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ABSTRACT

Rapid and accurate screening of organo-pharmaceuticals and heavy metals in
water reservoirs are of utmost importance as elevated concentrations of these emerging
pollutants can have detrimental consequences to animal and human health. Moreover,
the monitoring of water quality in rural areas is challenging since analytical laboratories
is often non-existent or poorly equipped and lack the necessary skilled workforce to
operate sophisticated instrumentation. However, these techniques are either time
consuming or demand tedious extraction processes prior to detection which is very
inconvenient in routine sample analysis. MPcs are well known for their molecular
recognition capability which are promoted by their metal- and ligand based redox
properties while the latter can be readily influenced by the stereo-electronic properties of
the substituents. This research study focused on the synthesis and characterization of
cobalt(II) phthalocyanines (CoPcs) with analyte targeting aromatic substituents as well
as exploring their application as selective and sensitive electrocatalytic sensors for water
pollutants including Acetaminophen (commonly known as Paracetamol), mercury and

Nevirapine.

In the first experimental chapter, multiwalled carbon nanotubes (MWCNTs)
conjugates of cobalt phthalocyanines with peripherally tetra-substituted flavone or
benzoxazole (CoPc-flav/benzoaxole-FMWCNTS) were fabricated, characterized by
transmission electron microscopy as well as infrared spectroscopy (IR). Their respective
suspension mixtures were drop-casted onto the surface of a glassy carbon electrode to
form CoPc-flav--MWCNTs and CoPc-benz--MWCNTs-GCEs. The chemically modified
electrodes (CME) were used as electrocatalytic detectors for paracetamol which has been
reported in high concentration in various location in KwaZulu-Natal. Under optimized
conditions, the peak currents for CoPc-flav-f-MWCNTs- and CoPc-bo--MWCNTs- GCEs
were linear in wide acetaminophen concentration ranges of 1 - 1000 4M and 15 - 1000

uM
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respectively. Electron transfer kinetics of the CMEs were superior to the bare electrode
where diffusion- and convection-controlled electrocatalytic constants were in the order
of 10%and 10* M~!s™! were obtained for the CMEs. Good selectivity was attained when

tested in the presence of other emerging water pollutants.

In the second experimental chapter, in-situ fabrication of gold electrodes was
performed by self-assembled monolayer (SAM) formations of peripherally furan (3) or
benzothiazole (4) substituted cobalt phthalocyanines followed by electropolymerization
of 3-hexylthiophene (3-HT) molecules (SAMs-3 | Poly(3-HT) or SAMs-4 | Poly(3-HT) Au
electrodes). The resultant chemically modified electrodes (CMEs) portrayed optimal
electrocatalytic activities during the voltammetric detection of Hg(I) and Hg (II) cations.
Operational parameters including the accumulation potential, accumulation time and pH
studies were fine-tuned and optimized. SAMs-3 | Poly(3-HT) and SAMs-4 | Poly(3-HT)
Au electrodes showed linear ranges in the concentration ranges of 1.48 x 10- and 4.06 x
105 M, respectively. The SAMs-CoPc-furan |Poly (3-HT) Au electrode could reliably
quantify Hg (II) in the surface water of a river sample with good accuracy and the
excellent recovery of 104% attained, provided confidence in the standard addition
method as well as the integrity of the CME. The CMEs displayed excellent discriminatory

capabilities in the presence of other divalent metal cations.

In the final experimental chapter, sequential drop-casting of a suspension
comprising of conjugate of FMWCNTs and coumarin tetra-substituted CoPc, followed by
the immobilization of 5% Nafion resin solution (Naf-5) on a Pt electrode rendered the
CME, CoPc- FMWCNTs/Naf-5/Pt. The resultant CME could selectively detect the
antiretroviral drug, Nevirapine (NVP) in the presence of other common organic
pollutants. In addition, linear sweep voltammetric responses were linear in the

concentration ranges of 0.6 nM to 30 M whilst its chronoamperometric responses were

11
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linear in the concentration of 4 nM to 30 uM, with an excellent lower detection limits of
0.212 nM and 2.5 nM respectively. Moreover, the CME was used to detect the presence of

NVP in a river water sample with a good percentage recovery of 110%.

Keywords: Metallophthalocyanines, coumarin, benzothiazole, furan, benzoxazole, linear

sweep voltammetry, carbon nanotubes, Nafion and 3-hexylthiophene.
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PREFACE

The experimental work described in this dissertation was carried out in the School of
Chemistry and Physics at the University of KwaZulu-Natal, Pietermaritzburg, from
January 2018 to April 2021, under the supervision of Prof. Irvin Noel Booysen and co-

supervision of Dr. Allen Mambanda.

These studies represent original work by the author and have not otherwise been
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iv



Kevin Kantize Declaration 1

DECLARATION 1-PLAGIARISM

I, Kevin Kantize, declare that:

1. Theresearch reported in this dissertation, except where otherwise indicated, is my
original research.

2. This dissertation has not been submitted for any degree or examination at any
other university.

3. This dissertation does not contain any other persons’ data, pictures, graphs or
other information, unless specifically acknowledged as being sourced from other
persons.

4. This dissertation does not contain any other persons” writing, unless specifically
acknowledged as being sourced from other researchers. Where other written
sources have been quoted, then:

a. Their words have been re-written but the general information attributed to
them has been referenced.

b. Where their exact words have been used, then their writing has been placed
in italics and inside quotation marks and referenced.

5. This dissertation does not contain text, graphics or tables copied and pasted from
the internet, unless specifically acknowledged, and the source being detailed in

the dissertation and in the References section.

Signed: -



Kevin Kantize

Declaration 2

DECLARATION 2-PUBLICATIONS

Manuscripts published:

1. Kantize, K., Booysen, LN. and Mambanda, A., 2019. Electrochemical sensing of

acetaminophen using nanocomposites comprised of cobalt phthalocyanines and

multiwalled carbon nanotubes. Journal of Electroanalytical Chemistry, 850, p.113391.

. Kantize, K., Ngwenya, V., Booysen, L.N. and Mambanda, A., 2021. Electrocatalytic

determination of mercury cations at the interfaces of gold electrodes modified

with  self-assembled  monolayers  of

phthalocyanines  and

electropolymerized 3-hexylthiophene films. Polyhedron,203, p.115235 .

Manuscript in preparation:

1. Kantize, K., Booysen, LN. and Mambanda, A., Electrocatalytic determination of

nevirapine using a platinum electrode modified with a polymeric CoPc-nafion-

carbon nanotube composite.

The compounds involved in all the aforementioned manuscripts have been synthesized,

Kevin Kantize

Signed: - Date: 5/05/2021

Supervisors:

Prof. LN. Booysen

Signed: Date: 5/05/2021

Dr. A. Mambanda

Signed: _ Date: 5/05/2021

vi



Kevin Kantize Acknowledgements

ACKNOWLEDGEMENTS

First and foremost, I would like to thank God, the creator of heaven and earth, the
one every creature should bow to, for his blessings, provision, protection throughout my

life and more so during my master’s studies, all glory belongs to you Lord!!!

I would like to thank my supervisor, Prof. .N. Booysen for the time he has invested
in my research, the guidance, and the motivation to be able to reach the target goal, is
deeply appreciated. The intellectual capacity you have transferred to me will go a long

way in building the next generation of electrochemists.

I would like to thank Dr Mambanda for his critical insights and time he has

dedicated towards the completion of this research.

I am grateful to the technicians in the school of chemistry for their help and fruitful
discussion for various characterization techniques. I am also thankful to the University
of KwaZulu-Natal for enabling me to make use of their laboratory and LAN facilities to

be able to conduct my research.

I am grateful for the Nation Research Foundation for sponsoring this important

research.

I would like to thank unreservedly The Nelson Mandela Rhodes Foundation for

their financial support during this research study.

I would like to thank my fellow research members; Vuyelwa Ngwenya, Zabenguni
Mthombothi, Siyabonga Shoba, Shabaaz Abdullah, Patrick Mangundu, Daniel
Makanyane and Danica Moodley, you have made my research journey a whole lot easier

with your different contributions. I am grateful to have been in the same research group.

vii



Kevin Kantize Acknowledgements

This research work is solely dedicated to both my late Father Edouard Niyungeko
and my mentor, my uncle and my second Father Ernest Nkunzimana, I know that you
are proud of your son! To conclude, I would like to thank my mother Spes-Caritas
Kanyange, my aunty Esperande Bigirimana, my sister Nabelle Nagateka, my nephew

Zayne Jayden Migisha and the rest of the family for their love and support, | LOVE YOU!

vii



Kevin Kantize Chapter 1

Chapter One

Introduction

1.1  General background

Since their early discovery in the early 1900s, metallopthalocyanines (MPcs) have
found themselves at the centre of an intense investigations.: 2 Their early application
entailed mainly dyes used in the textile industry. Since then their applications have
grown significantly and include a wide spectrum of practices viz. medical technologies
such as potential dynamic therapy (PDT) and clean energy generators as in fuel cells.3-¢
Relevant to this study, is the capability of MPcs to serve as current signal enhancers in

thin films on the surface of electrodes.”

MPcs are highly conjugated planar metallocyclic complexes which share a similar
structural skeleton to haemoproteins such as Haemoglobin, Vitamin Bi» and
Cytochromes.8 In particular, the aforementioned biomolecules contains four isoindole
groups that are linked together by four nitrogen atoms. MPcs can undergo coordination
at the central metal ion (e.g. Mn(OAc)Pc) as well as the attachment of peripheral and/or
non-peripheral substitutions on the ring system, see Fig. 1.1.° The electrochemical
properties of MPcs are significantly dependent on the nature of the substituents and their
positioning as well as the metal centre, which underline their versatility in different

applications.10- 11
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Fig. 1.1: General structure of Metallophthalocyanines (MPcs) where the alpha- and beta-
substitution positions are indicated by arrows.

1.2  Motivation and aim of the study

Chemically modified electrodes (CMEs) with electron-mediating thin films have
attracted widespread attention of material scientists and electrochemists.1> 13 This is a
result of their superior electrocatalytic activities achieved by increasing the surface area
and electron transfer kinetics of the working electrode. In addition, CMEs can afford no,
or less surface fouling compared to their corresponding bare substrates.14 1> Meticulous
selection of the elementary components for a thin film is imperative to achieve high
sensitivity and selectivity towards a desired analyte.l® 17 Another prerequisite of an

optimally functional electrochemical sensor is reproducibility which can also be directly
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correlated to the robustness of CMEs.1® Consequently, the electrode modification
technique must be carefully considered to promote strong adhesion between the

interfacial layer of the substrate and the conductive thin film.18-20

Electrochemical sensors offer numerous advantages compared to traditional
analytical techniques, which include cost effectiveness, portability, simple to use and
faster analyte determination amongst others.?!’ Nonetheless, more research is still
required to enhance the sensitivity and the selectivity of electrochemical sensors. In the
quest to find new materials for CMEs, nanomaterials and their nanoconjugates have
emerged and have been incorporated into thin films that have been immobilized on
various electrodes.?> 22 Generally, the modified substrates with nanohybrids offer
increased surface area and electrical conductivity, culminating into higher

electrocatalytic responses but lower redox potentials.?? 23

Numerous structure-activity relationships of Metallophthalocyanines (MPcs) have
been derived, and through the diverse structural features of MPcs, their redox,
photophysical and electronic properties can be manipulated.?* MPcs can form nano films
on the surfaces of several substrates via various electrode modifications methods and
these MPc-based electrochemical sensors have portrayed electrocatalytic sensing
capabilities to various analytes largely owing to the 18-metallocyclic generic structure.18
Literature trends are showing that substituents have critical roles to play, not only in
altering metal- or Pc-based redox properties within the potential window of the analytes
by promoting the discrimination of detection of analytes.?> 26 The latter is of particular
importance due to the complex make-up of real samples such as biological or polluted

water samples.?”
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Herein, heterocyclic moieties as peripheral substituents have been used on the Pc
core to promote the distinctive detection of pharmaceutically derived pollutants or
mercuric cations, see Fig. 1.2. The rationale behind the selection of these heterocyclic
moieties stems from their similar stereo-electronic properties with the pharmaceuticals
or that complementary intermolecular interactions which can favourably occur between
the former and the latter.?8, 2 For example, a sensitive GCE electrode modified with a
non-symmetrical CoPc containing benzothiazole moieties was used to selectively detect
Hg?* in a multifarious sample and in tap water. This CoPc was anchored to the surface
of a GCE via a cycloaddition reaction between the electrochemically grafted azides and
alkynyl mast-groups of the CoPcs. Incidentally, the coordination affinity of the heavy
metal pollutants towards the sulphur donor atoms of the benzothiazole played a central

role in the mechanism of electrocatalysis.3

In the quest to increase the electrode sensitivity, MPcs are often coupled with
carbon nanotubes or polymers.3l 32 In particular, the extended pi-conjugation of
multiwalled carbon nanotubes” (MWCNTs’) network structure generally encourages
higher redox currents for MPc-based electrochemical sensors.3® Moreover,
functionalization of MWCNTs can render stable MPc nanoconjugates and depending on
the chemical modification approach, a mixture of functionalized MWCNTs with a MPc
can be immobilized on working electrodes.3® In addition, the CMEs comprising of
MWCNTs and MPcs generally increase their effective surface area and mechanical

stability.34 35

Electrochemically-conducting polymers have been incorporated into thin films on
various substrates.3¢ 37 These polymeric electron mediators offer several advantages
including higher surface area, faster diffusion of redox species, good adhesion to the bare

substrates and lower electrode modification costs. In addition, this class of CMEs can
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have a unique mode of electrocatalysis whereby their polymer components can act as ion-
exchange polymers that accumulates the analyte of interest depending on their
structures.3® In fact, the specificity of these electrode modifiers towards analytes is often
governed by the Lewis acid-base complexation interaction.3® Molecularly imprinting of
polymers is another emerging electrode alteration technique that besides the core benefits
of polymeric CMEs, affords compactness to the latter which is an essential step for

miniaturizing the electrochemical sensing technology.40

Lately, there have been reports on the increasing concentrations of
pharmaceuticals in water sources globally.4l. 42 The escalating prominence of these
pharmaceutically-derived pollutants is largely attributed to the population “boom” and
the advancement of modern medicine. Matongo et al. reported a wide distribution of
pharmaceuticals in the Msunduzi river based in KwaZulu-Natal (KZN) using a high-
performance liquid chromatography (HPLC-MS/MS) detection technique. More
specifically, a high acetaminophen concentration of 1.74 ug L1 was found in close
proximity of residential and industrial areas.*3 Similarly, Wood et al. detected the
presence of many anti-retroviral drugs at various major rivers and dams, using an ultra-
high pressure liquid chromatography tandem mass spectrometry (UHPLC-MS/MS),
with an upper limit of 1480 ng L-! for Nevirapine in the Roodeplaat Dam system.* Also,
Abafe et al. noted the persistence of Nevirapine in the effluents of three wastewater
treatment plants (WWTPs) with concentrations in the range of 540 - 1900 ng L using
liquid chromatography tandem mass spectrometry (LC-MS/MS).45 Recently, there was a
report on the widespread Hg contamination emanating from an unsecured waste-storage
facility located at Cato Ridge KZN, which may have contaminated surrounding streams,

ground water and affecting local communities.4¢

Adverse consequences of these emerging contaminants are huge both for humans

and aquatic life. Paracetamol is known to cause serious health issues such as

5
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hepatotoxicity and nephrotoxicity when used above recommended dosage.#”- 48 On the
other hand mercury in its different forms is a well-known acute toxin agent, with far more
reaching dire consequences such as hypoxia,*’ Minamata disease,®® and acrodynia.>!
Nevirapine has also shown to cause skin exanthem as well as hepatotoxicity.>> The
United States Environmental Protection Agency (US EPA) set a maximum contaminant
level (MCL) for mercury in drinking water at 2 ug L-1.5 Thus, it is imperative that the
water quality be preserved by keeping the heavy metal concentrations below the

threshold that can have dire consequences to human and animal life.

Therefore, the main aims of the research project were to:

e synthesize and characterise substituted phthalonitriles with the respective
heterocyclic groups,

e probe the redox properties of the novel CoPcs,

e construct the various chemically modified electrodes (CMEs), and confirm of
surface modification for the respective CMEs,

e optimize the electroanalytical parameters for the individual CMEs for optimal
electrocatalysis,

e investigate the electrocatalytic detection capabilities of the CMEs towards the
respective analytes,

¢ determine the diffusion and convection-controlled electron transfer kinetics of the
CMEs,

e assess the reproducibility and stability of the individual CMEs,

e deduce the mechanism of electrocatalysis,

e examine the respective CMEs’ selectivities and sensitivities in samples containing
various interferents,

e and apply the CMEs for qualitative and quantitative analysis of the analytes in real

water samples.
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Fig. 1.2: Molecular structures of the different heterocyclic moieties.
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1.3 Electronic properties of MPcs

MPcs exhibit characteristic absorption bands that play a critical role in their
inherent photocatalytic activities. As shown in Figure 1.3(a), MPcs show two
characteristics absorption bands namely the Soret bands or commonly known as B-bands
in the region of 300 - 450 nm, a vibronic band which are typically near and in blue-shifted
regions relative to intense Q-bands in the region of 600-800 nm. These absorption bands
occur due to the j1 - 71* intraligand transitions of the highly conjugated Pc system except
for the vibronic band which corresponds to n - 1* transitions. According to Gouterman’s
model, the B-band is observed due to the electron transitions from the az,, b2, (HOMO
orbitals) to e; (LUMO orbital) while the Q-bands arise from the a1, to e; transitions, see
Figure 1.3(b). Evidently, B-bands are typically broader compared to the Q-bands because

of the superimposition of the B;- and Bz-bands.

The introduction of metal ion in the cavity of the Pc ring is known to cause a blue
shift in the Q-band, this is a result of the metal ion decreasing the electron density of the
Pc ring. As electro-positivity of metal cations is increased, greater blue shifts in the Q-
bands are induced. In addition, the stereo-electronic properties of the substituents on the
Pc ring can also dictate the position of the Q-band. More specifically, it is well known that
electron-donating groups decreases the HOMO-LUMO gap, thus leading to more
bathochromic-shifted Q-bands.>* In contrast, MPcs with electron-withdrawing
substituents, experience hypsochromic shifts of their corresponding electronic
transitions.® Literature trends illustrate that the position of the substituents can also
affect where the Q-bands occurs. For instance, octa-substituted MPcs with electron
donating thioether substituents at the peripheral positions caused a red shift of the Q
band’s absorbance peak maximum relative to their corresponding tetra-substituted

MPcs.56
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Effects of organic solvents on the electronic spectra of MPcs have been widely
investigated.”” Coordinating solvents such as DMF or DMSO to redox active metal
centres have shown to shift the Q-bands to higher wavelengths during aggregation
studies.5® Tandem formations of broad electronic transitions in the region of 450 - 550 nm
are observed as the result of the d-orbitals of the metals positioned within the band-gap
energy of Pc ring resulting in charge transfer bands, viz. Ligand to Metal charge transfer

(LCMT) or metal-to-ligand charge transfer (MLCT).>
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Fig. 1.3: (a) A typical absorption spectrum of a tetrasubstituted with 2-methylbenzothiazole

metallophthalocyanine and (b) the Gouterman’s model, indicating electron transitions.
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1.4 Redox properties of MPcs

Metallophthalocyanines are electron rich metal complexes with an extended -
conjugation system, and as such, they can promote redox transformations. Oxidation
of the Pc ring will entail the removal of 2 consecutives electrons from the a1, orbital to
form Pc -1 and Pc0 species. The reduction, on the other hand, which is the addition of
electrons to the e; orbital of the LUMO, can result in the formation of Pc3- and Pc*
species.® 61 The e, orbitals are doubly degenerate and hence can accommodate four

electrons to allow for several reductions of Pc?-.

