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Abstract

ABSTRACT

In this dissertation, seventeen phthalocyanine complexes were synthesised. Of these, only
four are known and have been published. These complexes were synthesised using the
conventional statistical condensation method that involves refluxing the phthalonitrile(s) (4-
((1,3-bis(dimethylamino)propan-2-yl)oxy)phthalonitrile, 4-(4-carboxyphenoxy)phthalonitrile,
4-(4-acetylphenoxy)phthalonitrile, dimethyl 5-(3,4-dicyanophenoxy)-isophthalate, 4-(4-(tert-
butyl)phenoxy)phthalonitrile, 5-phenoxylpicolinic acid phthalonitrile 4-(4-formylphenoxy)
phthalonitrile, and 4-(4-(3-oxo-3-phenylprop-1-enyl) phenoxy) phthalonitrile) with the metal
salt and 1,8-diazabicyclo[5.4.0Jundecane as a catalyst in a high-temperature solvent. And
thereafter (when necessary), isolation and purification of the target compounds were

achieved through the use of silica column chromatography.

These compounds were characterised using various analytical techniques such as; ultraviolet-
visible absorption, mass spectroscopy, and Fourier transform infrared spectra and elemental
analysis. These techniques proved that the complexes were successfully synthesised and

isolated as pure compounds.

Carbon-based (graphene quantum dots and nitrogen-doped graphene quantum dots) and
metal oxide (bismuth tungsten oxide and nickel tungsten oxide) nanomaterials were
synthesised. Together with the purchased single-walled carbon nanotubes, these
nanomaterials were conjugated to some of the MPc complexes via non-covalent (carbon-
based nanomaterials) and covalent (metal oxides) linkage forming hybrid materials. These
nanomaterials and hybrids were characterised using various analytical methods (ultraviolet-

visible absorption, X-ray diffraction, Raman spectroscopy, thermographic analysis, and
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Abstract

dynamic light scattering). Nanomaterials were utilised herein to determine their effect on the
properties of MPc complexes and provide a synergistic effect in the hope of enhancing these

properties.

All complexes synthesised in this work (MPcs, nanomaterials and hybrids) were employed as
electrocatalysts in electrochemical sensing. These electrocatalysts were embedded onto the
glassy carbon electrode via an adsorption method known as drop-casting. The modified
electrode surfaces were characterised using cyclic voltammetry, electrochemical impedance
spectroscopy and scanning electrochemical microscopy to determine various electrochemical

parameters.

These electrocatalysts were used in the detection of either nitrite, catechol and/or dopamine.
The detection limits, sensitivities, kinetics and catalytic constants were among other
parameters determined for each electrocatalyst. These electrocatalysts proved to be stable
electrocatalysts that could potentially be used for practical applications. The determined

parameters were comparable and sometimes better than those obtained in literature.
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CHAPTER 1

INTRODUCTION

Preface: This chapter gives an overview of the background and synthesis of phthalocyanine

complexes and their application as electrocatalysts in electrochemical sensing. It also
presents the effect of nanomaterials in enhancing the electrocatalytic properties of

phthalocyanine complexes
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1. INTRODUCTION

1.1 Background on Phthalocyanines

Phthalocyanine (Pc) complexes are organic molecules that were formed serendipitously in
1927 by a group of Swiss researchers attempting to convert o-dibromobenzene into a
phthalonitrile [1-3]. These blue-green compounds were only characterised in the 1930s by
Linstead and Robertson [1,4,5]. Since their discovery, Pcs have shown great versatility and
have been widely studied and used for various applications owing to their remarkable

electronic, photochemical, spectral and photophysical properties [1,2,6].

1.1.1 Structural Properties

Phthalocyanines are planar, macrocyclic compounds with an 18-m-electron conjugated
system [1,2,6]. Figure 1.1 shows that the phthalocyanine molecule comprises of isoindole
units linked together by an azomethine bridge (N atoms) [2,7]. The central cavity (M) of the
phthalocyanine core can accommodate various metals. The addition of the central metal and
the ligand it carries (if any) results in the formation of metallophthalocyanines (MPcs), metal

free phthalocyanines are known as H;Pcs [2,7].

Additional to the central metal, the ring can also accommodate substituents [1,2,7]. These
substituents may be attached to the phenyl’s a and/or B-positions. Substituents added to the
B-positions are known as peripheral substituents, while those at the a-positions are known
as non-peripheral substituents [2,6,8]. The phthalocyanine ring is numbered using the
International Union of Pure and Applied Chemistry (IUPAC) nomenclature. The a-positions
areat 1,4,8,11,15,18,22, and 25, while the B-positions are at 2,3,9,10,16,17,23, and 24 (Figure
1.1) [8]. Using the same substituent at either the a or the B-positions results in the formation

of symmetric phthalocyanine complexes.
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B—position

23 24/

22 25« o—position

central metal

18

Figure 1.1: Geometric structure of a phthalocyanine complex

Adding the central metal and substituents alters the phthalocyanine complexes' physical,
spectral, electronic and chemical properties [2,7,9,10]. Generally, the central metal and the
substituents are added onto the core structure to influence the properties of the Pc and, in

turn, enhance the properties required for the application of choice.

1.1.2 General Phthalocyanine Synthesis

Phthalocyanine complexes can be synthesised using various precursors (Figure 1.2), such as
phthalic anhydrides, phthalic acids, o-cyanobenzamides, phthalimides, dimminoisindolines or
phthalonitrile [1,8,9]. Phthalonitrile is the most commonly used precursor for laboratory
synthesis. Although phthalonitriles are relatively expensive, they offer great versatility and

can be easily synthesised from the relatively inexpensive phthalic anhydride compounds [1,8].
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In most cases, the precursors are modified (undergo substitution) before being used as

substituents [11-13]. This work explores the use of a 4-nitrophthalonitrile as the precursor

of choice.
( ) )
o ( 0
NH o
R ‘ ) ‘ R
o 0]
\_ Phthalimide ) \Phthalic anhydrideJ
N
X s N
NH | CN
N HN
NH / \ - oN
N N R
R
NH Phthalonitrile
Diiminoisoindolie / NH N=— \ J
= =
N
(o]
CN
OH
OH OH
R
o 0
o-Cyanobenzoic acid Phthalic acid

Figure 1.2: Phthalocyanine precursors

Various techniques and or methods such as; chemical (condensation), laser, ultrasonic and
microwave radiation can be used to synthesise phthalocyanine complexes [14,15]. The two
most common techniques employed are; microwave radiation and the chemical

condensation method. This work employed the condensation method.
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Scheme 1.1 shows the schematic representation of the synthesis of an MPc using the
condensation method. The condensation method typically involves refluxing the substituted
phthalonitriles in the presence of high-temperature solvents (pentanol, hexanol or
dimethylethanolamine (DMAE)) and a strong organic base catalyst such as 1,8-

diazabicyclo[5.4.0Jundecane (DBU) (Scheme 1.1) [7,16,17].

When synthesising MPcs, reactive metal salts are added to the above reaction mixture, while
they are omitted in the synthesis of the H.Pc (MPcs can also be synthesised from the
H2Pc[1,2]). During this reaction, cyclotertramization of the substituted phthalonitrile occurs,

yielding a tetrasubstituted, symmetric phthalocyanine complex [1,18].

NC (o) ~ R COC12
Pentanol
NC DBU
Reflux
2

Scheme 1.1: Synthesis of symmetric MPcs using the chemical condensation method

Over the years, there has been an increasing interest in the use of asymmetric phthalocyanine
complexes. Research has shown that the decrease in symmetry improves the MPcs'
physiochemical properties and enhances the push-pull effect, amongst other properties, thus

making them more favourable for use in a wide array of applications [1,8,19,20]. The synthesis
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of asymmetric phthalocyanine complexes allows for the use of two dissimilar phthalonitriles,
producing a wide range of phthalocyanine complexes (Scheme 1.2). The two substituents are

carefully designed (chosen) to suit the application of interest.

Various methods;-such as; i) statistical condensation, ii) polymetric-support-based approach,
iii) sterically driven cross condensation, and iv) sub-phthalocyanine ring expansion, can be
employed for the synthesis of asymmetric MPcs [20—22]. This work focuses on the statistical

condensation method due to its simplicity and ability to obtain relatively higher yields.

When synthesising phthalocyanine complexes using the statistical method, the 3:1 or 9:1
ratios (between the two phthalonitriles, A and B) are typically used [20,21,23]. If the
reactivities of phthalonitriles are similar, the 3:1 molar ratio can be used to obtain the A3;B
complex as the major product, and the other compounds will form as minor side products
[20,21]. The ratio could be increased to 9:1 to increase the yields obtained and favour the
formation of the A3B complex if the phthalonitriles have different reactivities [1,20,21,24].
The statistical condensation method is not selective; therefore, six isomers can be formed,
two of which are symmetric and four asymmetric, as illustrated in Scheme 1.2 [1,20,21].
Column chromatography is a well-known separation (purification) technique used throughout
this work to separate the isomers formed during the synthesis of both symmetric and

asymmetric MPc complexes.
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Scheme 1.2: Schematic representation of the statistical method used to synthesise
asymmetric MPcs

Table 1.1 summarises the MPcs synthesised and studied in this work as electrocatalysts. The
rationale behind the design (of the new MPcs) and use of these complexes is to study the
effect of substituents, symmetry and transitional metals on the electrochemical and
electrocatalytic properties of MPcs while establishing the impact of the push-pull effect on
these properties. In some cases, the MPcs were used in the presence of nanomaterials to
determine whether nanomaterials enhance the electroactivity of MPcs. All MPcs synthesised

in this work are new except for 3-Co, 4- Co, 8-Co and 9-Mn [25-238].
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Table 1.1: Summary of the MPcs synthesised and used in this work as an electrocatalyst, the
nanomaterials they were used with and the test analyte of choice

MPc

Nanomaterial

(conjugation)

Test analyte

NGQDs Dopamine
(m-1t staking)
tetra-4-((1,3-bis(dimethylamino)propan-2-yl)oxy)
phthalocyanato Co(ll) New
1-Co-As NGQDs Dopamine
R, R,
Q(N (r-mt staking)
- < ,,
N“’co/N N
N \ N/ ~ N I
~ ]
N
; R4
Ry
R, = \’i' Y ril’ R, =\0—©—coou
tris-4-((1,3-bis(dimethylamino)propan-2-yl)oxy) mono
carboxyphenoxy phthalocyanato Co(ll) New
2-Co GQDS and Catechol
SWCNTs

tetra[4(4-acetylphenoxy) phthalocyanato] Co(ll) New

(r-mt staking)
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3-Co GQDS and Catechol
R R
SWCNTs
N, 5 4
NG Eo’N S R= |}(©\?0 (r-mt staking)
s % N o
/’N N= fe} 0
N’
R R
tetra[dimethyl-5-(phenoxy)isophthalate
phthalocyaninato] Co(ll) [25]
4-Co - Nitrite
0/
R=
tetra(4-(tert-butyl)phenoxy)phthalocyanato Co(ll) [26]
4-Co-As Bi,WOe and Nitrite
R,
NiWO4 (amide)

Rl
\ OH
N ‘o

tris(4-tert-butylphenoxy)-(5-phenoxylpicolinic acid)

phthalocyanato Co(ll) New

NGQDs, GQDs and
SWCNTs (-1t

staking)
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- Catechol
4-((3,17,23-tris(4-(tert-butyl)phenoxy)phthalocyanine-
9-yl)oxy)benzaldehyde phthalocyaninato Cu(ll) New
5-Cu - Catechol
tetra [(4-formylphenoxy)- phthalocyaninato Cu(ll) New
6-Cu - Catechol
R
N< § ‘ f?
N R= 0 7 ‘
N /c“/ N i N'_N
;, N “‘NQ_ -
- -
N
R R
tetra(oxy))tetra(benzene-4,1-
diyl))tetra(methanylylidene))tetra(pyrazine-2-
carboxamide) phthalocyaninato Cu(ll) New
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- Catechol
o’
R = ~
Ji
N
tetra(oxy))tetra(benzene-4,1-diyl))tetra(N-(pyridin-4-
yl)methanimine) phthalocyaninato Cu(ll) New
8 - Nitrite
I o
AOAA®
M = 8-Co [27]
= 8-Cu [New]
= 8-Mn [New]|
= 8-Ni [New]
R
Tetra—[4  —(3-(phenyl)-prop-2-en-1-one)  phenoxy]
phthalocyaninato (Metal)
9-Mn - Nitrite
|
R
(0]
tetra[(4-formylphenoxy)phthalocyaninato Mn(lll)Cl [28]
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10-Mn - Nitrite

tetra-4-(4-thio-thiophene-2-

ylmethanamino)phthalocyaninato Mn(lll)Cl New

11-Mn - Nitrite

tetra-4-(3-(pyrrolidine-1-yl)propan-1-

amino)phthalocyaninato Mn(ll1)Cl New

GQDs = Graphene doped quantum dots, NGQDs =Nitrogen-doped quantum dots, SWCNTs

= Single-walled carbon nanotubes and As = Asymmetric MPcs
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1.1.3 Electronic Absorption Spectra of Phthalocyanines

The occurrence of two absorption bands characterises the electronic absorption spectra of
phthalocyanine complexes. The highly intense band (Q-band) is observed in the visible to
near-infrared region of the electromagnetic spectrum between 600 — 1000 nm, and the less
intense band, known as the Soret and or B-band, is typically observed in the UV (blue) region
(300 —400 nm) [2,29-31]. Figure 1.3 illustrates the electronic absorption spectra obtained for
an HyPc (green) and MPc (blue). The observed absorption spectra are theorised using the
Goutermans 4-orbital model (Figure 1.4) [1,2,29,32]. The model describes the
transfer/transition of electrons from the highest occupied molecular orbital (HOMO, m) to the

lowest unoccupied molecular orbital (LUMO, nt*) [2,29].

The Q-band observed in the electrotonic absorption spectra of the phthalocyanine complexes
is due to the m—>n* transition from the a1y at the HOMO to the eg of the LUMO (Figure 1.4).
Figure 1.3 shows that the HzPc has a split Q-band while the MPc has one solid band; this is

attributed to the fact that H2Pcs have a relatively lower symmetry (D2n) [1,2].

The electronic transitions that MPcs undergo are not limited to the m-nt* transitions. There
are other vibronic components and charge transfers transitions (CTT), such as the metal-to-
ligand charge transfer (MLCT) and the ligand-to-metal charge transfer (LMCT), that occur and
result in the occurrence of additional absorption bands between 300 nm and 500 nm
[2,29,32]. These CTTs, which involve the central metal, are attributed to the d-orbital/energy
levels lying between the HOMO and LUMO gap of the MPc ring [2,29]. Charge transfer
transitions affect the position of the main absorption band and solubility, which may result in
aggregation [29]. Charge transfer transitions are common amongst cobalt, iron, manganese

and chromium-metallated phthalocyanines.
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Figure 1.3: Electronic absorption spectra of an H,Pc and MPc

H,Pc MPc
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32u aZu
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azu aZu

Figure 1.4: Gouterman’s 4-orbital model illustrates electronic transitions in, unmetalled and
metallophthalocyanine complexes.
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1.1.4 General Applications

Phthalocyanines owe their applications to the flexibility of their chemical structure, chemical-
thermal- and-photo stability, and excellent electronic properties. MPcs were initially
synthesised and employed as dyes and pigments in the textile, paint, paper and printing
industries [33,34]. Over the years, phthalocyanines have emerged to be among the most
researched molecules in chemistry. MPcs are most commonly employed as catalysts for
chemical reactions by large-scale industrial companies and in the degradation of various
organic pollutants [35-37]. MPcs and their analogues have been used in dye-sensitised solar
cells, electrochemical water electrolysis, and in batteries due to their excellent electronic and
redox properties [38—41]. Over the past few decades, there has been an increasing trend in
the use of MPc complexes in non-linear optics (NLO) [38,42—-44]. Phthalocyanines have been
applied in the medical industry as an alternative cancer treatment in photodynamic therapy
(PDT) and photodynamic antimicrobial chemotherapy (PACT), in these applications, MPcs are

used as photosensitisers [45-47].

