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ABSTRACT 

Phthalocyanines (Pcs) are a class of synthetic pigments with a similar structure to porphyrins. 

The work presented in this thesis is centred around these electron-rich macrocycles and their 

use in electrocatalysis. This body of work provides a more rigorous analysis on asymmetric 

Pcs, focusing on finding the “ideal” combination of substituents in the synthesis of A3B-type 

Pcs and how these asymmetric structures compare with their symmetric counterparts (A4) in 

the electrocatalysis of hydrazine and nitrite. 

The choice in substituents in the syntheses of the Pcs was such that there is both electron-

donating and electron-withdrawing groups to induce a push-pull effect. In the studies 

involving the electrocatalysis of hydrazine, asymmetric cobalt Pcs (CoPcs) possessing alkyl 

groups as the primary substituents, with variations in the acid-containing group, along with 

their symmetric counterparts, probes with potential for further improvement were identified. 

Using voltammetric and amperometric techniques, the analyte-electrode kinetics, 

mechanism in which the electrochemical reaction proceeds along with the limits of detection 

(LoD) were determined. In the general sense, the pentadecylphenoxy-derived CoPcs 

performed better than those containing the tert-butyl substituent as the dominant 

substituent with the asymmetric CoPcs producing more favourable results than their 

symmetric analogues. 

With respect to the probes designed for nitrite, a multi-dimensional approach was 

undertaken in that acetaminophen was chosen as the primary substituent whilst multiple 

changes in the asymmetric component were made. In addition to varying the carboxylic acid-

containing substituent, alkyne- and amine-based substituents were also explored in which the 

alkyne-containing Pc was anchored onto the electrode surface through click chemistry while 
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the amine-bearing Pc was covalently linked (and π-stacked) to nitrogen-doped graphene 

quantum dots (NGQDs). Another component that was altered was the central metal where 

CoPcs were compared to manganese Pcs (MnPcs). The most desirable peak oxidation 

potential for nitrite was observed in the MnPcs as it was the lowest with adsorption 

sometimes being a better suited method of electrode modification relative to clicking. The 

inclusion of NGQDs was found to be beneficial when combined with the symmetric CoPc 

whilst in the presence of an asymmetric Pc complex, less desirable results were observed.  

Overall, there were variations in the results with the symmetric CoPc sometimes being better 

than some of the asymmetric CoPcs demonstrating that a blanket-approach in terms of 

synthesizing and applying asymmetric Pcs is not always viable. 
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CHAPTER 1 
INTRODUCTION 

 
 

This chapter is based on the existing literature pertaining to 

graphene quantum dots, phthalocyanines and their use in 

electrocatalysis. In addition to the phthalocyanines that have been 

previously reported, an outline of the phthalocyanines used in this 

thesis is also provided. 
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1. Introduction 

1.1 Catalysis – Electrocatalysis 

Catalysis is defined as the acceleration of a chemical reaction by means of a catalyst [1]. The 

classification of catalysis is, in most cases, based on the state of the material serving as the 

catalyst [2-4]. The categories of catalysis are homogeneous, heterogeneous and autocatalysis 

where in homogeneous catalysis, the catalyst exists in the same state or phase of matter as 

the reactants, in heterogeneous catalysis, the catalyst is in a different phase and in terms of 

autocatalysis, there is no catalyst added, instead one of the products serve as a catalyst 

themselves [2-4]. 

In electrochemistry, the most favourable type of catalysis is heterogeneous catalysis which 

involves the immobilization of an electrocatalyst onto a working electrode [5]. The 

combination of catalysis and electrochemistry is referred to as electrocatalysis and is applied 

in the detection of substances through electrochemical processes [6]. The widespread use of 

catalysts in electrochemistry has been largely driven by the desire to improve the selectivity 

of bare/unmodified electrodes [6]. In addition to improving the selectivity, electrode 

modification has been found to enhance the sensitivity of the electrode, reduce the 

overpotential as well improve on the stability of the surface which are all considered traits of 

a good or desirable electrocatalyst [6-11]. An example of how electrode modification 

improves the electrochemical response of an electrode is shown in Fig. 1.1 where it can be 

observed that the modified electrode, in comparison to the bare electrode, elicits a better 

peak current response at a lower oxidation potential [9]. 
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Fig. 1.1: Cyclic voltammograms for a bare GCE (dashed line) and a modified GCE (solid line) in 

0.2 M NaOH containing 6 mM of hydrazine [9].  

 

With respect to the electrodes available, there are several options including electrodes 

fashioned from noble metals such as platinum and gold as well as those derived from non-

metals such as carbonaceous electrodes [12,13]. Of the materials mentioned, carbon-based 

electrodes have shown signs of being the most favourable as they are sourced from a 

naturally occurring substance that exists in great abundance. Unlike metal-based electrodes, 

carbon electrodes possess great mechanical flexibility in that the fabrication thereof can be 

achieved in different ways which in turn influences the arrangement of the carbon atoms in 

space [13]. Examples of these include carbon paste electrodes (CPEs), graphite electrodes 

(GEs), screen-printed carbon electrodes (SPCEs), glassy carbon electrodes (GCEs) and carbon 

fibre electrodes (CFEs) [10,14,15]. 

Of the aforementioned electrodes, the glassy carbon electrode (GCE) was selected as the 

most suitable as it is highly conductive and has a non-porous surface [16]. In comparing it to 



Introduction  CHAPTER 1 

 

4 
 

the gold, platinum and other carbon electrodes, namely the CPE and SPCE, as showcased in 

Table 1.1, it is evident that the GCE is marked by more positive attributes than the other 

electrodes [10,12,16-24].  

Table 1.1: Advantages and disadvantages/limitations of common electrodes in existence. 

Type of electrode Advantages Limitations 

CPE 

• Inexpensive 

• Wide potential range 

• Low background current 

(good filter) 

• Unstable in organic 

solvents 

SPCE 

• All three electrodes 

including reference, counter 

and working electrode on a 

single platform 

• Portable and disposable 

• Fairly inexpensive 

• Confined to flat 

surfaces 

GCE 

• Inexpensive 

• Wide potential range 

• Low oxidation rate 

• High chemical stability and 

inertness 

• Susceptible to 

fouling/passivation 

Pt 

• Can exist as an alloy with 

rhodium (more rigidity) 

• Available as a wire, flat 

plate, or tube 

• Expensive 

• Limited cathodic 

potential range 

Au 

• Extensive cathodic potential 

range 

• Available as a wire, flat 

plate, or tube 

• Expensive 

• Susceptible to 

surface oxidation 

(reduces anodic 

window) 
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Despite presenting seemingly ideal properties, the GCE is not always responsive to analytes 

or target compounds. It is for this reason that there is a need to modify/alter the electrode 

surface through the introduction of conductive materials with the intention of enhancing the 

signal output [20,25-27]. Surface modification can be achieved through adsorption (dip-

dry/drop-dry), electropolymerization, covalent means or click chemistry amongst others 

[10,28]. 

The methods in which an electrode is modified depend on the type of modifier as well as the 

type of electrochemical techniques that are to be applied. Drop-drying and dip-drying are 

variations of modification through adsorption where the former entails dropping an aliquot 

of the electrode modifier or electrocatalyst onto the electrode surface and allowing it to dry 

whilst the latter involves the immersion of the electrode into a solution of the electrocatalyst, 

removing it from the solution and leaving it to dry (an illustration of drop-drying is provided 

in Fig. 1.2) [29,30]. 

 

 

Fig. 1.2: Schematic diagram of how drop-drying takes place with the subsequent use in a 

three-electrode electrochemical system. 
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Electropolymerization and grafting are similar in that they require the use of a complete 

three-electrode system composed of the working electrode, reference and counter electrode 

and a potentiostat. Electropolymerization of an electrode involves performing multiple cyclic 

voltammetric scans over a specified potential range. What is of importance in this case is that 

the electrocatalyst must possess functional groups that allow for the electropolymerization 

to take place (e.g. -NH2) [30]. In terms of modification by covalent means, grafting is 

sometimes followed by the introduction of a secondary material either through a Schiff base 

reaction or a Sharpless copper-catalysed cycloaddition reaction [31-34]. The procedure 

usually involves the reduction of a diazonium salt where the radicals produced bind to the 

electrode surface (which in essence is grafting), with the result being a modified surface that 

possesses functional groups to facilitate the addition of the desired electrocatalyst (Fig. 1.3) 

[34]. 

 

Fig. 1.3: Illustration of a click chemistry reaction involving an alkyne-substituted iron Pc. (DMF 

= N,N-dimethylformamide; Cu(PPh3)3Br = bromotris(triphenylphosphine)copper(I); TEA = 

triethylamine). 
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The work presented in this thesis involves modification of a glassy carbon electrode using two 

of the methods described, adsorption through drop-drying as well as modification through 

click chemistry. The materials used in doing so are graphene quantum dots (GQDs) and 

phthalocyanines (Pcs). In the following sections, a brief introduction on GQDs will be provided 

followed by an extensive account on Pcs as they are the primary electrocatalysts of interest. 

1.2 Graphene quantum dots (GQDs) 

1.2.1 Overview 

Graphene quantum dots (GQDs) are nanosized particles derived from graphene, a 2-

dimensional (2D) material composed of sp2-hybridized carbon atoms arranged in the form of 

a honeycomb [35,36]. Unlike graphene in its bulk state, GQDs are fluorescent and highly 

soluble in a variety of solvents [37-39]. These properties enable GQDs a wider reach in terms 

of applications (e.g. photocatalysis, biomedicine, the fabrication of solar cells and sensors, 

etc.) as they present these properties whilst retaining those of bulk graphene such as high 

thermal and mechanical stability [40-43]. Furthermore, relative to their semiconductor 

quantum dot counterparts that are derived from cadmium, selenium and tellurium, GQDs 

have no known/reported history of being toxic [42,44,45]. And beyond being able to be 

adapted for specific applications through the inclusion of heteroatoms (referred to as 

“doping”), and the amendments in functional groups and sizes, carbon-based nanomaterials 

have been found to be highly biocompatible [40-42,46]. 

1.2.2 Synthesis 

The synthesis of GQDs, inspired by a desire to possess certain chemical and photoluminescent 

properties which is influenced primarily by the starting materials, is classified into two 
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categories, top-down and bottom-up methods [47,48]. As the terms suggest, one approach 

entails moving from the top towards the bottom whilst the other involves moving in an 

upward trajectory to achieve a certain outcome (Scheme 1.1). 

GQDs generally exist in the size range of 2 – 20 nm and as the top-down term implies, the 

synthesis of GQDs in this manner involves downsizing of large or bulk carbon-based 

precursors into the nanosized particles [47,49]. Common carbon precursors employed in the 

top-down synthesis of GQDs include graphite, coal, single-walled carbon nanotubes 

(SWCNTs), multi-walled carbon nanotubes (MWCNTs), graphene oxide and naturally, 

graphene itself [47]. In attaining the GQDs, these materials are exposed to extreme chemical 

and/or mechanical conditioning such as chemical exfoliation, laser ablation, hydro- and 

solvothermal as well as electrochemical treatments [47,50,51]. 

In most cases, the method chosen is based not only on the carbon precursor but on the 

desired outcome as well in terms of size and surface functionalization. The most frequently 

reported methods of synthesizing GQDs are the hydro- and solvothermal routes [47]. The only 

difference between the two methods is that one makes use of water as the solvent 

(hydrothermal) whilst the other favours organic solvents more (solvothermal). In both 

instances, there is a carbon source, the application of elevated temperatures that exceed 150 

°C and a closed, high-pressure system [47]. 

The bottom-up approach to synthesizing GQDs, as the term suggests, is the opposite of the 

top-down method. Bottom-up synthesis of GQDs involves the use of small carbon-rich 

precursors such as glucose, sucrose, and citric acid [47,51,52]. These are also subjected to 

high temperatures (i.e. pyrolysis) with the difference being instead of reducing a bulk material 

into a smaller one, small molecules are used to build the GQDs to the desired size range. Some 
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advantages that the bottom-up approach has over the top-down method is that there is more 

control over the size and functionalization of the GQDs, and more importantly, because there 

is greater specificity in the precursors, the GQDs derived from a bottom-up approach present 

less structural defects in comparison to their top-down counterparts [47]. 

 

 

Scheme 1.1: An illustration of the top-down and bottom-approaches towards the synthesis 

of pristine GQDs and nitrogen-doped GQDs (NGQDs). (DMF = N,N-dimethylformamide). 
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An additional “synthetic pathway”, not entirely a standalone method, is that of doping. 

Naturally, GQDs are rich in oxygen-bearing functional groups, groups such as carboxylic acids 

and hydroxyls which can be oxidized or reduced as desired [49]. In order to improve on the 

natural properties of GQDs, atoms such as nitrogen, sulphur, fluoride, and boron are 

introduced into the graphene network which is referred to as doping [51,53,54]. Doping, an 

act achievable in situ or post-synthesis, has been demonstrated to improve the 

photoluminescence and electrochemical properties of GQDs [50]. Some of the synthetic 

pathways applied in the synthesis of doped GQDs are demonstrated in Scheme 1.1 where 

both the top-down and bottom-up approaches are shown along with one-pot (in situ) doping 

as well as post-synthesis doping of the pristine GQDs [47,51,52,55]. 

One particular heteroatom that has garnered a great deal of favour in doping is nitrogen. 

Nitrogen possesses a similar size to carbon and so its incorporation into the graphene carbon 

network hardly presents significant distortions, with a large portion of the matrix retaining its 

network of sp2-hybridized carbons, which is an important aspect in the formation of non-

covalent composites [39,50]. While the introduction of nitrogen into GQDs can be performed 

on the peripheral ends of the GQDs, the GQDs used in this work are composed of nitrogen as 

a contributor to the graphene lattice. The inclusion of nitrogen in the graphene network 

brings forth different types of nitrogen atoms which all have an influence on the performance 

of the GQDS. The types of nitrogen observable in nitrogen-doped GQDS (NGQDs) include 

pyridinic, pyrrolic, and graphitic nitrogen(s) [39,50]. The work reported herein makes use of 

NGQDs in conjunction with phthalocyanines for electrocatalysis. 
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1.3 Phthalocyanines 

1.3.1 Structure and general applications 

Phthalocyanines (Pcs) are synthetic dyes characterized by an intense Q-band absorption in 

the ultraviolet spectrum nearing the infrared region (~650 nm or higher) [56]. Similar to their 

naturally occurring analogues, porphyrins, Pcs are highly conjugated macrocycles composed 

of an 18-π electron system within the main framework (Fig. 1.4) [57]. At present, most Pcs 

possess a metal or metalloid in the central cavity, which is a significant difference from the 

metal-free Pc (H2Pc) [58,59]. In addition to the cavity’s ability to host a multitude of transition 

metals and metalloids, the flexibility through substitution of the hydrogen atoms in the alpha 

(α) and/or beta (β) positions has seen Pcs gain traction in various fields of application (Fig. 

1.4) [58,60]. 

Fig. 1.4: General structures of a porphyrin, a free-base phthalocyanine (H2Pc) and a 

metallophthalocyanine where R represents the substituents, M the central metal and X the 

axial ligand. 

 

Metallophthalocyanines (MPcs) containing diamagnetic metals have been reported to be 

efficient photosensitizers in photodynamic therapy (PDT) [60,61]. Cobalt, iron and 

manganese-bearing MPcs have found favour in electrocatalysis due to their incompletely 

occupied d-orbitals [62-64]. In addition to electrocatalysis and biomedicine through PDT, 

α
β

Porphyrin                                    Free-base phthalocyanine                                   Metallophthalocyanine
(H2Pc)                                                                    (MPc)
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other fields that have sought to exploit the electronic and mechanical properties of Pcs/MPcs 

include optics (non-linear optics as optical limiters), energy conversion in the fabrication of 

dye-sensitized solar cells and the near infrared region (NIR) absorbers [60-67]. 

1.3.2 Synthesis 

1.3.2.1 Symmetric phthalocyanines 

The first phthalocyanine was synthesized accidentally in 1907 where 2-cyanobenzamide was 

subjected to high temperatures to produce a metal-free phthalocyanine (H2Pc) [58]. Further 

knowledge through attempts at synthesizing the blue pigment has seen the synthesis of Pcs 

evolve where other precursors such as phthalic acid, phthalimide and 1,3-diiminoisoindole 

have been used (Scheme 1.2) [68-70]. In environments that require the product to be of an 

even higher purity, phthalonitriles have been the more favourable choice [68]. The general 

synthesis of a Pc entails the refluxing of the organic precursor as demonstrated in Scheme 

1.2, in a solvent that possesses a high boiling point. To obtain the metalated phthalocyanine, 

the same protocol is followed with the difference being the inclusion of a metal salt and a 

base that serves as the catalyst (to deprotonate the internal hydrogen atoms) [68-70]. 

Substitution of Pcs on the peripheral (beta) and/or non-peripheral (alpha) positions often 

induce significant changes in the electronic transitions as observed in the absorption spectra 

through hypsochromic or bathochromic shifts [71,72]. To a certain degree, the type of 

substituents employed result in spectral changes but often, substitution on the alpha position 

induces more notable bathochromic shifts [73]. Other substituents such as tert-butyl groups, 

although unlikely to induce spectral shifts, have been found to improve the overall solubility 

of the Pc molecule(s) [74]. The choice in central metal as well as the insertion of axial ligands 
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has also been shown to induce not only spectroscopic changes but how the molecules 

function or behave as well [67]. 

 

Scheme 1.2: An illustration of how a phthalocyanine can be synthesized from different 

precursors where M in MX2 represents the metal and X the complementary ion (e.g. Cl-, 

CH3COO-, NO3
-, etc.). 

 

In addition to chemical and electronic/spectral changes, substitution of four ends on the 

periphery or non-peripheral ends, referred to as tetra-substitution, results in the production 

of regioisomers [75]. While the tetra-substituted Pcs are generally referred to as being 

symmetric (due to the uniformity in substituents), the regioisomers themselves demonstrate 

the different symmetries that can be observed (Fig. 1.5). Another factor which can alter the 

α

β
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symmetry of a Pc is the central metal (or its absence). Based on its size, a metal can either fit 

into the central cavity or protrude from it rendering the overall molecule non-planar [76,77]. 

 

 

Fig. 1.5: Regioisomers illustrating the various symmetries assumed by a tetra-substituted MPc 

where R represents the substituent and M the central metal. 

 

1.3.2.2 Asymmetric phthalocyanines 

Asymmetric phthalocyanines, usually the A3B/AB3 type, are phthalocyanines that are 

composed of a different substituent or are unsubstituted on one out of the four isoindole 

units [68,78]. The common synthetic route for these kinds of Pcs is similar to that of 

symmetric Pcs with the difference being that it entails the use of two phthalonitrile 

derivatives rather than one [68]. The method undertaken is referred to as the statistical 

condensation method where the ratios of the phthalonitriles are unequal [78]. The most 

common ratios reported include 1:3, 1:5 and in some instances, 1:9 or more. In most cases, 

the synthesis of A3B/AB3 Pcs is often accompanied by the formation of the symmetric (A4/B4) 

analogues as side products. Other possible side products include A2B2 and ABAB Pcs which 

accounts for the poor yields reported for the target compounds as demonstrated in Scheme 

1.3 [78,79].  

C4h C2v Cs D2h
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Scheme 1.3: Synthetic route for asymmetric Pcs (A3B/AB3-type) and the possible side-

products where M in MX2 represents the metal and X the complementary ion (e.g. Cl-, 

CH3COO-, NO3
-, etc.). 

 

One alternative to improving the yield by limiting the number of side-products formed is 

through the ring expansion of a subphthalocyanine (Scheme 1.4). Subphthalocyanines are a 

variation of Pcs composed of three isoindole units instead of four. While there are several 

advantages to this approach (i.e. higher yields and better selectivity), several factors such as 

the substituents, solvent and reaction time render this approach less viable as there is no 

“standardized” approach [79]. 
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Scheme 1.4: Synthesis of an A3B phthalocyanine through the ring expansion reaction of a 

subphthalocyanine where M in MX2 represents the metal and X the complementary ion (e.g. 

Cl-, CH3COO-, NO3
-, etc.). 