For Pcs containing redox active metal centres within their cavities, metal-redox
based reactions will be observed.®2 Electrochemical properties of MPcs are influenced
by the nature of solvents, metal centres, substituents and their positions on the
metallocyclic rings. For example, CuPcs octa-substituted with non-peripheral
hexyloxy moieties or tetra-substituted with chloro and 2-naphthoxy groups, rendered
higher redox potentials than other CuPcs found in literature.® The coordinating
solvents improved the reversibility of redox processes as opposed to non-coordinating

solvents.64

UV-Vis spectroelectrochemistry is a dynamic technique which is often used to
affirm redox properties of MPcs. Consequently, this technique allows a means of
conducting tandem qualitative and quantitative analysis.® 6566 A Pc reduction ring-
centred redox process is readily distinguished by decreasing intensity in the Q-band
as well as the appearance of a new CT band in the region of 500 - 600 nm.¢7 %8 It is also
noteworthy to mention that during the spectroelectrochemical experiments, the
solution of the metal complex changes colour inside the OTTLE cell.®> Metal-based

redox processes manifest by shifts in the Q-bands.¢”

11
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1.5 Application of MPcs

Currently, there is widespread interest in fine-tuning the physico-chemical
properties of MPcs for applications such as sensors, solar cells, therapeutic and
degradation agents.3 ¢ 70 More often, the MPcs nanoconjugates have shown higher
efficacy than their parent metal complexes as the quantum confinement of electron
density and the surface areas of nanomaterials enhances the physical properties of
MPcs. Herein, a portrayal of the versatility of MPcs as electrochemical sensors is

presented, however a brief overview of other applications will also be highlighted.

1.5.1 Fundamentals of MPc-based electrocatalysis

A simplified definition of electrocatalysis is the increase in electron transfer
rates during an electrochemical reaction by means of an electron-mediating thin film
that has been immobilized on the interface of an electrode. MPcs act as electrocatalysts
by forming thin film layers on the electrode surfaces which acts as electron mediator
between the analyte and the substrate. On the contrary, upon the use of bare electrodes
for the electrocatalytic detections of analytes, the responses are normally sluggish due
to high overpotentials or may even be undetectable. Therefore, the fundamental
electrocatalytic action of MPcs is to effectively promote these redox reactions by
reducing the activation energy, thereby lowering the overpotentials and increasing

the redox currents.

Furthermore, there has been a significant interest in the monitoring of
pharmaceuticals and heavy metals.#> 71 The sudden interest was prompted by a
paucity of information on their occurrence mainly in water bodies especially on the
African continent.#> 71 The analytical field has seen a remarkable development over
the years and the pool of analytical techniques are extensively known and developed.
Traditional analytical techniques include HPLC-MS-TOF,”2 spectrophotometry,”
chemiluminescence” to name but a few. Although they can conduct multi-analysis of

analytes and can detect sufficiently lower concentrations, they are tedious, their

12
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maintenance is very expensive, they are also not portable and most importantly they

are normally not for field workers, low level and semi-skilled scientists.

In the quest to improve the aforementioned disadvantages of traditional
analytical techniques, electrochemical techniques have been extensively sought after
due to their simplicity, easy portability, user-friendliness, low cost and can also detect
at low concentrations. Several sensors have been developed to detect a wide spectrum
of analytes. The sensors can be named depending on the recognition element used,
the transducer elements or the output signal, e.g. chemical sensor,”> immunosensor,®

DNA sensor,”” cell sensor”8 etc.

In electrochemical sensing systems, there are four important components that
are critical to its functioning, namely, the recognition element, transducer element,
analyte of interest and a signal processor, see Fig. 1.4. The recognition element
interacts with the analyte through chemical or physical means. The transducer in turn
measures out the interaction as an electrical response which correspond to the

concentration of analyte present.

— Chemical reaction

Current(A)

Working
electrode

apo1ald
ERNESENEN|

_J\/

Potential (V)
Electrical signal Processor

Fig. 1.4: A general framework and a depicted mechanism of electrocatalysis for an
electrochemical sensor.

13
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1.5.1.1 Recent trends in electrochemical sensor development

This research study focused on the detection of the heavy metal cations of
mercury, pharmaceuticals, including the mild pain reliever, paracetamol and the
antiretroviral drug (ARVD), Nevirapine. As such, an update on the latest trends in
developments of electrochemical sensors for the detection of these analytes is

pertinent.

Heavy metal and their cations are well known to pose a serious health and
environmental hazards due to their high toxicity. As reiterated, various sophisticated
laboratory scale instrumentation has been used for the detection and concentration
determination of these species but can be inconvenient for daily routine analysis and
within the field analysis, especially within our rural areas where communities rely on
natural water reservoirs.” Thus, scientists are actively engaged to sought after

alternative electrochemical detection methods.8°

Bodji et al. proposed a class of mesoporous silica nanoparticles with intrinsic
properties such high surface area and an ease of functionalization. Through carefully
designed and controlling pores sizes, these class of materials can be tailored for the
detection of various analytes. A mesoporous silica material viz siliceous
mesostructured cellular foam (MCF) was synthesized with increased surface area as
well as with a controlled pore size distribution. To further increase its selectivity
towards Hg?*, dithizone a sulfur containing organic molecule was embedded in the
mesostructured material, which subsequently led to a low voltammetric detection at
picomolar level 8! Lu et al. prepared a glassy carbon electrode (GCE) modified with a
graphene aerogel (GA) and metal-organic framework (MOF) UiO-66-NH2 composites
for simultaneous detection of heavy metals. Due to its structural features, GA’s role
was not only a support structure to UiO-66-NHo>, but also enhanced the conductivity
of the composites. UiO-66-NH> provided binding sites between the hydrophilic

groups and the metal cations. The developed method showed excellent selectivity

14
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towards Cd?*, Pb?*, Cu?* and Hg?* when in the presence of other interferences. The
results suggested that the GA modified GCE could be used in detecting heavy-metals

ions in complicated sample matrices.82

Recently pharmaceuticals have become a concern due to their ease of
availability as well as their difficulties in removing them from water treatment plants.
Consequently, these pharmaceutically-derived pollutants have found their way into
water sources and some have potential endocrine disruptions both to humans and
marine life.83 Paracetamol is an over-the-counter analgesic and antipyretic drug which
is widely used for pain relief. As such, it is easily abused and can found its way into

water sources, hence the monitoring a very crucial exercise.

Fu et al. used a polyoxometalate viz CusMo209 to modify a glassy carbon
electrode. The resultant CME afforded excellent electrocatalytic activity which stem
from their linkage between the respective metals with the oxygen donors of the
electron-mediating thin films. The detection capabilities of the CME can be
manipulated by rearranging the Cu ions” positions within the material. Consequently,
the optimized CME exhibited selective and high responses towards paracetamol in a
biological sample.®* Carefully design of the substituents is of critical importance. A
cobalt tetra-substituted with cysteine was used to modify the glassy carbon electrode
for the sensitive voltammetric detection of both paracetamol and 4-aminophenol (4-
AP). The biological moiety presented structural similarities with the analytes, thereby
enhancing strong adhesion. The fabricated sensor achieved nanomolar detections and

showed excellent recovery of 4-AP when tested in complex matrices.?®

A sensitive and selective sensor based on a molecular imprinted polymer (MIP)
on the carbon paste electrode for the voltammetric determination of the ARV drug,
Nevirapine was proposed. The successful fabrication of molecular MIPs encompasses

the target molecule in their network, which is subsequently removed. The blueprinted
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binding site is an excellent connector with the targeted molecule. The sensor provided

an excellent linear calibration range as well as lower detection limit.8

1.5.1.2 Fuel cells

Proton exchange membrane (PEM) fuel cells possess an immense potential as
environmentally friendly power generators due to their low/zero emission, high
energy power densities compared to other traditional power generation units. They
have potential application as a plausible alternative clean power generation in both
stationary and portable devices.8 87 They convert chemical energy of different fuels
into electricity without combustion. However, more research is needed to reach the
commercialization ambition. The major obstacles usually encountered include
reliability, durability and high cost. The electrocatalyst and the polymer electrolyte
are at the core of the limiting factor for both the acid PEM and alkaline fuel cells,
respectively .8 Pt-based catalysts for fuel cell reactions are unsustainable due to their
high cost and limited source, thus research and development have concentrated in

finding alternatives materials.

A wide range of non-precious metal-containing materials such as cobalt
phthalocyanines,88 transition metal chalcogenide®® and metal carbide® have emerged
as possible alternative to platinum. Interest in the pursuit of non-platinum-containing
electrocatalysts for oxygen reduction reactions (ORR) was sparked by Jasinski in the
1960s who pioneered the discovery of Cobalt phthalocyanine (CoPc) with ORR
catalytic activity in alkaline systems.?? Subsequent research studies have revealed that
a mononuclear iron Pc promote a four-electron reduction pathway while a monomeric
cobalt Pc induces a two electron-system during electrocatalysis.”? Interestingly, the
mixture of iron and cobalt porphyrins displayed a superior higher electrocatalytic
efficiency for ORR the respective MPcs, i.e. CoPc or FePc.” The trend was rationalized

based on the preferential interaction between two different transition metals and
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dimolecular oxygen molecules which could promote the O-O bond breakage and
induce reduction to water. Furthermore, a heptadecafluorodecyl-substituted,
pentaerythritol-bridged ball-type dinuclear Co2Pc2 showed significant electrocatalytic
activity towards ORR in acidic medium. This was thought to be due to the two
opposing CoPc units’ metal centres and multiple electrons withdrawing groups at the
periphery of the MPc units, which in return promoted the O-O bond breakage and

favouring the easier reduction to water.%

Although they have been significant improvements, MPc-based
electrocatalysts still face challenges surviving the harsh operating conditions of PEM
fuels cells which results in demetallation. The ORR is a complex process proceeding

with several intermediates. The two half-reactions can be simplified as:
Anode: 2H, —>4H* + 4e-

Cathode: O; + 4H* + 4e- ——» 2H0
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Fig. 1.5: A cross-section of a general PEM fuel cell.

1.5.2  Electrochemical remediation of pollutants

Electrochemical degradation of pollutants is an important technique in
addressing the current challenges of safely transforming recalcitrant pollutants.% %
There is a significant paucity of literature reports on the electrochemical remediation
of pollutants using chemically modified electrodes with MPcs. Nonetheless, a
definitive illustration of this application is the electrocatalytic degradation of acid red
1 (AR 1), a synthetic red dye which is used as a food additive, using cobalt
tetraaminophthalocyanine covalently linked to a carbon fiber (CF).°” Upon the
incorporation of the MPc onto the CF network, an enhanced electrocatalytic

degradation of the pollutant is observed owing it to the increased formation of H,0,.
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The MPc reacts with dissolved Oz producing H>O, whereby through ionisation
process of the hydrogen peroxide, a hydroperoxyl radical coordinates to the metal
centre, generating an intermediate MPc species which is responsible for the

degradation of the pollutant.

1.6  Electrode modification techniques

Amongst the challenges scientists had to overcome, were the improvement of
sluggish responses and surface fouling of the bare electrode. In the process, substrates
have been modified using various methods ranging from the simple drop-dry method
(which is governed by adsorption) to electrodeposition and electropolymerization
where molecules align in a regular manner through intermolecular interactions or
direct covalent bonding. In addition, spontaneous covalent bonding can occur
between sulphur containing MPcs and gold electrodes which afford self-assembled
monolayers (SAMs). The subsections below highlight in brief each modification

technique.

1.6.1. Electropolymerization

This technique is based on the MPc containing functional groups which are
susceptible of undergoing polymerization under an applied potential. To achieve this,
repetitive cycling (using cyclic voltammetry) of a monomer containing solution under
a specified potential range is conducted. A successful electropolymerization process
will lead to an increase in peak currents and/ or formation of new peaks. The
advantages of electropolymerization are better control of film thickness and the rate
of film deposition. There are well researched functional groups that can be attached
onto the Pc ring and form readily electropolymeric films, these include pyrrole ,% %

aniline, 100, 101 phenols,102 etc.
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The following criteria are necessary for effective polymer growth,'® these

include:

the solvent,

e the type and size of electrode,

e nature of counter ion employed and

e optimum potential window as well as controlled scan rate and the number of

cycles.

1.6.2. Self-assembled monolayers (SAMs)

Self-assembled monolayers (SAMs) is a method involving immobilizing
sulphur or amine containing molecules onto the metal surfaces usually gold or silver
104,105 The formation of SAMs is via chemisorption between the electroactive materials
and the substrate through covalent bonding.'% SAM-modified electrodes are
relatively simple to prepare, usually it involves dipping of an electrode into a solution
containing the active specie. SAMs of CoPcs where the Pc was a tetra-benzyl (TBMPc)
and tetra-dodecylmercapto phthalocyanines (TDMPc) were grown onto different gold
electrodes which rendered stable CMEs. The influence of time on the surface packing
of these CoPcs revealed different SAMs orientations which in return impacted the
surface reactivity of the CMEs. 17 There are several factors governing the successful
formation of a SAM onto the substrate surface which include the solvent, the
concentration of the sample solution and the SAM formation period. The three
common orientations of MPc-SAMs onto a gold electrode surface are largely dictated
by steric factors and the positions of the sulphur groups within MPc molecules, see

Fig. 1.7,

Octopus orientations are typically generated from octa- or tetra-substituted
MPcs where the sulphur atoms occur as aliphatic thioether bridges or within the
substituents.1% 1% The second scenario is initiated by axial ligation followed by

covalent attachment of substrate to the axial ligand’s sulphur donor atom.!1
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Asymmetric MPcs or symmetrical MPcs with sterically-hindered sulphur containing

groups afford SAMs adopting a vertical orientation.!!

(b) ()

T
——

Fig. 1.7: Possible orientations of SAMs of MPc onto the electrode: (a) octopus, (b) umbrella

and (c) vertical. 111

1.6.3. Adsorption

Adsorption involves the physical formation of a thin layer of the active specie
onto the electrode surface. Adsorption can be implemented in two manners, viz. dip-
dry or drop-dry. 112113 Modifications of a GCE by dropping and drying a suspension
of a mixed solution of MWCNTs and CoPc tetraaminophthalocyanine (CoTAPc)
against a phased-in dispensation of a solution of MPc followed by MWCNTs on a
glassy carbon electrode were comparatively used for L-cysteine detection. The latter
technique afforded lower detection limits.113 However, this class of CMEs tends to
afford unstable films which are notoriously susceptible to passivation that can be
ascribed to the amorphous nature of the thin film and the weak interactions between

the MPcs and the electrode.

1.6.4. Electrodeposition

Electrodeposition is achieved by collected conducting repetitive CV scans of a

working electrode in a sample solution containing the MPc. Characteristic
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electrodeposition CV profiles are depicted by an increase in the peak currents of the
redox couple. Indicative to electropolymerization, this technique offers control over
the thickness of the film.1# Although electrodeposition has been widely used for
electrode modification for the electrocatalysis of various analytes, it still suffers from
poor reproducibility due to weak adhesion of the fabricated thin film to the substrate

leading to progressive leaching of MPc molecules.
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Chapter 2

Materials and Instrumentation

21 Materials

The synthetic organic and inorganic precursors used in this research study
were acquired from Sigma-Aldrich and used without any further purification, see
Table 2.1. The non-nucleophilic basic catalyst, 1, 8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) and electrochemical supporting electrolyte grade, tetrabutylammonium
tetrafluoroborate (TBABF4) were purchased from the same supplier. The monomer, 3-
hexylthiophene and the Nafion resin solution (5%) used in the electrode modification

techniques, were procured from Sigma-Aldrich.

All organic solvents used in the synthesis and purification processes,
phosphorus pentoxide (P.Os), molecular sieves (4 A), silicon dioxide (silica) for
column chromatography and silica plates for thin layer chromatography were all
procured from Merck SA. Dimethylformamide (DMF) used in the synthesis was

tirstly distilled and subsequently stored over molecular sieves.

Aluminium oxide (alumina) for polishing the working electrodes was supplied
by Metrohm. Carboxylic acid functionalized MWCNTs, phosphate buffer tablets as
well as the analytical grade analytes were obtained from Sigma-Aldrich and are also
listed in Table 2.1. The following derivatized phthalonitriles viz 4-(flavone-3-
oxy)phthalonitrile, 4-(2-(benzoxazol-2-yl)phenoxy)phthalonitrile, 4-(furan-2-
methylthio)phthalonitrile, 4-(benzothiazole-2-methoxy)phthalonitrile, 4-(4-
trifluoromethyl)-coumarin-7-oxy) phthalonitrile as well as their corresponding
CoPcs, p-tetra(3-oxyflavonephthalocyaninato)Cobalt(Il) (viz. CoPc-flav), p-tetra(2-(2-
oxyphenyl)benzoxazolephthalocyaninato)Cobalt(Il)  (viz.  CoPc-bo),  p-tetra(2-
furanmethylthiophthalocyaninato)Cobalt(Il) (viz. CoPc-fur) and p-tetra(7-oxy-4-
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trifluoromethylcoumarinphthalocyaninato)Cobalt(II)

(viz.

CoPc-cou)  were

synthesized and confirmed as reported in literature.l# The ultrapure water was

attained from the ElgaPure ultra system.