The work described in this dissertation is based on the use of phthalocyanine complexes as
electrocatalysts in electrochemical sensing. MPcs have been used as electrocatalysts in
chemical and electrochemical sensors over the years owing to their excellent redox properties

[38,48,49].
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1.2 Electrocatalysis

This work explores the use of MPcs listed in Table 1.1 as electrocatalysts. It also investigates

whether the use of nanomaterials enhances the electrocatalytic properties of MPcs.

Electrocatalysts are generally used to modify the working electrode surface in order to

increase the rate constants, increase the current, and reduce over potentials [50,51].

1.2.1 Modified Electrodes

The glassy carbon electrode (GCE) was used throughout this work as the working electrode of
choice because of its inertness, cost-effectiveness, broad active potential window, good
electrochemical conductivity and ease of modification [52,53]. Despite the listed advantages,
the bare GCE has very low sensitivity, the electron transfer reactions are relatively slow, and
these reactions occur at relatively high over potentials. These limitations have led to the need

for and rise in chemically modified electrodes (CMEs).

A modified electrode is a bare electrode whose surface has been coated with an
electrocatalyst. Modification results in changes in the properties of the bare electrodes
(optical, chemical and electrochemical) [54-56]. Modification allows for the electrode surface
properties to be tuned and/or enhanced in favour of the intended application. In
electrochemical sensing, electrode modification increases sensitivity. The bare electrode
surfaces can be modified using electrostatic interactions, covalent bonding, grafting and

adsorption (Figure 1.5) [35].
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Figure 1.5: Electrode modification techniques. [35]

The physical adsorption (drop casting) method was used in this work to modify the working
electrode surface. Drop casting is a straightforward method, cost-effective, and does not alter
the chemical composition (therefore properties) of the MPcs (or other material used) and
because MPcs have an affinity for the carbon surface, it makes adsorption on the GCE surface

easy to achieve [35,57].

Figure 1.6 illustrates the cyclic voltammogram obtained before and after the GCE has been
modified with an electrocatalyst. The figure shows that using a modified electrode results in
relatively reduced over potentials and increased faradaic currents (sensitivity), which typically

translates into low detection limits.
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Figure 1.6: Cyclic voltammogram of the bare and modified GCE

1.2.2 Phthalocyanines as Electrocatalysts

Metallated phthalocyanine complexes exhibit good electrocatalytic activity, which can be
utilised for the reduction and/or oxidation of various analytic species. MPcs owe most of their
catalytic activity to their central metals (and the aromatic rings and substituents) [58,59]. The
most commonly used transitional metals for electrocatalytic applications are iron, cobalt,
manganese, copper and nickel (the order refers to the favourability of their electrocatalytic
activity) [60]. In this work, Co, Mn, Cu and Ni phthalocyanine complexes were used for the
electrochemical detection of various analytes. Oxidative reactions catalysed by redox
processes on the central metal are described by Equations 1.1 and 1.2, while the mechanism
of oxidation due to redox processes on the ring are summaries by Equations 1.3 to 1.5: (Ais

the analytic species)
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MUPc(-2) > MINPc(-2) + e (1.1)

MUIPC(-2) +A > MIPC(-2) +A%ox (1.2)

Figure 1.7 illustrates the basic electrocatalytic mechanism of the redox reactions followed by

MPcs in the presence of the analytical species.

Figure 1.7: Representation of an MPc electrocatalytic reaction at the electrode surface in the
analytic solution

The oxidation state of the MPc changes when it interacts with the analyte. The MPc regains
its oxidation state by donating an electron to the electrode surface. The electrocatalytic
activity of MPcs can be enhanced (achieve reduced potentials, high currents and detection
limits) by incorporating other materials with good electrocatalytic properties, such as
polymers and nanomaterials [59,61,62].
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1.3 General Overview of Nanomaterials

Nanomaterials are nano-sized particles with sizes within the nanometer range (1 to 100 nm)
[63]. The nanomaterials' shape, size, composition and synthetic method influence their
chemical, physical and electrical properties [64]. Nanomaterials are typically synthesised

using two main approaches, top-down and bottom-up (Figure 1.8).

Figure 1.8: Top-down and bottom-up nanomaterials synthetic approaches and the synthesis
of nanomaterials

In the top-down approach, bulk materials are broken down/reduced to produce nano-sized
materials [64—66]. This approach typically uses physical/mechanical and chemical methods
such as mechanical grinding and milling, laser ablation, electrolysis, pyrolysis and co-
precipitation. On the other hand, the bottom-up approach mainly uses biological and
chemical methods such as electrospinning, electrolysis, molecular condensation, chemical
reduction, and green synthesis to produce and “grow” the nanoparticles from smaller
molecules [64,66]. Various analytical techniques and instruments can be used to characterise

nanomaterials and determine their key parameters [64,67,68].
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Nanomaterials have several unique properties that are relatively enhanced compared to bulk
materials. These include (not limited to) high surface area, antimicrobial activity, quantum
effects, good mechanical properties, high thermal and electrical conductivity and excellent
support for catalysts [68,69]. It is mainly due to these properties that nanomaterials have
been used commercially in various fields, such as; drug delivery, water purification, fuel cells,
photothermal therapies, electrocatalysis and sensors [70,71]. Nanomaterials are typically
used with other materials to have a synergistic effect, thus enhancing the key properties

required for the specified applications [58].

This work explores the use of carbon (graphene) and metal-based nanomaterials to enhance
the electrocatalytic activity of MPcs. These nanomaterials will be studied as single entities
and as hybrids when conjugated to MPcs to determine their effect on the electrochemical

(electrocatalytic) activity and sensing ability of MPcs.

Nanomaterials can be linked with or added to phthalocyanine complexes via conjugation.
Conjugation techniques can be classified as either covalent or non-covalent. Covalent linkage
involves chemically linking two or more molecules together, allowing them to share a pair of
electrons [72,73]. Covalent bonds are typically irreversible. While non-covalent linkage on the
other hand, does not involve direct bonding by sharing electrons but rather electrostatic
interactions. Non-covalent interactions linkage typically involves; hydrogen, ionic bonding,

and Van der Waal interactions [72,74].
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1.3.1 Carbon-based Nanomaterials

Carbon has various forms with changeable morphologies, such as fullerenes, diamonds,
carbon nanotubes (CNTs) and graphene, giving rise to numerous carbon-based nanomaterials
[69,75,76]. Throughout this work, graphene and carbon nanotubes nanomaterials were

studied.

Carbon-based nanomaterials have been utilised to synthesise nanomaterials that have been
used in a wide range of applications such as; medicinal, energy conversion, optical devices,
sensing and environmental monitoring [77—79]. These nanomaterials have gained popularity
in electrochemical applications, particularly in electrochemical sensing because they have; (i)
high surface-to-volume ratio, (ii) high electrical conductivity, (iii) excellent chemical and

thermal stability, (iv) fast electron transfer rate and (v) are robust [69,75,76].

Herein, three carbon-based nanomaterials (from two forms), graphene quantum dots (GQDs),
nitrogen-doped quantum dots (NGQDs) and single-walled carbon nanotubes (SWCNTs), were

used in conjunction with phthalocyanine complexes in electrochemical sensing.

Graphene is a monolayer carbon sheet comprised of sp? hybridised carbon atoms arranged in
a hexagonal “honeycomb” lattice [72,75]. It is the basic structural element for carbon
nanotubes, fullerene and graphite [75]. The chemical structure and shape of graphene (and
consequently graphene-derived nanomaterials) results in graphene having more
advantageous properties compared to other nanomaterials hence its widespread application

in various fields such as; drug delivery, bioimaging, sensing, electronics and energy [69,80].

Graphene-based nanomaterials are used in electrochemical sensors mainly because they are
cost-effective and do not contain metallic impurities, unlike other carbon-based

nanomaterials [63,81].
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1.3.1.1 Graphene Quantum Dots

GQDs are semi-conductor, two-dimensional graphene sheets with a diameter <100 nm their
average size is 20 nm [69,82]. Graphene quantum dots have a prominent absorption peak in
the UV region between 350 — 500 nm [83]. This absorption peak is due to the excitation of
the sp? aromatic electrons from n->m* [65,83]. Their absorption spectra are also influenced

by their size and composition (addition of functional groups) [84].

Nitrogen-doped quantum dots are functionalised graphene quantum dots. These are GQDs
that have been doped with nitrogen atoms [85]. Nitrogen doping can be achieved using
ultrasonic, hydrothermal, thermal annealing and solvothermal methods, to name a few
[82,85]. Figure 1.9 shows the addition of the N atoms using dicyandiamide as the nitrogen

source via a hydrothermal reaction.

Figure 1.9: Nitrogen doping of GQDs using a hydrothermal method yielding to NGQDs. An
illustration of the possible N-atom configurations due to N-dopping

The nitrogen atoms can be added in three different bonding configurations in graphene,
pyrrolic, pyridinic, and graphitic (inner surface of the aromatic ring) (Figure 1.9) [85].

Controlling where the atoms attach is a challenge. The addition of N-atoms to the graphene
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structure improves its properties, especially its electrocatalytic properties, therefore,
broadening the applicability of GQDs [82,85]. Nitrogen-doped quantum dots have been
extensively used in optical and electrical applications [85]. In this work, GQDs and NGQDs will

be used to enhance the electrochemical sensing of MPcs, by being conjugated to MPcs.

1.3.1.2  Carbon nanotubes

Carbon nanotubes are rolled sheets of sp? hybridised carbon (or graphene) atoms arranged
in hexagons (Figure 1.10) [75,76]. The atomic arrangement, length, diameter and morphology
of the nanotubes influence the properties observed [86]. CNTs can be classified based on the
number of carbon sheets; single-walled (SWCNTs), double-walled (DWCNTs) and multi-walled
carbon nanotubes (MWCNTSs) [87,88]. This work utilised single-walled carbon nanotubes

conjugated to MPcs in electrochemical sensing.

SWCNTs are one-dimensional nanomaterials that only contain one graphitic layer [63,86].
Three possible SWCNTs (chiral, armchair and zig-zag) can be formed based on how the
graphene sheet was rolled (Figure 1.10) [63,75,76]. Their average diameter is between 0.4
nm and 2.5 nm. Their size, length and diameter are influenced by the synthetic route, amongst
other factors [63,88]. SWCNTs have remarkable properties such as high electrical conductivity
and good and fast electron transfer reactions that have led to them being widely used in

sensing and, most significantly, electrochemical sensing [76,89,90].
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Figure 1.10: Typical graphene and possible SWCNTSs structures

Table 1.2 shows a summary of MPcs linked to the carbon-based nanomaterials (hybrid
materials) that have been used in literature as electrocatalysts in electrochemical sensing
[91-97]. The table shows that the most commonly used MPcs are cobalt MPcs, this is
attributed to their remarkable redox properties. Minimal work has been published using
these hybrid complexes (MPcs with carbon-based nanomaterials) in electrochemical sensing,
especially involving the use of asymmetric MPc hybrids. This work introduces a wide array of
novel MPcs (Co, Cu, Ni and Mn Pcs) and new MPc-nanomaterial hybrids, extensively studied

and employed as electrocatalysts in electrochemical sensing (Table 1.1).
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Table 1.2: List of a selection of MPc complexes studied as hybrids with carbon-based
nanomaterials used as electrocatalysts in electrochemical sensing.
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1.3.2 Metalic Nanomaterials

Metallic nanomaterials have gained great popularity in various applications due to their
remarkable properties, such as; good antimicrobial activity, electrical conductivity, and
optical polarizability, amongst other properties [98—101]. This work focuses on the use of

metal oxide nanomaterials.

The metal oxide nanomaterials used herein are tungstate oxide nanomaterials, bismuth
tungstate oxide (Bi;WOs) and nickel tungstate oxide (NiWOQa). Tungstates are ternary metal
oxides generally denoted as MWOy, where M is the bivalent cation [102-104]. Tungstate
nanomaterials are synthesised into various crystal structures such as spheres, hollow

structures, and nanorods, amongst other forms [105,106].

Tungsten-based materials are commonly used in luminescence, electronics, catalysis, sensing
and energy storage applications [102,104,107,108]. They are exploited in these fields
primarily because they have self-activating fluorescence and remarkable catalytic properties
due to their high surface area and sensitivity and are environmentally friendly
[103,104,108,109]. NiWO4 has been used in catalytic and electrocatalytic processes and in

supercapacitors [109]. Bi,WOs has been extensively studied as a photocatalyst [110].

There are no literature findings of MPc-tungstate hybrids in electrochemical sensing.
Therefore, this work is the first to report on the use of tungstate nanoparticles to enhance
the electrochemical and electrocatalytic properties of MPcs and their use in electrochemical

sensing.
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1.4 Test Analytes

This work uses catechol, nitrite and dopamine as test analytes when studying the
electrochemical and electrocatalytic properties of MPcs (Figure 1.11). The detection of these
analytical species is of great importance for diagnostic and environmental monitoring
purposes as they all pose potential threats to aquatic, plant and human life. These analytic
species were used as test analytes due to their availability, sensitivity, and selectivity of the

MPc (or hybrid MPc-nanomaterials) towards their detection.

Figure 1.11: Analytes of interest; catechol, nitrite, and dopamine

Table 1.2 lists work published using MPcs in the presence of carbon-based nanomaterials to
detect these analytes. The low citations indicate that very minimal work has been done in this
subject matter. This work significantly contributes to this discipline by introducing new MPc
as electrocatalysts and studying the effect nanomaterials have on their electrocatalytic

activity when detecting these analytic species.
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1.4.1 Nitrite

Nitrite is a naturally occurring component of the nitrogen cycle, readily found in humans and
certain foods such as fruits and vegetables [111-113]. Nitrite can also be added to processed
foods to combat the growth of harmful bacteria while adding flavour [114]. Nitrite plays a

significant role in several physiological processes and industrial systems [115].

In the human body, nitrite can lose an oxygen molecule and become nitric oxide, which is an
important molecule that causes blood vessels to dilate and lower one’s blood pressure. Thus
reducing the risk of having high blood pressure, which could lead to heart disease, stroke and
even death [116,117]. Although nitrite has health benefits, at high concentrations, it poses a
significant threat to plant and aquatic life. In humans, it has been associated with various
ailments and diseases such as; Parkinson’s disease, rheumatoid arthritis, meningitis and
nephritic syndrome in children [111,118-121]. Capillary electrophoresis, spectrophotometry,
chemiluminescence, and electrochemistry are among the numerous techniques and

technologies used to detect nitrite [115,122—-124].