 

1.3.3 Electronic spectra of phthalocyanines 

The electronic spectra of Pcs, in the case of metalated Pcs, is marked by the appearance of 

two distinct absorption bands, the Q-band and the B-band (Fig. 1.6). The Q-band, as seen in 

Fig. 1.6, is generally observed in the visible region from approximately 650 nm or higher [56].  

Its position, however, can be altered  through variations in the point of substitution (alpha or 

beta position), the substituents themselves, the central metal as well as conjugation to other 

materials, through covalent or non-covalent means [67,72,80,81]. The Soret band, generally 

referred to as the B-band, is often observed at wavelengths below 400 nm (approx. 340 nm) 

and is usually of a lower intensity than the Q-band. In explaining the appearance of both the 

Q and B-bands, Gouterman’s four orbital model has been considered the most appropriate 

[82]. According to the theoretical calculations, the Q-band is a result of transitions from the 

a1u level at the highest occupied molecular orbital (HOMO) to the eg level of the lowest 

unoccupied molecular orbital (LUMO). The B-band on the other hand, is caused by transitions 

from the b2u and a2u levels at the HOMO to the eg level within the LUMO (Fig. 1.6 inset). Due 

to the proximity of the b2u and a2u energy levels, the observation of a single broad B-band due 
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to an electronic overlap is considered a norm. Both the Q-band and B-band(s) are the result 

of  → * transitions that occur within the ring system [68,82]. Charge transfer (CT) bands 

are the result of ligand-to-metal or metal-to-ligand charge transfer and are sometimes 

observable between the B- and Q-bands as seen in Fig. 1.6. This charge transfer is ascribed to 

the position of the d-orbitals from the central metal where they find themselves situated in 

between the HOMO and LUMO of the Pc’s main framework [83-86].  

 

 

Fig. 1.6: Absorption spectra of a tetra-substituted diethylamino-phenoxy cobalt Pc in DMF 

where B is the B-band, CT the charge transfer band, V the vibronic band and Q, the Q-band. 

 

1.3.4 Redox behaviour of phthalocyanines 

An understanding of the electrochemical processes that take place in Pcs is important as it 

can aid in the expansion of how these macrocycles are applied. Historically, the 

characterisation of Pcs has been focused predominantly on the spectral characterisation 
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however, this has changed significantly over the years with electrochemical characterisation 

also being recognized as an important aspect in the overall characterisation of Pcs [87,88]. 

In understanding the redox processes that take place in Pcs, an electrochemical assessment 

is performed. Such assessments entail the use of simple electrochemical techniques such as 

differential pulse or cyclic voltammetry (example using cyclic voltammetry is provided in Fig. 

1.7) [89-91]. 

Fig. 1.7: A cyclic voltammogram of a tetramercaptopyrimidine cobalt Pc in N,N-

dimethylformamide (DMF), in 0.1 M of tetrabutylammonium tetrafluoroborate (TBABF4) [91]. 

 

At the very least, Pcs can undergo six electrochemical processes attributed solely to the ring 

system [87,91,92]. Out of the 6, 4 are attributed to the addition of electrons to the eg level 

(LUMO) orbitals whilst 2 undergo oxidation from the a1u orbitals (HOMO) [93]. Other factors 

that may influence the redox behaviour of Pcs include the nature of the substituents; the type 

of solvent used in the electrochemical assessment as well as the central metal [94,95]. 

1.3.5 Phthalocyanines in electrocatalysis 

A substantial amount of research regarding the use of Pcs in electrochemical sensing has been 

conducted. In this section of the thesis, some of the Pcs involved in electrocatalysis (in 
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conjunction with GQDs and/or similar materials) are outlined along with the analytes and/or 

electrochemical reactions involved (Table 1.2) [96-104]. 
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Table 1.2: A selection of some MPcs/Pcs used in electrocatalysis in conjunction with graphene quantum dots. 

Phthalocyanine Central metal and R groups 

Electrode 

modification/supporting 

material 

Analyte(s) Ref. 

 

M = Co(II), R1 = 

 

R2 = None 

Drop-dry (with GQDs) Hydrazine [96] 
M = Co(II), R1 =

 

R2 = 

 

M = Co(II), R1 =

 

R2 = 

 

Drop-dry (with GQDs, 

SNGQDs and PPY) 

HER2 and 

hydrazine 
[96,97] 

M = Co(II), R1 = 

 

R2 = 

 

Drop-dry (with rGQDs, 

NH2GQDS and NGQDs) 
Hydrazine [98,99] 

M = Co(II), R1 = 

 

R2 = 

 

Drop-dry (with NGQDs) Hydrazine [99] 
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Table 1.2 continued: 

Phthalocyanine Central metal and R groups 

Electrode 

modification/supporting 

material 

Analyte(s) Ref. 

 

M = Co(II), R1 = 

 

R2 = 

 
Drop-dry (with NGQDs) Hydrazine [99] 

M = Co(II), R1 = 

 

R2 = 

 

M = Co(II), R1 = 

 

R2 = 

 

 

Drop-dry (with NGQDs) Dopamine [100] 
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Table 1.2 continued: 

Phthalocyanine Central metal and R groups 

Electrode 

modification/supporting 

material 

Analyte(s) Ref. 

 

M = Co(II), R1 = 

 

R2 = 

 

Drop-dry (with gCNQDs 

and GQDs) 

L-cysteine 

and PSA 
[101,102] 

M = Co(II), R1 = 

 

R2 = 

 

Drop-dry (with GQDs) Hydrazine [103] 

M = Fe(III), 

R1 = None 

 

R2 = None 

Drop-dry (with 

NH2GQDs) 
ORR [104] 

      

gCNQDs – Graphitic carbon nitride quantum dots; GQDs – graphene quantum dots; SNGQDs – sulphur and nitrogen co-doped graphene quantum dots; PPY – polypyrrole; 

rGQDs – reduced graphene quantum dots; NH2GQDs – amino-functionalized graphene quantum dots; NGQDs – nitrogen-doped graphene quantum dots; HER2 – human 

epidermal growth factor receptor 2; PSA – prostate specific antigen; ORR – oxygen reduction reaction. 
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An important observation that can be made from looking at the Pcs presented in Table 1.2 is 

that significant strides regarding the use of asymmetric Pcs in electrocatalysis have been 

made. And while that is the case, there remains a lack of uniformity in terms of the trends 

observed when comparing symmetric to asymmetric Pcs as some techniques suggest that the 

former are better whilst other techniques imply that the latter offer more desirable responses 

relative to their symmetric analogues [100]. An additional observation made from Table 1.2 

with respect to the asymmetric Pcs is that the coupling of substituents involves both electron-

donating and electron-withdrawing functional groups which induces a push-pull effect 

(intramolecular charge transfer, ICT) [98-101,105-107]. 

Based on the observations outlined, it is evident that there are significant gaps in the 

literature pertaining to phthalocyanine-based push-pull systems in that the design thereof is 

to a certain degree, one-dimensional (i.e. alkyl substituents are coupled with a benzoic acid 

substituent), with a limited consideration for other acid-based derivatives. Furthermore, with 

the general approach being such that the A3 component is composed of alkyl groups whilst 

the B in A3B possesses the carboxylic acid, the desire to introduce secondary nanomaterials 

such as quantum dots or nanotubes through covalent means often presents the challenge of 

a Pc no longer retaining its ability to function as a push-pull system (or doing so but at a 

reduced level). The work presented in this thesis aims to address some of the current 

shortcomings that exist in the literature, and these are: 

• Proof of concept – not all asymmetric Pcs fare better than their symmetric analogues. 

• An attempt at establishing the ideal combination of substituents as far as asymmetric 

Pcs are concerned. 
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• Preservation of the push-pull effect whilst conjugating to NGQDs as they have shown 

to be good complementary materials in electrocatalysis (Table 1.2). 

• Preservation of the push-pull effect whilst anchoring the Pc onto the electrode surface 

through click chemistry. 

The fourth point is of great importance as while there are several Pcs that have been reported 

for electrocatalysis involving electrode modification through click chemistry, there are no 

accounts of such systems where the push-pull system is retained even after anchoring the Pc 

onto the electrode, which is one of the subjects explored in this work. Table 1.3 provides a 

summary of alkyne-containing Pcs used in electrocatalysis with the majority being 

symmetrical in nature [9,34,64,108-113]. 
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Table 1.3: Alkyne-functionaliized Pcs/MPcs for electrode modification through click chemistry. 

 

Phthalocyanine 

 

Central metal and R groups 

 

Analyte(s) 

 

Ref. 

 

 

 

M = Mn(III), Fe(II), Ni(II) and Co(II) R1 = 

 

 

R2 = 

 

Hydrazine [9,34,108] 

M = Mn(II), M = Mn(III)* and Co(II), R1 = 

 

R2 = 

 

Eserine, 

diazinon, 

fenitrithion 

and ORR 

[64,109-

111] 

M = Co(II), R1 = 

 

R2 = 

 

Hg2+, Cu2+, 

Pb2+ and Cd2+ 
[112] 

M = Mn(III) and Co(II), R1 = 

 

R2 = 

 

H2O2 [113] 

     

*Alpha and beta tetra-substituted Pcs studied. ORR – oxygen reduction reaction.
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1.3.6 Phthalocyanines reported in this thesis 

In this thesis, the focus lies on substituted Pcs, both the symmetric and asymmetric variants. 

Previous reports have indicated that asymmetric Pcs possess better physicochemical 

properties than their symmetric counterparts [114,115]. However, it remains unknown as to 

whether this can be considered “true” for all asymmetric Pcs as there are multiple 

combinations of substituents that have not yet been explored. Based on the reasons outlined 

above, an explorative journey was undertaken where symmetric Pcs were compared to 

asymmetric Pcs. 

The Pcs reported in this work are all new with the exception of complex 7 (Table 1.4) [116]. 

Furthermore, their application as electrocatalysts towards the electro-oxidation of hydrazine 

and nitrite is also investigated for the first time. The Pcs under study are classified into two 

groups, Pcs for the electrochemical sensing of hydrazine and those that were designed for the 

electrochemical sensing of nitrite (Table 1.4). The Pcs designed for the detection of hydrazine 

are composed primarily of alkyl-based substituents with the variation arising from the 

carboxylic acid-bearing substituent (complexes 1-5). Regarding complexes 6 and 7, the 

branched alkyl group (tert-butyl) was selected following the studies with the 15-carbon alkyl 

series having noted that the lengthy alkyl substituents in combination with cobalt as a central 

metal are met with a reduced/limited solubility in organic solvents. 

The Pcs synthesized for the detection of nitrite possess paracetamol/acetaminophen as the 

dominant/primary substituent as it is composed of both electron-donating and electron-

withdrawing groups that are situated within a close range, unlike the cardanol series 

(complexes 8-15, Table 1.4) where the electron-donating and electron-withdrawing groups 

are further apart (which may hinder the desired push-pull effect).  
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With respect to the asymmetric component of the Pcs, the alkyne substituent was chosen to 

enable “clicking” onto the electrode surface.  Furthermore, for the alkyne-containing Pcs (and 

their symmetric analogues), Pcs containing cobalt(II) and manganese(III) as central metals 

were synthesized. The amino substituent was selected for the purpose of forming a covalent 

bond to the NGQDs whilst Pcs with variations in the carboxylic acid substituent were also 

synthesized.  

In summary, the Pcs were synthesized with the following purposes: 

Pcs for hydrazine (complexes 1-7) 

• Evaluate the influence of varying the acid-bearing substituent. 

• Evaluate the influence of reducing the chain length in the alkyl substituent. 

Pcs for nitrite (complexes 8-15) 

• For the alkyne-containing Pcs, the methods of electrode modification were 

investigated in which adsorption was compared to covalent anchoring through click 

chemistry. 

• The central metals were also compared against each other. 

• For the amino-containing Pc, the inclusion of GQDs was studied in which the 

composites created through covalent means (amide bond) were compared to those 

created through non-covalent means (π-π interactions). 

• In terms of the acid-containing Pcs, an assessment on varying the acid group was 

undertaken. 
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In each case, the asymmetric Pcs were compared with their symmetric counterparts. This was 

done to determine whether all asymmetric Pcs are better than symmetric Pcs or if there are 

occurrences where this is not the case.
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Table 1.4: Phthalocyanines reported in this thesis. 

Phthalocyanine Complex name and number R groups 

Electrode 
modification / 

supporting 
material 

Hydrazine 

 

Tri-(3-pentadecylphenoxy)-mono-

cinnamic acid cobalt(II) phthalocyanine, 1 

(new) 

R1 = 

 

R2 = 

 

Drop-dry 

Tri-(3-pentadecylphenoxy)-mono-phenoxy 

acetic acid cobalt(II) phthalocyanine, 2 

(new) 

R1 = 

 

R2 = 

 

Drop-dry 

Tri-(3-pentadecylphenoxy)-mono-phenoxy 

propanoic acid cobalt(II) phthalocyanine, 

3 (new) 

R1 = 

 

R2 = 

 

Drop-dry 

 

Tri-(3-pentadecylphenoxy)-mono-caffeic 

acid cobalt(II) phthalocyanine, 4 (new) 

R1 = 

 

R2 = 

 

Drop-dry 
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Table 1.4 continued: 

Phthalocyanine Complex name and number R groups 

Electrode 

modification / 

supporting material 

Hydrazine 

 

 

 

2,9,16,23-tetrakis-(3-

pentadecylphenoxy) cobalt(II) 

phthalocyanine, 5 (new) 

 

R1 = 

 

 

R2 = 

 

Drop-dry  

 

4-(tri-tert-butyl)-mono-phenoxy 

benzoic acid cobalt(II) 

phthalocyanine, 6 (new) 

 

R1 = 

 

 

R2 = 

 

Drop-dry 

 

2,9,16,23-tetrakis-tert-butyl 

cobalt(II) phthalocyanine, 7 [116] 

 

R1 = 

 

 

R2 = 

 

Drop-dry 
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Table 1.4 continued: 

Phthalocyanine Complex name and number R groups 

Electrode 

modification / 

supporting 

material 

Nitrite 

 

 

Tris-(4-acetamidophenoxy)-mono-(hex-

5-yn-1-yloxy) cobalt(II) phthalocyanine, 

8 (new) 

 

R1 = 

 

 

R2 = 

 

Drop-dry and 

covalent linking 

through click 

chemistry 

 

2,9,16,23-Tetrakis-acetamidophenoxy 

cobalt(II) phthalocyanine, 9 (new) 

 

R1 = 

 

R2 = 

 

Drop-dry (with 

NGQDs) 

 

 

 

Tris-(4-acetamidophenoxy)-mono-(hex-

5-yn-1-yloxy) manganese(III) chloride 

phthalocyanine, 10 (new) 

 

R1 = 

 

 

R2 = 

 

Drop-dry and 

covalent linking 

through click 

chemistry 

2,9,16,23-Tetrakis-acetamidophenoxy 

manganese(III) chloride phthalocyanine, 

11 (new) 

R1 = 

 

R2 = 

 

Drop-dry 
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Table 1.4 continued: 

Phthalocyanine Complex name and number R groups 

Electrode 
modification / 

supporting 
material 

Nitrite 

 

Tris-(4-acetamidophenoxy)-mono-

aminophenoxy cobalt(II) phthalocyanine, 

12 (new) 

R1 = 

 

R2 = 

 

Drop-dry (with 

NGQDs) 

Tris-(4-acetamidophenoxy)-mono-

phenoxy benzoic acid cobalt(II) 

phthalocyanine, 13 (new) 

R1 = 

 

R2 = 

 

Drop-dry 

Tris-(4-acetamidophenoxy)-mono-

phenoxy propanoic acid cobalt(II) 

phthalocyanine, 14 (new) 

R1 = 

 

R2 = 

 

Drop-dry 

 

Tris-(4-acetamidophenoxy)-mono-caffeic 

acid cobalt(II) phthalocyanine, 15 (new) 

R1 = 

 

R2 = 

 

Drop-dry 
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1.4 Analytes 

The efficiency of the Pcs as electrocatalysts was assessed using hydrazine and nitrite as test 

analytes (see Fig. 1.8). For hydrazine, the pentadecyl-based Pcs along with the tert-butyl-

containing compounds were studied using a glassy carbon electrode as a support while for 

the acetaminophen-based Pcs, nitrite was selected as the analyte of choice.  

1.4.1 Hydrazine 

Hydrazines are a class of inorganic compounds characterized by two nitrogens joined by a 

single bond [117]. Common examples of these compounds include diamine, 1,1-

dimethylhydrazine and 1,2-dimethylhydrazine [117]. Of interest in this thesis is diamine, 

which will be referred to as hydrazine from this point forward. 

Hydrazine has significant uses in several industries including the polymer industry, 

pharmaceuticals, in the production of agrochemicals as well as a propellant of sorts for 

spacecrafts [117,118]. The highly industrialized use of the compound makes it a potential 

environmental risk as it is a flammable liquid with the potential to ignite at low temperatures 

[118]. In terms of exposure to humans, the most common sources may arise from working in 

environments that produce hydrazine or through the consumption of contaminated water 

with reports suggesting that overexposure may compromise the central nervous system, the 

kidneys and lungs [117]. Other studies involving animals have shown the adverse effects 

induced by exposure to hydrazine at concentrations as low as 0.5 ppm [117]. And while the 

concentration required to observe a response in humans may be higher, it is still important 

that there are analytical devices that can detect the compound at trace levels which has 

informed a substantial amount of the work in this thesis. 
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Phthalocyanine-based electrode systems for the detection of hydrazine have been studied 

extensively over the years, with the Pcs being applied as single entities or complemented with 

other nano or biomaterials [98,119-124]. Through a significant number of reports, the bulk of 

the work has been centred on both symmetric substituted and unsubstituted Pcs leaving 

asymmetric Pcs an understudied area [119,120,122], and more than that, the actual design 

of the probes in terms of pairing/coupling of substituents, and determining which 

combination may be considered ideal, and which may not. It is for these reasons that the work 

described in the later chapters was pursued.  

 

Fig. 1.8: Molecular structures for the analytes studied, hydrazine (N2H4) and nitrite (NO2
-). 

1.4.2 Nitrite 

Nitrite, much like hydrazine, is an inorganic compound formed through the oxidation of 

ammonia by ammonia-oxidizing bacteria [125]. Although it is a naturally occurring compound, 

it can be created synthetically [126]. Nitrite and hydrazine are different in that there are no 

variations of the former, but they are alike in that they serve many purposes hence their use 

in various industries [117,118,127,128]. 

Hydrazine                                                                       Nitrite
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Despite its use in the curing of meat products and being an intermediate of natural processes, 

nitrite is toxic in that it affects blood transportation. Nitrite has the ability to bind with 

haemoglobin to form methemoglobin which prevents the cellular uptake of oxygen [125]. In 

addition to that, nitrite’s ability to interact with other entities to form N-nitrosamines renders 

it a harmful substance that can be fatal past a certain limit as these nitrosamines are 

carcinogenic [129]. According to the World Health Organization (WHO), the maximum 

amount of nitrite allowed in drinking water is 3 mg/L which is considerably high in comparison 

to the maximum set by the European Community which is 0.1 mg/L [129]. The value set by 

the European Community coupled with what is known regarding the toxicity of nitrite is a 

clear indication that much like hydrazine, the need for accurate and rapid sensors remains 

principal. 

The design of the electrocatalysts for nitrite was performed with a similar thought in mind as 

of those for hydrazine, establishing the most suitable combination of substituents for 

asymmetric Pcs as much has been done in terms of the symmetric Pcs for nitrite [129-132]. In 

terms of the electrocatalytic studies pertaining to nitrite, asymmetry was not the sole focus, 

other factors such as the central metal, the method of electrode modification as well as the 

inclusion of a type of nanomaterial were also considered. Ultimately, the Pcs reported in this 

work were selected for electrocatalysis as electrochemistry is a more viable option in terms 

of analytical devices as it is environmentally friendly and makes use of simple tools. 

Spectrophotometric methods have been reported to suffer from interferants as well as the 

harmful nature of reagents while chromatographic methods require specialized training 

[129].  
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1.5 Aims and objectives 

1.5.1 Aims 

The aim of the work presented in this thesis was to establish ideal combinations regarding 

the substituents in the syntheses of asymmetric Pcs and to assess whether all asymmetric Pcs 

may be considered better than their symmetric counterparts or not.  This pursuit in 

establishing the “best” coupling of substituents was undertaken with the intention of 

improving the electrocatalytic response of Pcs to hydrazine and nitrite. 

