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ABSTRACT

The fabrication of metallophthalocyanine (MPc)-based modified electrodes has
proven to be effective for the electrocatalysis of various bio-analytes and pollutants.
The selectivity of these chemically modified electrodes can be fine-tuned by the
attachment of biologically relevant substituents to MPcs which has shown to
facilitate the detection of numerous analytes. Hence, this study focuses on the design
of MPcs bearing chromone, coumarin, flavone, benzoxazole, tetrahydropyran and
furan moieties. The formulated MPcs were characterized using UV-Vis and FT-IR
spectroscopy, ESI-TOF mass spectrometry and elemental analysis. The redox
properties of the complexes were investigated via voltammetry and the subsequent
voltammetric assignments were corroborated by UV-Vis spectroelectrochemistry.
Each metal complex displayed four redox processes of which the Pc ring oxidation is

irreversible and the remaining redox couples are quasi-reversible.

Novel cobalt and iron phthalocyanines peripherally tetra-substituted with chromone
(chr) or coumarin (cou) moieties were formulated and characterized in chapter three.
The structural elucidations of the ligands, 4-(chromone-7-oxy)phthalonitrile (1) and
4-(4-(trifluoromethyl)-coumarin-7-oxy)phthalonitrile (2) were complemented by
NMR spectroscopy and single crystal X-ray analysis (for 1). Utilizing the respective
MPcs, modified working electrodes were prepared by electropolymerization and
their electrocatalytic activities towards nitrite oxidation were explored. All the metal

complexes showed an increase in nitrite oxidation currents and a minor decrease in
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oxidation potentials which is indicative of electrocatalysis. The trend of electro-

catalytic activity was found to be as follows: CoPc-chr (3) > FePc-cou (4) > CoPc-cou

(5)-

Chapter four focuses on the synthesis and characterization of cobalt phthalocyanines
(CoPcs) containing flavone (flav) and benzoxazole (bo) moieties. CoPc-flav (3), CoPc-
bo (4), multi-walled carbon nanotubes (MWCNTSs) and CoPc-MWCNT conjugates
were used to prepare modified glassy carbon electrodes (GCEs) which were tested
for dopamine electrocatalysis. Both CoPc modified electrodes (3-GCE and 4-GCE)
showed higher peak currents, slightly lower peak potentials and improved
reversibility compared to the bare GCE. The respective CoPc-MWCNT conjugates
were found to further enhance dopamine detection. 3-MWCNT-GCE and 4-
MWCNT-GCE showed lower peak to peak separations than the respective CoPc
modified electrodes indicating faster electron transfer kinetics. Chronoamperometry
was employed to determine the catalytic rate constants of each electrode which were
superior to previously reported values. 4-MWCNT-GCE was noted to be the most

effective electron mediator in the electrocatalysis of dopamine.

Chapter five reports on the synthesis of tetrahydropyran (thp) and furan (fur)
substituted CoPcs. The electrocatalysis of L-cysteine was tested using CoPc-thp (3),
CoPc-fur (4) and CoPc-cou (5) reported in chapter three. Modified electrodes were
prepared using the drop-dry method. While the bare GCE and 4-GCE showed no

peaks for L-cysteine oxidation in the 0.0 - 0.70 V potential window; the modified
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electrodes showed a well-defined peak at 0.40 V for 3-GCE and a broad peak at 0.52
V for 5-GCE. Kinetic parameters were determined using chronoamperometry,
rotating disc electrode (RDE) studies and construction of Tafel plots. It was found

that L-cysteine oxidation using 3-GCE proceeded at a faster rate.

Keywords: Metallophthalocyanine, chromone, coumarin, flavone, benzoxazole,

tetrahydropypran, furan, electrocatalysis, carbon nanotubes
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CHAPTER ONE

Introduction

1.1  General Background

In 1928, the Grangemouth plant of Scottish Dyes Ltd. accidently produced iron
phthalocyanine (FePc) during the industrial preparation of phthalimide from
phthalic anhydride [1, 2]. Upon investigation it was found that the glass lining of the
reactor had cracked to expose the outer steel casing to the reaction which had
resulted in the formation of a blue-green powder, FePc [3]. This discovery eventually

led to the elucidation of HaoPc by Linstead in the 1930s [4].

Phthalocyanine, derived from the Greek words naphtha (rock oil) and cyanine (blue)
[5], is an organic compound containing four isoindole units fused together by aza
nitrogen atoms in a large ring. It possesses an inner Ny structure that is common in
naturally occurring molecules like chlorophyll, vitamin B12 and haemoglobin [6]. The
phthalocyanine macrocyle is highly conjugated and contains 18 z—electrons in its
core. More than 70 different metals are able to complex with its central cavity as
derivatives of its conjugate base Pc?> [7]. Furthermore, in addition to axial
substitution, various equatorial substitutions are possible on the
metallophthalocyanine (MPc) ring both non-peripherally (o-positions 1-9) and

peripherally (f-positions 10-16), see Fig. 1.1 [8, 9]. The electrochemical and physical
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properties of these metal complexes can be modulated by meticulous selection of the
metal centre as well as the substituents and their positions, making them highly

versatile for application in numerous fields [10, 11].

9 10
1 2
NS =N
N 3
S 11
NH NH
_— 12
N 4
7 =N
6 5
14 13

Figure 1.1: A structure of phthalocyanine depicting peripheral (blue) and non-peripheral

(red) sites of substitution.

Phthalocyanines were originally used as dyes given their rich blue-green colour [12].
The optimal thermal and chemical properties of MPcs have over the years prompted
research into various fields such as non-linear optics, molecular electronics, semi-
conductors, photovoltaic cells and photodynamic therapy (PDT) [13-16]. Of
particular interest is their contemporary application in the preparation of biosensors

[17].
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1.2 Aim and Motivation

MPcs form nano films on electrode surfaces which facilitate electron mediation
between an analyte and electrode, i.e. they act as electrocatalysts [18]. However, the
detection capabilities of these chemically modified electrodes (CMEs) are diminished
by a lack of linkage of biomolecules onto the chemical interface to enhance
sensitivity and selectivity. Improvement in the efficiency of MPc-based chemical
sensors thus depends on the inclusion of biologically relevant substituents on the
macrocyclic ring [19, 20]. Therefore, this research study focuses on the design,
synthesis and characterization of Fe(ll) and Co(Il) phthalocyanines bearing
biologically  relevant substituents including benzopyrone, benzoxazole,
tetrahydropyran and furan moieties, respectively (see Fig. 1.2). In addition, probing
the redox properties and investigating the electrocatalytic activities of the

formulated MPcs are also focal aspects within this research study.

The flavonoids are a class of naturally occurring compounds found in plant
pigments comprising predominantly benzo-y-pyrone derivatives [21]. These
secondary metabolites include chromones, flavones and coumarins which are known
to exhibit a wide range of pharmacological activities such as anti-viral, anti-
inflammatory, anti-cancer, anti-allergic and anti-oxidant activities [22-25].
Coumarins in particular display blood anti-coagulant behaviour [26], e.g. warfarin
sodium (see Fig. 1.3), a coumarin derivative, is a widely used drug for the treatment

of thrombosis which is a life threatening condition resulting in an abnormal increase
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in blood clotting factors like prothrombin [27]. Being a vitamin K antagonist, it

inhibits the production of prothrombin thereby reducing blood clotting significantly.

CF,
"\
/
HO
@) O O OH
7-hydroxychromone 7-hydroxy-4-trifluoromethylcoumarin
HO
© N
OH ©
O
3-hydroxyflavone 2-(2-hydroxyphenyl)benzoxazole
HO \
.
O O
tetrahydropyran-2-methanol 2-furanmethanethiol

Figure 1.2: Structures of the biologically relevant molecules.
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Figure 1.3: Structure of the anti-coagulant warfarin sodium.

Organic molecules containing benzoxazole, tetrahydropyran or furan moieties also
possess diverse pharmacological activities including anti-bacterial, anti-fungal and
anti-tumour activities [28-31]. Furans exhibit a wide range of biological activities as
controlled by the nature of their substituents. They are useful in the treatment of
ventricular and arterial fibrillation, hyperglycaemia and convulsions [32].
Tetrahydropyrans occur in a large number of natural products including the marine
extract Halichondrin B [33, 34]. A structural analogue of this product, eribulin (see
Fig. 1.4), is an FDA approved drug marketed as Halaven™ in the US for the

treatment of metastatic breast cancer [35].
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H,N OH

Figure 1.4: An intrinsic structure of the anti-cancer drug, eribulin.

1.3  Electronic Properties of Metallophthalocyanines

1.3.1 Absorption Spectra

The absorption spectra of MPcs consists of a strong band near 670 nm referred to as
the Q-band, and a typically weaker band near 340 nm called the B-(soret) band [36],
both of which correspond to 7 —> 7 electronic transitions. Other electronic
transitions (N, L and C) may be observed at higher energies [37]. Furthermore, the
Q-band is associated with electronic transfer from the inner pyrrole rings to the outer
benzene rings of the Pc skeleton while the B-band corresponds to electron transfer
that involves a redistribution of electron density within the chelate [38]. Fig. 1.5

illustrates the common electronic transitions that occur in MPcs.
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Metallated Pcs have high Dsn symmetry since the metal centre maintains the
planarity of the molecule while unmetallated Pcs have low Don symmetry. As a
consequence, the degeneracy of the LUMO is lifted resulting in a split Q-band [39,
40]. Other factors like axial ligation, central metal, solvent, nature of substitution,
aggregation and extended conjugation can affect the nature (broad or split) and
position (red-shifted or blue-shifted) of the Q-band [41]. In MPcs with transition
metal centres, the metal d orbitals may lie between the HOMO and LUMO of the Pc
ligand resulting in charge transfer bands, viz. ligand-to-metal charge transfer
(LMCT) or metal-to-ligand charge transfer (MLCT) [42]. These transitions occur

between the Q- and B-bands near 500 nm [43].
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Figure 1.5: A Jablonski diagram depicting the common electronic transitions of MPcs.
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1.3.2  Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is a technique involving the use of a photosensitizer
(PS), light and oxygen for the treatment of diseases such as cancer [44]. The PDT of
cancer is a minimally invasive technique in which malignant cancer cells are
selectively targeted so as to reduce the likelihood of healthy cells being destroyed. In
conventional cancer treatments such as chemotherapy, metal-based drugs like
cisplatin are known to be acutely toxic to healthy cells and have a limited spectrum

of activity since the tumor cells develop a resistance to the drug [45].

Photosensitizers are activated when they absorb light of a specific wavelength and
undergo various photochemical pathways (see Fig. 1.6) to produce singlet oxygen
(102) which is toxic to malignant cells [44, 46]. The activated PS undergoes
intersystem crossing to the longer-lived triplet state. Upon interaction with
molecular oxygen (302) in the triplet state, the PS exchanges its energy. As a result
the PS relaxes and singlet oxygen (1O2) is produced which in turn induces apoptosis

of cancer cells.

MPcs are promising candidates as photosensitizers due to their favourable
photochemical properties. They absorb in the near infrared region (600-850 nm)
which provides ideal tissue penetration [47]. Wavelengths below this window result
in photosensitization of the skin while higher wavelengths minimize energy transfer

to oxygen due to absorption of radiation by water [48]. In addition, diamagnetic
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MPcs like ZnPcs and AlPcs provide long triplet state life times, high efficiency in
singlet oxygen generation, low dark toxicity and high photostability [49, 50]. The
main concerns that arise with these MPcs involve low solubility, a high aggregation
tendency and weak target specificity [48, 51]. These problems can be addressed by
introducing anionic or cationic (e.g. sulfo, carboxy, ammonium) groups at the
peripheral positions of the phthalocyanine ring to provide water soluble MPcs [52],
using disaggregating agents like Cremophore® EL (macrogolglycerol ricinoleate) or
adding bulky groups at the a-positions to address aggregation concerns [48, 53], and

conjugation with amino acids or peptides to provide enhanced target specificity [54].

1S
u¥
102
triplet state
quenching
0
5 —— 30 ——
photosensitized molecule oxygen molecule

Figure 1.6: Energy diagram illustrating PDT (Photodynamic Therapy).

It is known that cationic MPcs are more efficient PDT agents with improved cell
uptake and selective localization in the cell mitochondria [55]. They bind tightly to

nucleic acids such as double and single stranded DNA [56, 57]. The singlet oxygen
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produced upon illumination of the PS promotes DNA cleavage. Thus, in cancer
therapy, MPcs are utilized to selectively target cancer cells and destroy them by

oxidation of their DNA components [58].

14  MPcs as Electrocatalysts

1.4.1 Application in Fuel Cells

Polymer electrolyte membrane (PEM) fuel cells (Fig. 1.7) are considered promising
candidates for stationary and mobile power generation [59]. They convert chemical
energy into electrical energy by combining a fuel, usually hydrogen gas, with
oxygen [60]. Despite the high energy conversion efficiency and minimal
environmental impacts, the high cost of Pt-based catalysts which dominate the
oxygen reduction reaction (ORR) in these cells is less than ideal [61]. Hence, a variety
of non-precious materials like chalcogenides, nitrogen doped carbon nanotubes,
transition metal oxides and metal Ns-chelates have been explored as possible

replacements for Pt-based electrocatalysts [62, 63].

In 1964, Jasinski discovered that a non-noble catalyst, cobalt phthalocyanine (CoPc),
could enhance the rate of reduction of oxygen in fuel cells as an alternative to using
conventional Pt-based catalysts [64]. Since then, research into using MPcs as
electrocatalysts in fuel cells has been extensive and significant progress has been
made, with FePcs being one of the leading candidates in this field [65]. The main

drawback of using MPc-based electrocatalysts is their lack of stability under the
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harsh operating conditions of PEM fuel cells resulting in demetallation [66].
Research has shown that the introduction of bulky electron donating protein
substituents on the Pc ring can enhance electron transfer and reduce close-packing of
the complexes thereby possibly enhancing their stability [67]. The cathodic
component of the two electrochemical reactions occuring in a hydrogen PEM cell
displays a higher overpotential than the anodic component, thus MPcs have been
explored mainly as ORR catalysts [68]. The ORR is a complex process proceding

with a number of intermediates. The two half reactions can be simplified as:

Anode: 2H,— 4H* + 4e-

Cathode: O» + 4H* + 4e- —» 2H,O

electric
current

Y

anode v
catalyst L unused O,

+ water

excess Hy <——
recirculated

Figure 1.7: A PEM fuel cell setup.
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1.4.2 Chemical Sensors

The optimal electrochemical properties of MPcs and their stability upon applied
potential make them ideal for application in chemical sensors [69]. In general, a
chemical sensor can be defined as a device that uses a chemical sensing element to
quantitatively or qualitatively detect an analyte. Their compact design, simple
operation, relatively low-costs and high efficiency have made them incredibly useful
diagnostic tools in our everyday life. Chemical sensors can be used to detect
allergens in food, toxins in water, blood glucose and electrolyte levels, certain

diseases and the pregnancy hormone HCG (human chorionic gonadotropin) [70, 71].

A typical chemical sensor consists of a signal processor, a transducer and a chemical
interface (CI) [72]. Different types of transducers exist which can for instance be
electrochemical, optical, thermal or magnetic in nature [73]. Biosensors form a subset
of chemical sensors wherein the CI comprises a natural biological sensing entity such
as an enzyme, microorganism, tissue or antibody [73, 74]. Upon interaction with the
analyte, the CI generates a chemical signal which is converted into an electrical
signal (current, voltage, etc) by the transducer and made meaningful by a signal
processor. The detected signal is proportional to the amount of biomolecule present
in solution. Fig. 1.8 depicts the typical setup of a chemical sensor where M is the

matrix and R and O are the reduced and oxidized forms of the analyte, respectively.
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CHEMICAL
INTERFACE

SIGNAL PROCESSOR

electrical signal

Figure 1.8: Typical setup of an electrochemical sensor.

Different methods exist for operating electrochemical transducers which include
voltammetric, amperometric, potentiometric and coulometric techniques [72, 75].
The traditional glucose meter is an example of an amperometric biosensor. Its design
includes a Pt electrode consisting of the enzyme glucose oxidase (GOx) entrapped
thereon via a dialysis membrane [76] (see Fig. 1.9). The co-factor flavin adenine
dinucleotide (FAD) is required for GOx to operate as a catalyst [77]. GOx-FAD reacts
with glucose at the cathode to form GOx-FADH: and gluconic acid [78]. The cofactor
is regenerated by reacting with the surrounding oxygen to produce hydrogen
peroxide which is then oxidized at the anode [79, 80]. The concentration of glucose
can be determined by either measuring the consumption of oxygen, the production
of H2O2 or by the use of a mediator to transfer the electrons from GOx to the

electrode [80].
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glucose gluconic acid

glucose oxidase
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Figure 1.9: A biosensor mechanism for glucose oxidation.
1.4.3 MPc Modified Electrodes

A good electrocatalyst is one that enhances the sensitivity and selectivity of an
electrode, maintains its stability during electrocatalysis and lowers the redox
potential of an analyte [81]. MPcs and similar metal macrocyclic complexes generally
serve as suitable electrocatalysts due to their ability to occupy various oxidation
states while retaining their stability and structure during electrocatalysis [81, 82].
Extensive research into preparing MPc modified electrodes has proven MPcs to be
useful for the electrocatalysis of a number of different analytes like dopamine, L-
cysteine, ascorbic acid, hydrazine, nitrite and glucose [82-86]. Certain factors like the

metal centre and the nature and position of the substituents influence the
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electrocatalytic behaviour of MPcs [87]. In turn, these factors can be carefully

manipulated to optimize the electrocatalytic function of the formulated MPcs.

MPcs containing non-redox active metal centres like Zn and Cu do not change
oxidation states very easily hence the redox properties of such complexes are
dominated by their Pc rings [88]. These MPcs are therefore not usually suitable for
electrocatalysis but are better suited for application in other areas such as
photodynamic therapy. Metals like manganese, cobalt and iron can easily
interchange oxidation states, thereby facilitating electron mediation [89].
Furthermore, the electrocatalytic potential of the analyte is commonly influenced by
the metal redox couples [90]. Thus, the oxidation or reduction redox potentials of the
central metal typically promote the electrocatalytic activity of the macrocyclic
complex. For example, a typical mechanism for electrocatalytic reduction by an MPc
complex can be expressed as shown in Fig. 1.10, where O and R are the oxidized and

reduced species, respectively.