Table 1.1 shows the MPcs synthesised and utilised as electrocatalysts to detect nitrite. Two
low-symmetry CoPcs (4-Co and 4-Co-As) were used to investigate the effect of symmetry on
the detection of nitrite and the push-pull effect on the electrochemical and electrocatalytic
properties. 4-Co-As was further conjugated to functionalised metal oxide nanoparticles,
Bi,WOe and NiWO4 via amide bond and to GQDs, NGQDs and SWCNTs via n-rt stacking to
investigate the effect of nanomaterials, on the electrocatalytic properties of MPcs and
towards nitrite detection. MPcs and tungstate nanoparticle hybrids were reported herein for

the first time for electrochemical sensing in general.
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A chalcone substituted CoPc series (8) was employed to study the effect of the central metal
of MPcs, their electrocatalytic properties and their ability to detect nitrite. Schiff base
manganese phthalocyanine complexes Mn-10 and Mn-11, derived from Mn-9, were the first
Schiff base MPcs complexes to be reported as electrocatalysts in the detection of nitrite.
These complexes were used to investigate whether Schiff bases (Schiff base phthalocyanine
complexes) could be potentially used as electrocatalysts. They were also used to study the

effect of heteroatoms on the electrocatalytic activity of MPcs.

1.4.2 Dopamine

Dopamine (4-(2-aminoethyl)benzene-1,2-diol) plays a significant role in the central nervous,
renal, cardiovascular and hormonal systems and metabolism [125-127]. It controls reward-
motivated behaviours such as memory, movement, attention and moods, to name a few
[128-130]. Abnormally high or low concentrations of dopamine can lead to neurological
disorders and diseases such as Schizophrenia, Parkinsons’ disease, Alzheimer’s, epilepsy and
attention deficit hyperactive disorder. Hence the need to develop materials and or

technologies that can detect dopamine.

Numerous methods and technologies, such as high-performance liquid chromatography,
spectrophotometry, fluorometry, colourimetry and electrochemistry, have been used to
detect dopamine [131-133]. Electrochemical sensing has been widely employed in detecting
dopamine, and it is advantageous over other techniques because it offers high selectivity,
sensitivity and low detection limits [131,134-136]. Over the years, MPc complexes,
nanomaterials and MPc-nanomaterial hybrid molecules have been used in the
electrochemical detection of dopamine. These systems have exhibited highly favourable

detection properties such as high sensitivity, selectivity and low detection limits [96,137,138].
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In this work, two cobalt phthalocyanine complexes (1-Co and 1-Co-As) (Table 1.1) were
employed as electrocatalysts to detect dopamine. These CoPcs were studied alone and as
hybrids with NGQDs conjugated via -1t stacking. These complexes aid in studying the effect
of symmetry and the addition of nanomaterials in electrochemical sensing, particularly

towards nitrite detection.

1.4.3 Catechol

Catechol (1,2-dihydroxybenzene) is a widely studied naturally occurring phenolic compound
[97,139]. Catechol has also been used commercially in cosmetics, plastics, photography, dyes,
antioxidants, textiles, agricultural chemicals and medicine [97,140]. It is commonly released
into the environment as a toxic industrial by-product [97]. In high concentrations, catechol
can be very harmful to aquatic, plant and human life [97,140]. Over (high concentration)
exposure of catechol generally affects the heart, lungs and central nervous system in humans

[97,141].

Various analytical methods, such as; high-performance liquid chromatography, capillary
electrophoresis, gas chromatography, and chemiluminescence electrochemical methods,
have been used to determine and detect catechol [140,142-144]. This work focuses on the
use of electrochemistry in detecting catechol, using MPcs and their nanomaterial conjugates
as electrocatalysts. MPcs-nanomaterial hybrids have not been extensively explored in the

detection of catechol, this work offers new insight into this [97,145].

Herein, six MPcs (Table 1.1) were used as electrocatalysts to detect catechol. The two
symmetric CoPcs (2-Co and 3-Co) were synthesised and conjugated to GQDs and SWCNTs, to
study the effect of substituents. The addition of nanomaterials and the effect of the nature

of the nanomaterials structure (planar graphene sheet vs rolled-up graphene). The CuPc
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series (4-Cu-As, 5-Cu, 6-Cu and 7-Cu) was not studied with nanomaterials. The CuPc complex
series was used to determine the effect of substituents on the electrocatalytic properties of

the MPcs for the detection of catechol.

1.5 Aims of the Dissertation

The aims of the dissertation are summarised below:

i Design, synthesise, and characterise phthalocyanine complexes (symmetric
and asymmetric). Study their spectral and electrochemical properties.

ii. Synthesise and characterise nanomaterial; graphene quantum dots, nitrogen-
doped quantum dots, nickel and bismuth tungsten and study their properties
(spectral, electrochemical and physical)

iii. Conjugate the phthalocyanine complexes and the nanomaterials, creating
complex hybrid systems. Characterise these conjugates by studying their physical and
electrochemical properties.

iv. Use the conjugates and the individual phthalocyanine complexes and
nanomaterial to modify the glassy carbon electrode surface and study their
electrochemical properties.

V. Use the modified electrodes to detect nitrite, catechol, and dopamine. Study
the reaction kinetics associated with the electrochemical detection of these analytes.

vi. Investigate the modified electrodes' stability, sensitivity, and selectivity.
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CHAPTER 2

EXPERIMENTAL

Preface: This chapter lists the materials and instruments used throughout this dissertation.

While providing a summary of the synthetic routes followed during the synthesis of
phthalonitriles, phthalocyanines and nanomaterials. It also provides the linkage/conjugation

(MPc-nanomaterials) methods and electrode modification techniques used.
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2. EXPERIMENTAL

2.1 Materials

2.1.1 General Solvents
1-Pentanol, dimethylethanolamine (DMAE), dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), tetrahydrofuran (THF), cyclohexane, petroleum ether, dichloromethane (DCM),

methanol, ethanol, chloroform and acetone were purchased from Merck.

2.1.2 Phthalonitrile and Phthalocyanine Synthesis Reagents

4-Nitrophtalonitrile, potassium carbonate, cobalt(ll) acetate tetrahydrate (Co(OAc),-4H,0),
copper (Il) chloride, manganese(ll) chloride, nickel(ll) acetate tetrahydrate (Ni(OAc),-4H,0),
1,8-diazobicyclo [5.4.0] undec-7-ene (DBU), 5-hydroxypicolinic acid, pyrazine-2-carboxamide,
4-aminopyridine, thiophene-2-ylmethylamine and 3-(pyrrolidine-1-yl)propane-1-amine were

purchased from Sigma-Aldrich.

2.1.3 Nanomaterial Synthesis and Conjugation Reagents

N,N’-dicyclohexylcarbodiimide (DCC), glutathione (GSH), thioglycolic acid (TGA), urea, citric
acid, nickel acetate tetrahydrate (Ni(OAc);-4H,0), sodium hydroxide, sodium tungstate
dihydrate (Na;WO0a4-2H,0) and bismuth oxide (Bi.Os) were purchased from Sigma-Aldrich.
Single-walled carbon nanotubes (SWCNTs-COOH), 1-5 nm in diameter and 1-5 pum in length)
were purchashed from Nanolab. Graphene quantum dots [146], nitrogen-doped quantum
dots [147], nickel and bismuth tungstate oxide nanoparticles [148] were prepared according

to literature.
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2.1.4 Electrochemical Studies Reagents

Tetrabutylammonium tetrafluoroborate (TBABF4) and alumina nanopowder (<10 um) were
purchased from Sigma-Aldrich. The 1 mM [Fe(CN)s]3/* redox couple solution was prepared
using weighed amounts of; Ks[Fe(CNs)], Ka[Fe(CNg)] and KCI. The 0.1 M phosphate saline
buffer (PBS), pH 7, was prepared using weighed amounts of Na;HPQs, KH2PO4, KCl and NaCl.
Type Il Elga water, obtained from an Elga PURE LAB Chorus 2 (Ro/di) system. Nitrite, dopamine
and catechol solutions were prepared using sodium nitrite (Sigma-Aldrich), dopamine

hydrochloride (Sigma-Aldrich) and catechol (Merck).

2.2 Instruments
The following equipment were used in the characterisation of the phthalonitriles,
phthalocyanines, nanomaterials and hybrids/conjugates synthesised and used throughout

this work:

e The Ultraviolet-Visible (UV-Vis) absorption spectra were recorded using a Shimadzu
UV-2250 spectrophotometer

e The Infrared spectra were recorded using a Bruker Alpha-model FT-IR Spectrometer
with platinum-ATR.

e The mass spectra data were measured on a Bruker AutoFLEX Ill Smart beam TOF/TOF
mass spectrometer, a-cyano-4-hydrocinnamic acid was selected as the MALDI matrix
while a 355 nm Nd: YAG laser was used as the ionising source.

e Elemental analyses were obtained using a Vario-Elementar Microcube ELIII.
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e The proton nuclear magnetic resonance (*H-NMR) spectra were recorded on a Bruker
AMX Advance 600 MHz NMR spectrometer using tetramethylsilane as an internal
reference

e Hydrothermal synthesis was carried out using a Berghof (Germany) High Pressure
Laboratory Reactor Autoclave BR-300, V.3.0 equipped with PT-100 temperature and
pressure sensors, BTC-300 Temperature regulator and manometer and PTFE lining

(Figure 2.1)

Figure 2.1: The Berghof high pressure reactor, autolcave used for the hydrothermal synthesis
of GQDs and NGQDs
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The Raman spectral data was collected using the Bruker Vertex 70-Ram Il Raman
spectrometer (equipped with a 1064 nm Nd: YAG laser and liquid nitrogen-cooled
germanium detector).

The X-ray powder diffraction (XRD) patterns were measured on a Bruker D8 Discover
equipped with a Lynx Eye detector (proportional counter) using Cu Ka radiation
(I'=1.5405 A°, nickel filter).

For thermogravimetric analysis (TGA), the thermal decomposition profiles were
recorded over a temperature range of 50-700 °C on a Perkin Elmer TGA 8000
Thermogravimetric Analyzer.

Atomic force microscopy (AFM) measurements were carried out in the tapping mode
with MFP-3D Origin supplied by Asylum research.

Dynamic light scattering (DLS) experiments were done on a Malvern Zetasizer
nanoseries, Nano-ZS90.

All electrochemical studies; cyclic voltammetry (CV), differential pulse voltammetry
(DPV) chronoamperometry, and electrochemical impedance spectroscopy (EIS), were
performed using Autolab potentiostat PGSTAT30 equipped with Nova software
version 2.1 A three-electrode electrochemical cell (Figure 2.2) comprising of a glassy
carbon electrode (GCE) as the working electrode, platinum wire as the counter
electrode and silver|silver chloride wire (Ag|AgCl) (3 M KCI) as reference electrode
was used.

EIS experiments carried out using an additional manual control, FRA2 module. These
studies were performed between 0.1 Hz and 10 KHz using a 5 mV rms sinusoidal

modulation.
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Figure 2.2: Typical three electrode electrochemical set-up [149]

e Scanning electrochemical microscopy (SECM) measurements were conducted on the
Uniscan Model 370 equipment and a 10 um Pt microelectrode (Uniscan) as the tip.
SECM approach curves were obtained using the Pt microelectrode with a Pt counter
electrode and Ag|AgCl wire as the pseudo-reference electrode. Glassy carbon plates
(Goodfellow, UK) of 1 x 1 cm and 2 mm thick were used as substrates for the SECM

measurements.
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2.3 Synthesis of Phthalonitriles

Phthalonitriles; 4-((1,3-bis(dimethylamino)propan-2-yl)oxy)phthalonitrile (A) [150], 4-(4-
carboxyphenoxy)phthalonitrile (B) [151], 4-(4-acetylphenoxy)phthalonitrile (C) [152],
dimethyl 5-(3,4-dicyanophenoxy)-isophthalate (D) [25], 4-(4-(tert-
butyl)phenoxy)phthalonitrile (E) [153], 4-(4-formylphenoxy) phthalonitrile (G) [154], and 4-
(4-(3-oxo-3-phenylprop-1-enyl) phenoxy) phthalonitrile (H) [155] are all known and were

prepared according to literature.

Synthesis of 5-phenoxylpicolinic acid phthalonitrile (F), Scheme 3.1
4-Nitrophthalonitrile (1.5 g, 8.67 mmol) and 5-hydroxypicolinic acid (1.21 g, 8.67 mmol) were
dissolved in DMF (60 mL) and degassed under argon flow. The mixture was stirred for 20 min,
and then potassium carbonate (4 g, 28.9 mmol) was added. The resulting suspension was
stirred for 48 h at room temperature. The product was precipitated out in ice and filtered
under reduced pressure. The resultant product (F) was then purified with water and washed
with hot ethanol.

Yield = 68%. IR (cm): 3068-3034 (Ar C-H), 2858 (Aliph. C-H), 2288 (C=N), 1671 (C=0), 1578
(C=C), 1487-1357 (C-C), 1248 (Asymmetric Ar-O-), 1093 (Symmetric Ar-O-), 952, 912 *H NMR
(600 MHz in DMSO — ds). 8(ppm), 8.78 (s, OH), 8.62 (d, Ar, 1H), 8.38 (d, Ar, 1H), 7.88(s, Ar, 1H),

7.74(d, Ar, 1H), 6.75(d, Ar, 2H).
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2.4 Synthesis of Phthalocyanines

Phthalocyanine complexes 3-Co, 4-Co, and 8-Co and are known, and were synthesised
according to literature [25-27]. Complex 9-Mn is known however, it was synthesised

differently from the complex cited in literature.

2.4.1 Synthesis of tetra-4-((1,3-bis(dimethylamino)propan-2-yl)oxy) phthalocyanato
Co(ll) (1-Co), Scheme 3.2(a)

Phthalonitrile A (200 mg, 0.734 mmol) and cobalt (ll) acetate tetrahydrate (91 mg, 0.367

mmol) were dissolved in dry 1-pentanol (4 mL) in the presence of DBU (0.5 mL), the reaction

mixture was heated at reflux temperature (140°C) for approximately 18 h under inert

conditions and thereafter cooled to room temperature. The resultant product was

centrifuged in DMSO several times and centrifuged in water, and thereafter washed in

ethanol several times, the supernatant was dried under vacuum yielding to 1-Co.

Yield: 45%. IR (cm™): 3106 (Ar C-H), 2928-2860 (Aliph. C-H), 1591 (C=C), 1400-1385 (C-C),
1200,1064 (Ar-O-), 724. UV/Vis (DMF), Amax nm (log €): 676 (4.64), 620 (4.03), 332 (4.38).
MALDI-TOF-MS(m/z): Found = 1150.19 amu; Calc = 1148.34 amu [M - 2H]". Anal. Calc. for

CeoHsoCoN1604.5H20: C, 58.15%, H, 6.46%, N, 18.09%. Found: C, 59.22 %, H, 6.09%, N, 16.04%.

2.4.2 Synthesis of tris-4-((1,3-bis(dimethylamino)propan-2-yl)oxy)mono
carboxyphenoxy phthalocyanato Co (Il) (1-Co-As), Scheme 3.2(b)

Complex 1-Co-As was obtained through the mixture of two phthalonitriles; A (250 mg, 0.918

mmol) and B (80 mg, 0.306 mmol) with cobalt (Il) acetate tetrahydrate (114 mg, 0.459 mmol)

in 1-pentanol (4 mL) in the presence of DBU (0.5 mL). The mixture was refluxed for 18 h, under
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inert conditions. The blue product was cooled to room temperature and centrifuged in DMSO
several times. The product was dried under a vacuum and further purified using silica column
chromatography with chloroform. The polarity of the eluent system was gradually increased

by adding ethyl acetate (up to 5%) yielding, 1-Co-As.