Table 2.1: List of commercially attained chemicals and their corresponding percentage

purities.
Chemicals
4-Nitrophthalonitrile
Potassium Carbonate
Potassium Ferricyanide
Sodium Chloride
3-Hydroxyflavone
3-hexylthiophene
Lithium Perchlorate
2-hydroxymethylbenzothiazole
Cobalt(II) chloride
1,8-Diazabicyclo[5.4.0] undec-7-ene
Tetrabutylammonium tetrafluoroborate (TBABFa)
Dopamine hydrochloride
Cysteine
Metronidazole
Ibuprofen
Uric acid
Ascorbic acid
Paracetamol (Acetaminophen)
Nevirapine
Mercury(II) sulfate
Lead(II) nitrate

Zinc(II) acetate

Purity
99%
99.5%
> 99%
> 99.5%
= 98%
> 99%
99.99
97 %
97%
98 %
99%
98%
> 98.5%
97 %
98 %
> 99%
99%
= 99%
> 98%
> 99%
= 99%
> 99%
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2.2 Instrumentation

To confirm the identity and purity of the derivatized phthalonitrile and the
CoPcs, their NMR- (for the derivatized phthalonitrile only), IR and TOF-MS spectra
were acquired, and their data was also compared with that of previously reported.
The data were collected using the following spectrometers, a Bruker Alpha FTIR
spectrometer, equipped with an ATR platinum Diamond 1 reflectance accessory, a 400
MHz Bruker NMR spectrometer equipped with an auto-sampler and a Waters
Micromass LCT Premier mass spectrometer, equipped with an electrospray ionization
(ESI) source and a time-of-flight (TOF) mass analyzer. An organic elemental analyser

using a CHNS-O Flash 2000 was used for elemental analysis.

Electrochemical experiments were conducted out using an Autolab PGSTAT
302N electrochemical workstation equipped with an Electrochemical Impedance
Spectroscopy (EIS) module and the Autolab NOVA 1.7 software package. Rotating
disk electrode (RDE) voltammograms were collected by ramping the potential linearly
over a defined range while rotating the work electrode at controlled speeds using an
Autolab RDE-2 equipped with a motor controller whereas diffusion-controlled
experiments were achieved using chronoamperometry. During these experiments, a
three-electrode voltammetric cell including a glassy carbon, gold or platinum working
electrode, Ag|AgCl wire as a pseudo reference electrode and Pt counter electrode
were used. The pH measurements were done using a Metrohm 827 pH meter
(Switzerland) after calibration with standard buffer solutions of pH values of 4, 7, and
10. The squarewave voltammetry settings includes a step potential of 4 mV, a
frequency of 25 Hz and an amplitude of 20 mV. EIS data were fitted using the
imbedded algorithms within the Autolab NOVA 1.7 software package.

Transmission electron microscopy (TEM) were done using a JEOL 1400
microscope. TEM samples were prepared by dispersing the samples in ethanol and
allowing these samples to dry on a glass slit. Surface imagery of bare and modified

gold-coated glass were acquired using a Zeiss EVO LS15 scanning electron
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microscope operating under high vacuum. Elemental composition was done with an
Oxford X-MAX EDX detector under high vacuum with an accelerating voltage of 20
kV.
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CHAPTER THREE

Electrochemical sensing of acetaminophen using
nanocomposites comprised of cobalt(II)

phthalocyanines and multiwalled carbon nanotubes

3.1. Introduction

Rapid and accurate screening of organopharmaceuticals in water reservoirs are
of utmost importance as elevated concentrations of these emerging pollutants can
have detrimental consequences to animal and human health.? Studies conducted in
developing countries reveal that pollution of surface water by pharmaceutical
residues has been a growing environmental problem as a result of rapid growing
populations in most urban settlements which is usually not matched by advanced
waste handling and disposal practices. 3 Moreover, the monitoring of water quality
in rural areas is challenging since analytical laboratories are often non-existent, poorly
equipped or lack the necessary skilled workforce to operate sophisticated

instrumentation.4

A recent study conducted on water samples from the Msunduzi river in
KwaZulu-Natal of the Republic of South Africa showed that widespread
contamination of pharmaceuticals has occurred.> Among these pharmaceuticals
include Acetaminophen, [N-acetyl-p-aminophenol], APAP which is an over-the-
counter drug commonly used for analgesic and antipyretic therapy. It inhibits the
synthesis of prostaglandin, thus relieving the pain associated with fever and
inflammation of tissues.® At therapeutic doses, APAP is metabolized mainly through
glucuronidation and sulfation to metabolites which are excreted as urinary salts.
However, chronic intake of over therapeutic doses, can lead to hepatotoxicity and

nephrotoxicity in mammals.” 8 Due to its non-prescriptive access, concentration of
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APAP in domestic and medical wastes are high and its contamination in urban surface
water resources has become an emerging water contaminant problem globally.%12
Furthermore, increased concentration levels of APAP in water directly affect the eco-
balance and -sustainability of the affected aquatic ecosystems while portable water

systems heavily contaminated with APAP can lead to organ failure.’3

Analytical techniques including spectrophotometry,'* 15 high performance
liquid chromatography,!®17luminescence!® and titrimetric methods! have
traditionally been used to quantify APAP. However, these techniques are either time
consuming or demand tedious extraction processes prior to detection which is very
inconvenient in routine APAP analysis. As APAP is an electroactive compound, it can
potentially be detected and quantified by functional electroanalytical sensors.
Generally, electrochemical sensing offers faster analysis than the aforementioned
conventional techniques and electrochemical sensors can be miniaturized for real-time
analysis within the field.?0 Imperative prerequisites of functional electrochemical
detectors include reproducibility, robustness, selectivity and sensitivity to ensure

reliable data capturing and processing .21

Chemically modified electrodes (CMEs) have been widely used as
electrocatalytic detectors of APAP as the electron mediating thin films addresses the
poor recognition capabilities of the analyte in complex matrixes as well as minimizes
passivation by oxidation by-products.?> More specifically, most heterogeneous
catalysts used for electro-oxidation of APAP have consisted of carbonaceous
nanomaterial immobilized on various conductive substrates.?3-26 In this research
study, the efficient electrocatalysis of APAP is reported using glassy carbon electrodes
(GCEs) modified with nanoconjugates comprised of carboxylic acid functionalized
multiwalled carbon nanotubes (FMWCNTs) and cobalt(II) phthalocyanines (CoPcs)

tetrasubstituted flavone (flav) or benzoxazole (bo) moieties.
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CoPcs are well known for their molecular recognition capabilities which are
promoted by their metal- and ligand based redox properties while the latter can be
readily influenced by the stereo-electronic properties of the substituents.?’2° The
motivation behind the substituent choices, flavone and benzoxazole was to address
the traditionally poor selectivity of MPc-based voltammetric sensors since these
substituents have been already imbedded in various other sensors.3% 31 In addition,
the inclusion of the MWCNTs within CoPc-MWCNTs hybrids, have shown to lead to
enhanced electrical conductivities under applied potentials due to the sp>-hybridized
network structure of MWCNTs.32-34
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Fig. 3.1: Generic structure of the CoPcs tetrasubstituted with 2-

methoxy(flavone/phenylbenzoxazole) moieties.
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3.2.  Experimental

3.2.1. Materials

The synthetic precursors: 4-nitrophthalonitrile, 3-hydroxyflavone, 2-(2-
hydroxyphenyl) benzoxazole, cobalt (II) chloride and carboxylic acid functionalized
multiwalled carbon nanotubes (FMWCNTs) were purchased from Sigma-Aldrich.
The catalysts: 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU), potassium carbonate and
electrochemical grade tetrabutylammonium tetrafluoroborate (TBABF4) as well as
analytical grade phosphate buffer saline tablets, acetaminophen (APAP),
metronidazole (MTZ), ibuprofen (IBU), dopamine (DA) and ascorbic acid (AA) were
procured from the same supplier. These chemicals were used without any

purification.

Organic solvents, phosphorous pentoxide, molecular sieves (4 A), silica dioxide
for column chromatography and silica plates for thin layer chromatography were
purchased from Merck SA. Dimethylformamide (DMF) was dried and stored over
molecular sieves while ultrapure water was obtained from an Elga Purelab Ultra
system. The derivatized phthalonitriles, 4-(flavone-3-oxy)phthalonitrile and 4-(2-
(benzoxazol-2-yl)phenoxy)phthalonitrile as well as the corresponding CoPcs, -
tetra(3-oxyflavone/2-(2-oxyphenyl)benzoxazole)pthalocyanines (viz. CoPc-flav or
CoPc-bo) were synthesized according to previously published experimental

procedures.3* The isolated metal complexes were stored over P2Os.

3.2.2. General electrode modification techniques

The bare GCE was polished on a Buehler-felt pad using 0.5 um alumina paste
and washed with ultrapure water. Thereafter, the electrode was sonicated in an
ultrasonic bath for 5 minutes in a PBS pH 7.4 buffer solution and rinsed again with

ultrapure water. As previously reported, the respective 1 mM CoPcs (i.e. CoPc-flav or
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CoPc-bo) in dried DMF containing 0.1 M of TBABF4, were electrodeposited onto the
GCE surfaces which afforded the modified electrodes, CoPc-flav and CoPc-bo GCEs.34

Furthermore, the CoPc-X--MWCNTs (X = flav or bo) conjugates were
fabricated by preparing a suspension made up of 1 mg of carboxylic acid
functionalized MWCNTs, 0.5 mg of the individual CoPc in deaerated DMF.
Afterwards, the suspensions were ultrasonicated for 30 minutes and drop-casted on
the surfaces of separate GCEs which were dried at 80 °C for 24 hrs. This rendered the
respective CMEs denoted as CoPc-flav-FMWCNTs- and CoPc-bo--MWCNTs GCEs,
see Fig. 3.2. Indicatively, the -MWCNTs GCE was fabricated by the drop-dry method.
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Fig. 3.2: Stepwise modification of a bare GCE by the respective CoPc-X-f-MWCNTs (X =

flav or bo) nanoconjugates.
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3.3. Results and Discussion
3.3.1. Fabrication and characterization of CoPc-X-f-MWCNTs conjugates
Nanofabrication of the respective CoPc-X--MWCNTs were achieved by
ultrasonicating the respective CoPcs and f-MWCNTs in dry DMF followed by drying
the mixture at an elevated temperature. TEM images were generated from samples of
the respective CoPcs, -MWCNTs and CoPc-X--MWCNTs which are shown in Figs.
3.3 and 3.4. Significant aggregation was observed in the TEM images of the CoPcs
which is characteristic of mw—m stacking interactions between the planar Ni-
metallocyclic molecules while well-dispersed nanoparticles could be observed in the
TEM images of the -MWCNTs. Interestingly, the TEM images of the nanoconjugates
indicates nodal points along the surfaces of the ~MWCNTs, suggesting chemical

interactions between its FMWCNTs and CoPc constituents.

A nanocomposite, CoPc-f-MWCNTs synthesized in a similar manner (as CoPc-
X--MWCNTs) from the conjugation of an unsubstituted CoPc and f~FMWCNTs,
indicated that the -MWCNTs chemically interact via bonding of its carboxylic acids
group with the metal and nitrogen atoms of the CoPc. In addition, secondary
interactions occurred in the form of pi-stacking between the CoPc and MWCNTs
constituents.?> Overlay solid state IR spectra of FMWCNTs and its CoPc-X hybrids
distinctively showed common broad v(O-H) [3485 cm! for CoPc-flav-f-MWCNTSs and
3399 cm! for CoPc-bo--MWCNTs] and intense v(C=0) [1657 cm-! for CoPc-flav-f-
MWCNTs and 1646 cm? for CoPc-bo-~-MWCNTs], see Fig. 3.5. This indicated
chemical bonding had occurred between the carboxylic acid groups of the MWCNTs

and the metallocyclic complexes, respectively.
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Nodal Point

Fig. 3.3: TEM images of (A) CoPc-flav, (B) ~-MWCNTs and (C) CoPc-flav--MWCNTs.

Nodal Point

Fig. 3.4: TEM images of (A) CoPc-bo and (B) CoPc-bo-f~-MWCNTs
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Fig. 3.5: Overlay IR spectra of -MWCNTs, CoPc-flav-f~-MWCNTs and CoPc-bo-f-
MWCNTs.
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3.3.2. Electrocatalytic responses of the CMEs

The electrochemical sensing performances of the CMEs depends on their
capabilities of facilitating the redox responses during the oxidation and reduction of
the analyte, APAP, see Figs. 3.6 and 3.7. The unmodified and CoPc-X GCEs induced
minute redox peak potentials which indicates that the electrodeposited CoPcs
exhibited poor electron-mediating capabilities during the electrocatalysis of APAP,
see Table 1. Furthermore, sluggish electron-electron transfer kinetics of the CoPc-bo
GCE was noted based on its wider AE value oppose to those obtained for the bare and
CoPc-flav GCEs. Despite the fact that the -MWCNTs GCE afforded higher catalytic
currents, the oxidation of APAP at the surface of this electrode occurred at an anodic
peak potential (E,,) of 0.66 V, while the cathodic peak potential (E,c) was found at 0.20
V. The higher oxidation peak potential attained using the fMWCNTs GCE was

indicative of slow electron transfer kinetics.

—Bare
—CoPc-flav
—CoPc-flav-f-MWCNTs

-0,2 0 0,2 04 0,6 0,8 1
Potential (V vs Ag| AgCl)

Fig. 3.6: CVs conducted in 1.0 mM of acetaminophen (APAP) prepared in 0.01 M PBS
buffer using the CoPc-flav-f-MWCNTs-, CoPc-flav- and bare GCEs.
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—CoPc-bo-MWCNTs
20 uA
—CoPc-bo

—Bare electrode

-0,2 0,3 0,8 1,3
Potential (V uvs Ag | AgCl)

Fig. 3.7: CVs of 1.0 mM of acetaminophen (APAP) (in 0.01 M PBS buffer, pH 7.4) using the
CoPc-bo-f-MWCNTs-, CoPc-bo and bare GCEs.

In contrast, upon using the CoPc-flav-FMWCNTs GCE, oxidation- and
reduction peak potentials of APAP at 0.50 V (E,:) and 0.20 V (Ep) were attained. In
addition, higher oxidation current intensities were observed when using the CoPc-X-
fMWCNTs GCEs which were higher than the I, values recorded with the bare GCE.
Furthermore, these CMEs portrayed superior electron transfer rates as per smaller AE
values than the APAP peak-to-peak potential separation obtained using the f-
MWCNTs GCE. Hence, the synergetic electron-mediating effects of the CoPcs and the
FFMWCNTs (in CoPc-X--MWCNTs) were clearly apparent during the reversible

APAP redox reactions as illustrated below:
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Table 1: APAP Redox potentials (in V vs Ag| AgCl) attained using the different electrodes.

Electrode Epa Epc AE

Bare GCE 0.48 0.00 0.48
CoPc-flav 0.43 0.08 0.35
CoPc-bo 0.53 -0.07 0.60
F-MWCNTs 0.66 0.20 0.46
CoPc-flav--MWCNTs 0.50 0.20 0.30
CoPc-bo--MWCNTs 0.46 0.01 0.45

It is evident that the interconversion between APAP and its oxidized
derivative, N-acetyl-p-benzoquinone (NAPQI) is largely electrocatalysed by the
metal-based redox couple as the APAP peak potentials were in the proximity of the
potential window [-0.92 V to +0.3 V vs Ag| AgCl at 100 mV/s] where the Co!ll/Coll
redox couple occurs in pH 7 buffered aqueous solutions, see scheme 3.1.34 In light of
the dominating electrocatalytic performances of the working electrodes modified with
the nanoconjugate thin films over the MPc-electrodeposited GCEs, the remaining

electrochemical studies were done using the CoPc-X-flav GCEs.

O

O
2H", 2¢"

'

OH 0]

Scheme 3.1: Redox interconversion mechanism of Paracetamol

44



Kevin Kantize Chapter 3

The effect of scan rate on the electrochemical redox reactions of APAP was
investigated using a 1 mM of APAP in a PBS buffer at incrementing scan rates, see
Figs. 3.8 and 3.9. Subsequently, linear relationships were attained between the redox
peak currents and the scan rates which affirmed that the analyte transports via
diffusion to the interface of the modified GCEs. The linear regression equations were

as follows:
Lq(UA) = 4E7%v + 9E7%  (R?=0.992) (1)
Lc(uA) = —3E~%v — 3E7%° (R?=0.997) (2)

Interestingly, the CoPc-X--MWCNTs GCEs illustrated no-observable
propensity to undergo surface fouling given by its high-level of reproducibility
between CV runs. Furthermore, Tafel slopes were obtained from the individual plots

of oxidation peak potentials against the scan rates, as defined by equation (3):3¢

2.3RT

pa=mlOgU+K (3)

where « is the transfer coefficient, n, number of electrons involved in the rate-
determining step, v scan rate, K constant and the rest of the symbols hold their usual
meaning. The Tafel slopes of 361 mV /decade (for CoPc-flav-~-MWCNTs GCE) and
148 mV /decade (for CoPc-bo--MWCNTs GCE) are higher than the typical range of
30-120 mV/decade where the electron-transfer kinetics dictate the mechanism of
electrocatalysis.?” In contrast, these higher Tafel slopes gave an indication of the strong

interactions occurring between the substrate and electron-mediating thin film .38
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Fig. 3.8: (A) Overlay CVs done in a 1 mM APAP solution prepared in a 0.01 M PBS (at pH
7.4) using the CoPc-flav-f-MWCNTs GCE at different scan rates. (B): Plot of (Ipa or Iyc) vs
scan rate. (C) Plot of Epa vs Log v.

46



Kevin Kantize Chapter 3

A
—25 mv/s
I 50 uA —50 mv/s
/ 75 mv/s
=
—100 mv/s
r —125 mv/s
I 150 mv/s
-0,2 0,3 0,8 1,3
E (Vvs Ag|AgCl)
2,00E-04 - B
1,00E-04 + y = 6E-07x + 6E-05
p— - 2 =
5 R?=0,9834
| y = -5E-07x + 8E-06
-1,00E-04 T T .
20 70 120 170
Potential (V vs Ag| AgCl)
0,49 -
C
_ 047 1 y = 0,0744x + 0,3039 *
Z R? = 0,9824
m:‘i

0,45 -

0,43 v T T 1
1,69 1,9 2,11 2,32
Logo

Fig. 3.9: (A) Overlay CVs of 1 mM APAP solution prepared (in 0.01 M PBS, pH 7.4) using
the CoPc-bo-f-MWCNTs GCE at different scan rates. (B): Plot of (Ipa or Ic) vs scan rate. (C)
Plot of Epa vs Log v.
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The electrochemical behavior of APAP is significantly influenced by the pH of
the medium and thus, the latter can impact the electrochemical sensing capabilities of
the chemically modified electrodes. To validate the choice of pH 7.4, CVs were
collected of 1 mM APAP aliquots with pH values varying from 3 - 8 and these overlay
CVs are depicted in Fig. 3.10. At acidic pH, the equilibrium of the reversible redox
reaction lies towards APAP which resulted in negligible redox currents while at pH
8.3, the AE value was widened in comparison to the CV collected at pH 7.4. Thus, to
ensure optimal redox signals (viz. peak currents and potentials), pH 7.4 was utilized

during all the electrocatalytic studies.

200 pA
—pH 3
—pH 4
—pH 5
—pH 6
pH74
3 —pH 8.3

-0,1 0,1 0,3 0,5 0,7 0,9
Potential (V vs Ag| AgCl)

Fig. 3.10: CVs conducted in 1 mM of APAP at different pH values of a 0.1 M PBS buffer
recorded with the CoPc- f-MWCNTs-flav GCE at a scan rate of 100 mV/s.

