochemical
techniques were explored in detail. The working mechanism of the electrochemical sensor

has earlier been summarized in Figure 2.1.

2.11 Electrode materials

An electrode is a conductive material through which an electric current enters or leaves an
electrolyte, and the electrode also determines the input and output of the process [81].
Electrodes serve as a vital components of the electrochemical cell and the location in which
the equilibrium between the sensing material and the analyte in the solution is formed for
oxidation-reduction [82].

Examples of materials used as electrodes are metals such as gold, silver, platinum, mercury,
semiconductors such as metal oxides, and different carbonaceous materials [83]. The
characteristics of the electrodes used in electrochemical sensors can have a significant
influence on their quality. For an electrode to be suitable for electrochemical oxidation of
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biologically active molecules, it should be made of a material with high electrical
conductivity, good mechanical property, good catalytic activity and reproducibility, and low
toxicity and low cost. Also, it must be physically and chemically stable and resistant to
corrosion.

The working electrode, often regarded as the indicator electrode, is indisputably the most
significant electrochemical cell component. It is where the electrically driven chemical
reaction and electron transfer transpires. Thus, it’s useful in revealing an analyte’s properties.

Some of the working electrodes used in electrochemical sensors are described below.

2.12 Materials used as working electrodes for electrochemical sensing
2.12.1 Metal electrodes

The most commonly employed metal electrodes in electrochemical sensing include silver,
gold, aluminum, and platinum. These noble metals can be collected with high purity, quickly
processed, and developed in a wide range of configurations such as rods, wires, flat sheets,
and woven gauzes. In this process, the likes of platinum, aluminum, and gold electrodes were
modified and used.

These metals possess a wide range of anodic potential and favorable electron Kinetics.
Nevertheless, their cathodic potential window range is limited due to their low hydrogen
evolution overpotential. More so, their tendency to form surface oxides could result in the
production of high background current, which could inevitably affect the electrode reaction
kinetics of the electrodes [83,84]. The silver electrode has been described as good and
utilized to produce chemically modified electrodes in electrochemical processes. Platinum
and gold are easily manufactured and chemically stable. More examples of metals used as
electrode materials are copper and nickel, which have been reported to be utilized for the
electrochemical sensing of amino acids and carbohydrates [83,85,86]. Additionally,
platinum—ruthenium and nickel-titanium electrodes possess bifunctional catalytic
mechanisms and have been used in fuel cell preparations [83].

Ganjali et al. used gold UMEs (ultra-micro electrodes) to detect methyl morphine in human
urine and plasma. They showed that the analyte could oxidize at the bare electrode, but the
chemically modified electrodes produced a higher current response with a lower potential
[87]. El-Said et al. also reported that gold electrodes were highly sensitive, especially when

modified to detect epinephrine using cyclic voltammetry, produced a wide linear range of 50
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MM to 1000 puM. A recent report also identified electrodes' development with gold film and
their suitability for DA recognition and a cell-based chip [88,89].

2.12.2 Carbon electrodes

Carbon-based electrodes have been broadly used in electrochemical processes involving
aqueous and non-agqueous solutions. They are superior to solid metal electrodes due to their
excellent properties, such as chemical inertness, low resistivity, low background current, low
cost, good thermal conductivity, wide anodic potential range, extraordinary mechanical
properties, electrical conductivity, and high ratio. These features have been of immense
usefulness in electroanalytical chemistry, mostly in the sensor tool. Examples of carbon
electrodes used include glassy carbon electrode, screen printed electrode, doped diamond
electrode, carbon paste electrode, carbon-ceramic electrode, graphite paste electrode, pencil
graphite electrode. They possess the sp? bonding and the six-member aromatic ring in their
structure [90]. However, these electrodes differ in their electrochemical properties due to the
relative densities of their edge and basal planes [90]. In this work, the emphasis was laid on a

glassy carbon electrode.

2.12.3 Glassy carbon electrode

These electrodes are the most extensively studied by being relatively cheap, have a wide
potential anodic window, chemical inertness, and impermeability to gases [91,92,93]. In
addition, it is a convenient inert electrode consisting of a carbon substrate that combines
glassy and graphite ceramic.

Usually, the electrode is pre-treated for reproducibility by scanning over a wide range of
potential windows using the cyclic voltammetry technique. Mechanical treatment is also
being applied by gently polishing the surface with a figure 8 motion on a micro-fabric cloth
with ~1 micron, having an alumina slurry, and then sonicated in a solvent to remove any
glued alumina paste. The electrochemical properties can be modified by adjusting the surface
with different materials, thereby increasing its applicability or efficiency regarding sensitivity
and selectivity. It is used in different electrochemical processes such as sensing, energy,
environmental remediation, and biomedical applications when modified with additional
materials such as metal nanoparticles, semiconductors, and conducting polymers, to mention
a few. Carbon electrodes enable scanning with increased negative potentials than gold or

platinum but possess the disadvantage of being expensive, hard, and difficult to shape. The
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recognition of neurotransmitters using GCE was also undertaken by different researchers
[94,95]. Modifications of the GCE by various researchers gave rise to subsequent

improvement in the detection.

2.13 Influence of modification of electrodes

It is often observed that the redox reaction of an analyte on a bare electrode surface using
voltammetric methods including cyclic voltammetry or square wave voltammetry produces
an oxidation or reduction potential that is slightly higher than the thermodynamic potential.
Therefore, to improve the analyte signal's transduction in electrochemical sensing, the
working electrode surface may be modified with a material that offers desirable properties,
for example, electrical conductivity. The surface improvement is significant in achieving an
extraordinary result with regards to sensitivity and selectivity. The working electrode may be
modified with materials such as nanoparticles and semiconductors. It should be of note that
the present scenario of sensors in science results from the emergence of those materials and
their consequential developments in the field of material science. Unlike the solid or bare
electrodes where only single overlapped signals are obtained, the modified electrode enables
the resolution of each analyte's signals. In this project, the working electrodes were modified
with transition metal complexes of aniline. An overview of this material and how it improved
the sensing properties of the electrochemical system would be highlighted in subsequent

sections.

2.14 Transition metal complexes and their importance as sensors

Transition metal complexes are anionic, cationic, or neutral species in which ligands
coordinate a transition metal. [96] The transition metal complex comprises a transition metal
ion that is often referred to as the central atom (or ion) that binds several ions or molecules
called ligands. The bonding of the ligand with the metal usually requires the formal donation
of at least one of the ligand's electron pairs.

Some ligands bind to the central metal through two or more different ligand atoms, forming
part of a heterocyclic ring (mostly five and six-member) where the metal is one of the
members. Such a metal complex is called “metal chelate.” On some occasions, some other
ligands' stereochemistry does not allow all the binding sites to be concurrently bonded to the
same metal [97,98]. This scenario implies that a potentially tridentate ligand could operate as

a bidentate ligand.
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Transition metal ions possess rich chemistry owing to their close-lying energy bands, which
are comprised of partially filled d-orbitals. The transition metals hence operate as unique
agents in various biological mechanisms. The transition metals likewise show various states
of oxidation and can interact with a variety of molecules that are negatively charged.
Transition metal complexes have found importance in materials synthesis, catalysis,
photochemistry, and biological systems. They exhibit different chemical, optical and
magnetic properties and are promising materials for electrochemical sensor development
because of their electrochemical properties, electrical properties, and stability [99]. The
reactivity of these transition metal complexes is reliant on the metal's nature and the attached
ligand.

The metal ions in complexes have a characteristic of a lewis acid coupled with high electron
affinity, making them strong receptors for donor Lewis bases, including large numbers of the
analytes we are keen on detecting. Furthermore, the transition metal complexes go through
metal-ligand exchange reactions with different analytes, facilitating processes of detection via
a displacement approach. In addition, the incompletely filled d orbitals of the transition
metals give metal complexes desirable electronic and magnetic properties, rendering them
favorable chromophores or paramagnetic centers as sensor building blocks. Therefore, in
light of these highlights, metal coordination can be utilized in numerous areas of sensor

fabrication.

2.14.1 Aniline-Transition Metal Complexes

The ability of aniline to form stable transition metal complexes is one of the bases of their
usefulness as an analytical reagent for sensitive qualitative and quantitative determinations.
Aniline is an aromatic compound consisting of an amine attached to a benzene ring (Scheme
2.1). The phenyl group has alternating double bonds, while the amino group contains nitrogen
with two hydrogen atoms attached to it. The nitrogen atom on the amine ring of aniline
contains a lone pair of electrons. This lone pair of an electron is donated to some highly
charged metals such as Ni%*, Co?*, Cu?*, to form a complex.

Metal complexes coordinated to appropriate ligands are chemically more effective and
distinct than metal ions [100]. The preparation of transition metal complexes using aniline
ligands has significantly increased ligands and complexes' pharmacological properties [101].
It is believed that the amine group from the aniline can improve the charge transfer in the

aniline transition metal complexes, thus enhancing sensing performance [102]. The resonance
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effect on aniline also contributes to its conductivity when complexed with metal ions.
Conjugated systems having resonance structures have delocalized electrons, i.e., electrons
move around the system, thus bringing more stability to them. Scheme 2.2 presents the
resonance structure of aniline. The participation of lone pairs of electrons on nitrogen causes

the resonance structures of aniline.

NH,

Scheme 2.1: Structure of aniline

Scheme 2.2: Resonance structure of aniline

2.14.2 Transition metal complexes for the electrochemical detection of biologically
active molecules

Electrochemical sensors play a significant role in different fields, including biomedical
analysis [103], bioelectronics [104], cell [105], microbe analysis [106], molecule
determination [107], industrial processes [108], monitoring different species in the
atmosphere [109], and food quality control [110] [111,112].

They utilize the sensitivity and selectivity of chemical receptors toward their corresponding
analytes in conjunction with the electrochemical transducers to convert complex chemical
signals into simple, easy-to-use signals. Transition metal complexes as chemical receptors
can improve the sensitivity and catalytic response of fabricated electrochemical sensors.

Transition metal complex materials have gained ground in medicine, environmental sciences,

23|Page



Chapter 2 Literature Review

and basic studies. In electrochemical sensing of biologically active molecules, transition
metal complexes containing Schiff base ligands have mostly been explored. Pazalja and his
co-workers reported cysteine recognition with an electrochemical sensor based on Ru(lll)
Schiff base complex and a carbon nanotube. The observations showed that combining multi-
walled carbon nanotubes with the complex material used to modify the electrodes produced
an enhancement of the oxidation current signal for cysteine detection [113]. Hassanzadeh and
his colleagues reported ascorbic acid and dopamine sensing using a cobalt Schiff base
complex and a surfactant as a modifier for a carbon paste electrode. The findings revealed
that the modified electrode improved the electrochemical recognition of ascorbic acid and
dopamine [114].

Zare-Mehrjardi and Hamid [115] reported a dopamine and ascorbic acid electrochemical
sensor based on a Schiff base complex of molybdenum and toluidine to modify a carbon
paste electrode. The results revealed that surface regeneration, easy design of the modified
electrode, good peak resolution, and sub-micromolar detection limits categorize the prepared
electrode for simultaneous voltammetric determination of dopamine and ascorbic acid. Amiri
et al. [116] reported uric and ascorbic acid detection performed simultaneously through a
carbon electrode modified with Schiff base composite containing cobalt. The effect of certain
parameters, such as scan rates and pH, were investigated. Experimental results showed that
with a rise in pH, the current responses for ascorbic and uric acid oxidation changed towards
negative potential, showing that protons have participated in their processes of electrode
reaction.

In some other works, Xu and his co-workers developed a Macrocyclic nickel(11) complex and
hydrophilic polyurethane film electrodes for the electrocatalytic oxidation and selective
detection of norepinephrine [117]. They observed that the Ni(Il) complex-modified electrode
negatively shifted oxidation potential and increased current in phosphate buffer at pH 7.4.
Furthermore, the Ni(ll) complex-modified electrode, when coated with polyurethane film,
increased the selectivity for norepinephrine over ascorbic acid and uric acid. Zheng and Song
developed Nickel(Il)-baicalein complex modified multiwall carbon nanotube paste electrode
for the electrocatalytic oxidation of glycine [118]. The cheap and effective electrochemical
sensor reveals enhanced reversibility and improved current response towards the oxidation of
glycine.

Majdi and his colleagues described the electrochemical recognition of biomolecules such as

alanine, l-arginine, I-phenylalanine, I-lysine, and glycine on a glassy carbon electrode
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modified nickel curcumin complex [119]. The results indicate that the amino acids were
oxidized through an electrocatalytic mechanism on the redox mediator, which was
immobilized on the electrode surface. Also, Leonardi et al. developed a novel manganese
(111) complex for the electrochemical sensing of ascorbic acid [120]. The sensor demonstrated
high sensitivity to ascorbic acid in the presence of some interfering molecules.

In another attractive report by Maree and Nyokong, ring-substituted cobalt phthalocyanine
complexes were synthesized and applied for cysteine's electrocatalytic oxidation [121]. The
results showed that the catalytic currents and cysteine oxidation potential are solely reliant on
the pH of the solution. As the pH increases, the potential becomes more negative, and with a
rise in pH, the catalytic currents decrease. Ni et al. demonstrated the amperometric
determination of epinephrine with an osmium complex and Nafion double-layer membrane
modified electrode [122]. The modified electrode displayed excellent electrocatalytic activity
for epinephrine oxidation. Flavia et al. developed a Cobalt Salophen complex to detect iodide
using amperometric and potentiometric techniques [123]. They found out that the
amperometric technique produced a lower detection limit than the potentiometric method.
The above literature shows that metal complexes of aniline have not been explored for
sensing applications. Hence, this research explores the aniline metal complexes of Bi, Ni, and
Co for the electrochemical sensing of some biologically active molecules. As a result, a more
straightforward method to synthesize these complexes was adopted, which proved to be an
advantage over what has been reported in the literature.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 Introduction

This chapter deals with the experimental procedures employed to attain the aim/objectives of
this research work. It sequentially describes the synthesis route and techniques for the
material and optical characterization of the materials utilized in this research. The whole
chapter can be divided into four sections, as follows:

% Materials: Basic information on all the materials used throughout the study.

% Experimental Design: An outline of the entire sequential steps taken to resolve the

problem of this research.

®,

% Methodology: A comprehensive detail on the characterization and instrumental

techniques used in developing an electrochemical sensor.

3.2 Chemicals and Materials

All the chemicals used throughout the study were of analytical grade and used as it is without
additional purification. Ultra-pure Milli-Q water (from Millipore) with 18.2 MQ at 25 °C was

used to prepare all solutions. All the materials used in the whole study are listed in Table 3.1.
3.3 Experimental Design

There were some sequential steps put in place for the research to achieve its objectives.
Firstly, the materials were synthesized and characterized using various techniques such as
TEM, XRD, XPS, FTIR, UV-Vis. Then, upon successful synthesis and characterization of the
materials, their electrochemical properties were investigated. This was done to find its
potential as a biomolecule sensor with the aid of a three-electrode system and a Potentiostat.

A diagrammatic description of the entire research work is shown in Figure 3.1.