Yield: 20%. IR (cm™): 3100 (Ar. C-H), 2928-2860 (C-H), 1659 (C=0), 1520 (C=C), 1413,1385 (C-
C), 1254, 1088 (Ar-O-), 864, 655. UV/Vis (DMF), Amax nm (log €): 660 (4.90), 587 (4.51), and
332 (4.97). MALDI-TOF-MS(m/z): Found = 1140.19; Calc = 1139.48 amu [M + 1H]*. Anal. Calc.
for CeoHesCON1406. 3H20:C, 60.35%, H, 5.70%, N, 16.43%. Found: C, 59.77 %, H, 6.02%, N,

16.53%.

2.4.3 Synthesis of tetra-[4(4-acetlyphenoxy)phthalocyanato] Co(ll) (2-Co), Scheme 3.3
Complex 2-Co was synthesised using the same synthetic procedure followed for the synthetic
of complex 1-Co as follows: Co(OAc),.4H,0 (0.338 g, 1.36 mmol) and phthalonitrile C (0.350
g, 1.33 mmol) were dissolved in 1-pentanol (5 mL). An aliquot amount of DBU was added and
the reaction mixture was refluxed for 18 h at 140 °C. The formed product was cooled to room
temperature and then precipitated in ethanol via centrifugation. The final product was
washed with boiling methanol and purified further using silica-packed column

chromatography using CHCI3/THF:9/1 as the eluting solvent mixture.

Yield: 84%. IR (cm™): 3061 (Ar C-H), 2916-2824 (Aliph. C-H), 1672 (C=0), 1586 (C=C), 1465-
1347 (C-C), 1230 (Asymmetric Ar-O-), 1092 (Symmetric Ar-O-), 950, 832. UV/Vis (DMF), Amax
nm (log €): 661 (4.53), 598 (4.14), 329 (4.62). MALDI-TOF-MS(m/z): Found = 1107.13 amu;
Calc=1107.23 amu [M]. Anal. Calc. for CeaH40CoNgOs: C, 69.38%, H, 3.64%, N, 10.11%. Found:

C, 69.31%, H, 3.81%, N, 9.96%.
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2.4.4 Synthesis of tris-(4-tert-butylphenoxy)-(5-phenoxylpicolinic acid)
phthalocyanato Co(ll), (4-Co-As), Scheme 3.4

Phthalonitriles F (250 mg, 0.943 mmol) and phthalonitrile E (742 mg, 2.83 mmol) were added

into a round bottom flask containing 8 mL of 1-hexanol and cobalt acetate tetrahydrate (0.350

g, 1.98 mmol), an aliquot of DBU was added dropwise. The reaction mixture was refluxed for

approximately 16 h. The product was precipitated using methanol via centrifugation and

washed with ethanol. The target product was isolated using silica column chromatography

and eluted using tetrahydrofuran/cyclohexane (5:1 v/v).

Yield: 36%. IR (cm™): 3059 (Ar C-H), 2858-2919 (Aliph. C-H), 1661 (C=0), 1586 (C=C), 1465-
1348 (C-C), 1225 (Asymmetric Ar-O-), 1157-1088 (Symmetric Ar-O-), 951, 835. UV/Vis (DMF),
Amax N (log €): 673 (4.21), 607 (3.78), 336 (4.53). MALDI-TOF-MS(m/z): Calc = 1152.36 amu.
Found = 1152.27 amu [M]; Anal. Calc. for CegHssCoNgO6.2H20: C, 68.66 %, H, 4.63%, N, 10.60%.

Found: C, 68.86 %, H, 4.56%, N, 10.51%.

2.4.5 Synthesis of  tris-4-((3,17,23-tris(4-(tert-butyl)phenoxy)phthalocyanine-9-
yl)oxy)benzaldehyde phthalocyaninato Cu(ll) (4-Cu-As), Scheme 3.5

A mixture of phthalonitriles E (315 mg, 1.14 mmol), and G (100 mg, 0.38 mmol), and CuCl,

(102.5 mg, 0.76 mmol) were dissolved in 1-pentanol (5 mL) and heated to reflux under inert

conditions, an aliquot of DBU (100 uL) was added dropwise. The resulting product was

precipitated out in methanol and washed using a water: methanol mixture (1:1) then purified

using column silica chromatography using petroleum ether and dichloromethane (DCM) as

eluents.
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Yield: 45%. IR (cm™): 3057 (Ar C-H), 2922-2858 (Aliph. C-H), 1698 (C=0), 1588 (C=C), 1464-
13323 (C-C), 1224 (Asymmetric Ar C-O), 1155-1044 (Symmetric Ar C-O-), 941, 825. UV/Vis
(DMF), Amax nm (log €): 674 (4.85), 614 (4.64), 345 (5.02). MALDI-TOF-MS m/z calc.: 1139.37,
Found: 1138.62 [M - 1H]". Anal. Calc. for CegHs6CuNgOs: C, 72.7 %, H, 4.95%, N, 9.82%. Found:

C,71.8%, H,3.01%, N, 9.63 %.

2.4.6 Synthesis of tetra-[(4-formylphenoxy)- phthalocyaninato Cu(ll) (5-Cu), Scheme
3.6

Phthalonitrile G (400 mg, 1.53 mmol) and copper chloride (103 mg, 0.763 mmol) were

dissolved in DMAE (5 mL), an aliquot of DBU was added dropwise. The reaction mixture was

heated to reflux for 18 h under inert conditions. The mixture was allowed to cool to room

temperature, and the product was precipitated out in methanol. The product was then

washed and centrifuged using a water-methanol mixture (1:1). The resultant blue product (5-

Cu) was dried under a vacuum.

Yield: 63%. IR (cm): 3056 (Ar C-H), 2918-2849 (Aliph. C-H), 1698 (Aldehyde C=0), 1163-1588
(C=C), 1487-1401 (C-C), 1225-1155 (Asymmetric Ar-O-), 1087-1048 (Symmetric Ar-O-), 942,
828. UV/Vis (DMF), Amax Nm (log €): 675 (4.61), 614 (4.23), 343 (4.62). MALDI-TOF-MS m/z
calc: 1055.16. Found: 1056.21 [M + 1H]*. Anal. Calc. for CgoH32CuNsOs.4H,0: C, 63.81 %, H,

3.55%, N, 9.94%. Found: C, 62.7 %, H, 3.07 %, N, 10.50%.
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2.4.7 Formation of Schiff base substituted phthalocyanines (6-Cu and 7-Cu), Scheme
3.6
Solutions of pyrazine-2-carboxamide (51.23 mg, 0.416 mmol, for 6-Cu) in THF (10 mL) and 4-
aminopyridine (39.14 mg, 0.416 mmol, for 7-Cu) in THF (10 mL) were added to complex 5-Cu
(100 mg, 0.0947 mmol, for 6-Cu), (100 mg, 0.0947 mmol, for 7-Cu). The reaction mixtures
were stirred at room temperature for 48 h under inert conditions. The reactions were
monitored using thin-layer chromatography (TLC). The products were washed in methanol,
thereafter the solvent was evaporated to a lower volume, the resultant products were
obtained by filtration. The final products were washed several times and allowed to dry under

vacuum, yielding to complexes 6-Cu and 7-Cu.

6-Cu: tetra-(oxy))tetra(benzene-4,1-diyl))tetra(methanylylidene))tetra(pyrazine-2-

carboxamide) phthalocyaninato Cu(ll),

Yield: 42%. IR (cm™): 3055 (Ar C-H), 2922-2852 (Aliph. C-H), 1691 (C=0), 1583 (C=C), 1462-
1325 (C-C), 1224 (Asymmetric Ar-O-), 1165 (C-N), 1045 (Symmetric Ar-O-), 944, 830. UV/Vis
(DMF), Amaxnm (log €): 674 (4.81), 614 (3.78), 343 (4.57). MALDI-TOF-MS m/z calc.: 1475.29
amu. Found: 1471.83 amu [M - 4H] . Anal. Calc. for CgoHaaCuN»00s.2H,0: C, 63.51%, H,3.20%,

N, 18.74%. Found: C, 63.4 %, H, 2.24 %, N, 17.40 %.

7-Cu: tetra-(oxy))tetra(benzene-4,1-diyl))tetra(N-(pyridin-4-yl)methanimine)
phthalocyaninato Cu(ll):

Yield: 38%. IR (cm™): 3079 (Ar C-H), 2917-2854 (Aliph. C-H), 1646 (C=N), 1578 (C=C), 1496-
1333 (C-C), 1230 (Asymmetric Ar-0), 1156 (C-N), 1051 (Symmetric Ar-O-), 982, 953. UV/Vis

(DMF), Amax nm (log €): 674 (4.85), 614 (4.64), 345 (5.02). MALDI-TOF-MS m/z calc.: 1359.33
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amu, Found: 1362.04 amu [M + 3H] *. Anal. Calc. for Cg1Hs0CuN1604: 6H20: 65.41% C, 4.12%

H, 15.30% N; Found: C, 64.62 %, H, 4.52 %, N, 14.01 %.

2.4.8 Synthesis of tetra-[4 —(3-(phenyl)-prop-2-en-1-one) phenoxy] phthalocyaninato
complexes (8-Cu, 8-Mn and 8-Ni), Scheme 3.7

8-Co is known and was synthesised according to literature [27]. Phthalonitrile H (0.1 g, 0.285

mmol) and the respective metal salts: copper chloride (57.7 mg, 0.428 mmol), manganese

chloride (53.9 mg, 0.428 mmol) and nickel acetate (75.3 mg, 0.426 mmol) were dissolved in 5

mL pentanol. Thereafter, aliquots of DBU (100 uL) were added dropwise to the respective

reaction mixtures, followed by refluxing for 18 h. The resultant products were washed in

methanol and dried in a vacuum overnight.

8-Cu: Tetra-[4 —(3-(phenyl)-prop-2-en-1-one) phenoxy] phthalocyaninato Cu(ll):

Yield: 63%. IR (cm): 3065 (Ar. C-H), 2924, 2865 (Aliph. C-H), 1651 (C=0), 1589 (C=C), 1466,
1369 (C-C), 1221 (Asym Ar. C-0),1158 (Sym Ar. C-0), 982, 837. UV-Vis (DMF), Amax nm (log €):
675 (4.63), 609 (4.17), 316 (4.62). MALDI-TOF-MS (m/z): Calc = 1464.36 amu, Found = 1466.61
[M +2H]* amu. Anal. Calc for CoaHs6CuNsQOs.2H,0: C, 73.62 %, H, 4.00 %, N, 7.47 % Found: C,

73.20%, H, 4.27 %, N, 7.21.

8-Mn: Tetra-[4 —(3-(phenyl)-prop-2-en-1-one) phenoxy] phthalocyaninato Mn(ll)Cl:

Yield: 45%. IR (cm™): 3064 (Ar. C-H), 2926, 2861 (Aliph. C-H), 1655 (C=0), 1590 (C=C), 1486,
1397 (C-C), 1229 (Asym Ar. C-0),1161 (Sym Ar. C-0), 951, 883. UV-Vis (DMF), Amax nm (log €):
720 (4.83), 642 (4.54), 312 (4.67), MALDI-TOF-MS (m/z): Calc = 1490.33 amu, Found = 1486
amu [M -4H] . Anal. Calc for Co2Hs6CIMNnNgOsg.3H,0: C, 71.50 %, H, 4.01 %, N, 7.25% Found: C,
71.30 %, H, 4.12 %, N, 7.06.

8-Ni: Tetra-[4 —(3-(phenyl)-prop-2-en-1-one) phenoxy] phthalocyaninato Ni(ll):
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Yield: 52%. IR (cm™): 30264 (Ar. C-H), 2963, 2870 (Aliph. C-H), 1652 (C=0), 1591 (C=C), 1462,
1409 (C-C), 1221 (Asym Ar. C-0),1159 (Sym Ar. C-0), 958, 882. UV-Vis (DMF), Amaxnm (log €):
668 (4.51), 613 (4.48), 313 (4.72). MALDI-TOF-MS (m/z): Calc = 1460.20 amu, Found = 1459.09
amu [M - 1H] . Anal. Calc for Co2HseNiNgOs.2H,0: C, 73.86 %, H, 4.01 %, N, 7.47 %, Found: C,

73.40 %, H, 4.50 %, N, 7.41 %.

2.4.9 Synthesis of tetra[(4-formylphenoxy)- phthalocyaninato Mn(lI1)Cl (9-Mn)

Complex 9-Mn is known [28], the method described by Sen et al involved the deprotonation
of a previously synthesised acetal MnPc complex [28]. Herein, 9-Mn was synthesised via
cyclotetramerisation, following the same procedure used for the synthesis of 5-Cu as follows:
A reaction mixture of phthalonitrile G (300 mg, 1.2 mmol) and manganese chloride (38 mg,
0.3 mmol) was heated to reflux in DMAE (3 mL). Thereafter, an aliquot of DBU was added
dropwise and the reaction was refluxed overnight. The product was precipitated out in a 1:1
(v/v) mixture of water: ethanol and washed several times in pure ethanol and thereafter dried
under vacuum. The resultant brown/red product was purified using silica column

chromatography using chloroform: methanol (9:1) as an eluant.

Yield: 65%. FT-IR v max/cm: 3295 (OH), 3080 (Ar. C-H), 2925, 2855 (Aliph. C-H), 1731 (C=0),
1589 (C=C), 1500, 1421, 1360 (C-C), 1224 (Asym Ar. C-0), 1107, 1089 (Sym Ar. C-O), 944, 849,
578. UV-Vis (DMF), Amax nm (log €): 733 (4.85), 657 (4.12), 350 (3.53). MALDI-TOF-MS (m/z):
Calc = 1083.14 amu, Found = 1085 amu [M +2]*. Anal. Calc for CeoH32CIMnNsOs: C, 66.5 %, H,

2.98 %, N, 10.34 % Found: C, 64.9 %, H, 3.24 %, N, 9.62 %
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2.4.10 Formation of Schiff base substituted phthalocyanines (10-Mn and 11-Mn),
Scheme 3.8

Complex 9-Mn (70 mg, 0.0668 mmol) was added to a reaction vessel containing primary
amines; thiophene-2-ylmethenamine (0.0302 mL, 0.294 mmol) or 3-(pyrrolidine-1-yl)propan-
1-amine (0.294 mmol, 0.0372 mL). The mixtures were dissolved in ethanol (10 mL) and
refluxed overnight under inert conditions. The reaction mixtures were then cooled to room
temperature, and the bulk of the solvent evaporated using a rotary evaporator. The resultant
products were precipitated in methanol, washed several times in methanol via centrifugation,
and dried in a vacuum, yielding to 10-Mn and 11-Mn from primary amines thiophene-2-

ylmethanamine and 3-(pyrrolidine-1-yl)propan-1-amine, respectively.