3.3.3. Surface area and coverage

The surface area plays an integral role in the electrocatalytic efficiencies of
working electrodes modified with electron-mediating thin films. In order to ascertain

changes in the surface areas of the individual working electrodes, a 5 mM of
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Ks[Fe(CN)e¢] was used to probe the surfaces of the respective CMEs. Figures 3.11 and
3.12 show the CVs using the CMEs at variable scan rates done in 5 mM Kj[Fe(CN)g]
prepared an aqueous solution of 0.1 M KCI. With the aid of the Randles-Sevcik
equation (Equation 4),%° the effective surface areas of the corresponding modified

working electrodes were calculated:
Iyq = 2.69 x 105ADY/?n3/2y1/2¢ 4)

where A is the effective surface area, D is the diffusion coefficient of
Ks[Fe(CNe)], v is the scan rate, Cis the bulk concentration of Ks3[Fe(CN)¢], n is the
number of electrons transferred (n = 1). Interestingly, the effective surface areas were
found to be 1.21 cm? (for CoPc-bo--MWCNTs GCE) and 1.15 cm?, (for CoPc-flav-f-
MWCNTs GCE). These values are higher than the surface area (0.503 cm?) of the bare
electrode. These noticeable significant increases in the surface areas of the CMEs are
attributed to the influence of the MWCNTs. The enhanced surface areas induced by
the presence of the MWCNTs within the thin films are a testimony to surface
modification by nanoparticles whereby the higher surface areas afford more

electrocatalytic sites.

The maximum surface coverage (I') of each CME was used to estimate the
moles per unit area of the corresponding CoPcs present within the respective thin
films according to equation 5:40

n?F2AT (v

L = rra) (5)

4RT

where [, is the peak current of cobalt redox (Col / Co'll), n is the number of
electrons and A is the real surface area of the bare electrode. From the slopes of the
1/2

I

pc VSV

plots, the apparent surface coverage values of 6.02 x 10- mol cm2 and 9.22
x 10-11 mol cm? were determined, see Figs. 3.13 and 3.14. Both surface coverages are
less than the previously reported values (= 1 x 10-1 mol cm2) for a Pc molecule lying

flat on the surface of the electrode surface.*! This suggest that the thin films can be
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regarded as amorphous due to the uneven distributions of the nanoconjugates on the

electrodes.
-0,5 0 0,5 1
Potential (V vs Ag| AgCl)
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Fig. 3.11: CVs curves conducted in 5.0 mM Ks[Fe (CNs)] prepared 0.1 M KCl(aq) at pH
using the CoPc-bo-f-MWCNTs GCE at different scan rates (20, 60, 100, 140, 180, 220, 260,
300, 340 and 380 mV/s). (B) Plot of 1. vs square root of scan rate.
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Fig. 3.12: CVs curves of 5.0 mM Ks[Fe (CNg)] prepared 0.1 M KCI (aq) at pH using the
CoPc-flav--MWCNTs GCE at different scan rates (20, 60, 100, 140, 180, 220, 260, 300, 340
and 380 mV/s). (B) Plot of I. vs square root of scan rate.
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Fig. 3.13: (A) CV curves at progressively increasing scan rates attained in a 0.1 M PBS

buffer solution (at pH 7.4) using the CoPc-flav--MWCNTs GCE. Inset. (B) Plot of Ipc vs

scan rate.
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Fig. 3.14: (A) CV curves at progressively increasing scan rates attained in a 0.1 M PBS
buffer solution (at pH 7.4) using the CoPc-bo-f~-MWCNTs GCE. Inset. (B) Plot of Ipc vs scan

rate.
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3.3.4. Electrochemical impedance spectroscopy studies

Electrochemical impedance spectroscopy (EIS) was employed to investigate the
interfacial electron-transfer kinetics and the mechanism of electrocatalysis of the
CMEs.#2 The EIS data were analyzed using Nyquist plots which indicate the response
of the electrode/ electrolyte system and is shown as a plot of the imaginary component
(-Z”) against the real component (Z), see Fig. 3.15. It is well established that the semi-
circle diameter at higher frequencies in the Nyquist plot is proportional to the charge
transfer resistance (R.) and this resistance to charge transfer is an indirect parameter
of gauging the electrical conductivity occurring at the electrode surface. At lower
frequency, the Warburg impedance dominates which is typically for diffusion-
controlled systems where diffusing of the redox active species from the bulk solution

is the rate-determining step.43

Good correlations are found between the experimental and modelled data
using an equivalent circuit shown in Fig. 3.15. This equivalent circuit is comprised of
Rs, Ret, CPE and Z, components which represent the solution/electrolyte resistance,
charge-transfer resistance, constant phase elements and the Warburg impedance,
respectively. The CPEs accommodate for the heterogeneity of the electrode surface.
More specifically, the CPE(;) relates to non-homogeneity of the electrodes due to
surface roughness (n < 1) whereas CPE() (n = 0.5) caters for semi-infinite diffusion of
the redox species. 45 The superior electrical conductivity of the CoPc-X-f-MWCNTs
GCEs were emphasized by its lower R values of 64.8 Q (for X = flav) and 19.8 Q (for
X =bo) compared to that obtained for the bare GCE (R = 8.46 kQ). The enhancements
of the charge transfer kinetics for the CMEs were largely attributed to the presence of
MWCNTs and these electrochemical trends are accustomed to MPc-MWCNTs

nanoconjugate during electrocatalytic transformations of redox-active analytes.

These EIS trends corroborated the higher APAP redox currents obtained in the
CVs acquired with the CMEs relative to the bare GCE’s low peak currents. The Bode
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plots illustrate that the phase angle for the bare GCE (~70 °C) was higher than those
attained for CoPc-flav--MWCNTs (~8 °C) and CoPc-bo--MWCNTs (~3 °C) GCEs.

These phase angles were less than (90 °C) for an ideal capacitor and indicate that the

thin layers of the CMEs are permeable to charged species.®® In addition, the

frequencies of the CMEs were slightly negatively shifted compared to the bare

electrode which suggested that the [Fe(CNe]*/[Fe(CN)e]3>- redox processes occurred

at the interfaces of the respective CMEs, see Fig. 3.16. Synonymously to the latter,

other CMEs have showed progressive shifts in their phase angles to lower frequencies

which were accounted to their high electrocatalytic activities.4”

Table 2: Summary of EIS data collected in a 5 mM [Fe(CN)s]3* using the bare and

modified working electrodes. Error values are shown in brackets.

GCE Rs Rt Zy CPEy n CPE) n
Q) Q) (mS) (mS) uS)
Bare 96.7 8460 0.00764 - - 1.44 0.908
(0.6) (1.0) (1.4) (2.0) (0.3)
CoPc-flav- f- 72.3 19.8 9.88(4.4) | 282(1.6) | 09 131 0.5(8.2)
MWCNTs (2.6) (10.2) (1.0) (30.6)
CoPc-bo-f- 94.2 64.8 456 (6.8) | 1.25(2.8) | 09 |513(7.3) | 0.5(2.1)
MWCNTs (0.6) (3.7) (1.9)

an is the exponent related to the depression angle.

Values in brackets are percentage errors obtained from fitting the experimental Nyquist plots
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Fig. 3.15: Nyquist plots attained in solution of 5 mM [Fe(CN)e] prepared PBS using

(A) bare GCE, (B) CoPc-flav--MWCNTs GCE and (C) CoPc-bo--MWCNTs GCE. (D)

Equivalent circuit used to fit the EIS data.
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Fig. 3.16: Bode plots generated with the respective working electrodes.

3.3.5. Redox reactions kinetics

Convection and diffusion-controlled kinetics were investigated using rotating
and stationary CMEs, respectively. In particular, single-step chronoamperometry was
used to determine the diffusion-controlled electro-oxidation rate constants of the
individual CMEs, see Figs. 3.17 and 3.18. These kinetic rate constants could be readily
quantified by applying controlled overpotentials (w.r.t. Ep; of the APAP CVs) at an
intermediate data collection interval of 5 - 20 seconds, using the bare and the
individual CoPc-X-FMWCNTs GCEs. It is well established that the reaction rates
occurring at the surface of static electrodes can be defined using the following

expression:

Ieat _ vY2(mY? erf(y'/2)+exp(-y)) ©)

Ipus y/?
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where I, and I, ¢ are the catalytic currents attained in either the analyte and
the buffer solutions using the respective CMEs, y = kCt with (C being the bulk molar
concentration of the analyte, k is the catalytic rate constant while ¢ is the time elapsed
in seconds) and erf is the error function. Equation (6) can be simplified if y is greater
than 2 and the error function is almost equal to 1. Thus, the simplified Cottrell
equation can be used to approximate the diffusion kinetics of the respective CMEs:48

Ica
ﬁ = y1/271/2 = g1/2(kC, )12 (7)

Thus, the diffusion-controlled rate constants could be calculated from the
slopes of the plots of I““/Ib 08 t1/2, generated using the individual CoPc-X-f-
u

MWCNTSs GCEs [1.67 x 102 M1s1 (where X = flav) and 1.44 x 102 M1s1 (where X =bo)].
Rate constants in the order of 102 M1s! can be regarded as moderate considering the
values around 10%/4 M- s attained for other MPc-based electrochemical sensors

during chronoamperometry experiments.41,47,49,50
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Fig. 3.17: (A) Chronoamperograms generated in a 1 mM APAP prepared in pH 7.4 PBS

buffer using the CoPc-flav--MWCNTs GCE. (B) Plot of Ilcat vs t1/2
buff
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Fig. 3.18: (A) Chronoamperograms generated in a 1 mM APAP prepared in pH 7.4 PBS

buffer using the CoPc-bo-f-MWCNTs GCE. (B) Plot of Ilcat vs th/? .
buff
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Voltammetric detection of an analyte within a complex sample matrix can often
suffer from interference by other redox active species. However, the hydrodynamic
technique can be employed as it affords higher redox currents and leads to a more
sensitive detection signal for the analyte of concern. In order to investigate the
convection-controlled kinetics of the CMEs, the respective modified electrodes were
rotated at variable rates while the linear sweep voltammograms (LSVs) were collected
at relatively low scan rate to minimize eddy diffusion, see Figs. 3.19 and 3.20. A linear
relationship between limiting current (I) and square root of the rotational rates (")
of the rotating disk electrode (RDE) affirmed that the mass transport to the CME
surfaces was largely dominated by convection and this relationship can be defined by

the Levich equation:
I, = 0.62nFAD?/3v=/6 /2, (8

where D is the diffusion coefficient of the substrate, A is the electrode area, v is
the kinematic viscosity, w is rotation rate and C, is the bulk concentration of the
analyte. Accordingly, the oxidation rate constant of APAP occurring at the surfaces of

the CoPc-X--MWCNTs GCEs was estimated using the equation:
IKin = nFACOkF (9)

where I is the surface coverage, k is the heterogeneous rate constant and all the
other symbols have their usual meanings. Combining equations (8) and (9) rendered
the Koutecky-Levich expression which can be used to calculate the overall convection-

controlled rate constants:3!

1 1 1
— = - 10
I, nFAC,kT' = 0.62nFAD2/3y=1/2C,w1/2 (10)

/2 gave straight lines with

Therefore, the corresponding plots of (I,)™! vs w™
good correlation coefficients and their intercepts yielded the rate constants of 6.9 x10*
M~!s™!and 3.48 x10* M~* s for the oxidative transformation of APAP occurring at
the surfaces of the CoPc-bo-FMWCNTs and CoPc-flav-F-MWCNTs GCEs,

respectively. As per the expected faster convection mass transport rates, the
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hydrodynamic experiments revealed rate constants nearly twice in magnitude as

those produced when using the chronoamperometric technique.
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Fig. 3.19: (A): RDE-LSVs attained at a scan-rate of 25 mV/s and using the CoPc-bo-f-
MWCNTs GCE, in a 1 mM APAP standardized in a pH 7.4 PBS buffer solution. (B) The
Levich plot. (C) The Koutecky-Levich plot.
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Fig. 3.20: (A): RDE-LSVs of 1 mM APAP (in a pH 7.4 PBS buffer solution) attained at a
scan-rate of 25 mV/s and using the CoPc-flav--MWCNTs GCE, in a. (B) The Levich plot.
(C) The Koutecky-Levich plot.
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3.3.6. Analytical application

Linear responses of the respective CMEs were assessed using squarewave
voltammetry (SWV), see Figs. 3.21 and 3.22. APAP could be detected in relatively
wide linear ranges using the CoPc-X-~-MWCNTs GCEs with concentration ranging
from 1 to 1000 uM L1 (for X = flav) and 15 to 1000 uM L (for X = bo), respectively.
However, the majority of previously reported CMEs afforded lower detection limits
than both of the CoPc-X--MWCNTs GCEs. Furthermore, the linear regression

equations for both modified electrodes can be expressed as follows:
L, = 0.0657C + 3.7112 (R* = 0.9952) (10)
I,q = 0.044C + 14.594 (R? = 0.8741) (11)

The lower correlation coefficient attained when using the CoPc-bo- ~MWCNTs
GCE is attributed to the surface fouling occurring at elevated concentrations (= 500
uM). One of the integral attributes of a functional electrochemical sensor is its ability
to discriminate the presence of interferences in the same sample solution.
Metronidazole (MTZ) and ibuprofen (IB) were selected as interferences which is
rationalized by their significant concentrations found in water samples attained from
the Msunduzi river, see Figs. 3.23 and 3.24. Interestingly, using CoPc-flav--MWCNTs
GCE, SWV analysis of a sample matrix comprised of APAP (at 0.38 V vs Ag| AgCl),
MTZ (at -0.76 V vs Ag|AgCl) and (at 0.76 V vs Ag|AgCl) IB rendered a clear
distinguishable APAP peak accompanied with fair resolutions with respect to the
signals corresponding to the interferences. However, in the SWV of the same sample
solution attained with CoPc-bo-FMWCNT GCE, IB could not be detected, although
(APAP) at 0.43 V vs Ag| AgCl and MTZ at -0.75 V vs Ag | AgCl) were detected in good
resolution. The difference in the SWVs by the two CMEs emphasized the influence of

the CoPc substituents on the electrocatalytic activities of the respective CMEs.

The selectivity of the modified electrodes was further tested in the presence of
a range of bio-interferences. It is well known that dopamine (DA), ascorbic acid (AA)

and paracetamol (APAP) coexist in biological fluids. Thus, the selective detection and
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accurate quantification of APAP in biological media for conditions induced by these
emerging pharmaceuticals is of importance for correct diagnosis, see Figs. 3.25 and
3.26. Noticeably, none of the CoPc-X--MWCNTs GCEs showed electrocatalytic
affinity towards AA while the SWV indicated poorly resolved peaks for DA (at 0.34 V
for X = flav and 0.23 V for X = bo) and APAP (at 0.70 V for X = flav and 0.46 V for X =
bo), respectively. The significant shift in the redox potentials of APAP is ascribed to
the influence of AA which alters the pH from 7.4 to 5 .52
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Fig. 3.21: (A): SWVs recorded in varying concentration of APAP prepared in PBS (pH 7.4)
using the CoPc-flav-f-MWCNTs GCE. (B): Amplified SWV response to APAP at low
concentration (1 to 8 uM) as shown in black rectangle. (C): Calibration curve of the current

response against APAP concentration (1 to 1000 uM).
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Fig. 3.22: (A): SWVs recorded in varying concentration of APAP prepared in PBS (pH 7.4)

using the CoPc-bo--MWCNTs GCE. (B): Calibration curve of the current response against

APAP concentration (15.6 to 1000 uM).
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Table 2: Comparison of the performances of chemically modified electrodes for oxidation of

paracetamol.
Electrodes Detection Limit of detection, Linear range References
Method LOD (uM) (uM)
Graphene GCE SWV 0.03 0-20 53
MWCNT-CD GCE DPV 0.0115 0.05-300 54
AuNPs--MWCNT SWV 0.13 1.49-107 55
CoPc GCE
Chitosan CPE SWV 0.508 0.8-200; 400- 26
1000
Gr/PDDA/PSS- DPV 0.5 25-400 52
[MWCNTs-NHj3
+-MWCNTs-COO]5
CoPc-flav--MWCNTs 1 0.98-1000 This work
GCE
SWV
CoPc-bo--MWCNTs
GCE 15 15.6-1000
Acronyms:

MWCNT GCE = Multi-wall carbon nanotube modified GCE
AuNPs-f-MWCNT-CoPc GCE = GCE modified with Au nanoparticles (AuNPs), functionalized MWCNT and cobalt phthalocyanine.

Gr/PDDA/PSS-[MWCNTs-NH3*-MWCNTs-COO- |5 = charged MWCNTs on poly(diallydimethyl ammonium chloride (PDDA)/
polystyrene sulfonate (PSS) modified graphite (GR) electrode.
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Fig. 3.23: SWV analysis of a sample matrix comprised of 0.5 mM quantities of APAP, MTZ
and IB prepared in PBS buffer using the CoPc-flav-f-MWCNTs GCE.
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Fig. 3.24: SWV analysis of 0.5 mM APAP in the presences of a sample matrix comprised of
0.5 mM MTZ and IB in PBS buffer using the CoPc-bo-f~-MWCNTs GCE.
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Fig. 3.25: SWV analysis of 0.5 mM APAP in the presences of a sample matrix comprised of
0.5 mM APAP, DA and AA in PBS buffer using the CoPc-bo-f~-MWCNTs GCE.
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Fig. 3.26: SWV analysis of 0.5 mM APAP in the presences of a sample matrix comprised of
0.5 mM APAP, DA and AA in PBS buffer using the CoPc-flav-f-MWCNTs GCE.
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CHAPTER FOUR

Electrocatalytic determination of mercury cations at
the interfaces of gold electrodes modified with self-
assembled monolayers of cobalt phthalocyanines and
electropolymerized 3-hexylthiophene films

41. Introduction

Elemental mercury and its chemical compounds are environmentally persistent
pollutants which have shown to exhibit a wide range of toxicological profiles in
humans and animals.! 2 In particular, mercury species are neurotoxins which tend to
biodistribute to the brain; culminating into various neurodegenerative conditions.3
Most recently, high concentrations of mercury have been reported in river surface
water and sediments of the Umngcwini stream in the Republic of South Africa’s
Province of KwaZulu-Natal.# > Consequently, there have been accounts of livestock
prematurely dying while quantitative analysis has shown that mercury has bio-
accumulated in human hair of some residents living in the rural area along the

Umngcwini stream..®

In fact, due to the adverse health effects of mercury poisoning, various national
and international organisations have set very low mercury concentration limits in the
lower ppm range as safety caps for water food commodities and various environment
matrices. Mercury concentration above these limits, make the material extremely
unsafe for general use. For example, the maximum concentrations of inorganic
mercury in drinkable water are set at 2 and 6 ug L by the US Environmental
Protection Agency and World Health Organization, respectively.” 8 Therefore,
advanced analytical methods such as atomic absorption spectroscopy (AAS),°

inductively coupled plasma mass spectrometry (ICP-MS),10 optical emission
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spectroscopy (OES) have been developed for mercury qualitative and quantitative
analysis.!l However, due to high operations costs, the need for highly qualified
technicians and time-consuming sample preparation methods; alternatives techniques

that are fast, cost effective and portable are imperative for routine analysis.!?