The oxidizing or reducing abilities of an MPc complex also depends on the type of
substituents present. For instance, electron donating groups such as -NH», Ar-S-,
RO-, etc increase the electron density on the Pc ring and the metal centre, making it
easier to oxidize than reduce these complexes while the opposite holds for MPcs
with electron withdrawing groups like -CFs, -F, -Br, -1, -NOy, etc [91]. Furthermore,
the presence of biologically active moieties facilitates the detection of biological

analytes by the MPc-modified electrode thereby promoting electrocatalysis.
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Figure 1.10: Mechanism of electrocatalytic reduction by a MPc modified electrode.

The physical properties of MPcs are also affected by the nature of the substituents.
Due to the strong intermolecular interactions between macrocycles, unsubstituted
MPcs as well as their unsubstituted metal-free Pc ligands are only slightly soluble or
insoluble in aqueous and organic media consequently minimizing their application
[92]. The solubility of these complexes can be enhanced by the addition of bulky or
long chain substituents at the peripheral positions, and the use of donor solvents
with the capability of coordinating to the axial position of the central metal atom [93,
94]. Furthermore, peripheral or non-peripheral substitution with alkoxy, alkyl,
phenoxy and macrocyclic groups results in complexes that are soluble in organic
solvents, while substitutions with sulfonyl, amino and carboxylic acid groups give

rise to water soluble MPcs [92, 95, 96]. In addition to the size and nature of the
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substituents, the symmetry of MPcs also affects their solubility. Octa-substituted
MPcs with non-identical substituents along the periphery are more soluble than

those containing identical ones [97].

1.5 Methods of Electrode Modification

The M-Ni core monomers can readily adsorb onto the surfaces of various working
electrodes to create electron-mediating thin or nano-sized films. Other electron
mediating materials like carbon nanotubes (CNTs) can also be used in conjunction
with MPcs to modify electrodes. Some of the numerous modification methods
include adsorption, electrodeposition, electropolymerization, Langmuir-Blodgett

films and self-assembled monolayer (SAM) formation [81, 98].

1.5.1 Adsorption

One method of adsorption involves the dip-dry technique whereby an electrode is
immersed in a solution containing the monomer which results in the spontaneous
formation of a nano layer on the electrode surface [99]. The other is the drop-dry
method whereby a few drops of the monomer solution are cast onto the electrode
surface and dried. Electrodes modified by adsorption are generally unstable, short-
lived and vulnerable to passivation, rendering them unuseable for extended use

[100].

Sumayya Chohan | 17



1.5.2  Electrodeposition

Repetitive cyclic voltammetry scans applied to an electrode immersed in a solution
of the complex results in deposition of the monomer onto the electrode. More
monomer is electrodeposited with each repeated scan; as a result the peak current
gradually increases. The number of scans controls the amount of MPc accumulated

on the electrode surface [101].

1.5.3  Electropolymerization

This technique provides a simple but elegant method for the immobilization of
electrocatalysts. Stable films are created by the electrochemical oxidation or
reduction of a polymerizable group on the phthalocyanine ligand [69]. The growth
of the polymer film is then facilitated by its electronic conductivity. Commonly used
MPc substituents for this process include pyrrole, thiophene and aniline derivatives
[102]. Electropolymerization like electrodeposition involves the application of
repetitive cyclic voltammetry scans on an electrode immersed in a solution
containing the complex. Upon polymerization, both an increase in the peak current

and either a shift in peak potentials or the formation of new peaks occur.
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1.5.4 Langmuir-Blodgett Films

A well-defined monolayer, consisting of a regular planar array of molecules is
formed by dissolving an amphiphile in a volatile organic solvent that is then spread
across the water-air interface [103]. While the solvent is evaporating, the hydrophilic
head of the amphiphile orientates itself toward the water while the hydrophobic tail
directs itself in the opposite direction toward the air (see Fig. 1.11) [104]. In this
manner, a film of highly orientated molecules is created which can then be
transferred onto a solid substrate. The thickness of the films can be varied by
controlling the number of Langmuir monolayers deposited. MPcs with long chain
ester groups on the axial positions can act as amphiphiles [105]. The oxygen atoms

act as hydrophilic heads while the carbon chains behave as hydrophobic tails.

............................... > Hydrophobic tail

vty 11y drophilic head
®

' ‘ ' ' .............. » Water

Figure 1.11: An illustration depicting the behaviour of an amphiphile at the water-air

interface.
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1.5.5 Self-Assembled Monolayers

A monolayer of highly orientated molecules is created by immersing a suitable solid
substrate, usually a gold electrode into a solution containing the desired species with
the appropriate functional group [106]. Sulfur containing substituents like thiols
have a high affinity for gold electrodes. Specific arrangements of the adsorbent can
be achieved by careful deposition of the appropriate functional groups onto the
working electrode [69] (see Fig. 1.12). This technique forms reproducible and

relatively stable films by spontaneous chemisorption.

................... » Pc ligand

............ > Au eleCtrOde

Figure 1.12: Different arrangements of immobilized sulfur derivatized MPcs on a gold

electrode.

1.5.6 Carbon Nanotubes

CNTs are cylindrical graphite nanostructures which are categorized into single-
walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs). While SWCNTs

consist of a single graphite cylinder, MWCNTs consist of several concentric graphite
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cylindrical shells [107]. Since the only exposed surface of CNTs is the unreactive
graphite basal plane, they are considered to be chemically inert [108]. The ends of the
cylindrical tubes and the presence of defects on the side walls; however, affect their
reactivity [108, 109]. The end caps of CNTs are composed of fullerene-like
hemispheres which are significantly more reactive than the side walls [110]. Defects
on the side walls including Stone-Wales defects which are pentagon-heptagon pairs,
vacancies in the CNT lattice and sp3-hybridized defects, each provide unique

alternatives for covalent modification of CNTs [111].

CNTs are known to promote electron transfer reactions due to their high electrical
conductivity and enhanced mechanical properties [112, 113]. They can be used in
conjunction with MPcs to modify electrodes either via adsorption or by chemical
linking [114]. Amino-substituted MPcs can be covalently linked to CNTs via amide
bond formations, while other substituted MPcs can be non-covalently adsorbed via
n—r stacking onto CNTs [113, 115, 116]. The latter possesses the electrocatalytic
properties of MPcs while preserving the electronic structures and properties of CNTs

[117].

Following dispersion in a suitable solvent, CNTs can be used to prepare conjugated
MPc-CNT modified electrodes by casting a drop of the suspension on an electrode
either prior to or following modification of the electrode with an MPc. However,
CNTs tend to aggregate in solution due to the strong van der Waals interaction

thereby diminishing the active surface area, mass transport and reproducibility
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[118]. Enhanced dispersion can thus be achieved by first preparing the MPc-CNT
conjugate, dispersing in an appropriate solvent and then casting the conjugate onto a

bare electrode.

1.6 MPc-Based Chemical Sensors

1.6.1 A Graphene Oxide-Based Bioelectrochemical Sensor for L-cysteine

Graphene oxide (GO) is a two-dimensional monolayer consisting of sp? hybridized
carbon functionalized with hydroxyl, carboxyl, epoxy and ketone groups which
facilitate covalent and non-covalent surface modification thereby allowing for
optimized sensitivity. GO has potential application in electrochemistry due to its

high chemical stability, electrical conductivity and tunable modification.

In a recent paper [119], a GO-CoPc hybrid was prepared to fabricate a biosensor for
the electrooxidation of L-cysteine, an amino acid that plays a crucial role in biological
systems for the functioning of various proteins [120]. p-Tetra-4-
(nitrophthalocyaninato)Co(II) functionalized by 3-(trimethoxysilyl)propane-1-thiol
(CoPc-nthio) was heated with GO and triethylamine for 40 h to effect grafting. A
suspension of the resulting conjugate (see Fig. 1.13) was obtained via ultrasonication
in dimethyl formamide (DMF) and drop cast onto a glassy carbon electrode (GCE).

CMEs using GO and CoPc-nthio were also prepared by the drop cast method.
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Figure 1.13: Illustration of the GO-CoPc hybrid.

Cyclic voltammograms were obtained for each CME for the electrooxidation of L-

cysteine. Comparison of the electrocatalytic behaviour showed weak irreversible

peaks for GO-GCE and CoPc-NO>-GCE at 0.73 and 0.64 V, respectively. The GO-

CoPc-NO»-GCE however, showed a remarkable increase in the oxidation current as

well as a decrease in the oxidation potential (0.52 V) indicative of good

electrocatalytic behaviour.
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1.6.2 An Electronic Tongue for the Discrimination of Different Varieties of Grapes

An electronic tongue (ET) is a multisensor tool comprising an array of low-selective
sensors with cross sensitivity to different species in solution which is combined with
a suitable method of pattern recognition and/or multivariate data analysis [121,
122]. This system is particulary useful for the analysis of complex mixtures like
wines where the quality is determined by the amount of certain components in the
mixture. Different varieties of grape musts for instance can be discriminated by their
sugar and polyphenol content. A hybrid multisensory system consisting of an array

of MPc-based sensors has been reported for this purpose [121].

Three different arrays consisting of five carbon paste electrode (CPE) sensors were
prepared. The first array included a bare CPE, three MPc modified CPEs (CoPc-CPE,
CuPc-CPE and ZnPc-CPE) and an MPc2 modified CPE (LuPc2-CPE). The second
array included the previous five sensors with immobilized tyrosinase (Tyr) cross-
linked with glutaraldehyde (C-Tyr-CPE, CoPc-Tyr-CPE, CuPc-Tyr-CPE and ZnPc-
Tyr-CPE and LuPc-Tyr-CPE). The last array included the first five sensors with
immobilized glucose oxidase (GOx) cross-linked with glutaraldehyde (C-GOx-CPE,

CoPc-GOx-CPE, CuPc-GOx-CPE and ZnPc-GOx-CPE and LuPc>-GOx-CPE).

Model solutions of catechol and glucose were prepared to gauge the electrochemical
responses of each array toward polyphenols and sugars, respectively. Following a

comprehensive study wherein each modified electrode of the first array was tested
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for its electrocatalytic responses to glucose and catechol, the second array towards
catechol and the third array towards glucose; a second set of data was obtained for
the responses of each modified electrode toward musts prepared from grapes of
different varieties. Anodic peaks associated with catechol oxidation occurred in the
0.40-0.80 V region while the cathodic peak potentials for glucose occurred near -0.50
V. Each electrode exhibited a unique response to a given must sample and a certain
degree of cross-selectivity was noted. Higher peak currents and lower peak

potentials were observed for the sensors modified with CoPc and LuPc>.

Given that the obtained voltammograms convey information about the musts,
principle component analysis (PCA) was used to discriminate the must samples
using voltammetric data. A multisensory system consisting of the MPc-CPE, MPc-
Tyr-CPE and MPC-GOx-CPE arrays was prepared and immersed in the different
musts. A total of seven replicas were obtained for each must. The voltammetric data
was subjected to PCA calculations using the kernel method to reduce the number of
variables to ten. The PCA scores plot and loading plot revealed enhanced
discrimination and depicted good separation of the musts. The multisensor thus
provided a specific signature for each must thereby allowing discrimination of the
samples based on the variety of grape. Fig. 1.14 summarizes the approach used for

discrimination of the grape samples.
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Figure 1.14: [llustration depicting the summarized analytical procedure for the detection of

different grape musts.

1.6.3 A Bisphenol A Sensor

Gold electrodes modified with O-Ni-O bridged tetraamino (TA) substituted NiPc
[Ni(OH)TAPc] films of varying thickness were tested for their electrocatalytic
activities towards Bisphenol A (BPA) [123]. BPA used in polycarbonates and epoxy
resins is a potent endocrine-disrupting compound [124, 125]. The NiTAPc modified
gold electrode (poly-NiTAPc) was fabricated by electropolymerization of the
complex over 20 consecutive CV cycles. Ni(OH)TAPc modified electrodes (poly-
Ni(OH)TAPc) were prepared by running 30, 50, 70 or 90 repetitive CV cycles,

respectively on NiTAPc electrodes immersed in NaOH to effect O-Ni-O bridge

Sumayya Chohan | 26



formation and were represented as poly-30-Ni(OH)TAPc, poly-50-Ni(OH)TAPc, poly-

70-Ni(OH)TAPc and poly-90-Ni(OH)TAPc.

Comparative analysis of the CVs obtained for each modified electrode in a solution
of BPA revealed that each showed a peak for BPA oxidation at 0.45 V (vs. Ag| AgCl)
whereas the bare gold electrode did not. Furthermore the largest peak current was
obtained for poly-70-Ni(OH)TAPc showing that optimum electrocatalytic behaviour
was obtained for 70 CV cycles. This electrode was used to obtain calibration curves
for BPA detection at concentrations ranging from 7 x 104 to 3 x 102 mol/L. The limit
of detection was found to be 3.68 x 10 mol/L which showed excellent sensitivity
compared to previously reported MPc modified electrodes. The standard addition
method was then employed to calculate the concentration of BPA in a plastic soda
bottle and the microwave plastic covering of a meat package. The plastic covering

had a larger BPA concentration (2.55 pM) than the soft drink bottle (0.585 pM).
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CHAPTER TWO

Materials and Instrumentation

21 Materials

All solvents used were of analytical grade and purchased either from Merck SA or
Sigma-Aldrich. Dimethylformamide (DMF) used in general synthesis and
electrochemical experiments was distilled and stored over molecular sieves prior to
use. All other solvents were used without further purification. All common
laboratory chemicals were of analytical grade and were used as received. Refer to
Table 2.1 for the chemicals which were commercially obtained from either Sigma-
Aldrich or Merck SA for use in synthesis. Refer to Table 2.2 for the chemicals used in

electrochemical experiments.

Sodium sulfate, phosphorus pentoxide (P20s), molecular sieves (4 A), silicon dioxide
(silica) for column chromatography, silica plates for thin layer chromatography, and
aluminium oxide (alumina) were purchased from Merck SA. pH 4 and pH 7 buffer
tablets were purchased from Sigma Aldrich. Multi-walled carbon nanotubes
(MWCNTSs) were acquired from Nanoshel. All metal complexes and ligands were

stored over P>Os. Ultrapure water was obtained from an ElgaPurelab Ultra system.

Sumayya Chohan | 37



Table 2.1: List of laboratory chemicals used for synthesis.

4-Nitrophthalonitrile 99%
Potassium Carbonate 99.5%
7-Hydroxy-4-chromone 97%
7-Hydroxy-4-trifluoromethylcoumarin 98 %
3-Hydroxyflavone >98%
(2-hydroxyphenyl)benzoxazole 98 %
Tetrahydropyran-2-methanol 98%
2-Furanmethanethiol >98%
Cobalt(Il) chloride 97 %
Iron(II) chloride tetrahydrate >99%
Iron(Il) acetate 95%
1,8-Diazabicyclo[5.4.0Jundec-7-ene 98 %

Table 2.2: List of laboratory chemicals used for electrochemistry.

Tetrabutylammonium tetrafluoroborate (TBABF4) 99%
Sodium nitrite >97%
Dopamine hydrochloride 98%
L-cysteine 97%
Ferrocene 98%

Sumayya Chohan



2.2 Instrumentation

Fourier transform infrared (FTIR) spectra were recorded using a Bruker Alpha FTIR
spectrometer equipped with an ATR platinum Diamond 1 reflectance accessory. A
Varian 500 MHz spectrometer was available for nuclear magnetic resonance (NMR)
spectroscopy. All NMR experiments were conducted in deuterated
dimethylsulfoxide (DMSO). Ultraviolet-Visible (UV-Vis) spectroscopy was carried
out using a Perkin-Elmer Spectrum 25. Melting points were recorded using a Stuart
SMP3 melting point apparatus. Elemental analysis was carried out using a CHNS-O
Flash 2000 Organic Elemental Analyser. Mass spectrometry (MS) was performed in
both the positive and negative modes via direct injection of the respective samples
into a Waters Micromass LCT Premier MS instrument equipped with an electrospray

ionization (ESI) source and a time-of-flight (TOF) mass analyzer.

Single crystal X-ray diffraction (XRD) studies were conducted using a Bruker Apex
Duo equipped with an Oxford Instruments Cryojet operating at 120(x2) and
100(x2) K and an Incoatec microsource operating at 30 W. The diffraction data was
collected with Mo Ka (A = 0.71073 A) radiation at a crystal-to-detector distance of 50
mm. The following conditions were used for data collection: omega and phi scans
with exposures taken at 30 W X-ray power and 0.50° frame widths using APEX2 [1].
The data were reduced with the programme SAINT [1] using outlier rejection, scan
speed scaling, as well as standard Lorentz and polarization correction factors. A

SADABS semi-empirical multi-scan absorption correction [2] was applied to the
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data. Direct methods, SHELXS-97 [3] and WinGX [4] were used to solve the
structures. All non-hydrogen atoms were located in the difference density map and

refined anisotropically with SHELXL-97 [3].