37|Page



Chapter 3

Experimental Methodology

Table 3.1: Chemicals and materials used in the work

Serial No Chemicals/Materials Source
1 Dopamine Sigma-Aldrich
2 Potassium lodide Sigma-Aldrich
3 Uric acid Sigma-Aldrich
4 Cysteine Sigma-Aldrich
5 Sodium Sulfide Merck
6 Bismuth Nitrate Pentahydrate ~ Fluka Chemica
7 Cobalt sulfate heptahydrate Sigma-Aldrich
8 Nickel chloride hexahydrate Sigma-Aldrich
9 Buffer components: Na2HPO4, Rochelle chemicals
KH2POy4, and KCI
10 Pt auxiliary electrode BASI
11 Glassy carbon electrode BASI
12 Ag/AgCl electrode BASI
13 Alumina micro polish powder Buehler
(1, 0.3, and 0.05 micron)
14 Ultra-pure Milli Q water with Millipore
18.2 MQ at 25 °C
15 Nafion Sigma-Aldrich
16 Ethyl Acetate Merck
17 Ethanol Sigma-Aldrich
18 Methanol Sigma-Aldrich
19 Nitric acid Rochelle
20 Sulphuric acid Rochelle
21 Acetone Promark Chemicals
22 Aniline Sigma-Aldrich
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Synthesis of catalystvia

a simple complexation
method

Characterization of Electrode (WE)
catalyst by optical and modification by using
microscopic method drop and dry method

Electrochemical analysis
with potentiostat

Analyte detection:

Result and lodine, Dopamine, Uric
discussion _ acid, cysteine and

Tyrosine

Figure 3.1: Flow chart of the entire research work

In designing the electrochemical sensor, the following successive steps were used.
1. Electrode and Buffer preparation: This involves cleaning the electrode for use and

preparing the electrolyte buffer system for electrochemical analysis.

2. Standardization of the electrode: This step ensures the electrode's cleanliness by
taking some electrochemical measurements. The behavior of the electrodes in the

presence of blank analytes could also be ascertained.

3. Optical and Electrochemical measurements: VVoltammetric and optical methods were
used to characterize the complex materials to extract useful details concerning
electrode modification to develop electrochemical sensors. The techniques used were:
Fourier Transform Infrared Spectroscopy (FTIR), Transmission electron microscopy
(TEM), Scanning electron microscopy (SEM), Elemental analysis (EA), Nuclear
Magnetic Resonance (NMR) Spectrometry, X-ray diffractometry (XRD), Cyclic
Voltammetry (CV), Square wave Voltammetry (SWV), and Chronoamperometry
(CA).
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4. Preparation of the aniline metal complex modified platform: This involves modifying
the bare electrode with the synthesized material to develop an electrochemical sensor.

The electrodes were modified using the 'drop and dry method.’

5. Analyte sensing: This step involves the electrochemical recognition of analytes
(iodine, dopamine, uric acid, and cysteine). The electrochemical techniques used for
these analytes recognition are cyclic voltammetry (for quantitative), square wave

voltammetric, and chronoamperometric (for qualitative).

6. Electrochemical sensor evaluation: This involves measuring response to analytes,

stability, selectivity, sensitivity, reproducibility, linearity, and detection limit.

3.3.1 Buffer preparation

The phosphate buffer saline (PBS) was used as an electrolyte solution because its pH
resembles pH-controlled conditions of physiological conditions. The PBS solution was
prepared by dissolving 4.34456 g of K;HPO4 and 3.4025 g of KH2PO4 in a separate 250 ml

volumetric flask.

3.3.2 Preparation of Ferri/Ferrocyanide [Fe(CN)s]**

5 mM of [Fe(CN)s]*"* was prepared by dissolving 0.1646 g of KsFe(CN)s and 0.212 g of
K4Fe(CN)s were dissolved in 100 ml (10 mM) PBS to make a concentration of 5 mM
(Ferri:Ferro-cyanide = 1:1). The prepared samples were used as FCN electrolytes.

3.3.3 Electrode preparation

The electrochemical setup involved a conventional three-electrode system that consists of a
reference electrode (RE) made up of Ag/AgCI type, a glassy carbon electrode (GCE) as the
working electrode (WE), and a platinum wire as the counter electrode (CE), as shown in
Figure 3.2. The GCE was modified with synthesized materials using the drop and dry
method. The GCE was always washed at the end of each run by careful polishing with
alumina slurry of various sizes (0.05. 0.03 and 1.0 puM), separately and successively
ultrasonicated in distilled water and ethanol for 3 mins. The CE was always cleaned by
placing it in a red flame until it becomes red hot; after that, it was rinsed with de-ionized

water. Finally, the RE was stored continuously in a solution of 3 M KCI when not being used.
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A final control process was always conducted before the working electrode (GCE) is
modified and ready for use. This control process involves placing the electrode in a 10 mM,
7.5 pH PBS solution in an electrochemical system and running a CV scan between a potential
window of -0.1 V to 0.7 V at 50 mVs™ scan rate. The non-appearance of a peak within this

electrochemical window confirms the working electrode's cleanliness.

8
BT

-
=M
n

Figure 3.2: The three-electrode system in an electrochemical cell configuration coupled with
a potentiometer

3.3.4 Synthesis Method

The synthesis of the transition metal complexes was done at room temperature. Temperature
plays a huge role in the shape and size of nanomaterials or complexes. A transition metal salt
of the metal complex to be prepared was used as a metal precursor in each section. The metal
complexes were formed as an aqueous solution of the metal precursors was added dropwise
to an aniline solution (in methanol /ethanol). The generated complex precipitates, resulting in
the creation of metal complex particles. The aniline in the solution acts as a precipitating
agent. All the aniline transition metal complexes were synthesized by a similar procedure.
The synthesized samples were divided into different portions for characterizations and

experiments.
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Equations (3.1) and (3.2) were used as models for the preparation of solutions utilized in this
project.

Mass

molarity(M) * volume(ml) * molar mass(%)

B 1000 (3.1)

CiV1 =GV, (3.2

C1 and C; are concentration in moles per liter

3.4 Methodology
3.4.1 Material Characterization

3.4.1.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR is a versatile, non-destructive, and non-contact analytical tool used to identify the
vibration characteristics of chemical functional groups present in materials by obtaining their
infrared spectrum of absorption or emission. It is built upon the absorption of light by
molecules in the infrared region of the electromagnetic spectrum. The irradiation of a
molecule with infrared light induces vibrations within the molecule. As an interaction occurs
between the infrared light and the sample, chemical bonds will stretch/bend/contract in
response to the light. Chemical compounds absorb infrared radiation with their absorption
peak energy corresponding to their bonds' vibration frequency or energy [1]. Consequently,
the analyzed sample's molecular fingerprints can be generated as the different functional
groups absorbs characteristic frequencies of the infrared radiation irrespective of the structure
of the rest of the molecule. These processes make infrared spectroscopy effective for a range
of analyses. The infrared (IR) spectrum of any sample can be obtained within a few seconds
without any elaborate sample preparation. A functional group in an analyzed sample is
usually checked by comparing the band wavenumber position with the chemical structure. In
this study, FTIR was utilized to obtain the characteristic IR peaks of the synthesized materials
used to modify the glassy carbon electrodes. The infrared (FTIR) spectra were measured
using a Shimadzu IRAffinity-1 in wavenumber range 500-5000 cm™ with a spectral

resolution of 8 cm™.
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3.4.1.2 Ultraviolet-Visible spectroscopy (UV-vis)

This analytical technique is used to determine the optical properties (transmittance,
absorbance, and reflectance) of liquids and solids. UV-Visible spectroscopy involves
measuring the attenuation of a beam of light after it is passed through a sample at a specific
wavelength in the UV or visible spectrum. The sample absorbs a fraction of the light, causing
the molecules within the sample to undergo electronic transitions (excitation of the electrons
from the ground state to a higher energy state). There exist various transitions between the
bonding, anti-bonding, non-bonding, pi, and sigma electron orbitals. But most absorptions of
UV-Visible light by molecules within a sample often occur with the excitation of non-
bonding orbital or pi-bonding to the antibonding pi-molecular orbital. These transitions result
in absorption bands that are characteristic features of the molecules in the sample [2]. The
extent of absorption at different wavelengths is related to the number of molecules absorbing
the radiations. Thus, the UV-Visible spectrum provides a plot of optical absorbance against a
wavelength range. Substances identified with UV-Visible are always confirmed by
comparing their spectrum with a reference/standard spectrum. However, UV-Vis spectra
cannot be solely used for the complete identification of an unknown substance. The
quantitative calculation of the absorbance and concentration of absorbing species is possible
and guided by Beer Lambert's law according to Equation (3.3) [3].

A= ecl (3.3)
Here, A is the measured absorbance, which can be defined as log (lo/l) in which lo is the
intensity of incident light, and I is the intensity of the transmitted light.

€ is the molar absorptivity (extinction coefficient), which is constant for an organic sample.

c is the molar concentration of the sample,

L is the path length of light in the sample

The above linear relationship between the absorbance and the sample concentration
(Equation 3.3) can be used to determine the concentration of an unknown material. A UV-
Visible spectrophotometer was used to monitor the optical changes that occurred upon the
transition metal aniline complexes' synthesis in this work. The absorption spectra of the
materials were obtained using Shimadzu Spectrophotometer (UV-1800) in wavelength range
200-800 nm.
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3.4.1.3 Transmission electron microscopy (TEM)

TEM is a microscopic technique that utilizes electron beams through an ultra-thin specimen
in the electron microscope to illuminate the sample to form an image. The image is magnified
and focused onto an imaging device, such as a fluorescent screen, a layer of photographic
film, or to be detected as a sensor such as a charge-coupled device (CCD) camera. The
produced images are of high resolution because the electron's wavelength is 100000 times
shorter than visible light. Its operation is carried out at high voltages of about 200 kV to 400
kV. The interaction of the electron beam with the whole thickness of the sample produces a
TEM image that tends to be a projection of the entire sample, including the surface and
internal structure. The samples were placed in absolute ethanol and sonicated for 10 mins.
After that, a drop of the sonicated solutions was placed on a copper grid coated with carbon.
Samples were left to air-dry before introducing into the TEM instrument. In this study, the
TEM analysis was carried out to determine the internal structure of the samples. The
morphologies were captured on a JEOL-JEM-2100 transmission electron microscope (TEM),

operating at a voltage of 200 kV.

3.4.1.4 Scanning electron microscopy (SEM)

SEM technique gives information on the surface morphology and composition of a material.
The instrument uses high-energy electrons to interact with the surface of an electrically
conductive material by producing different signals. Due to its electron usage, the material
must be electrically conductive or covered with a conductive layer (carbon or gold) before
SEM analysis to increase its conductivity. SEM's basic principle is that the electron beam
emitted from an electron gun is finely focused with electromagnetic lenses and an objective
lens on a small spot on the specimen surface [4]. These beams of electrons are deflected
across a specimen at regulated speeds to produce images. The whole system, from the
electron source, through the lenses, to the detector, operates under a high vacuum to prevent
the loss of the emitted electrons to air. The incident electrons interact with sample atoms to
produce signals. These signals are collected and processed by the detector to provide
information on the sample's surface morphology and composition [5].

Three essential signal types from the electron beam's interaction with the specimen atoms are
backscattered electrons, secondary electrons, and X-rays. Secondary electrons (SE) imaging
mode is mostly used for imaging in SEM. Secondary electrons have low energy (less than 50

eV). Thus, they are generated from regions around the specimen surface and produce a high
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lateral resolution signal. In this project, SEM was utilized for examining the surface
morphology of the complex materials. The prepared samples' surface morphology was
investigated using a scanning electron microscope (TESCAN VEGAS) with a high voltage of
20 kV at a working distance of approximately 19 mm.

3.4.1.5 Elemental analysis (EA)

Elemental analysis (EA) is an analytical technique that is used to analyze the elemental or
isotopic composition of a material. The method could be used for qualitative (determining
what elements are present) and quantitative analysis (determining how much each is present).
The most common form of elemental analysis, CHNX analysis, is used to determine the mass
fractions of carbon, hydrogen, nitrogen, and heteroatoms (X) (halogens, sulfur) of a sample
[6]. This analysis could help determine an unknown compound's structure and determine a
synthesized compound's structure and purity. The elemental analysis is also the best and
cheapest way of assessing the purity of the sample. In this work, EA was utilized for CHNX
analysis of one of the complex materials. Elemental analyses were performed on a Vario
Elementar 111 microcube CHNS analyzer with a 950 °C furnace temperature and helium as a

carrier gas.
3.4.1.6 Nuclear Magnetic Resonance (NMR) Spectrometry

Nuclear Magnetic Resonance (NMR) spectroscopy is a valuable analytical chemistry
technique used in quality control and research to determine the content and purity of a sample
and its molecular structure. For example, NMR can quantitatively analyze mixtures
containing known compounds. The basis of NMR is that an atomic nucleus's magnetic
dipoles interact with an external magnetic field, leading to a nuclear energy level diagram
having distinct eigenvalues. These eigenvalues are associated with certain eigenstates in
which an atom can exist. The spinning nucleus's magnetic dipole is aligned when in a lower
energy state than the external magnetic field while in a higher state [7,8,9]. The transition
between these states is stimulated with the help of a radiofrequency transmitter. The absorbed
energy is further recorded by a radio frequency receiver in the form of a resonance signal.
The major types of NMR include proton (H-NMR), carbon (C-NMR). These techniques are
generally used to elucidate the number of protons and carbon in a compound. The two
techniques could provide valuable information that can be used to deduce the structure of
organic compounds. The *H NMR helps to determine the type and number of hydrogen (H)
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atoms, while 3C NMR determines the type and number of carbon (C) atoms in a molecule.
The 'H NMR is associated with a small fraction of sample concentration and a rapid
spectrum response. However, because of just 1.1 percent natural **C isotope abundance, 3C
NMR requires a longer scan period with the concentrated sample required to obtain a nice,
detailed spectrum. In this work, the NMR technique was used to validate the identity of the
synthesized materials further. At room temperature, all proton nuclear magnetic resonance
(1H NMR) spectra observations were performed on a Bruker 500 MHz spectrophotometer.
Chemical shift d in parts per million (ppm) downfield with reference to deuterated solvent
(2.50 ppm for DMSO-ds) was reported for all 1H NMR spectra (0.00 ppm). Multiplicities
were presented as s (singlet), d (doublet), and t (triplet). Coupling constants J values were
expressed in Hz, and the number of protons was expressed as nH. A 101 MHz NMR
spectrometer was used to obtain decoupled C NMR spectra at room temperature. With
reference to deuterated solvent, spectra were reported as the chemical shift in units of parts
per million (ppm) downfield (39.81 ppm for DMSO-de or 77.16 ppm for CDCls).