Electroanalytical techniques have received widespread interest in their
potential for routine analysis of heavy metals, especially in the case of mercury.13-17
Numerous electrochemical methods have been developed in that regard, most of
which involves the pre-concentration of the analyte on the CME’s interface followed
by stripping it off the CME’s surface. Anodic stripping voltammetry (ASV) has
become the most prominent electroanalytical technique used for the detection of trace
metal analysis. Immobilization of nanoparticles and polymeric films onto working
electrodes have rendered CMEs with electrocatalytic activities during the stripping

electroanalysis of mercury.18-22

Furthermore, metallophthalocyanines (MPcs) have been incorporated into
conducting thin films for the molecular recognition of various inorganic and organic
pollutants.?3-2¢ These electrochemical sensing capabilities of MPcs have been largely
dependent on the redox properties of the central cation and the Pc ring.?”- 28 Current
design strategies of MPc-based electrochemical sensors entail the use of substituents
that can facilitate the selective detection of analytes.?® For instance, in a recent research
study, a glassy carbon electrode was modified by electrochemical grafting of azide
groups to its surface and subsequent clicking of an asymmetric CoPc,
tris-[(4-benzo[d]thiazol-2-ylthio)-4-(pent-4-yn-1-yloxy)phthalocyaninato)cobalt(II)].30
This chemically modified GCE could be used to detect mercury in tap water with a
high level of accuracy which was largely accounted to the selective binding of mercury

ions to the thioether and benzothiazole sulphur atoms of the CoPc.
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Herein, SAMs of tetrasubstituted furan or benzothiazole CoPcs onto the
surfaces of individual gold working electrodes were formed. Subsequently, the
electropolymerization of 3-hexylthiophene (3-HT) chains were conducted onto the
CMEs. The resultant CMEs could electrocatalytically detect mercury cations in the
presence of other divalent cations as well as in a river water sample while showing
robustness and acceptable reproducibility. The introduction of the polymeric films is
justified due to its inherent higher effective surface areas which can encourage higher
analyte pre-concentration onto the respective CMEs while the sulphur atoms on the
benzothiazole substituents of the CoPc ensure strong affinitive interactions with the
mercury (Hg) ions due to the easy polarizability of S and Hg atoms in accord with the

hard and soft acids and bases.31-33

4.2. Experimental

4.2.1. Materials

The following starting reagents: 4-nitrophthalonitrile, 2-furanmethanethiol, 2-
hydroxymethylbenzothiazole and cobalt(Il) chloride were purchased from Sigma-
Aldrich. High purity metal salts: mercury(Il) sulfate, zinc(I) acetate, lead(II) nitrate
and lithium perchlorate as well as the monomer, 3-hexylthiophene (HT) were also
attained. Basic catalysts: 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU) and potassium
carbonate as well as the electrochemical grade supporting electrolyte,
tetrabutylammonium tetrafluoroborate (TBABFs), were acquired from the same

supplier as analytical grade chemicals and hence, were used without any purification.

Merck SA supplied the analytical, reagent and technical grade organic solvents
as well as other materials including phosphorous pentoxide, molecular sieves (4 A),
silicon dioxide for column chromatography and silica plates for thin layer
chromatography. To ensure anhydrous conditions during synthetic and selected
electrochemical work, dimethylformamide (DMF) was dried and stored over

molecular sieves whereas water was ultrapurified with the aid of an Elga Purelab
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Ultra system. The derivatized phthalonitrile, 4-(furan-2-methylthio)phthalonitrile (1)
and its corresponding CoPc, p-tetra(2-furanmethylthiophthalocyaninato)Cobalt(II) (3)
(viz. CoPc-fur) were synthesized according to our previously reported work3* whereas
the derivatized 4-(benzothiazole-2-methoxy)phthalonitrile (2) has been synthesized
and characterized accordingly.> After rigorous purification, the macrocyclic metal

complexes were kept over P20Os.

4.2.2. Synthetic procedure of tetra-4-(benzothiazole-2-methoxy) phthalocyaninato)Cobalt (II)
(CoPc-benz) (4)

A 1:4 mixture of cobalt(ll) chloride (0.0279 g, 0.2145 mmol) and 4-
(benzothiazole-2-methoxy) phthalonitrile (2) (0.252 g, 0.858 mmol) was dissolved in n-
pentanol together with DBU. The reaction mixture was heated until reflux under
nitrogen for 24 hours. After cooling the solution to room temperature, cold n-hexane
was added to the solution dropwise to induce precipitation. The solution was filtered
under reduced pressure and a green precipitate was obtained. The crude product was
washed with diethyl ether, ethanol, water and hexane, respectively. The green
product was purified via column chromatography with CHCl; and CH3OH in a 10:1
volume-to-volume ratio. Yield: 23%, FT-IR (vimax/ cm1): v(C=N) 1604, s; v(C-O-C) 1230,
1093, s. Molecular mass (m/z): Calculated: 1224.24. Found: 1223.15 [M-H]*, 1224.16
[M]*, 1225.15 [M+H]* and 1226.15 [M+2H]*. UV-Vis (DMF, Amax (¢, M1 cm1)): 675 nm
(140), 607 nm (120),333 nm (70). CHNS for CesH36CoN120454(%): Calculated: C, 62.79;
H, 2.96; N, 13.73; S, 10.48. Experimental: C, 62.44; H, 2.51; N, 13.69; S, 10.08.
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Scheme 4.1: Synthetic pathway of 4.
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4.2.3. General electrode modification techniques

The gold electrode was cleaned by immersing it thrice in a hot solution of
hydrogen peroxide and sulfuric acid in a 1:3 volume-to-volume ratio for short
intervals. Thereafter, the bare gold electrode was polished on a Buehler-felt pad using
0.5 um alumina paste and washed with ultrapure water. Afterwards, the electrode was
sonicated in an ultrasonic bath for 5 minutes in acetone and rinsed again with
ultrapure water to remove off any residual materials trapped on the electrode surface.
Self-assembled monolayers of the respective CoPcs (i.e. CoPc-furan or CoPc-
benzothiazole) were formed by dipping the gold electrode into a 1 mM DMEF solution
of the separate CoPcs for 24 hrs. This was followed by electropolymerization of 3-
hexylthiophene molecules onto the CMEs, according to a previously reported

method.36

4.2.4. Anodic stripping voltammetric procedure

A distinct in-situ gold modified electrode was immersed in a voltammetric cell
containing 5 mL (pH 1.5) of 3.37 x 103 M Hg(II) solution where Hg(II) was chemically
pre-concentrated for 5 minutes in an open circuit under efficient stirring. A cathodic
potential of -0.4 V was immediately applied to each CME for 120 s to reduce Hg(II)
into elemental Hg atoms. Subsequently, the electrode was transferred into another
electrochemical cell containing 5 mL of supporting electrolyte (0.1 M HCI and 0.4 M
NaCl). Next, the anodic stripping voltammograms were recorded in an unstirred
solution of the supporting electrolyte in the potential range of 0 - 0.4 V with a step
potential of 4 mV, modulation amplitude of 50 mV and a frequency of 25 Hz. The
electrode surface was regenerated after each measurement by first immersing it in a
stirred solution of 0.1 M HNOs and then applying a conditioning potential of 0.7 V for

a conditioning time of 30 s.
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4.3. Results and discussion

4.3.1. Synthesis and spectral characterization of 4

Cyclotetramerization of 2 was conducted in the presence of DBU and CoCly,
under a nitrogen atmosphere which afforded the formation of 4, see Scheme 4.1.
Beside exhibiting good solubility in high boiling point aprotic solvents, the metal
complex was soluble in volatile organic solvents such as THF and CHCl3. The FT-IR
spectrum of 4 showed a disappearance of the medium intensity nitrile stretch found
originally at 2225 cm in the infrared spectrum of 2, which supports that the
cyclotetramerization reaction has occurred. Furthermore, the FT-IR spectrum of 4
displayed a v(C=N) signal at 1604 cm™ of the benzothiazole moiety as well as ether
stretches v(C-O-C) found at 1314 and 1231 cm™*. The corresponding strong vibrational
bands were observed at 1600 cm! for v (C=N), at 1314 and 1255 cm'! for v (C-O-C), see
Fig. 4.2. The UV-Vis spectrum displayed characteristics absorptions bands in the
regions of 300 - 400 nm and 600 - 700 nm which can be readily assigned to the B- and
Q-bands, respectively, see Fig. 4.3. Also, elemental analysis data of 4 was consistent
with its calculated elementary composition. Indicatively, TOF-mass spectrometry
provided a fragmentation pattern of the metal complex corresponding to selected

deprotonated and protonated species as well as the molecular ion peak, see Fig. 4.4.

100

9% Transmittance

—Ligand 2
—Complex 4

3500 2500 1500 500
Wavenumber (cm™)

Fig. 4.2: Overlay IR spectra of ligand 2 and complex 4
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Fig. 4.4: Low resolution TOF-mass spectrum of 4
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4.3.2. Scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) analysis

Scanning electron microscopy (SEM) was used to elucidate structural features
of the SAMs. SAMs formation were achieved by immersing the gold-coated glasses
into respective 2.0 molar concentrated solutions of the individual CoPcs for 72 hrs to
facilitate good SAMs formation and better coverages. Visually, it is apparent that the
bare gold coated glass has a smooth morphology while semi-crystalline materials are
observed on the SAM-modified glasses, see Fig. 4.5(A) - (C). Of particular interest, the
SEM micrographs of the glasses containing SAMs illustrate clusters which clearly
support the intrinsic aggregation of their individual molecules.3” The EDX spectra
revealed the presence of an elemental composition of Co, Au, S, N, C and O for both
of the SAM-modified glasses which ascertain the adsorption of the respective CoPcs
onto the gold substrates, see Fig. 4.5(D) and (E). In contrast, only Au was detected in
the EDX spectrum of the bare gold-sputtered glass.

ull Scale 6217 cts Cursor: 0.000 keV]

Fig. 4.5: (A) Bare gold-sputtered glass, (B) SAM-3 gold-sputtered glass and (C) SAMs-4
gold-sputtered glass, (D) EDX spectrum of bare gold-sputtered glass, (E) EDX spectrum for
SAMSs-3 gold-sputtered glass.
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4.3.3. Electrocatalytic responses of chemically modified electrodes (CMEs)

Fig. 4.6 illustrates the differential pulse anodic stripping voltammograms
(DPASVs) of 3.37 x 10-3 M Hg(Il) using the bare Au electrode and the respective CMEs
in 0.1 M HCl and 0.4 M NaCl as a supporting electrolyte. The DPASV of each modified
gold electrode displays two peaks which are observed in the regions of ca 0.05 and
0.25 V, respectively. Similar trends have been reported for electrochemical detection
of mercuric ion in various acidic media by squarewave anodic stripping voltammetry,
where a coalesced peak is observed that is accounted to elemental mercury being
stripped off to its oxidation (+I) and (+II).38¢ An additional peak occurred due to the
oxidation of anions which are adsorbed on the surfaces of the different working
electrodes. Consequently, the 1st peak is due to a mixture of oxidative stripping
processes of the metal to its Hg»2* and Hg?* cations while the 2nd peak is attributed to
adsorption of anions to the CMEs. DPASVs of the background electrolyte (HCl and
NaCl) solution provided insight into the native nature of the peak. It is evident that
the chloride ions underwent oxidation, see Fig. 4.7. The standard oxidation potential
of chloride ion to chlorine gas is known to be approximately 1.36 V. In fact, Patil et al.
reported oxidation of chloride ion on a platinum rotating electrode in the vicinity of
1.80 V.3 Later, it will be shown that the 2nd peak is only apparent at elevated
concentrations of the mercury salt and for this reason, the 2nd peak found in the

DPASVs are not discussed.

Noticeably, the bare gold electrode induced a wide and intense peak whereas
the SAM-modified electrode produced a minute peak accompanied by a shoulder
which indicate that electrodeposition of mercury occurred more readily on the former
than the latter CME. The asymmetry and broadness of the first oxidative redox peak
produced from the bare Au electrode point to the two metal-based oxidative processes
overlapping. Upon using the Poly(3-HT) CME, a sharp first peak with a tailing
shoulder was rendered. Moreover, the higher oxidation peak current could be

attributed to the favourable coordination affinity between mercury and the sulphur
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atoms of the polymeric film; leading to a higher concentrations of mercury cations

being anodically stripped off the CME surfaces.

The SAMs-3 | Poly(3-HT)-Au electrode proved to be the most favourable CME
based on its better resolved and dominating first oxidation peak current attributable
to the electrocatalytic synergy between the MPc-based SAM and the polymeric film.
The synergism between the constituents’ catalytic effects is promoted by the sulphur
atoms of both the metal complex and the polymer which allow for a combined higher
surface-active area and an improved cathodic deposition of Hg(Il). Subsequently, the
stripping process of Hg(0) to Hg(I) and Hg(II) is electrocatalyzed by the Co(II)/ Co(III)
redox couples of the respective CoPcs since these redox potentials occur in the vicinity
as the individual Hg*, Hg?* peaks.3* However, for the Au electrode where the
electropolymerization was first performed followed by SAM formation, sluggish
responses were produced which is tentatively ascribed to the SAM blocking some
sulphur atoms of the polymeric film; resulting in a depreciated uptake of Hg. Similar
electroanalytical trends were observed when using 4. Of all the tested CMEs derived
from the SAMs of 4, the SAMs-4 | Poly(3-HT) Au electrode yielded the best I, and Epa
data, see Fig. 4.8.

Table 1: Stripping anodic currents and potentials (V vs Ag | AgCl) when using the bare Au

electrode and the modified gold electrodes containing the respective CoPcs.

Complex 3 Complex 4
Au Electrode Lya (LA) Eya (V) La (LA) Eya (V)
Bare 250 0.020 234 0.0159
SAMs 160 0.012 473 0.119
SAMs | Poly(3-HT) 400 0.032 600 0.087
Poly(3-HT) 320 0.040 497 0.091
Poly(3-HT) | SAMs 260 0.047 366 0.051

Where L,, .oxidation peak currents of 15t redox signal

E,q : oxidation peak potentials of 15t redox signal
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Bare Au electrode
SAMSs-3 Au electrode
50 A _f '::_ Poly(3-HT) Au electrode

—Poly(3-HT) | SAMs-3 Au
electrode

SAMs-3| Poly(3-HT) Au
electrode

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 04
Potential (V vs Ag| AgCl)

Fig. 4.6: DPASVs obtained using bare, SAMs-3, Poly(3-HT), Poly(3-HT) | SAMs-3 and

SAMSs-3 | Poly(3-HT)-Au electrodes in aqueous solution of 3.37 x 10-3 M Hg?* prepared in
0.1 M HCl and 0.4 M NaCl.

2uA

0 0,1 0,2 0,3 04
Potential (V vs Ag| AgCl)

Fig. 4.7: Differential pulse anodic stripping voltammogram (DPASV) of the electrolyte

solution
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Poly(3-HT) | SAMs-4 Au electrode
—SAMs-4 Au electrode

100 pA SAMs-4 | Poly(3-HT) Au electrode

AN

—

—Bare Au electrode

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4

Potential (V vs Ag| AgCl)

Fig.4.8: Differential pulse anodic stripping voltammograms (DPASVs) obtained using bare,
SAMs-4, Poly(3-HT), Poly(3-HT) | SAMs-4 and SAMs-4 | Poly(3-HT) Au electrodes in
aqueous solution of 3.37x10-3 M Hg?* prepared in 0.1 M HCI and 0.4 M NaCl

4.3.4. Characterization of modified electrodes
4.3.4.1. Self-assembled monolayer (SAM) characterization

The dual SAM- and electropolymerized-modified gold electrodes were probed
in various redox probes. Firstly, Figs. 4.9 (A) and (B) show the CVs produced using
the SAMs-3/4 | Poly(3-HT) CMEs and unmodified Au electrodes in 1 mM NaxSOs
prepared in a pH 4 buffer solution. It is apparent from the CVs that there is a sharp
peak at ca 0.169 V for the bare Au electrode which is the result of the exposed gold
undergoing redox reactions. However, when using the CMEs, negligible peak
currents were obtained at much higher positive potentials, which emphasizes the
degrees of impermeability for the SAM-modified Au electrodes due to the ubiquitous

ions of the supporting electrolyte; thereby confirming the SAMs formations.
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Figs. 4.10 (A) and (B) show the cyclic voltammograms (CVs) obtained using the
bare Au electrode and the SAMs-3/4 | Poly(3-HT) CMEs in 1 mM CuSOs prepared in
pH 4 buffer solution. The underpotential deposition (UPD) of Cu on the bare Au
electrode easily formed at 0.22 V vs Ag| AgCl. However, this corresponding redox
process was significantly inhibited by the CMEs which supports the formation of
SAMs on the substrate.

The ion barrier factor (I'isr) can be used to evaluate the compactness of the SAM
bonded to a substrate’s interface. In particular, an ion barrier factor of 1 indicates that
the SAM covers the entire surface area of the substrate and that no exposed substrate
is available where a selected redox probe can undergo redox reactions. Hence, a SAM
with an ideal ion barrier is considered as an impermeable film for the redox probe.
The ion barrier is calculated by comparing the total current under the redox peak of a
SAM-modified electrode [I,,(SAM)] to that of the bare electrode [I,:(Bare)], Eq. (4). Ion
barrier values of 0.97 and 0.98 were attained which are close to 1, indicating nearly full
coverages of the corresponding gold surfaces by the respective SAMs:40

Lya(SAM)
Ipq(Bare)

4)

Iigr =
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—SAMs-4| Poly(3-HT) Au electrode
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Potential (V vs Ag| AgCl)
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Fig. 4.9: (A) and (B) CVs of SAM-4/3 | Poly(3-HT)-Au electrode and the unmodified Au
electrode recorded in 1 mM CuSOus in pH 4 buffer solution.
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—SAMs-4 | Poly(3-HT) Au
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= _—
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(B) —Bare Au electrode
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Fig. 4.10: (A) and (B) CVs of SAM-4/3 | Poly(3-HT)-Au electrode and the unmodified Au
electrode recorded in 1 mM Na>SOy in pH buffer solution.
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4.3.4.2. Effective surface area and surface coverage

The effective surface area of a CME plays a pivotal role in addressing the
electrocatalytic deficiencies of its corresponding bare working electrode where the
electron-mediating thin film of a CME typically promotes better sensitivity of the
analyte’s redox signals.4! Figs. 4.11 (A) and 4.12 (A) show respective CVs at different
scan rates using the SAM-4 | Poly(3-HT) and SAM-3 | Poly(3-HT) Au electrodes in a 5
mM solution of Ks[Fe(CN)s] prepared in 0.1 M KCI. The individual effective surface

areas of the CMEs were calculated using the Randles-Sevcik equation,*? Eq. 3:
Iyq = 2.69 x 105ADY/?n3/2y1/2¢ (5)

where A is the effective surface area, D is the diffusion coefficient of
Ks3[Fe(CNe)], v is the scan rate, C is the bulk concentration of Ks[Fe(CN)¢], n is the
number of electrons transferred (n = 1). A plot of square root of scan rates vs oxidation
peak currents are shown in Figs. 4.11(B) and 4.12(B), the slopes of the I,,, vs v*/? plots
was used in Eq. 5 to calculate the effective surface areas. The relating effective surface
areas were found to be 2.656 cm? and 2.847 cm? for the SAM-4 | Poly(3-HT) and SAM-
3 | Poly(3-HT) Au electrodes, respectively. These values are approximately five times
higher than the area (0.503 cm?) of the bare Au electrode. These drastic increases in
surface areas upon modification are attributed to the synergetic effects of both the
polymer and the individual SAMs, whereby each contains sulphur atoms leading to

more accessible sites for the coordination of the heavy metal pollutant.