Voltammetric studies on the metal complexes were conducted using an Autolab
Potentiostat equipped with a three-electrode system: a Pt or glassy carbon (GC)
working electrode, a pseudo Ag|AgCl reference electrode and a Pt counter
electrode. The Autolab Nova 1.7 software was used for operation of the potentiostat
and data analysis. The working electrode surfaces were regenerated between
voltammetric scans by polishing over a slurry of alumina and ultra-pure water on
Buehler and diamond polishing pads followed by rinsing with ultra-pure water and
anhydrous DMF. Square wave voltammetry (SWV) was conducted by setting the
step potential at 4 mV, the amplitude at 20 mV and the frequency at 25 Hz.
Spectroelectrochemical experiments were undertaken using a Specac Optically
Transparent Thin-Layer Electrochemical (OTTLE) cell. Chronoamperometry was
employed to determine the catalytic rate constants associated with each modified
electrode. Rotating disc electrode (RDE) studies were conducted using a Metrohm
Autolab RDE equipped with a motor control unit. All electrochemical solutions of
the complexes were prepared in deoxygenated DMF containing 0.1 M equivalents of
TBABF; as a supporting electrolyte. A 1 mM solution of ferrocene containing 0.1 M
TBABFswas employed as an electrochemical standard. Fig. 2.1 shows the CVs of a Pt

electrode and a GCE in ferrocene.
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Figure 2.1: CV scans of the ferrocene standard on Pt and GC electrodes.
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CHAPTER THREE

Synthesis, Characterization and Electrocatalytic
Behaviour of Novel Cobalt and Iron
Phthalocyanines Bearing Chromone and

Coumarin Moieties

3.1 Introduction

Phthalocyanines (Pcs) were originally used as dyes given their characteristic blue-
green colour [1-4]. Further studies showed that their metal complexes,
metallophthalocyanines (MPcs), are versatile compounds with vast applications in
areas such as non-linear optics, chemical sensing, photodynamic therapy and surface
modification through formation of Langmuir-Blodgett films [5-7]. MPcs form stable
tilms on electrode surfaces which behave as active catalysts for a myriad of reactions
including nitrite oxidation [8-11]. Typically, good electrocatalysts display durability,
enhance electrode sensitivity and selectivity as well as lower the redox potential of
an analyte [12]. These electrochemical properties can be optimized by meticulous

selection of the metal centre as well as the substituents and their positions on the Pc

ring [13-16].
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The use of MPcs covalently linked to biologically significant substituents has been
widely employed in electrocatalysis to allow the selective detection of important
biological analytes [9, 17, 18]. In this study, MPcs substituted with chromones (1-
benzopyran-4-one) and coumarins (1-benzopyran-2-one) were selected as they are
oxygen-containing heterocyclic compounds, known as benzopyrones, which occur
naturally in plants [19-22]. The biological activities of these heterocyclic compounds
are modulated by different substituents to afford a wide range of properties such as
anti-oxidant [23-25] and anti-coagulant activities [26, 27]. The utilization of the redox
active metal centres, cobalt and iron is motivated by their ability to promote faster
electron transfer kinetics for the respective MPc-modified working electrodes which

is essential for electrocatalysis [28-30].

Nitrites are important biological molecules used as food preservatives and fertilizers
[31, 32]. However, they combine with haemoglobin in the blood preventing oxygen
from penetrating the tissues and also react with amines in the stomach to form
carcinogenic nitrosamines [33-35]. The detection of nitrite concentrations is thus
imperative for food quality assurance and for the determination of water resource
contamination by fertilizer run-offs. Spectral analyses, chromatography and
electrochemical methods have been employed for nitrite detection; the latter of
which has proved to be the most time and cost effective method [33-36, 37]. In this
study we report on the synthesis and characterization of peripherally benzopyrone-

substituted MPcs containing redox active Fe(II) and Co(II) metal centres. In addition,

Sumayya Chohan 43



the electrocatalytic oxidation of nitrite was explored using electropolymerized MPcs

on platinum working electrodes.

3.2  Experimental

3.2.1 Electrochemical Methods

A Pt working electrode was employed for all electrochemical experiments.
Electrochemical studies on the complexes were conducted in deoxygenated
dimethylformamide (DMF) solutions containing 0.1 M equivalents of
tetrabutylammonium tetrafluoroborate (TBABFi) as a supporting electrolyte.
Electropolymerization of the complexes onto a Pt electrode was achieved by
repetitive cyclic voltammetry (20 cycles) in the potential window of -1.5 V to +1.5 V.

The CMEs were rinsed in ultrapure water prior to use.

3.2.2  Synthesis

a) 4-(Chromone-7-oxy)phthalonitrile (1)

A mixture of 4-nitrophthalonitrile (1.00 g, 5.78 mmol) and 7-hydroxychromone (0.937
g, 5.78 mmol) in the presence of a basic catalyst, potassium carbonate (2.30 g, 16.6
mmol) was added to anhydrous DMF (30.0 cm3). The reaction mixture was heated
while stirring at 90 °C under an inert nitrogen atmosphere for 24 h. The resultant
solution was cooled to room temperature and poured into 300 cm3 of a water-ice

slurry. The precipitate was filtered and washed with cold ethyl acetate. A light
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orange compound was obtained after purification via column chromatography using
a 9:1 (v:v) ethyl acetate:hexane solvent system. The product was recrystallized by
partial slow diffusion of hexane into a solution of 1 in CH3CN to give yellow-gold
needle-like crystals. Yield: 46 %; m.p. (°C): 226.2-226.8; FT-IR (Vma /cm™): v(C=0)
1644, v(C=N) 2231, v(C-O-C) 1027, 1130; UV-Vis (DMF, Amax (¢, Mlcm1)): 306 nm
(11010), 295 nm (9962); TH NMR (ppm): 8.30 (d, 1H, ] = 6.11 Hz, HI), 6.37 (d, 1H, | =
6.23 Hz, H2), 8.12 (d, 1H, | = 8.76 Hz, H3), 7.64 (d, 1H, ] = 8.78 Hz, H4), 7.27 (d, 1H, |
= 8.79 Hz, H5), 8.18 (d, 1H, | = 8.75 Hz, H6), 7.47 (s, 1H, H7), 8.01 (s, 1H, HS); 13C
NMR (ppm): 176.10, 159.84, 159.16, 157.77, 157.60, 136.91, 128.17, 124.59, 124.42,
121.96, 118.10, 117.43, 116.25, 115.76, 112.90, 110.28, 109.22. Molecular mass (m/z):
Calcd: 288.26. Found: 311.32 [M+Na]*. Anal. Calc. for Ci7HsN2O3(%): C, 70.83; H,

2.80; N, 9.72. Found: C, 70.19; H, 2.78; N, 9.72.

NC

NC

6 5

Figure 3.1: Structure of ligand 1.
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Figure 3.2: TH NMR spectrum of ligand 1 in the range of 6.30-8.40 ppm.

b) 4-(4-(Trifluoromethyl)-coumarin-7-oxy)phthalonitrile (2)

Similarly, the reaction of 4-nitrophthalonitrile (1.00 g, 5.78 mmol) with 7-hydroxy-4-
trifluoromethylcoumarin (1.33 g, 5.78 mmol) was initiated in 30.0 cm? of DMF in the
presence of K2COs (2.30 g, 16.6 mmol). The reaction mixture was heated with stirring
at 90 °C under an inert nitrogen atmosphere for 24 h. Thereafter, the reaction mixture
was cooled to room temperature, poured into 60.0 cm3 water and extracted with
CH3CN. The combined organic extracts were dried over sodium sulfate and filtered.
The solvent was evaporated under reduced pressure and the remaining residue was
added to 30% HCI to induce precipitation. The precipitate was then repeatedly
washed with water and added to hot methanol (MeOH), filtered and dried under

P20s. Yield: 41 %; m.p. (°C): 180.0-181.8; FT-IR (Vimax /cm1): v(C=0) 1729, v(C=N)

Sumayya Chohan 46



2235, v(C-0O-C) 990, 1129; UV-Vis (DMF, Amax (¢, M1cm1)): 443 nm (90), 318 nm
(29875), 307 nm (33370); 'H NMR (ppm): 7.06 (s, 1H, H1), 7.99 (s, 1H, H2), 7.64 (d, 1H,
J=8.73 Hz, H3), 8.19 (d, 1H, ] = 8.74 Hz, H4), 7.43 (s, 1H, H5), 7.28 (d, 1H, | = 8.80 Hz,
He6), 7.80 (d, 1H, ] = 9.01 Hz, H7); 13C NMR (ppm): 159.78, 158.74, 158.42, 156.01,
146.85, 137.01, 127.37, 124.64, 124.38, 123.44, 117.57, 117.21, 116.26, 116.11, 115.69,
110.82, 110.40, 109.04. Molecular mass (my/z): Calcd: 356.25. Found: 379.03 [M+Na]*.
Anal. Caled. for Ci1sH7F3N20s (%): C, 60.68; H, 1.98; N, 7.86. Found: C, 60.48; H, 2.30;

N, 7.86.

NC

NC

4 3

Figure 3.3: Structure of ligand 2.
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Figure 3.4: TH NMR spectrum of ligand 2 in the range of 6.70-8.50 ppm.

c) Tetra-4-(7-oxychromone phthalocyaninato)Co(II) (CoPc-chr, 3)

A mixture of 1 (0.25 g, 0.867 mmol), CoCl> (0.0282 g, 0.217 mmol) and DBU was
heated with stirring in n-pentanol (40.0 cm3) at 160 °C under nitrogen for 16 h. The
reaction mixture was then cooled to room temperature and n-hexane was added
drop-wise to induce precipitation. The precipitate was filtered off using a millipore
filtration setup and then washed with water, MeOH, ethanol (EtOH),
dichloromethane (DCM) and CH3CN. The desired product was thereafter recovered
via column chromatography using a 50:1 CHCl3:MeOH solvent system. Yield: 51%;
FT-IR (Vmax /cm1): v(C=0) 1645, v(C=N) 1592, v(C-O-C) 1073, 1131; UV-Vis (DMF,
Amax (&, M1em1)): 679 nm (23075), 343 nm (29176), 305 nm (82909). Molecular mass

(m/z): Caled: 1211.15. Found: 1211.21 [M]*, 1212.22 [M+H]*, 1213.22 [M+2H]*. Anal.
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Calcd. for CesH32CoNgO12(%): C, 67.39; H, 2.66; N, 9.25. Found: C, 66.95; H, 2.91; N,

8.97.

d) Tetra-4-(7-oxy-4-trifluoromethylcoumarinphthalocyaninato)Fe(1I) (FePc-cou, 4)

The cyclotetramerization of 2 (0.250 g, 0.702 mmol) and FeCl,.4H>O (0.0349 g, 0.175
mmol) was carried out under the same conditions as reported for 3. The reaction
mixture was allowed to cool to room temperature and n-hexane was added drop-
wise to induce precipitation. The precipitate was filtered using a millipore filtration
setup and then washed with water, MeOH, EtOH, CH3CN and diethyl ether. The
compound was purified by column chromatography using a 50:1 (v:v) CHCl3:MeOH
solvent system. Yield: 55%; FT-IR (Vi /cm1): v(C=0) 1747, v(C=N) 1605, v(C-O-C)
997, 1122; UV-Vis (DMF, Amax (¢, M-lcm1)): 657 nm (16891), 423 nm (17660), 328 nm
(81208), 629 nm (18476), 423 nm (17660). Molecular mass (m/z): Calcd: 1480.10.
Found: 1480.19 [M]*, 1481.22 [M+H]*, 1482.21 [M+2H]*. Anal. Calcd. for

FeC7H2sF12NsO12(%): C, 58.40; H, 1.91; N, 7.57. Found: C, 57.98; H, 2.15; N, 7.22.

e) Tetra-4-(7-oxy-4-trifluoromethylcoumarinphthalocyaninato) Co(1I) (CoPc-cou, 5)

The title compound was formulated from the reaction of CoCl, (0.0228 g, 0.175
mmol) with 2 (0.250 g, 0.702 mmol) using the same reaction conditions as specified
in the isolation of the aforementioned MPcs. The reaction mixture was cooled to

room temperature and n-hexane was added drop-wise in order to induce
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precipitation. The precipitate was filtered using a millipore filtration setup and then
washed with water, MeOH, EtOH, CH3CN, hexane and diethyl ether. The
compound was further purified by column chromatography using a 1:50 (v:v)
THF:CHCI; solvent system. FT-IR (vinax /cm™): v(C=0) 1746, v(C=N) 1605, v(C-O-C)
997, 1122. Yield: 58%; UV-Vis (DMF, Amax (e, Mlem™)): 669 nm (37422), 331 nm
(41139), 283 nm (45899). Molecular mass (m/z): Calcd: 1483.10. Found: 1483.09 [M]*,
1484.08 [M+H]*, 1485.07 [M+2H]*, 1486.10 [M+3H]*. Anal. Calcd. for

CoC7H2sF12NsO12(%): C, 58.27; H, 1.90; N, 7.55. Found: C, 57.92; H, 2.10; N, 7.12.

3.3 Results and Discussion

3.3.1 Crystal structure of 1

X-ray analysis of 1 revealed that it crystallizes out in a Pc space group with two
molecules occupying a monoclinic unit cell. The crystal lattice is stabilized by
interactions between co-planar chromone moieties of adjacent molecules with
interplanar spacings of 4.120 A and 4.885 A, respectively, see Fig. 3.5. These
intermolecular interactions ultimately lead to columns of molecules of 1 aligned
parallel to the [a]- and [b]-axes. Table 3.1 provides structure refinement data for

crystal 1.
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Figure 3.5: A perspective view of the intermolecular interactions between the co-planar

chromone moieties of adjacent molecules for 1.

The aliphatic ether bond angle [C9-O3-C10] of 118.9(2)° results in the chromone
moiety not lying in the same plane (deviating by 74.51°) as the phthalonitrile moiety,
see Fig. 3.6. As expected, the bond angle of the cyclic ether [C6-O2-C7 =
117.9(2)°] is more constrained than the aliphatic ether but the C-O bond distances
for the cyclic ether [C6-O2 = 1.357(3) A, C7-O2 = 1.374(3) A] and aliphatic ether [C9-
03 =1.396(2) A, C10-O3 = 1.372(3) A] are still comparable. However, the C-O bond
orders of the ethers and carbonyl group [C4-O1 = 1.238(2) A] are readily
distinguishable based on the difference in their bond lengths. The nearly equidistant
C=N bonds are comparable to analogous bond distances of other 4-substituted
phthalonitriles [38, 39]. Furthermore, the localized C1-C9 [1.403(3) A] double bond
remains intact as it is similar to the delocalized C-C (e.g. C12-C13 = 1.402(3) A] bonds

found within 1, refer to Table 3.2.
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Figure 3.6: An ORTEP view of compound 1 showing 50 % probability displacement

ellipsoids and atom labels.

3.3.2 Synthesis and Spectral Characterization

Novel benzopyrone-derivatized phthalonitriles 1 and 2 were formed via base
catalyzed nucleophilic substitution reactions of 4-nitrophthalonitrile with 7-
hydroxychromone and 7-hydroxy-4-trifluoromethylcoumarin, respectively (refer to
Scheme 3.1). Spectral characterization of 1 and 2 unequivocally confirmed covalent
linking of the individual benzopyrane moieties to the phthalonitrile groups. The H
NMR spectra of the ligands showed well-resolved peaks in the region of 7.0 - 9.0
ppm as is expected for ligands with delocalized 7m-aromatic systems (see Figs. 3.2 and
3.4). The proton assignments were well supported by 13C and COSY NMR

spectroscopy (see Figs. 3.7-3.10).
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Figure 3.7: 13C NMR spectrum of ligand 1 in the range of 90 - 185 ppm.

Figure 3.8: COSY spectrum of ligand 1.
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Figure 3.9: 13C NMR spectrum of ligand 2 in the range of 105 - 165 ppm.
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Figure 3.10: COSY spectrum of ligand 2.
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Template cyclotetramerization of ligands 1 and 2 in the presence of a catalyst, DBU
and the desired metal salt (CoCl> for complexes 3 and 5 and FeCl2.4H>O for 4)

afforded the corresponding MPcs, refer to Scheme 3.1.

(A)

NC

NC CN
K,CO,, DMF o
NC NO, + >
’ \C[Nj 90°C, N,, 24h
@)
O O
1

CoCl,, 3-pentanol
/ Q DBU, 160 °C, N,, 16h
@)
N— Co N O
@)

W/
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(B)

NC CF,
NC
NC NO, + ~ K,CO; DMF
2 900C, N, 24h
0" >o OH o
CF,
0
O
O
- FeCl, 4H,0O/ CoCl,, 3-pentanol
DBU, 160 °C, N, , 16h
CF
N = 3
[N

F,C \ O

e N—M—N
3 \ll]/ 0 o~ o
o N—rs \=N
O
O
O
O

F,C

Scheme 3.1: Synthetic pathways for the respective MPcs: (A) (CoPc-chr, 3), and (B) (FePc-

cou, 4) and (CoPc-cou, 5).
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Complexes 4 and 5 are soluble even in low boiling point organic solvents including
THF, CHCls and DCM while 3 is only soluble in DMF and DMSO. It is well
documented that bulky or long-chain peripheral substituents improve the solubility
of MPcs in organic solvents [40] and thus, as expected, 4 and 5 containing bulky

trifluoromethyl groups show enhanced solubilities as compared to 3.

The absence of the medium intensity nitrile stretches found at 2231 cm (for 1) and
2235 cm (for 2) in the FT-IR spectra of the MPcs is typical of cyclotetramerization
(see Figs. 3.11-3.13). The formation of macrocyclic ring systems is also supported by
the observation of strong vibrational bands, ascribed to the v(C=N) moiety at 1592
cm? (for 3) and 1605 cm (for 4 and 5). Commonality in some of the FT-IR bands is
also observed between the ligands and their respective MPcs, an example being the

ether functional group which vibrates virtually at the same frequency for both.

ESI-TOF mass spectrometry and elemental analysis provided definitive structural
characterization for the ligands and their metal complexes. All molecular and cluster
ion peaks were in accordance with the calculated m/z values. The mass spectra of the
MPcs showed [M]* ion peaks at m/z values of 1211.21 for complex 3, 1480.19 for 4
and 1483.09 for 5, respectively, in addition to the protonation molecular ion peaks of
the form: [M+H]*, [M+2H]* and [M+3H]*(for 5 only). The mass spectra of 2, 3 and 5

are shown in Figs. 3.14-3.16.
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Figure 3.12: Overlay IR spectra of complex 4 and its free ligand, compound 2.
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Figure 3.14: High resolution TOF-MS spectrum of 2.
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The electronic transitions observed within the UV-Vis spectra of the respective metal
complexes (3-5) in DMF are in accordance with literature trends [12]. More
specifically, the formulated MPcs showed Q- and B-bands in the regions of 600-700
nm and 300-400 nm, respectively (refer to Table 3.3 and Fig. 3.17). All three
complexes contain a common electron-donating oxy group on their Pc cores;
however, 4 and 5 contain the strongly electron withdrawing trifluoromethyl groups
which leads to blue-shifting of their electronic transitions relative to the

corresponding electronic transitions of 3.

Table 3.3: UV-Vis absorption wavelengths and the corresponding molar absorptivities (in

parentheses) for 1-5.