3.4.1.7 X-ray diffractometry (XRD)

The XRD is a non-destructive analytical technique used for revealing qualitative and
quantitative information about unknown crystalline materials. It is a versatile technique that
can be used to gain insights into a material's molecular and atomic structure, crystal phase,
and crystal orientation. X-rays are short wavelength radiation occupying the region between
the gamma and the ultraviolet rays in the electromagnetic spectrum. Their wavelengths are
comparable to the size of atoms. Hence, they are very suitable for investigating the
arrangement of atoms in a variety of crystalline materials. In XRD analysis, a crystalline
atom produces an incident beam of X-rays to diffract into several separate directions. Bragg's
law is satisfied when the interactions between the atoms of the sample and the incident rays
produce constructive interference (and diffracted rays). The generated X-ray patterns form a
characteristic of the crystals present in the sample. The diffracted X-ray intensity is measured
as the sample is scanned over a range of 20 angles. The Braggs law provides a relationship
between the wavelength of the incident X-rays, the angle of incidence, and the spacing
between the atoms' crystal lattice planes. It is expressed as [10,11]:

nA =2d sin O (3.4)
where n is a positive integer known as the order of diffraction and is often equal to unity, A is

the incident X-ray beam's wavelength, and 0 is the incident Bragg's angle.
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In this study, XRD analysis was used to investigate the crystal planes and crystal size of the
electrodes’ fabrication materials. Before the analysis, the samples were placed onto the
sample 40 K and 25 mA using Cu Ky radiation with a wavelength of 1.5406 A. Data was
collected with step intervals of 0.05° over 20 in the range of 10-90° for each sample with an
acquisition time of 2 secs. Powder X-ray diffraction (pXRD) studies were carried out on a
PAN analytical X'Pert PRO X-ray powder diffractometer operating with Cu Ka radiation (A =
1.5406 A) at room temperature. The wide-angle (26 = 10-80°) diffraction pattern at a step

rate of 0.1°-min’t was measured.
3.4.1.8 X-ray Photoelectron Spectroscopy (XPS)

XPS is a commonly used spectroscopic technique for measuring the surface elemental
composition, empirical formulas, chemical states, and the electronic state of the elements
within a material [12,13]. The specimens are illuminated with a monochromatic X-ray source
(photons), resulting in the emission of core-shell photoelectrons. The ejected electrons are at
characteristic binding energy values unique to the element and particular atomic orbits. A
detector analyzes the energy of those ejected electrons. A plot of these binding energies
versus the relative number of electrons is used to identify the elements present and their
quality (except hydrogen and helium). The characteristic XPS peaks, corresponding to the
electrons' electronic configuration within the atoms, e.g., 1s, 2s, 2p, 3s, etc., are used to
identify the number of elements within the area irradiated directly. The XPS must be
performed under Ultra-High Vacuum (UHV) conditions [14,15,16].

In this study, XPS measurements were performed using a VG MultiLab 2000 system with a
monochromatic X-ray source, Mg Ka (1253.6 eV). The analysis was accomplished to

validate elements present in the synthesized material and the binding energies.

3.4.2 Electrochemical Characterization

To evaluate the performance of the synthesized materials as sensing material, all
electrochemical techniques in this study were employed using a Potentiostat Biologic SP-300
(500 mA to 10 A) as earlier shown in Figure 3.2. The Potentiostat is coupled with EC lab
software using a computer, allows us to evaluate electrochemical performance of materials
using various techniques available in EC lab from which we used Cyclic Voltammetry,

Electrochemical ~ Impedance  Spectroscopy,  square ~ wave  voltammetry, and
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Chronoamperometry using an electrochemical cell. The electrochemical cell used consist of a
glassy carbon electrode (GCE) serving as the working electrode, a silver/silver chloride
electrode (Ag/AgCI) as a reference electrode, a platinum wire as a counter electrode, and a
neutral electrolyte (10 mM PBS used for the whole study).

3.4.2.1 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is the most extensively used electrochemical technique for
qualitative and quantitative electrochemical reactions. The technique is commonly employed
for the study of mechanism, Kkinetics, and thermodynamic of chemical reactions, analysis of
coupled electrochemical reactions or adsorption processes [17,18]. This technique can also
study the reversibility, formal oxidation, and reduction potentials of a system [19-23]. A
typical CV experiment is usually carried out using a three-electrode system consisting of a
reference, working, and counter electrodes. The reference electrode is one in which the
potential is known, and it allows the measurement of the potential at the working electrode.
The working electrode is one in which oxidation and reduction occur, while the
counter/auxiliary electrode serves to close the circuit in an electrochemical cell. The
electrochemical cell (Figure 3.2) consists of an electrolytic solution with three different
electrodes inside it and connected to a potentiostat. The electrolytic solution provides ions to
the electrodes in the course of oxidation and reduction. The electrodes are left stationary in
the electrolytic solution, which remains undisturbed.

In CV studies, the potential is endlessly changed as a function of time [24]. The working
electrode's potential is usually scanned from an initial potential (E;) to the final potential (Er)
and consequently returns to the initial potential (Ei). The initial potential is determined such
that the chemical species of interest are not initially oxidized or reduced. The upper limit
potential is also chosen so that the oxidation/reduction of the species under investigation
occurs within the potential interval, Es — Ei. The rate at which the potential changes is termed
scan rate. The potential at which the scanning takes reverse back is referred to as the
switching potential. The point where the voltage applied is sufficient to have caused
oxidation or reduction of an analyte. The current obtained during the potential scan is
measured and plotted against the voltage (potential). The graph of current against voltage is
referred to as a cyclic voltammogram (Figure 3.3). The magnitude of oxidation and reduction

currents and the voltammogram formed often depends on the selected initial and final
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potential, scan rate, analyte concentration, the formal redox potential, standard rate constant,

and the diffusion coefficient of the redox couple [24].

Current (LLA)

f Epc

Negative Potential Positive Potential

Potential (V vs Ag/AgCl)

Figure 3.3: Schematic illustration of typical cyclic voltammogram showing the important

peak parameters.

The curve in Figure 3.3 represents a typical cyclic voltammogram. The voltammogram
comprises the system's current response from an applied voltage, which explains the forward
and backward scan representing the oxidation and reduction reactions, respectively. The
oxidation process occurs from the initial potential (a) to the switching potential (d). In this
region, the potential is scanned positively to cause oxidation. The resulting current is called
anodic current (Ipa). The corresponding peak potential occurs at (c), called the anodic peak
potential (Epa). The Epa is reached when all of the substrates at the surface of the electrode
have been oxidized. After the switching potential has been reached (d), the potential scans
negatively from (d) to (g). This process results in cathodic current (Ipc) and a reduction to
occur. The peak potential at (f) is called the cathodic peak potential (Epc) and is reached when
all of the substrates at the surface of the electrode have been reduced. The potential is applied
between the reference and working electrodes, while the current flow is measured between
the working and counter electrodes. According to the literature, many researchers have used
the cyclic voltammetry technique to analyze redox status, electrode behavior and for the limit
of detection in different research settings, especially for sensing purposes. Vareesh et al.
synthesized a cobalt Phthalocyanine complex for dopamine recognition and made use of
cyclic voltammetry to calculate the detection limit [25]. Gopinath et al. also employed cyclic

voltammetry to detect uric acid using a novel Schiff base complex as a modifier [26].
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3.4.2.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is a useful technique that applies a sinusoidal
potential excitation to an electrochemical cell producing an alternating current signal which is
measured and analyzed. Generally, an electrode’s surface is probed by scanning an AC signal
over a range of frequencies to generate an impedance spectrum. The generated spectrum is
usually recorded in two phases: the in-phase-current response that determines the
impedance's real (resistive) component, while the out of phase component determines the
capacitive component [27]. When a sinusoidal potential is applied to an electrode surface, the
current produced will have the same frequency as the applied sinusoidal potential but may
experience a phase shift. The phase shift is determined by the electrochemical system's
relative resistive and capacitive characteristics. EIS is an effective technique for
characterizing materials based on how they obstruct current flow, and it is measured in
resistance. The technique gives a more accurate way of measuring the resistance of a material
to the flow of electricity because it also accounts for mechanisms such as capacitance and
induction.

In the EIS technique, electron transfer takes place at a high frequency, while mass transfer
takes place at a low frequency. Impedance results are generated at the end of each frequency.
These results are commonly simulated to the equivalent circuit of resistors and capacitors
representing physical processes occurring in the electrochemical system being studied.
Moreso, a plot known as the Nyquist plot, shown in Figure 3.4, can represent EIS data. In this
plot, an imaginary impedance that shows the inductive and capacitive character of the cell is

plotted against the actual impedance of the cell [28].

Semicircle region | Linear region
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Figure 3.4: A typical Nyquist plot for an electrochemical system.
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For electrochemical sensors, data retrieved from the Nyquist plot includes the charge-transfer
resistance and the diffuse lay resistance. Both the electron transfer-limited process and the
diffusion-limiting phase of the electrochemical process can be defined by two regions in the
impedance spectrum [29,30]. The charge transfer process (electron transfer limited process)
is represented by the semicircle portion of the EIS plot, whose diameter is equal to the
material's charge transfer resistance (Rct). This area of the EIS plot is usually found at higher
frequencies. The diameter is proportional to the material's resistivity and, by extension,
inversely proportional to the material's conductivity. The linear portion of the EIS plot
usually found at lower frequencies represents the diffusion-limited process at the electrode
interface [29,30]. This reveals the diffusion-limiting step of the electrochemical process
solution-phase resistance. From Figure 3.4, the charge transfer resistance (Rct) is inversely
proportional to the rate of electron transfer, whereas mass-transfer constraints cause the
Warburg impedance (Zw). Rs, known as solution-phase resistance, is derived primarily from
electrolyte resistance and is primarily used in conductivity sensors for analytical purposes
[31].

Electrochemical impedance spectroscopy helps determine the qualities of a metal-enriched
material. A material possessing a larger surface area and a lower electrochemical impedance
will exhibit excellent electrocatalytic properties [30]. The EIS technique has been used in
different research applications to probe the electrochemical behavior at the surface of the
electrode. Atacan employed EIS to investigate the interfacial changes of his modified
electrodes for cysteine detection [32]. Qin et al. also used EIS to investigate the interfacial

changes of their monodispersed gold nanoparticles for DA detection [33].
3.4.2.3 Square wave Voltammetry (SWV)

Square wave voltammetry (SWV) is a pulse voltammetric technique that uses a combined
square wave and staircase potential applied to a stationary electrode [34]. A square wave
voltammetry is also a differential technique in which a potential waveform composed of
symmetrical waves of constant amplitude is superimposed on a base staircase potential with
the squarewave's forward pulse coinciding with the staircase step [35,36]. It involves
applying a potential waveform to the working electrode and measuring a resulting current for
each wave period [37]. A plot of the net current measured against each waveform cycle's
applied potential gives a squarewave voltammogram. The square wave consists of a pulse

height/squarewave amplitude, the staircase/peak height, the pulse time, and the cycle period
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[24]. The peak height of an SWV is directly proportional to the concentration of the
electroactive species in the solution. The SWV has the advantage of excellent peak separation
and high sensitivity over cyclic voltammetry. Moreso, SWV is often preferred to other pulse
voltammetric techniques such as differential pulse voltammetry and normal pulse
voltammetry because it offers more rapid analysis [38]. SWV has been applied in different
nanomaterial applications, most importantly sensing. Umapathi et al. used SWV to determine
the efficiency of their CuSe material for dopamine detection [39]. Beitollahi constructed a
cysteine and tyrosine sensor with graphene nanosheets and ethyl 2-(4-
ferrocenyl[1,2,3]triazol-1-yl). They used SWV to determine the analytical performance of the
sensor [40]. In this study, SWV was employed to confirm our analyte detection results from

the cyclic voltammetry experiments.
3.4.2.4 Chronoamperometry (CA)

Amperometry is a technique whereby a pulsed potential is applied to the working electrode
and the current, which results from the faradaic process at the electrode due to the potential
step being monitored with respect to time. During Chronoamperometric measurements, the
working electrode is stepped from a potential, E1, where there is no current flow, where the
oxidation or reduction of the electrochemically active species does not take place to a
potential, E> where the current is attributed to the electrode reaction. The resulting current—
time transient is then recorded. The current-time dependence can be monitored (Figure 3.5b)
using the Cottrell equation [41].

1
2

nFAcD

i(t) =—

11
2

= kt7z (3.5)

In the above equation, n corresponds to the number of electrons, F is a constant (Faraday); A
represents the electrode’s surface area, c is the solution concentration, D is taken as diffusion

coefficient of the solution, t is time, and K is the rate constant.
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Figure 3.5: Typical chronoamperometric (a) potential-time waveform (b) resultant current-
time response.

The current-time response is a representation of the change in gradient concentration at the
vicinity of the surface. It is a slow expansion of the diffusion layer linked with the reduction
of the reactant as time increases. Chronoamperometry contrasts to all pulsed techniques and
develops high charging currents that decay exponentially like any resistor-capacitor (RC)
circuit with time. The process provides a good signal-to-noise ratio because the current is
integrated over a prolonged duration. The Chronoamperometry technique can measure the
diffusion coefficient of electroactive species or the working electrode’s surface area. It can
also measure a material's selectivity against some interferents that could coexist with the
target analytes. In this study, chronoamperometry was mainly employed to evaluate the

synthesized materials' selectivity to the analytes of interest. The amperometric technique is
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used by researchers primarily for calculating detection limits. Vareesh et al. employed
chronoamperometry to calculate the limit of detection for their dopamine sensor fabricated
with a cobalt phthalocyanine complex [42]. Also, Feng Wang et al. used the amperometric
technique to calculate the analytical sensitivity of their glucose sensor made with a nickel (1)

metal-organic framework/carbon nanotubes composite [43].

3.5 Parameters to determine the performance of an Electrochemical sensor

Some parameters have been evaluated from the above-mentioned EC Lab techniques to study
the synthesized materials' sensing performance. Sensitivity, the limit of detection, defines the
potential of the material for electrochemical sensor application. In this project, all parameters
are calculated dependent on the active material's mass on the glassy carbon electrode's glassy

surface.

3.5.1 Sensitivity

Sensitivity refers to the ratio of the output change Ay to the input change Ax under steady-
state operation. It is the slope of the output-input characteristic curve, otherwise known as the
calibration curve. The sensitivity of our electrochemical sensors with a geometrical surface
area was calculated as the slope of the calibration curve divided by the active surface area of
the electrode, as shown in Equation (3.6) [3].

Slope of calibration plot,m (uAuM™—1)

Sensitivity = (3.6)

Active surface area of electrode, A(cm?)
The electrode's area was calculated to be 0.070695 cm? using m(d/2)> where d is the diameter

of the geometrical active sensing area of the electrode taken as 0.3 cm? and m = 3.142.

3.5.2 Limit of Detection (LOD)

The detection limit of a biosensor refers to the lowest amount of known concentration of an
analyte that can be detected but not necessarily quantitated as an exact value. There are many
ways of evaluating the detection limit. In this study, the limit of detection was calculated
using a calibration curve. Equation (3.7) expresses the formula to calculate LOD [3].

t x standard deviation of the response
LOD = , , (3.7)
slope of the calibration curve

Where t is the signal to noise ratio. The signal-to-noise ratio is usually calculated by
comparing the measured signals from samples with known low analyte concentrations with

those from blank samples and determining the minimum concentration at which the analyte
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can be sensed. To estimate the detection limit, a signal-to-noise ratio of 3 or 2 to 1 is usually
considered appropriate.