The surface coverage (I')of each CME was equally evaluated and calculated as
the moles per unit area. Using the effective surface areas obtained using equation (5)
and the total charge under the oxidation peak currents, the surface coverages were

calculated using Eq. (6):42

[=—"_ (6)
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where I is the surface coverage, n is the number of transferred electrons, F is
the Faraday constant and A is the effective surface. Respective values of 6.4 x 10- mol
cm? and 1.02 x 10 mol cm2 for the SAM-4 | Poly(3-HT) and SAM-3 | Poly(3-HT) Au
electrodes were obtained. These surface coverage values are sufficiently higher than
the 1x10-1° mol cm-2 which correspond to a Pc molecule lying flat onto the surface of
the substrate.#?> In addition, a better surface coverage translates into an increased

number of electrocatalytic sites which leads to enhanced sensitivity.
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Fig. 4.11: (A) CVs curves in aqueous solution of 5.0 mM Ks[Fe (CNg)] containing 0.1 M
KCl(aq) using the SAM-4 | Poly(3-HT)-Au electrode at different scan rates (100, 125, 150,
175, 200 and 250 mV/s). (B) Plot of 1. vs square root of scan rate.
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Fig. 4.11: (A) CVs curves in aqueous solution of 5.0 mM Ks[Fe (CNg)] containing 0.1 M

KCl(aq) using the SAM-3 | Poly(3-HT)-Au electrode at different scan rates (100, 125, 150,
175, 200 and 225 mV/s). (B) Plot of Ipa vs square root of scan rate

4.3.4.3. Electrochemical impedance spectroscopy (EIS)

EIS data were gathered to provide more understanding into the nature of the
electron transfer behaviors of the CMEs.# A frequency range of 0.1 Hz to 100 kHz was
applied when the EIS experiments were conducted in a standardized aqueous solution
of potassium ferricyanide in 0.1 M KCl as a supporting electrolyte. The EIS data was
expressed as a Nyquist plot which offer insights into the impedance across the

electrode, immobilized thin films and electrolyte, see Fig. 4.12.

95



Kevin Kantize Chapter 4

Furthermore, the Nyquist plots attained charge transfer resistance (Rct) which
is estimated as the diameter of the semi-circle appearing at higher frequencies while
the Warburg impedance (Zw) occurs at lower frequencies. The modelled Randles
equivalent circuit for all the electrodes contained the following circuit elements:
electrolyte resistance (Rs), charge transfer resistance (Rct), constant phase element
(CPE) and the Warburg impedance (Zw). The inclusion of the non-ideal capacitor, the
CPE is motivated by the surface roughness of both the bare and the CMEs. The EIS
data was validated by the low errors attained between the experimental and fitted

data.

The Rt values were found to be 690 Q and 586 Q for the respective SAMs-
4 | Poly(3-HT) and SAMs-3 | Poly(3-HT) Au electrodes. Contrary to the Rctvalues of the
CMEs, the bare gold electrode has a significantly higher Rt value of 1.38 kQ,
emphasizing the faster electron exchange rates of the CMEs. The n-values are in the
range of 0.61 - 0.86 (n < 1) which show the non-capacitive nature of the electrodes.> In
fact, the Bode plots (see Fig. 4.13) concurs with Nyquist plots in that the CMEs and
the bare electrode are non-capacitors given by the phase shifts angles which are less

than 90°.

Table 2: Summary of EIS data collected in a 5 mM [Fe(CN)s[3* using the bare and CMEs.

Error values are shown in brackets.

Rs Rct Zw CPE
Au electrode m
(@) (@) (mS) (mS)
Bare
82,9 (0.65) | 1380 (3.4) 0.635 (3.4) 0.063(4.0) 0.852
SAMs-3|Poly(-HT) | 75 c086) |  263(5.5) 0.383(1.2) 0.110(12) 0.681
SAMs-4|Poly(3-HT) | 77.6 (0.74) | 690 (3.4) 0.726 (2.0) 0.138(4.8) 0.613

[n] is the exponent related to the depression angle.

Values in brackets are percentage errors obtained from fitting the experimental Nyquist plots

96




Kevin Kantize

Chapter 4

7" (Q)

2" (Q)

1600

1200

800 -

400 -

+ Experimental - Fitted

5000

4000 -

3000

2000 -

1000 -

1000

2000 3000

Z'(Q)

(©

e Experimental o Fitted

0 1000

2000

3000 4000 5000

Z'(Q)

-Z'(Q)

1500

1000 -

500 -

(B)

e

e
0°” -*
G0t » Experimental < Fitted
500 1000 1500 2000

Fig. 4.12: Nyquist plots attained in solution of 5 mM [Fe(CN)¢] prepared in PBS using (A)
the bare, (B) the SAMs-4 | Poly(3-HT) and the (C) SAMs-3 | Poly(3-HT) Au electrodes. (D)
Equivalent circuit used to fit the EIS data.
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Fig. 4.13: Bode plots generated with the respective CMEs

4.3.5. Voltammetry studies

Electrochemical properties of 4 were investigated using CV and SWV
techniques in a TBABF4/ DMF medium, using a platinum working electrode, see Figs.
414 (A) and (B). CV and SWV measurements showed four redox couples that are
assigned to metal-centred and Pc ring-based redox processes. The redox couples II
and III displayed a narrower peak to peak separations values (AE values) compared
to that of the standard ferrocene (AE = 100 mV) using a Pt working electrode and the
same experimental conditions. Therefore, redox processes II and III are quasi-
reversible whereas redox couples I and III are respective irreversible reductive and
oxidative processes.4 The derived electrochemical data is shown in Table 3 and is in
agreement with previously reported data. Hence, the redox couples I to IV were
assigned according to literature trends, see Table 3. Due to i1 - 11 stackings between
MPc monomers, aggregation is a common phenomenon which gives rise to additional

peaks within voltammograms of 4. Linear relationships were attained in all the
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Randles-Svcek plots of each redox couple; indicating that the mass-transport occurs

entirely via diffusion, see Fig. 4.15.47

-1]5 1 0,5 0 0,5 1 15
Potential (V vs Ag| AgCl)

-1,5 -1 -0,5 0 0,5 1 15
Potential (V vs Ag| AgCl)

Fig. 4.14: CV (A) and SWV (B) of 4 at 100 mV/s. The arrows indicate aggregation
peaks
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Fig. 4.15: Overlays CV of 4 at incrementing scan rates. The insert shows a Randles-

Svcek plot of redox couple IlIwhere the Ipc is plotted against the square root of scan rate

100



Kevin Kantize

Chapter 4

Table 3: Electrochemical data of CoPc-benzothiazole in comparison with other CoPcs with substituents containing sulphur atoms.

CoPc Parameters IV III II I References
(Solvent) Pc2/Pc3 Co!l/Colll Col/Coll Pc2/Pc1
CoPc-benz E (V) Epe =114 | E{,=028 | E;,=-042 | E,.=-1.09 This work
(DMF)

AE,(mV) - 91 70 -
CoPc-4-methoxyphenylthiazole-2-thio Ei/2 (V) - 0.62 -0.27 -1.02 48
(DMSO) AE,(mV) - 106 70 90
CoPc-2-methyl-5-benzothiazole Ei/2 (V) 1.04 0.53 -0.30 -1.23 49
(DMSO) AE,(mV) - 68 66 70
CoPc-hydroxyethyl-thio Ei/2 (V) 1.00 0.43 -0.37 -1.29 50
(DMSO) AE,(mV) - 60 70 72
CoPc-dimethoxyphenylthio Ei/2 (V) 1.00 0.28 -0.52 -1.48 51
(DMSO) AE,(mV) - 65 100 72
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4.3.6. Optimization of the instrumental and chemical parameters

4.3.6.1. Supporting electrolyte

Different electrochemical parameters were studied in order to assess under
which optimization conditions the highest sensitivity is attained for the first oxidation
peak and therefore Hg>?*, Hg?* determination. As previously reported,>? hydrochloric
acid had been found to be the ideal supporting electrolyte for mercury electrocatalysis.
The rationale behind this is that mercuric chloro complexes form in solution, which in
return promotes the oxidation of mercury at lower stripping oxidation potentials as
well as minimizing background currents while enhancing the reduction peak
currents.5 54 Jonavoski and Hrastnik reported that adding NaCl also shifted the Hg
(IT) signal towards negative potentials, hence an electrolyte solution containing 0.1 M

HCl and 0.4 M NaCl was chosen as the best electrolyte for further investigations.>2

4.3.6.2. Accumulation potential

The deposition potential was investigated in the range of -0.1 to +1.0 V. The
stripping signal increased slightly as the deposition potential became more negative
in the range of -0.1 to -0.4 V peaking at -0.4 V. At more cathodic potential, the signal
started dissipating due to the competing hydrogen evolution reaction. During
application of a high positive potential of +1.0 V, the second lowest peak current was
attained, see Fig. 4.16 (A). Hence, a deposition potential of -0.4 V was chosen as an
optimum accumulation potential for further electrochemical experiments for SAMs-
3| Poly(3-HT) Au electrode. Similar trends were observed for the SAMs-4 | Poly(3-HT)
gold electrode where a deposition potential of -0.2 V provided the superior stripping

currents and was chosen for further electroanalytical experiments, see Fig. 4.17 (A).
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4.3.6.3. Accumulation time

Accumulation time was investigated using each of the in-situ modified gold
electrodes as depicted in Figs. 4.16 (B) and 4.17 (B) in the range of 0 - 220 s. The
stripping signal increased steadily before reaching a maximum at 120 and 180 s for
SAMs-3 | Poly(3-HT) and the SAMs-4|Poly(3-HT) gold electrodes, respectively. At
prolonged accumulation periods, the peak currents decreased substantially which
could be caused by the saturation of the binding sites. Thus, individual deposition

times of 120 and 180 s were chosen for subsequent analysis.

4.3.6.4. The effect of pH

The effect of pH on the stripping currents for the adsorbed metal were studied
in the pH range of 1 - 8. It is well documented that the pH of the buffer solution plays
a significant influence on the stripping current of the metal ion of interest.5> As seen
in Figs. 4.16 (C) and 4.17 (C), the responses gradually decreased as the pH increased.
The best pH value was found to be 1.5 and used for further investigations. Evidently,
this is in accordance with the Latimer diagram of mercury in acidic media which show

that mercury cations are thermodynamically stable at low pH.
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Fig. 4.16: Optimization parameters of the SAMs-4 | Poly(3-HT) on the DPASV peak
currents of 3.37 x 103 M Hg (I1) in 0.1 M HCI and 0.4 M NaCl: (A) accumulation potential,

(B) accumulation time and (C) pH studies.
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Fig. 4.17: Optimization parameters of the SAMs-3 | Poly(3-HT) on the DPASV peak
currents of 3.37 x 103 M Hg (II) in 0.1 M HCl and 0.4 M NaCl: (A) accumulation potential,
(B) accumulation time and (C) pH studies.
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4.3.7. Analytical performances for detection of Hg(I) and -(II) cations

DPASV responses of Hg(Il) standardized solutions were monitored using the
SAM-3 | Poly(3-HT) or the SAM-4 | Poly(3-HT) Au electrodes. Linear responses were
obtained in the concentration ranges of 4.21 x 105 - 3.37 x 103 M and 3.37 x 104 - 3.37
x 10 M, respectively. Shifts in the stripping potentials were observed despite rigorous
pre-conditioning between each accumulation step. The latter was accounted to
supporting electrolyte effects where the mercury stripping potentials can shift as the
chloride concentration of the sample solution is varied.3 In addition, nearly
reproducible DPASVs were attained for the blank solution between each
electrocatalytic run. Furthermore, the broadness of the peaks is ascribed to Hg?*and
Hg»?* being collectively stripped off the corresponding CMEs. The respective
voltammograms and their subsequent calibration graphs are shown in Figs. 4.18 and
4.19. Linear responses were obtained with regressions of R2=0.9906 and R?=0.9781 for
the SAMs-3|Poly(3-HT) and SAMs-4|Poly(3-HT) Au electrodes, respectively.

Calibrations curves were expressed by the following equations:

I = 112558 M + 47.565, r? = 0.9936 (6)
I =109647 M + 57.921, r? = 0.9683 (7)

The limit of detection (LOD) values was determined using the equation LOD =
3sx/m, where sy is the standard deviation of the blank/electrolyte and m is the slope
of the calibration). LOD values of 1.48 x 10-%> and 4.06 x 10> M were attained for the
SAMs-3 | Poly(3-HT) and SAMs-4 | Poly(3-HT) CMEs, respectively. In comparison to
other gold modified electrodes and other methods, it is clear that the in-situ prepared

Au electrodes achieved modest detection limits, see Table 3.
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Fig. 4.18: (A) DPASV:s recorded in varying concentration of Hg(Il) prepared in 0.1 M HCI
and 0.4 M NaCl using the CoPc-4 | Poly(3-HT) gold electrode. (B): Calibration curve of the

current response against Hg(Il) concentration.
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Fig. 4.19: (A) DPASVs recorded in varying concentration of Hg(II) prepared in 0.1
M HCl and 0.4 M NaCl using the CoPc-3 | Poly(3-HT) gold electrode. (B): Calibration curve

of the current response against Hg(II) concentration.
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Table 3: Comparisons of detection limits and linear ranges of various electrochemical detection techniques of Hg?*.

electrode

Electrode Detection method | Limit of detection Linear range (M) References
AuAc-Chit DPASV 0.8x104M 104 -10"M 56
Clicked-CoPc/GCE DPASV 81.94x10°M 0-0.03x10°M 30
FePc/Si-NP/GCE DPASV 228 ng.L-1 10-100 ug. L1 26
SWCNT-PhSH/ Au electrode SWASV 3x10°M 5-90x10°M 57
PTO/ Au electrode DPASV 60 x 1015 M 021-1x10°M 58
SPGE-HT SWASV 0.25 ug. L1 5-400 pg. L1 59
PXO/PIGE DPASV 0.043 ug. L1 0.13-20.5 ug. L1 60
PMBT/AuNPs/SWCNTs/GCE DPASV 80 x 1015 M 0.4-96x10°M 55
SAMs-3 | Poly(3-HT)-Au DPASV 1.48 x 10° M 421x105-337x103M T™W
electrode
SAMs-4 | Poly(3-HT)-Au DPASV 4.06 x10°M 3.37x10*-3.37x10°M ™

Acronyms:
AuAc-Chit: gold atomic cluster chitosan

SWCNT-PhSH: single wall carbon nanotubes thiolphenol

PTO: Polythymine oligonucleotide

SPGE-HT: Screen printed gold electrode- High temperature
PXO/PIGE: Polyxylenol/paraffin impregnated graphite electrode
PMBT/AuNPs/SWCNTs/GCE: Poly(2-mercaptobenzothiazole/Gold nanoparticles/Single-walled carbon nanotubes
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4.3.8. Interference studies

Selectivity of the CMEs in the presence of other divalent cations and anions
including Pb%*, Cu?*, Zn?*, SO4*, NOs and Cl- were investigated on their possible
interfering capabilities in the determination of Hg?*. A mass-per-volume
concentration of 1.0 g L1 for each metal salt, viz. HgSO4, Pb(NO3)2,CuSO4 and ZnCl
in 0.1 M HCl and 0.4 M NaCl revealed distinctive peaks with the exception of the non-
redox active Zn?* and the anions, see Figs. 4.20 and 4.21. As reiterated before, the
broadness of the mercury peak signal is accounted to the Hgz** and Hg?* species
accumulating on the individual CME interfaces.?¢ The discrimination against other
interferents could be rationalized on the fact that the pre-concentration step allows for
better binding of mercury species to the sulphur atoms of both the polymeric films

and the different CoPc SAMs.

Cu?t

Hg,?*, Hg**

-0,2 -0,1 0 0,1 0,2 0,3 0,4
Potential (V vs Ag| AgCl)

Fig. 4.20: DPASV analysis of a sample matrix containing equal mass concentration of 1.0 g
L1 of Hg?*, Cu?*, Pb?* and Zn?* prepared in 0.1 M HCI and 0.4 M NaCl buffer solution
using SAMs-3 | Poly(3-HT) Au electrode.
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-0,4 -0,2 0 0,2 0,4
Potential (V vs Ag| AgCl)

Fig. 4.21: DPASV analysis of a sample matrix containing equal mass concentration of
1g.L7 of Hg?*, Cu®*, Pb** and Zn** prepared in 0.1 M HCI and 0.4 M NaCl buffer
solution using SAMs-4| Poly(3-HT) Au electrode.

4.3.9. Analysis of real water sample

The fabricated SAMs-3|Poly(3-HT) Au electrode was tested for practical
determination of Hg?* in a water sample collected along the Umngcwini stream,
which joins the Umgeni river, a major water source for the Province of KwaZulu-
Natal. The water sample was firstly acidified with HCI to attain a 0.1 M HCl electrolyte
solution. The analysis of the water sample proved to be below the LOD obtained and
hence, the water sample was then spiked with 3.37x107> M and a standard addition
technique was used to determine the concentration of Hg?*. As shown in Fig. 4.22,
four successive additions of 6.75x 10™* M were added to the spiked sample and

measured at optimized parameters.