Compound | Q-band (nm) | B-band (nm) Other energy bands (nm)
1 - - 306 (11010), 295 (9962)
2 - - 443 (90), 318 (29875), 307 (33370)
3 679 (23075) 343 (29176) 305 (82909)
4 657 (16891) 328 (81208) 629 (18476), 423 (17660)
5 669 (37422) 331 (41139) 283 (45899)

The bands at 423 nm for 4 and 283 nm for 5 are ascribed to electronic transitions
associated with the highly #-conjugated oxy-coumarin substituents as similar bands
occur in the UV-Vis spectrum of 2 at 443 nm and 307 nm, respectively. Aggregation
in MPcs is epitomized by a broadened or split Q-band. Splitting of the Q-band of

complex 4 is indicative of aggregation occurring within solution with the band at
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higher wavelengths due to the monomer (at 657 nm) and the one at a lower

wavelength (at 632 nm) due to the aggregate [41].

(A)
—— CoPc-chr (3)
1.6 1
—— FePc-cou (4)
\/ —— CoPc- 5
@ 1o . oPc-cou (5)
=]
<
2
S
2 0.8
< .
04 -
O L] L] L] L]
268 368 468 568 668 768
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B 17
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0.8 1 &
—Ligand 2
Y 0.6 1
=
<
g
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©
8 04 -
<
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0 L] L L
275 325 375 425 475 525 575
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Figure 3.17: UV-Vis spectra of (A) complexes 3-5 at concentrations of 20.6 pM, 16.9 uM

and 16.9 uM, respectively and (B) ligands 1 and 2 at concentrations of 86.7 uM and 35.1
UM, respectively.
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3.3.3 Voltammetry and Spectroelectrochemistry

The solution redox properties of the metal complexes were probed via cyclic and
square-wave voltammetry in dried DMF. The MPcs exhibited similar redox behavior
with four distinct redox processes which were observed in their respective cyclic
(CVs) and square-wave voltammograms (SWVs), see Figs. 3.18, 3.19 and 3.20. The
redox processes denoted as I, II and III are quasi-reversible as their AE values are
larger than 103 mV (AE value for the standard, Ferrocene at 200 mV/s), indicating
slower electron transfer kinetics compared to the standard [41-43]. These redox
processes are ascribed to the Pc?/Pc3- reduction, M?*/M* reduction and M?*/M3*
oxidation whilst the irreversible redox process denoted as IV is due to Pc?/Pcl-
oxidation and the remaining peaks are attributed to aggregation. These assignments
are based on comparable redox potentials observed for reported CoPcs containing
coumarin-derived substituents (refer to Table 3.4) [41, 44-46]. Aggregation also
resulted in broadened redox couples for couple III, while 3 also displays distinct
splitting in both the forward and reverse signals, see Fig. 3.18. Noteworthy, the
aggregation phenomena were also common to the p-tetra[7-oxo-4-(methoxyphenyl)-
8-methylcoumarin] (oxpcou) CoPc for which broadened redox processes and split Q-
bands were observed in its CV and UV-Vis spectrum, respectively [43]. Despite the
influence of aggregation on the voltammograms, the plots of peak current against
square root of scan rate for each complex displayed linear relationships indicating
that the redox couples are all diffusion-controlled, see Figs. 3.21 and 3.22 for the CV

scans of complexes 3 and 4 at incrementing scan rates.
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Potential (V vs Ag/AgCl)

II

-1.3 -0.8 -0.3 0.2 0.7 1.2
Potential (V) vs Ag/AgCl

Figure 3.18: (A) CV and (B) SWYV of complex 3 at 200 mV/s. The arrows denote peaks

associated with agqregation.

Sumayya Chohan 64



(A)

-1.5 -1 -0.5 0 0.5 1 1.5
Potential (V vs Ag/AgCl)

(B) I

15 HA
I 1AY
II1
T T T T . T 1

-1.5 -1 -0.5 0 0.5 1 1.5

Potential (V vs Ag/AgCl)

Figure 3.19: (A) CV and (B) SWV of complex 4 at 200 mV/s.
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Figure 3.20: (A) CV and (B) SWYV of complex 5 at 200 mV/s. The arrows denote peaks

associated with agqregation.
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Table 3.4: Comparison of the voltammetric data (in V) between the novel MPcs 3-5 as well

as other tetrasubstituted CoPcs attained from literature.

CoPc-chr (3) -1.11M[ -0.44[] 0.40( 1.03[b!

FePc-cou (4) -0.84[] -0.24[] 0.55] 1.23[b]

CoPc-cou (5) -1.00lal -0.46l] 0.42[l 1.08Ib]
(B)-CoPc-ochr -1.11 -0.44 0.40 1.03
(B)-CoPc-

-1.00 -0.46 0.42 1.08

ofcou
(B)-CoPc-cfcou -0.81 -0.47 0.48 0.91
(a)-CoPc-cfcou -0.86 -0.35 0.42 1.00

a = Epa+ Epc

[al Ey, —

[l Ep,

cfcou = 7-ox0-3-(2-chloro-4-fluorophenyl)coumarin
ochr = 7-oxychromone

ofcou = 7-oxy-4-trifluoromethylcoumarin
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Figure 3.21: Overlay CVs of 3 at incrementing scan rates. Inset: Plot of I, against the

square root of the scan rate (couple II) showing diffusion-controlled behavior.

Spectroelectrochemical experiments were conducted on the MPcs to verify the
voltammetric assignments. The UV-Vis spectral changes of the CoPcs (3 and 5) are
similar, thus, only the spectroelectrochemical data of 4 and 5 will be elaborated on,
see Figs. 3.23A-D and 3.24A-D. Firstly, any differences in the starting spectra as
compared to the original UV-Vis spectrum (see Fig. 3.17A) are accounted for by the
extent of aggregation as a result of varying concentrations of the aggregate and

monomer as well as the presence of supporting electrolyte [47].
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Figure 3.22: Overlay CVs of 4 at incrementing scan rates. Inset: Plot of I, against square

root scan rate (couple II) showing diffusion-controlled behavior.

Investigating the first reduction (denoted as redox couple II), the UV-Vis spectral
changes of 5 indicates that significant disaggregation occurs resulting in the
formation of a well-defined monomeric and red-shifted Q-band at 703 nm, see Fig.
3.23A. The aforementioned UV-Vis spectral changes are accompanied by the
formation of a new charge transfer band found at 473 nm. It is well documented that
the red-shifting of the Q-band and a new peak forming at around 480 nm is typical
of Co! species [48], hence the redox couple II assigned to Col'Pc?2/Co'Pc? is
confirmed. Furthermore, the presence of diffuse isosbestic points (at 389 nm, 554 nm
and 679 nm) is characteristic of mixed valence species in solution. Nearly 80%
regeneration of the initial CoPc species was achieved when a zero voltage was

applied. Upon application of negative overpotentials relative to the redox couple I,
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the Q- and B-band decreases and a shift of the charge transfer band to a higher
wavelength (at 493 nm) is observed, see Fig 3.23B. This redox behavior is typical of
Pc? reduction and the formation of Pc? species [49], thereby confirming that these

UV-Vis spectral changes are associated with the Co'Pc2/Co!Pc-? redox couple.

Figure 3.23: UV-Vis spectral changes of complex 5 at overpotentials applied at (A) -0.25 'V,

(B)-1.3 V, (C) 0.78 V and (D) 1.06 V. The initial spectrum is shown as a dashed line.

Thereafter, new sample was injected into the OTTLE cell to investigate the nature of
the redox couples within a positive potential window. Examining the UV-Vis

spectral changes of redox couple IIl, disaggregation of the Q-band followed by a
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red-shift and an increase in the intensity of the monomer occurs which is indicative
of metal oxidation within the CoPc core [50], see Fig. 3.23C. Hence, the
voltammetric assignment of redox couple III (ascribed to the Co™Pc?/ Co"Pc? redox
process) is corroborated by the attained spectroelectrochemical data. The
characteristic increase in the Q-band is accompanied by the disappearance of the
electronic transition associated with the aggregate and a decrease of the B-band
leading to well-defined isosbestic points at 349 nm, 474 nm and 651 nm. Upon
applying positive overpotentials relative to redox couple IV, decomposition occurs
as indicated by the decrease in Q- and B-band intensities and a lack of increase in the
500 nm region. Similar behavior has previously been reported [51]. Redox couple IV

is expected to be due to Co'Pc2-/ ColPcl-, see Fig. 3.23D.

Compound 4 was also subjected to spectroelectrochemical experiments to validate
its voltammetric assignments, see Fig. 3.24. Similar to the CoPcs 3 and 5, the UV-Vis
spectral behaviour for the metal-based reduction of 4 shows a red-shift in the Q-
band from 657 nm to 663 nm (see Fig. 3.24A). Subsequently, this leads to significant
disaggregation justified by the progressive decrease in the intensity of the aggregate
peak (at 633 nm). It is well documented that a shift in the position of the Q-band
indicates metal-based electron transfer, [52, 53] thereby confirming that redox couple
II is due to FellPc?/FelPc?. Application of negative overpotentials relative to redox
couple I (E;, = -1.00 V), resulted in a decrease in the intensity of its Q- and B-band as

well as the formation of a charge transfer band in the 500-600 nm region (see Fig.
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3.24B). These changes are consistent with Pc ring reduction [53], hence couple I is

assigned to FelPc?-/FelPc3-.

Figure 3.24: UV-Vis spectral changes of complex 4 at overpotentials applied at (A) -0.30 V,

(B) -0.92 V, (C) 0.45 V and (D) 1.06 V. The initial spectrum is shown as a dashed line.

Investigating the redox couple III, coalescence of the Q-bands associated with the
monomeric and aggregated species into a single broad Q-band indicates that the
resultant FelllPc> species are aggregated. Furthermore, blue-shifting of the
monomeric Q-band is indicative of the metal-based oxidative process associated

with the FellPc?-/FelllPc2- redox couple (see Fig. 3.24C). Upon the application of an
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overpotential of 1.22 V, ring oxidation (for the couple FellPc?-/FelllPcl) and
subsequent Pc decomposition is expected to have occurred as with the previous

complex (see Fig. 3.24D) [51, 54].

3.3.4  Electropolymerization and Electrocatalysis

Complexes 3-5 were deposited on respective Pt working electrodes wvia
electropolymerization. Figs. 3.25 - 3.27 show the evolution of the CVs over 20
repetitive scans at 100 mV/s. The general increase in currents and shift of peak
potentials is typical of electropolymerization of MPcs on electrode surfaces [55, 56].
In addition, for complex 5 (see Fig. 3.25), intensification of the peaks associated with
the aggregate is observed and ascribed to the progressive elongation of the polymer
chain on the Pt electrode surface. Furthermore, the new peak which forms near 0.40
V displays a concomitant increase in intensity as well as a shift towards more
positive potentials and is ascribed to the electropolymerized MPc. The shift to
positive potentials implies an increase in the electrical resistance of the polymer film,

necessitating a larger overpotential to overcome the current inhibition [57].
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Figure 3.25: Electropolymerization of complex 5 at 100 mV/s for 20 CV scans.

-1.52 -1.02 -0.52 -0.02 0.48 0.98 1.48
Potential (V vs Ag/AgCl)

Figure 3.26: Electropolymerization of complex 4 at 100 mV/s for 20 CV scans.
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Potential (V vs Ag/AgCl)

Figure 3.27: Electropolymerization of complex 5 at 100 mV/s for 20 scans. The arrows

denote progressive increases in the aggregate peaks and the formation of a new peak.

To confirm modification of the respective working electrode (viz. 3-Pt, 4-Pt and 5-Pt),
CVs at incrementing scan rates were run in a pH 7 buffer solution; see Figs. 3.28-
3.30. The motivation behind the use of a neutral pH stems from the fact that the
disproportionation of nitrite to NO is insignificant at this pH. The CVs of the
respective modified electrodes (viz. 3-Pt, 4-Pt and 5-Pt) in a pH 7 buffer revealed the
presence of the distinctive redox couple II (for Co!'/Col) in the negative potential
window. In addition, the 3-Pt and 5-Pt modified working electrodes showed sharp
peaks which are similar to the aggregate peaks observed upon polymerization of the
respective MPcs. Furthermore, commonality between the modified working
electrodes (3-Pt and 5-Pt) is also observed with the appearance of irreversible metal

oxidation peaks (for Co!l/Coll) found at positive potentials.
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Figure 3.28: Overlay CVs of 3-Pt in pH 7 buffer solution at incrementing scan rates from 25

mV/s to 225 mV/s. Inset: Plot of I, vs scan rate measured at the redox couple I1.

Further confirmation of electrode modification is ascertained from the fact that the
degree of ion-permeability for each modified working electrode is different from
each other and the standard (ferrocene) as can be seen by their peak to peak
separations (AE): 120 mV for 3-Pt, 290 mV for 4-Pt, 510 mV for 5-Pt and 103 mV for
the bare Pt electrode, see Fig. 3.31. The surface coverages of the respective modified

platinum working electrodes were calculated using the following equation [58]:

n?F2Ar (v)

IP = 4RT (1)

where I, is the peak current of redox couple II, n is the number of electrons and A is
the real surface area (0.132 cm?) of the bare platinum electrode. A correlation

between the surface coverages and the electrocatalytic activities of the modified
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electrodes indicates that a higher surface coverage (3.34 x 10 mol/cm? for 3-Pt, 2.64
x 108 mol/cm? for 4-Pt and 1.87 x 108 mol/cm? for 5-Pt) resulted in a lower
electrocatalytic oxidation potential of nitrite (0.75 V for 3-Pt, 0.77 V for 4-Pt and 0.78

V for 5-Pt), see Fig. 3.30.

—25mV/s

/| ——50mV/s
75mV/s
100 mV/s

—125mV/s

——150mV/s

—175mV/s

—200mV/s

—225mV/s

0.1 0.15 0.2 0.25 250 mV/s
scanrate (mV/s)

y =-0.0008x-0.0004
R2=0.9964

-1.5 -1 -0.5 0 0.5 1 1.5
Potential (V vs Ag/AgCl)
Figure 3.29: Overlay CVs of 4-Pt in pH 7.4 buffer solution at incrementing scan rates from

25 mV/s to 250 mV/s. Inset: Plot of Ipc vs scan rate measured at the redox couple II.

The surface coverage values of the modified electrodes are higher than typical
surface coverage values obtained for a monolayer deposited flat on an electrode
surface (1 x 10-1% mol/cm?) [59], which is suggestive of electropolymerization. In
conjuction with the lowering of the oxidation potentials of nitrite, larger oxidation
currents were observed for the modified electrodes as compared to the bare
platinum electrode (peak at 0.79 V). The larger current for the modified electrodes is
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promoted by the metal oxidation couple (i.e. Col/Co!l) which is found in the same
vicinity as the electrocatalytic potentials of nitrite using the respective modified
electrodes. A linear relationship was established between the oxidation peak
currents (I;) and the square root of the scan rates (v*?) for the oxidation peak

potentials which affirms diffussion controlled behaviour.

—25mV/s
1 | —50 mV/S
——75mV/s
—100mV/s
—125mV/s
——150mV/s
——175mV/s
y =0.0006x + 1E-05 ——200mV/s
R2=0.9975 225mV/s
8.0E-05 —250mV/s
0.0E+00 : .
0 0.1 0.2
scanrate (mV/s)
-1 0.5 0 0.5 1 15
Potential (V vs Ag/AgCl)

Figure 3.30: Overlay CVs of 5-Pt in pH 7.4 buffer solution at incrementing scan rates from

25 mV/s to 250 mV/s. Inset: Plot of Ip. vs scan rate measured at the redox couple I1.

To gain more insight into the mechanism of electrocatalytic oxidation of nitrite, the

Tafel slopes were calculated using equation (2):

2.3RT
E =

P = S Logv+K (2
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where a is the transfer coefficient, v is the scan rate, nq is the number of electrons in
the rate-determing step and K is the intercept. Tafel slopes were obtained from the
plots of E, vs Log v, see Figs 3.33-3.35. The large Tafel slope of 279 mV /decade for 4-
Pt in comparison with 3-Pt (116 mV /decade) and 5-Pt (102 mV /decade) which are in
the normal range of 30-120 mV/decade, indicates that electrocatalytic oxidation
using 4-Pt has no kinetic meaning and is rather suggestive of substrate-catalyst
interaction [60]. However, the Tafel slopes of the electropolymerized CoPcs, viz. 3-Pt
and 5-Pt are close to 118 mV/decade which implies that the first one-electron

transfer is rate-determing [61].

20 pA

L

—— Bare Pt
—3-Pt
—4-Pt
—5-Pt

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Potential (V vs Ag/AgCl)
Fig. 3.31: Overlay CVs in 1 mM Ferrocene using the bare, 3-Pt, 4-Pt and 5-Pt working

electrodes at 100 mV/s.
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Figure 3.32: Electrocatalytic oxidation of 1 mM nitrite ion in pH 7 buffer solution at 100

mV/s using the bare and respective modified working electrodes.
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Figure 3.33: The electrocatalytic oxidation of nitrite (1 mM) using 3-Pt in pH 7 buffer

solution at incrementing scan rates. Inset: Plot of Ep, vs Log v.
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Figure 3.34: The electrocatalytic oxidation of nitrite (1 mM) using 4-Pt in pH 7 buffer

solution at incrementing scan rates. Inset: Plot of Epa vs Log v.
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Figure 3.35: The electrocatalytic oxidation of nitrite (1 mM) using 5-Pt in pH 7 buffer

solution at incrementing scan rates. Inset: Plot of Ep, vs Log v.
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3.4 Conclusion

Novel Co and Fe MPcs bearing chromone and coumarin substituents were
synthesized and spectroscopically characterized. The MPcs exhibited similar redox
behavior as was deduced from their voltammetric analysis. Voltammetric
assignments were well corraborated by UV-Vis spectroelectrochemical data and
were comparable to those reported in literature for similar tetra-substituted
mononuclear Co and FePcs. Surface modification of bare Pt microelectrodes was
achieved readily via electropolymerization (in 20 successive CV cycles). These
electropolymerized MPc surfaces acted as electron mediators in the electrocatalytic

oxidation of nitrite.
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Table 3.1 Crystal data and structure refinement data.