The standard deviation of the response can be estimated using either y-residuals or y-
intercepts of regression lines.

3.6 Sub conclusion

The experimental design and characterization tools adopted for the project have been
presented in this chapter. The material is subjected to various structural, compositional, and
morphological techniques for the investigation. The characterization of the synthesized
materials confirms their successful synthesis and recommendation for sensing application. A
detailed study of the electrochemical techniques carried out to evaluate the synthesized
material's performance as a sensor has been presented in this chapter.
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CHAPTER 4
ELECTROCHEMICAL RESPONSE OF BISMUTH-ANILINE
COMPLEX UNDER THE EXPOSURE OF ORGANIC AND
INORGANIC ENVIRONMENT

4.1 Introduction

Compounds containing bismuth have drawn immense interest from scientists owing to their
multifunctional properties. In several domains, including organic synthesis [1], harvesting
[2], energy storage [3], and electronics applications, pure and investigative research
concerning bismuth-based materials has been initiated [4]. In addition, researchers have been
encouraged to experiment on drugs synthesized from bismuth due to bismuth's low toxicity,
especially those showing activity against a tumor, bacterial, and microbial infections [5].
Bismuth-based compounds have been reported to display promising results for rapid and
simple sensing of biomolecules [6]. For example, bismuth oxide in the nano range has played
a substantial role in the hybridization of DNA [7], glucose [8], and hydrogen peroxide
sensing [9]. In biological samples, bismuth-based oxide nanoparticles (BiWQe) have also
been documented for rapid electrochemical sensing of oxidative stress [10].

lodine and dopamine are indispensable biologically active molecules that play significant
functions in living organisms. lodine has functions related to the neurological system, cell
growth, and brain development [11,12]. For people with low iodine dietary intake, it may also
be used as a nutritional supplement.

On the other hand, dopamine is a chemical messenger between brain neurons associated with
the human body's most important functions, such as motivation, reward, memory, body
movements, attention, and cognitive functions [13-16]. The imbalance of iodine and
dopamine could result in mental retardation, goiter, and hypothyroidism in the case of iodine
[17], and Parkinson’s disease (PD) in dopamine [18]. Hence, their effective and efficient

determination is necessary.

This work has been published in Springer Nature Applied. Science. 2, 2043 (2020).
https://doi.org/10.1007/s42452-020-03802-y
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In this report, we have prepared a hybrid system of bismuth aniline through a simple
complexation strategy. The synthesis of the organic-inorganic complex material was verified
by the Infra-red spectroscopic technique to obtain the system's optical properties.
Transmission electron microscopy was applied to visualize the microscopic property, and X-
ray photoelectron spectroscopy technique calculated the structural property. Finally, the
hybrid material was employed as an electrode modifier for iodide-ion and dopamine

electrochemical recognition.

4.2 Experimental

4.2.1 Materials

As an analytical grade, dopamine, Bi(NO3)z .5H20, KI, and aniline were obtained and made
use of without any additional purification. All additional reagents were used as acquired in
this research.

4.2.2 Sample preparation and methods of characterization

The bismuth (I11) aniline complex (BAC) was prepared under stirring conditions by applying
5 ml of prepared 0.1 M Bi (NOz). 5H.0 solution to 0.48g of aniline dissolved in 10 mL of
CH3OH). A white precipitate emerged, leaving the reaction for an hour. For TEM analysis, a
small fraction of the product was taken, and TEM images were captured with an instrument,
JEOL-JEM-2100, operating at a voltage of 200 kV. The remainder of the substance was
cleansed. For further characterization, the residue mass was collected, vacuum dried, and
analyzed with X-ray diffractometer (Shimadzu XD-3A) using Cu-Ka radiation, NMR spectra
with a Bruker 500 MHz NMR spectrometer, FTIR, Shimadzu IRAffinity-1, UV-vis 1800
Shimadzu UV spectrophotometer, and X-ray photoelectron spectra with 560 ECSA/SAM
instrument. The leftover part of the dried mass was utilized for iodide-ion and dopamine
recognition as an electrode material. Cyclic voltammetry (CV), square wave voltammetry
(SWV), and chronoamperometry (CA), electrochemical impedance spectroscopy (EIS)
methods were used for electrochemical measurements through a potentiostat (Bio-logic, SP-
200 model). A three-electrode electrochemical cell was utilized to assess the synthesized
material's electrocatalytic activity, with a glassy carbon electrode (GCE) serving as the
working electrode. A silver/silver chloride electrode (Ag/AgCl) and a platinum wire were

used as the reference and counter electrodes, separately.
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4.3. Results and discussion
4.3.1 Morphological studies

Spectral properties of different transition metal and aniline-related complexes (and aniline
derivatives) are well known in the literature [19]. Conversely, there is no research on the
chemistry of complexation involving bismuth and aniline. The TEM image as presented in
Figure 4.1A and B shows the as-synthesized BAC, with differing magnifications. Figure 4.1B
is the magnified image from Figure 4.1A of the region chosen (within the box). The figures
show a uniform matrix of the complex was clear, confirming that BAC has a homogeneous
material phase. The SEM micrograph of the BAC can be shown in Figure 4.1C. The

micrograph demonstrates an inhomogeneous matrix with a crushed ice-like appearance.

Figure 4.1: High magnification TEM pictures of the BAC (A and B), and (C) is the SEM
image of Bi (I11)-aniline complex.
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4.3.2 FTIR analysis

The FTIR spectrum of aniline and the complex material (Bi (II1) aniline) is displayed in
Figure 4.2 (A and B). Aniline shows a bending vibration of N-H at 1630 cm™ in the IR
spectrum (a), and the benzenoid ring shows a C=C stretching vibration at 1494 cm™. A C-N
stretching for aromatic amine is identified at 1269 cm™, while N-H wag vibration occurred at
peaks 754 and 690 cm™, respectively. Bands vibrating at 1050 and 1087 cm™ are due to
aromatic C-H in-plane bending vibration. At 2975 and 2890 cm™, asymmetric C-H stretching
vibration was noticed. At 3407 cm™, the spectra (a) exhibit a wideband related to the N-H
stretching mode. This band shifted to a lower frequency (3397 cm™) upon complexation as
indicated by the BAC spectrum. This indicates the linkage between the metal ion and the
nitrogen group of the aniline [20,21]. The absence of most peaks and a broad signal
production demonstrates Bi metal's coordination with the aniline's nitrogen group as shown in
the spectrum (b). Moreso, due to bismuth addition, the different vibrational modes of aniline
have been limited, resulting in the bismuth-aniline complex (BAC) seen in spectrum B.
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Figure 4.2: FTIR spectrum of (a) aniline (b) BAC, with several stretching and bending

vibration modes.

4.3.3 X-ray Photoelectron Spectroscopy (XPS)

An X-ray Photoelectron Spectroscopy (XPS) technique was also used to study the surface
composition of the organic-inorganic hybrid complex. The occurrence of bismuth, nitrogen,
and carbon in the sample was established by the survey spectrum (Figure 4.3A). Within the

range of 156-168 eV, the high-resolution XPS spectrum revealed two significant peaks at
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159.3 and 164.4 eV. These peaks can be attributed to Bi 4f7/2 and Bi 4f5/2, accordingly for
Bi (1) [22] as shown in Figure 4.3B. The observed peaks with a separation of 5.1 eV
confirm that the bismuth's oxidation state in the complex was +3 and agrees with previous
reports [23,24,25,26]. The deconvolution in the complex of C1 spectra consisting of peaks
around 284.7 eV and 286.9 eV validates the existence of C-C, C-H, and C-N bonds in the
complex Figure 4.3C [27]. After deconvolution, the prominent N1s asymmetric peak
indicates the existence of structures of the benzenoid (-NH-) and anilinium ion (N+) forms at
400.2 and 402.2 eV, respectively, as shown in Figure 4.3D [27].
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Figure 4.3: (A) The BAC's XPS spectrum. (B-D) The deconvoluted Bi 4f, C 1S, and N 1S

high-resolution XPS spectra, respectively.
4.3.4 NMR Spectra

To further confirm the synthesis of the BAC, 'H NMR analysis was run using DMSO as a
solvent. The NMR shifts for the proton of the aniline and the bismuth metal complex are as

shown in Table S4.1. The free ligand's 1H NMR spectrum (Figure S4.1) revealed triplet
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peaks in the range of 7.05-7.08 ppm, duplet peaks in the range of 6.38-6.65 ppm, and triplet
peaks in the range of 6.55-6.57 ppm.

The aromatic protons are responsible for these peaks, respectively [28]. The broad singlet
peak noticed at 4.97 ppm can be attributed to the amine (NH) protons. These peaks were
shifted to 7.01-7.04 ppm as triplets, duplet peaks in the region of 6.58-6.60 ppm, and triplet
peaks in the region of 6.50-6.53 ppm in the BAC spectrum (Figure S4.2). The amine (NH3)
protons, on the other hand, moved downfield at 5.07 ppm in relation to the 4.97 ppm on the
aniline spectrum. This important shift in the aromatic and amine groups verified Bi (111) ion
coordination through the nitrogen atom of the amine group [29]. These findings back up the

complex’s IR spectra.

4.3.5 Electronic spectra

The electronic spectra of the aniline and the bismuth aniline complex in DMSO were
recorded at room temperature and can be shown in Figure 4.4. The spectra of the aniline
consist of a single energy band around 290 nm originating from benzene’s ring m — n*
transition and the excitation of the quinoid ring [30]. This transition could also be found in
the UV-vis spectrum of the BAC but shifted toward lower wavelengths (blue shift) at 270
nm, confirming the coordination of the aniline moiety with the bismuth metal. The blue shift
could result from a decrease in the conjugation of the system after complexation [31]. The
drop in intensity results from a different concentration of the BAC that is best for absorbance.
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Figure 4.4: Electronic spectra of aniline and bismuth aniline complex (BAC).
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4.3.6 Electrochemical characterization

The modified electrode was characterized with electrochemical impedance spectroscopy
(EIS) to probe its electrochemical behavior. EIS studies typically provide useful information
on the kinetics of electron transfer at the electrode's surface. A semicircle section of Nyquist
plots from EIS measurements is generally directly related to charge transfer resistance and
inversely proportional to the material's conductivity. The linear part reveals the diffusion
limiting step of the electrochemical process. From Figure 4.5A and B, a straight line was
observed at lower frequencies for both BAC and bare electrodes, indicating a diffusion
limiting process at the electrode’s surfaces. Moreso, a smaller semicircle was observed for
the BAC, indicating lesser resistance and higher conductivity than the bare electrode. The
conductivity of the BAC could be attributed to the charge hopping mechanism through the
metal, which mediates the effective charge migration through the aniline moiety [32]. The
inclusion of the bismuth ion in the n-electron delocalization of the aniline also contributes to

the complex conductivity [33].
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Figure 4.5: Electrochemical impedance spectra of (A) bare electrode (B) BAC modified
GCE within the frequency range from 1 KHz to 7 MHz, in 5 mM hexacyanoferrate (111) with
0.1 M KCI.
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4.3.7 Electrochemical behavior of iodine on GCE and BAC modified electrode

The electrocatalytic activity of BAC/GCE for iodine oxidation was studied using cyclic
voltammetry (CV). Figure 4.6A illustrates the CV responses in the absence (inset) and
presence (main) of KI (120 uM) on the bare GCE and the BAC/GCE in an electrolyte
solution of phosphate buffer scanning at a rate of 50 mVs™. There was no redox peak at GCE
and BAC/GCE without Kl, but BAC/GCE had a higher background current than GCE. This
may be because BAC has a large specific area. In the presence of KI, peaks emerged at both
electrodes with the BAC/GCE current higher than that of the GCE. The results show that the
modified electrode can promote the oxidation of iodine.

To obtain useful information on kinetic parameters for iodine oxidation, CV’s of the
BAC/GCE electrode in phosphate buffer (pH 7.4) were run at varied scan rates in the
presence of 80 uM KI (Figure 4.6B). As the scan rates were increased, the peak currents
increased with the oxidation potential shifting towards a more positive area [34]. Figure 4.6C
shows a linear relationship between peak current (l,a) and scan rate (v), and Figure 4.6D
shows a linear relationship between peak current (lpa) and the square root of scan rate (v2).
Linearity with regression coefficients of 1 and 0.9867, respectively, suggested that the
electrode transfer reaction was an adsorption process. Similar behavior has been reported in

some previous literature [35].
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Figure 4.6: (A) CV’s of (a) Bare GCE (b) BAC/GCE in the absence and presence of 120 uM
K1 (B) CV’s of 80 uM KI at BAC/GCE containing 0.01 M PBS electrolyte (pH 7.4) at varied
scan rates (20-240 mV/s). Plots of (C) peak current lpa vs. scan rate, V (D) peak current Ipa vs.

square root of scan rate, V2,

4.3.8 lodide detection at BAC modified electrode

The iodide ions sensing using the aniline-bismuth complex is documented in this report using
an electrochemical technique. With the aid of a drop and dry modification procedure, the
BAC material was placed on the polished glass carbon electrode in a nitrogen atmosphere.
With an electrolyte solution of phosphate buffer of 10 mM concentration, the cyclic
voltammogram signal was recorded under varying Kl solution concentrations scanning at 50
mVs?. Oxidation of iodide ions with the modified electrode and observing the scenario by
the cyclic voltammetric procedure is the principle behind this present method. Considering
that I" ion is a moderate reducing agent, I is formed by the oxidation of 1" in the presence of
a catalyst [36] and, then again, by the reducing Bi (Ill) to form Bi (0). The cyclic
voltammetric curve indicates that the anodic current value was increased with an increase in
KI concentration, Figure 4.7A. The current value was observed at 1.05 pA in the absence of
KI. No noticeable enhancement of the anodic current value was detected when the added
concentration of KI got to 40 uM. A substantial increase in the current response (3.78 pA)
was noticed upon increasing the KI concentration to 100 uM. A maximum current of 11.6
A was attained after the addition of 350 uM KI. The result produced a sensitivity of 1.05
A/M/cm? and a detection limit value of 23.6 uM. The BAC modified electrode's
electrocatalytic potential for iodate anion detection was additionally affirmed by the square

wave voltammetry method (Figure 4.7B). W.ith an increase in anion (I") concentration, a
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steady rise in current values has been seen. A peak current response of 26.2 nA was attained
when KI’s concentration reached 250 uM. There was a drift in oxidation peaks towards the
negative potential, demonstrating that iodide ion oxidation with an increasing KiI
concentration is simple and efficient. The squarewave voltammetry approach yielded
sensitivity and detection limit values of 2.6 A/M/cm? and 23.17 puM, respectively.