1.5.2 Objectives 

In fulfilling these aims, the subsequent steps were followed: 

• Syntheses of symmetric and asymmetric phthalocyanine complexes. 

o Characterization with spectroscopic and non-spectroscopic methods. 

• Formation of nanocomposites where applicable/intended. 

o Characterization of composites. 

• Electrochemical application of complexes. 

o Electrode modification and characterization of modified electrode surfaces. 

o Electrochemical sensing of hydrazine and nitrite, pH studies, determination of 

limits of detection, analyses of kinetic data and an assessment on the 

selectivity through the addition of potential interfering species or ions. 

• Analyses of possible trends and the formulation of theories, conclusions and 

propositions for future work of a similar nature. 



  

 
 

 

 

 

CHAPTER 2 
EXPERIMENTAL 

 
 

Details on the materials, synthetic procedures as well as electrode 

modification are provided in this chapter. 
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2. Experimental 

2.1 Materials 

2.1.1 Solvents 

N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), 

chloroform, dichloromethane (DCM), acetonitrile (ACN), ammonia, acetic acid, ethanol, 

methanol, 1-hexanol and cyclohexane were of analytical grade, sourced from either Merck or 

Sigma-Aldrich and used without further purification. The DMF was dried using activated 

molecular sieves for the studies involving the determination of extinction coefficients. Type I 

water from ELGA LabWater was used to prepare the aqueous solutions. 

2.1.2 General materials 

Hydrazine monohydrate, cobalt(II) chloride anhydrous, manganese(II) chloride anhydrous, 4-

azidoaniline hydrochloride, triethylamine (TEA), tetrabutylammonium tetraborofluorate 

(TBABF4), bromotris(triphenylphosphine)copper(I) (Cu(PPh3)3Br), 4-tert-butylphthalonitrile 

(VII), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), α-

cyano-4-hydroxycinnamic acid, Triton X-100 (TX), thionyl chloride, disodium hydrogen 

phosphate and monosodium phosphate were obtained from Sigma-Aldrich. Sodium 

hydroxide pellets were purchased from Minema while the sodium nitrite salt was purchased 

from Analar. The catalyst, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and phthalonitrile 

precursor, phthalimide, were procured from Merck.  

2.1.3 Previously reported materials 

The nitrogen-doped GQDs (NGQDs) (scheme shown in Scheme A1, appendix) [133], 4-

(cinnamic acid) phthalonitrile (I) [134], 4-(3-pentadecylphenoxy) phthalonitrile (II) [135], 4-(4-
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phenoxy)acetic acid phthalonitrile (III) [136], 4-(4-phenoxy)propanoic acid phthalonitrile (IV) 

[137], caffeic acid phthalonitrile (V) [138], 4-(4-phenoxy)benzoic acid phthalonitrile (VI) [139], 

4-(hex-5-yn-oxy)phthalonitrile (VIII) [140], 4-(4-acetamidophenoxy)phthalonitrile (IX) [141], 

4-(4-aminophenoxy)phthalonitrile (X) [142] and  the 2,9,16,23-tetrakis-tert-

butylphthalocyanine cobalt(II) (complex 7) [116] were synthesised as reported in literature. 

2.2 Equipment 

2.2.1 Structural characterisation 

• Absorption spectra were recorded using a Shimadzu UV–Vis 2550 spectrophotometer.  

• Infra-red spectra were collected using a Bruker Alpha model FT-IR Spectrometer with 

a platinum universal attenuated total reflectance (ATR) sampling accessory.  

• Raman spectra were obtained from a Bruker Vertex 70-Ram II Raman spectrometer 

fitted with a 1064 nm Nd:YAG laser and a liquid nitrogen cooled germanium detector.  

• The mass spectral data was acquired from a Bruker AutoFLEXIII smart-beam TOF/TOF 

mass spectrometer using α-cyano-4-hydrocinnamic acid as the matrix.  

• The elemental analysis was conducted using a Vario-Elementar Microcube ELIII.  

• X-ray photoelectron spectroscopy (XPS) spectral analyses were conducted using an 

AXIS Ultra DLD (supplied by Kratos Analytical) using Al (monochromatic) anode 

equipped with a charge neutralizer.   

• Size determination using dynamic light scattering (DLS) was performed using a 

Malvern Zetasizer nanoseries, Nano-ZS90. 

• Transmission electron microscopy (TEM) images were obtained using a Zeiss Libra 120 

TEM operating at 120 kV with a Megaview Olympus camera.  
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2.2.2 Electrochemical characterisation and application 

• The electrochemical characterization (excluding electrochemical impedance 

spectroscopy) of the modified electrodes as well as electrochemical sensing of 

hydrazine and nitrite was facilitated by a Bioanalytical Systems 100W Electrochemical 

Analyzer using a three-electrode setup, where the glassy carbon electrode (GCE, 3 mm 

diameter) served as the working electrode, a platinum wire as the counter electrode 

and a silver/silver chloride (in 3.0 M KCl) wire as the reference electrode.  

• Scanning electrochemical microscopy (SECM) experiments were conducted using a 

Uniscan Model 370 and a 25 mm Pt microelectrode (Uniscan) as the tip, a Pt counter 

electrode and Ag│AgCl wire as the pseudo-reference electrode.  

o Glassy carbon plates (GCP, Goodfellow, UK) of 1×1 cm and 2 mm thick were 

used as substrates for SECM. 

• Electrochemical impedance spectroscopy (EIS) experiments were performed through 

the use of an Autolab potentiostat/galvanostat (PGSTAT302N model) operating using 

the NOVA 2.1 software.  

o The applied potential was set at 0.24 V, at an amplitude of 1.0 x 10-5 ARMS with 

the frequency ranging from 0.1 to 105 Hz.  

• All solutions were deaerated by bubbling argon gas prior to the experiments with the 

electrochemical cell being retained under an argon atmosphere throughout the 

duration of the experiments. All experiments were carried out at room temperature.  

2.2.3 Theoretical procedure (DFT calculations) 

All theoretical calculations were performed with the Gaussian09 program [143] running on 

an Intel/Linux cluster. The calculations were carried out at the B3LYP/6-31G(d) level for the 
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geometry optimization through the inclusion of an SCF=QC protocol. Visualization of all the 

theoretical calculations was performed by the Chemcraft 1.8 software.   

2.3 Syntheses 

2.3.1 Synthesis of tri-(3-pentadecylphenoxy)-mono-cinnamic acid cobalt(II)  

phthalocyanine (complex 1), Scheme 3.1 

Complex 1 was obtained through mixing phthalonitrile II (0.30 g, 0.70 mmol), phthalonitrile I 

(0.067 g, 0.23 mmol), and CoCl2 (0.15 g, 1.2 mmol) of in the presence of dry N,N-

dimethylformamide (DMF, 8 mL). To this mixture, DBU (0.5 mL) was added and the mixture 

was allowed to reflux for 24 h in an argon atmosphere. Upon completion, the reaction mixture 

was allowed to cool to room temperature and precipitated from the DMF using ethanol and 

water at a volumetric ratio of 1:1. The solid was dried in an oven at 60 °C and purified through 

column chromatography. The desired product, complex 1, which happened to be the fourth 

fraction, was extracted using tetrahydrofuran, dried under vacuum and recrystallized further 

in ethanol. Yield: 52.1 mg, 13.0 % (w/w); UV/vis (tetrahydrofuran, THF): λmax/nm (log Ɛ): 664 

(3.90), 604 (3.35), 327 (3.41). IR [(KBr), νmax/cm-1]: 740 (aromatic C-Hstr), 1090 (C-O-C) 1240 

(C-N), 1466 (C=C-H), 1596 (C=C), 2851, 2918 (aliphatic C-Hstr). Anal. calc. for 

C104H124CoN8O6•3H2O: C, 74.5; H, 7.69; N, 6.83. Found: C, 73.6; H, 8.96; N, 6.60. MS (MALDI-

TOF) (m/z): calc.: 1640.90 amu; found: 1641.35 amu [M+H]+. 

2.3.2 Synthesis of tri-(3-pentadecylphenoxy)-mono-phenoxy acetic acid cobalt(II) 

phthalocyanine (complex 2), Scheme 3.1 

The synthesis of complex 2 was achieved through refluxing a mixture composed of 

phthalonitriles II (0.30 g, 0.70 mmol) and III (0.070 g, 0.24 mmol), CoCl2 (0.15 g, 1.2 mmol), 

DBU (5 mL) and DMF (8 mL) for a period of 24 h. The crude sample was precipitated using 
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water and ethanol (v/v 1:1) after cooling and then dried in an oven at 60 °C. The desired 

product was separated from the crude mixture using column chromatography in which the 

third fraction was eluted using chloroform to produce complex 2 which was further 

recrystallized using ethanol. Yield: 18.9 mg, 7.06 % (w/w); UV/vis (THF): λmax/nm (log Ɛ): 664 

(5.02), 602 (4.41), 329 (4.72). IR [(KBr), νmax/cm-1]: 744, 807 (aromatic C-Hstr), 1091 (C-O-C) 

1250 (C-N), 1460 (C=C-H), 1598 (C=C), 2849, 2918 (aliphatic C-Hstr). Anal. calc. for 

C103H124CoN8O7: C, 75.2; H, 7.60; N, 6.81. Found: C, 74.3; H, 7.69; N, 6.11. MS (MALDI-TOF) 

(m/z): calc.: 1644.90 amu; found: 1644.54 amu [M]+. 

2.3.3 Syntheses of tri-(3-pentadecylphenoxy)-mono-phenoxy propanoic acid cobalt(II) 

phthalocyanine and 2,9,16,23-tetrakis-(3-pentadecylphenoxy) cobalt(II) 

phthalocyanine (complexes 3 and 5), Scheme 3.1 

Into a 25 mL round bottom flask, phthalonitrile II (0.30 g, 0.70 mmol), phthalonitrile IV (0.112 

g, 0.38 mmol), CoCl2 (0.15 g, 1.2 mmol), DBU (0.5 mL) and 1-hexanol (8 mL) were added. The 

reaction mixture was refluxed under an inert atmosphere for 18 h and upon cooling to room 

temperature, precipitated using water and ethanol (v/v 1:1). The crude solid was dried in an 

oven at 60 °C and purified through extensive column chromatography. The first green fraction 

(following elution with chloroform and methanol (v/v 9:1) was found out to be the 

symmetrical complex 5 (2,9,16,23-tetrakis(3-pentadecylphenoxy) cobalt (II) phthalocyanine). 

The intended product (complex 3), fraction two, was extracted from the mixture using THF. 

Further purification was carried out in which complex 3 was extracted using cyclohexane 

whilst silica gel (SiO60) served as the stationary phase. 

Complex 3: Yield: 21.1 mg, 3.33 % (w/w); UV/vis (THF): λmax/nm (log Ɛ): 664 (4.75), 603 (4.17), 

330 (4.58). IR [(KBr), νmax/cm-1]: 742, 799 (aromatic C-Hstr), 1093 (C-O-C) 1252 (C-N), 1460 
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(C=C-H), 1598 (C=C), 2851, 2920 (aliphatic C-Hstr). Anal. calc. for C104H126CoN8O6: C, 76.0; H, 

7.73; N, 6.82. Found: C, 75.4; H, 6.73; N, 6.10. MS (MALDI-TOF) (m/z): calc.: 1642.92 amu; 

found: 1644.84 amu [M+2H]+. 

Complex 5: Yield: 70.4 mg, 5.56 % (w/w); λmax/nm (log Ɛ): 665 (4.33), 605 (3.92), 320 (4.59). 

IR [(KBr), νmax/cm-1]: 744, 793 (aromatic C-Hstr), 1091 (C-O-C), 1240 (C-N), 1468 (C=C-H), 1588 

(C=C), 1721 (C=O), 2851, 2918 (aliphatic C-Hstr). Anal. calc. for C116H152CoN8O4•3H2O: C, 75.94; 

H, 8.62; N, 6.11. Found: C, 75.5; H, 8.50; N, 6.11.  MS (MALDI-TOF) (m/z): calc.: 1781.13 amu; 

found: 1781.13 amu [M]+. 

2.3.4 Synthesis of tri-(3-pentadecylphenoxy)-mono-caffeic acid cobalt(II) phthalocyanine 

(complex 4), Scheme 3.1 

Through refluxing phthalonitriles II (0.30 g, 0.70 mmol) and V (0.11 g, 0.33 mmol) in the 

presence of CoCl2 (0.15 g, 1.2 mmol), DBU (0.5 mL) and dry DMF (8 mL) in an argon-based 

atmosphere for a period of 18 h, complex 4 was synthesized. Prior to eluting the desired 

compound from gel chromatography with cyclohexane as the mobile phase, the crude 

product was precipitated using water and ethanol (v/v 1:1) and then dried in an oven at 60 

°C. Following purification through column chromatography, the newly formed complex was 

recrystallized in ethanol and dried further under vacuum. Yield: 21.1 mg, 3.51 % (w/w); UV/vis 

(THF): λmax/nm (log Ɛ): 664 (4.81), 604 (4.42), 327 (4.71). IR [(KBr), νmax/cm-1]: 740, 801 

(aromatic C-Hstr), 1091 (C-O-C), 1250 (C-N), 1458 (C=C-H), 1584 (C=C), 1702 (C=O), 2847, 2916 

(aliphatic C-Hstr). Anal. calc. for C104H122CoN8O7: C, 75.5; H, 7.43; N, 6.77. Found: C, 75.1; H, 

7.69; N, 6.01. MS (MALDI-TOF) (m/z): calc.: 1654.88 amu; found: 1655.87 amu [M+H]+. 
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2.3.5 Synthesis of 4-(tri-tert-butyl)-mono phenoxy benzoic acid cobalt(II) phthalocyanine 

(complex 6), Scheme 3.2 

Phthalonitriles VII (0.40 g, 2.2 mmol) and VI (0.12 g, 0.44 mmol) along with CoCl2 (0.14 g, 1.1 

mmol) were added to dry DMF (8.0 mL) in the presence of DBU (0.5 mL). The mixture was 

refluxed for 18 h in an argon atmosphere. Following the end of the 18 h period, the product 

was left to cool to room temperature after which the crude sample was precipitated using 

methanol and then dried in an oven at 60 °C. The crude product was washed several times 

with THF and purified further through column chromatography where the desired compound 

was eluted as the first fraction with THF (in which SiO60 served as the stationary phase). Yield: 

30.0 mg, 7.92 % (w/w); UV/vis (DMF): λmax/nm (log Ɛ): 664 (4.65), 604 (4.14), 328 (4.48). IR 

[(KBr), νmax/cm-1]: 687 (aromatic C-Hstr), 1091 (C-O-C), 1231 (C-N), 1366 (C-Hbend), 1594 (C=C), 

1643 (C=O), 2926 (aliphatic C-Hstr), 3236, 3361 (-OHCOOH). Anal. calc. for C51H44CoN8O3•2H2O: 

C, 67.2; N, 12.3. Found: C, 67.2; N, 11.6. MS (MALDI-TOF) (m/z): calc.: 875.29 amu; found: 

876.98 amu [M+H]+. 

2.3.6 Syntheses of tris-(4-acetamidophenoxy)-mono-(hex-5-yn-1-yloxy) cobalt(II) 

phthalocyanine and 2,9,16,23-tetrakis-acetamidophenoxy cobalt(II) phthalocyanine 

(complexes 8 and 9), Scheme 3.3 

Phthalonitriles IX (0.40 g, 1.4 mmol) and VIII (0.065 g, 0.29 mmol) along with the metal salt, 

CoCl2 (0.094 g, 0.72 mmol), were added to dry DMF (15 mL) in the presence of DBU (0.5 mL). 

The mixture was refluxed over a period of 18 h in an argon atmosphere. Following the 

completion of the reaction, the product was left to cool to room temperature after which the 

crude sample was precipitated using methanol and water and then dried in an oven at 120 

°C. The asymmetric compound (8, obtained as the second fraction) was separated from its 
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symmetric counterpart (9) and other impurities using column chromatography using THF and 

methanol as the mobile phase (v/v 9:1) and SiO60 as the stationary phase. Yield: 39.4 mg, 12.3 

% (w/w); UV/vis (DMF): λmax/nm (log Ɛ): 667 (4.86), 608 (4.31), 327 (4.71). IR [(KBr), νmax/cm-

1]: 746, 795 (aromatic C-Hstr), 1087 (C-O-C), 1258 (C-N), 1464 (C=C), 1501 (C-H), 1537 (N-H), 

1662 (C=O), 2849, 2916 (aliphatic C-Hstr), 3273 (C≡C-H). Anal. calc. for C62H45CoN11O7•5H2O: 

C, 61.8; H, 4.80; N, 12.8. Found: C, 61.6; H, 3.60; N, 12.4. MS (MALDI-TOF) (m/z): calc.: 1114.28 

amu; found: 1114.34 amu [M]+. 

Complex 9 was obtained as a one of the side-products from the synthesis of complex 8. It was 

eluted as the first fraction using THF as the mobile phase and SiO60 as the stationary phase. 

Yield: 138 mg, 41.0 % (w/w); UV/vis (DMF): λmax/nm (log Ɛ): 672 (4.66), 611 (4.16), 328 (4.52). 

IR [(KBr), νmax/cm-1]: 746 (aromatic C-Hstr), 1089 (C-O-C), 1223 (C-N), 1465 (C=C), 1501 (C-H), 

1525 (N-H), 1655 (C=O), 2924 (aliphatic C-Hstr). Anal. calc. for C64H44CoN12O8•2H2O: C, 63.8; 

H, 4.02; N, 14.0. Found: C, 63.4; H, 3.78; N, 14.0. MS (MALDI-TOF) (m/z): calc.: 1167.27 amu; 

found: 1169.03 amu [M+2H]+. 

2.3.7 Syntheses of tris-(4-acetamidophenoxy)-mono-(hex-5-yn-1-yloxy) manganese(III) 

chloride phthalocyanine and 2,9,16,23-tetrakis-acetamidophenoxy manganese(III) 

chloride phthalocyanine (complexes 10 and 11), Scheme 3.3 

The synthesis of complex 10 was achieved in the same way as that of complex 8 where the 

stoichiometric ratios between the phthalonitriles were retained as 1:5 between 

phthalonitriles IX and VIII. The only changes made were that of the metal salt where MnCl2 

(0.11 g, 0.89 mmol) was used and that for the precipitation process of the crude product only 

water was used. The dried compound was purified using column chromatography where SiO60 

served as the stationary phase while tetrahydrofuran and methanol (v/v 9:1) was used as the 
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eluent. Yield: 12.6 mg, 3.81 % (w/w); UV/vis (DMF): λmax/nm (log Ɛ): 723 (4.67), 651 (3.96), 

362 (4.34). IR [(KBr), νmax/cm-1]: 744, 801 (aromatic C-Hstr), 1072 (C-O-C), 1225 (C-N), 1472 

(C=C), 1501 (C-H), 1541 (N-H), 1660 (C=O), 2853, 2918 (aliphatic C-Hstr), 3255 (C≡C-H). Anal. 

calc. for C62H45ClMnN11O7•4H2O: C, 61.1; H, 4.38; N, 12.6. Found: C, 61.1; H, 3.49; N, 11.9. MS 

(MALDI-TOF) (m/z): calc.: 1145.26 amu; found: 1110.41 amu [M-Cl]+. 

Similar to complex 9, complex 11 was one of the side-products in the synthesis of complex 

10. The compound was also eluted as the first fraction using THF as the mobile phase and 

SiO60 as the stationary phase. Yield: 27.0 mg, 7.81 % (w/w); UV/vis (DMF): λmax/nm (log Ɛ): 

721 (3.96), 640 (3.50), 380 (3.96). IR [(KBr), νmax/cm-1]: 740 (aromatic C-Hstr), 1079 (C-O-C), 

1231 (C-N), 1459 (C=C), 1501 (C-H), 1543 (N-H), 1658 (C=O), 2851, 2919 (aliphatic C-Hstr). Anal. 

calc. for C64H44ClMnN12O8: C, 64.1; H, 3.70; N, 14.0. Found: C, 64.1; H, 3.66; N, 12.1. MS 

(MALDI-TOF) (m/z): calc.: 1198.25 amu; found: 1163.70 amu [M-Cl]+. 