Chemical formula C17HsN203
Formula weight 288.25
Temperature (K) 100(2)
Crystal system Monoclinic
Space group Pc
Unit cell dimensions (A, °) a=5.2704(4)
b =14.0315(10)
c = 8.9561(6)
a =90.000(5)
B =94.340(4)
y = 90.000(5)
Crystal size (mm) 0.60 x 0.14 x 0.09
V(A3) 660.42(8)
Z 2
Density (calc.) (Mg/m?3) 1.450
Absorption coefficient (mm-1) | 0.102
F(000) 296
0 range for data collection 1.5; 26.1
Index ranges -6<h<b
-17<k<16
-10<0<11
Reflections measured 5668
Observed reflections [[>20(I)] | 1284
Independent reflections 1306
Data/Restraints/parameters | 1306/2/199
Goodness of fit on F? 1.115
Observed R, wR? 0.0268; 0.0716
Rint 0.022
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3.5

[1]

2]

[3]

[5]

Table 3.2: Selected bond lengths [A] and bond angles [°] for 1.

C6-02 1.357(3)
C7-02 1.374(3)
C9-03 1.396(2)
C10-03 1.372(3)
C4-01 1.238(2)
C1-C9 1.403(3)
C12-C13 1.402(3)
C9-03-C10 118.9(2)
C6-02-C7 117.92)
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CHAPTER FOUR

Cobalt p-Tetra(3-oxyflavone /2-(2-
oxyphenyl)benzoxazole)phthalocyanines and
Their Carbon Nanotube Conjugates: Formation,

Characterization and Dopamine Electrocatalysis

41 Introduction

Dopamine (DA) is a naturally occurring catecholamine which behaves as a
neurotransmitter in mammals [1]. It plays a significant role in the functioning of the
central nervous, renal and hormonal systems [2]. Abnormally low or high levels of
dopamine may result in disorders like Parkinson’s disease or Schizophrenia; hence,
their detection in human physiological fluids is of paramount importance in clinical
diagnosis [3]. Electrochemical methods have proved to be quite advantageous for
this purpose with minimal costs, low detection limits, high accuracy and fast

detection times [4, 5].

Metallophthalocyanines (MPcs) are promising candidates for application in

biosensors by virtue of their optimal electrochemical properties [6]. Transition metal
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phthalocyanines in particular are well recognized for their excellent electrocatalytic
behaviour towards various biological analytes [7]. The preparation of MPc modified
electrodes with immobilized carbon nanotube (CNT) films has gained particular
interest over the years. CNTs are known to promote electron transfer reactions due
to their high electrical conductivity and enhanced mechanical properties [8]. MPcs
can be non-covalently adsorbed via 7—x stacking onto CNTs to produce MPc-CNT
conjugate films that possess the catalytic properties of MPcs while preserving the
electronic structures and properties of CNTs [9, 10]. The electrocatalysis of many
analytes such as dopamine, asulam and ascorbic acid have been reported using this

method [10-12].

MPcs containing biologically relevant substituents have been used for developing
biosensors that exhibit enhanced selectivity and sensitivity towards biological
analytes [13]. Flavonoids found in plant pigments are known to have cytotoxic, anti-
inflammatory and antiviral activities [14], while benzoxazoles have attracted
pharmacological application in the synthesis of antifungal, antibacterial and anti-
cancer drugs [15]. In this study, we report on the synthesis and characterization of
Co(Il) phthalocyanines substituted with biologically relevant flavone (flav) and
benzoxazole (bo) moieties. In addition, we explore the comparative electrocatalytic
capabilities of MPc modified glassy carbon electrodes (GCEs) and GCEs modified
with multi-walled carbon nanotubes (MWCNTs) adsorbed onto MPcs, toward

dopamine.

Sumayya Chohan 90



4.2  Experimental

4.2.1 Electrochemical Methods

A Pt working electrode was employed for voltammetric studies while a GCE was
used in the preparation of chemically modified electrodes (CMEs). Electrodeposition
was carried out by running 30 repetitive cyclic voltammetry (CV) scans on a GCE
immersed in the appropriate CoPc solution (3 or 4) from -1.4 V to 1.5 V at 100 mV/s
to produce 3-GCE and 4-GCE, respectively. Electrodes modified with MWCNTs
were prepared via adsorption of the MWCNTs onto both a bare GCE and
electrodeposited films of the metal complexes. The MWCNTs (1 mg) were first
dispersed in 2 cm3 dimethylformamide (DMF) by ultrasonication for 1 hr. Thereafter,
2 x 103 cm? of the black suspension was transferred onto each GCE and allowed to
dry at 100 °C for 24 hrs. The nanofabricated CMEs (MWCNT-GCE, 3-MWCNT-GCE
and 4-MWCNT-GCE) were rinsed in ultrapure prior to use. A 1 mM solution of
dopamine was prepared in a pH 7 phosphate buffer solution (PBS) for

electrocatalysis.

4.2.2  Synthesis

a) 4-(Flavone-3-oxy)phthalonitrile (1)

A mixture of 4-nitrophthalonitrile (1.00 g, 5.78 mmol), 3-hydroxyflavone (1.38 g, 5.78
mmol) and potassium carbonate (2.30 g, 16.64 mmol) was stirred into anhydrous

DMF (30.0 cm3) at 90 °C under N> for 48 hrs after which it was cooled to room
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temperature and poured into 300 cm3 of a water-ice slurry. The resulting precipitate
was filtered and washed with methanol (MeOH) as well as ethanol (EtOH) to
produce a fluffy white compound. Yield: 41 %; m.p. (°C): 214.1-215.5; FT-IR (Viax/cm
1): v(C=N) 2231, v(C=0) 1641, v(C-O-C) 1248, 1187; UV-Vis (DMF, Amax (¢, M-lem)):
296 nm (1443), 303 nm (1434), 317 nm (1171); TH NMR (ppm): 8.11-8.05 (m, 3H, H4,
H7, H9), 7.94-7.85 (m, 4H, H2, H6, H11, H12), 7.70-7.67 (d, 1H, H8), 7.61-7.54 (m, 4H,
H1, H3, H5, H10); 3C NMR (ppm): 172.24, 160.62, 157.56, 155.81, 136.49, 135.11,
134.95, 132.16, 129.83, 129.39, 128.75, 126.01, 125.56, 124.00, 121.73, 121.30, 119.17,
116.96, 116.33, 115.85, 108.73. Molecular mass (m/z): Calcd: 364.35. Found: 365.09
[M+H]*. Anal. Calcd for C23sH12N203(%): C, 75.82; H, 3.32; N, 7.69. Found: C, 75.50;

H, 3.48; N, 7.86.

NC

O

6 5

Figure 4.1: Structure of ligand 1.
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Figure 4.2: 'H NMR spectrum of ligand 1 in the range of 7.35 - 8.30 ppm.
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b) 4-(2-(Benzoxazol-2-yl)phenoxy)phthalonitrile (2)

The synthetic procedure of 2 is similar to that of 1, with the addition of 2-(2-
hydroxyphenyl)benzoxazole (1.22 g, 5.78 mmol) in place of 3-hydroxyflavone. After
addition of the reaction mixture to 300 cm3 of a water-ice slurry, the resulting
precipitate was collected and thoroughly washed with MeOH to produce the desired
white compound. Yield: 54 %; m.p. (°C): 175.7-176.0; FT-IR (Viuy/cm?): v(C=N)
2233, v(C=N)Heterocyciic 1595, v(C-O-C) 1249, 1039; UV-Vis (DMF, Amax (¢, M-Tem1)): 295
nm (31829), 302 nm (26951), 317 nm (14300); TH NMR (ppm): 8.34 (d, 1H, HS), 8.07 (d,
1H, H11), 7.85 (d, 1H, H1), 7.79-7.71 (m, 2H, H6, H9), 7.67 (d, 1H, H4), 7.59 (t, 1H, H?),
7.46-7.35 (m, 4H, H2, H3, H5, H10); 13C NMR (ppm): 161.88, 159.62, 151.99, 150.31,
141.48, 136.66, 134.49, 131.77, 127.88, 126.34, 125.40, 123.71, 122.75, 122.01, 120.46,

120.09, 117.08, 116.33, 115.83, 111.31, 108.58. Molecular mass (m/z): Calcd: 337.33.
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Found: 338.09 [M+H]*. Anal. Calcd for Co1H11N302(%): C, 74.77; H, 3.29; N, 12.46.

Found: C, 74.24; H, 3.09; N, 12.40.

NC CN
10 11
9
O
8 N 1
V. 2
7
5 3
6 5 1

Figure 4.3: Structure of ligand 2.
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Figure 4.4: 'TH NMR spectrum of ligand 2 in the range of 7.15 - 8.50 ppm.

Sumayya Chohan 94



c) Tetra-4-(3-oxyflavonephthalocyaninato)Co(1) (CoPc-flav, 3)

A mixture of 1 (0.250 g, 0.686 mmol), CoCl; (0.0223 g, 0.172 mmol) and DBU was
heated with stirring in n-pentanol (40.0 cm3) at 160 °C under nitrogen for 16 hrs. The
reaction mixture was then cooled to room temperature and n-hexane was added
drop-wise to induce precipitation. The precipitate was filtered using a millipore
filtration setup and then washed with water, MeOH, EtOH, hexane and acetonitrile.
The desired product was thereafter recovered via column chromatography using a
1:1 (v:v) CHCls:tetrahydrofuran (THF) solvent system. Yield: 15%; IR (vimay/cm?):
v(C=0) 1646, v(C=N) 1605, v(C-O-C) 1219, 1093; UV-Vis (DMF, Amax (¢, M-1cm1)): 668
nm (163402), 318 nm (174636), 304 nm (173305). Molecular mass (/z): Calcd: 1516.35.
Found: 1515.27 [M-HJ*, 1516.27 [M]*, 1517.28 [M+H]*, 1518.28 [M+2H]*. Anal. Calcd

for CooHssCoNgO12 (%): C, 72.87; H, 3.19; N, 7.39. Found: C, 70.37; H, 3.32; N, 7.23.

d) Tetra-4-(2-(2-oxyphenyl)benzoxazolephthalocyaninato)Co(Il) (CoPc-bo, 4)

For the synthesis of 4, compound 2 (0.250 g, 0.741 mmol) was added to CoCl. (0.024
g, 0.185 mmol) and DBU in n-pentanol (40.0 cm3) under the specified reaction
conditions of 3. The product was washed with water, MeOH, EtOH,
dichloromethane (DCM), CHCl3, hexane and CH3CN and further purified via
column chromatography using CH3Cl as the eluent. Yield: 22%; IR (Viax/cm):
V(C=N)mpc 1608, v(C=N)Heterocyciic 1579, v(C-O-C) 1230, 1091; UV-Vis (DMF, Amax (g, M1

cml)): 666 nm (64178), 332 nm (54837), 294 nm (82117), 304 nm (75954), 318 nm
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(63996). Molecular mass (m/z): Calcd: 1408.26. Found: 1407.29 [M-H]*, 1408.29 [M]*,
1409.29 [M+H]*, 1410.29 [M+2H]*. Anal. Calcd for CssH14CoN120s (%): C, 71.64; H,

3.15; N, 11.94. Found: C, 69.45; H, 2.94; N, 11.40.

4.3 Results and Discussion

4.3.1 Synthesis and Spectral Characterization

The TH NMR spectra for the derivatized phthalonitriles 1 and 2 (see Figs. 4.2 and 4.4)
showed well resolved peaks in the region of 7.0-9.0 ppm as is expected for
compounds with delocalized 7-aromatic systems. The proton NMR assignments
were well supported by 13C NMR spectroscopy and homonuclear correlation

spectroscopy (COSY) (see Figs. 4.5-4.8).

Figure 4.5: 13C NMR spectrum of ligand 1 in the range of 100 - 180 ppm.
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Figure 4.6: Cosy spectrum of ligand 1.

Figure 4.7: 13C NMR spectrum of ligand 2 in the range of 102 - 164 ppm.
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Figure 4.8: Cosy spectrum of ligand 2.

Template cyclotetramerization of ligands 1 and 2 in the presence of a catalyst,
1, 8-diazabicyclo[5.4.0Jundec-7-ene (DBU) afforded the corresponding MPcs 3 or 4,
refer to Scheme 4.1. Complex 3 was found to be soluble in low boiling point organic
solvents including THF, CHCls and DCM while 4 displayed good solubility in THF,
DMF and DMSO. It is well documented that bulky or long-chain peripheral
substituents improve the solubility of MPcs in organic solvents [16], thus, as
expected, 3, which contains more bulky aromatic groups exhibits enhanced

solubility compared to 4.
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Scheme 4.1: Synthetic pathways for the CoPcs: (a) (CoPc-flav, 3) and (b) (CoPc-bo, 4).
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The absence of the medium intensity nitrile stretches found at 2231 cm! (for 1) and
2233 cm! (for 2) in the FT-IR spectra of the MPcs is typical of cyclotetramerization
(see Figs. 4.9 and 4.10). The formation of macrocyclic ring systems is further
supported by the observation of strong C=N vibrational bands at 1605 cm-! (for 3)
and 1608 cm! (for 4). Commonality is observed between the IR spectra of the ligands
[v(C=0) 1641 cm! (for 1) and v(C=N)meterocycic 1595 cm! (for 2)] and their respective
CoPcs [v(C=0) 1646 cm (for 3) and v(C=N)meterocyciic 1579 cm! (for 4)] affirming the

presence of the biologically significant moieties in 3 and 4.

S kMR "
|

93 -
ot
=]
=
E 88 - 4
n
g ——Ligand 1
=
X 83 - ——CoPc-flav (3)

78 L} L} L} L} L] 1

3150 2650 2150 1650 1150 650

Wavenumber (cm1)

Figure 4.9: Overlay IR spectrum of complex 3 and its free ligand, compound 1.
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Figure 4.10: Overlay IR spectrum of complex 4 and its free ligand, compound 2.

445

Data obtained from ESI-TOF mass spectrometry (Figs. 4.11-4.14) and elemental

analysis provided definitive structural characterization for the ligands and metal

complexes. All molecular and cluster ion peaks were in accordance with the

calculated m/z values. The mass spectra of the MPcs showed [M]* ion peaks at m/z

values of 1516.27 for complex 3 and 1408.29 for 4, in addition to the protonation

molecular ion peaks of the form: [M+H]*, [M+2H]* and [M-H]*.
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Figure 4.11: High resolution TOF-MS spectrum of 1.

Figure 4.12: High resolution TOF-MS spectrum of 2.
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Figure 4.13: High resolution TOF-MS spectrum of 3.

Figure 4.14: High resolution TOF-MS spectrum of 4.
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The formulated MPcs showed Q- and B-bands in the regions of 600-700 nm and 300-
400 nm, respectively in accordance with literature [17] (refer to Table 4.1). The Q-
bands of the metal complexes do not differ significantly in wavelength but complex
3 is slightly red-shifted due to the presence of the electron donating imine groups in
3 (see Fig. 4.15). Both metal complexes display absorption bands in their electronic
spectra that are characteristic of their corresponding ligands. The broadened B-band
of 3 at 318 nm arises from an overlap of 7-7* electronic transitions of the Pc ring and
its corresponding phthalonitrile (317 nm) while the absorption band of 3 at a lower
wavelength (304 nm) is also common to 1 (303 nm). The B-band of complex 4 (332
nm) is not well defined due to dampening by the intense absorption band at 294 nm

which originates from 2.

Table 4.1: UV-Vis absorption wavelengths and the corresponding molar absorptivities (in

parentheses) for 1-4.

Compound | Q-band (nm) | B-band (nm) Higher energy bands (nm)
1 - - 296 (1443), 303 (1434), 317(1171)
2 - - 295 (31829), 302 (26951), 317(14300)
3 668 (163402) 318 (174636) 304 (173305)
4 666 (64178) 332 (54837) | 294 (82117), 304 (75954), 318 (63996)
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Figure 4.15: UV-Vis spectra of (A) complexes 3 and 4 at concentrations of 6.6 pM and 20
UM, respectively and (B) ligands 1 and 2 at concentrations of 329 uM and 48.1 uM,

respectively.
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4.3.2  Voltammetry and Spectroelectrochemistry

The solution redox properties of the complexes were investigated via cyclic and
square-wave voltammetry in dry DMF. Both MPcs exhibited four redox processes
which were observed in their respective cyclic and square-wave voltammograms,
see Figs. 416 and 4.17. The difference between the anodic and cathodic peak
potentials of a redox couple, denoted as AE, gives an indication of the rate of electron
transfer of the corresponding redox process. Redox couples that have peak current
ratios (Ips/Iyc) approaching one and AE values that are equal to those of a standard
like ferrocene (AE = 105 mV at 100 mV/s on a Pt electrode) indicate optimal electron
transfer kinetics and such redox couples are classified as reversible. However, the
large AE values (AE > 105 mV) of redox couples I, II and III indicate slower electron
transfer kinetics as compared to that of the standard, hence these processes are
considered to be quasi-reversible [18]. Redox couple IV is irreversible. Typically,
MPcs with redox active transition metals (e.g. Fe, Co and Mn) have accessible d-
orbitals that lie between the HOMO and LUMO gap of the Pc ring. Consequently,
this class of MPcs can vary their electrochemical behaviour according to the
coordination environment of the metal centre. For instance, the use of a donor
solvent allows for axial coordination of the MPc to produce a stable 6-coordinate
complex which promotes metal oxidation and reduction redox processes [19]. Hence,
redox couples I to IV were assigned according to literature trends (refer to Table 4.2)

[13, 20, 21] as Pc%/Pc? and M2*/M* reductions as well as M3*/M2* and Pcl-/Pc?-
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oxidations, respectively. The broadened metal reduction couples and any

unassigned peaks are attributed to aggregation.

(A)
50 pA
v
IT 11
I
-1.028 -0.528 -0.028 0.472 0.972 1.472
Potential (V vs Ag/AgCl)
(B)
IT
110 pA
I IV
III
-1.17 -0.67 -0.17 0.33 0.83 1.33
Potential (V vs Ag/AgCl)

Figure 4.16: (A) CV and (B) SWV of complex 3 at 100 mV/s.
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(A)

IZOMA

-1.19 -0.69 -0.19 0.31 0.81 1.31
Potential (V vs Ag/AgCl)

(B)

IlOuA

111 IV

-1.19 -0.69 -0.19 0.31 0.81 1.31
Potential (V vs Ag/AgCl)

Figure 4.17: (A) CV and (B) SWV of complex 4 at 100 mV/s.
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Table 4.2: Comparison of the voltammetric data (in V) between the novel MPcs 3 and 4 as

well as other tetrasubstituted CoPcs attained from literature.