12 — 250 |-
—————— Hmof KI| . 35

f

i15|

Current (LA}

05 06 07 08 0905 06 07 08 09
Potential (V) —»

Final
Final concentration C concentration D
|ofKlinpm 200 | 15{ofKiinum (2 N3z50,
. 30 ¢Kladditinn 150 lmﬂdditinn (o) KBr 160
3 0 120, bcd T
—_ 4 100 7
o 20 E‘fl l l l l
o
E 104 57 (c) KCI
g (d) NaHCO3
e) Na2CO
D-:‘ D-:‘ . | {}. |3
050 150 250 350 0' 50 150 250 350 450

Time (sec) —»

Figure 4.7: (A) The CV's and (B) SWV's of electrodes modified with BAC (C) BAC
chronoamperometric response (D) Chronomperometric response at BAC modified

electrodes).

MATLAB programming was used to calculate the sensitivity and the detection limit values
(Figure S4.3). lodide ions added in succession (at potential difference of 0.70 V) produced an
amperometric current response that increased linearly producing a sensitivity of 3.7 A.M/cm?
and LOD estimate of 16.21 uM (Figure 4.7C). The detection limit is much lower than some

other iodine sensors [37,38], whose detection limit is above 30 pM. Although, its detection
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limit is higher than some sensors developed by Kosminsky [39] and Zou [40]. This proposed
sensor has the advantage of being simpler and less costly to develop. It also offers a wide
linear range than most sensors reported in the literature [41,42,43]. Furthermore, it displayed
good selectivity in the presence of 50 uM solution of each Na>SOs4, KBr, KCIl, NaHCOs3, and
Na.COs (Figure S4.3D).

4.3.9 Electrochemical behavior of dopamine at the modified electrode

The electrochemical behavior of dopamine was studied at GCE and BAC/GCE electrodes
both in the absence and presence of DA (70 puM) and their CV responses are indicated as
shown in Figure 4.8A. The curves show that in the absence of DA (inset), BAC/GCE had a
higher background current than the GCE while in the presence of DA (main), both electrodes
produced a peak, but the peak current of the BAC/GCE was more enhanced. This indicates
dopamine can be oxidized effectively at the BAC modified electrode.

To study the kinetic characteristics of the modified electrode on DA oxidation, CV’s of the
BAC/GCE electrode was run by varying the scan rates upon the addition of DA (Figure
4.8B). An increase in peak current was observed as the scan rates were increased. To verify
the process occurring at the electrode, a graph of Ipa (anodic peak current) vs. scan rate was
plotted as shown in Figure 4.8C, which produced a linear relationship for DA oxidation with
a regression coefficient of 0.98434. A plot Ipa against the square root of scan rate (Figure
4.8D) also gave a linear relationship with correlation regression of 0.99263. This result
suggests that the electron transfer reaction was an adsorption process. To further confirm the
electrode process, log Ipa vs. log v was plotted (Figure 4.8E). The plot produced a linear
relationship with a slope of 0.66, suggesting the electrode process was adsorption controlled

[44]. This result is supported by previously reported literature [35,45].
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Figure 4.8: (A) CV’s of (a) Bare GCE (b) BAC/GCE in the absence and presence of 120 uM
DA (B) CV’s of 80 uM DA at BAC/GCE in 0.01 M PBS electrolyte at varying scan rates
(50-350 mV/s). Plots of (C) lpaVs. V (D) lpaVs., VY2 (E) log IpaVs. V.

4.3.10 Dopamine detection at BAC modified electrode

Dopamine is a neuromodulator containing monoamine, and the deficiency of dopamine in the
physiological system may cause several neurological problems [46,47]. Dopamine influences
many facets of brain functionality and synaptic plasticity as a neuromodulator [48,49]. The
cardiovascular and renal systems are affected by dopamine secretion irregularities [50,51],
and reduced levels of dopamine release could be linked to a variety of neurological disorders
[52]. Various methods for detecting dopamine have been developed by researchers, which
may help the early detection of many disorders due to elevated levels of dopamine in the
physiological system. In terms of operational and instrumentation simplicity, colorimetric
recognition of dopamine has an advantage. The use of ligand-modified silver nanoparticles
for sensitive and selective colorimetric DA detection has been published, allowing for
identifying high-sensitivity dopamine species [53]. Another report highlighted the recognition
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of DA colorimetrically using gold nanoparticles. The addition of DA brought about the
aggregation of the nanoparticles and a color change in the solution. [54]. Dopamine detection
based on fluorescence properties is also well known in literature [55]. An
electrochemiluminescent DA sensor made with poly-(luminol-benzidine sulfate) has also
been documented for its high specificity and detection in the nano-molar region [56]. Kim et
al. also reported on DA detection utilizing cylindrical modified gold electrodes [57].

The modified glassy carbon electrode also recognizes dopamine efficiently through an
electrochemical sensing process. Cyclic voltammogram signals of varying dopamine
concentrations in the 10 mM phosphate buffer solution were shown in Figure 4.9A at a 50
mVs scan rate. The potential applied was 0.2 to 0.7 V, and the sensitivity and detection limit
measured was 0.22 A.M*.cm? and 39.0 pM, correspondingly. Under the optimized
experimental setting, the BAC-modified electrode's amperometric response to consecutive
increment in dopamine concentration was examined. The amperometric current response of
dopamine at time intervals is shown in Figure 4.9B at 0.45 V within the 20 to 180 puM
concentration range. Sensitivity and detection limit estimates of 0.12 A/M/cm? and 12.3 uM,
were obtained respectively. The detection limit was relatively higher than some reported
sensors in the literature [58,59], but it exhibits a wider linear range than them. The catalyst's
selectivity for identifying dopamine was studied by introducing to the electrolyte some
possible interfering species such as uric acid, serotonin tryptophan, ascorbic acid histamine,
and glucose (50 uM each). These interferents were irresponsive to the current response from

the amperometric curve (Figure 4.9C).
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Figure 4.9: (A) Cyclic voltammetric response of BAC-modified electrode in 10 mM PBS
with increasing DA concentration in 0.01 M PBS electrolyte at 50 mV/s scan rate. (b) The
chronoamperometric response of BAC's upon successive addition of dopamine concentration
between 20 to 180 uM, and a potential of 0.45 V, (C) The effects of high concentration (50
pMM) of interfering species on DA detection. (Dopamine concentration increases in the

direction of the arrow shown).
4.4 Sub-conclusion

A simple approach to developing a hybrid system built upon an organic-inorganic complex
material has been documented in this report. The development of a complex system
containing bismuth-aniline, which has been used as an electroactive material for identifying
iodine, has been verified by various characterization techniques. The sensitivity and the
detection limit values of 2.6 A/M/cm? and 23.17 uM were established for iodide ions
detection with the help of a square wave voltammetric technique. As exemplified by cyclic
voltammogram signals, the material also demonstrated its efficacy for electrochemical
dopamine determination, with the sensitivity and detection limits estimate being 0.12
A/M/cm? and 12.3 pM, correspondingly. In the presence of interfering species, the
amperometric technique also showed the catalyst's selectivity for dopamine alone.
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CHAPTER 5
AN ELECTROCHEMICAL SENSOR BASED ON NICKEL ANILINE
COMPLEX FOR DETECTION OF CYSTEINE

5.1 Introduction

Cysteine (Cys) is a non-essential amino acid that serves as a key precursor to the antioxidant
glutathione. Cysteine contributes to cellular antioxidant protection and metabolism [1,2]. It
also contains a sulphydryl group with high nucleophilicity, which significantly functions in
biological processes. Cysteine deficiency could cause retarded growth, liver damage, and hair
depigmentation [3]. Hence, the need to determine cysteine levels in the serum to prevent
these diseases. The sensitive and selective detection of cysteine is crucial in developing
efficient nanomaterials/nanocomplexes and methods for cysteine recognition. More than a
few analytical approaches have been established for cysteine sensing. These techniques
include flow injection [4], liquid chromatography (HPLC) [5], gas chromatography coupled
with mass spectrometry [6], chemiluminescence [7], and fluorimetry [8]; just to mention a
few. Compared to the methods listed, electrochemical determination has been considered a
viable method that offers many potential advantages in forming a point-of-care sensor system
since they are fast, cheap, highly sensitive, and easy to use. But one of the drawbacks often
encountered with the electrochemical techniques of cysteine analysis is the bare electrode
materials that come with high over-potential oxidation and slow electrochemical responses
[9]. Hence, the need to modify the bare electrodes is essential. Several electrodes modified
chemically have been reported for the electrocatalytic recognition of cysteine in recent years.
Liu et al. have used a platinum nanoparticles/poly(o-aminophenol) film modified GCE to
determine cysteine concentration [10]. Lee et al. investigated cysteine voltammetric behavior
on a cyclotricatechylene modified carbon electrode [11]. Pei and co-workers have also
studied the combined use of polyaniline and CuGeOs nanowire to improve the efficacy of
carbon electrodes for cysteine detection [12].

Our recent report successfully synthesized a bismuth aniline complex to detect dopamine and
iodine [13]. Combining aniline with some transition metals gives rise to a complex with a
novel catalytic and luminescent property. A recent report opined that complexes containing
nickel as a central atom could be used as appropriate material to analyze important
pharmaceutical and biological constituents [14]. Ni-based nanomaterials are recognized for
demonstrating tremendous electrocatalytic behavior in the field of biosensing. This
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remarkable catalytic activity originates from the formation of the Ni(11)/Ni(lll) redox pair on
an electrode surface [15].

In this study, a facile complexation route was used to prepare the nickel-aniline complex
(NAC). The hybrid material was used as a modifier to improve the electrocatalytic detection
capability of cysteine. The selectivity and reproducibility of the electrode were also studied

using chronoamperometry and cyclic voltammetry methods.

5.2 Experimental

5.2.1 Materials.

Nickel chloride, aniline, and cysteine were received as analytical grades and made use of
without any additional purification. As required, Merck provided the ethanol and Mili Q
water with specific resistivity 17 MQ was used in the study. All received chemicals and

solvents that were used are of analytical grade.

5.2.2 Preparation of nickel (I1) aniline complex

In a standard experiment, 3 ml of ethanol was used to dissolve 0.0098 g of nickel chloride.
The dissolved nickel chloride solution was gently added to aniline solution dissolved in
ethanol (0.48g of aniline in 10 mL of ethanol) under stirring conditions. A precipitate bluish
in color was observed due to the complexation between nickel and aniline, and the reaction
was left overnight. The material was filtered, washed, and dried under vacuum and subjected
to different characterization techniques to verify the complex's successful formation and
establish its surface and optical properties. The complex material, nickel (I1) aniline complex

was also used as an electrocatalyst for the successful detection of cysteine molecules.

5.2.3 Material characterization

Elemental analyses were performed on a VarioElementar 11l microbe CHN analyzer. The
NMR spectra were measured on a Bruker 500 MHz spectrophotometer to justify the
formation of a complex. The chemical shifts are measured in parts per million (ppm) in
comparison to tetramethylsilane (TMS) as internal standards in DMSO (Dimethylsulfoxide).
The complex material's morphology was investigated using a scanning electron microscope
(TESCsAM VEGAS). The X-ray diffraction pattern for the NAC was collected on a PAN
analytical X'Pert PRO X-ray powder diffractometer. The instrument had a Cu Kal X-ray

source and a minimum step size of 0.001°. Functional groups in the material were identified
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using FTIR (Shimadzu IRAffinity-1). Optical measurements were done with a UV-VIS
spectrophotometer (Shimadzu U-1800) within a wavelength of 200 - 800 nm. All
electrochemical studies were performed using a Bio-logic SP-200 electrochemical
workstation. Electrochemical experiments were conducted with an electrochemical cell
comprising of a bare GCE as working electrode, silver/silver chloride electrode (saturated
KCI) used as the reference electrode, and platinum wire (0.5 mm) as the counter electrode.

An aqueous phosphate buffer solution (10 mM) was used as an electrolyte.
5.2.4 Preparation and fabrication of the nickel (I1) aniline complex modified GCE

The working electrode's surface, the glassy carbon electrode, had first been polished with a
paste of silica-alumina on a polishing surface before being ultrasonicated for 3 mins in
deionized water. Next, the electrode was cleaned with deionized water after ultrasonication
and dried in the air. Next, the synthesized material was deposited on the GCE using a 'drop
and dry' method. At the end of each session, the electrode was cleansed to remove loosely
bonded material. Finally, an equal amount of the catalyst was used for electrode modification

for further electrochemical measurements.

5.3 Results and Discussions
5.3.1 Infrared spectral studies

The establishment of the complex material was validated by FTIR spectroscopy as illustrated
in Figure 5.1. A peak showing at 3248 cm™ is a characteristic peak to OH groups' stretching
vibration and bending vibration from the coordinated water molecules in the complex. The
hydrogen-bonded v(N-H---N) band, which appears in the spectrum of aniline at 3429 cm™*
[16,17], is changed into a Vv(N-H---CI) band in the complexes, which has a lower
wavenumber (3313 cm™) than the free ligand. The band implies coordination between the
nitrogen group of the amine and the nickel-metal [18,19]. In the NAC spectra, aniline's 1259
cm® v(C-N) band appears near 1232 cm™, whereas the aryl ring stretching frequency at 1600
cm is unaffected by coordination. The peaks found at 752 and 693 cm™! in both spectrums
are ascribed to N-H's wag vibration, while the C=C stretching vibration for the benzenoid
ring is visible at 1495 cm™. Vibration bands appearing at 1045 cm™ of aniline and 1032 cm™

of the complex are assigned for aromatic C—H in-plane bending vibration.
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Figure 5.1: FTIR spectra of (a) aniline and (b) Ni (I1) aniline complex.

5.3.2 NMR Spectral Analysis

To further verify NAC synthesis, *H and *3C NMR analysis were conducted. *H and *3C
NMR is known for providing diagnostic methods for proton and carbon positional
elucidation. In this analysis, the signal assignments are dependent on chemical shifts and
patterns of intensity. The 'H and 3C NMR spectral information of aniline and its Ni (II)
complex in DMSO-ds are presented in Table S5.1, and the spectra are given in Figure S5.1—
S5.4. The *H NMR spectrum of the free ligand (Figure S5.1) displayed triplet peaks in the
region of 7.05—- 7.08 ppm, duplet at 6.38-6.65 ppm, and triplet at 6.55-6.57 ppm. These
peaks are attributed to the aromatic protons, respectively [19].

Furthermore, the amine (NH.) protons appeared as a broad peak at 4.97 ppm. These peaks
were shifted to 7.12 ppm as singlet and 5.21-5.41 ppm as duplets in the NAC spectrum
(Figure S5.2). These peaks are attributed to two and three sets of aromatic protons,
respectively. However, the amine (NH>) protons shifted to the upfield at 3.19 ppm as broad.
This significant shift in the aromatic and the amine due to vibration confirmed Ni (1) ion
coordination through the amine group's nitrogen atom [20]. The broadening of the peaks is
due to the paramagnetic nature of nickel. That also confirms the formation of the nickel (I1)

aniline complex. These results corroborate the IR spectra of the complex.
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Similarly, the free ligand's *3C NMR spectrum (Figure S5.3) showed peaks at 148.45, 128.80,
115.87, and 114. 01 ppm and this accounts for all the carbons. These peaks were shifted upon
complexation (Figure S5.4) to 139.93, 129.50, 129.21, and 119.41 ppm. Interestingly, the
carbon atom directly attached to the amine group on the aromatic ring in the ligand undergoes
a significant shift to 139.93 ppm from 148.45 ppm due to the coordination of the nickel-metal
through the amine nitrogen. This shift is a consequence of the nitrogen atom's increased

electron density.