2.3.8 Synthesis of tris-(4-acetamidophenoxy)-mono-aminophenoxy cobalt(II) 

phthalocyanine (complex 12), Scheme 3.3 

Phthalonitriles X (0.14 g, 0.58 mmol) and IX (0.40 g, 1.44 mmol), along with CoCl2 (0.094 g, 

0.72 mmol), were added to dry DMF (15 mL) containing DBU (0.5 mL). The mixture was 

refluxed over a period of 24 h in an argon atmosphere. Upon completion, the product was 

cooled to room temperature after which the crude sample was precipitated using methanol 

and water (v/v 1:1) and then dried in an oven at 60 °C. The desired compound was obtained 

as the first fraction using THF as the mobile phase and SiO60 as the stationary phase. Yield: 

58.0 mg, 8.66 % (w/w); UV/vis (DMF): λmax/nm (log Ɛ): 665 (4.86), 604 (4.37), 326(4.80). IR 

[(KBr), νmax/cm-1]: 740 (aromatic C-Hstr), 1089 (C-O-C), 1225 (C-N), 1462 (C=C), 1501 (C-H), 

1662 (C=O), 2865, 2922 (aliphatic C-Hstr), 3257 (N-H). Anal. calc. for C62H42CoN12O7•2H2O: C, 
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64.1; H, 3.99; N, 14.5. Found: C, 64.0; H, 3.56; N, 13.3. MS (MALDI-TOF) (m/z): calc.: 1126.27 

amu; found: 1126.14 amu [M]+. 

2.3.9 Synthesis of tris-(4-acetamidophenoxy)-mono-phenoxy benzoic acid cobalt(II) 

phthalocyanine (complex 13), Scheme 3.3 

Phthalonitriles IX (0.40 g, 1.5 mmol) and VI (0.076 g, 0.29 mmol), and CoCl2 (0.094 g, 0.72 

mmol) were added to dry DMF (10 mL) and DBU (0.5 mL). The mixture was refluxed over a 

period of 24 h in an argon atmosphere. Following the completion of the reaction, the product 

was allowed to cool to room temperature after which the crude sample was precipitated 

using methanol and water and then dried in an oven at 60 °C. The desired compound was 

obtained as the fourth fraction where silica gel (SiO60) served as the stationary phase and a 

solvent mixture of DMF and acetic acid served as the mobile phase (v/v 9:1). Yield: 60.4 mg, 

15.9 % (w/w); UV/vis (DMF): λmax/nm (log Ɛ): 668 (4.14), 609 (3.72), 325 (4.04). IR [(KBr), 

νmax/cm-1]: 746 (aromatic C-Hstr), 1089 (C-O-C), 1225 (O-Cstr), 1401 (-OHbend), 1503 (C-H), 1660 

(C=O), 3053 (C=H). Anal. calc. for C63H49CoN11O9•4H2O: C, 61.7; N, 12.6. Found: C, 61.6; N, 

11.7. MS (MALDI-TOF) (m/z): calc.: 1154.24 amu; found: 1155.82 amu [M+H]+. 

2.3.10 Synthesis of tris-(4-acetamidophenoxy)-mono-phenoxy propanoic acid cobalt(II) 

phthalocyanine (complex 14), Scheme 3.3 

The synthesis of complex 14 was the same as for complex 13 except phthalonitrile IV (0.10 g, 

0.36 mmol) was used instead of phthalonitrile VI. The amounts of all the other reagents were 

the same as well as reaction conditions and purification methods, except for complex 14 hot 

methanol was used for the final purification Yield: 49.7 mg, 13.0 % (w/w); UV/vis (DMF): 

λmax/nm (log Ɛ): 667 (4.42), 610 (4.08), 324 (4.41). IR [(KBr), νmax/cm-1]: 746 (aromatic C-Hstr), 

1091 (C-O-C), 1229 (O-Cstr), 1403 (-OHbend), 1503 (C-H), 1656 (C=O),2936 (aliphatic C-Hstr), 
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3051 (C=H). Anal. calc. for C65H45CoN11O9•3H2O: C, 63.1; N, 12.5. Found: C, 62.2; N, 12.4. MS 

(MALDI-TOF) (m/z): calc.: 1182.27 amu; found: 1182.76 amu [M]+. 

2.3.11 Synthesis of tris-(4-acetamidophenoxy)-mono-caffeic acid cobalt(II) phthalocyanine 

(complex 15), Scheme 3.3 

The synthesis of complex 15 was slightly different to that of 13 and 14 as follows: to a 25 mL 

round bottom flask, phthalonitriles IX (0.42 g, 1.5 mmol) and V (0.14 g, 0.46 mmol), CoCl2 

(0.094 g, 0.72 mmol) and 10 mL DMF were added. The mixture was allowed to stir at 150 °C 

for a period of 2 h after which 0.5 mL of DBU was added. The mixture was further refluxed 

over a period of 18 h in an argon atmosphere. The rest of the purification is as explained 

above for 13 and 14, except 15 was collected as the fourth fraction on the silica column and 

hot methanol was used for final purification. Yield: 86.5 mg, 22.7 % (w/w); UV/vis (DMF + 5 % 

TX): λmax/nm (log Ɛ): 674 (4.59), 606 (4.04), 342 (4.37). IR [(KBr), νmax/cm-1]: 742 (aromatic C-

Hstr), 1091 (C-O-C), 1225 (O-Cstr), 1401 (-OHbend), 1501 (C-H), 1541 (N-H), 1660 (C=O), 2855, 

2916 (aliphatic C-Hstr). (MALDI-TOF) (m/z): calc.: 1194.24 amu; found: 1196.44 amu [M+2H]+. 

2.4 Formation of conjugates 

The influence of combining NGQDs with the cobalt(II) Pcs (CoPc/s) was studied using two of 

the complexes synthesized, complexes 9 (symmetric) and 12 (asymmetric). In addition to 

assessing the significance of symmetry/asymmetry, an analysis on how the composite is 

formed was also performed. This was done through forming the composites in two ways, 

through covalent interactions and non-covalent means (- stacking). - stacking was 

performed on both complexes, 9 and 12 whilst covalent linkage was reserved for complex 12 

as it possesses the primary amine which enables amide bond formation with the carboxylic 

acid groups from the NGQDs.   
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2.4.1 Conjugation through π-π stacking, Scheme 3.4 

The approach undertaken in creating the CoPc-NGQDs composites through π-π stacking was 

adopted from a previous study involving similar CoPcs [96]. Briefly, for each CoPc derivative, 

3.2 mg (2.74 × 10−6 mol for 9, and 2.84 × 10−6 mol for 12) was dissolved in DMF (1.0 mL), whilst 

separately, 3.2 mg of the NGQDs were dissolved in 1.0 mL of water. Subsequently, the two 

solutions were mixed together and sonicated at room temperature for a period of 4 h 

followed by constant stirring at room temperature for 5 days. Ethanol was used for 

precipitating and washing (twice) the conjugates which were then dried under vacuum. These 

conjugates from this point forward are referred to as 9πNGQDs and 12πNGQDs, where the 

number refers to the CoPc complex, and the “π” symbol denoting π-π stacking of the CoPc to 

the NGQDs.  

2.4.2 Conjugation through covalent linking, Scheme 3.5 

The method of conjugating the NGQDs to complex 12 through covalent interactions was 

adopted from a study by Achadu and colleagues [144]. An amide bond was formed using the 

primary amine (NH2) from complex 12 and the carboxylic acid groups (COOH) from the 

NGQDs. Briefly, complex 12 (4.0 mg, 3.56 × 10−6 mol) was dissolved in DMF (1.0 mL), and 

separately, NGQDs (4.0 mg) were dissolved in water (2.0 mL). To the NGQDs solution, the 

coupling agents NHS (0.10 g, 8.69 × 10−4 mol) and EDC (0.10 g, 6.44 × 10−4 mol) were added 

and sonicated until everything was dissolved. To the NGQDs mixture, complex 12 (in DMF) 

was added and the resultant mixture was sonicated further for an additional 4 h after which 

it was left to stir at room temperature for period of 48 h. Following that, the conjugate was 

precipitated with ethanol, and washed twice with ethanol before drying under vacuum. The 

covalently linked conjugate is, from this point forward, referred to as 12@NGQDs. 
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2.5 Electrode modification 

The predominant method of electrode modification selected was that of drop-

drying/adsorption. This was performed for all the probes investigated. An additional method 

for the alkyne-containing Pcs was also explored where the Pcs were anchored covalently onto 

the electrode surface. The Pcs for which this was performed are complexes 8 and 10 with the 

complete list of the modified electrode surfaces presented in Table 4.1. 

2.5.1 Modification through adsorption (drop-drying) 

Prior to surface modification of the electrode, the GCE was cleaned by polishing in a slurry of 

alumina nanopowder (Sigma-Aldrich) on a SiC-emery paper and rinsed with Millipore water 

several times. The electrode was further treated to ultra-sonication in 1.0 M of HCl and rinsed 

with Millipore water again. In preparing the Pcs as single entities, for complexes 1-5, 1.0 mg 

of each was dissolved in 1.0 mL of THF whilst for complexes 6-15, 1.0 mg was dissolved in 1.0 

mL of DMF from which 10 µL was dropped onto the electrode surface followed by drying in 

an oven at 60 °C overnight. The modified electrodes are referred to as GCE-PcA where the 

GCE denotes the glassy carbon electrode, “Pc” refers to the complex and “A” symbolizes the 

method of modification which in this case, is adsorption. 

With respect to the conjugates, 1.0 mg of the conjugate(s) (or the NGQDs alone), was 

dissolved in 1.0 mL of DMF (1.0 mL of water for the NGQDs). This was followed by electrode 

modification using the same volume and drying protocol explained for the Pc complexes. The 

electrodes fashioned from the nanocomposites are from hereon, referred to as and GCE-

9πNGQDs, GCE-12πNGQDs and GCE-12@NGQDs for the corresponding π and covalently 

formed conjugates. 
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Modification of the glassy carbon plates (GCP) was achieved in the same manner with the 

naming convention being “GCP-PcA” where “GCP” refers to the glassy carbon plate, “Pc” the 

complex and “A”, the method of electrode modification adopted. 

2.5.2 Modification through covalent anchoring (“clicking”) 

The cleaning of the electrode surface was achieved in the same way described for 

modification through adsorption. The method undertaken for the formation of a triazole bond 

was as reported by Nxele and Mpeta [34,145] with a few modifications. As expressed already, 

only complexes 8 and 10 were involved in this kind of electrode modification as they possess 

the necessary functional group (an alkyne terminal). Briefly, TBABF4 (0.01 M) and 4-

azidoaniline hydrochloride (0.1 mM) were prepared in a mixture of acetonitrile (0.1 M) and 

1.0 M HCl (96:4). In this solution, three successive cyclic voltammetric scans were performed 

(from −1000 mV to +200 mV) to graft the bare electrode where the surface was seemingly 

passivated by the introduction of azide-bearing constituents. Following the grafting, the 

electrodes were immersed in a solution composed of Cu(PPh3)3Br (2.0 mM), Pc (0.14 mM) in 

DMF (0.5 mL) and triethylamine (0.5 mL). The electrodes were left suspended in the solution 

for approximately 18 h after which they were rinsed with ethanol, and Millipore water, dried 

in ambient conditions and applied as electrocatalysts. The electrode modified with complex 

8 is denoted as GCE-8C while that altered with complex 10, is referenced as GCE-10C (where 

“C” represents clicking).  

In modifying the glassy carbon plates, the same protocol adopted for the modification of the 

GCE was applied. The modified carbon plates are referred to as GCP-8C and GCP-10C where 

the “C” following the complex number denotes the method of surface modification, clicking. 
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2.6 Attempted syntheses 

Attempts at synthesizing binuclear CoPcs were made however, none of the attempted 

structures were met with success (Schemes 2.1 and 2.2). Complex 18 was observed in the 

preliminary analysis using mass spectroscopy however, the tetra-substituted Pc (complex 9) 

could not be separated from the binuclear Pc using chromatographic methods. 

Scheme 2.1: Synthetic routes for the attempted complexes, 16-19. (DCC = dicyclohexyl 

carbodiimide; DMAP = 4-dimethylaminopyridine; DMF = N,N-dimethylformamide; DBU = 1,8-

diazabicyclo(5.4.0)undec-7-ene). 

+

+
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Scheme 2.2: Synthetic route for the attempted complex 20. (DMF = N,N-dimethylformamide).
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RESULTS AND DISCUSSION 

The following chapters are based on the publications listed in the Publications’ section: 

• Chapter 3 – Characterisation of the synthesized materials. 

• Chapter 4 – Characterisation of the modified electrodes. 

• Chapter 5 – Electrochemical studies on the detection of hydrazine and nitrite using 

the synthesized materials. 
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CHAPTER 3 
CHARACTERISATION OF MATERIALS 

 
 

A detailed discussion based on the characterisation of the 

phthalocyanine complexes and the conjugates is provided in this 

chapter. 
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3. Synthesis and characterisation 

3.1 Phthalocyanine complexes 

The synthetic route applied in the syntheses of the asymmetric complexes involved the use 

of similar methodologies previously reported [78]. Variations in the stoichiometric ratios were 

made in an attempt to improve the yields however, none exceeded 1:5 depite prior studies 

reporting the use of ratios of 1:9 or more [78]. N,N-dimethylformamide (DMF) was chosen as 

the solvent for all the reactions with the exception of complex 3 (and consequently, complex 

5). Complex 3 and 5 were obtained using 1-hexanol as the primary attempt with DMF was 

unsuccessful. The reaction times were set at either 18 or 24 h to ensure that sufficient time 

is provided for the materials to react without potentially degrading the products due to a high 

level of heat over a prolonged period of time. The yields obtained for the symmetric 

complexes were higher than those observed for the primary asymmetric compounds. Overall, 

however, the A3B complexes with the acetaminophen substituent (complexes 8, 10 and 12-

15), had better yields in comparison to the A3B Pcs with alkyl-dominated substituents 

(complexes 1-4 and 6). The synthetic routes for complexes 1-6 and 8-15 are shown in Schemes 

3.1, 3.2 and 3.3.
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Scheme 3.1: Synthetic routes for complexes 1-5. i – CoCl2,1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), N,N-dimethylformamide (DMF); ii – 

CoCl2,DBU, 1-hexanol. 

i i

i ii
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Scheme 3.2: Synthetic route for complex 6. 

Characterisation of the synthesized complexes was performed using a wide range of 

spectroscopic techniques such as mass spectroscopy, Fourier-transform infrared and 

absorption spectroscopy. Elemental analyses was the only thermogravimetric method used 

as it is considered significant in evaluating the purity of organic compounds. 

Based on the mass spectral analyses, all the desired compounds were synthesized and 

purified to a satisfactory level as suggested by the ionization signals obtained. Table 3.1 

provides a summary of the atomic masses expected and the experimental results obtained 

(Figs. A1-A15). For the majority of the complexes, the mass recorded was not too different 

from that which was anticipated with the difference largely arising from the addition of one 

or two protons. The manganese complexes (complexes 10 and 11) bore the greatest of 

differences as the ionization peak was that of the complexes in the absence of the axial ligand, 

chlorine (Table 3.1). 

The Q-band maxima for all the complexes studied are presented in Table 3.1 with some of 

the absorption spectra showcased in Fig. 3.1. As witnessed from the data in Table 3.1, the 

differences in the maximum Q-band absorption for the cobalt complexes is of a negligible 

magnitude with a few exceptions. Significant differences in the positions of the Q-band 

however, were found to exist between the cobalt and manganese complexes.
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Scheme 3.3: Synthetic routes for complexes 8-15. i – CoCl2,1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), N,N-dimethylformamide (DMF); ii – MnCl2, 

DBU, DMF.

i ii                                   

i i

i
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From the CoPcs alone, only complexes 9 and 15 registered a Q-band maxima that exceeds 

670 nm with values of 672 nm and 674 nm respectively, being observed for the two 

complexes. A notable observation was made for complex 15 in that the Pc is aggregated as 

seen with the broad Q-band in Fig. 3.1B. This aggregation, however, was resolved with the 

addition of the surfactant Triton X-100 hence the appearance of a monomeric Q-band (Fig. 

3.1B). Regarding the rest of the CoPcs, the differences in Q-band maxima did not exceed 5 

nm (Table 3.1). Compared to the CoPcs, the manganese Pcs (MnPcs) exhibited a strong 

redshift with the maximum Q-band absorbances being recorded at wavelengths of 723 nm 

and 721 nm for complexes 10 and 11, respectively (Table 3.1). 

  

Fig. 3.1: A selection of the absorption spectra of some complexes synthesized where in (A), 

complexes 8-11 are in DMF and (B) is the absorption spectra of complex 15 in DMF, in the 

absence and presence of Triton X-100 (TX, ∼ 10−5 M). 

 

Although the MnPcs were synthesized from an Mn2+ salt, the products themselves, complexes 

10 and 11, did not assume this oxidation state but rather that of Mn3+ (as suggested by the 

Q-band maxima, Table 3.1). According to the literature, the change from Mn2+ to Mn3+ is not 

an anomaly but rather a common occurrence where MnPcs are purified under aerobic 
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conditions (i.e. ambient air) [146]. Overall, there were no significant differences between the 

symmetric Pcs and the symmetric counterparts (Table 3.1). 

Table 3.1: A summary of the mass spectral results as well the Q-band maxima from the 

absorption spectra of the complexes synthesized.  

Complex 
Expected mass 

(m/z) 

Mass observed 

(m/z) 

Q-band maxima 

(nm) 

1 1640.90 1641.35 664 (THF) 

2 1644.90 1644.54 664 (THF 

3 1642.92 1644.84 664 (THF) 

4 1654.88 1655.87 664 (THF 

5 1781.13 1781.13 665 (THF) 

6 875.29 876.98 664 (DMF) 

7a 795.90 795.93 666 (DMF) 

8 1114.28 1114.34 667 (DMF) 

9 1167.27 1169.03 672 (DMF) 

10 1145.26 1110.41 723 (DMF) 

11 1198.25 1163.70 721 (DMF) 

12 1126.27 1126.14 665 (DMF) 

13 1154.24 1155.82 668 (DMF) 

14 1182.27 1182.76 667 (DMF) 

15b 1194.24 1196.44 674 (DMF) 

a – Q-band maximum previously reported in THF at 661 nm [116]; b – Q-band reported in DMF and 5 % Triton 
X-100. 

 

Fourier-transform infrared spectroscopy (FT-IR) was employed to assess the presence of the 

anticipated functional groups (and the disappearance of others where a reaction has taken 

place). In the synthesis of all the Pcs, the primary indication that the cyclotetramerization of 

the phthalonitrile had taken place was identified through the disappearance of the nitrile 

peak which is observed at approximately 2230 cm-1 (phthalonitrile VIII in Fig. 3.2 as an 

example). In addition to the disappearance of the nitrile peak, stretching frequencies related 
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to the phthalonitrile derivatives employed were also identified (8 and 10 in Fig. 3.2 as 

examples). 

 

Fig. 3.2: Infrared spectra of complexes 8 and 10 demonstrating the disappearance of the 

nitrile peak following cyclization of phthalonitrile VIII. 

 

For complexes 1-6, stretching frequencies associated with aliphatic groups were observed at 

the relevant frequencies such as 2850 cm-1 and 2918 cm-1 due to the pentadecylphenoxy and 
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tert-butyl substituents. Broad bands that are a trait of the-OH stretch from carboxylic acids 

were also observed between the 3000 cm-1 and 3500 cm-1 region for complexes 1-4 and 6.  

Regarding complexes 8-15, the carbonyl stretch (C=O) presented itself around the 1660 cm-1 

region with minor shifts in the different complexes. The amide stretch (-NH), also due to the 

acetaminophen substituent, appeared at approximately 3257 cm-1 in which it overlapped with 

other functional groups depending on the complex. The elemental analyses also provided 

confirmation that the compounds of interest had been obtained and purified to a satisfactory 

level with the values suggesting that some Pcs exist as hydrates [147]. Furthermore, nuclear 

magnetic resonance (NMR) studies were not conducted due to the paramagnetic nature of 

the metals used. 