CoPc-flav (3) -0.85lal -0.371al 0.41[al 1.06[b]

CoPc-bo (4) -0.91lal -0.41lal 0.41[l 0.85[b]
(B)-CoPc-ochr -1.11 -0.44 0.40 1.03
(B)-CoPc-

-1.00 -0.46 0.42 1.08

ofcou
(B)-CoPc-cfcou -0.81 -0.47 0.48 091
(a)-CoPc-cfcou -0.86 -0.35 0.42 1.00
[ E,,
cfcou = 7-0x0-3-(2-chloro-4-fluorophenyl)coumarin
ochr = 7-oxychromone
ofcou = 7-oxy-4-trifluoromethylcoumarin
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The  assigned  redox  couples were  further  corroborated  using
spectroelectrochemistry. Both 3 and 4 exhibited similar UV-Vis spectral changes
(Figs. 4.18 and 4.19); hence, only the spectroelectrochemical data of 4 will be
elaborated on. The in situ spectroelectrochemical behaviour of CoPcs is well
documented. It is known that a red shift in the Q-band and the formation of a charge
transfer (CT) band between 450 and 500 nm is reminiscent of Co(I) species in
solution [22, 23]. Upon application of negative overpotentials to redox couple II,
disaggregation and red-shifting of the Q-band occurs to produce a well-defined
monomeric peak at 705 nm. Furthermore, a CT-band occurs at 474 nm thereby
confirming that the first redox couple occurs as a result of metal reduction (Co™Pc?
/ColPc?), see Fig. 4.19A. These spectral changes are accompanied by well-defined
isosbestic points which are observed at 328 nm, 387 nm, 561 nm and 690 nm
suggesting that the metal reduction process results in the formation of only one

species in solution.

Spectral changes associated with redox couple I include a decrease in the Q- and B-
bands as well as a shift in the CT-band to a higher wavelength (at 491 nm), see Fig.
4.19B. This behaviour is typical of Pc ring-based reduction and confirms the
assignment of the Co'Pc>/Co!Pc3 redox couple [24]. Following the application of
positive overpotentials to redox couple III, considerable disaggregation of the Q-
band and a subsequent increase in its intensity was observed. The emergence of an
electronic transition band at 362 nm was noted. These spectral changes are consistent

with metal oxidation; hence confirming the assignment of couple III to
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CollPcz/ColllPc?, see Fig. 4.19C. Spectral changes accompanying couple IV are
shown in Fig. 4.19D. A significant decrease in the Q-band and an increase in the 450
nm region is observed for 3 which suggests Pc?- oxidation and confirms the
assignment of the redox couple IV to ColllPc?-/CoPcl- [25]. For complex 4, no

increase is observed near 500 nm hence decomposition is expected to have occurred.

Figure 4.18: UV-Vis spectral changes of complex 3 at overpotentials applied at (A) -0.30 V,

(B) -0.96 V, (C) 0.50 V and (D) 1.08 V. The initial spectrum is shown as a dashed line.
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Figure 4.19: UV-Vis spectral changes of complex 4 at overpotentials applied at (A) -0.30 V,

(B) -0.92 V, (C) 0.45 V and (D) 1.06 V. The initial spectrum is shown as a dashed line.

4.3.3 Characterization of Modified Electrodes

Complexes 3 and 4 were deposited on respective GCEs via electrodeposition as
inferred by the lack of new peaks synonymous with electropolymerization. Figs. 4.20
and 4.21 show the evolution of the CVs over 30 consecutive scans at 100 mV/s. The
general increase in currents is typical of electrodeposition of MPcs on electrode

surfaces [26].
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120 UA

-1.4 -0.9 -0.4 0.1 0.6 1.1
Potential (V vs Ag/AgCl)

Figure 4.20: Electrodeposition of 3 via 30 repetitive CV scans at 100 mV/s.

110 nA

-1.5 -1 -0.5 0 0.5 1 1.5
Potential (V vs Ag/AgCl)

Figure 4.21: Electrodeposition of 4 via 30 repetitive CV scans at 100 mV/s.
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Following electrodeposition; CVs at incrementing scan rates in pH 7 buffer were
obtained for the working electrodes (3-GCE and 4-GCE) to confirm electrode
modification, see Figs. 4.22 and 4.23. The CVs of the modified electrodes (viz.3-GCE
and 4-GCE) in pH 7 buffer revealed peaks distinctive of redox couple II (for
Coll/Col) in the negative potential window. In addition, 3-GCE showed sharp peaks

indicative of adsorbed species.

p— . =
< 4.6E-06 R2=0.978
= -6.6E-06

8.6E-06 4

0 005 01 0.15
Scanrate (V/s)

-2.6E-06 y =-4E-05x - 3E-06
S5uA

—25mV/s
/' = —50mV/s
——75mV/s
—100mV/s
—125mV/s
—150mV/s

-1.2 -0.7 -0.2 0.3 0.8
Potential (V vs Ag/AgCl)

Figure 4.22: Overlay CVs at incrementing scan rates of 3-GCE in pH 7 buffer solution.
Inset: The linear relationship between reduction peak currents (I,c) vs. scan rates measured at

the redox couple I1.

Sumayya Chohan 115
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002 0.06 01 014 //3
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_ — A
— / — 7777:* = _25 mV/S
— —50mV/s
—75mV/s
—100mV/s
—125mV/s
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-0.9 04 0.1 0.6 1.1

Potential (V vs Ag/AgCl)

Figure 4.23: Overlay CVs at incrementing scan rates of 4-GCE in pH 7 buffer solution.
Inset: The linear relationship between reduction peak currents (Ic) vs. scan rates measured at

the redox couple I1.

Further confirmation of electrode modification is ascertained from the fact that the
degree of ion-permeability for each modified working electrode is different from the
other as is implied by their peak to peak separations (103 mV for 3-GCE and 122 mV
for 4-GCE), see Fig. 4.24. In addition, these values differ from those obtained for the
bare GCE (AE = 107 mV). The surface coverage values of the respective modified

working electrodes were calculated using the following equation [27]:

n?F2Ar (v)

IP = 4RT (1)

where I, is the peak current of redox couple II, n is the number of electrons and A is

the real surface area (0.0707 cm?) of the bare GCE. The calculated surface coverage
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values of the modified electrodes (5.29 x 1019 mol/cm? for 3-GCE and 6.80 x 10-10
mol/cm? for 4-GCE) correspond well with surface coverage values obtained for a

monolayer electrodeposited flat on an electrode surface (1 x 10-1° mol/cm?) [28].

110 LA

——Bare GCE
—3-GCE
—4-GCE

0 0.2 0.4 0.6 0.8
Potential (V vs Ag/AgCl)
Figure 4.24: Overlay CVs of the bare electrode, 3-GCE and 4-GCE at 100 mV/s in 1 mM

ferrocene.
4.3.4  Electrocatalysis of Dopamine
The electrocatalytic behaviour of the modified electrodes towards dopamine was
studied using cyclic voltammetry. Fig. 4.25 compares the CVs obtained for 3-GCE

and 4-GCE with that of the bare electrode. The anodic peak potential for dopamine

oxidation appears at 0.19 V on a bare GCE. The CMEs were found to have both
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lower oxidation potentials and higher catalytic currents as compared to the bare

GCE, see Table 4.3.
—— Bare GCE
—3-GCE
Ilo A ——4-GCE
___/
—_—
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

Potential (V vs Ag/AgCl)

Figure 4.25: Electrocatalytic oxidation of 1 mM dopamine in pH 7 buffer solution using the

modified and bare electrodes at 100 mV/s.

Furthermore, the AE values of both CMEs (139 mV for 3-GCE and 115 mV for 4-
GCE) are lower than that of the bare GCE (168 mV) indicating relatively faster
electron transfer. The catalytic activity of the CoPcs is promoted by the metal
oxidation couple (i.e. Col/Coll) which is found in the same vicinity as the redox
potentials of dopamine using the respective modified electrodes. It can be noted that
in the case of these CMEs, a higher surface coverage produces a lower AE value for

dopamine oxidation. A linear relationship was established between the oxidation
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peak currents (Ip;) and the square root of the scan rates (v*) which suggests

diffusion-controlled behaviour.

Table 4.3: Cyclic voltammetric parameters for dopamine oxidation at 100 mV/s.

Electrode Epa (Vus AE (mV) Iya (105 A)
Ag/AgCl)

Bare GCE 0.19 168 1.53
MWCNT-GCE 0.14 88 3.34
3-GCE 0.17 139 4.14
3-MWCNT-GCE 0.14 90 543
4-GCE 0.15 115 4.27
4-MWCNT-GCE 0.15 90 6.15

To gain more insight into the mechanism of the electrocatalytic oxidation of

dopamine, the Tafel slopes were calculated using equation (2):

2.3RT

p = PTORPT Logv+K (2)

where a is the transfer coefficient, v is the scan rate, nqis the number of electrons in
the rate-determing step, E, is the peak potential and K is the intercept. Tafel slopes
were obtained from the plots of E, vs Log v, see Figs. 4.26 and 4.27. The large tafel

slope of 244 mV/decade for 3-GCE is outside the normal range of 30-120

Sumayya Chohan 119



mV /decade which indicates that electrocatalytic oxidation using 3-GCE has no
kinetic meaning and is rather suggestive of substrate-catalyst interaction [29].
However, the tafel slope of 106 mV/decade for 4-GCE is close to 118 mV /decade

which implies that the first one-electron transfer process is rate-determing [30].

023 { y=0.1221x-0.0682
om ] Re=09794
i 0.18 -
o164 |
0.13
1.6
P P 50mV/s
—100mV/s
—125mV/s
150 mV/s
—200mV/s
——250mV/s
-0.2 0 0.2 0.4 0.6

Potential (V vs Ag/AgCl)

Figure 4.26: Electrocatalytic oxidation of 1 mM dopamine in pH 7 buffer solution by 3-GCE

at incrementing scan rates from 50 mV/s to 250 mV/s. Inset: Plot of Epa vs Log v.

The electrocatalytic behaviour of electrodes modified with both an electrodeposited
film and MWCNTs (3-MWCNT-GCE and 4-MWCNT-GCE) were then explored. It
was found that these electrodes produced even higher catalytic currents and lower
oxidation potentials, see Figs. 4.28 and 4.29. The peak to peak separation for both
modified electrodes was 90 mV, showing a remarkable enhancement in catalytic

activity as compared to 3-GCE and 4-GCE. The higher anodic peak current of 4-
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MWCNT-GCE as compared to 3-MWCNT-GCE (refer to Table 4.3) indicates that the
former is more electrocatalytically active since the anodic peak potentials of both

CMEs are similar.

018
l =00532x+ 00539 o

= R2= 09784
% 0.16 110 WA
o 0.14
0.12
1.35 155 175 195 215
Logv ?

——25mV/s
—50mV/s
——75mV/s
—100mV/s
——125mV/s
150 mV/s

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Potential (V vs Ag/AgCl)

Figure 4.27: Electrocatalytic oxidation of 1 mM dopamine in pH 7 buffer solution by 4-GCE

at incrementing scan rates from 25 mV/s to 150 mV/s. Inset: Plot of Epa vs Log v.

The electrocatalytic activities of some previously reported MPcs towards dopamine
oxidation are documented in Table 4.4 [2, 12, 31-33]. The anodic peak potential for
each of these compounds under the specified conditions is used as an indicator of
their electrocatalytic activities. Both 3-MWCNT-GCE and 4-MWCNT-GCE have Ej,
values that are equal to or lower than the reported Ep, values for other MPcs. Hence,
these CMEs posses higher electrocatalytic activities for dopamine oxidation as
compared to most of the reported MPcs in Table 4.4.
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—— Bare GCE
—3-GCE

MWCNT-GCE
—3-MWCNT-GCE

110 HA

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential (V vs Ag/AgCl)

Figure 4.28: Comparison of the electrocatalytic oxidation of 1 mM dopamine by 3-GCE,

MWCNT-GCE, 3-MWCNT-GCE and the bare electrode in pH 7 buffer at 100 mV/s.

—— Bare GCE
MWCNT-GCE
— 4-MWCNT-GCE

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential (V vs Ag/AgCl)
Figure 4.29: Comparison of the electrocatalytic oxidation of 1 mM dopamine by 4-GCE,

MWCNT-GCE, 4-MWCNT-GCE and the bare electrode in pH 7 buffer at 100 mV/s.
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Table 4.4: Cyclic voltammetric parameters of previously reported MPcs for dopamine

oxidation.
Electrode
fMWCNT-nanoFeTSPc 0.21 pH7 50 0.10
(GCE)
PBS
MWCNT-NH24(SOs) 0.15 pH 6.8 20 0.24
(GCE)
PBS
p-NiTAPc/GC 0.19 pH7.4 60 1.0
(GCE)
PBS
FeTSPc-CPE 0.32 pH4 100 0.10
(carbon paste
electrode) HCl/NaOH
MWCNT/CoPc 0.39 pH4 50 1.0
(carbon paste
electrode) PBS
fMWCNT = MWCNTs functionalized with sulfonic acid
FeTSPc = iron(Il) tetrasulfophthalocyanine
NH245(S03) = copper(Il) tetrasulfonatephthalocyanine
p-NiTAPc = p-(tetraaminophthalocyaninato) nickel(II)
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4.3.5 Chronoamperometry Studies

Double-step chronoamperometry was used to determine the catalytic rate-constants
for 3-GCE, 4-GCE, 3-MWCNT-GCE and 4-MWCNT-GCE in 1 mM dopamine. The
chronoamperograms were obtained by setting the forward and reverse potentials on
the CMEs to 0.20 and 0.00 V, respectively. Fig. 4.30 displays the double-step

chronoamperograms for the modified electrodes.

At intermediate times (t = 0.4 - 4 s), the catalytic current is dominated by the rate of
the electrocatalyzed oxidation of dopamine [34] and the rate constants for the
chemical reaction between dopamine and the redox sites of the modifiers on the

CMEs were calculated according to literature methods [35, 36]:

11_: _ yl/z [7‘[1/2 erf (yl/z) N ex:l(/—zy)] (3)

where y = kC,t (Co is the bulk concentration of dopamine) and erf '/2 is the error
function. In cases where y exceeds 2, the error function is almost equal to 1 and the

above equation reduces to:

= = 77 = \[TkC,t @)

b

where Ic and Iy are the currents in the presence and in the absence of dopamine, ¢t is

the time elapsed (s) and k is the rate constant (M-1s1).
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Figure 4.30: Double-step chronoamperograms of 1 mM dopamine on (A) 3-GCE, (B) 3-

MWCNT-GCE, (C) 4-GCE and (D) 4-MWCNT-GCE in pH 7 buffer solution. Insets: Plots

of 1/Iy against t'/2 obtained from the corresponding chronoamperograms.
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From the slopes of the plots of 11_; against t'/2 (see insets Fig. 4.30), the values of k

were determined as 7.83 x 10° M-1 s for 3-GCE, 2.10 x 105> M1 s-1 for 3-MWCNT-
GCE, 145 x 105 M s for 4-GCE and 2.29 x 105> M- s1 for 4-MWCNT-GCE. In
comparison to previously reported rate constants for dopamine electrocatalysis by
modified electrodes [8, 37-39]: 1.82 x 104 M-1s1, 3.50 x 102 M1 s1, 8.33 x 104 M1s1
and 3.46 x 103 M1 s1; the calculated rate constants are of order 105 M-l s1,

emphasizing their electrocatalytic superiority.
44  Conclusion

CoPcs bearing flavone and benzoxazole substituents were synthesized and
spectroscopically characterized. The CoPcs exhibited similar redox behaviour which
was deduced from their voltammetric analysis. Voltammetric assignments were
effectively corroborated by UV-Vis spectroelectrochemical experiments and were
comparable to those reported for similar tetra-substituted mononuclear CoPcs.
Surface modification of bare GCEs was achieved readily via electrodeposition (over
30 successive CV cycles) followed by casting of MWCNTs onto the electrodeposited
films. Both the electrodeposited MPc surfaces and the films with the MWCNTs acted

as electron mediators in the oxidation of dopamine.
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CHAPTER FIVE

Formulation, Characterization and
Electrochemical Properties of Novel
Tetrasubstituted Cobalt Phthalocyanines Bearing

Tetrahydropyran, Furan and Coumarin Moieties

5.1 Introduction

L-cysteine is an amino acid that plays a crucial role in biological systems for the
functioning of various proteins [1]. It has several applications in the pharmaceutical
and food industries for the formulation of drugs and the production of antibiotics
and antioxidants [2]. A deficiency in L-cysteine is associated with many health issues
such as liver damage, skin lesions, hair depigmentation and muscle loss; hence, its
detection is of great importance for physiological and clinical diagnosis [3, 4].
Electrochemical methods have proved to be the preferred choice for this purpose
above other techniques like chromatographic separation and spectrometric methods
[5, 6] due to their simplicity, enhanced selectivity and high sensitivity [7]. The
detection of L-cysteine on bare electrodes requires high overpotentials which results

in sluggish responses, surface fouling and interference from other analytes [3, 7, 8].
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To overcome these shortcomings, researchers are focusing on the development of
chemically modified electrodes (CMEs) to electrocatalytically enhance the detection

of L-cysteine [9, 10].

Metallophthalocyanines (MPcs) are versatile materials that are particularly useful in
the preparation of biosensors [11-13]. The high chemical, thermal, and mechanical
stability of these metal complexes makes them an attractive choice for such
application [14, 15]. In many instances, electrodes modified with MPcs have shown
excellent electrocatalytic behaviour towards various biologically important analytes
[16]. MPc modified electrodes can be prepared in various ways such as the drop-dry
method, formation of Langmuir-Blodgett films, self-assembled monolayers,

electropolymerization and electrodeposition [17-20].

Optimization of the electrochemical properties of MPcs can be achieved by
modification of the substituents and metal centres [21, 22]. Redox active metal
centres like Co, Fe and Mn promote electron mediation [23] while biosensors
prepared with MPcs containing biologically active substituents have been reported
to show improved selectivity and sensitivity towards biological analytes [24, 25].
Furan derivatives are known to possess anti-bacterial, anti-tumor and analgesic
properties [26, 27] while pyrans have been discovered to have antimicrobial and
antioxidant activities [28, 29]. In this study, we report on the synthesis and
characterization of Co(ll) phthalocyanines substituted with biologically relevant

tetrahydropyran (thp) and furan (fur) moieties. In addition, we explore the
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comparative electrocatalytic capabilities of glassy carbon electrodes (GCEs) modified

with MPcs containing thp and coumarin (cou) moieties, towards L-cysteine.