5.3.3 Elemental Analysis

To further confirm the stoichiometry and structure of the synthesized NAC, the elemental
analysis, consisting of carbon, hydrogen, nitrogen, and nickel contents of the complex were
analyzed. The data obtained are presented in Table 5.1. The result showed that the aniline
was coordinated to the Ni (Il) ion in a 1:2 mole ratio of nickel to aniline, giving rise to
tetrahedral geometry. The complex contained two water molecules as part of the coordination
sphere and chloride as counter ions. Based on this analysis and other spectroscopic analyses
conducted on the complex, the complex's proposed structure is presented in Figure 5.2.

Table 5.1: Elemental analysis data of the Ni (II)-aniline complex

Compound Molecular Microanalysis: found (calculate) %
formula c H N Ni
(molar mass)
[Ni-aniline] Cl2 C12HsCI2N2NiO 40.60 5.07 7.41 16.23
(351.8829) (40.96) (5.16) (7.96) (16.68)
NH, H

H-N Ni O/ Cl
JN—Ni—
\ 2

o) H
H/ \H

Figure 5.2: Proposed structure of the Ni (1) aniline complex.
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5.3.4 UV Spectra

The electronic spectra of aniline and nickel aniline complex (NAC) were recorded using
DMSO as a solvent, and its spectra are shown in Figure 5.3. The absorption spectrum of
aniline has a single band at 250 nm, which has been linked to benzene ring m-i* transitions
[21]. The NAC spectra also showed this transition, but it shifted to lower frequencies,

verifying the aniline's interaction with the nickel ion [22].

290 nm
—~ 1.2+ Aniline
=
S
8 0.8
c
(3]
o]
0
m 0.4'l
<
NAC
0.0+

300 ' 350 ' 400
Wavelength (nm)

Figure 5.3: Electronic spectra of aniline and nickel aniline complex (NAC).
5.3.5 SEM analysis

The nickel coordination with the aniline moiety significantly affects the complex’s surface
morphology, which was examined by SEM studies. The SEM images of the nickel chloride
salt and nickel aniline complex are presented in Figure 5.4. There was a clear difference
between the SEM micrographs of the metal salt and the nickel aniline complex due to the
introduction of aniline. The nickel chloride salt displays a fibrous morphology. At the same
time, the NAC show agglomerated surface structure with smaller particles dispersed in a

uniform matrix and creates the appearance of a platelet-like arrangement.

85|Page



Chapter 5 Cysteine detection with NAC

Figure 5.4: SEM images of (A) Nickel chloride salt (B and C) Ni (II) aniline complex.

5.3.6 XRD Study

XRD pattern of the starting material, NiCl salt, and the formed complex, NAC are displayed
in Figure 5.5(A) and (B). Both samples exhibited crystallinity with reduced number of peaks
for the NiCl. The diffraction pattern of the metal complex showed numerous diffraction peaks
with a cubic structure. The major peaks were indexed as (101), (202), (004), (400), (022)
which is in good agreement with literature value (JCPDS 78-0423). The XRD pattern of the
NAC illustrates definite and sharp crystalline peaks signifying that the sample is crystalline in
phase [23,24]. The occurrence of crystallinity in the NAC is attributed to the metallic
compound's intrinsic crystalline form. The NAC's crystallite size, L, was calculated using
Scherrer's formula [25] by measuring the entire length at half the maximum of the XRD
peaks.

L=KkA/B (cos 6) (5.1)
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'k' in the above equation is called Scherrer's constant with a value equal to 0.94, 'A' = 1.5406
A (wavelength of the X-ray sources), 'B' stands for full width at half maximum known as
FWHM (radians), and '¢" stands for peak angle. Table S5.2 shows that the complex does have
an average crystallite size of 27 nm, suggesting that it is nanocrystalline.
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Figure 5.5: XRD pattern of (A) NiCl salt (B) Nickel (II) aniline complex.
5.3.7 Electrochemical behavior of NAC modified electrode

To analyze the electrochemical properties of the fabricated sensor, we used electrochemical
impedance spectroscopy (EIS). In the EIS, an impedance spectrum is generated whereby it
can be used to extract the electron transfer kinetics and diffusion properties. The electron
transfer resistance is represented by the semicircle diameters, while the straight line depicts
the electrochemical process' diffusion limiting phase. At a reference voltage of 0.225 V, the
impedance spectra were recorded throughout a frequency range of 1 KHz to 7 MHz in 5 mM
hexacyanoferrate (iii) with 0.1 M KCI. Figure 5.6 illustrates the spectra of the bare electrode
(curve a) and the electrode modified with NAC (curve b). According to the Nyquist plots, a
straight line was found at lower frequencies for the bare and NAC modified GCE, illustrating
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that the electrochemical process has a diffusion limiting phase [26,27]. It can also be
observed that the spectra for the modified electrode display a small radius circular arc than
that of bare GCE. This indicates a decrease in the electron transfer impedance at the
electrode's surface, suggesting that the NAC can promote [Fe(CN)e)]># electron transport.
The electron transport of the NAC is due to its conductivity. The intense interaction between
the two unpaired electrons in the 3d orbital of Ni?* and the aniline's antibonding orbitals
could explain the conductivity. The interaction delocalizes the aniline's m-electronic charge,

decreasing the energy gap and increasing the conductivity [28].

-im(Z) (Ohm)

(a) Bare GCE
(b) NAC/GCE

0 100 200 300 400 500
Re Z (Ohm)
Figure 5.6: Impedance plots of (a) Bare GCE (b) NAC modified GCE. Inset: a model of an

equivalent circuit based on the fitting curve.

5.3.8 Electrocatalytic effect of Ni-ani/GCE towards cysteine

The Ni (II) aniline complex modified electrode was used to examine cysteine’s
electrocatalytic oxidation. Before the implementation of the Ni (11) aniline complex modified
electrode to cysteine’s oxidation, a comparison of the electrochemical response of the bare
and modified electrode was investigated both in the absence and presence of cysteine. The
study was done using cyclic voltammetry (CV) in 10 mM PBS electrolyte at 50 mV/s scan
rate, as represented in Figure 5.7A. In the absence of cysteine (Figure 5.7A, inset), the cyclic
voltammetry curve at the bare electrode (curve 'a’) shows a very weak current signal.

However, the current signal was enhanced upon modifying the electrode (curve 'b") with the
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complex material. There was also a significant change in the oxidation current value (curve
'b") upon the analyte's addition for the modified electrode compared to the bare one in Figure
5.7A, the main panel. The results indicate that the Ni (I1)-aniline complex displayed excellent
electrocatalytic behavior for the oxidation of cysteine. In addition, the complex material
increased the electron transfer rate between cysteine and the bare electrode during the
oxidation process. Such enhanced activity is due to the Nickel (I1) ion and aniline moiety's
synergistic effect.

The electrocatalytic oxidation of cysteine was probed by CV in 10 mM PBS electrolyte at 50
mV/s scan rate by varying the concentration (Figure 5.7B). The result shows that as cysteine
concentration is increased, the anodic peak current increases, indicating that cysteine has
been oxidized by the electrode modified with NAC. The maximum peak currents occurring at
the voltammogram symbolize that the NAC modified electrode has a good electrochemical
activity for cysteine oxidation with a rapid electron transfer and mass transport [29]. A
possible oxidative mechanism of cysteine on the surface of solid electrodes can be proposed,

as shown in Scheme 5.1.
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Figure 5.7: (A) Cyclic voltammetry response of bare GCE and NAC modified electrode with
0 uM cysteine (inset) and 40 uM cysteine (main panel) (B) Cyclic voltammetry response of
NAC modified GCE containing different concentrations of cysteine (Using 10 mM PBS
electrolyte with pH 7.4, scanned at a rate of 50 mV/s).
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Scheme 5.1: Electrochemical oxidation of cysteine at the NAC modified electrode.

According to the scheme, the functional group SH of L-cysteine is oxidized according to
Equation (5.3), and two molecules are absorbed in the electrode surface to form L-cystine, as
shown in Equation (5.4). The electrochemical measurement (Figure 5.7B) verifies the
oxidative mechanism of cysteine. From Figure 5.7B, the irreversible oxidation peak near 0.40
V could be ascribed to the oxidation of the —SH group of L-cysteine forming cysteine, which
results in the formation of a disulfide bond. Similar mechanisms are reported in the literature
[30,31].

5.3.9 Influence of scan rate on cysteine oxidation

CVs were run at various scan rates to investigate kinetic parameters on cysteine oxidation at
the NAC/GCE modified electrode. Figure 5.8 A shows the CV curves of the oxidation of 40
UM cysteine within 50 mV/s to 400 mV/s. According to the result, peak current rises as the
scan rate rises. As demonstrated in Figure 5.8B, the anodic peak current increases linearly as
the scan rate increases. A linear relationship can also be shown when peak current is plotted
against the scan rate’s square root. The correlation between the logarithm of the peak current
and the logarithm of the scan rate also exhibited linearity with a gradient value of 0.40. The
results show that the mechanism occurring at the electrode’s surface was diffusion controlled

[32].
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Figure 5.8: (A) CV responses of NAC/GCE containing 40 uM cysteine in PBS (pH 7.4) at
different scan rates (50 mV/s to 400 mV/s). The line plot of (B) peak current vs. scan rate (C)

peak current vs. scan rate's square root (D) logarithm of peak current vs. scan rate's
logarithm.

5.3.10 Square wave voltammetric detection of cysteine

To check the cysteine sensor's analytical performance, we employed the method of
squarewave voltammetric (SWV) detection. This technique would enable us to determine
some parameters, including sensitivity and detection limit values. The SWV detection was
done by a scan of the potential between 0.2 to 0.9 V at 10 Hz frequency, scanned at a rate of
50 mVs™ and a pulse height of 25 mV in PBS electrolyte. The currents produced due to
cysteine's electrocatalytic oxidation were recorded after an accumulation time of 10 s. Figures
5.9A and B show that, with cysteine concentrations, the oxidation peak currents increase
linearly in the region of 2.5 uM to 25 pM and 40 pM to 220 uM, respectively. The result

suggests that the electrode's electrochemical activity has improved upon modification. It is
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worth noting that the oxidation peak moved to a higher potential range, indicating the electro-
oxidation process's irreversibility [33]. The calibration curve was recorded for cysteine
detection by plotting the oxidation peak currents against the concentration. The linear
response of the modified electrode towards cysteine be expressed as ipa (LA) = 0.1134 ¢ (uUM)
+ 0.8365 (R? = 0.98994) and = 0.04022 ¢ (uM )+ 2.85342 (R? = 0.98811) where ¢ is
concentration. A detection limit of 2.09 uM was calculated based on a signal-to-noise ratio
equal to 3.0. The sensitivities of the proposed sensor were calculated to be 1.6026 pApuM”
lem? and 0.5686 pApM™cm™ respectively, in the two linear ranges. The results illustrate
that the proposed sensor has a low detection limit and broad linear range, which is
considerably higher than many other sensors mentioned in the literature, as listed in Table
5.2. The comparison confirms that the nickel aniline complex is an effective medium for the

electrochemical recognition of cysteine.
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Figure 5.9: (A) Square wave voltammetric responses of NAC modified GCE in 10 mM PBS
electrolyte (pH 7.5) with reduced concentrations of cysteine (from a to f: 0, 5, 10, 15, 20, 25
UM, respectively). Calibration plot is shown inset (B) Square wave voltammetric responses of
NAC modified GCE in 10 mM PBS electrolyte (pH 7.4) with increasing concentrations of
cysteine (from a to f: 0, 40, 80, 120, 160, 200 uM, respectively). The calibration plot is
shown inset.
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Table 5.2: Comparative analysis of the efficiency of electrochemical sensors for cysteine

detection
Electrochemical sensors Techniques Detection _ References
Limit (M) Linear
Range
(uM
MWCNTS/PEI/AUNPS/DTNB  Amperometry 2.7 9-250 [34]
Iron tetrasulfonated Amperometry  0.13 1.21 [35]
phthalocyanine/MWCNTSs 24.23
Glassy carbon electrode Amperometry 5.4 10-500 [36]
modified with MWCNT
Carbon electrode bulk  Amperometry 0.2 1-12 [37]
modified with cobalt
phthalocyanine
Brilliant-blue-modified CcVv 0.5 10-100 [38]
Nafion-coated GCE
CuGeO3/10  with  PANI CV 0.44 1-2 [39]
nanowire modified GCE
PAMT DPV 3.36 20-180 [40]
Co(Il) SMCP Amperometry 0.4 2-20 [41]
CFE modified with Micro Au ~ Voltammetry  0.06 0.5-5 [42]
Ni (11)-aniline complex SWv 2.09 2.5-25 This work
40-220

Multi-wall carbon nanotube (MWCNT), Carbon fiber electrodes (CFE), Polyethylenimines
(PEI), salophen-modified carbon paste (SMCP), DTNB 5,5-Dthiobis-2-nitrobenzoic acid,

Poly[5-amino-2-mercapto-1,3,4-thiadiazole] (PAMT), Polyaniline (PANI).

5.3.11 Selectivity and Reproducibility studies

The sensor's selectivity was investigated by studying the chronoamperometry determination

of successive additions of cysteine at 0.4 V in the presence of 20 uM of each glucose,

tryptophan, glycolic acid, glycine, glutathione, and histamine, as shown in Figure 5.10A. The

interferents were chosen because their peak potentials are close to cysteine and within the
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potential range under investigation. Upon the addition of cysteine, there was an obvious
current response. On the contrary, the modified electrode was passive towards the
electroactive interfering species with no noticeable current response. The result confirms that
the fabricated Ni (II) aniline complex modified GCE is highly selective towards cysteine
determination.

To ascertain the sensor's reproducibility, the electrochemical oxidation of cysteine (20 uM)
was performed with cyclic voltammetry for four successive measurements. The tests were
performed using five separate electrodes modified with the Nickel (11) aniline complex at 50
mV/s scan rate in an electrolyte of PBS (pH 7.4). The cysteine’s oxidation peak current
obtained with the four successive measurements of 5 different modified electrodes revealed a

relative standard deviation of 7.44 %, implying that the results are reproducible (Figure

5.10B).
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Figure 5.10: (A) Amperometric current response of cysteine in the presence of glucose,
tryptophan, glycolic acid, glycine, glutathione, and histamine with a potential of 0.40 V
(Using an electrolyte of PBS, 10mM concentration at 50 mV/s scan rate. (B) The current
registered during electrooxidation of 20 uM cysteine on five different NAC/GCE surfaces

prepared in the same condition.