3.2 Characterisation of the composites 

The ease in which the Pcs and NGQDs were merged into singular nanocomposites through -

 stacking was facilitated by the structural makeup of the NGQDs which consists of planar 

sheets dominated by a network of sp2 carbons (Scheme 3.4). Complex 12 was also linked to 

the NGQDs through a covalent bond (an amide bond, Scheme 3.5). Using high resolution XPS 

spectra for C 1s, O 1s, and N 1s, the presence of -NH, -COOH, and -OH groups on the surface 

of NGQDs has been established [148], hence their depiction in Schemes S1, 3.4 and 3.5. 

The formation of the amide bond was achieved through the activation of the carboxylic acid 

terminals on the NGQDs with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) after which, the -NH2 terminal from complex 12 was able to form 

a new bond with the NGQDs (Scheme 3.5). The time applied for the covalent linking was 

shorter than that which was applied in the - stacking to reduce the likelihood of having a 

composite that is dominated largely by - interactions. Although not intended, it is 
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important to note that - interactions are also a possibility in addition to the covalent 

linkage. 

 

Scheme 3.4: An illustration of how the - stacked conjugates were prepared (complex 9 used 

as the example). 

 

 

Scheme 3.5: An illustration of how complex 12 was covalently linked to the NGQDs. (NHS = 

N-Hydroxysuccinimide; EDC = ethyl(dimethylaminopropyl) carbodiimide). 
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The absorption spectra of complexes 9 and 12 are presented in Fig. 3.3 alongside that of the 

conjugates. As observable in Fig. 3.3, with respect to the conjugates, the absorption spectra 

were marked by some spectral shifts of the Q-bands relative to the complexes on their own 

(Fig. 3.3A for complex 9 and Fig. 3.3B for complex 12, Table 3.2). For 9NGQDs, a blue shift 

in the Q-band was observed relative to that of complex 9 alone whilst in the case of the 

composites derived from the asymmetric complex, 12, for both 12NGQDs and 12@NGQDs, 

a red shift in the Q-bands was observed (in comparison to complex 12, Table 3.2). 

 

  

Fig. 3.3: Absorption spectra for complexes 9 (A) and 12 (B) and their corresponding conjugates 

in DMF, and the NGQDs in water. 

 

Red shifts in porphyrin-graphene oxide nanoconjugates have been reported to be the result 

of molecular flattening [149]. The blue shift in Fig. 3.3A is an indication of an interaction of 

Pcs with the surface of the NGQDs. Similar blue shifts upon conjugation of semi-conductor 

quantum dots to porphyrins have been reported and these were attributed to surface plasma 

changes as the porphyrin is deposited onto the surface of the quantum dots [150]. For all 

conjugates, the Q-band retains its characteristic trait of an intense absorption which suggests 
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that conjugation does not have an adverse influence on the structural integrity of the Pc 

molecule. The increase in absorbance below 400 nm is due to the absorption by NGQDs in 

Figs. 3.3A and B. 

Consequently, the UV-Vis spectra were applied in determining the loading of Pc to the NGQDs 

using a method reported in the literature [151], through monitoring the absorbance of the Q-

band of the Pc before and after conjugation. The loading for each conjugate was determined 

with the results presented in Table 3.2, where it can be seen that complex 9 in 9NGQDs has 

a better loading than its asymmetric counterparts in 12NGQDs and 12@NGQDs. The loading 

for complex 12 was lower in the covalently linked conjugate than it was for the -stacked 

conjugate which may be due to the spatial orientation of the structures in question. 

Table 3.2: A summary of the changes observed following conjugation between the complexes 

and the NGQDs. (All absorption spectra in DMF). 

Complex/ 

nanocomposite 

Q band 

(nm) 

DLS size 

(nm)* 

Pc loading               

(µg Pc /mg Pc-GQDs) 

Raman ID/IG 

ratio 

9 672 - - - 

9NGQDs 665 36.2 80 0.31 

NGQDs - 1.7 (2.4) - 0.16 

12 665 - - - 

12NGQDs 670 26.9 20 0.39 

12@NGQDs 676 37.1 10 0.43 

*Average TEM size in brackets.  

The infrared (IR) spectra of the NGQDs, alongside that of complex 12 and the covalently linked 

conjugate are displayed in Fig. 3.4. Functional groups from the paracetamol substituent for 

complex 12 are observed at 2865 cm-1 and 2922 cm-1 arising from the aliphatic carbons (Fig. 

3.4). Due to the similarities in neighbouring atoms, the N-H stretch frequency observed at 

3257 cm-1 is assigned to either that of the amine group (from the phenoxy substituent) or that 
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present in the paracetamol-based substituent (Fig. 3.4). Other functional groups arising from 

the Pc’s main framework (with aromatic-based functional groups possibly overlapping with 

the phenyl rings in the substituents) are due to stretching/vibrational frequencies at 680 cm-

1 (aromatic C-Hstr), 1225 cm-1 (C-N) and 1462 cm-1 (C=C) respectively (Fig. 3.4).  

 

Fig. 3.4: FT-IR spectra of the NGQDs, complex 12 and the corresponding conjugate formed 

through covalent linking, 12@NGQDs. 

 

The FT-IR spectrum associated with the covalently linked conjugate, 12@NGQDs, has traits of 

both components with subtle differences, suggesting an enmeshment of the two (Fig. 3.4). 

Of interest in this case, are stretching/vibrational frequencies associated with the amide 
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group. Looking at 12@NGQDs, tentative assignments marked by shifts in stretching or 

vibrational modes are made where the stretching frequency at 3279 cm-1 is assigned to an N-

H amide-based stretch with greater transmittance suggesting the presence/creation of more 

amide bonds. A stretch of medium intensity at 1113 cm-1 is ascribed to the C-O stretch (in C-

O-C), a slight shift towards a higher frequency relative to when complex 12 is on its own at 

1089 cm-1 (Fig. 3.4). In addition to all the observations reported above, an intense carbonyl 

stretch makes its appearance at 1630 cm-1 (Fig. 3.4). 

Due to the fact that complex 12 has amide bonds on its own which stem from the 

acetaminophen substituent, an additional technique was employed to verify the formation of 

the amide bond between complex 12 and the NGQDs. The X-ray photoelectron spectra (XPS) 

are shown in Fig. 3.5 (% atomic compositions shown in Table 3.3) which include wide scans 

of complex 12, the NGQDs and the conjugate, 12@NGQDs, as well as the deconvoluted 

spectra for the O 1s region. The general observation that can be made regarding the wide 

scans is that one can roughly estimate the presence or quantity of a certain element based 

on the intensities each element registers. Prior to conjugation, complex 12 has a lower atomic 

concentration of oxygen and nitrogen than the NGQDs. Following conjugation, the atomic 

concentration of nitrogen in the conjugate is higher than that observed in complex 12 and the 

NGQDs separately. Regarding the atomic concentration of oxygen, the value observed in the 

conjugate is lower than that in the NGQDs alone as the formation of an amide bond is 

accompanied by the loss of the -OH group from the carboxylic acid terminals (Table 3.3).  

The O 1s region in complex 12 was deconvoluted to two bands, where the first one at a lower 

binding energy of 529.5 eV (5007 cps) was assigned to the ether group (C-O-C) while the 

second one, at a higher binding energy of 530.6 eV (5089 cps), was assigned to the carbonyl 
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oxygen (N-(C=O)) (Fig. 3.5D).  Three bands, similar to Shi and colleagues [152], were observed 

in the analysis of the O 1s spectrum associated with the NGQDs (Fig. 3.5B). Peak binding 

energies were observed at 530.4 eV (18660 cps), 531.1 eV (16449 cps) and 532.1 eV (9552 

cps) which were assigned to C-O, C=O, (O=C)-O) groups, respectively (Fig. 3.5B). The 

covalently formed conjugate, 12@NGQDs, yielded five bands upon deconvolution with 

assignments being made as follows: 528.6 eV (4086 cps) for C-O-C, 529.3 eV (7892 cps) for N-

(C=O), 530.0 eV (9965 cps) for C-O, 531.0 eV (6798 cps) for C=O and 532.4 eV (3419 cps for 

(O=C)-O, (Fig. 3.5F). What is of importance in this instance is the increase in the intensity of 

the band associated with the amide carbonyl N-(C=O) from 5089 cps for complex 12 alone to 

7892 cps for 12@NGQDs. There was a decrease in the intensity of the band assigned to the 

(O=C)-O group in the carboxylic acid of NGQDs (from 9552 cps to 3419 cps of the conjugate), 

which was ascribed to the loss of the -OH upon the formation of the amide bond. Overall, 

there was a general decline in all the other bands due to a decrease in the original starting 

material. 

Table 3.3: Atomic percentages from the XPS analyses. 

 % C % N % O 

Complex 12 93.3 2.35 4.37 

NGQDs 67.0 6.94 36.1 

12@NGQDs 69.1 15.1 15.8 
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Fig. 3.5: XPS wide scans for the NGQDs (A), complex 12 (C) and the covalently linked 

conjugate, 12@NGQDs (E), and the corresponding deconvoluted O 1s spectra (B, D, and F). 
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An assessment of the order/disorder of the graphene network that forms the NGQDs was 

performed (using Raman spectroscopy) to better understand the effects that conjugation has 

on the graphene matrix. Shifts in both the D and G bands were observed (Fig. 3.6). The Raman 

spectral shifts towards either the blue or red regions are attributed to the differences in the 

forces (compressive versus tensile) that act on the graphene framework [153,154]. 

 

Fig. 3.6: Raman spectra for complex 12 and its respective conjugates, 12NGQDs and 

12@NGQDs.  

 

Compressive forces are those that result in pushing atoms towards each other while tensile 

forces stretch bonds, resulting in atoms being pulled further from each other. The change in 

ID/IG ratios along with the Raman shifts in both the D and G bands are ascribed to the 

interactions between the NGQDs and complexes (9 and 12) after conjugation. The effects of 
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conjugation of carbon nanomaterials are often quantified by the ID/IG ratio where a low ID/IG 

ratio is often associated with a low level of disorder whilst a high ID/IG ratio corresponds to a 

high level of disorder in the graphene network. The ID/IG ratios observed were greater than 

that of the NGQDs alone. The ID/IG ratios presented in Table 3.2 are as follows: 0.16, 0.31, 

0.39 and 0.43 and for the NGQDs, 9NGQDs, 12NGQDs and 12@NGQDs respectively.  Lower 

ID/IG values were recorded for the -stacked conjugates relative to the composite derived 

from covalent linking. This may be due to the Pc and their substituents assuming spatial 

positions that cause minimal strain to the graphene matrix, unlike the covalently formed 

nanocomposite which may result in the occurrence of pulling forces (tensile forces) caused 

by the formation of new bonds between the NGQDs and the Pc. 

The average size of the NGQDs was determined using both transmission electron microscopy 

(TEM) and dynamic light scattering (DLS) (Figs. 3.7 and A16 in the appendix). From the TEM 

image showing monodispersed particles in Fig. A16, the average size distribution was 2.4 nm 

whilst an average size of 1.7 nm was recorded using DLS (Table 3.2). While it is often the case 

that the DLS size exceeds the TEM size due to the dispersing agent possibly increasing the 

hydrodynamic diameter, this was not the case [155]. This observation, however, is not an 

isolated one as similar reports based on ceramic nanoparticles have made where the TEM size 

is slightly greater than the DLS size [155]. In estimating the average size of the conjugates, 

DLS alone was used as the conjugates are insoluble in ethanol and acetone, which are 

considered to be the more suitable of solvents in the preparation of samples for TEM analysis 

[156]. In addition to that, other organic solvents such as DMF form solvent layers upon drying 

which may damage the support layer on the TEM grid [157]. 
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From the TEM micrographs in Fig. 3.7, the average particle size of the NGQDs following 

conjugation to the complexes was shown to have increased from 1.7 nm to between 26.9 nm 

and 37.1 nm (Table 3.2). In addition to influences from the dispersant, an enhancement in 

the electron density after conjugation may also account for the sizes observed. Taking these 

factors into consideration, these sizes may not necessarily reflect the actual size of a single 

nanocomposite as these elements promote the formation of clusters (conjugates may be 

smaller). These clusters, often referred to as aggregates, are a common occurrence in Pc-

GQDs or other Pc-nanoparticle composites [158,159]. 

  

  
Fig. 3.7: DLS area plots illustrating the average particle sizes for the NGQDs and their 

conjugates with the CoPcs, complex 9 and 12. 
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3.3 Summary of chapter 

Cobalt and manganese phthalocyanines along with the NGQD-conjugates were 

synthesized/prepared and characterised using an array of spectroscopic techniques. The 

results obtained from the characterisation confirmed that the proposed structures were 

synthesized and purified to a satisfactory level. The IR spectra showed the disappearance of 

the nitrile stretching frequency in the phthalonitrile precursors indicating that cyclization was 

successful. The mass spectral data was also in support of the expected atomic masses for the 

complexes synthesized. Apart from one Pc, a monomeric Q-band was observed for all the Pcs. 

The aggregation observed in the one Pc, complex 15, was resolved through the addition of 

Triton X-100. Furthermore, with respect to the MnPcs, the observed redshifts in the Q-band 

maxima were used to correctly assign the oxidation state of the central metal, Mn3+. An 

analysis of the nanocomposites was also performed with the spectral information observed 

from the absorption spectra, the IR, Raman and XPS all confirming that indeed the conjugation 

was achieved.



   

 
 

 

 

 

CHAPTER 4 
ELECTRODE CHARACTERISATION 

 
 

Chapter 4 provides a detailed discussion on the results obtained 

from the characterized electrode surfaces. 
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4. Characterisation of the modified electrodes  

4.1 Characterisation in a ferrocyanide-ferricyanide solution 

The methods applied in modifying the electrodes are described extensively in Chapter 2. In 

this section, the focus lies on the characterization of the modified electrode surfaces. Upon 

modification, characterization of the electrodes was performed using several electrochemical 

techniques including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), 

scanning electrochemical microscopy (SECM), linear sweep voltammetry (LSV) and 

chronocoulometry. The electron-transferring abilities of the designed probes were studied 

using a ferrocyanide-ferricyanide solution ([Fe(CN)6]3-/4-, in 0.1 M KCl as the redox mediator. 

Although there are other redox probes available such as ruthenium-based redox mediators, 

the iron-based probe was selected due to its high stability, reversibility and as well as 

sensitivity to the surface kinetics of the electrode used in these studies, a glassy carbon 

electrode (GCE) [160-162]. Cyclic voltammetry was applied in the electrolytic media to assess 

the activity of the probes in those solutions, to aid in distinguishing the electrochemical 

responses in the absence and presence of the analytes under study. LSV and 

chronocoulometry were used in determining the active electrode area and surface coverage, 

Γ. 

Regarding the electrodes surfaces modified through click chemistry, an additional non-

electrochemical characterization technique was applied to ensure that the triazole ring was 

formed as intended. In the same way that the electrode was modified, glassy carbon plates 

were subjected to the same treatment and analysed using X-ray photoelectron spectroscopy 

(XPS). The mechanism describing the way in which click chemistry proceeds is described 

pictorially in Scheme 4.1. 
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Scheme 4.1: Mechanism illustrating how the triazole ring is formed by means of the Sharpless 

copper (I) catalysed azide-alkyne cycloaddition reaction (complex 8 used as an example). 

 

The mechanism describing how the triazole ring is formed can be described as follows [163]: 

• Step 1: Deprotonation of the alkyne terminal followed by coordination of the copper 

catalyst with the alkyne group. 

• Step 2: A displacement of one of the copper ligands by the azide group occurs where 

the azide takes the place of one of the ligands. 

• Step 3: An unstable six-membered ring is formed where the triple bonds in both the 

alkyne and azide groups are converted in double bonds. 

• Step 4: Stabilization through contraction of the six-membered ring into a five-

membered ring takes place. 

• Step 5: Protonolysis of the copper catalyst takes place after which the end product is 

formed (the triazole ring). 
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4.1.1 Cyclic voltammetry 

Cyclic voltammetry is one of the simplest tools used to gauge the electron-transporting 

behaviour of electrode surfaces. By looking at the profile of the cyclic voltammogram, 

inferences as to whether the electron processes are reversible, quasi-reversible or irreversible 

in their nature can be made [164]. Quantitatively, by obtaining the difference between the 

peak anodic potential and peak cathodic potential (ΔEp), greater certainty can be applied to 

these inferences. 

Theoretically, an electrode with desirable electron-transferring abilities possesses a ΔEp value 

of approximately 60 mV or closer [165]. Coincidentally, this value is also used as a marker to 

assess the cleanliness of an electrode surface as it is often subject to change once the surface 

has been altered chemically or otherwise. In most cases, following the introduction of an 

electrocatalyst onto the surface, the ΔEp value increases suggesting slow electron-

transportation abilities. Apart from either an increase or decrease in the ΔEp value, some 

methods of electrode modification such as grafting yield voltammograms that are 

synonymous with complete surface passivation as there is neither an anodic nor cathodic 

signal observed. Nonetheless, these observations, particularly those where there is either an 

increment in the ΔEp value or the absence of definitive redox signals, have minimal 

implications as to how the modified electrode surface will respond to the analyte under study. 

A summary of the ΔEp values of all the probes investigated is provided in Table 4.1 with cyclic 

voltammograms of some of the electrodes being presented in Fig. 4.1. 
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Table 4.1: ΔEp and resistance-to-charge (RCT) values for all modified electrodes in [Fe(CN)6]3-

/4- (in 0.1 M KCl). 

Probe 
ΔEp (mV) (vs 

Ag|AgCl) 
RCT (kΩ) 

Γ 

 (mol/cm2) 

Γ 

 (mol/cm2)d 

Bare GCE 73 0.18 c c 

GCE-NGQDs 187 4.51 c c 

GCE-1A 341 20.6 2.72 × 10-7 3.40 × 10-10 

GCE-2A 204 27.5 2.22 × 10-7 2.88 × 10-10 

GCE-3A a 24.7 1.65 × 10-7 1.39 × 10-10 

GCE-4A a 24.1 c c 

GCE-5A 285 36.5 3.65 × 10-6 2.62 × 10-9 

GCE-6A 224 26.5 2.92 × 10-7 2.93 × 10-10 

GCE-7A 332 28.9 3.72 × 10-7 5.25 × 10-10 

GCE-8A 266 74.3 2.10 × 10-7 2.47 × 10-10 

GCE-8C a b c c 

GCE-9A 275 30.4 8.40 × 10-7 1.18 × 10-10 

GCE-9πNGQDs 106 19.4 1.31 × 10-7 2.47 × 10-10 

GCE-10A 483 323 6.57 × 10-8 8.48 × 10-11 

GCE-10C a b c c 

GCE-11A 486 361 c c 

GCE-12A 109 19.1 1.32 × 10-7 1.24 × 10-10 

GCE-12πNGQDs 612 28.2 6.08 × 10-8 1.22 × 10-10 

GCE-12@NGQDs 446 22.0 8.69 × 10-8 1.14 × 10-10 

GCE-13A 401 14.4 7.77 × 10-8 1.17 × 10-10 

GCE-14A 407 14.9 6.28 × 10-8 8.69 × 10-11 

GCE-15A 413 15.0 6.39 × 10-8 9.66 × 10-11 

a – No reverse peak; b – not determined; c – no peak/signal in the buffer, d – surface coverage determined from 

geometric area of electrode. 
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The ΔEp values shown in Table 4.1 present no definitive trend as far as the substituents of the 

Pcs are concerned except that all the probes are seemingly poor conductors (i.e. high ΔEp 

values) with the exception of the bare GCE (ΔEp = 73 mV). The electrodes modified through 

click chemistry yielded no redox signals as illustrated in Fig. 4.1 with GCE-8C provided as an 

example (hence the absence of a ΔEp value in Table 4.1).  

 

  

  
 

Fig. 4.1: Cyclic voltammograms of the bare and some of the modified electrodes in 1 mM 

Fe(CN)6
3-/4- (in 0.1 M KCl), all at a scan rate of 100 mV/s.  
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With respect to the ΔEp values, the overall summary regarding the analysis of the electrodes 

in the ferri-/ferrocyanide redox probe can be described as follows: 

• The bare GCE appears a good conductor of electrons as the value observed was 73 

mV, which is close to the Nernstian value for a surface studied in the Fe(CN)6]3-/4- redox 

couple. 