10-Mn: 2,9,16,23-tetra-4-(4-thio-thiophene-2-ylmethanamino)-phthalocyaninato Mn(lll)Cl

Yield: 56%. IR (cm™): 3330 (OH), 3082 (Ar. C-H), 2930, 2865 (Aliph. C-H), 1590 (C=C), 1508,
1364 (C-C), 1127 (Asym Ar. C-0), 1159-1098 (Sym Ar. C-0), 945, 830, 703. UV-Vis (DMF), Amax
nm (log €): 738 (4.76), 658 (3.59), 343 (4.20). MALDI-TOF-MS (m/z): Calc = 1462.22 amu,
Found = 1464.03 amu [M + 2H]*. Anal. Calc for CgoHs2CIMnN1204S4. C, 66.63 %, H, 3.58 %, N,

11.48 % Found: C, 65.43%, H, 3.21%, N, 12.03%

11-Mn: 2,9,16,23-tetra-4-(3-(pyrrolidine-1-yl)propan-1-amino)phthalocyaninato Mn(ll1)Cl

Yield: 63%. IR (cm™): 3297 (OH), 3066 (Ar. C-H), 2931, 2868 (Aliph. C-H), 1581 (C=C), 1502-
1360 (C-C), 1222 (Asym Ar. C-0), 1159-1095 (Sym Ar. C-0), 946, 828, 492. UV-Vis (DMF), Amax
nm (log €): 733 (4.85), 657 (4.34), 360 (4.17). MALDI-TOF-MS (m/z): Calc = 1522.62 amu,
Found = 1522.35 amu [M]. Anal. Calc for CssHasMnCIN1604. 4H,0: C, 66.22 %, H, 6.06 %, N,

14.04 % Found: C, 66.59 %, H, 5.19 %, N, 16.11%.
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2.5 Synthesis of Nanomaterials

2.5.1 Synthesis of GQDs and NGQDs (Scheme 3.9)

The Synthesis of both GQDs and NGQDs has been reported [146].

Briefly, graphene quantum dots were prepared by dissolving citric acid (4.2 g, 1 mmol) and
sodium hydroxide (2.4 g, 3 mmol) in water (100 mL). After constant stirring the mixture was
transferred into a Teflon lined stainless autoclave. The resultant product was re-dispersed
into water and was dialysed for 48 h using a dialysis membrane (MW 1.5 kDa) to remove

excess salts.

The nitrogen-dopped quantum dots were prepared using the same procedure as the GQDs.

However, urea (3.6 g, 3 mmol) was used (instead of NaOH) as a source of nitrogen.

2.5.2 Synthesis of NiWQOsand Bi;WOs (Scheme 3.10)

The synthesis of NiWO4 nanoparticles has been reported [148].

Briefly, Ni(OAc)2 (1.2 g, 4.82 mmol) and thioglycolic acid (TGA, 0.62 mL, 0.0125 M) were
dissolved in purified water (200 mL). The pH was adjusted to 11 using NaOH under constant
stirring and deaerated under inert conditions for 30 min. Thereafter, Na,WO4-2H,;0 (0.64 g,
1.94 mmol) was added to the reaction mixture. The reaction mixture was refluxed at 100 °C
for 1 h. GSH (50 mL, 0.0250 M) was added to the reaction mixture to facilitate ligand exchange
between TGA and GSH. The mixture was heated for approximately 20 min and then cooled to
room temperature and precipitated out with ethyl alcohol and purified using acetone. The

resultant product (NiWO4) was dried under vacuum and stored in the dark.
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Bi,WOs nanoparticles were prepared using the same procedure. However, bismuth oxide

(1.8 g, 3.86 mmol) was used in place of Ni(OAc),.

2.6 Linking MPcs to nanomaterials

Throughout this work, graphene-based nanomaterials were conjugated to MPc complexes via
non-covalent bonding. m-rt Staking was achieved by taking advantage of the rich n-electrons
that both MPcs and graphene-based materials possess. The procedure used has been
reported, minor modifications were made for this work [156,157]. The metallic nanoparticles

were conjugated via covalent linkage, forming amide bonds.

2.6.1 m-mt Stacking

2.6.1.1 Linking 1-Co and 1-Co-As with NGQDS, Scheme 3.11

Complexes 1-Co (10 mg, 8.71 x 103 mmol) and 1-Co-As (8.77 x 10> mmol) were dissolved in
2 mL THF. NGQDs (5 mg) in water (1 mL) were added to the reaction vessel and sonicated at
room temperature for 24 h. After 24 h the mixtures were stirred at room temperature for 96
h. The formed hybrid materials (1-ConNGQDs and 1-Co-AsntNGQDs) were precipitated and

washed in ethanol, then dried under vacuum.

2.6.1.2 Linking 2-Co and 3-Co with GQDs and SWCNTs

Complexes 2-Co and 3-Co (20 mg, 1.81 x10* mmol and 1.43 x 10" mmol, respectively) were
dissolved (separately) in DMF (2 mL). GQDs (10 mg) in water (1 mL) were added to each
complex’s reaction vessel. The mixtures were sonicated at room temperature for 24 h, and
then stirred at room temperature for 96 h. The products were precipitated and washed in
ethanol, then dried under vacuum. The formed hybrids are represented as 2-ConGQDs and

3-ConGQDs.
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The same amounts of complex 2-Co and 3-Co were employed for their linkage to SWCNTs
using 10 mg (in 1 mL DMSO) of the latter, followed by sonication for 24 h and stirring at 70°C
for 96 h. The formed hybrid materials were purified as explained above for GQDs conjugates.

The conjugates are represented as 2-ConSWCNTs and 3-ConSWCNTs.

2.6.1.3  Linking 4-Co-As with GQDs, NGQDs, SWCNTs

A stock solution of 4-Co-As (30 mg, 2.60 x 10”2 mmol) was prepared in DMF (6 mL). While in
parallel vessels, the 5 mg of the respective nanomaterials were dissolved in a 1 mL water (for
NGQDs and GQDs) and DMF (for SWCNTs), followed by sonication for 24 h at room
temperature. Then, a 4-Co-As solution (2 mL) was added to each reaction vessel containing
the nanomaterial and the mixtures were stirred at room temperature for approximately 96 h
to yield ni-stacked hybridised materials. The hybrids were washed in a water-ethanol mixture
(50:50 v/v), and precipitated in ethanol, and dried in an inert vacuum. These conjugates were

labelled 4-Co-AsnGQDs, 4-Co-AsntNGQDs and 4-Co-AsmtSWCNTSs.

2.6.2 Covalent Linkage

2.6.2.1  Conjugation of 4-Co-As to Bi;WOes and NiWO4, Scheme 3.12

The conjugates were prepared by dissolving 4-Co-As (30 mg, 0.026 mmol) and DCC (45 mg,
0.218 mmol) in DMF (3 mL). The reaction mixture was stirred at room temperature under
nitrogen flow for 48 h. Thereafter, Bi;WOs (or NiWO34) (50 mg) were added, and the mixtures
were stirred for a further 48 h. The resultant products were precipitated out in methanol in
the centrifuge and purified with ethanol. The conjugates formed are labelled as 4-Co-

As@Bi;WOg and 4-Co-As@NiWO,.
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2.7 Electrode Modification

Throughout this work, the glassy carbon electrode was employed as the working electrode of
choice. The glassy carbon electrode surfaces were polished on a Buehler-felt polishing pad in
an alumina nanopowder (<10 um) slurry (with Elga Type Il purified water). The electrodes

were rinsed several times using the purified water.

The electrode surfaces were modified using the conventional drop-casting/drop-drying
method [35], where, an aliquot from a solution of 1 mg of the electrocatalyst (in 1 mL DMF)
were deposited onto the electrode surface and later dried in an oven at 60°C overnight before

use. Figure 2.3 is an illustration of the drop-casting mechanism.

Figure 2.3: Drop casting/drying procedure
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CHAPTER 3

SYNTHESIS AND
CHARACTERISATION

Preface: This chapter provides the complete characterisation of the phthalocyanine

complexes, nanomaterials and the MPc-nanomaterial hybrid/conjugate materials studied in

this dissertation.
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3. SYNTHESIS AND CHARACTERISATION

3.1 Phthalonitrile Synthesis

Phthalonitriles A-E, G, and H are known and were synthesised according to literature [25,150—
155]. Phthalonitrile F was synthesised herein for the first time by reacting 4-
nitrophthalonitrile and 5-hydroxypicolinic acid using dry dimethylformamide (DMF) as a
solvent in the presence of potassium carbonate (K,COs) at room temperature. Scheme 3.1
shows the synthetic route followed during the synthesis of phthalonitrile F. An overall yield
of 68% was obtained following the purification of the phthalonitrile and hot ethanol. The

synthesis of the phthalonitrile was confirmed using FT-IR (Figure 3.1).

é )
NC CN HO o on
/7 ‘N K,CO;/DMF Y
+ — - HO %
RT N CN
o
O,N o
HO .
\_ J

Scheme 3.1: Synthesis of phthalonitrile F

Figure 3.1 shows the FT-IR spectra obtained for phthalonitriles E, F and the MPc complex 4-
Co-As. The distinctive cyano (C=N) stretch is observed from the spectra at approximately
2227 cm* for the phthalonitriles. The occurrence of this stretch is indicative of the successful
synthesis of F. This stretch will be expected to disappear upon cyclisation to form MPc

complexes.
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Figure 3.1: FT-IR spectra of phthalonitriles E, F and MPc complex 4-Co-As
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3.2 Phthalocyanine Synthesis and Characterisation

The phthalocyanine complexes studied in this work were synthesised using the statistical
condensation method. MPcs 3-Co, 4-Co, and 8-Co are known, they have been previously
synthesised, characterised and published [25-27]. Although 9-Mn is known and has been

published [28], it was synthesised differently in this work.

3.2.1 Synthesis and Characterisation of 1-Co and 1-Co-As

Scheme 3.2 shows the synthetic route followed during the synthesis of the symmetric (1-Co)

and asymmetric (1-Co-As) complexes.
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Scheme 3.2: Synthesis of 1-Co and 1-Co-As
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The synthesis of 1-Co involves the cyclotetramerisation of known phthalonitrile A with cobalt
acetate. While the synthesis of asymmetric 1-Co-As, on the other hand, required the use of
two phthalonitriles, A and B (3:2). Complexes 1-Co and 1-Co-As were synthesised under the
same conditions in 1-pentanol with an aliquot of DBU added dropwise, followed by refluxing
under inert conditions for approximately 18 h. Complex 1-Co was obtained as a pure
compound, which is typical of simple symmetric MPcs. While 1-Co-As was isolated and
purified via silica column chromatography using chloroform as the eluent solvent. The
respective yields obtained were 45% and 20% for the symmetric and asymmetric MPc
complexes, respectively. It is typical of the asymmetric MPc complexes to be obtained in
relatively smaller yields than the symmetric MPc complexes, this is attributed to the isomers
formed and the extra purification steps required. The formation of these complexes was

further characterised by mass spectra, FTIR, elemental analysis and UV-Vis absorption.

The experimental masses obtained for 1-Co and 1-Co-As were 1148.34 amu and 1139.48 amu.
These masses agreed with the expected theoretical masses (1150.19 amu and 1140.19 amu),
confirming the successful synthesis of both 1-Co and 1-Co-As. The elemental analysis data
obtained experimentally was also in agreement with the theoretical data, however, with the
addition of 5H,0 and 3H,0 for the two complexes, respectively. MPcs are often isolated as

hydrates [158].
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3.2.2 Synthesis and characterisation of 2-Co
Complex 2-Co was obtained via the cyclisation of phthalonitrile C (Scheme 3.3).
Cyclotetramerisation was achieved in the presence of 1-pentanol, DBU and cobalt acetate.

The complex was purified using silica column chromatography, obtaining a total yield of 84%.

The experimental mass values obtained via MALDI TOF mass spectroscopy were 1107.13 amu
for 2-Co, the mass was in agreement with the theoretically calculated values. The

experimental elemental analysis results were in agreement with the theoretical values.
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Scheme 3.3: Synthesis of Complex 2-Co from phthalonitrile C

Indicating the successful synthesis of the complex.

2

N

2-Co
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3.2.3 Synthesis and Characterisation of 4-Co-As

The asymmetrical phthalocyanine complex (4-Co-As) was obtained using the statistical
condensation method, where phthalonitriles E and F were reacted together using the 3:1 ratio
(Scheme 3.4). The phthalonitriles underwent cyclotetramerisation in hexanol using cobalt
acetate as the metal salt, and aliquots of DBU (100 pL) were added drop wise. The target
complex was isolated wusing silica column chromatography and eluted using
tetrahydrofuran/cyclohexane, obtaining a yield of 36%. The complex was characterised by FT-
IR, elemental analysis, mass spectra and UV-vis. The experimental mass and elemental
analysis data obtained were in agreement with the expected values, confirming the successful

synthesis of 4-Co-As.

4 N\
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\
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Scheme 3.4: Synthesis of 4-Co-As from phthalonitriles E and F
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From Figure 3.1, the cyano (C=N) stretches were observed at approximately 2228 cm™ and
2227 cmt for phthalonitriles E and F, respectively. The observed stretched disappeared upon
the cyclisation of the phthalonitriles to form 4-Co-As. Indicating that 4-Co-As was successfully
synthesised as there were no residual phthalonitriles in the sample. It can also be observed
that E does not have a carbonyl stretch as it is a tert-butyl phthalonitrile. However, the
carbonyl stretch is observed at 1671 and 1661 cm ! for F and 4-Co-As, respectively. The

stretch is attributed to the carbonyl stretch from the picolinic acid.

3.2.4 Synthesis and Characterisation of 4-Cu-As, 5-Cu, 6-Cu and 7-Cu

The synthesis of asymmetric complex 4-Cu-As involves the cyclisation of precursors; Eand G
(Scheme 3.5) at a ratio of 1:3 using 1-pentanol as the solvent of choice in the presence of
copper chloride with constant stirring at reflux temperature. The target product was isolated
via silica column chromatography using petroleum ether and dichloromethane as the eluent

solvents.

Scheme 3.6 illustrates the synthetic route followed during the synthesis of copper metallated
phthalocyanine complexes 5-Cu, 6-Cu and 7-Cu. The symmetric complex 5-Cu was synthesised
through the cyclotetramerisation of phthalonitrile G in DMAE for approximately 18 h. The
complex was used as a precursor in the synthesis of Schiff base MPc complexes 6-Cu and 7-
Cu. These two complexes were synthesised via the condensation of 5-Cu with pyrazine-2-
carboxamide (6-Cu) and 4-aminopyridine (7-Cu) in THF. The synthesis of these complexes was

confirmed by UV-Vis absorption, elemental analysis and mass spectroscopy.
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Scheme 3.5: Synthesis of 4-Cu-As
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Scheme 3.6: Synthesis of 5-Cu, 6-Cu and 7-Cu
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Mass spectroscopy was used to confirm the mass of the synthesised copper phthalocyanine
complexes. The mass peaks obtained were at m/z 1138.62, 1056.21, 1471.83, 1362.04 amu
for complexes 4-Cu-As, 5-Cu, 6-Cu and 7-Cu, respectively. These experimental masses were

in agreement with the theoretically calculated values.

3.2.5 Synthesis and Characterisation of 8-Co, 8-Cu, 8-Mn and 8-Ni

The synthesised chalcone derivative phthalonitrile H underwent cyclotetramerisation with
different metal salts;, copper chloride, manganese chloride and nickel acetate (individually)
in 1-pentanol under reflux for approximately 18 h, yielding three symmetrical phthalocyanine
complexes namely, 8-Cu, 8-Mn and 8-Ni (Scheme 3.7). 8-Co is known [27], while the other

complexes are reported herein for the first time.
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Scheme 3.7: Synthesis of 8-Co, 8-Cu, 8-Mn and 8-Ni
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The yields obtained were above 45%. The elemental analysis results were in agreement with
observations that some Pcs were isolated as hydrates [158]. The theoretical masses were in

agreement with those obtained experimentally.

An interesting observation made after the synthesis of these compounds was the different
colour compounds obtained. The 8-Co and the 8-Ni complexes were blue, the 8-Cu was green,
and the 8-Mn was “red-brown". Since the same phthalonitrile (substituent) was used for the
synthesis of these complexes, all spectral changes (and colour) observed are due to the

central metal.