The concentration was found to be 3.5 x 107°(+0.4) M with a good recovery of
104% for SAMs-3|Poly(3-HT) Au electrode, confirming the applicability of the
method in the real sample. However, the SAMs-4| Poly(3-HT) Au electrode did not

afford reproducible data which is accounted to surface fouling originating from
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unknown interfering components in the sample matrix and thus, this CME was not
considered further for data analysis. In contrast, the surface of the SAMs-3 | Poly(3-
HT) Au electrode could be readily regenerated after each stripping run by immersing
it in a stirring solution containing 0.1 M HNOj and thereafter conditioning it at 0.7 V
for 30 s. In particular, the regenerated active surface of the SAMs-3 | Poly(3-HT) Au
electrode showed good reproducible responses of Hg(Il) with a relative standard
deviation (RSD) of 8.92% calculated after 5 consecutive measurements. Similarly, the
repeatability estimated over 6 measurements gave an RSD value of 8.45% for the same
CME. The fact that the RSD values of the SAMs-3 | Poly(3-HT) Au electrode falls
outside the expected 95% data confidence interval for an analytically practical
method, suggests that that this CME could also be subjected to minor surface fouling

and supporting electrolyte effects.
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Fig. 4.22: (A) DPASYV responses of SAMs-3 | Poly(3-HT) Au electrode for Hg(1I) spiked
river water and 4 standard additions of 6.75x10~* M of Hg(II). (B) Standard addition plot.
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CHAPTER FIVE

Electrocatalytic determination of nevirapine using a
platinum electrode modified with a polymeric CoPc-
nafion-carbon nanotube composite

51. Introduction

Human immunodeficiency virus (HIV) infection and the acquired
immunodeficiency syndromes (AIDS) are serious threats to global health and the
subsequent consequences linked to it. Since the discovery of HIV, massive efforts have
been concentrated on finding the cure. Various drugs have been approved for the
treatment. These drugs fall under six categories: 1) Nucleotide reverse transcriptase
inhibitors (NtRTIs), 2) Nucleoside reverse transcriptase inhibitors (NRTIs), 3) Non-
nucleoside reverse transcriptase inhibitors (NN-RTIs), 4) Protease inhibitors (PIs), 5)
entry inhibitors (Els), and 6) Integrase inhibitors (INIs).! Nevirapine (NVP), is
classified as a non-nucleoside reverse transcriptase inhibitor (NN-RTIs) and is often
used in tandem with other reverse transcriptase inhibitors to give effective treatment.?
Nevirapine (NVP) inhibits the transcription of RNA into DNA by binding at a

different site away from the active site of the reverse transcriptase enzyme.3

The Republic of South Africa (RSA) has an estimated 7.5 million people living
with HIV. Its health care system administers over one of the largest antiretroviral
therapy (ART) program in the world which has been credited for a significant decrease
in the rate of new infections especially in respect to the mother-to-child transmission
rates.* The widespread use, as well as the challenges related to the safe disposal of
domestic wastes in most metropolitan cities qualify antiretroviral drugs (ARVDs) as a

subclass of emerging contaminants of concern, whose possible contamination of the
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water resources poses a health and safety risk to the end-users.> Recently, there have
been reports on the occurrence of NVP in river water, sampled near the cities of
Johannesburg and Durban.® 7 The prevalence of residual pharmaceutical compounds
is linked to their incomplete removal at the waste water treatment facilities, where the
influent wastes which are of diversified origins, including medical wastes are directed

to.

Various analytical techniques have been developed for the accurate
quantitative determination of NVP in tablet formulations and human blood plasma,
including high-performance liquid chromatography (HPLC),3 ° gas chromatography-
mass spectrometry (GC-MS),10 UV-Vis spectrometry,!’ liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS),? and voltammetry techniques.!?
14 In recent years, electrochemical techniques have attracted the attention of many
researchers largely because they are affordable, sensitive, accurate and fast
alternatives for the determination of various analytes. There are reports in the
literature on the voltammetric determination of NVP using chemically modified
electrodes (CME) including nanoparticles immobilized on GCE,2 15 electrodes

modified with CNTs 1¢ and polymer-based electrodes.16-17

Literature trends illustrate that working CMEs modified with thin films of
MPcs in combination with other highly conductive materials can synergistically lower
the redox overpotentials of most reactions as well as enhancing their Faradaic
currents.!820 In particular, conductance of the films encompassing MPcs have been
improved by graphitic based material (viz. graphene sheet, tubes and quantum dots)
and metallic nanoparticles.!® 27, 28 The inclusion of these conductivity-promoting
materials, enables swift electron transfer between the adsorbed analytes within the
thin film and the electrode surface which can render lower overpotential during
analyte detection. In addition, CMEs based on composites of MPcs and other
nanoconjugates offer higher electroactive surface areas for enhanced immobilization

of analytes compared to bare substrates. Consequently, the modified surfaces of these
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conducting thin films exhibit more accessible catalytic sites that facilitate analyte

preconcentration on CME surfaces.

Herein, the modification of a platinum electrode via drop-casting of a
suspension mixture of coumarin substituted CoPcs and carboxylic acid functionalized
multiwalled carbon nanotubes followed by the drying of the resultant modified
electrode at room temperature is reported. Thereafter, a classical electron-mediating
polymeric film, nafion (Naf) was drop casted on the CME interface. Incorporation of
the carbon nanotubes in the immobilized thin films is rationalized by their intrinsic
properties which include mechanical and chemical stabilities as well as electrical
conductivity while Naf is a perfluorinated sulphonated cation exchanger with high

permeability to cations and has desirable chemical robustness.?!

5.2. Experimental

5.2.1. Materials

Starting organic and inorganic precursors: 7-hydroxy-4-trifluoromethyl
coumarin, 4-nitrophthalonitrile and cobalt(I) chloride were procured from Sigma-
Aldrich. The basic catalysts: 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and potassium
carbonate used to synthesize the compounds as well as the electrochemical grade
supporting electrolyte, tetrabutylammonium tetrafluoroborate (TBABF,), carboxylic
acid functionalized multiwalled carbon nanotubes (FMWCNTs) and nafion (Naf)

perfluorinated resin solution were acquired from the same company.

Organic solvents as well as other materials including phosphorous pentoxide,
molecular sieves (4 A), silicon dioxide for column chromatography and silica plates
for thin layer chromatography were all purchased from Merck SA.
Dimethylformamide (DMF) was dried and stored over molecular sieves whereas
water was ultrapurified via an Elga Purelab Ultra system. The derivatized

phthalonitrile,  4-(4-trifluoromethyl)-coumarin-7-oxy)  phthalonitrile and its
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corresponding CoPc, p-tetra(7-oxy-4-
trifluoromethylcoumarinphthalocyaninato)Cobalt(Il) viz. CoPc-cou were synthesized

according to previously reported work.?2

5.2.2. Electrode modification

The platinum electrode surface was refreshed on a Buehler-felt pad using the
0.5 yum alumina paste and washed thereafter with ultrapure water. Subsequently, the
electrode was sonicated in an ultrasonic bath in acetone for 5 min and rinsed again
with ultrapure water. Various chemically modified electrodes were prepared to assess

which modifiers promote superior electrocatalytic activity.

A 1 mM solution of CoPc-cou in dried DMF was electropolymerized onto a Pt
surface to afford the CoPc-cou-Pt electrode.?? This CME was modified further by the
drop-dry method using a 5% Nafion (Naf-5) solution to obtain the CoPc-cou/Naf-
5/Pt electrode. In addition, it was dried at room temperature. Three variant analogues
of CoPc-cou/Naf-5/Pt electrodes were also fabricated. For example, when the bare Pt
electrode was modified with Naf-5 alone using the drop-dry method (at room
temperature), a Naf-5/Pt CME was formed. Similarly, a CoPc-cou-f-MWCNTs/Naf-
5/Pt electrode was fabricated sequentially. The CoPc-cou was premixed with 0.5 mg
of CoPc and 1 mg of ~-MWCNTs in dry DMF under ultrasonication for one hour to
render the nanoconjugate mixture. Subsequently, the mixture was drop casted onto a
bare Pt electrode and was allowed to dry at room temperature. To ensure the
robustness of the nanoconjugate film, it was further immobilized by drop-casting with
Naf-5 at room temperature. The fourth CME (f-MWCNTs-Naf-5/Pt) was fabricated
from a film of f-MWCNTs which had been dispersed in a Naf-5 solution. The
suspension was ultrasonicated for 30 minutes and immobilization onto the Pt

electrode surface followed by drying at ambient temperature to form the electrode.
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5.3. Results and discussion

5.3.1. Electrochemical responsiveness of the CMEs

To evaluate the analytical sensitivity and electrocatalytic oxidation behavior
towards NVP, the oxidation peak currents (I,4), and the oxidation potentials E,, were
measured from their respective cyclic voltammograms (CVs) of 100 uM in a 0.1 M

phosphate buffer saline (PBS) using the bare and the four CMEs, see Fig. 5.1 and Table
1.

—Bare Pt —CoPc-cou/Naf-5/Pt
—Naf-5/Pt —CoPc-cou-f-MWCNTs/Naf-5/Pt
—f-MWCNTSs-Naf-5/Pt

200 uA

L, (uA)

__—

0.3 0.5 0.7 0.9 1.1
E,.(V vs Ag| AgCl)

Fig. 5.1: CVs obtained using bare Pt, CoPc-cou/Naf-5/Pt, Naf-5/Pt, CoPc-cou-f-
MWCNTs/Naf-5/Pt and f-MWCNTs-Naf-5/Pt in aqueous solution of 100 uM NVP in 0.1
M PBS (pH = 12).
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Table 1: Nevirapine peak currents and redox potentials (V vs Ag| AgCl) obtained using the

different electrodes.
Pt electrode Ipa 1A Epa
Bare Pt 0.20 0.83
Naf-5/Pt 3.02 0.82
CoPc-cou/Naf-5/Pt 0.47 0.79
FFMWCNTs- Naf-5/Pt 150 0.74
CoPc-cou--MWCNTs/Naf-5/Pt 172 0.69

From Figure 5.1, it is evident that the values of I, for NVP by the bare electrode
and the CMEs containing only the polymeric Naf-5 or CoPc-cou were negligibly low
(< 5 uA, refer to Table 1) and the analyte was oxidized irreversibly as a result of the
slow electron-transfer capabilities of their surfaces. However, the inclusion of either
the FMWCNTs constituents in the framework of the -MWCNTs-Naf-5/Pt or CoPc-
cou--MWCNTs/Naf-5/Pt afforded I, values that were 100-fold higher than the bare
or the other two CMEs. Moreover, the oxidation of NVP occurred at lower Ey,; values
than the bare or the other two CMEs. The best electroanalytical response for the
oxidation of NVP was recorded by the CoPc-cou--MWCNTs/Naf-5/Pt. It afforded
superior electrocatalytic currents and lower redox potentials. This remarkable trend
is attributed to a synergetic effect between the CoPc-cou--MWCNTs nanoconjugate
constituents and Nafion (5%) which facilitates electron-mediation between the bulk
analyte solution and the Pt substrate. This led to the use of CoPc-cou-f-
MWCNTs/Naf-5/Pt only for further investigations on the catalytic oxidation

behaviour towards NVP except for some sections where it shall be stated.
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5.3.2. The effect of pH

The I, values for the electro-oxidation of NVP by the CoPc-cou-f-
MWCNTs/Naf-5/Pt were extracted from the CVs (refer to Fig. 5.2 (A)) recorded for a
100 uM NVP solution at different pHs (6 - 12). A plot of the I, versus pH is presented
in Fig. 2B. The I,,; values show a gradually increasing trend between pH 6 - 10, before
increasing sharply at pH 12 and beyond. At the same time, E,, values tandemly
shifted to lower values. Furthermore, for pHs < 6, no voltammetric oxidation signals
could be detected. The electro-oxidation of NVP was optimum at a pH of 12 and
further studies on the electrocatalytic behavior of the CME were performed at this pH.
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Fig. 5.2: (A) CVs of 100 uM NVP in PBS with different pH values at CoPc-cou-f-

MWCNTs/Naf-5/Pt, (B) Plot of Ip. vs pH, (C) Plot of Epq vs pH.
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The oxidation of NVP at high pH values is known to proceed with the loss of
two electrons (2e7) and two protons (2H*) as shown in Scheme 1.16 The suppression of
the oxidation of NVP in acidic media (pHs < 6) is in line with the shifting of the
equilibrium towards the left, as the [H*]medium increases at the lower pH ranges.
Nernst's plot of E,,, vs pH yielded a slope of 0.054 V, see Fig. 5.2 (C) which was closer
to the theoretical value of 0.06 V for the oxidation reactions proceeding with loss of an

equal number of electrons and protons (and 2e /2H*).16

<Z @)
N
; j + 2H' + 2¢°
N
O

Scheme 1: Redox interconversion of NVP at pH 12.

N
NH
O

5.3.3. The effect of scan rate

To further elucidate the mechanism of NVP oxidation, the effect of scan rate
was explored in the range of 25 to 250 mV /s in PBS (0.1 M, pH 12) buffer containing
100 uM NVP, see Fig. 5.3 (A). The plots of peak currents with square root of scan rates
or scan rates gave linear relationships, indicating that both diffusion and adsorption
mass transport processes were occurring, see Figs. 5.3 (B) and 5.3 (C). The value of the
slope of the plot of the logarithm of peak currents (Log I,,,) and the logarithm of scan
rate (Log v) was determined to be 0.602 which is within range of 0.5 and 1; further
corroborating that both adsorption and diffusion mass transport processes are playing
an integral part in the NVP oxidation mechanism, see Fig. 5.3 (D).” However, the
higher regression value attained in Fig. 3C, indicates that the oxidation process is

controlled largely by adsorption. As described by the Laviron method,? the
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relationship between the peak potentials (E,;) and the logarithm of scan rates (Logv)

of irreversible systems is described by the following equation:

Epa = E° + (2303 =) Log (o) + (2303 —2—)Logv (1)

(1-a)nF (1—a)nF (1—-a)nF

In the equation, a is the charge-transfer coefficient, v is the scan rate, n is the
number of transferred electrons and k° is the standard rate constant of the reaction.
From the slope of E,, vs Log v (Fig. 5.3 (E)), the value of & was found to be 0.545 which
is close to the a equals 0.5 for irreversible systems. Furthermore, the Tafel slopes were
calculated from the plot of peak potentials (E,,) vs logarithm of scan rates (Log v) as
defined by equation (1). The Tafel slope value of 130 mV was determined and is higher
than the typical range of 30-120 mV/decade and affirms the strong interaction
between the substrate and the thin film on the electrode.?* In light of the above-
mentioned mechanistic data, the facile diffusion of NVP occurs to the CME interface,
where it undergoes adsorption and subsequent electro-oxidation. NVP adsorption to
the CME surface could be governed by complementary intermolecular interactions
between its functional groups and those of the coumarin moieties appended onto the
CoPc core, the sulfonic groups of Nafion conducting polymer and the carboxylic acid

groups of the -MWCNTs.
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Fig. 5.3: (A) CVs of CoPc-cou-f-MWCNTs/Naf-5/Pt in the presence of 100 uM NVP at
various scan rates in PBS (pH = 12), (B) The plot of Iyq t vs square root of scan rate, (C)
Anodic peak current vs scan rate, (D) The plot of Log Ipa vs Log v and (E) The plot of Epa vs
Logv.
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5.3.4. Surface area and coverage

The surface area of a CME is an important factor in assessing its electrocatalytic
efficacy. Therefore, a redox probe solution of Ks[Fe(CN)s] was used to determine the
effective surface area of the formed CME. CVs of CoPc-cou--MWCNTs/Naf-5/Pt at
different scan rates, and conducted in 5 mM Ks[Fe(CN)s] which was prepared in an
aqueous solution of 0.1 M KCl are depicted in Fig. 5.4 (A). The effective surface area
of the fabricated CME was determined using the Randles-Sevcik equation (Equation
2):25

Iyq = 2.69 x 105ADY/?n3/2y1/2¢ (2)

where A is the effective surface area, D is the diffusion coefficient of Ks[Fe
(CN)e], v is the scan rate, C is the bulk molar concentration of Ks[Fe (CN)g],  is the
number of electrons transferred (n = 1). The slope of the plot of the oxidation peak
currents against the square root of scan rates was used to calculate the effective surface
area, see Fig. 4 (B). The relative effective surface area was found to be 12.88 cm? for
the CME, and this value is significantly higher than that of the bare Pt electrode. The
results further affirm successful modification of the surface of bare electrode, to attain

a CME with more available adsorption sites for the analyte.

To further ascertain the modification of the electrode, the surface coverage of
the CME was calculated using the effective surface area obtained above and the total

charge under the peak using equation (3):
r=-% )

where T is the surface coverage, n is the number of transferred electrons, F is
the Faraday constant and A is the effective surface (cm?). The surface coverage value
3.41x107*° mol cm™2 is above the value of 1x107*° mol cm?2 of a Pc molecule lying

flat on the electrode.?6
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Fig. 5.4: (A) CVs conducted in 5.0 mM Ks[Fe(CN)s] prepared 0.1 M KCl(aq) at pH 12 using
the CoPc-cou--MWCNTs/Naf-5/Pt at different scan rates (50, 75, 100, 125, 150, 175,
200, 225, and 250 mV/ s). (B) Plot of I, vs square root of scan rate.

130



Kevin Kantize Chapter 5

5.3.5. Electrochemical impedance spectroscopy

The EIS experiments were conducted in a 5 mM [Fe(CN)s]3-/4 at a frequency
range of 0.1 Hz to 100 kHz using the bare, CoPc-cou -MWCNTs/Pt and CoPc-cou-f-
MWCNTs/Naf-5/Pt electrodes. Results are summarised in Table 2. The electrical
circuit fitting the impedance spectra is shown in Fig. 5.5 (D). The presence of both the
kinetic (Rct) and diffusion (Zw) parameters refer to mixed electrode reactions. All the
impedance spectra are composed of a depressed semi-circle except for the unmodified
Pt electrode in the high frequency and a straight line in the low-frequency range, see
Figs. 5.5 (A) - (CO). It is well documented that the high-frequency arc is due to the
charge transfer limitations and is directly measured as the semi-circle diameter

whereas the straight-line encompasses diffusion systems.?”. 28

The values as summarized in Table 2 show an excellent charge transfer
capability at the interfaces of the CoPc-cou--MWCNTs/Naf-5/Pt. Its charge transfer
resistance (Rct value of 195 Q) is about 5 times lower than that of the bare electrode (Ret
value of 1.01 k Q). The higher charge transfer kinetics of the former electrode is
undoubtedly facilitated by the synergism emanating from the combined
electrochemical properties of the CoPc core, F-MWCNTs and Naf-5 polymer of the
nanohybrid modifier of the electrode. oThe aforementioned trend further corroborates

the electrocatalytic data monitored by cyclic voltammetry in Fig. 5.1.

It is also worthy to note that the values of n (an exponent-related to the
depression angle for all CMEs) are less than 1, indicating the non-homogeneity of the
surfaces of the CMEs.?? Bode plots showed phase angle of ~ 70 ° for the bare Pt
electrode and respective angles of ~ 2° and ~ 3 ° for CoPc-cou--MWCNTs/Pt and
CoPc-cou--MWCNTs-Naf-5/Pt electrodes, see Fig. 5.6. This further confirmed the
non-capacitive nature of the electrodes given their phase angles being less than 90 °

for an ideal capacitor.
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Table 2: Summary of EIS data collected in a 5 mM [Fe(CN)s]3"* using the bare and modified
working electrodes. Error values are shown in brackets

Pt Rs RCt Zw CPE an
(@) @) (mS) (mS)
Bare 15.1 (0.6) | 1010 (0.5) | 0.8 (1.5) - -
CoPc-cou--MWCNTs | 25.1(0.4) | 329 (6.5) | 9.88 (4.4) | 21 (1.3) | 0.6 (0.5)
CoPc-cou-f-
MWCNTs/Naf-5 20.2(0.6) | 195(4.5) | 4.56(6.8) | 0.6 (1.1) | 0.7 (0.4)

an is the exponent related to the depression angle.