• Regarding the series of pentadecylphenoxy-substituted complexes, the order of 

electrodes in terms of the lowest to the highest ΔEp value is as follows: 

GCE-2A > GCE-5A > GCE-1A  

o No definitive redox signals were observed for GCE-3A and GCE-4A. 

• As for the tert-butyl bearing Pcs, the asymmetric complex yielded a lower ΔEp value 

than its symmetrical counterpart (GCE-6A > GCE-7A), which may suggest that the 

reduction in symmetry improves the electrode kinetics. 

• With respect to the Pcs that possess acetaminophen as the primary substituents, the 

order of electrodes regarding the most desirable (lowest ΔEp) was as follows: 

GCE-12A > GCE-8A > GCE-9A > GCE-13A > GCE-14A > GCE-15A > GCE-10A > GCE-11A  

o No definitive redox signals were observed for GCE-8C and GCE-10C. 

• Overall, in terms of the Pcs alone, complex 12 in GCE-12A displayed the most desirable 

of electron-transferring abilities with a ΔEp value of 109 mV. 

o The highest ΔEp value was recorded for GCE-11A with a value of 486 mV which 

may be due to the axially ligated central metal (i.e. Mn3+ fosters slower 

electron transportation relative to Co2+).  

o In general, the CoPcs had lower ΔEp values than the MnPcs (comparing GCE-

8A with GCE-10A, and GCE-9A with GCE-11A). 



Electrode characterisation  CHAPTER 4 

 

83 
 

• In terms of the ΔEp, from the lowest to the largest, the probes fashioned from the 

nanocomposites were ranked as follows: 

GCE-9πNGQDs > GCE-12@NGQDS > GCE-12πNGQDs 

o The addition of NGQDs improved the electron-transferring abilities for the 

symmetric complex (GCE-9πNGQDs > GCE-9A) and seemed to have an adverse 

effect on that of the asymmetric complex 12 for both probes involving the 

covalent and non-covalent conjugates (GCE-12@NGQDs and GCE-12πNGQDs). 

o The covalently formed composite GCE-12@NGQDs produced a lower ΔEp than 

the π-stacked conjugate in GCE-12πNGQDs which may be attributed to the 

lower loading (in terms of the quantity of the Pc within the whole 

nanocomposite) for the former as recorded in Table 3.2. 

 

4.1.2 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy is an analytical technique used to characterize 

electrode surfaces by measuring either the impedance or capacitance of a particular surface 

in solution [166]. Based on the impedance or resistance-to-charge (RCT) value, inferences on 

the electron-transportation abilities of the electrodes under investigation can be made [166]. 

Quite often, a large RCT value, usually distinguished by a Nyquist plot bearing a large semi-

circle, is associated with poor or limited electron-transferring abilities [167]. From Fig. 4.2 

(Nyquist plots fitted using a Randles-Sevcik equivalent circuit with the inclusion of a Warburg 

constant) and the RCT values recorded in Table 4.1, deductions were made as follows: 

• A low RCT value of 0.18 kΩ was registered for the bare GCE, showing good conductivity. 
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• In terms of the Pcs alone, complex 13 in GCE-13A displayed the most desirable of 

electron-transfer abilities with an RCT value of 14.4 kΩ. 

o The highest RCT value was recorded for GCE-11A with a value of 361 kΩ which 

corresponds with the ΔEp value. 

• Regarding the series of pentadecylphenoxy-substituted complexes, the order of 

electrodes in terms of the most favourable RCT value (i.e. lowest) is as follows: 

GCE-1A > GCE-4A > GCE-3A > GCE-2A > GCE-5A 

• As for the tert-butyl bearing Pcs, the asymmetric complex yielded a lower RCT value 

than its symmetrical counterpart (GCE-6A > GCE-7A), demonstrating the benefits of 

asymmetry. 

• With respect to the Pcs that possess acetaminophen as the primary substituents, the 

order of electrodes regarding the most desirable (i.e. a low RCT) is as follows: 

GCE-13A > GCE-14A ≥ GCE-15A > GCE-12A > GCE-9A > GCE-8A > GCE-10A > GCE-11A  

o The above observation confirms that GCE-11A is indeed dominated by slower 

electron kinetics as witnessed with the ΔEp value as well. 

• Relative to the complexes alone, the NGQDs yielded the lowest RCT value (4.51 kΩ) 

which may be attributed to the similarities in the arrangement of atoms between the 

bare GCE and the NGQDs. 

• The probes fashioned from the nanocomposites followed the same order as the 

results for the ΔEp and were ranked as follows: 

GCE-9πNGQDs > GCE-12@NGQDS > GCE-12πNGQDs 

o The addition of NGQDs improved the electron-transferring abilities for the 

symmetric complex (GCE-9πNGQDs > GCE-9A) and seemed to have an adverse 
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effect on that of the asymmetric complex 12 for both probes involving the 

covalent and non-covalent conjugates (GCE-12@NGQDs and GCE-12πNGQDs). 

o The covalently formed composite GCE-12@NGQDs produced a lower RCT than 

the π-stacked conjugate in GCE-12πNGQDs which may be ascribed either to 

the loading as recorded in Table 3.2, the nature of the conjugate (i.e. π-stacked 

versus covalently linked) or a combination of the two. 

o The results observed for the nanocomposites were in good agreement with 

the ΔEp results observed. 

Quite often, a large ΔEp value is accompanied by a large RCT value as both are predictors of 

charge transferring capabilities however [167], this trend was not necessarily linear in the 

electrodes presented. The manner in which the EIS results were in agreement with the ΔEp 

values was in an isolated form where the results are agreeable in terms of the complexes on 

their own and their corresponding conjugates, and not taking into consideration all probes 

(Table 4.1). Looking at the summary of these observations in Table 4.1, it is evident that while 

the two techniques are considered complementary to one another, the difference in their 

sensitivities is useful in unmasking factors which may or may not contribute to the 

discrepancies observed. These differences may be ascribed to the Fe(CN)6
3-/4- redox probe 

kinetics and/or a technique’s sensitivity to the concentration of the electrolyte, or simply non-

ideal behaviour [168]. In addition to those factors, deviations from Ohm’s law caused by 

electron-electron short-range repulsion as well as the deviations from the desired carbon 

nanostructure may account for the discrepancies observed in the ΔEp and RCT values 

[169,170]. 
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Fig. 4.2: Nyquist plots obtained from the electrodes characterized in 1 mM Fe(CN)6
3-/4- (in 0.1 

M KCl) and the Randles-Sevcik circuit used for fitting. 

 

4.1.3 Scanning electrochemical microscopy (SECM) 

Scanning electrochemical microscopy (SECM) is an analytical technique used to characterize 

electrodes at the microscopic level [171]. The technique makes use of an ultra-micro 

electrode (UME) to record the current generated from the electrochemical interactions 

between the UME and the relevant material (Fig. 4.3) [171]. In a feedback type of system, 

through the introduction of a redox probe, a Fe3+/Fe2+ redox mediator in this case, the 

conductivity of an electrode surface can be assessed through observing the change in the 

current [171,172]. When the redox probe is oxidized or reduced, and produces the 

corresponding product, a positive feedback response will be observed through an increment 

in the current of the UME. In the event that the substrate is inactive (i.e. an insulator), where 
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neither oxidation or reduction take place, and the current decreases, a negative feedback 

response is recorded [171]. 

  

Fig. 4.3: Schematic diagram of the primary components of SECM (with the substrate being 

the modified carbon plate) and the resulting approach curves of probes investigated in 1 mM 

[Fe(CN)6]3-/4-in 0.1 M KCl at -1.5 V Inset: approach curve for the clicked plates, GCP-8C and 

GCP-10C. (L = d/a represents the ratio of tip-substrate to UME tip radius). 

 

Looking at the approach curves in Fig. 4.3, the approach curves for the carbon plates modified 

through adsorption all follow a trajectory that is synonymous with conductive surfaces with 

a significantly higher current than the bare carbon plate, while the surfaces altered through 

click-chemistry produce a profile that corresponds with non-conductive surfaces. Similar 

observations involving an iron Pc (FePc) have been made where the Pc after being clicked 

onto a glassy carbon plate produces the same profile as that which is observed in the inset in 

Fig. 4.3 [108]. The observations made in Fig. 4.3 are all in support of the cyclic voltammograms 

presented in Fig. 4.1 in that the adsorbed surfaces elicit conductive behaviour whilst the 

clicked surfaces, appear to be insulators in their nature. Variations in the approach curve 

profiles were observed for the other electrode surfaces in which some followed those of an 

insulator (GCP-8C and GCP-10C) whilst other substrates indicated conductive behaviour.  
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4.2 Characterisation in the buffers 

The analysis of the modified electrodes was also performed in the buffer solutions prior to 

the addition of the analyte(s). Cyclic voltammetry was used to identify the presence of any 

redox peaks in the buffer solution/aqueous medium before adding the analyte. The purpose 

of this was to ascertain that there no contaminants in the buffer solution/aqueous medium 

that may yield a signal that may interfere with the one observed following the addition of the 

analytes.  

  

  

Fig. 4.4: Cyclic voltammograms of the modified electrodes in 0.1 M NaOH and (A and B) and 

in 0.1 M PBS, pH 7.5 (C and D), in the absence of the analytes. 
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This was also to ensure that the electrochemical responses observed are the result of the 

analytes and nothing else. The cyclic voltammograms in Fig. 4.4 are of the modified electrodes 

in the absence of the analytes where Figs. 4.4A and 4.4B are in 0.1 M NaOH (for the 

electrocatalysis of hydrazine) and Figs. 4.4C and 4.4D are in 0.1 M of a phosphate buffer 

solution (PBS, for the electrochemical oxidation of nitrite). 

The voltammograms in Fig. 4.4A present no redox signals whilst some redox activity is 

observed in Fig. 4.4B from GCE-6A. Despite being in the same medium, 0.1 M NaOH, it is 

evident that the probes are different hence different voltammetric responses are observed. 

The redox peaks labelled I and II in Fig. 4.4B were, based on the literature, assigned to CoIIPc-

2/CoIPc-2 and CoIIIPc-2/CoIIPc-2 processes, respectively [173].  

The observations made in PBS were not uniform either as some of the probes appeared active 

even in the absence of the analyte (Fig. 4.4D). Looking at Fig.4.4D, the peak labelled I was 

assigned to CoIIPc-2/CoIPc-2, an observation that has been previously reported in CoPc 

containing electrodes [173]. The peaks labelled II were ascribed to CoIIIPc-2/CoIIPc-2 processes 

while III were proposed to be due to ring-based processes [173]. Regarding the MnPc in GCE-

11A (not shown in Fig. 4.4), a redox signal at approximately 60 mV was observed and was 

assigned to the MnIIIPc-2/MnIIPc-2 redox couple based on previous literature involving similar 

MnPcs (Table 4.2) [91].   

4.3 Determination of the surface coverage 

Chronocoulometric experiments were carried out in the redox probe to enable the 

determination of the effective area of the electrode. In order to oxidize Fe(CN)6
3- (aq) to 

Fe(CN)6
4- (aq), the potential was stepped from 0.0 V to 1.0 V which produced a 

chronocoulometric graph (Fig. 4.5A, GCE-12A as an example). This figure (Fig. 4.5A) was 
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converted to a charge (C) vs time1/2 (s) graph (Fig. 4.5B) and further used to determine the 

surface area of the electrode from the integrated Cottrell equation (Eq. 4.1) [173]: 

𝑄 =
2𝑛𝐹𝐴𝐷1/2𝐶𝑜𝑡1/2

𝜋1/2          (4.1) 

In which the slope is equivalent 2nFAD1/2Coπ-1/2. By equating the slope to 2nFAD1/2Coπ-1/2 and 

using values from the literature where n is equivalent to 1, D is equal to 7.6 x 10-6 cm2/s 

[174,175], F being Faraday’s constant, A being the area and Co being the concentration of the 

ferri-/ferrocyanide solution, the electrode area was determined for all the electrodes. 

In combination with the area obtained from using Eq. 4.1, the effective surface coverage was 

calculated from equation 4.2 (Eq. 4.2) as expressed in previous reports [173]: 

𝛤 =
𝑄

𝑛𝐹𝐴
          (4.2) 

where 𝛤 represents the surface coverage, Q the electrical charge integrated from the area 

assigned to the CoII/III process (MnII/III for the MnPcs were applicable), from the linear sweep 

voltammetry (Fig. 4.6), n the number of electrons involved (n = 1), F being Faraday’s constant 

and A, the effective area (calculated using Eq. 4.1).  

  

Fig. 4.5: Chronocoulometric data for GCE-12A in 1.0 mM ferricyanide in 0.1 M of KCl (A) and 

its converted counterpart (B). 
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Fig. 4.6: Linear sweep voltammograms of a selection of the modified electrodes in the 

absence of nitrite at a scan rate of 50 mV/s (in 0.1 M PBS, pH 7.5). 
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is not a monolayer but rather a multi-layered film [178,179]. One reason that may account 

for this multi-layered film is the presence of a solvent layer on the electrode surface following 

the drying process. In comparing the Pcs alone, GCE-9A and GCE-12A to their corresponding 

conjugates, GCE-9πNGQDs, GCE-12πNGQDs and GCE-12@NGQDs, respectively, a lower 

surface coverage was observed for electrodes derived from the conjugates which may imply 

that the inclusion of NGQDs favours the formation of monolayers rather than multi-layers 

when adsorbed onto a glassy carbon electrode surface (Table 4.1). These observations 

however, are comparable to other electrode surfaces in which carbon-based nanomaterials 

have been coupled with Pcs [178]. The surface coverage was not determined for GCE-4A, GCE-

8C, GCE-10C and GCE-11A as these electrodes did not produce any redox signals in the buffer. 

4.4 Confirmation of triazole ring formation 

Confirmation of the formation of the triazole ring through clicking was obtained through X-

ray photoelectron spectroscopy (XPS). The spectra in Fig. 4.7 are those of the deconvoluted 

C 1s (Figs. 4.7A and 4.7C) and N 1s (Figs. 4.7B and 4.7D) high resolution scans for complex 10 

on its own and after clicking onto the glassy carbon plate. Looking at complex 10 on its own, 

deconvolution of the C 1s spectrum yielded two bands while the N 1s spectrum produced four 

(Figs. 4.7A and 4.7B). The C 1s band that registered its maximum at 281.7 eV was assigned to 

sp2-hybridized carbon atoms (sp2 C) whilst that which displayed its maximum at 282.6 eV was 

attributed to sp3-hybridized carbon atom (sp3 C) (Fig. 4.7A, Table 4.2). While it is often the 

norm to assign sp3 C to a higher binding energy than sp2 C, these assignments are tentative as 

it is possible for it to be the other way around due to the type of material(s) presented [180]. 

The N 1s spectrum was deconvoluted to four peaks with maximum intensity at the following 

binding energies: 395.6 eV, 396.5 eV, 397.3 eV and 398.9 eV. The two bands with maximum 
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binding energies at 396.5 eV and 397.3 eV were assigned to the nitrogen atoms bound directly 

to the metal ion (Nα, 397.3 eV) and the nitrogen atoms next to those bound to the metal 

centre (Nβ, 396.5 eV). The maximum intensity for the amide nitrogen from the paracetamol 

substituent was observed at a binding energy of 398.9 eV, a slight deviation from the norm 

where amide bonds often register maximum binding energies between 399.6 and 399.9 eV 

or more [181].  

Table 4.2: Fitting parameters for the C 1s and N 1s XPS spectra for complex 10 presented in 

Fig. 4.7. 

Descriptiona Fitting peaks Bonds 
Peak binding 

energy (eV) 

C 1s – (10) C 1s  C=C/C=O/C=N 281.7 

C 1s C-C/C-H 282.6 

N 1s – (10) 

 

N 1s Satellite 395.6 

N 1s  Nβ 396.5 

N 1s Nα 397.3 

 N 1s N-(C=O) 398.9 

C 1s – (10 Clicked) C 1s C=C/C=O/C=N 282.2 

C 1s C-C/C-H 282.6 

C 1s C=C-H 283.2 

C 1s C-N 283.7 

N 1s – (10 Clicked) 

 

N 1s Nβ 394.7 

N 1s Nα 397.2 

N 1s N-(C=O) 399.9 

N 1s N=N 401.8 

 N 1s N-N-C (R3N) 405.3 

a – Complex numbers in brackets. 
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The band that reached its peak maximum at a lower binding energy (395.6 eV), was attributed 

to a satellite shake-up which is the result of an electron which has been ejected from the core 

of the atom interacting with an electron in the valence band. Consequently, due to this 

interaction, the electron in the valence band is “shaken up” (excited) and the energy of the 

core electron is reduced, and a satellite band is observed at a slightly lower binding energy 

than where the core electron would have appeared (Fig. 4.7B, Table 4.2) [182].  

With respect to the azide-bearing moiety grafted onto the carbon plate, three distinct bands 

were observed upon deconvolution. Based on a study involving a ferrocene-bearing azide 

[183], the assignments were made as follows: the inner nitrogen was assigned to the peak at 

the lowest binding energy (399.3 eV), the central nitrogen was assigned to that which 

registers its maximum at 400.9 eV and the outer nitrogen, assigned to the peak at 403.0 eV 

(Fig. 4.7E). Consequently, similar to Fortgang and colleagues, the disappearance of the central 

nitrogen in -N=N+=N- was used to confirm whether the cycloaddition reaction had taken place 

or not [183]. 

In Fig. 4.7C, the general intensity of the deconvoluted spectra exceeds that of complex 10 

alone as seen in Fig. 4.7A (because the Pc is clicked onto a carbon plate). In addition to an 

increment in the intensity, the deconvolution of the C 1s region of the clicked carbon plate 

(complex 10 as an example) yielded four peaks with maximum intensities at 282.2 eV, 282.6 

eV, 283.2 eV and 283.7 eV. The first two appearing at 282.2 eV and 282.6 were assigned to 

the sp2 C and sp3 C from the complex whilst the last two, with the higher binding energies, 

were ascribed to the carbon atoms that form part of the triazole ring (Table 4.2).  

The N 1s spectra for the clicked complex 10, in Fig. 4.7D, was deconvoluted to five peaks 

instead of four for the Pc alone. An important note to make is that upon clicking onto the 
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carbon plate, the Pc complex assumes a change in the chemical environment resulting in a 

change in the chemical states and consequently, affecting the positions at which the peak 

binding energies are observed [184]. The deconvolution of the N 1s region in Fig. 4.7D was 

marked by the loss of the satellite where the first two peaks with their maxima at 394.7 eV 

and 397.2 eV, were ascribed to the beta and alpha nitrogen atoms. Two additional bands were 

observed with maximum intensities at 401.8 eV and 405.3 eV, these were attributed to the 

triazole ring (hence confirming that the click reaction was successful) with the peak appearing 

at 401.8 eV assigned to the azo-group (N=N) whilst that appearing at a higher binding energy, 

405.3 eV, was assigned to the tertiary amine group (R3N) (Fig. 4.7D, Table 4.2).  

In comparing the grafted carbon plate with the clicked sample, a shift towards higher binding 

energies is observed for the latter with the peak associated with the outer nitrogen (403.0 

eV) appearing to have completely collapsed as it assumes its new position within the five-

membered triazole ring. Furthermore, the intensity of the peaks observed on the carbon plate 

(Fig. 4.7E) are generally higher than those of the clicked plate (Fig. 4.7D), further supporting 

the notion that the Pc has been successfully anchored onto the surface. 
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Fig. 4.7: Deconvoluted high resolution C 1s and N 1s spectra of complex 10 before (A and B) 

and after (C and D) it has been clicked onto a glassy carbon plate, and the deconvoluted N 1s 

XPS spectrum of a grafted carbon plate (E). 
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4.5 Summary of chapter 

This chapter is based on the characterisation of the modified electrode surfaces using the 

appropriate/relevant electrochemical techniques. What is evident from the results, despite 

the redox probe being the same in all the electrochemical techniques, is that there is a lack 

of uniformity in that trends are observed in clusters (i.e. the type of substituents employed, 

the central metal, method of electrode modification, presence/absence of nanomaterials), 

more so for the cyclic voltammetric and EIS data as they produce quantitative results. 

Nonetheless, all the techniques applied demonstrated that the electrode surface was indeed 

altered with the XPS being used as a complementary technique where electrode modification 

was posited to have taken place through the formation of a covalent bond in the form of a 

triazole ring. 