3.2.6 Synthesis and Characterisation of 9-Mn, 10-Mn and 11-Mn

Complex 9-Mn is known [28]. However, it was not synthesised following the synthetic route
followed by Sen et al as the procedure followed there involves the deprotonation of an acetyl
phthalocyanine complex to form the aldehyde complex [28]. Herein 9-Mn was synthesised
following the same synthetic procedure used in the synthesis of 5-Cu (and other MPc
complexes synthesised herein). Which involved the cyclotetramerisation of a phthalonitrile
(G) in the presence of a metal salt (manganese chloride). Schiff base complexes 10-Mn and
11-Mn were formed according to Scheme 3.8. Where the active carbonyl from 9-Mn was
reacted with the primary amines; thiophene-2-ylmethanamine (10-Mn) and 3-(pyrrolidine-1-
yl)propan-1-amine (11-Mn). The condensation reactions involving the primary amine and

complex 9-Mn were carried out in ethanol (Scheme 3.8).
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Scheme 3.8: Synthesis of 10-Mn and 11-Mn from 9-Mn
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3.3 UV-Vis Absorption Spectra

The synthesised MPc complexes are listed in Table 3.1 (for ease of reference).
Phthalocyanines have two characteristic absorption bands, namely: the Q and B bands (Table
3.2). Figures 3.2 — 3.5 show the UV-Vis absorption spectra obtained in DMF for all the MPc

complexes. In these figures, both characteristic bands were observed.

Figure 3.2 illustrates the UV-Vis absorption spectra obtained for the cobalt phthalocyanine
complexes synthesised and studied in this work (except for 8-Co, represented in Figure 3.4).
Figure 3.2(a) is an illustration of the normalised UV-Vis absorption spectra obtained for 1-Co
and 1-Co-As. From the figure, the two prominent MPc characteristic absorption bands were
observed. The Q-bands were observed at 676 and 660 nm for 1-Co and 1-Co-As, respectively,
while the B-bands are observed at 332 nm for both complexes (Table 3.2). Complex 2-Co
exhibited a relatively blue shift absorption maxima compared to 3-Co. The blue shift is
attributed to the reduction in dimethylamino groups. Nitrogen-containing groups are known

to result in red shifting in MPc complexes [159].

Figure 3.2(b) shows the UV-Vis absorption spectra obtained for symmetric cobalt
phthalocyanine complexes, 2-Co and 3-Co. The Q and B characteristic MPc absorption bands
were observed at 661 nm and 666 nm for the two complexes, respectively (Table 3.2). 3-Co
appeared to be relatively red shifted, this could be attributed to the notable presence of more
oxygen atoms on its structure. Figure 3.2(c) illustrates the UV-vis absorption spectra obtained
for 4-Co and 4-Co-As. 4-Co displayed a Q-band at 666 nm, while 4-Co-As’s Q-band was
observed at 673 nm. Herein, the decrease in symmetry from 4-Co to 4-Co-As resulted in a red
shifting and broadening of the Q-band. The red shift is due the addition of nitrogen containing

group when reducing symmetry in 4-Co-As as stated above.
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Figure 3.2: UV-Vis absorption spectra of (a) 1-Co and 1-Co-As, (b) 2-Co and 3-Co, and (c)
4-Co and 4-Co-As in DMF. ~ Concentration =1 x 10° M.
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From the figure, it can be observed that the average Q band absorption for the cobalt
phthalocyanine complexes is at approximately 660 nm. It is inconclusive whether lowering
the symmetry of the MPc leads to a blue or red shift. As a 16 nm blue shift was observed
when the symmetry of 1-Co was lowered to 1-Co-As and a 10 nm red shift was observed

between 4-Co and 4-Co-As.

The UV-Vis absorption spectra obtained for the copper MPcs are represented in Figure 3.3.
From the figure, it can be clearly observed that all complexes exhibited the characteristic Q
and B, absorption bands. The Q-band was observed between 674 and 675 nm for all four
complexes. The change in symmetry and condensation to form Schiff base CuPcs did not
affect the main absorption bands. The B-bands observed between 345 and 343 nm showed

varied absorption intensities.
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Figure 3.3: UV-Vis absorption spectra of 4-Cu-As, 5-Cu, 6-Cu and 7-Cu in DMF. ~ Concentration
=1x10°M.
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Table 3.1: MPc complexes synthesised in this work
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Figure 3.4 illustrates the UV-vis absorption spectra obtained for the 8-series complexes. The
main absorption bands for 8-Co and 8-Cu were observed at 668 nm and 675 nm, respectively
(Table 3.2). The figure shows that the 8-Ni absorption spectra differed from the other
complexes in that there were two distinct absorption bands at 668 nm and 614 nm. This was

attributed to aggregation, NiPc derivatives are known for their aggregation [160].

The low energy absorption band is due to the monomer, and the high energy absorption band
is due to the aggregate. Aggregation in phthalocyanines is highly dependent on the
concentration, temperature, nature of the substituents attached to the molecule, the solvent
the compound is dissolved in and complexed metal ions. 8-Mn showed more monomeric
behaviour with a narrower Q band, while 8-Co showed a broadened Q band typical of CoPcs
[161]. 8-Mn displayed the most red-shifted Q band in the near-infrared at 720 nm. This is
typical of manganese (lll) phthalocyanine complexes [162,163]. Some aggregation was

observed for 8-Mn and 8-Co, but not as severe as for 8-Ni.
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Figure 3.4: UV-Vis absorption spectra of 8-Co, 8-Cu, 8-Mn and 8-Ni in DMF. ~ Concentration
=1x10°M.
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Figure 3.5 is an illustration of the UV-Vis absorption spectra obtained for 9-Mn, 10-Mn and
11-Mn. The two MPc characteristic bands were observed for all three complexes indicating
that the MPcs were successfully synthesised. The Q-bands were observed at 732 nm, 738 nm
and 733 nm for three complexes, respectively. A slight red shift in the Q-band was observed
for 10-Mn compared to the two MPcs. The red shift is attributed to the thiol in the
substituents, as sulphur-containing complexes exhibit slightly red shifted absorptions. This is
because sulphur atoms tend to mix with the m orbitals of the aromatic system and thus result

in the main absorption band shifting to the red [31].
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Figure 3.5: UV-Vis absorption spectra of 9-Mn, 10-Mn and 11-Mn in DMF. ~ Concentration =
1x10%M.
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Table 3.2: Summary of the Q-band and B-band absorption maxima obtained in DMF for all

MPc complexes studied herein

Q-band Amax (nm) B -Band Amax (nm)
1-Co 676 332
1-Co-As 660 332
2-Co 661 329
3-Co 666 315
4-Co 663 334
4-Co-As 673 336
4-Cu-As 674 335
5-Cu 675 343
6-Cu 674 343
7-Cu 674 335
8-Co 668 328
8-Cu 675 316
8-Mn 720 312
8-Ni 668 and 613 313
9-Mn 733 350
10-Mn 738 343
11-Mn 733 360
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3.4 Nanomaterials and MPc Hybrids

Carbon-based nanomaterials (GQDs, NGQDs and SWCNTs) and metallic nanoparticles (NiWO4
and Bi;WOe) were used in this work. These nanomaterials were used in conjunction with MPc
complexes to study their effect on the electrochemical and electrocatalytic properties of
MPcs. All nanomaterials studied herein, except for SWCNTSs, were synthesised. SWCNTs were
purchased from Nanolab. All nanomaterials and their synthesised MPc-hybrid materials were

analysed using various analytical techniques.

3.4.1 Synthesis of GQDs, NGQDs

The synthesis of GQDs and NGQDs has been reported [146]. These two graphene-based
nanomaterials were synthesised via the bottom-up approach using the hydrothermal
treatment. Where citric acid was reacted with NaOH in water to yield GQDs (Scheme 3.9(a)).
The same procedure was used in the synthesis of NGQDs. However, urea was used as a

nitrogen source (Scheme 3.9(b)).

3.4.2 Synthesis of Bi;WOs and NIWO4

Scheme 3.10 illustrates the synthetic route followed in the synthesis of NiWO4 and Bi;WOs
nanomaterials, which has been reported [148]. The same procedure was followed when
synthesising both these metal oxide nanoparticles. However, Ni(OAC); was used as the
starting material for NiWQg, and Bi,O3 was used for Bi;WQs. Glutathione (GSH) was used to

cap the nanoparticles.

Page | 76



Chapter 3: Synthesis & Characterisation

a)

o OH
m Water, 8h
HO OH

OH Hydrothermal treatment
Citric acid
+

NaOH

b)

o OH
m
HO OH

OH Water, 8h
Citric acid >

+ Hydrothermal treatment

o

A

H,N NH,

Urea

Scheme 3.9: Synthetic route of (a) GQDs and (b) NGQDs nanomaterials
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3.4.3 Linkage

Herein carbon-based nanomaterials and metallic nanomaterials were used in conjunction
with phthalocyanine complexes. These molecules were conjugated (covalent linkage
involving metallic nanoparticles) or hybridised (-t stacking involving carbon-based
nanomaterials) using non-covalent bonding (for carbon-based nanomaterials) and covalent
linkage via an amide bond (for metallic nanomaterials). Schemes 3.11 and 3.12 show how
hybridisation(conjugation) of the MPcs and nanomaterials was achieved using NGQDs and

Bi2WOg as examples in the two schemes, respectively.
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Scheme 3.11: Non-covalent m-mt stacking of 1-Co and NGQDs to form 1-ConNGQDs
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Non-covalent linkage was achieved via m-mt stacking. Since the carbon-based nanomaterials
and the synthesised phthalocyanine complexes all have rich n-electrons, their hybridisation
was achieved by exploiting these m-electrons. The MPcs and nanomaterial(s) were immersed
in THF/DMF, sonicated for approximately 24h and then stirred constantly (96 h). Scheme 3.10
illustrates the m-m staking of 1-Co and NGQDs forming 1-ConNGQDs. Scheme 3.12 represents

the covalent linkage of 4-Co-As and Bi;WOg to form 4-Co-As@Bi,WOs.
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Scheme 3.12: Covalent linkage of 4-Co-As and Bi2WOe forming 4-Co-As@Bi2WOe
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3.4.4 Characterisation of Nanomaterial and their MPc Hybrids
The hybridisation of MPcs complexes to nanomaterials was confirmed using various analytical

and microscopic techniques

3.4.4.1 UV-Vis Absorption Spectral Properties

Herein, UV-Vis absorption spectra were used to characterise the nanomaterials and their
conjugates (UV-vis absorption spectra of MPc complexes were discussed in Section 3.3). Like
MPcs, nanomaterials have distinct absorption bands, typically observed between 300 — 500

nm [164,165].

Figure 3.6 is an illustration of the UV-Vis absorption spectra obtained for the graphene-based
nanomaterials (a) and the metallic nanomaterials (b). Graphene-based materials typically
have well-established absorption bands in the UV region due to the n-it transitions of the sp?
domains [164,166]. Their absorption band depends on the method used in their preparation
and not their size [164,165]. The main absorption bands (Table 3.3) were observed at 387 nm
(GQDs), 348 nm (NGQDs) and 324 nm (SWCNTs); GQDS and NGQDs were measured in water
while SWCNTs were in DMF. It has been reported that the Q band absorptions of MPc
complexes are sensitive to -1 interactions and that the strong n-m interactions result in the

formation of complexes between Pcs and nanomaterials in the ground state hence spectral

shifts are observed upon linkage [167] (Table 3.3).

Bi;WOsand NiWOs were absorbed at 448 nm and 330 nm (Table 3.3), these absorption bands
are in agreement with those obtained in literature [105]. Bi2WOs exhibited a relatively
broader and longer wavelength absorption band. The broadness was attributed to

aggregation.
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Figure 3.6: UV-Vis absorption spectra of (a) GQDs, NGQDs and SWCNTs and (b) Bi2WOs and

Figure 3.7(a) is an illustration of the UV-Vis absorption spectra of 1-Co, 1-Co-As and their n-nt

stacked hybrids 1-ConNGQDs and 1-Co-AstNGQDs. A 10 nm blue shift in the Q band was

observed for 1-Co upon hybridisation with NGQDs. While the conjugation of 1-Co-As to

NGQDS resulted in a 16 nm red shift. The UV-Vis absorption spectra of the two symmetric

MPc complexes 2-Co and 3-Co and their GQDs and SWCNTSs hybrids are illustrated in Figure

3.7(b and c).
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Figure 3.7: UV-Vis absorption spectra of (a) 1-Co, 1-Co-As and their hybrids; 1-ConNGQDs and
1-Co-AsnNGQDs (b) 2-Co, 3-Co, 2-ConGQDs and 3-ConGQDs and (c) 2-ConSWCNTs and 3-
ContSWCNTSs in DMF
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Table 3.3: Summary of the data obtained for the nanomaterials and their MPc conjugates

Abs maxima (nm) | DLS Size (hm) | Loading (ng/mg)

GQDs 387° 5.61 -
NGQDs 3482 4.96 -
SWCNTs 324 15.3 -
Bi2WOs 448° 13.5 -
NiWO4 330° 32.7 -
1-Co 676 - -
1ConNGQDs 666 19.2 506
1-Co-As 660 - -
1-Co-AsntNGQDs 676 23.5 596
2-Co 661 - -
2-ConGQDs 663 15.7 300
2-ConSWCNTs 672 21.5 430
3-Co 666 - -
3-ConGQDs 664 18.2 270
3-ConSWCNTs 670 26.3 450
4-Co-As 673 - -
4-Co-AsnGQDs 663 19.5 642
4-Co-AsmNGQDs 664 21.3 607
4-Co-AsntSWCNTs 667 20.3 528
4-Co-As@Bi;WOg 666 28.2 98
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4-Co-As@NiWO4 674 48.3 184

aSpectra obtained in water, all others in DMF

Red shifts have been attributed to the flattening of porphyrins in porphyrins-graphene oxide
nanoconjugates [168,169]. Blue spectral shifts have also been reported for porphyrin-
graphene oxide conjugate [169]. These spectral changes are attributed to strong interactions
between MPcs and the graphitic sheet. The increase in intensity of the B band observed upon
hybridisation was attributed to the intense absorption of the nanomaterials within the region.
The observed broadening of the Q bands upon hybridisation suggests that aggregation

occurred.

Figure 3.8 illustrates the UV-vis absorption spectra obtained for complex 4-Co-As alone and
when linked to the studied nanomaterials. As indicated above, 4-Co-As displayed a Q-band
absorption maxima at 673 nm, Tables 3.2 and 3.3. The Q-bands (wavelengths) obtained for
the hybrid complexes are summarised in Table 3.3. A 7 nm blue shift in the Q band maxima
was observed upon the hybridisation of 4-Co-As with Bi;WQs. Blue shifts have been
previously reported for porphyrinoid conjugates with graphene oxide and have been
attributed to strong interactions between the components, as stated above. With regards to
hybridisation of 4-Co-As with carbon-based nanomaterials, 6 — 10 nm blue shifts in the Q-

band were observed.