5.4. Sub-conclusion

We have successfully prepared a nickel (1) aniline complex via a simple complexation
method. Aniline performed as a ligand, complexing with the nickel-metal via the nitrogen
group of the aniline. The FTIR, UV, NMR, and elemental analysis established the synthesis
of the complex material. XRD analysis of the complex shows a crystallite size of 27 nm.
Also, the surface morphology using SEM displayed that the particles of the complex were

agglomerated. The complex material exhibited good electrocatalytic properties for cysteine
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detection, as evidenced by its low detection limit and broad linear range. The sensor showed
a fast response, appreciable sensitivity, and reproducibility results, indicating that NAC could

also be a favorable material for constructing efficient electrochemical sensors.
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CHAPTER 6

ELECTROCHEMICAL RECOGNITION OF URIC ACID AND
DOPAMINE USING COBALT-ANILINE COMPLEX WITHIN AN
ORGANIC AND INORGANIC MATRIX

6.1 Introduction

For many years, cobalt-based compounds have captured a strong interest in research owing to
their physiochemical properties, including ferromagnetism, high melting point, multivalence
states, and high stability [1]. Cobalt compounds have found usefulness in applications such as
biomedicine [2], catalysis [3], inks and pigments [4], biological systems [5], hybrid
supercapacitors [6], and sensors [7]. Cobalt is one of the most promising ones among the
transition metals due to its extensive range of spectroscopic and unique properties. It can also
form complexes by covalently binding to other molecules or ions. Cobalt research is still
ongoing since it has a wide range of functions and uses, particularly in sensors.

Some electrochemical cobalt-based sensors have been reported for sensing applications, and
they all exhibited promising performances. For example, cobalt oxide/reduced graphene
composite exhibited good selectivity and fast and stable response to hydrogen peroxide [8].
Ternary nickel-cobalt sulfide nanoparticles have also been used for nonenzymatic sensing of
glucose [9]. Wu et al. also documented cobalt sulfide application for the electrocatalytic
detection of glucose and hydrogen peroxide [10]. The design of a bipyridine cobalt (ii)
complex sensor has also been reported for the electrochemical sensing of acetaminophen and
naproxen [11]. In another recent report, cobalt tetraaminebenzamidephthalocyanine complex
was developed for dopamine detection [12]. Hu et al. also reported the fabrication of single-
atom cobalt-based uric acid sensor [13].

To enhance the sensitivity and selectivity of biological molecules, the design of chemically
modified electrodes has extensively been reported. The analysis of uric acid (UA) and
dopamine (DA) biomolecules is essential owing to their physiological processes to living
organisms. Uric acid is an essential biomolecule and an oxidation product of purine
metabolism [14,15]. Dopamine is a crucial neurotransmitter that performs a significant
function in human metabolism, cardiovascular, circulatory, and central nervous systems [16].
Studies concerning electrochemical oxidation of UA and DA have extensively been
conducted [17].
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This study describes UA and DA's electrocatalytic oxidation by a cobalt-aniline metal
complex synthesized using a chemical complexation method. The covalent interaction of
aniline with cobalt gave rise to a complex with a novel catalytic and luminescent property
similar to what was described in our previous work [18,19,29]. The formation of those
complexes could be ascribed to the partially filled d-orbital on the transition metal ions. The
cobalt aniline complex was further reacted with a sulfur source and yielded no meaningful
change in the property of the intermediate product. Various characterization methods have
been used to validate the successful synthesis of the product. No article has been reported as
regards the utilization of cobalt aniline complex for sensing biological molecules to the
author's knowledge. The complex material displayed good electrochemical signals for UA

and DA recognition.

6.2 Experimental

6.2.1 Materials

Cobalt sulfate heptahydrate, aniline, sulphuric acid, ethanol, uric acid, and dopamine were
purchased from Sigma-Aldrich, obtained as an analytical grade, and utilized without
additional purification. All received chemicals and solvents that were used are of analytical
quality.

6.2.2 Material characterization

Transmission electron microscopy (TEM) was performed using JEOL (JEM-2100) analytical
instrument to determine the complex’s microscopic property. The structural characterization
was performed using PANanalytical X’pert pro diffractometer system that has CuKa
radiation (k = 0.1542). Fourier transform infrared (FTIR) spectra were measured using a
Shimadzu IRAffinity-1 with a spectral resolution of 0.5cm™. A potentiostat (bio-logic SP-
200) coupled to a data acquisition system was used for all electrochemical tests. In the
experiment, a glassy carbon electrode (GCE) was utilized as the working electrode, an
Ag/AgCI electrode filled with saturated KCI was utilized as the reference electrode, and a
platinum wire (0.5mm) was utilized as the counter electrode. An aqueous phosphate buffer

solution (10 mM) was used as an electrolyte.
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6.2.3 Synthesis of cobalt-aniline complex and characterization techniques

In a standard experiment, 0.0098 g of cobalt sulfate heptahydrate was dissolved in 10 ml of
sulphuric acid. The dissolved cobalt sulfate solution was added dropwise to aniline solution
dissolved in ethanol (0.48 g of aniline in 10 mL of ethanol) under stirring conditions. A pink
precipitate was observed due to the complexation between cobalt and aniline (COAC).

To improve the property or activity of the complex material, sodium sulfide (0.1 M) was
added to the pink precipitate of the cobalt aniline complex under the stirring condition and
left overnight. As a result, the color of the precipitation changed to reddish-brown. A fraction
of the solid material was stored for the TEM study, while the rest was filtered, washed, and

dried under vacuum for additional characterization.

The dried synthesized materials were characterized by various methods to establish optical
and surface properties. They were also used as electrode materials to assess the

electrochemical efficiency of uric acid and dopamine sensing.
6.3 Results and discussion

The mechanism for the formation of Co (I1)-aniline can be proposed as follows (Scheme 6.1).

N.Hz NH2 """" C02+
CoSO,

Na,S ——3» 2Na* + §°

Scheme 6.1: Mechanism of the formation of Cobalt aniline complex.

During the reaction between aniline and copper sulfate, the organic molecule (aniline) acts as
a ligand that coordinated with copper sulfate through the lone pair of electrons on nitrogen on

atom and forms the Co (Il)-aniline complex. After the addition of NaxS, the anion species of
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NazS (S") attacked the NH2 group on the complex to reduce it to NH with the evolution of
hydrogen sulfide. The result from the elemental analysis and NMR can evidence the
reduction of the NH> to NH. However, the final product was still a cobalt aniline complex
because the sulfur from the sodium sulfide did not attach with the cobalt ion in the reaction.
For clarity purposes, the intermediate product was named cobalt aniline complex-1 (COAC-

1), and the final product was named cobalt aniline complex-2 (COAC-2).

6.3.1 Elemental Analysis

The elemental analysis of the complex’s carbon, hydrogen, nitrogen, and nickel contents was
studied further to validate the stoichiometry and structure of the synthesized COAC-2. Table
6.1 summarizes the information gathered. The determined compositions were similar to the
elemental compositions. The aniline was found to be coordinated to the Co (Il) ion ina 1:1
mole ratio of cobalt to aniline, resulting in a tetrahedral geometry. The coordination sphere
was made up of three water molecules, and the counterions were sulfate. The complex's
proposed structure is shown in Figure 6.1, based on this analysis and other spectroscopic

studies performed on the complex.

Table 6.1: Elemental analysis data of the Cobalt aniline complex-1 (COAC-2)

Compound Molecular Microanalysis: found (calculate) %
formula C H N S Co
(molar
mass)
[Co- CeH12CoN 24.61 3.84 4.98 11.55 20.12
aniline] 07S (23.93) (4.02) (4.65) (10.65) 19.57
SO4 (351.8829)
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Figure 6.1: Proposed structure of the Co (1) aniline complex (COAC-2).
6.3.2 Morphological studies

The structural morphology of the complex materials was characterized by TEM analysis. The
HR-TEM images of COAC-1 and COAC-2 are presented in Figure 6.2(A) and (B),
respectively. The HR-TEM image from Figure 6.1A clearly shows that the cobalt metal is
complexing with the aniline monomer material with a little agglomeration. After introducing
sodium sulfide, the material became more agglomerated without forming a nanoparticle or
polymer (Figure 6.2B). A similar kind of morphology has been observed in our former
reports [20]. However, in that report, the introduction of sodium sulfide to a bismuth aniline
complex led to nanoparticles’ formation stabilized by the aniline moiety. In Figure 6.2C, the
SEM micrograph of the COAC-2 is shown. It could be seen from the figures that the complex

exhibits a platelet-like structure.

104 |Page



Chapter 6 UA and DA detection with COAC

A

BEM MV 200 WV

Figure 6.2: HRTEM images of (A) cobalt aniline complex (COAC-1) (B) cobalt aniline
complex (COAC-2) (C) SEM image of COAC-2.

6.3.3 FTIR spectroscopy

The prepared complex was further verified with FTIR spectroscopy, as displayed in Figure
6.3. The IR spectrum of the COAC-1 is quite very similar to the COAC-2. The spectra of the
aniline complexes are comparatively rich in bands that arise in the amino group's internal
vibrations. The complexes are characterized by N-H stretching frequencies at 3265 cm™, a
band lower than that of the aniline moiety, occurring at 3341 cm™. This stretching frequency
indicates the metal coordination with the nitrogen group present in the aniline structure to
form a complex [21]. A peak noticed at 3258 cm™ in the complexes is due to the OH bending
vibration. The stretching frequency of the C-N bonds in both complexes was confirmed by
the prominent signal at 1082 cm™. The C=C stretching vibration for the benzenoid ring in the
two complexes is visible at 1487 cm™ and 1592 cm™. There are, however, very weak C-H
bending on the complexes. The IR spectrum of COAC-2 displayed the regeneration of all the
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aniline vibrational bands in COAC-1. The resurgence indicates no new product formation
when sulfur was introduced through sodium sulfide rather than a more agglomerated complex
through the extra N-H bending at 1735 cm™. Also, another difference between the two
complexes is in their peak intensities. One can observe that the IR peak intensities of the
COAC-1 are higher or longer than the COAC-2, meaning the coordination between cobalt
and the nitrogen atom on the aniline ring was further strengthened as sulfur was added,

leading to more aggregation, hence indicating a complex formation.

(c)

"
(b)

e

WY

(a) Aniline
(b) COAC-1
(c) COAC-2

Transmittance (a.u.)

4000 3000 2000 1000
Wavenumber (cm'1)
Figure 6.3: FTIR spectra of aniline and COAC-1 and COAC-2 complexes.

6.3.4 NMR study

'HNMR of the ligand and the COAC-2 was performed in DMSO-ds. The *H NMR spectrum
of the ligand and the complex is displayed in Figures S6.1 and S6.2, respectively. The *H and
spectral information of aniline and the cobalt aniline complex in DMSO-ds are presented in
Table S6.1. As shown in Figures S6.1 and S6.2, the peaks assigned for the aromatic protons
in aniline appear at 7.20-7.23 ppm as triplets and to 6.89-6.91 ppm as duplets. The amine
shifted from a peak of 4.97 ppm in aniline to a downfield at 7.79 ppm in the COAC-2 as NH.
The spectral analysis indicates that the aromatic protons and amine shift confirm the

formation of a complex product [22].
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6.3.5 Electronic Spectra

The absorption spectrum of aniline and the cobalt aniline complexes (COAC-1 and COAC-2)
were measured in DMSO, and its spectra are presented in Figure 6.4. The aniline spectra have
a single energy band of about 290 nm originating from the benzene ring's n—m* transition
[23]. This transition was also visible in the COAC-1's UV-vis spectrum but red-shifted from
290 nm to 301 nm. Likewise, there was also a redshift in the COAC-2 spectrum from 290 nm

to 296 nm. This redshift confirms the formation of the complex [24].

290 nm
121 Aniline
=
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O 0.8- COAC-2
o0
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©
0
| .
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.
0.0 P

300 ' 350 ' 400
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Figure 6.4: Absorption spectra of aniline and cobalt aniline complexes.
6.3.6 XRD analysis

XRD study was used to examine the complex's structures. The diffraction spectrum of the
starting material, cobalt sulfate metal and the complexes are compared in Figure 6.5. The
cobalt salt spectrum has a reduced number of broad peaks while the complexes have greater
number. The spectrum of the COAC-1 and COAC-2 are very similar. The COAC-1 spectrum
indicates that most of its peaks are rough or un-sharped peaks, implying that the complex
material is more amorphous than crystalline. The peak intensity at 19.49° (200), 20.21° (211),
and 22.03° (213) reduced after introducing sulfur, thus corroborating the FTIR results. Longer
peaks emerged in COAC-2 complex architecture at 24.58° (220), 28.22° (222) and 30.59°
(331) upon sulfur introduction. The prominent broader peaks for COAC-2 compared to

COAC-1 could be attributed to the crystal size suppression by the sulfate anions.
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Figure 6.5: X-ray diffraction pattern of (A) Cobalt sulfate salt (B) Cobalt aniline complex
(COAC-1) (C) Cobalt aniline complex (COAC-2).

6.3.7 Electrochemical characterization of the sensor

The developed sensor was characterized using electrochemical impedance spectroscopy (EIS)
to investigate its electrochemical behavior. Nyquist plots obtained from electrochemical
measurements usually provide useful information on electron transfer kinetics at the
electrode’s surface. The Nyquist diagram often includes a semicircle part that depicts charge
transfer resistance (inversely proportional to conductivity) and a linear part representing a
diffusion limiting process. For example, the Nyquist figure in Figure 6.6 displays a straight
line for bare electrode, COAC-1, and COAC-2 modified GCE at lower frequencies. This line
denotes an electrochemical process diffusion limiting phase. COAC-1 has a semi-circle with
a diameter smaller than the COAC-2 and the bare electrode. The small semi-circle signifies
that COAC-1 has a higher conductivity than the other two electrodes and can promote
electron transfer of [Fe(CN)e]*”* and facilitate the detection of UA and DA. The heavy
interaction between the three unpaired electrons in the 3d orbital of Co?* and the antibonding
n-orbitals of the aniline may be attributed to the material's conductivity. The interaction
causes delocalization of the m-electronic charge on the aniline, lowering the energy gap and
increasing conductivity [25]. The conductivity can also be ascribed to the charge hopping

mechanism between the metal ion and the aniline moiety [26].
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Figure 6.6: Nyquist plot of bare electrode and modified electrodes.
6.3.8 Electrochemical oxidation of UA and DA

The electrochemical response of bare GCE, COAC-1/GCE, and COAC-2/GCE was examined
using cyclic voltammetry (CV). The cyclic voltammograms for the bare electrode in the
presence of 60 UM of UA within a potential region of -0.2 VV and 0.6 V at a 50 mV/s scan rate
are exemplified in Figure 6.7A. The figure shows that upon UA’s addition, the COAC-
1/GCE's displayed a higher oxidation peak response than the bare GCE owing to its large
surface area. Upon addition of sulfur (COAC-2), the current value reduced a little. Therefore,
the COAC-1 was used for further studies. The cyclic voltammogram for the COAC-1/GCE
modified electrode upon variation of UA's concentration from 20 pM to 180 pM shows a
steady increase in current values (Figure 6.7B). The oxidation process of UA at the electrode
also indicates a change in the peak current position to the region of larger potential values

indicating that the oxidation process is irreversible.
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Figure 6.7: (A) Cyclic voltammograms of bare GCE and COAC-1/GCE in the presence of
60 uM uric acid (B) Cyclic voltammograms of COAC-1/GCE upon an increase in UA's

concentration.