5.2  Experimental

5.2.1 Electrochemical Methods

Both a Pt working electrode and GCE were employed for voltammetric studies while
a GCE was used in the preparation of CMEs. Adsorption of the MPcs onto a GCE
was achieved via the drop-dry method. Concentrated solutions of the metal
complexes were prepared in dichloromethane (DCM) and a drop of each metal
complex was transferred onto the electrode surfaces which were then dried for 1 hr
at 100 °C. The CMEs were rinsed with DCM, ethanol (EtOH) and ultrapure water
prior to use. A 1 mM solution of L-cysteine was prepared in pH 4 buffer for
electrocatalysis.  Tetra-4-(7-oxy-4-trifluoromethylcoumarinphthalocyaninato)Co(II)
(CoPc-cou, 5) used in the preparation of CMEs was synthesized as previously

reported in chapter three [30].

5.2.2 Synthesis

a) 4-(Tetrahydropyran-2-methoxy)phthalonitrile (1)

A mixture of tetrahydropyran-2-methanol (0.653 cm3, 5.78 mmol) and potassium
carbonate (2.30 g, 16.64 mmol) was stirred in anhydrous dimethylformamide (DMF)

(30.0 cm?) at room temperature under N2 for 1 hr. Thereafter, to the resultant
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reaction mixture, 4-nitrophthalonitrile (1.00 g, 5.78 mmol) was added. The reaction
mixture was removed after 48 hrs and poured into 300 cm? of a water-ice slurry. The
resulting precipitate was filtered and purified via column chromatography using a
1:1 (v:v) ethyl acetate:hexane solvent system to produce a white compound. Yield: 20
%; m.p (°C): 62.3-62.9; FT-IR (Vimax /cmT): v(C=N) 2240, v(C-O-C) 1252, 1090, 1027;
UV-Vis (DMF, Amax (g, M-lem1)): 306 nm (13081), 299 (12647); 'H NMR (ppm): 8.04 (d,
1H, H14), 7.78 (d, 1H, H13), 7.47 (d, 1H, H12), 4.06-4.14 (m, 2H, H10, H11), 3.85-3.92
(m, 1H, HS), 3.62-3.70 (m, 1H, H9), 3.35-3.42 (m, 1H, H7), 1.78-1.87 (m, 1H, H4), 1.59-
1.67 (m, 1H, H2), 1.42-1.59 (m, 3H, H3, H5, H6), 1.26-1.38 (m, 1H, H1); 13C NMR
(ppm): 22.92, 25.87, 27.67, 67.74, 72.57, 75.41, 106.38, 116.20, 116.69, 116.74, 120.57,
120.83, 136.20, 162.48. Molecular mass (m/z): Calcd: 242.27. Found: 265.10 [M+Na]*.
Anal. Caled for C14H14N202 (%): C, 69.41; H, 5.82; N, 11.56. Found: C, 64.32; H, 4.91;

N, 10.73.

NC
14

1,2 3,4
NC O

5,6
13 12 10, 11 !

O
7,8

Figure 5.1: Structure of ligand 1.
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Figure 5.2: TH NMR spectrum of ligand 1 in the range of 1.00-8.40 ppm.

b) 4-(Furan-2-methylthio)phthalonitrile (2)

A mixture of 4-nitrophthalonitrile (1.00 g, 5.78 mmol), 2-furanmethanethiol (0.583
cm3, 5.78 mmol) and potassium carbonate (2.30 g, 16.64 mmol) was added to
anhydrous DMF (30.0 cm?). The reaction mixture was stirred at 90 °C under N> for 48
hrs after which it was cooled to room temperature and poured into 300 cm3 of a
water-ice slurry. The resulting white precipitate was filtered and recrystallized from
hot methanol (MeOH). Yield: 80 %; m.p (°C): 127.8-128.5; FT-IR (Viuuy/cmT): v(C=N)
2228, v(C-O-C) 1249, 1061; UV-Vis (DMF, Amax (¢, M-Tem1)): 323 nm (76752), 295
(137469); 'TH NMR (ppm): 8.15 (d, 1H, H7), 8.01 (d, 1H, H8), 7.85 (d, 1H, H6), 7.60 (m,
1H, H3), 6.40 (m, 2H, H1, H2), 4.56 (s, 2H, H4, H5); 3C NMR (ppm): 28.10, 109.37,
110.73, 111.23, 115.52, 116.07, 116.49, 131.40, 131.47, 131.19, 143.58, 145.85, 149.77.

Molecular mass (m/z): Calcd: 240.28. Found: 263.03 [M+Na]*. Anal. Calcd for
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C13HsN20S (%): C, 64.98; H, 3.36; N, 11.66; S, 13.34. Found: C, 65.10; H, 3.36; N,

11.64, S, 13.05.

NC
8
NC S 1
/ ?
7 6 45 |
O 3

Figure 5.3: Structure of ligand 2.

Figure 5.4: 'H NMR spectrum of ligand 2 in the range of 4.40-8.20 ppm.

c) Tetra-4-(tetrahydropyran-2-methoxyphthalocyaninato)Co(1l) (CoPc-thp, 3)

A mixture of 1 (0.125 g, 0.516 mmol), CoClz (0.0167 g, 0.129 mmol) and DBU was
heated with stirring in n-pentanol (20.0 cm?3) at 160 °C under nitrogen for 16 hrs. The

reaction mixture was then cooled to room temperature and n-hexane was added
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drop-wise to induce precipitation. The precipitate was filtered off using a millipore
filtration setup and then washed with water, MeOH, EtOH, hexane and acetonitrile.
The desired product was thereafter recovered via column chromatography using a
1:10 (v:v) tetrahydrofuran (THF):CHCl; solvent system. Yield: 15%; IR (Ve /cm):
v(C=N) 1601, v(C-O-C) 1232, 1123, 1088; UV-Vis (DMF, Amax (¢, Mlcm1)): 667 nm
(285321), 330 nm (189512), 307 (163949). Molecular mass (m/z): Calcd: 1028.03. Found:
1027.36 [M-H]*, 1028.36 [M]*, 1029.36 [M+H]*, 1030.37 [M+2H]*. Anal. Calcd for

Cs6Hs6CoNgOs (%): C, 65.43; H, 5.49; N, 10.90. Found: C, 65.43; H, 5.02; N, 10.60.

d) Tetra-4-(2-furanmethylthiophthalocyaninato)Co(1I) (CoPc-fur, 4)

The synthesis of 4 includes the addition of 2 (0.125 g, 0.520 mmol) to CoCl» (0.0169 g,
0.130 mmol) under the specified reaction conditions of 3. The product was washed
with water, MeOH, EtOH, ethyl acetate, hexane and acetonitrile and further purified
via column chromatography using a 1:10 (v:v) THF:CHCls solvent system. Yield:
60%; IR (Vimax /cm1): v(C=N) 1596, v(C-O-C) 1271, 1071; UV-Vis (DMF, Amax (e, M1 cm-
1)): 676 nm (161757), 331 nm (106668). Molecular mass (m/z): Calcd: 1020.05. Found:
1019.08 [M-H]*, 1020.08 [M]*, 1021.08 [M+H]*, 1022.08 [M+2H]*. Anal. Calcd for
CsoHs2FeNsOsSs (%): C, 61.23; H, 3.16; N, 10.99; S, 12.57. Found: C, 60.65; H, 2.93; N,

10.51; S, 12.14.
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5.3 Results and Discussion

5.3.1 Crystal Structure of 2

The X-ray data obtained for ligand 2 shows that it crystallizes out in a P2;/n space
group with four molecules aligned parallel to the [b]-axis occupying a monoclinic
unit cell. The ORTEP view of 2 is presented in Fig. 5.5. The crystal lattice is stabilized
by interactions between co-planar furan moieties of adjacent molecules with
interplanar spacings of 4.609 A. These intermolecular interactions are not reflective

of 7-rstacking given that the interplanar spacings exceed 3.5 A.

Fig. 5.5: An ORTEP view of compound 2 showing 50 % probability displacement ellipsoids

and atom labels.

The aromatic ether bond angle [C1-O-C4] of 106.09(1)° is similar to previously
reported C-O-C angles for furans [31]. This angle is lower than the previously
reported C-O-C angle of 117.90(2)° obtained for the chromone derivative in chapter

three [30]. The larger bond length [C2-C3] of 1.432(2) A as compared to the adjacent
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bond lengths implies that the double bonds of the furan moiety are localized. The
nearly equidistant C=EN bonds were comparable to analogous bond distances of

other 4-substituted phthalonitriles [32, 33].

5.3.2  Synthesis and Spectral Characterization

The TH NMR spectra of the derivatized phthalonitriles 1 and 2 are shown in Figs. 5.2

and 5.4. Both spectra contain aromatic proton peaks between 6.0-9.0 ppm as well as

methyl proton peaks further upfield. The proton NMR assignments were well

supported by 13C NMR spectroscopy and homonuclear correlation spectroscopy

(COSY) (see Figs. 5.6-5.9).

Figure 5.6: 13C NMR spectrum of ligand 1 in the range of 15 - 175 ppm.
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Figure 5.7: COSY spectrum of ligand 1.

Figure 5.8: 13C NMR spectrum of ligand 2 in the range of 25 - 155 ppm.
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Figure 5.9: COSY spectrum of ligand 2.

Template cyclotetramerization of ligands 1 and 2 in the presence of a catalyst, DBU
and CoCl; afforded the corresponding MPcs, refer to Scheme 5.1. The metal
complexes displayed good solubility in low boiling point organic solvents including
THEF, chloroform and DCM. The FT-IR spectra of the MPcs (see Figs. 5.10 and 5.11)
showed disappearance of the medium intensity nitrile stretches found at 2240 cm-!
(for 1) and 2228 cm! (for 2) which is typical of cyclotetramerization. ESI-TOF mass
spectrometry provided definitive structural characterization for the ligands (see Figs
5.12 and 5.13) and their metal complexes (see Figs 5.14 and 5.15). The elemental
composition of ligand 2 and the complexes were consistent with the calculated
values; however, the hygroscopic nature of 1 resulted in an elemental composition
that was different from the theoretical values. All molecular and cluster ion peaks

were in accordance with the calculated m/z values. For example, the mass spectra of

the MPcs showed [M]* ion peaks at m/z values of 1028.36 (for 3) and 1020.08 (for 4),
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in addition to the protonation molecular ion peaks of the form: [M+H]*, [M+2H]*

and [M-H]*.
(A)
NC
NC
HO NC @)
NC NO, + K,COs;, DMF
o) 90°C, N,, 48h O

O
/—Q CoCl,, n-pentanol
K
DBU, 210 °C, N,, 16h

8
\_O
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(B)

NC NC

NC K,CO;, DME NC S 5
S
90°C, N, 48h 2
/ o)
CoCl,, n-pentanol
DBU, 210°C, N,, 16h
S
/] P R
S p N S
0 | ~ o

N—Co—N

(] =

N /N —N

o

0™ 4

Scheme 5.1: Synthetic pathways for the CoPcs: (A) (CoPc-thp, 3) and (B) (CoPc-fur, 4).
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Figure 5.10: Overlay IR spectrum of complex 3 and its free ligand, compound 1.
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Figure 5.11: Overlay IR spectrum of complex 4 and its free ligand, compound 2.
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Figure 5.13: High resolution TOF-MS spectrum of 2.
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Figure 5.14: High resolution TOF-MS spectrum of 3.
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Figure 5.15: High resolution TOF-MS spectrum of 4.
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The formulated MPcs showed Q- and B-bands in the regions of 600-700 nm and 300-
400 nm, respectively, in accordance with literature [34] (refer to Table 5.3). The Q-
bands of the metal complexes do not differ significantly in wavelength but complex
4 is slightly red-shifted due to the presence of the electron donating sulfur atoms (see
Fig. 5.15). Both metal complexes display absorption bands in their electronic spectra
that are characteristic of their corresponding ligands. The band of complex 3
appearing at 307 nm resembles the band of 1 which appears at a lower energy (306
nm) while the broadened B-band of 4 at 331 nm arises from an overlap of m-7*

electronic transitions of the Pc ring and its corresponding phthalonitrile (323 nm).

Table 5.3: UV-Vis absorption wavelengths and the corresponding molar absorptivities (in

parentheses) for 1-4.

Compound | Q-band (nm) | B-band (nm) Higher energy bands (nm)
1 - - 299 (12647), 306 (13081)
2 - - 295 (137469), 323 (76752)
3 667 (285321) 330 (189512) 307 (163949)
4 676 (161757) 331 (106668) -
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Figure 5.16: UV-Vis spectra of (A) complexes 3 and 4 at concentrations of 1.95 uM and

5.03 uM, respectively and (B) ligands 1 and 2 at concentrations of 41.1 uM and 10.2 uM,

respectively.
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5.3.3 Voltammetry and Spectroelectrochemistry

The solution redox properties of the complexes were investigated via cyclic and
square-wave voltammetry. Both complexes 3 and 4 displayed four redox processes
as observed in their respective cyclic and square-wave voltammograms, see Figs.
5.17 and 5.18. The redox couples I, II and III have larger peak to peak separations
(AE values) and hence slower electron transfer kinetics as compared to the ferrocene
standard (AE> 107 mV on a GCE or AE> 105 mV on a Pt electrode, at 100 mV/s),
thus these processes are considered to be quasi-reversible [35]. Redox couple IV is
irreversible. The use of donor solvents in electrocatalysis is known to promote metal
oxidation and reduction redox processes above Pc-based electron transfer in MPcs
with redox active metal centres (e.g. Fe, Co and Mn) [36]. Hence, redox couples I to
IV were assigned according to literature trends (refer to Table 5.4) [30, 37, 38] as
Pc%/Pc3 and M2*/M* reductions as well as M3*/M2* and Pcl-/Pc? oxidations,
respectively. Any unassigned peaks are attributed to aggregation. The reverse peak
of couple II for complex 4 is slightly sharper than the forward peak and is indicative
of adsorption. Plots of peak current against square root of scan rate for both
complexes were linear indicating that the redox couples are diffusion-controlled (see

Figs. 5.19 and 5.20).

Sumayya Chohan 149



-2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential (V vs Ag/AgCl)
(B)
IlO HA Iv
III
11 v
I v
-2 -1.5 -1 -0.5 0 0.5 1 1.5
Potential (V vs Ag/AgCl)

Figure 5.17: (A) CV and (B) SWV of complex 3 at 100 mV/s. The arrows denote aggregate

peaks.
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Figure 5.18: (A) CV and (B) SWV of complex 4 at 100 mV/s. The arrows denote aggregate

peaks.
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Table 5.4: Comparison of the voltammetric data (in V) between the novel CoPcs 3 and 4 as

well as other tetrasubstituted CoPcs attained from literature.

CoPc-thp (3) -0.870ll -0.4772] 0.6771a] 1.22[b]
CoPc-fur (4) -0.796al -0.345[l 0.411] 1.071b]
(B)-CoPc-ochr -1.11 -0.44 0.40 1.03
(p)-CoPc-
-1.00 -0.46 0.42 1.08
ofcou
(p)-CoPc-cfcou -0.81 -0.47 0.48 091
(a)-CoPc-cfcou -0.86 -0.35 0.42 1.00

[a] E,=Zpatfec
2
[ E,,
cfcou = 7-0x0-3-(2-chloro-4-fluorophenyl)coumarin
ochr = 7-oxychromone

ofcou = 7-oxy-4-trifluoromethylcoumarin
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Figure 5.19: Overlay CVs of 3 at incrementing scan rates. Inset: Plot of I, against square

root scan rate (redox couple I11) showing diffusion-controlled behaviour.
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Figure 5.20: Overlay CVs of 4 at incrementing scan rates. Inset: Plot of Ic against square

root scan rate (redox couple I) showing diffusion-controlled behaviour.
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Spectroelectrochemical experiments were conducted on the MPcs to verify the
voltammetric assignments. The UV-Vis spectral changes of the CoPcs are similar,
thus, only the spectroelectrochemical data of 3 will be elaborated on. Figs. 5.21A-D
and 5.22A-D illustrate the spectral changes accompanying the redox processes of
complexes 3 and 4, respectively. The in situ spectroelectrochemical behaviour of
CoPcs is well documented. It is known that a red shift in the Q-band and the
formation of a CT-band between 450 and 500 nm is reminiscent of Co(I) species in
solution [23, 39]. Upon application of negative overpotentials to redox couple II,
disaggregation and red-shifting of the Q-band occurs to produce a well-defined
monomeric peak at 705 nm. Furthermore, a CT-band develops at 474 nm thereby
confirming that the first redox couple occurs as a result of metal reduction (Co"Pc-
2/Co'Pc?), see Fig 5.21A. These spectral changes are accompanied by well-defined
isosbestic points which are observed at 328 nm, 387 nm, 561 nm and 690 nm
suggesting that the metal reduction process proceeds to afford only one species in
solution. Spectral changes associated with redox couple I include a decrease in the
Q- and B-band and a red shift of the charge transfer band to 491 nm, see Fig. 5.21B.
This redox behaviour is typical of Pc? reduction and the formation of Pc3- species
[40], thereby confirming that these UV-Vis spectral changes are associated with the

Co'Pc2/Co'Pc3 redox couple.
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Figure 5.21: UV-Vis spectral changes of complex 3 at overpotentials applied at (A) -0.35 'V,

(B) -1.10 V, (C) 0.60 V and (D) 1.20 V. The initial spectrum is shown as a dashed line.

Following the application of positive overpotentials to redox couple III, considerable
disaggregation accompanied by an increase in the intensity of the Q-band was
observed and a new electronic transition band at 362 nm appeared. These spectral
changes are consistent with metal oxidation [21]; hence the assignment of redox
couple III to Co"Pc>/CoMPc? is confirmed, see Fig. 5.21C. The spectral changes
associated with redox couple IV included a decrease in the intensities of the Q- band
and the band at 362 nm, see Fig. 5.21D. A loss in the intensity of the Q-band with no

appreciable increase in the 500 nm region, which is typical of Pc oxidation, suggests

Sumayya Chohan 155



that decomposition has occurred. This has previously been reported for cobalt

complexes [41]. Redox couple IV is expected to be due to ColPc2-/ CoMPcl-.