Upon hybridisation, a general increase in the absorption intensity of the B band of the MPc
complex was observed. This can be attributed to the influence of the nanomaterials with

absorption profiles within that region.
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Figure 3.8: UV-Vis absorption spectra of (a) 4-Co-As, Bi2WOQOs, NiWO4, 4-Co-As@BiWO¢ and
4-Co-As@NiWO0Os and (b) 4-Co-AsnGQDs, 4-Co-AsntNGQDs, 4-Co-AsnSWCNTSs

X-Ray Diffraction

X-ray powder diffraction (XRD) was used to study the morphology and crystallinity of the
nanomaterials and the respective MPc hybrid materials (conjugates) used in this work. Figure
3.9 shows the X-ray powder diffractogram of the nanomaterials and their conjugates
recorded from 20 between 5° and 100°. MPcs complexes are known to show broad XRD peaks

at approximately 20° due to their amorphous nature, as observed in Figure 3.9(a) [170]. This
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peak is observed in the diffractograms obtained for the conjugates as well. However, in some
cases, it may overlap with that of the graphene-based nanomaterials (GQDs, NGQDs and
SWCNTs), as graphene structures have prominent peaks at between 25° and 43°C (Figure
3.9(b)). These peaks were attributed to the reflection of the carbon on the graphitic layer of

the structure, respectively [171,172].

The NiWO4 nanoparticles showed diffraction peaks with 100, 110, 111, 200, 130, 113, 311 and
302 (JCPDS no. 15-0755) planes. While the Bi;WOs XRD patterns observed were in accordance
with the JCPDS no 39-0256 with diffraction peaks at 131, 002, 202, 133, 262, 204 [173-175]

(Figure 3.9(a)). The presence of these diffraction peaks in the conjugates confirms their

presence.
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Figure 3.9: X-ray diffractograms of (a) 4-Co-As, Bi;WOg and NiWO4 and their respective 4-Co-
As conjugates and (b) GQDs and NGQDs and their respective 4-Co-As conjugates

3.4.4.3 Raman Spectroscopy

Raman spectroscopy was used herein to determine the vibrational modes of the
nanomaterials and their respective conjugates as well as to investigate whether the structural
fingerprints of the nanomaterials were maintained after conjugation (Figures 3.10 and 3.11).
The G bands observed in the Raman spectra are attributed to the in-plane vibrations of the
sp? bonded carbon atoms. While the D bands are due to the out-of-plane vibrations caused
by structural defects, sp* carbon atoms [176—178]. The G and D bands (wavenumbers) are

tabulated in Table 3.4.
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The G band associated with GQDs was observed at 1586 cm™. Upon hybridisation with 2-Co
and 4-Co-As, no significant changes in the G band were observed for the formed hybrids.
However, a 17 cm™ shift in the G band was observed after hybridisation with 3-Co. The GQDs
exhibited a D vibrational band at approximately 1354 cm™, after conjugation < 5 cm, shifts
were observed for 3-ConGQDs and 4-Co-AsnGQDs. While 2-ConGQDs showed a more

significant shift, with the D band at 1315 cm™.

NGQDs exhibited G and D vibrational bands at 1605 cm™and 1171 cm?, respectively (Figure
3.12(a)). 1-ConNGQDs is the only hybridised material that exhibited a significant (12 cm™)
change in the G band upon hybridisation. While the only noticeable difference in the D band
was the 20 cm™ shift observed for 1-Co-AsntNGQDs. Hybrid 4-Co-AsntNGQDs exhibited <3 cm’

Lfor both the G and D bands from the original G and D bands obtained for NGQDs.

Figure 3.10(b) shows the Raman spectra obtained for SWCNTs and the MPc hybrid, 4-Co-
AsnSWCNTs. The figure shows that unlike the other carbon-based nanomaterials studied,
SWCNTs have an additional and relatively less intense vibrational band, the 2D band,
observed at higher wavenumbers. The 2D band is an overtone of the D band [179,180]. The
three prominent SWCNTSs vibrational bands were observed at 1600 cm™ (G band), 1303 cm™?
(B band) and 2595 cm™ (2D band). After hybridisation, the average shifts were < 8 cm™ for all
the G and D vibrational bands. Relatively larger shifts were observed for the 2D band for 2-
ContSWCNTSs (2675 cm?, 80 cm™ shift) and 3-ConSWCNTSs (2632 cm™?, 37 cm™?).

Shifts in the G band indicate a strong interaction between an MPc and the coplanar graphitic
sheet of the nanomaterial, this is attributed to a charge transfer between the MPcs and the
nanomaterials [179,181]. The lack of change in the D band suggests that the central graphene

sheet was intact during -t stacking and that the structural integrity was preserved. Raman
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shifts have also been reported to indicate a change in size and strain effect on nanoparticles

[182,183].

Upon hybridisation, the order of the graphene framework is disrupted, and a change in the
In/lc ratio is expected [184]. The Ip/ls ratios were calculated (Table 3.4). No apparent trends
were observed in the Ip/lg ratios after conjugation, as both increases and decreases in the

ratios were observed.

Table 3.4: Summary of the Raman spectroscopy data

G (cm™) D (em™) 2D (ecm™) In/lg
GQDs 1586 1354 - 0.59
2-ConGQDs 1586 1315 - 0.44
3-ConGQDs 1603 1351 - 0.57
4-Co-AsnGQDs 1585 1357 - 0.88
NGQDs 1605 1171 - 0.42
1-ContNGQDs 1593 1171 - 0.80
1-Co-AsntNGQDs 1605 1191 - 0.67
4-Co-AsntNGQDs 1602 1170 - 0.53
SWCNTSs 1600 1303 2595 0.39
2-ConSWCNTs 1595 1300 2675 0.68
3-ConSWCNTs 1593 1307 2632 0.37
4-Co-AsnSWCNTs 1604 1298 2593 0.90
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Figure 3.10: Raman Spectra of (a) NGQDs and (b) SWCNTs and their respective 4-Co-As
conjugates

Raman spectroscopy was also used to determine the vibrational modes of the metallic
nanomaterials studied herein (Figure 3.11(a and b)). The W=0 band typically has a Raman
fingerprint at 874 cm™* with a standard deviation of 55 cm™ [105,185].

The BizWOs nanoparticles displayed two intense vibrational bands at 791 cm™ and 303 cm™
and two relatively weak bands at 687 cm™ and 380 cm™. The vibrational peak at 791 cm™ is
attributed to the symmetrical and asymmetrical W=0 octahedral stretches, and the band
observed at 687 cm™ is due to the asymmetrical WO stretch [102,186]. The vibrational bands

at303 cm™and 380 cm™are assigned to the bending modes of the bismuth-oxygen polyhedral
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[102,186]. Similar Raman fingerprints were observed for the conjugates with slight shifts in
the wavenumbers.

The NiWOa4 nanoparticles (Figure 3.11(b)) displayed three strong prominent vibrations at 877
cm™, 739 cm™ and 699 cm. The band observed at 877 cm™ was assigned to the symmetrical
W=0 vibrational stretch [105,186]. The peaks at 739 cm™ and 699 cm™ and the relatively
weaker band observed at 1018 cm™ are assigned to the W-O vibrational bands of the WO
octahedra. The vibrational bands obtained for the NiWO4 nanoparticles and corresponding

conjugates were within the range of the vibrations observed in literature [105,185,187].
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Figure 3.11: Raman spectra for (a) Bi2WOes and (b) NiWO4 and their 4-Co-As conjugates
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3.4.4.4 Dynamic Light Scattering

Dynamic light scattering was used to determine the average particle size of the nanomaterials

and the MPc-nanomaterial hybrids (Figure 3.12, Table 3.3).

The nitrogen-doped graphene quantum dots exhibited the smallest size of all the
nanomaterials studied herein, with their average size being 4.96 nm. The average size of GQDs
and SWCNTs was determined to be 5.61 nm and 15.3 nm, respectively (Table 3.3). The
metallic nanomaterials had relatively large sizes; 13.5 nm (Bi;WQe¢) and 32.7 nm (NiWQa). An
important observation made, was that there was an increase in the average size after linkage,

as expected. The increase in particle size confirms the possible supramolecular assembly

formation between to (or more) materials.

a) NGODS b) SWCNTs
— 2-ConSWCNT
< 1-ConNGQDs S or S
= >
g (7)
c = 3-ConSWCNTS
— -Com
1-Co-AstNGQDs
|
0 20 40 6I0 0 20 40 60 80
Size (nm) Size (nm)

Page | 92



Chapter 3: Synthesis & Characterisation

C) .
Bi2W06 d) NIWO,

4-Co-As@Bi, WO

Intensity (a.u)
Intensity (a.u)

20 40 60 0 20 40 60 80 100
: Size (nm)
Size nm)

Figure 3.12: DLS distribution graphs of (a) NGQDs, 1-ConNGQDs and 1-Co-AsnNGQDs, (b)

SWCNTs, 2-ContSWCNTs and 3-ConSWCNTs (c) BizWOg, 4-Co-As@Bi:WOgsand (d) NiWO4 and
4-Co-As@NiWO,

3.4.4.5 Thermographic Analysis

Thermographic analysis, TGA, was conducted to determine the thermal stability of the
phthalocyanine complexes, nanomaterials, and the hybrids. Figure 3.13 shows the
thermograms (decay curves) obtained for 4-Co-As, the nanomaterials studied in this work and
the 4-Co-As hybrid materials (as an example). The results show that the MPc complex was
the most thermally unstable material studied herein, with 68% of the complex being degraded

at 700 °C.

The nanomaterials alone were relatively more stable compared to 4-Co-As and the

hybrids/conjugates.
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Figure 3.13: Thermographic analysis of (a) BizWOe and NiWO, and (b) GQDs, NGQDs and
SWCNTs and their 4-Co-As hybrids
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Generally, tungsten nanoparticles are thermally stabile up to 800 °C [188]. Bi;WOgs and 4-Co-
As@Bi,WOs were the most stable materials studied herein, with more than 80% of the
materials retaining their integrity at 700 'C. Graphene-based materials are thermally stable as
they comprises of sp? hybridised carbons held together via covalent bonds and van de Waal
forces which are strong and not easily decomposed (reduced) [189]. Hence, herein GQDs
exhibited good thermal stability as they had only degraded by just above 58% at 700 °C. with
4-Co-AsmSWCNTs showing the lowest thermal stability with approximately 90% degradation
at 700°C. NGQDs are less stable than GQDs because the additional nitrogen atoms readily
decompose, compromising the nanomaterials’ thermal stability.

TGA was also used to determine the loading of the various MPc complexes onto the respective
nanomaterials, this was accomplished using a method reported in literature [190]. The
method involves comparing the thermal decomposition of the MPc in their hybrids with that
of the initial MPc before conjugation with reference to the thermal decomposition of the
metallic nanoparticle [190]. The calculated loading values are tabulated in Table 3.3. The

loading values will be briefly used to explain electrocatalysis in chapter 5.

3.4.4.6 Atomic Force Microscopy

The AFM characterisation was also undertaken. Figure 3.14 illustrates the profiles obtained
for Bi2WOs, NiWO4 and their conjugates with 4-Co-As. The nanoparticles were dispersed in
water/ethyl alcohol Figure 3.14(A, C). The topographic image in Figure 3.14 (B) demonstrates
the spherical flattened and polydispersed particles following the conjugation of MPcs to the
nanomaterials. Figure 3.14 (B, D) shows that the introduction of MPcs to the nanomaterials

resulted in aggregates and agglomerated particles.
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Figure 3.14: AFM images of (A) Bi;WOs, (B) 4-Co-As@Bi,WOs, (C) NiWO,, (D) 4-Co-As
@NiWOa. (i) 2D surface topology, (ii) 3D surface topology, and (iii) line profiling.
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Figure 3.15 is an illustration of the visual profiles obtained for SWCNTs, GQDs and 2-
ConSWCNTSs. The 2-dimensional image reveals the SWNCTs, which look spherical with 60 nm
height, Figure 3.15(A). The spherical look could be due to the fact that SWCNTs may lie on the
surface in various directions [191]. However, the 3-dimensional image illustrates the
cylindrical shape of SWCNTs. Correlation in topographic morphology between SWCNTSs alone
and when conjugated to phthalocyanine is demonstrated in Figure 3.15(B). Similarly, Figure
3.15(C) illustrates the distribution and thickness of the GQDs. The figures demonstrate
dispersed particles, and the height shows an average thickness of 4 nm, suggesting that GQDs

are multi-layered [178,192].

Figure 3.15: AFM images of (a) SWCNTs, (b) 2-ConSWCNTs and (c) GQDs
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3.5 Conclusions

Seventeen phthalocyanine complexes were synthesised in this work, only four are known.
These complexes were grouped as series based on either their central metal or substituents.
This chapter gave an overview of the synthesis and characterisation of these complexes.
Phthalocyanine complexes studied herein were synthesised using the condensation method,
which requires refluxing a mixture of the desired phthalonitrile(s) with the metal salt and DBU
in high boiling point solvents. The complexes were successfully characterised using UV-Vis

absorption spectra, elemental analysis and FT-IR.

This chapter also characterised the nanomaterials synthesised in this work and the MPc-
nanomaterial hybrids and conjugates. The carbon-based nanomaterials were successfully
conjugated to the MPcs via non-covalent linkage, while the metallic nanomaterials were
conjugated via covalent linkage. The hybridised complexes were characterised using various

analytical techniques such as; Raman spectroscopy, DLS, AFM, XRD, and UV-Vis absorption.
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CHAPTER 4

ELECTRODE
MODIFICATION AND
CHARACTERISATION

Preface: This chapter summarises the working electrode modification technique and the

characterisation of the modified electrode surfaces using various electrochemistry techniques

and principles.
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4. ELECTRODE MODIFICATION AND CHARACTERISATION

Herein, the glassy carbon electrode was used as the working electrode of choice due to its
chemically inert nature, the wide active potential window and the ease with which it can be

modified to enhance these properties and achieve greater sensitivity and selectivity [52,53].

The bare (unmodified) GCE was modified with the synthesised MPc complexes,
nanomaterials, and MPc-nanomaterial hybrids (employed as electrocatalysts) using the
conventional drop-casting method. Drop casting is an adsorption method where a measured
aliquot of the electrocatalyst is deposited onto the electrode surface and dried (in an oven)

before use [35,193].

The modified electrode surfaces can be characterised using various analytical and
electrochemical techniques. Herein, cyclic voltammetry, electrochemical impedance
spectroscopy and scanning electrochemical microscopy were used to study surface

modification and determine key parameters such as surface coverage and conductivity.

4.1 Comparative Cyclic Voltammetry (CV)

Figure 4.1(a) is an illustration of the cyclic voltammograms obtained for the bare
glassy carbon electrode in 1 mM ferricyanide solution ([Fe(CN)s]37/#) using 0.1 M KCl as the
supporting electrolyte. The observed CV is typical of a reversible reaction, characterised by
the occurrence of both the anodic (Epa) and cathodic (Eyc) peaks [194,195]. The peak-to-peak
separation (AEp = Epc— Epa) Of a clean GCE in a reversible system should be approximately 59
mV at 25 °C to indicate good, fast electron transfer at the electrode surface [195-197]. The
AEp value obtained for the unmodified GCE used in this work was calculated to be 64 mV

(Table 4.1), which is within range and indicative of good electron transfer.
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Figure 4.1: Cyclic voltammograms of (a) Unmodified GCE, (b) 1-Co, 1-ConNGQDs, 1-Co-As, 1-
Co-AsnNGQDs, 2-Co and 3-Co, (c) 8-Co, 8-Cu, 8-Mn and 8-Ni and (d) 9-Mn, 10-Mn, 11-Mn in
1 mM [Fe(CN)e]37 (0.1 M KCI). Scan rate = 100 mVs™

Figures 4.1(b-d) show the cyclic voltammograms obtained for the modified electrode surfaces
in the ferrocyanide redox couple solution at a scan rate of 100 mVs™. It can be observed that
each electrode employed in this work behaved uniquely in the redox couple solution as each
electrode surface had a unique CV profile. This is an indication that each modified surface has
unique electron transfer capabilities [195,198]. Hence, each electrocatalyst studied in this

work had a different AEp value (Table 4.1) and current.