Figure 6.8A shows the electrocatalytic response of the bare GCE, COAC-1/GCE, and
COAC-2/GCE in the presence of 40 uM DA. It could be noticed that the COAC-1/GCE
exhibited a higher peak current response than both bare GCE and COAC-2/GCE in the
presence of dopamine. Therefore, further studies were carried out using COAC-1/GCE. The
decrease in the current value for UA and DA’s detection with COAC-2/GCE could result
from its more agglomerated form with the introduction of sulfur.

Investigation of the electrochemical response of COAC-1/GCE in the presence of varying
DA concentrations is as shown in Figure 6.8B. A steady rise of the current response was
noticed upon increasing the DA concentration from 20 uM to 220 uM, which can be ascribed
to the enhanced electron transfer in the electrode's surface. A probable mechanism for UA

and DA oxidation is as shown in Scheme 6.2 [27].
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Figure 6.8: (A) Cyclic voltammograms of 40 uM DA at bare GCE, COAC-1/GCE, and
COAC-2/GCE (B) Cyclic voltammograms of COAC-1/GCE with increasing concentration of
DA (Using 10 mM PBS at a 50 mV/s scan rate.
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Scheme 6.2: Probable mechanism of oxidation of dopamine and uric acid at COAC-1/GCE.

From the above scheme, the exchange of two protons and electrons occurs both for the
oxidation of UA and DA. Thus, the functional group -OH of the dopamine is oxidized to a
ketonic group to form dopamine-o-quinone while uric acid is oxidized to uric acid 4,5-diol.

6.3.9 Square wave voltametric detection of UA and DA

COAC-1 electrocatalytic performance for UA and DA sensing was also investigated by

square wave voltammetry technique under a scan rate of 50 mV/s, a frequency of 10 Hz, and
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a pulse width of 25 mV. The graph showing the square wave voltammetric detection in
Figure 6.9 (A) and (B) indicates a steady rise in current response as each UA and DA's
concentration increased. The current increase proves that the COAC-1 modified electrode’s
electrocatalytic response for UA and DA sensing is linearly dependant on their
concentrations. In the absence of the analytes, no typical oxidation peak was found within the
potential window implemented. The calibration curves (concentration of UA and DA as a
function of current) with regression coefficients 0.99885 and 0.99637 were plotted to derive
the detection limit and sensitivity (LOD) from their square wave voltammograms. The
sensitivity of UA was calculated to be 0.0834 pA pM™cm™ and a LOD of 9.26 uM under a
linear range of 20 — 280 puM. The sensitivity of DA was achieved to be 0.2121 pA uM*cm
and a LOD of 9.52 uM under a linear range of 10 — 200 uM. The detection limit and linear
range of the developed sensor for UA and DA detection were compared with reports in the
literature as displayed in Table 6.2. The comparison demonstrates that the analytical variables

are better than or similar to those of previous studies.
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Figure 6.9: Square wave voltammetric response of COAC-1/GCE with varying
concentrations of (A) Uric acid (B) Dopamine. (C) calibration plot for peak current against

UA’s concentration. (D) calibration plot for peak current against DA’s concentration.
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Table 6.2: Comparison of the proposed sensor with other modified electrodes

Modified Linear range (uM) Detection limit (uM)  References
electrode UA DA UA DA
RGNA? 20-170 30-190 64 7.5 [28]
AuNP@MOoS,/GCE 10 -7 x 0.05-4x 10 0.05 [29]

10° 103
CSP/GR® 20-45  10-24 2 1 [30]
GR 6.0-1330 5.0-710 0.82 2.0 [31]
Pt-Au hybrid 21-336 24-384 21 24 [32]
Trp-GCE? 10-1000  0.5-110  12.9 0.29 [33]
CNNS-GO°¢ 10-200 1-20 10 10 [34]
ZnO NWA/GFE"  0.5-40 0.5-40 0.5 0.5 [35]
COAC? 20-280 10 -200 9.26 9.52 This work

@ Recessed gold nanoelectrode array

b Chitosan

¢ Graphene

d Tryptophan-functionalized graphene nanocomposite modified glassy carbon electrode
¢ Graphitic carbon nitride nanosheets doped graphene oxide

ZnO nanowire arrays modified 3D graphene foam electrode

9 Cobalt aniline complex

6.3.10 Selectivity test

The amperometric technique was adopted to investigate the COAC-1 electrode’s selectivity
towards UA and DA. This was performed by the sequential addition of the separate analyte
and some potential interfering species, as shown in Figure 6.10 (A) and (B). Uric acid's
selectivity was performed by interfering with tryptophan, cysteine, histamine, ascorbic acid,
alanine, and glucose in UA’s presence. The catalyst selectivity towards DA recognition was
studied by adding interferences such as glucose, ascorbic acid, cysteine, tryptophan, and
histamine. The result in Figures 6.10(A) and (B) indicates that the interferences were
irresponsive towards UA and DA's amperometric signal. The unresponsiveness implies that

the developed sensor exhibits high specificity towards the recognition of UA and DA.
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Figure 6.10: Amperometric current response of (A) Uric acid in the presence of tryptophan,
cysteine, histamine, ascorbic acid, alanine, and glucose under an applied potential of 0.45.
(B) Dopamine at a potential of 0.40 V in the presence of glucose, ascorbic acid, cysteine,
tryptophan, and histamine (Using 10 mM PBS solution at 50 mV/s scan rate.

6.4 Sub-conclusion

In conclusion, the Co-aniline complex was successfully synthesized using a simple
complexation procedure. On further reaction with sulfur, the complex material yielded no
change but rather a more agglomerated complex. The agglomerated complex materials were
confirmed with various characterization techniques, including UV, *HNMR, SEM, TEM,
FTIR, XRD, and elemental analysis. The comparative study of the material with bare GCE
shows the material’s excellent property ascribed to the electrical conductivity due to the
delocalization of the m-electric charges within the complex. The Co-aniline complex material
was employed as an electrochemical sensing platform for the detection of UA and DA. The
modified electrode sensor exhibited remarkably electrocatalytic activity towards UA and DA,
including good sensitivity and selectivity, detection limit, and broad linear range. The Co-
aniline complex material's response to UA and DA's electrochemical detection indicates its
possibility for other biological molecule recognition, including nucleic acids, enzymes, and
proteins, if the catalyst could be modified. These biomolecules or surfactants could also be

used to modify the complex materials to enhance biomolecule recognition in future studies.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary of Findings and Conclusions

This project successfully illustrated the synthesis of aniline-based transition metal complexes
using a simple complexation method and their application to detect some bioactive
molecules. The synthesis approach allows aniline to precipitate the metal salts by
complexation between aniline moiety and the transition metals. The ambient reaction
conditions, followed by centrifugation and drying, highlight this synthesis method. The
complexes material's identity were elucidated by SEM, IR, H, BC-NMR, UV-Vis, FTIR,
XRD, XPS, and elemental analysis. The electrochemical behaviour of the complexes were
studied upon modification on a glassy carbon working electrode using cyclic voltammetry
and EIS. The complexes potential as electrochemical sensors for biologically active
molecules has also been evaluated. It can be concluded that an organic matrix such as aniline
proved to be a great complexing agent for the transition metals Bi, Co, and Ni. The ability of
aniline to form a complex with those metals is a result of the single pair of electrons on the
nitrogen atom present in the aniline structure.

It has been found that the synthesized complexes show good electrocatalytic activity for the
recognition of biologically active molecules, including dopamine, iodine, uric acid, and
cysteine. EIS studies prove that the material is conductive enough to facilitate the detection of
the analytes of interest. Cyclic voltammetry primarily showed the bismuth aniline complex's
potential to detect DA and iodine, cobalt aniline complex to detect UA and DA, and nickel
aniline complex to detect cysteine. Furthermore, SWV illustrated that the three complexes
were sensitive towards the listed molecules as they responded linearly towards the continual
addition of the molecules in the different modified electrochemical systems. Lastly,
chronoamperometry elucidated the three complexes' selective nature as they could create a
linear response towards the continual addition of the individual molecules of interest. The CA
studies showcased the selectivity of these complex materials to the analytes of interest in the
presence of interferent species.

According to the electroanalytical data, the aniline transition metal complexes modified
electrode outperforms the bare electrode and other complexes or nanomaterials reported in
the literature. The sensors acted as suitable platforms for the detection of the different

analytes with wide linear range ranging from 25 — 250 uM for iodine, 2.5 uM-220 uM for
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cysteine, 20 — 280 uM for uric acid, 10 — 200 uM for dopamine. The sensors possess
reasonable detection limits of 23.17 uM for iodine, 12.3 uM and 9.26 uM for dopamine, 2.09
uM for cysteine, and 9.52 uM for uric acid. The electrochemical studies showed that the
transition metals and aniline had a synergistic catalytic effect on the oxidation of iodine,
dopamine, cysteine, and uric acid. The significantly increased peak currents and reduced peak

potentials greatly improved the analytical performance of the prepared sensors.

The aniline-based Bi, Co, and Ni metal complex materials possess the qualities of a credible
sensing system for sensitive and selective detection of biologically active molecules. The use
of these metal complexes will open up exploring other transition metals, complexing with

aniline and its derivatives as modified electrodes for electroanalysis.
7.2 Recommendations for Future Work

This research revealed that the synthesis of aniline complexes with transition metals such as
Bi, Ni, and Co using the simple complexation method is suitable for electrochemical sensor
development. Aniline, which might, in the future, have the potential to contribute to advanced
applications within the biomedical field, should be explored and optimized. Further research
to chemically reduce the Bi, Ni, and Co metal in the complexes to their metallic states should
be looked at, which would improve the material's conductivity. The complex material could
also be modified with other materials to form a composite, further enhancing the sensitivity.
This work could also be taken to the next level by conducting a real sample analysis of the
biomolecules in samples such as urine and blood to check their suitability of the complex
materials for electroanalysis. It would be essential to develop nano-complexes that will
simultaneously detect multiple biological molecules at the same platform. It would also be
interesting to explore other transition metals directly with aniline and study the ensuing

complex for biomolecules’ electrochemical sensing.

120|Page



Appendix-Chapter 4 Supplementary Information

APPENDIX
Supplementary information
Chapter 4

Table S4.1: *H NMR data of the ligand and Bi (111) aniline complex

Ligand/complex 'H and '3 C NMR data (ppm)
'H NMR =7.08-7.05 (2H, t, J = 7.5 Hz, Ar), 6.65 (2H, d, J = 8.0 Hz,
Aniline Ar), 6.57-6.55 (1H, t, J = 7.0 Hz, Ar), 4.97 (2H, br, NH>)

Bi-Aniline IH NMR =7.04-7.01 (2H, t, J =7.5 Hz, Ar), 6.54-6.51 (2H, d, J = 6.25
Hz, Ar), 5.07 (2H, br, NH>)

Aniline

4,971
539
2.500

3.53

Figure S4.1: *H NMR spectrum of Aniline in DMSO
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Figure S4.3: MATLAB code for the calculation of sensitivity and limit-of-detection
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Chapter 5

Table S5.1: H and *C NMR data of the ligand and Ni (11) aniline complex

Ligand/complex 'H and '3 C NMR data (ppm)
'H NMR =7.08-7.05 (2H, t, J = 7.5 Hz, Ar), 6.65 (2H, d, J = 8.0 Hz, Ar),
Aniline 6.57-6.55 (1H, t, J = 7.0 Hz, Ar), 4.97 (2H, br, NH2)

BC{HINMR=114.01, 115.87, 128.80, 148.45

Ni—Aniline 'H NMR =7.12 (2H, s, Ar), 5.32 (3H, d, J = 7.5 Hz, Ar), 3.19 (2H, br,
NH2)
BC{HINMR=119.41, 129.21, 129.50, 139.93

Aniline

4.971
3.539
2.500

201w

Figure S5.1: *H NMR spectrum of Aniline in DMSO

123|Page



Appendix-Chapter 5 Supplementary Information

MNi-aniline complex - PROTON
- = ¥+ uy wy
(2] - - an - o™
- uy Ly ™ [x'] [=1
I T T T T T T T T T T T T 1
12 11 10 9 8 7 6 5 4 3 2 1 ppm
Lo o - RN
5 1| g
Figure S5.2: *H NMR spectrum of Ni-Aniline complex in DMSO-ds
Aniline ul 2 e o o
. . O ouy M
a o u} = N
By o - - & T h
Y] g
A M
T T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 1] ppm

Figure S5.3: C{H} NMR spectrum Aniline in DMSO-ds
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Figure S5.4: BC{H} NMR spectrum Ni-Aniline complex in DMSO-ds
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Table S5.2: Some structural parameters of Nickel (I1) aniline complex

Peak position 20 FWHM Bsize L
K *@A) ©) ©) L (nm) (nm)Average
0,94 154178 7,78346 0,22579 36,86131229 27,34015056
0,94 154178 9,72534 0,22108 37,69549042
0,94 154178 15,55985 0,20159 41,5738225
0,94 154178 19,74247 0,32793 25,70214192
0,94 154178 23,22609 0,83816 10,11412852
0,94 154178 25,74984 0,26662 31,94761504
0,94 154178 27,06986 0,30451 28,04810137
0,94 154178 13,45277 0,18407 45,42443618
0,94 154178 29,42216 0,54037 15,8875524
0,94 154178 36,23364 0,30785 28,38024359
0,94 154178 34,7398 3,73227 2,331152254
0,94 154178 32,25315 0,26798 32,25560047
0,94 154178 51,7328 0,48063 19,20036035
0,94 154178 40,04899 0,64834 13,6317585
0,94 154178 44,66376 2,07757 4,320920015
0,94 154178 62,28485 0,61242 15,84194234
0,94 154178 16,39215 0,15632 53,66820142
0,94 154178 11,4106 0,19474 42,85232645
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Table S6.1: *H NMR data of the ligand and Cobalt aniline complex

Ligand/complex

'H and * C NMR data (ppm)

'H NMR =7.08-7.05 (2H, t, J = 7.5 Hz, Ar), 6.65 (2H, d, J = 8.0 Hz, Ar),

Aniline 6.57-6.55 (1H, t, J = 7.0 Hz, Ar), 4.97 (2H, br, NH,)
Co-Aniline IH NMR =7.23-7.20 (2H, t, J = 7.75, Ar), 6.90 (3H, d, J = 7.5 Hz, Ar),
(COAC-2)  7.79 (1H, br, NH)
Aniline

4.871
3.538
2.500

Figure S6.1: *H NMR spectrum of Aniline in DMSO
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Figure S6.2: *H NMR spectrum Co—Aniline complex in DMSO-ds
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