 

 

  



 

 
 

 

 

 

CHAPTER 5 
SENSING 

 
 

Detailed discussions on the electrocatalysis of hydrazine and nitrite 

are provided in this chapter. 
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5. Electrochemical sensing  

In assessing the electrocatalytic activity of the designed probes, voltammetric and 

amperometric techniques were applied. The electrochemical behaviour of the 

electrocatalysts was studied through observing multiple indicators including the peak 

oxidation potential (Ep), peak catalytic current (Ip) as well as the limits of detection (LoD). 

Other variables such as the Tafel slopes and catalytic rates were also determined to aid in 

understanding the interactions between the modified electrodes and the analytes. 

5.1 Electro-oxidation of hydrazine 

5.1.1 Voltammetric analyses 

Cyclic voltammetry was used in identifying the general responsiveness of the probes towards 

hydrazine. Ideally, a good electrocatalyst is marked by its ability to reduce the oxidation 

potential as well as enhance the peak catalytic current [9]. The cyclic voltammograms of some 

of the probes studied are shown in Fig. 5.1 with distinct differences in the general Ep positions 

and Ip intensities being observable (bare GCE shown in Fig. A17 eliciting no response). From 

Fig. 5.1 alone, it is evident that the electrodes modified with the pentadecylphenoxy 

containing substituents elicit a better response in terms of the peak current in comparison to 

electrodes that possess the tert-butyl bearing electrocatalysts. In terms of the Ep however, 

the opposite was observed. 

From the summary provided in Table 5.1, with respect to the Ep, the following deductions 

regarding the voltammetric response to hydrazine were made: 

• The probes fabricated from the tert-butyl complexes elicited the better response as 

they had the lower oxidation potentials (GCE-6A and GCE-7A). 



Sensing  CHAPTER 5 

 

100 
 

o The asymmetric complex in GCE-6A produced a lower Ep value than its 

symmetric counterpart in GCE-7A, demonstrating the advantages of 

asymmetry. 

o The dip observed in the reverse cycles for GCE-6A and GCE-7A in Fig. 5.1, as 

described in previous reports, is due to the regeneration of the catalyst [96]. 

• Regarding the pentadecylphenoxy-based probes, GCE-2A and GCE-3A yielded the 

most favourable results with Ep values of 701 mV and 709 mV, respectively. 

o All asymmetric catalysts with the exception of GCE-1A performed better than 

the probe derived from the symmetric complex, complex 5 (GCE-5A). 

• The overall order in terms of the most favourable to the lease favourable for the Ep 

values recorded in the electro-oxidation of hydrazine are as follows: 

GCE-6A > GCE-7A > GCE-2A > GCE-3A > GCE-4A > GCE-5A > GCE-1A 

  

Fig. 5.1: Cyclic voltammograms of some the probes investigated in the electro-oxidation of 

hydrazine where (A) are the voltammetric responses in the presence of 1.0 mM of hydrazine 

and (B) presents the electrochemical response in the presence of 2.0 mM of hydrazine. All in 

0.1 M NaOH at a scan rate of 100 mV/s. 
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With respect to the peak current (Ip), the observations were made as such: 

• All pentadecylphenoxy-based probes produced a greater Ip value than the tert-butyl-

based probes. 

o A greater concentration of hydrazine was required to produce a measurable 

signal from GCE-6A and GCE-7A. 

• All the asymmetric complexes performed better than their symmetric analogues. 

• In ranking the probes based on the Ip values recorded, the electrodes were ranked as 

follows: 

GCE-4A > GCE-2A > GCE-3A > GCE-1A > GCE-5A > GCE-6A > GCE-7A 

The voltammetric results observed suggest that asymmetric Pcs, in the general sense, are 

better than their symmetric derivatives however, this is not applicable to all asymmetric Pcs 

as substituents do not always complement each other or function in a cohesive manner. The 

electrodes derived from the tert-butyl Pcs, GCE-6A and GCE-7A, produced the lower oxidation 

potentials which were attributed largely to the direct bond between the Pc skeleton and the 

substituents (C-C). The direct bond is posited to have enabled the substituents’ electron-

donating nature to come into full effect resulting in an improvement in which the Pc is 

oxidized and consequently, lowering the potential at which hydrazine is oxidized [185]. 

Looking at the background correct current (Ip) and how it relates to the surface coverage (Γ), 

it is evident that the Ip is influenced by other factors not limited to the surface coverage as 

the Γ values in Table 5.1 are fairly similar for the probes investigated. Although there are 

minimal differences in the Γ values, the pentadecylphenoxy-based electrodes (GCE-1A – GCE-

5A) possess higher Ip values than those derived from the tert-butyl complexes, GCE-6A and 

GCE-7A (Table 5.1). These findings suggest that the Ip is largely dependent on the substituents 
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more than it is on the surface coverage (Tables 4.1 and 5.1). This is supported by a previous 

study involving an unsubstituted CoPc with a surface coverage of 5 × 10-11 mol/cm2 eliciting a 

similar Ip to GCE-6A and GCE-7A (where the scale on the y-axis was presented in mA and the 

concentration measured was 2.6 mM) (Fig. 5.1A) [186]. Another reason that may account for 

the differences in the Ip value as far as the substituents are concerned is that GCE-1A – GCE-

5A are derived from phenoxy-based substituent which provides additional π bonds which are 

known to be more reactive than sigma bonds which are the type that dominate the tert-butyl 

substituent [187]. Overall, it appears that while the tert-butyl substituent is useful in lowering 

the Ep, it serves primarily as an agent of enhancing solubility rather than driving electron-

transferring processes (hence the low Ip values registered) [74]. 

Table 5.1: A summary of the voltammetric data obtained in the electrocatalysis of hydrazine 

in 0.1 M NaOH, in the presence of 1.0 mM of hydrazine. 

Probe Γ  

(mol/cm2) 

Ep (mV) vs 

Ag|AgCl 

Background 

corrected current, 

Ip (µA) 

Tafel slope (mV 

decade−1)a 

GCE-1A 2.72 × 10-7 983 17.4 129 (331) 

GCE-2A 2.22 × 10-7 701 43.0 221 (268) 

GCE-3A 1.65 × 10-7 709 32.7 168 (422) 

GCE-4A c 734 47.9 265 (294) 

GCE-5A 3.65 × 10-6 980 10.1 350 (91.9) 

GCE-6Ab 2.92 × 10-7 139 6.16 135 

GCE-7Ab 3.72 × 10-7 167 5.51 114 

a – Values in brackets obtained from Eq. 5.1; b – Ip recorded in 2.0 mM of hydrazine; c – no peak/signal in the 
buffer. 
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5.1.1.1 Kinetic studies on hydrazine-electrode interactions 

Electrode kinetics is the term used to describe the rate at which an electron moves between 

the electrode and the species in solution [188]. By studying the interactions between the 

electrode surface and analyte, deductions regarding the mode of transport to and from the 

electrode can be made. Furthermore, an extensive analysis on the kinetics may provide 

insights into the possible mechanisms that are taking place between the analyte and 

electrode surface [189]. 

The reaction mechanisms used to describe how an analyte interacts with the electrode 

surface is described as diffusion or adsorption-controlled amongst others [190]. Diffusion-

controlled processes involve the transportation of molecules through a medium (before 

making contact with the interface) where the reactants are separated from the products 

[190]. Adsorption-based processes on the other hand are those that involve the direct 

transportation from the bulk phase to the interface [190]. In determining which of the two 

processes was involved regarding the electro-oxidation of hydrazine, cyclic voltammetric 

scans were performed in which the concentration of hydrazine was kept the same with the 

scan rates being varied (GCE-3A provided as an example in Fig. 5.2A). From the data obtained 

from the voltammograms in Fig. 5.2A, plots of log Ip vs log ν were drawn. Using the slope from 

the plots, the electrode-analyte processes where established. For diffusion-controlled 

processes, a slope of 0.5 is obtained whilst a slope of 1 or close to 1 is associated with 

adsorption-based activity [191-193]. The electrodes presented in Table 5.1 (GCE-1A – GCE-

7A) all produced a slope of 0.5 suggesting diffusion-based interactions between the 

electrodes and the analyte, hydrazine. 
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One of the ways in which the reaction mechanism can be determined is through a Tafel 

analysis where the Tafel slope is determined [194]. Tafel slope values that are synonymous 

with a single electron transfer process range from 60 to 120 mV/decade [195]. A Tafel slope 

that exceeds 120 mV/decade is reported to possess no kinetic meaning and may be the result 

of adsorption of either the products and/or intermediates onto the modified electrode 

surface [173,196,197]. Using the same approach as Mohammadizadeh and colleagues by 

plotting the log of the onset current against the potential in the region where the onset 

potential is obesrved, the Tafel slopes were determined with the values presented in Table 

5.1 (Fig. 5.3) [198].  

A secondary approach to determining the Tafel slopes was explored using Fig. 5.2C and the 

following equation, Eq. 5.1 [199]: 

Ep =
𝑏

2
log 𝑣 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡        (5.1) 

Where Ep is equated to the slope in Fig. 5.2C and b is the Tafel slope. In comparing the Tafel 

slopes from the two methods for GCE-1A – GCE-5A, the differences were vast which may be 

attributed to the regions from which the slopes are derived. The first method using the onset 

potential involves the lower overpotentials whilst the latter is dominated by the higher 

overpotentials. This observation where an electrode produces different Tafel slopes based on 

the location of the overpotential (low versus high) has been identified in iron electrodes [200]. 

Another reason that may account for the differences between the two methods is the surface 

coverage, where it is suggested that an inconsistent surface coverage may produce variations 

in the Tafel slope values [201]. Taking into consideration that the electrode kinetics are better 

evaluated at lower scan rates, the first method entailing the use of the onset potential was 

used as the primary method of determining the Tafel slopes for all the electrodes. 
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Using this method, the Tafel slopes determined ranged from 114 to 350 mV/decade with GCE-

7A falling within the 120 mV/decade window for a single-electron process (Table 5.1). GCE-

1A and GCE-6A also produced values close to the desired range with Tafel slopes of 129 and 

135, respectively (Table 5.1). The other electrodes produced Tafel slopes so high that they 

are incomparable to those that have been previously reported for CoPcs used in the 

electrocatalysis of hydrazine [98]. Nonetheless, with theoretical calculations indicating that 

the electrochemical reaction between CoPcs and hydrazine is largely driven by the central 

metal, cobalt in this case, the mechanism in which the electrooxidation of hydrazine 

proceeds, for GCE-1A until GCE-5A, was described as follows (Eqs. 5.2-5.4) [119]:  

 [CoPc(I)]− → Co(II)Pc + e−        (5.2) 

Co(II)Pc + N2H4 + OH− → [Co(I)Pc−N2H3]− + H2O     (5.3) 

[Co(I)Pc−N2H3]− → [Co(I)Pc]− + •N2H3        (5.4) 

•N2H3 + 3OH− →N2 + 3e− + 3H2O       (5.5) 

where the second step involves coordination of the hydrazine molecule to the cobalt atom 

(Eq. 5.3), the coordination then results in a reduction of the cobalt metal from Co2+ to Co+, 

followed by a disproportionation of the CoPc-hydrazine complex to produce a hydrazine 

radical (Eq. 5.4). The final step involves the hydrazine radical reacting with the hydroxide ions 

in solution to produce more stable molecules, nitrogen gas and water (Eq. 5.5). 

Based on a theoretical study by Geraldo and colleagues, a second mechanism shown by Eqs. 

5.6-5.10 was proposed for GCE-6A and GCE-7A [202]:  

N2H4 + Co(II)Pc ⇌ [Co(I)Pc- -(N2H4)+]       (5.6) 

[Co(I)Pc- -(N2H4)+] + OH− → Co(II)Pc + •N2H3 + e− + H2O (rds)   (5.7) 
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•N2H3 → 
•N2H2 + e− + H+       (5.8) 

•N2H2 → 
•N2H + e− + H+        (5.9) 

•N2H → N2 + e− + H+          (5.10) 

(rds = rate determining step) 

where the first step involves coordination of the hydrazine molecule to the cobalt atom (Eq. 

5.6), the coordination then results in a reduction of the cobalt metal from Co2+ to Co+, 

followed by a disproportionation of the CoPc-hydrazine complex to produce a hydrazine 

radical (Eq. 5.7). The •N2H3 radical then reacts in successive steps losing one electron and one 

proton at a time through steps (5.8)–(5.10) resulting in the making of nitrogen as the final 

product of the reaction. 

 

Fig. 5.2: (A) is an illustration of the cyclic voltammograms of GCE-3A at various scan rates (B) 

is the plot of the log Ip against the log ν and (C) is the plot of potential vs log ν.  All in the 

presence of 1.0 mM of hydrazine in 0.1 M NaOH. 
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Fig. 5.3: Cyclic voltammograms recorded at 10 mV/s for GCE-6A (A) and GCE-7A (C) in 2.0 mM 

hydrazine, in 0.1 M NaOH and the corresponding Tafel plots (B and D). The points in pink/red 

are the points used to produce the Tafel plot (A and C). 
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examples in Figs. 5.4A and 5.4B). Of the asymmetric probes studied, GCE-1A, GCE-2A, GCE-

3A and GCE-4A, none presented any instability as the percentage difference between the first 

and twentieth scan did not exceed 3 % (Fig. 5.4A, GCE-2A as an example).  

  

Fig. 5.4: Stability scans for GCE-2A (A) and GCE-5A (B) at 100 mV/s in the presence of 1.0 mM 

of hydrazine in 0.1 M NaOH. 

 

Following 20 consecutive scans, the oxidation peak in GCE-2A retains its original position in 

terms of the oxidation potential and the peak catalytic current while the observation made 

for GCE-5A is a gradual disappearance of the oxidation peak as the number of scans is 

increased (Figs. 5.4A and 5.4B). The probes fashioned from the tert-butyl containing 

complexes, GCE-6A and GCE-7A, were also found to be unstable with a noticeable decline in 

the Ip as the number of voltammetric scans increased. A decline of approximately 39 % was 

recorded for GCE-6A while GCE-7A’s Ip decreased by almost 25 % after twenty consecutive 

scans. And while some of the probes studied demonstrated great stability, further studies 

regarding identifying potential interferants were not performed due to the absence well-

defined cyclic voltammograms (GCE-6A and GCE-7A possess better profiles compared to GCE-

2A, GCE-3A and GCE-4A, Fig. 5.1). 
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5.1.2 Chronoamperometric analyses 

5.1.2.1 Limits of detection 

The chronoamperometric changes in response to increments in concentration of the analyte 

are shown in Fig. 5.5A (GCE-2A as an example) where the inset illustrates the linear 

relationship between the concentration and the current obtained from the 

chronoamperograms (Fig. 5.5A). The slope in the inset in Fig. 5.5A, which is also considered 

the sensitivity, is derived from a response versus concentration plot where the current at a 

specific time (1.02 s in this case) is plotted against the changes in the concentration of 

hydrazine. Using the slope from the inset in conjunction with the 3δ/s equation (where δ is 

standard deviation of the blank and s is the slope of the calibration curve in Fig. 5.5’s inset), 

the limits of detection (LoD) were determined for all the probes studied with the results 

presented in Table 5.2.  

Table 5.2: Electrochemical summary of the chronoamperometric results obtained in the 

electrochemical sensing of hydrazine. 

Probe 
Sensitivity 

(µA/mM) 
LoD (µM) k (M-1s-1) 

GCE-1A 0.86 (± 0.1) 65.8 (± 7.9) 6.66 

GCE-2A 60.6 (± 0.4) 26.1 (± 0.2) 3.25 

GCE-3A 60.9 (± 0.5) 5.10 (± 0.04) 5.81 × 101 

GCE-4A 10.7 (± 0.2) 10.2 (± 0.2) 5.43 × 101 

GCE-5A 3.80 (± 0.3) 14.9 (± 1.1) 6.00 × 102 

GCE-6A 5.52 (± 0.3) 14.4 (± 0.7) 1.25 × 102 

GCE-7A 3.00 (± 0.3) 54.1 (± 5.1) 1.37 × 102 

*Values in brackets represent average standard deviations where n=3. 
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Fig. 5.5: (A) Chronoamperograms for GCE-2A in different concentrations of hydrazine (in 0.10 

M NaOH). Inset: calibration curve for GCE-2A. Error bars not visible because all standard 

deviations are 0.01> (n = 3). Plots of the Icat/Ibuf versus the square root of time (B) and a plot 

of the slope2 against the concentration of hydrazine (C) (GCE-2A used as an example). 
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A great deal of variation was observed in the sensitives with the lowest being 0.86 µA/mM 

for GCE-1A and the highest being 60.9 µA/mM for GCE-3A (Table 5.2). In terms of the 

substituents, it is evident that the pentadecylphenoxy-based electrodes generally possess 

better sensitivities than the tert-butyl-based electrodes with a few exceptions (Table 5.2). 

Regarding the symmetry, the electrodes based on the asymmetric Pcs yielded better results 

than their symmetric counterparts with GCE-1A being the exception suggesting that in these 

particular conditions, the pairing of substituents in the overall construction of the A3B CoPc is 

not ideal (Table 5.2). 

The best performance was registered for GCE-3A with an LoD value of 5.10 μM (Table 5.2). 

This observation corresponds with what is often the norm in electrocatalysis where a high 

sensitivity is accompanied by a low limit of detection [98]. GCE-4A was found to be an 

exception with a value of 10.2 μM accompanied by a low sensitivity of 10.7 µA/mM despite 

GCE-2A presenting a better sensitivity of 60.6 µm/mM (LoD of 26.1 µM) (Table 5.2). The other 

asymmetrical complexes (GCE-1A and GCE-2A) fare poorly in comparison to the symmetrical 

pentadecylphenoxy-substituted CoPc derivative, GCE-5A. Regarding the tert-butyl based 

complexes, the asymmetric CoPc in GCE-6A produced a better LoD value than its symmetric 

derivative in GCE-7A. In the general sense, the CoPcs that bore the 15-carbon chain as the 

dominant substituent were better than the short, branched alkyl-containing Pcs (Table 5.2).  

Although high LoD values were obtained for GCE-1A, GCE-2A and GCE-7A, the rest of the 

probes compare (and even better in some cases) very well with previous reports based on 

CoPc derivatives as electrocatalysts for hydrazine (Table 5.3) [108,203,204]. Furthermore, 

what is most impressive with these probes is that their results can be improved further 

through the addition of nanomaterials through covalent or non-covalent linking as in this 

work, they are studied as single entities. 
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Table 5.3: Limits of detection for hydrazine in comparison with literature values for CoPc 

derivatives. 

Probe/electrode LoD (µM) Ref. 

Co tetrahexynl phthalocyanine  6.09 [108] 

CoPc – screen-printed electrodes 6.21 [203] 

CoPc – carbon paste electrode  73.5 [204] 

GCE-3A 5.10 This work 

GCE-4A 10.2 This work 

 

5.1.2.2 Catalytic rates 

The catalytic rates were calculated as previously reported in similar studies [98,205] where 

the ratio between the buffer and the buffer containing the analyte was plotted against the 

square root of time (Fig. 5.5B). These yielded straight lines of different slopes which were 

squared and plotted against the corresponding concentration (Fig. 5.5C). The catalytic rate 

constants were determined through correlating the data obtained with the following 

equation, Eq. 5.11 [206]: 

𝐼𝑐𝑎𝑡

𝐼𝑏𝑢𝑓
=  𝛾1/2 𝜋1/2 =  𝜋1/2 (𝑘𝐶𝑡)1/2      (5.11) 

where Icat and Ibuf represents the current(s) in the presence and absence of hydrazine, C the 

concentration of hydrazine, t as the time that has elapsed in seconds and k, the catalytic rate. 

With the exception of GCE-7A, which has both a high LoD and k value, the general observation 

that can be made is that the probes that exhibit low LoDs are accompanied by moderately 

high catalytic rates. GCE-5A bears the highest catalytic rate which may be due to the higher 

surface area it possesses, 3.65 × 10-6 mol/cm2 (Table 5.1). Previous reports have noted the 

influence of surface area on the rate of a reaction in heterogeneous catalysis [207].  
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5.1.3 Computational chemistry 

Computational chemistry methods are often used to better understand experimental results 

(by identifying the reactive sites) [119,208]. Due to their simplistic structures, a brief 

exploration based on complexes 6 and 7 was undertaken in an attempt to assess whether 

computational methods support experimental observations or if they can be used to predict 

the reactivity of materials, GCE-6A and GCE-7A in this case. 