In some cases, AEp could not be calculated due to the absence of the return peak (Epa),
meaning that the reaction at the electrode surface was either irreversible or oxidation
occurred at a higher potential than the one studied herein. This was observed for 1-Co-
AsntNGQDs, 2-ConSWCNTs, 3-Co, 3-ConGQDs, 3-ConSWCNTSs, and GQDs. The lack of peaks
in the redox couple solution is often correlated with poor charge transfer activity. This
however, provides no information as to how the seemingly passivated electrode surface will

interact with the analyte.
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A lower AEp is highly desired in electrochemistry as it indicates that the electrode has good

electron transfer abilities. However, this does not directly translate to the electron transfer

properties of the electrocatalysts in the presence of the analyte. The following conclusions

were drawn with regard to the electron transfer abilities of the unmodified and modified

electrodes studied in the redox couple solution (Figure 4.1, Table 4.1):

An increase in the AEp value was observed upon modification. This is attributed to
the electrode surface being modified (blocked) by the electrocatalysts [195].
Lowering the symmetry of the MPc complex improved the electron transfer ability
of the MPc (lower AEp).

No apparent trend was observed with regard to the effect of the nanomaterials on
the electron transfer abilities of the MPcs. Complex 4-Co-As was conjugated to all
nanomaterials used in this work. It was observed that incorporating nanomaterials
enhanced the electron transfer abilities (a lower AEp was obtained) for all hybrids
except for 4-Co-AsnSWCNTs and 4-Co-AsnNGQDs. However, for other hybridised
materials, the change in AEp upon the incorporation of nanomaterials was
inconsistent. For example, 1-Co (170 mV) < 1-ConNGQDs (294 mV) and 2-Co (309
mV) > 2-ConGQDs (88 mV).

Regarding the substituents, the CuPc series showed that the formation of Schiff
bases from the precursor, 5-Cu, improved the electron transfer abilities. This is
apparent from the relatively lower AEp values obtained for Schiff bases 6-Cu and
7-Cu compared to 5-Cu. This was also observed with MPc Schiff base complex 11-

Mn formed from 9-Mn. However, Schiff base 10-Mn displayed a relatively higher
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AEp than its precursor 9-Mn, this is attributed to the sulphur atoms as they are
generally oxidised at higher over potentials.

V. MnPcs displayed relatively higher and unfavourable AEp values compared to other
MPcs. The AEp values of the 8-series MPcs complexes were ranked as follows: 8-

Co < 8-Ni < 8-Cu < 8-Mn.

4.2 Surface Coverage

Cyclic voltammetry was also used to determine the effective electrode area (surface

roughness) and average surface coverage.

The effective electrode area was calculated using data obtained from Figure 4.1 fitted into
the Randles-Sevcik Equation 4.1, for reversible systems, applied on the [Fe(CN) ¢]3/* redox

couple.

lp= (2.69 x 10°) n¥2 ADY2 Cy¥/2 (4.1)

where Ip, n, A, D, C and v represent the peak current, the number of electrons transferred (~
1), the electrode area (cm?), the diffusion coefficient of the electroactive species, the
concentration of the redox couple solution (K3[Fe(CN) ¢]374), and the scan rate (Vs?)
respectively. The diffusion coefficient for the redox couple employed was 7.6 x 10 cm? s,

[199].

The calculated effective electrode area and the total charge of the electrocatalysts were
calculated using CV scans in the buffer solution (Figure 4.2). Equation 4.2 was used to

calculate the total surface coverage of the respective modified electrodes [200].

Page | 104



Chapter 4: Electrode Modification & Characterisation

4-Co-As
a)100 4= — 4-Co-AszGQDs 60Ds '
75 = N D
2 = = 4-Co-AsnNGQDs GQDs
qC_) 25 = = 4-Co-AstSWCNTs
5 04
@)
-25

0.0 05 1.0 1.5
Potential (V)

O
~
[00]
o
]

Current (uA)
N S (o))

o o o o
1 1 1 1

-0.5 0.0 0.5 1.0
Potential (V)

9-Mn

10-Mn
11-Mn

1
-0.5 0.0 05 1.0
Potential (V)

Figure 4.2: Cyclic voltammograms of (a) 4-Co-As, GQDs, NGQDs, SWCNTs and their respective
4-Co-As hybrids (b) 4-Cu-As, 5-Cu, 6-Cu and 7-Cu and (c) 9-Mn, 10-Mn and 11-Mn in 0.1 M
PBS buffer at pH 7. Scan rate = 100 mVs™
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r= -2 (4.2)

where [ is the surface coverage (mol.cm), n is the number of electrons transferred (~ 1), F is
the Faraday constant (96 485 C mol?), and A is the effective surface area obtained from
Equation 4.1. The peak areas obtained in the buffer (Figure 4.2, labelled | and Il) were
integrated due to the broadness of the anodic peak. From the data obtained it was observed
that for the 8-series complexes, 8-Cu has a relatively larger I value (Table 4.1) and this could
be attributed to copper being relatively flatter. The I values (Table 4.1) will be discussed in

chapter 5.
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Table 4.1: Summary of the surface properties of the modified electrode surfaces, obtained in

1 mM Fe(CN)&3/#(0.1 M KCl supporting electrolyte)

Complex/Complex AEp (mV) I (x 102 molcm2) | Rt (KQ)
GCE 64 0.7
1-Co 170 3.00 x 10710 5.67
1-ConrNGQDs 294 b 12.3
1-Co-As 107 b 16.8
1-Co-AsnNGQDs -2 b 15.4
2-Co 309 b 4.38
2-ConGQDs 88 b 19.9
2-ConSWCNTs -2 b 11.0
3-Co -2 b 6.95
3-ConGQDs -2 b 131
3-ConSWCNTs -2 b 13.8
4-Co 280 b 7.20
4-Co-As 267 -b 24.7
4-Co-AsnGQDs 152 2.81x 101 6.58
4-Co-AsntNGQDs -2 7.69 x 1011 28.8
4-Co-AsnSWCNTs 346 2.40x 1010 116
4-Co-As@NiWO,4 123 b 16.3
4-Co-As@Bi;WOg 251 b 24.2
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4-Cu-As 220 1.36 x 1010 11.6
5-Cu 214 1.87 x 10710 3.25
6-Cu 158 1.36 x 1010 28.0
7-Cu 60 1.95 x 1010 30.3
8-Co 77 1.07 x 10°10 18.0
8-Cu 137 1.90 x 1010 14.0
8-Mn 190 1.29 x 10°10 23.0
8-Ni 132 3.34x 101 22.0
9-Mn 446 6.24 x 10710 18.3
10-Mn 586 2.79x 1010 22.6
11-Mn 375 1.85 x 10710 24.5
GQDs -2 8.12x 1011 6.17
NGQDs 188 2.59x 101 43.3
SWCNTs 127 1.95 x 10°1° 16.4
NiWO4 105 b 6.0

Bi2WOs 151 b 32.0

2 = No return peak, ® = no peaks
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4.3 Scanning Electrochemical Microscopy (SECM)

Scanning electrochemical microscopy is a microscopic technique used to characterise the
electrode surface. An ultramicroelectrode (UME) tip is used as the probe. Throughout the
study, the tip current is monitored. The current is affected by the; i) electroactive species at
the probe, ii) conductivity of the electrocatalyst, and iii) distance between the tip and the
electrode surface [201]. These factors determine the electrochemical, conductivity and

topographic properties of the electrocatalysts.

Figure 4.3 illustrates the possible SECM mechanisms due to electron transfer at the tip
perturbated by the electrode surface. The current observed depends on the nature of the
electrode surface. If the surface is conductive, then diffusion of the electroactive species is
enhanced, and the current increases due to the influx of redox species (Figure 4.3(b)).
Whereas if the electrode surface is insulating, diffusion is blocked (movement of electrons is
hindered) and therefore, the current decreases (Figure 4.3(c)) [201,202]. Figure 4.3(a) shows

how diffusion typically occurs.

This work employed the SECM approach curves to characterise the electrode surfaces and
determine the conductivity of the electrocatalysts. The approach curves (Figure 4.4) illustrate
the changes in tip current as the ultra-micro electrode (UME) tip approaches the substrate in
a feedback mode experiment in the presence of the Fe3*/Fe?* redox mediator. The approach
curves were obtained in a 5 mM [Fe(CN)s]374 solution (0.1 M KCl), where d/a is the
normalised distance, (um), and I/luim is the normalised current. Approach curves are obtained
by lowering the tip towards the surface. Data obtained from the approach curves illustrates
the conductivity of the surface in relation to the distance from the electrode surface

[202,203].
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Figure 4.3: Basic Principles of SECM mechanisms (a) diffusion and approach curves on (b)
conducting and (c) insulating substrates

Figure 4.4(a) is a representation of the typical approach curves obtained for the bare carbon
plate (BCP) and Teflon. It can be observed that the current increases as the tip approaches
the bare electrode and proving that the bare electrode is an electron conductor [204,205].
The Teflon surface is insulating, and non-conductive. Therefore, it hinders diffusion resulting
in a decrease in current, as observed in Figure 4.4(a) [204-206]. The MPcs, nanomaterials,

and their hybrid materials are generally electron-conducting complexes/materials.

Figure 4.4(b) is an illustration of the SECM approach curve obtained for the chalcone MPcs,
where the effect of the central metal was studied. From the figure, it can be observed that 8-
Co, 8-Cu, 8-Mn and 8-Ni are all relatively good electron conductors, better than the
unmodified electrode surface as judged by d/a values at 0, contradicting the AEp values

obtained. 8-Mn displayed the lowest conductivity (at d/a = 0), with the overall conductivity
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results obtained in the redox couple solution being as follows; 8-Co>8-Cu>8-Ni>8-Mn. This
trend could be related to conductivity (Siemens/m) of the central metals: Cu = 6.0 x 10’ > Co

=1.6x107,>Ni=1.5x10">Mn = 6.2 x 10° [207].

Figure 4.4(c) shows the approach curves obtained for symmetric complex 1-Co, asymmetric
complex 1-Co-As, NGQDs and the hybrids obtained from the two complexes with NGQDs. This
study was conducted to investigate whether nanomaterials enhance the conductivity of MPcs
and whether symmetry influences electron conductivity. The MPc complexes and their hybrid
materials exhibited relatively reduced electron conductivity compared to the unmodified
electrode. This confirmed the AEp results obtained from the CVs in Figure 4.1 (summarised in
Table 4.1). 1-Co exhibited relatively higher electron conductivity compared to 1-Co-As, thus
lowering the symmetry of the complex did not enhance its electron conductivity behaviour.
However, no obvious trend was observed with regard to the effect of nanomaterials on the

electron conductivity of MPc complexes.
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4.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is one of the most important techniques used to
study the electrochemical systems and processes at the electrode surface [194,208]. EIS was
conducted to characterise the working electrode surfaces (bare and modified) by determining

the transfer kinetics in the ferrocyanide redox couple solution.

EIS datais interpreted using models with equivalent electrical current elements, the elements
are attributed to physical processes in the system, such as charge transfer resistance (Rc) and
the double layer capacitance (Cq) or constant phase element (CPE) [208,209]. The model
used in this work is the Randles circuit equivalent (Figure 4.5), where Rs is the solution

resistance, and Zw is the Warburg impedance [209].

EIS data is most commonly represented using Nyquist plots (Figure 4.6). In the Nyquist plots,
frequency is plotted as the imaginary part (Z”) versus the real part (Z') in Ohms [210]. These
Nyquist plots were used to determine the Rt values, which in the plots is the size of semi-

circle [210].

Figure 4.5: Randles equivalent circuit
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Rct values obtained in this work are tabulated in Table 4.1. A low Rt value is indicative of good
electron transfer. The lowest Rt value of 0.7 kQ, was calculated for the unmodified electrode.
This confirms the AEp values obtained where the bare electrode accounted for the lowest
AEp, which translates to the best electron transfer abilities compared to the studied
complexes, nanomaterials and hybrids. Upon electrode modification, the R values obtained
increased as expected since the electrode surface had been modified/blocked. R values

generally follow the same trend as AEp.
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Figure 4.6: Nyquist plots of (a) bare GCE, (b) NGQDs, SWCNTs and their 4-Co-As hybrids, (c)

4-Cu-As, 5-Cu, 6-Cu and 7-Cu and (d) 8-Co, 8-Cu, 8-Mn and 8-Ni obtained in 1 mM [Fe(CN)g]*
/4-
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4.5 Conclusions

This chapter was based on characterising the working electrode surface and determining key
parameters. The glassy carbon electrode (glassy carbon plate for SECM experiments) was
used as the working electrode of choice and modified using the conventional drop-casting
method. The electrode surface was modified with the synthesised phthalocyanine complexes,
nanomaterials and their respective hybrids, which were used as electrocatalysts. The
modified electrode surfaces were primarily characterised in the ferrocyanide redox couple

solution.

Cyclic voltammetry was used to determine the peak-to-peak separation and whether the GCE
was indeed modified, and its ability to transfer electrons after modification. An expected
increase in the AEp value was observed upon electrode modification for most electrodes but
in some cases no return peaks were observed. This is because all these complexes did not

show the cathodic (reverse) peak.

CV scans in both the redox couple solution and the buffer were used to calculate the effective
electrode area and the surface coverage. Electrochemical impedance spectroscopy and
scanning electrochemical microscopy were successfully used to determine the conductivity

of the studied electrocatalysts.
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CHAPTER 5

ELECTROCATALYSIS

Preface: This chapter summarises the electrocatalytic properties of the studied

electrocatalysts (MPcs, nanomaterials and hybrids). It also provides the detection properties
of the electrocatalysts when employed in the electrochemical detection of nitrite, catechol,

and dopamine.
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5. ELECTROCATALYSIS

5.1 Nitrite

5.1.1 Comparative Cyclic Voltammetry
Cyclic voltammetry was employed to study the electrocatalytic behaviour of the
electrocatalysts employed in this work. MPc complexes 4-Co, 4-Co-As and its MPc-
nanomaterial hybrids, and 8-11 were employed as electrocatalysts to detect nitrite. Figure
5.1 is an illustration of the cyclic voltammograms obtained in the presence of nitrite. The
electrocatalysts studied herein exhibited different CV profiles in nitrite. This suggests that
each electrocatalyst responded uniquely to nitrite and exhibited different nitrite detection
properties. From the figure, it can be observed that the studied complexes only showed
oxidation peaks. Therefore, it can be concluded that the electrooxidation of nitrite using MPc
complexes (and nanomaterials) is irreversible.
The nitrite oxidation peak potentials (Ep) obtained in this work ranged between 0.65 V and
1.09 V (Table 5.1). These were in accordance with the peak potentials obtained in literature
for the electrochemical oxidation of nitrite [211-219]. Generally, in electrochemistry, a good
electrocatalyst is classified by its ability to detect the analyte of interest at low oxidation peak
potentials and high currents. The following observations were drawn from the cyclic
voltammograms in Figure 5.1(a-c) about the oxidation peak potentials and currents obtained
from the electrooxidation of nitrite (Table 5.1):
i The unmodified glassy carbon electrode did not display a nitrite oxidation peak,
indicating that it could not detect nitrite at the studied potential window.

However, upon modification, nitrite oxidation peaks were observed.
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