Values in brackets are percentage errors obtained from fitting the experimental Nyquist plot
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Fig. 5.5: Nyquist plots attained in solution of 5 mM [Fe(CN)s] prepared in PBS using (A)

bare Pt electrode, (B) CoPc-cou-f-MWCNTs/Pt electrode and (C) CoPc-cou-f-

MWCNTs/Naf-5/Pt electrode. (D) The equivalent circuit used to fit the EIS data.
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Fig. 5.6: Bode plots generated with the respective working electrodes.

5.3.6. Redox reactions kinetics

Single-step chronoamperometry was used to determine the electrocatalytic rate

constant in 100 uM NVP in PBS (pH = 12) when using the CoPc-cou--MWCNTs/Naf-

5/Pt under diffusion-controlled experimental conditions, see Fig. 5.7 (A). The

chronoamperomogram of the CME was obtained by applying overpotentials with

respect to the Epa value of NVP attained during their corresponding CVs at an interval

time of 7 - 15 s. The rate constant for the oxidation reaction of NVP was determined

using the following equation, Eq. (4):30

1
L=y 2/ = w2 (kCE) 2 @)
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Where I, and [, are currents in the presence and absence of NVP, k is the

catalytic rate constant (M‘1 s™1), C is the bulk concentration of Nevirapine, and ¢t time
elapsed in seconds. From the plot of IC/ 1,08 t1/2, the diffusion-controlled rate

constants were calculated, see Fig. 5.7 (B). The diffusion rate constant obtained was
found to be 9.68x10° M~* s~ which is superior compared to other reported diffusion-
controlled rate constants for NVP and a bio-analyte, dopamine.1431.32 In fact, NVP and
dopamine detection follow similar oxidative mechanisms and the fabricated CME
illustrated faster electron transfer kinetics (> 102 M~'s™!), than the modified
electrodes used for the oxidation of dopamine.3! 32 Moreover, rate constants of the
same order were attained for the CME and a GCE modified with a nanohybrid
comprised of TiO2 nanoparticles and graphene nanoribbons.!* Therefore, it is evident
that the constituents of the electron-mediating thin film of CoPc-cou-~-MWCNTs/Naf-
5/Pt enhances the diffusion of NVP as well as its adsorption and subsequent

oxidation.
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Fig. 5.7: (A) Chronoamperograms acquired in a pH 12 PBS buffer and a 100 uM NVP
prepared in pH 12 PBS buffer using the CoPc-cou--MWCNTs/Naf-5/Pt. (B) Plot of II—C vs
b

t1/2
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The electrocatalytic oxidation of NVP under conditions of convective transfer
generated by the rotating disk electrode, set at variable rotation speeds (w) was
conducted to determine the heterogeneous electron transfer rate constant, k. The linear
sweep voltammograms (LSVs) at 10 mV/s are shown in Fig. 5.8 (A). A linear graph
was obtained when the limiting current (I) data was plotted against " according to

the Levich equation:3

I, = 0.62nFAD?/3v=Y6w1/2(, (5)

where D is the diffusion coefficient of the NVP, A the electrode area, v the
kinematic viscosity, w is rotation rate and C, the bulk concentration of the analyte.
Thus, under the set conditions of the experiment mass transfer of NVP to the surface
of the disk electrode was dominated by convection currents. Fitting the data to the
Koutecky-Levich equation® enabled the calculation of k (M1 s1) for the
electrocatalytic oxidation of NVP at the RDE

1 1 1
- = + 2/3,—-1/2 1/2 6)
I, nNFAC, kT 0.62nFAD2/3v=1/2C, w1/

When the inverse of the plateau currents, (I,) ! was plotted against the inverse
of the rotation speed of the electrode, (w~1/?), a straight line was obtained, see Fig. 5.8
(C). The y-intercept of the plot yielded the rate constant of 2.02 x 102 M1 s for the
oxidation NVP which is less than the diffusion-controlled rate constant attained with
the same CME. The lower convection-controlled rate constant is attributed to higher
convection rates rendering surface fouling where the rapidly accumulating analyte

and its oxidized specie saturate the electrocatalytic sites of the CME.
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Fig. 5.8: (A): LSV attained at a scan rate of 10 mV/s using the CoPc-cou-f-
MWCNTs/Naf-5/Pt for a sample of 30 uM NVP prepared pH 12 PBS. (B) The Levich
plot. (C) The Koutecky-Levich plot.
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5.3.7. Analytical application of the CME
Under the optimized conditions, CoPc-cou--MWCNTs/Naf-5/Pt was

evaluated for its performance and results are presented in Table 3 together with data
by other electrochemical detection techniques of NVP. Linear sweep voltammetry and
chronoamperometry techniques were comparatively used to generate calibration
curves for NVP. Fig. 5.9 (A) showed linear sweep voltammogram responses obtained
at a fixed rotation speed of 100 rpm and scan rate of 10 mV /s with NVP aliquots of
variable concentrations. Progressive increases in the NVP concentration resulted in a

linear increase in the electrocatalytic oxidation currents according to equation (7):
I =1.9958[NVP],y + 19.021, R? =0.981 (7)

The calibration curve was linear over a wide concentration range from 0.6 nM
to 30 M in PBS at pH 12 with a regression coefficient of R?=0.981, see Fig. 5.9 (B).
Using the standard deviation of 10 repetitive measurements of a blank electrolyte

solution (Sx), the limit of detection (LOD) was calculated from the calibration graph

according to LOD = 3Sx/ m and was determined to be 0.21 nM.

Fig. 5.10 (A) shows the chronoamperometric responses obtained at varying
concentration levels of NVP. The CoPc-cou--MWCNTs/Naf-5/Pt afforded a broad

linear calibration equation (8),
I = 0,5859[NVP],um +4.7531, R? = 0.982 (8)

The concentration was linear within the range from 4 nM to 30 uM in PBS at
pH 12 with a regression coefficient of R?=0.9849, see Fig. 5.10 (B). An LOD value of
2.5 nM was obtained using the above equation where Sxwas the standard deviation
of 8 repetitive measurements of PBS (pH = 12) and m was the slope of the calibration
curve. The linear sweep voltammetry data afforded a broader linear range of detection
as well as a lower detection limit which can be rationalized based on the lower
rotational speed used as well as lower scan rate, which allowed for the better
migration of NVP species to the electrode interface. Consequently, this

electroanalytical technique was chosen for subsequent analysis. Also, comparative
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analysis of CoPc-cou--MWCNTs/Naf-5/Pt with other reported CMEs used for the
electrocatalytic detection of NVP indicates that CoPc-cou--MWCNTs/Naf-5/Pt has a

higher sensitivity.

(A) 30 M

| 0,0006 M

\/‘-—_—_r- T )

0)‘4 0;5 (];6 0;7 0,8
Potential (V vs Ag| AgCl)

85,0 -
(B)

75,0 -
y =1,9958x + 19,021

65,0 1 R2 = 0,981

55,0 -

Current (¢A)

45,0 -
35,0 -
25,0 ~

15,0 1 T T T
0 10 20 30
Concentration (M)

Fig. 5.9: (A) Linear sweep voltammograms (LSVs) recorded in varying concentrations of
NVP prepared in PBS (pH = 12) using the CoPc-cou-f-MWCNTs/Naf-5/Pt. (B) Calibration
curve of the current response against NVP concentration
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Fig. 5.10: (A) Chronoamperomograms recorded at a varying concentration of NVP prepared
in PBS (pH=12) using the CoPc-cou--MWCNTs/Naf-5/Pt. (B) Calibration curve of the
current response against NVP concentration.
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Table 3: Comparisons of NVP detection limits and linear ranges of various CMEs.

Electrode Detection method | Limit of detection Linear range (uM) References
AuNPs/p(MB)/MWCNTs/GCE DPASV 0.1-50 uM 0.056 16
Ura/CPE DPV 0.1-70 uM 0.05 21
CuO-CNPs-GCE LSV 0.1-100 uM 0.066 12
TiO2/ GNR/GCE DPV 0.020-0.14 uM 0.043 14
Ag-PtNPs/ MWCNTs/GCE DPV 0.76-3.81 uM 0.021 35
Pd@rGO/MoS: QDs GCE DPV 0.1-80 uM 0.05 36
CP-Bi203 DPV 0.050-50 uM 0.110 37
Hg/GCE ASV 0.01-0.14 ppm 0.003 38
CoPc-cou--MWCNTs/Naf-5/Pt LSV 0.0006-30 uM 0.000212 (uM) This work
CA 0.004-30 uM 0.0025 (uM)

AuNPs/p(MB)/f-MWCNTs: gold nanoparticles/poly methylene blue/functionalized multiwalled carbon nanotubes
Ura/CPE: Uracil/ Carbon paste electrode
CuO-CNPs: Copper oxide — Carbon nanoparticles
TiO/GNR: Titanium oxide/Graphene nanoribbons
Ag-PtNPs/MWCNTs: Silver-Platinum nanoparticles/ multiwalled carbon nanotubes
Pd@rGO/MoS, QDs: Palladium at reduced graphene oxide/molybdenum disulfide quantum dots.
CP-Bi,03. Carbon Paste-Bismuth(III) oxide.

Hg: Thin film layer of mercury
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5.3.8. Interferences studies

To evaluate the selectivity of the CoPc-cou--MWCNTs/Naf-5/Pt, different
organic molecules including Ascorbic acid (AA), Cysteine, Dopamine (DA),
Metronidazole (MB) and Uric acid (UA) were tested for their possible signal
suppression during detection of NVP by the CME under the optimised conditions of
analysis. Fig. 5.11 show current responses of NVP (10 M) in the presence of a 100-
fold excess concentration of each of the above-mentioned interferents. Noticably, the
NVP oxidation peak is more intense and well resolved from those of the interferents
and occurs at a lower positive oxidation potential compared to the solution without
interferences (Fig. 5.9 (A)). The better sensitivity and selectivity of CoPc-cou-f-
MWCNTs/Naf-5/Pt for NVP in the matrix background these interferents could be
ascribed to the higher affinity of NVP for the Naf-5 constituents through electrostatic
attractions between the N atoms of NVP and the cationic exchange sites of Naf-5. The
aforementioned intermolecular interactions could be further consolidated by
hydrogen-bonding originating from the coumarin groups of the CoPc molecules and

the carboxylic acid groups of the -MWCNTs with the analyte’s amine hydrogen.

143



Kevin Kantize Chapter 5

NVP

[100 pA

UA
DA

AA

If I 1 1
-0.5 0 0.5 1

Potential (V vs Ag| AgCl)

Fig. 5.11: LSV of a sample matrix containing 10 uM NVP and 100 uM dopamine, uric acid,
metronidazole, cysteine, and ascorbic acid prepared in PBS (pH = 12) solution using CoPc-

cou-f-MWCNTs/Naf-5/Pt.

5.3.9. LSV determination of NVP in the pre-spiked and equilibrated river water spiked sample
Using LSV, the CoPc-cou--MWCNTs/Naf-5/Pt was tested for practicability

for the determination of NVP in river water, which had been collected from the
Msunduzi river at the Camps Drift site in Pietermaritzburg. The river water sample
(500 mL) was filtered, and a phosphate buffer tablet was added to each, and the pH
adjusted to 12. It was pre-spiked with NVP so that it had a final concentration of 1.75
uM. Several aliquots (10 cm?®) of the pre-spiked river water samples along with an
unspiked duplicate were left to age at room temperature for one day. LSV of the
unspiked duplicate river water samples at the CoPc-cou--MWCNTs/Naf-5/Pt
electrode yielded undiscernible current responses, which was an indication that the

concentration of NVP in the river water was below the LOD. A measurable current
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response for NVP was obtained for the pre-spiked (1.75 uM NVP) and the equilibrated
river water sample. Subsequently, incremental aliquots of 2.00, 4.00, 6.00 and 8.00 cm?
of the 2.5 uM NVP standard were transferred to 4 x 10 cm3 portions of the 10.00 cm3
pre-spiked and pre-equilibrated river water samples. The respective LSV current
responses of the spiked samples are shown in Fig. 5.12(A). The calibration graph for
the standard additions of NVP to the pre-spiked river water at the CoPc-cou-f-
MWCNTs/Naf-5/Pt electrode is presented in Fig. 5.12 (B). Using the slope, the aliquot
volume of the river water and the concentration of the NVP standard solution, the
concentration of NVP in the pre-spiked water was estimated to be 1.88 uM, which

translated to a 110% recovery by the developed sensor.

The reproducibility of the fabrication of the CoPc-cou--MWCNTs/Naf-5/Pt
electrode was tested whilst analyzing river water spiked with 30 uM NVP by the LSV
method. Five different CoPc-cou--MWCNTs/Naf-5/Pt CMEs were prepared, and
their LSV responses of the NVP were recorded. The percent relative standard
deviation (%RSD) for the measurements by each of the five reproduced electrodes was
found to be 4.22. Thus, the fabrication of the sensing film of the CoPc-cou-f-
MWCNTs/Naf-5 Pt electrode for the catalytic oxidation of NVP in river water could
be reproduced with good precision. The reproducibility of the CME was tested by
recording the linear sweep currents for river water pre-spiked with 30 uM NVP from
6 consecutive runs using one of the fabricated electrodes. The %RSD for the currents
was found to be 4.63. The fabricated electrode demonstrated good precision of

reproducibility for the measurement NVP in river water samples.
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Fig. 5.12: (A) LSV responses of CoPc-cou--MWCNTs/Naf-5/Pt for 10.00 cm3 of pre-
spiked river water (1.75 uM NVP) after addition of 2.00, 4.00, 6.00 and 8.00 mL of the 2.5
uM NVP calibrating standards. (B) Standard addition plot.
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CHAPTER SIX

Conclusions and Future work

6.1. Conclusions

The need to find alternatives to traditional analytical techniques which often
are laborious, expensive, demand highly trained technicians, has led to the emergence
of electroanalytical techniques. These techniques are sought after due to their fast
detection times, no sample extraction needed, easily portable as well as their
affordability which makes them attractive for routine water quality control. On the
other hand, they have been a growing concern of new class of pollutants which are
characterised by widespread use, lack of information pertaining their occurrence,
environmental fate after disposal, including their potential ecological effects. These
compounds are classified as emerging pollutants and they are pharmaceuticals. In
order to address these challenges, new class of nano materials are purposely designed
for use in cost-effective analytic techniques which can rapidly detect and determine
the concentration of these pollutants as a way of establishing concentration data
sources for mapping out their distribution patterns in the environment in order to

regulate them their use and disposal.

In chapter three, the CoPc-X--MWCNTs hybrids (X = flav or bo) were
fabricated as well as spectroscopically and microscopically characterized. Glassy
carbon electrodes modified with the nanoconjugates afforded robust CMEs which
showed electrocatalytic activities towards the emerging pollutant, APAP. The
resultant CMEs showed good resistance to surface fouling and afforded good
reproducibility as per the relatively linear ranges of detection. The optimal
electrocatalytic activities of the CMEs were attributed to their enhanced effective
surface areas of the CMEs accompanied with their faster diffusion- and convection-

controlled electron transfer kinetics. Modelled equivalence circuits were validated by
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good fits between the experimental and calculated data. Superior electron transfer
rates of the CMEs were emphasized by their lower charge transfer resistance attained
in comparison to that of the bare GCE. The MPc-nanofabricated electrodes also
displayed excellent selectivity when tested against a range of pharmaceutical

interferent species.

In chapter four, self-assembled monolayers of CoPcs followed by
electropolymerization of 3-hexythiophene onto gold electrodes were in situ fabricated.
The electrocatalytic parameters of the resultant CMEs were optimized carefully.
Under optimized conditions, the CMEs could detect the mercury(I) and -(II) cations
simultaneously. Relatively moderate LOD values of 1.48 x 10> M (for the SAMs-
3| Poly(3-HT) Au electrode) and 4.06 x 105 M (for the SAMs-4 |Poly(3-HT) Au
electrode) were attained where the corresponding calibrations plots rendered linear
ranges of detection of 4.21 x 10-5 - 3.37x10-* M and 3.37 x 104 - 3.37 x10-3 M. Both CMEs
showed favourable sensing capabilities of the mercury cations in the presence of the
divalent cations, Cu?**and Zn?* and a typical heavy metal pollutant, Pb?*, as well as
selected anions. The SAMs-3 | Poly(3-HT) Au electrode could reliably quantify Hg(II)
in the surface water of a river sample with an excellent recovery of 104% attained

provided confidence in our standard addition method as well as the integrity of the

CME.

In chapter five, a durable and sensitive CoPc-cou--MWCNTs/Naf-5/Pt sensor
for the catalytic oxidation of NVP was successfully fabricated by the sequential drop-
casting of a suspension mixture of the cobalt phthalocyanine and the multiwalled
carbon nanotubes followed by a drop and dry of Nafion (5%). Under the optimized
conditions, CoPc-cou--MWCNTs/Naf-5/Pt showed lower detection limits than other
NVP electrochemical sensors. The CoPc-cou-f-MWCNTs/Naf-5/Pt could detect NVP

151



Kevin Kantize Chapter 6

in relatively broad linear concentration ranges using chronoamperometry and linear
sweep voltammetry, respectively. Furthermore, the sensor showed excellent
discrimination capabilities against selected common organic interferents present in
the matrices. A recovery of 110% was attained by the LSV determination of NVP in a
Msunduzi river water sample pre-spiked at 1.75 uM NVP. The sensor has the potential
for the accurate and precise analysis of NVP in surface water samples. Moreover, the

CME affordedexcellent reproducibility and repeatability results.

6.2. Future work

The scope of the future work will entail the use of carefully chosen analyte-
targeting substituents and the formation of their asymmetric substituted MPcs for
subsequent electrode modification via the established Click reaction between the
electrografted azido groups and the alkynyl mast groups of the asymmetric MPcs. The
modification entails usually the grafting of the azido-aniline hydrochloride onto the
bare electrode, which is then followed by clicking the MPc onto the electrode via the
alkyne terminated MPc, resulting in a more robust and stable films.! This
asymmetrical modification coupled with carefully chosen analyte-targeting and other
biological substituents. The latter class includes flavonoids, chromones, coumarins,
alkaloids. For example flavonoids exhibit very important biological activities such as
anti-inflammatory, cytotoxicity and antiviralactivities,> 3 will be utilized to increase
the selectivity and sensitivity of the chemically modified electrodes for targeted
electrocatalytic determination of pollutants in the main water reservoirs in KwaZulu-
Natal. These interactions would be facilitated through structure similarity or

biological effects affinity.
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