Figure 5.22: UV-Vis spectral changes of complex 4 at overpotentials applied at (A) -0.14 V,

(B) -0.85V, (C) 0.42 V and (D) 1.10 V. The initial spectrum is shown as a dashed line.

5.3.4 Characterization of Modified Electrodes

Complex 4 did not show any electrocatalytic activity towards the biological analyte
L-cysteine used in this study and is hence omitted from the following sections.
Complexes 3 and 5 were adsorbed onto respective GCEs via the drop-dry method.

CVs at incrementing scan rates were obtained for each CME in pH 4 buffer solution
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to confirm electrode modification, see Figs. 5.23 and 5.24. The CVs revealed
broadened redox couples attributed to redox process II (Co'/Coll) thereby

corroborating modification of the GCEs.

-6.0E-06 - y =-2E-05x - 3E-06
R2=0.9971
_ -7.0E-06 - 15 HA
<
i -8.0E-06 -
-9.0E-06

0.11 0.15 0.19 0.23

Scanrate (V/s) 125 mV
—_— m

——150 mV
——175mV
—200 mV
——225mV
——250mV

-1 -0.5 0 0.5 1
Potential (V vs Ag/AgCl)
Figure 5.23: Overlay CVs at incrementing scan rates of 3-GCE in pH 4 buffer solution.

Inset: The linear relationship between reduction peak currents (Ic) vs. scan rates measured at

the redox couple II.

Further confirmation of electrode modification is ascertained from the fact that the
degree of ion-permeability for the modified working electrodes (AE = 107 mV) is
different from that of the bare electrode (AE = 107 mV), see Fig. 5.25. The surface
coverages of the respective modified working electrodes were calculated from the

overlay CVs in using the following equation [42]:
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n?F?Ar (v)

Ip = ART (1)

where I, is the peak current of redox couple II, n is the number of electrons and A is
the real surface area (0.0707 cm?) of the bare GCE. The surface coverage values of the
modified electrodes (2.97 x 1010 mol/cm? for 3-GCE, 6.53 x 1010 mol/cm? for 5-GCE)
correspond well with surface coverage values previously obtained for a monolayer

electrodeposited flat on an electrode surface (1 x 10-1° mol/cm?) [43].

-5.0E-06 y = -4E-05x + 8E-07 \
2 -7.0E06 R2=0.9853 / I 5 uA
— -9.0E-06
-1.1E-05 +———————
01 014 018 022 0.26
Scanrate (V/s) —125mV/s
— —150mV/s
—175mV/s
s ——— —200mV/s
',/__/ ——225mV/s
——250mV/s
-1 -0.5 0 0.5 1

Potential (V vs Ag/AgCl)

Figure 5.24: Overlay CVs at incrementing scan rates of 5-GCE in pH 4 buffer solution.
Inset: The linear relationship between reduction peak currents (Ic) vs. scan rates measured at

the redox couple II.
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——Bare GCE

3-GCE

—>5-GCE

0 0.2 0.4 0.6 0.8
Potential (V vs Ag/AgCl)
Fig. 5.25: Overlay CVs in 1 mM ferrocene of the bare electrode, 3-GCE and 5-GCE at 100

mV/s.

5.3.5  Electrocatalysis of L-cysteine

In contrast to the modified electrodes 3-GCE and 5-GCE, a bare GCE does not
display any oxidation peak for L-cysteine within the potential window of 0.0 V to 0.7
V, see Fig. 5.26. The appearance of L-cysteine oxidation peaks at low potentials for
the modified electrodes suggests that this process is promoted by the metal
oxidation couple (i.e. Co/Coll) which is found in the same vicinity as the

electrocatalytic potential of L-cysteine using the respective modified electrodes (in

pH 4 butffer).
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The cyclic voltammograms of the CMEs in L-cysteine show a well defined peak at
0.42 V for 3-GCE and a broad peak at 0.52 V for 5-GCE. Furthermore, the peak
current for 3-GCE is larger than 5-GCE indicating that the former is more
catalytically active. A linear increase in the oxidation peak currents (Iy:) with the
square root of the scan rates (v*?) was observed for the peak potentials which affirms

diffusion-controlled behaviour.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential (V vs Ag/AgCl)

Fig. 5.26: Electrocatalytic oxidation of 1 mM L-cysteine in pH 4 buffer solution using the

modified and bare electrodes at 100 mV/s.

Tafel plots (see Figs. 5.27 and 5.28) were constructed to obtain mechanistic
information about the electrocatalyzed oxidation of L-cysteine. The Tafel slopes were

obtained from plots of E, vs Log v using equation (2):

2.3RT

p = PTeEy= Logv +K (2)
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where a is the transfer coefficient, v is the scan rate, nq is the number of electrons in

the rate-determing step and K is the intercept.

047 A
y =0.0912x + 0.249
o o5 | Re=09%82
s IS UA
M 043 A
041

1.8 1i9 2 2..1 2..2 2i3
Logv
—75mV/s
——100mV/s
—125mV/s
—150mV/s
——175mV/s

200mV/s

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential (V vs Ag/AgCl)
Figure 5.27: Electrocatalytic oxidation of 1 mM L-cysteine in pH 4 buffer solution by 3-GCE

at incrementing scan rates from 75 mV/s to 200 mV/s. Inset: Plot of Epa vs Log v.

The large Tafel slopes obtained for 3-GCE (182 mV/decade) and 5-GCE (237
mV /decade) are outside the normal range of 30-120 mV /decade which is known to
be due to substrate-catalyst interactions, where the substrate (L-cysteine) binds very
strongly to the catalyst (CoPc) during oxidation [44, 45]. Given that the oxidation of
L-cysteine is promoted by the Co™/Co!' couple, the following reaction mechanism is

proposed from literature using CoPc-thp as an example [45]:
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CollPc2"thp — CollPc? thp + e— 3)

ColPc2-thp + RSH — (RHS)CoMPc2-thp 4
(RSH)Co'Pc?~thp — CollthpPc?~ + RSe + H* )
2RSe — RSSR (6)

where RSH is L-cysteine and RS is cystine.

0.56 -

y =0.1185x + 0.2966
R2=0.9919

~ 052 -
i 048 - 50 pA

—75mV/s

—100mV/s
—125mV/s
—150mV/s

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Potential (vvs Ag/AgCl)
Figure 5.28: Electrocatalytic oxidation of 1 mM L-cysteine in pH 4 buffer solution by 5-GCE

at incrementing scan rates from 75 mV/s to 200 mV/s. Inset: Plot of Epa vs Log v.
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5.3.6  Chronoamperometry Studies

Chronoamperometry was used to determine the catalytic rate-constants for 3-GCE
and 5-GCE in 1 mM L-cysteine. The chronoamperograms were obtained by setting
the over potentials on the CMEs to 0.45 and 0.53 V for 3-GCE and 5-GCE,

respectively. Figs. 5.29 and 5.30 display the chronoamperograms for the modified

electrodes.
4.9E-05 A
—— pH 4 buffer
3.9E-05 - —0.20 mM
—0.30 mM
—0.40 mM
2\ 2.9E-05 A
< —0.50 mM
—1.1mM
1.9E-05 - 1.7 mM
9.0E-06 A
-1.0E-06 T T T T T

t(s)
Fig. 5.29: Chronoamperograms of 3-GCE in pH 4 buffer at different concentrations of L-

cysteine.

At intermediate times (t = 0.4 - 1.0 s), the catalytic current is dominated by the rate of

the electrocatalyzed oxidation of L-cysteine [46] and the rate constants for the
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chemical reaction between L-cysteine and the redox sites of the modifiers on the

CMEs were calculated according to literature methods [47, 48]:

11_; _ y1/2 [7‘[1/2 erf (yl/z) n ex:l(/—z]/)] (7)

Where y = kC,t (Co is the bulk concentration of L-cysteine) and erf '/2 is the error
function. In cases where y exceeds 2, the error function is almost equal to 1 and the

above equation reduces to:

= yym = JrkC,t 8)

Ip

Where I. and I, are the currents in the presence and in the absence of L-cysteine, t is

the time elapsed (s) and k is the rate constant (M-151).

5.0E-05 -
—— pH 4 Buffer
4.0E-05 H —1.0mM
—0.70 mM
——0.55mM
z 3.0E-05 A —0.40 mM
— ——0.25 mM
—0.10 mM
2.0E-05 H
1.0E-05 A
0.0E+00

0 2 4 6 8 10
t(s)
Fig. 5.30: Chronoamperograms of 5-GCE in pH 4 buffer at different concentrations of L-

cysteine.
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Plots of I./I, against t'/2 (see Figs. 5.31A and 5.32A) for different concentrations of L-

cysteine were constructed from the chronoamperograms.

(A) x 0.20 mM ¢ 030mM 8 001 27 625
y= . X - .
sl (1).4110 III\I/IM e 0.50 mM " R=09971
x A m
y =47511x-22.522
% © Re=09965
14 -
= y =30.814x- 13.546
S R2= 0.9949
= 10 - y =25.705x - 11.212
R2=0.9957
y =18.752x-7.7318
. R2=0.9956
y =13.545x - 5.9012
W R2= 09971
2 L] L] L L L]
0.64 0.68 0.72 0.76 0.8 0.84
t2(s172)
3500 -
B) (]
3000 -
2500 -
2000 1 y = 2E+06x - 207.05
N R2=0.9959
&
= 1500 -
1000 H
500 -
0 T T T 1
0 0.0005 0.001 0.0015 0.002

[L-cysteine] (M)

Figure 5.31: (A) Plot of;—c against t'/2 and (B) Plot of slope? against [L-cysteine] for 3-GCE.
b
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 1.0mM a 0.70mM
y =34.393x- 16.734
x 0.55mM x 0.40 mM £ R2=0.9977
1.6E+01 { © 025mM * 0.10mM " y=28.828x-14.179
R2= 0.9988
. y=25.039x-12.22
1.2E+01 - A R2=0.9987
= ' ) 7y =20.627x- 9.8881
= , R2= 0.9985
8.0E+00 - C y = 14.229x - 6.6243
- R2=0.999
4.0E+00 - o y = 6.8657x - 2.6273
LS R2= 0.9989
0.0E+00 T T T T T T
0.52 0.62 0.72 0.82 0.92 1.02 1.12
t1/2 (s1/2)
(B) 1400 -
1200 A
1000 A
] y =1E+06x -92.082
o 800 R?=0.9982
g
= 600 A
400 A
200 -
0

0.0E+00  2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03
[L-cysteine] (M)

Figure 5.32: (A) Plot of ;—: against t'/2 and (B) Plot of slope? against [L-cysteine] for 5-GCE.

The slopes obtained from these plots were plotted against the concentration of L-
cysteine to afford a linear relationship. The rate constants were subsequently
determined from the slopes of Figs. 5.31B and 5.32B to be as 6.83 x 105> M-1s for 3-
GCE and 3.83 x 10> M-1s'1 for 5-GCE. It can be noted that the higher surface coverage
of 5-GCE produced a higher L-cysteine oxidation potential and a lower rate constant
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as compared to 3-GCE. The rate constants are much higher than previously reported
studies, e.g. indigocarmin (5.90 x 104 M-1s1), poly(4-vinylpyridine) (8.95 x 103 M-1s1)

and tetraamino CoPc (2.20 x 105 M1s1) modified electrodes [49-51].

5.3.7 Rotating Disk Electrode Studies

Rotating disk electrode (RDE) studies were conducted to investigate the
hydrodynamic kinetics of the electro-oxidation of L-cysteine on the CMEs. Figs. 5.33
and 5.34 show the linear sweep voltammograms (LSVs) at different rotational speeds
for 3-GCE and 5-GCE, respectively. In the event that the oxidation of L-cysteine at
the CMEs is purely mass transfer-controlled, the relationship between the limiting

current and the rotational speed should obey the Levich equation [52]:

I = 0.62nFAD*/3v Yew'/2¢C

where D is the diffusion coefficient, v is the kinematic viscosity, w is the rotational
speed, C is the bulk concentration of the solution, I. is the limiting current and all
other parameters have their usual meanings. Linear plots indicating convection-
controlled mass transport were obtained from plots of IL versus w!/2 (see Figs. 5.33
and 5.34). The kinetic rate constants were determined from Koutecky-Levich plots of

It vs wl/2 (Figs. 5.35A, 5.36A) using the equation [53]:

1 1 1
R +
I, nFAKC * 0.62nFAD* /30" Yew'/2C

From the intercepts of the plots, k was calculated to be 8.25 x 103 cms? and 2.25 X

10-3 cms! for 3-GCE and 5-GCE, respectively.
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Figure 5.33: Comparative RDE voltammograms for 3-GCE at different rotational speeds.

Inset: Levich Plot.
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Figure 5.34: Comparative RDE voltammograms for 5-GCE at different rotational speeds.

Inset: Levich Plot.
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Plots of I'! vs w1/2 (Figs. 5.35B, 5.36B), where current was taken from the rising part
of the LSVs, resulted in nearly parallel straight lines, implying a first order reaction

with respect to L-cysteine electro-oxidation [54].

(A)
22400 -
21900 - y =36202x +17776
= R2=0.9951
<
e
21400 -
20900 ' ' ' '
0.085 0.095 0.105 0.115 0.125
w2 (rad-2s12)
B) 0.27 ;
m 381 mV
e 374mV y = 0.3667x + 0.2142
0.26 1 R2 = 0.9997
A 378mV
y = 0.3619x + 0.2064
2 =
:: 0.25 - R2=0.9979
o y = 0.3632x + 0.2026
S R2=0.9967
~ 0.2 1
0.23

0.085 0.095 0.105 0.115 0.125 0.135 0.145
w2(radV2s"?)

Figure 5.35: (A) Koutecky-Levich plot of 3-GCE. (B) Plot of I'' vs w/2 for 3-GCE at

different rotational speeds at the indicated potentials.
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Figure 5.36: (A) Koutecky-Levich plot of 5-GCE. (B) Plot of I'' vs w/2 for 3-GCE at

different rotational speeds at the indicated potentials.
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5.4 Conclusion

CoPcs bearing tetrahydropyran and furan substituents were synthesized and
spectroscopically characterized. Both CoPcs exhibited similar voltammetric
behaviour. The UV-Vis spectral changes accompanying each redox couple
confirmed the respective voltammetric assignments and were comparable to those
reported for similar tetra-substituted mononuclear CoPcs. Chemically modified
GCEs were prepared using CoPc-thp and the previously reported CoPc-cou (chapter
three) wvia the drop-dry method. Both fabricated GCEs were found to

electrocatalytically enhance the detection of L-cysteine.
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Table 5.1 Crystal data and structure refinement data.

Chemical formula Ci13HsN2OS

Formula weight 240.27

Temperature (K) 100

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions (A, °) a=12.8790 (11)
b =4.6086 (4)

c =20.0734 (18)
a=90
B =106.563 (5)

y =90
Crystal size (mm) 0.21 x 0.18 x 0.12
V(A3) 1142.00 (17)
Z 4
Density (calc.) (Mg/m?3) 1.397
Absorption coefficient (mm-) 0.27
F(000) 496
0 range for data collection (deg) | 1.69; 26.05
Reflections measured 9156
Observed reflections [I>20(I)] 2079
Independent reflections 2257
Data/Restraints/ parameters 2257/0 /154
Goodness of fit on F? 1.080
Observed R, wR? 0.029, 0.076
Rint 0.021
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54

2]
[3]

[5]

Table 5.2: Selected bond lengths [A] and bond angles [°] for 2.

C6-C13 1.405(2)
C10-C12 1.394(2)
C9-N1 1.150(2)
C1-O 1.372(2)
C1-C2 1.339(2)
C2-C3 1.432(2)
C6-S 1.755(2)
C5-5-C6 103.66(6)
C1-O-C4 106.09(1)
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CHAPTER SIX

Conclusion and Future Work

The design, synthesis and characterization of novel cobalt- and iron phthalocyanines
(Pcs) bearing chromone (chr), coumarin (cou), flavone (flav), benzoxazole (bo),
tetrahydropyran (thp) or furan (fur) biological moieties were successfully achieved.
The metallophthalocyanines (MPcs) were found to be redox active as was distinctly
implied by the presence of both metal and Pc redox processes in their respective
voltammograms which were corroborated by UV-Vis spectroelectrochemistry. The
formulated compounds were used in the fabrication of chemically modified
electrodes (CMEs). With the exception of CoPc-fur (refer to chapter five), all the
macrocyclic metal complexes were found to be electrocatalytically active towards the
analyte in question: nitrite (refer to chapter three), dopamine (refer to chapter four)
and L-cysteine (refer to chapter five). The preparation of electrodes modified with
multiwalled carbon nanotubes (MWCNTs) in conjunction with CoPcs (refer to
chapter four) produced superior electrocatalytic behaviour than CMEs fabricated
with only MPcs. The kinetic rate constants (refer to chapters four and five) compared

well with values found in literature.

The scope of this research will be expanded to include the formulation of new
tetraimino subtituted metallophthalocyanines containing uracil or benzothiazole

moieties (see Fig. 6.1). The choice of these biologically relevant moieties is
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rationalized by the fact that uracil is a major oxidation product of the DNA
nucleotide base thymine [1] while benzothiazoles have shown to exhibit a wide
range of biological activities including anti-inflammatory, antitubercular, antiviral
and anticonvulsant activities [2]. Furthermore, these analytes typically show specific
in vivo biodistribution patterns (e.g. the heavy metal pollutant, mercury selectively
targets thymine moieties); hence, the presence of these biologically relevant moieties
(viz. uracil or benzothiazole) may increase the selectivity of the MPc CMEs [3-5]. In
addition, we hypothesize that stable CMEs will be fabricated through the formation
of self-assembled monolayers on Au electrodes (using the tetrasubstituted
benzothiazole MPcs) and electropolymerized nanofilms on glassy carbon electrodes

(using the tetrasubstituted uracil MPcs).

O
HN O\ S
O
( /N <\
HN O N
5-formyluracil benzothiazole-2-carbaldehyde

Figure 6.1: Structures of the biologically relevant uracil and benzothiazole ligand precursors.
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