Geometry optimization for complexes 6 and 7 was performed at the B3LYP level with the 6-

31G(d) basis set in the presence and absence of a hydrazine axial ligand (Fig. 5.6). In addition 

to determining the gap between the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) (Egap), the global reactivity descriptors were 

calculated. The descriptors, namely: chemical softness (S), hardness (ⴄ), electrochemical 

potential (µ), electrophilicity (ω) and the electronegativity (ꭓ) were determined using the Eqs. 

5.12-5.17 [208]: 

 Egap = ELUMO − EHOMO         (5.12) 

 S = ⴄ/2          (5.13) 

 ⴄ = (ELUMO−EHOMO)/2         (5.14) 

 µ = −(ELUMO−EHOMO)/2        (5.15) 

 ω = µ2/2ⴄ          (5.16) 

 ꭓ = −µ           (5.17) 

The frontier orbitals, the HOMO and the LUMO are important in determining the stability and 

the reactivity of the molecule(s) [208]. Based on Michl’s perimeter model [209], frontier π-
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MOs arising from the HOMO and LUMO of a C16H16
2− parent perimeter with ML = ±4 and ±5 

angular nodal properties, respectively, are referred to as the a, s, -a and -s molecular orbitals 

(MOs) in the MO energy diagram in Fig. 5.7 depending on whether a nodal plane (a/-a) or 

significant MO coefficients (s/-s) are aligned with the y-axis. The a, -a and -s MOs were found 

to correspond to the HOMO, and the near degenerate LUMO and LUMO+1 of the electronic 

structures of 6 and 7, while the s MO of phthalocyanines is markedly stabilized by having large 

MO coefficients on the aza nitrogens (Fig. 5.7) [68]. The SOMO (singly occupied molecular 

orbital (orbital with a single electron)) appeared to be localized primarily on the 3dz2 orbital 

of the Co(II) ion (Fig. 5.7).  

Fig. 5.6: Optimized structures of complexes 6 and 7 (with hydrazine as an axial ligand). 

 

A HOMO energy of −4.89 eV was predicted for 6, while the value for 7 was −4.76 eV (Table 

5.4). Although the difference is small, 6 was predicted to be the more stable complex as 

anticipated based on the introduction of the electron-withdrawing carboxylic acid moiety. 

Since both the HOMO and LUMO of 6 and 7 are stabilized to a similar extent, with the 

HOMO−LUMO gap (Egap) for both complexes being 2.22 eV (Table 5.4, Fig. 5.7) there were no 

significant differences in the Q-band energies as observed experimentally (Table 3.1).  
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Fig. 5.7: MO energy diagram for complexes 6 and 7 showcasing the HOMO−LUMO gap (Egap, 

with N2H4 as an axial ligand), the a, s, -a and -s MOs of Michl’s perimeter model [209] and the 

MOs that are largely localized on the 3d atomic orbitals of the Co(II) ion, including the 3dz2 

MO that is likely to be involved in the electrooxidation of hydrazine. The α and β symbols 

represent the spin orientation of the electrons, spin up or spin down (A). Angular nodal 

patterns of the a and -a MOs that are the HOMO and LUMO of the π-system, as well as the 

SOMO, which is localized on the 3dz2 orbital of the Co(II) ion (B). 
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Table 5.4: EHOMO, ELUMO and the global reactivity descriptors determined for the complexes (α 

spin orbital energies, in the absence of hydrazine as an axial ligand).  

Parameters (eV) Complex 6a Complex 7a 

EHOMO −4.89 (−5.12) −4.76 (−5.03) 

ELUMO −2.67 (−2.94) −2.54 (−2.77) 

Egap 2.22 (2.26) 2.22 (2.26) 

ⴄ 1.11 (1.13) 1.11 (1.13) 

ⴄDA (2.88) (2.82) 

S 0.56 (0.57) 0.56 (0.57) 

µ −3.78 (−4.07) −3.65 (−3.90) 

Ω 6.42 (7.33) 5.98 (6.72) 

ꭓ 3.78 (4.07) 3.65 (3.90) 

a – Values in brackets are those of the indicators in the presence of hydrazine as an axial ligand. 

 

Other electronic properties were used to determine the relative reactivities of the complexes 

(Table 5.4). The electrophilicity (ω) and the electronegativity (ꭓ) values can be used as the 

primary indicators in this regard as the chemical softness (S) and hardness (ⴄ) produced equal 

values (Table 5.4). And with complex 6 displaying higher electrophilicity (ω) and 

electronegativity (ꭓ) values than complex 7, complex 6 was deemed to be the more reactive 

complex (Table 5.4). 

The mechanism described in Eqs. 5.6-5.10 is dominated by the cobalt centre which has often 

been reported to be the case in the electrocatalysis of hydrazine by CoPcs [119]. This implies 

that the oxidation of hydrazine is facilitated by the interaction with the SOMO which is largely 

localized on the 3dz2 atomic orbital of the Co(II) ion (Fig. 5.7B). To further understand the 

reactivity of these macrocycles in response to the catalysis of hydrazine, further application 

of the DFT calculations were undertaken with hardness (ⴄ) being the most suitable concept 

to apply in this context. Molecular hardness is loosely described as a molecule’s ability to 
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attract electrons and the higher the value, the greater the ability of that molecule to attract 

electrons. Due to the similarities in the structure, the values for hardness for both complexes 

are the same, 1.13 eV (Table 5.4). Moreover, these values are comparable to those reported 

for similar molecules [176,210]. 

With the hardness values being the same, to better gauge the reactivity of the complexes, the 

donor-acceptor hardness was determined using Koopman’s approximation (Eq. 5.18) for 

determining the electronic coupling between the CoPc and hydrazine [176,211]: 

ⴄDA = (ELUMO(A) – EHOMO(D)) / 2       (5.18) 

Where ELUMO(A) represents the LUMO energy level of the acceptor molecule, EHOMO(D) 

represents the HOMO energy level of the donor and ⴄDA is the donor-acceptor molecular 

hardness.  

The results in Table 5.4 show that the donor-acceptor molecular hardness for 6 is slightly 

higher than that of 7. From this observation, it is expected that there is an enhanced 

interaction between 6 and hydrazine which was seen to be the case (relative to the interaction 

between 7 and hydrazine). This is supported by a higher Ip being observed for GCE-6A in 

comparison to GCE-7A (Table 5.1, Fig. 5.1B). Furthermore, previous studies involving similar 

macrocycles have suggested that a large electronic coupling value (ⴄDA) promotes a shift of 

redox reactions to lower potentials. This is observed with complex 6 (GCE-6A), which has an 

ⴄDA value of 2.88 eV having a lower oxidation potential (for the oxidation of hydrazine) than 

the symmetric structure in GCE-7A (complex 7), which has an ⴄDA value of 2.82 eV (Table 5.4) 

[212]. The general observation that was made upon incorporating hydrazine as an axial ligand 

was a minor increase in the energies of the global indicators, namely the electrophilicity (ω) 
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and electronegativity (ꭓ) Fig. 5.8). Complexes 6 and 7 were predicted to have the same Egap 

values both in the presence and absence of hydrazine (Table 5.4).  

 

Fig. 5.8: A histogram illustrating the energy differences before and after the introduction of 

hydrazine as an axial ligand. (HLG = HOMO−LUMO gap). 

 

5.2 Electro-oxidation of nitrite 

5.2.1 pH studies 

The detection of nitrite also involved the use of both cyclic voltammetry and 

chronoamperometry. In the preliminary studies in which the influence of the pH was 

assessed, GCE-8A and GCE-10A were used. From the voltammograms in Figs. 5.9A and 5.9B 

and the histogram in Fig. 5.9C, GCE-8A produced the highest Ip at a pH of 7.5 whilst GCE-10A, 

the manganese complex, registered the most favourable Ip at a pH level of 8.0. Consequently, 

a pH of 7.5 was used for all the CoPcs whilst the studies involving the MnPcs were performed 

in a phosphate buffer solution (PBS) with a pH level of 8.0. PBS was chosen as the supporting 
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electrolyte as previous literature has reported that the oxidation peak of nitrite is better-

resolved in PBS, relative to the acetate and Britton–Robinson buffer solutions [27]. And while 

it is possible for nitrite to be detected through reduction, oxidation or both, oxidation alone 

was chosen as the reduction of molecular oxygen falls within the same potential window as 

the reduction of nitrite [213]. 

  

 

Fig. 5.9: pH studies for GCE-8A (A) and GCE-10A (B) and their corresponding bar graphs 

illustrating a comparative analysis on the peak catalytic currents across the various pH levels 

(C), in 0.10 M PBS, in the presence of 2.0 mM nitrite, all at a scan rate of 100 mV/s. 
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5.2.2 Voltammetric analyses 

The redox potentials seen in the buffers, in the absence of the analyte(s), are sometimes used 

to make inferences as to what drives the electrochemical reaction between the analyte and 

the electrode surface (i.e. whether it is the central metal, the Pc’s network of π electrons, the 

substituents or a combination of the aforementioned) [214]. From Fig. 5.10 and the oxidation 

potentials for nitrite in Table 5.5, the following deductions were made: 

• The lowest peak oxidation potentials (Ep) for nitrite were observed in GCE-8C and GCE-

10C with values of 855 mV and 856 mV, respectively. 

o This suggests that clicking is better suited for lowering the Ep relative to 

electrode modification through adsorption. 

• GCE-12@NGQDs and GCE-15A produced the least desirable Ep value with both 

registering an Ep of 1018 mV. 

o For GCE-12@NGQDs, the result may be attributed to covalent linking to the 

NGQDs. Amines, similar to alkyls, are good electron-donating groups and by 

conjugating the two materials together, the potential influence from the -NH2 

group of lowering the Ep may have been compromised. 

o An alternative reason, which may be an anomaly but also account for the response 

observed from GCE-15A is that of resonance. The electron-donating or electron-

withdrawing ability of amines is dependent on their geometry and so it is possible that 

the acetaminophenoxy substituent assumes a configuration that renders the 

molecule more electron-withdrawing than electron-donating [215,216]. 

• In comparing the symmetric complex (GCE-9A) to its asymmetric analogues; for the 

CoPc derivatives, GCE-9A produced the lower Ep value in comparison to the 

asymmetric complexes showing no advantage for the reduced symmetry.  
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o Complex 8 only produced the lower Ep when it was clicked onto the electrode 

surface (GCE-8C with 855 mV versus GCE-9A with 952 mV).  

• With regards to the MnPc derivatives, the asymmetric GCE-10A produced a lower 

potential with higher currents for nitrite oxidation than its symmetric counterpart 

GCE-11A, showing that the reduction in symmetry is, in some instances, 

advantageous. 

• With respect to the central metals for the molecules adsorbed onto the electrode 

surface—GCE-8A (Co) with GCE-10A (Mn) and GCE-9A (Co) with GCE-11A (Mn), the 

MnPc derivatives registered the lower peak potential in all cases. 

o MnPcs are reduced easily in comparison to CoPcs [95].  

• Regarding the conjugates, in comparison to the Pcs and NGQDs alone, GCE-9A, GCE-

12A and GCE-NGQDs, a reduction in the Ep was observed for the π-stacked conjugates 

(GCE-9πNGQDs and GCE-12πNGQDs) whilst an increase was observed for the 

composite formed by covalent means, GCE-12@NGQDs. 

o GCE-NGQDs produced a result within the range of the CoPcs with an Ep value 

of 957 mV. 

 

In terms of the peak catalytic current (Ip), the following observations were made (Table 5.5): 

• The highest Ip was observed for GCE-10A with the lowest recorded for GCE-

12πNGQDs. 

• In comparing the symmetric complex (GCE-9A) to its asymmetric analogues; for the 

CoPc derivatives without the NGQDs, variations in the Ip were observed with 

complexes alone being ranked as follows: 
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GCE-8C > GCE-15A > GCE-8A ≥ GCE-9A > GCE-14A > GCE-13A > GCE-12A 

o GCE-8A being the only exception, produced a similar response to GCE-9A. 

• With regards to the MnPc derivatives, the asymmetric complex in GCE-10A and GCE-

10C fared better than its symmetric counterpart (GCE-11A) irrespective of the method 

of electrode modification. 

• As for the central metals for the molecules adsorbed onto the electrode surface—GCE-

8A (Co) with GCE-10A (Mn) and GCE-9A (Co) with GCE-11A (Mn), the asymmetric 

MnPc (GCE-10A) produced the better result with a higher Ip value than GCE-8A, whilst 

for the symmetric Pcs, the CoPc (GCE-9A) had a slightly better Ip than GCE-11A, the 

MnPc-based electrode. 

• Regarding the conjugates, in comparison to the Pcs alone, GCE-9A and GCE-12A, a 

decline in the Ip was observed for all the conjugates. 

• The bare GCE was also found to elicit an electrochemical response towards the 

addition of nitrite however, the peak anodic current was observed to be significantly 

lower than that of the modified electrodes (Fig. A18). 

In relating the Ip to the surface coverage, to a certain degree, the results are agreeable in that 

there are no extreme differences. The probes assessed, with surface coverage values ranging 

from 8.69 × 10-8 mol/cm2 to 8.40 ×10-7 mol/cm2, produced Ip values that ranged from 23.7 µA 

to 123 µA (Table 5.5). Taking into consideration what has been reported in the literature, 

where similar macrocycles with surface coverage values within the 10-10 and 10-11 mol/cm2 

were reported to produce varying Ip values at the same concentration of the same analyte, 

nitrite, it can be assumed that the Ip is not governed solely by the surface coverage [217]. 
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Some of these factors that ought to be considered include the pH of the medium in which the 

electrocatalysis is being performed, the central metal as well as the substituents amongst 

others. This however, does not imply that a reduction in the surface coverage may not result 

in an enhancement of the Ip. 

  

Fig. 5.10: A selection of cyclic voltammograms of the modified electrodes in the presence of 

2.0 mM of nitrite in 0.10 M PBS, all at a scan rate of 100 mV/s. 

 

5.2.2.1 Kinetic studies on nitrite-electrode interactions 

The kinetic analysis was performed in the same way as it was for hydrazine with the scan rate 

being varied at a fixed concentration (GCE-13A provided as an example in Fig. 5.11A). The 

plot in Fig. 5.11B shows a directly proportional relationship between the current and the 

square root of the scan rate, suggesting a diffusion-controlled process. The slope in the plot 

of the log Ip vs log v in Fig. 5.11C was observed to be 0.42. Similar results were observed for 

the other electrodes presented in Table 5.5 with the slopes’ proximity to 0.5 being used to 

infer the electrochemical processes between the analyte and electrode surface as being 

driven by diffusion. 
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The Tafel slope values obtained as described by Mohammadizadeh and demonstrated in Fig. 

5.3 all fell within the 60-120 mV/decade range except for GCE-12@NGQDs, which was slightly 

higher (Table 5.5) [198]. The magnitude in their deviations however were not extreme hence 

they too were considered as 1-electron reactions as implied by the Tafel slopes observed for 

the other probes. Based on these observations, the mechanism in which the oxidation of 

nitrite was described to proceed in a manner that has been described before according to the 

following equations, Eqs. 5.19-5.21 [214]: 

Co(II)Pc + NO2
- → [(NO2

-)Co(II)Pc]-      (5.19) 

[(NO2
-)Co(II)Pc]- → (NO2

-)Co(III)Pc + e-     (5.20) 

(NO2
-)Co(III)Pc + H2O → Co(II)Pc + NO3

- + 2H+ + e-    (5.21) 

Equations 5.19 and 5.20 are based on how nitrite has been reported to coordinate to the 

central metal (nitrite binds axially to cobalt) followed by oxidation of Co2+ to Co3+, which is 

then followed by a disproportionation reaction in which the cobalt returns to its preferred 

oxidation state of Co2+ and nitrite is converted to nitrate (Eq. 5.21) [214]. 

Fig. 5.11: (A) is a depiction of the cyclic voltammogram of GCE-13A at various scan rates, in 

the presence of 2.0 mM NO2
-, in 0.1 M PBS, pH 7.5, (B) is the plot of the current against the 

square root of the scan rate, and (C) is the plot of the log Ip against the log of the scan rate, v. 
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Table 5.5: A summary of the voltammetric data obtained in the electrocatalysis of nitrite. 

Probe 
Γ  

(mol/cm2) 

Ep (mV) [2.0 

mM NO2
−] 

Ip (µA) [2.0 mM 

NO2
−] 

Tafel slope (mV 

decade−1) 

GCE-NGQDs a 957 45.0 85.1 

GCE-8A 2.10 × 10-7 963 57.5 88.9 

GCE-8C a 855 74.3 84.0 

GCE-9A 8.40 × 10-7 952 57.1 98.6 

GCE-9πNGQDs 1.31 × 10-7 892 45.9 121 

GCE-10A 6.57 × 10-8 858 123 65.8 

GCE-10C a 856 71.5 88.0 

GCE-11A a 875 53.6 99.3 

GCE-12A 1.32 × 10-7 971 45.2 71.3 

GCE-12πNGQDs 6.08 × 10-8 941 23.7 95.3 

GCE-12@NGQDs 8.69 × 10-8 1018 41.2 128 

GCE-13A 7.77 × 10-8 973 48.4 98.8 

GCE-14A 6.28 × 10-8 977 53.0 104 

GCE-15A 6.39 × 10-8 1018 59.1 103 

a – No peak/signal in the buffer. 

 

For the Mn(III)Pc , the proposed mechanism, with reasons having being cited in literature, is 

as  follows [214]: 

(L)Mn(III)Pc + NO2
- → (NO2

-)Mn(III)Pc  + L-     (5.22) 

  (NO2
-)Mn(III)Pc  → Mn(II)Pc + NO2

-      (5.23) 

Mn(II)Pc  → [Mn(III)Pc]+ + e-       (5.24) 

Eq. 5.22 was proposed since the linking of nitrite to Mn(III)Pc and the displacement of the 

axial ligand has been reported [214]. Eq. 5.23 was proposed since the reduction of the 

Mn(III)Pc to the Mn (II)Pc by nitrite is known whilst Eq. 5.24 was brought forward as the Mn(II) 
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Pc species is formed in the presence of nitrite and oxidation results in the formation of 

Mn(III)Pc [214]. 

5.2.2.2 Stability studies 

In the same way that the stability of the probes for hydrazine was evaluated, from 20 

consecutive cyclic voltammograms, the GCE-10A was found to be one of the more stable 

probes along with GCE-8A with a gradual increase in the Ip with an increment in the number 

of scans (Fig. 5.12A). With respect to the Ip, GCE-8A was marked by an increment of 15 % after 

the twentieth scan while for GCE-10A, the Ip decreased by a negligible margin of 2 % (Fig. 

5.12B). GCE-8C, GCE-11A and GCE-12πNGQDs were also found to be one of the more stable 

probes studied in the electrocatalysis of nitrite with Ip increases of 0.84 %, 9.0 % and 12 % 

between the first and twentieth scans, respectively. To verify the reproducibility of the 

sensors, each electrode was fabricated three times and tested in the nitrite solution of the 

same concentration. The relative standard deviation (% RSD) values ranging from 0.2 to 1.9. 

 

  

Fig. 5.12: Stability scans for GCE-8A (A) and GCE-10A (B) at 100 mV/s in the presence of 2.0 

mM of nitrite in 0.10 M PBS. 
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5.2.3 Interference studies 

Upon establishing which of the probes present the most stability (in terms of retaining the 

peak catalytic current), GCE-10A was selected based on its stability for further studies 

involving foreign ions that are often found to exist in more or less the same environment as 

nitrite (e.g. soil and water). The selectivity/interference studies were performed using 

differential pulse voltammetry (DPV) to assess the electrode’s response with respect to the 

magnitude of the peak catalytic current (sulphate ion as an example in Fig. 5.13).  

 

 

Fig. 5.13: Differential pulse voltammograms for GCE-10A in the presence of nitrite and a 

mixture of nitrite (1.0 mM) and the interferant at different concentrations where mixture (A) 

0.5 mM, mixture (B) 1.0 mM and mixture (C) 1.5 mM of the sulphate ion. All in 0.10 M PBS, 

pH 8.00 at a scan rate of 50 mV/s. 
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From the differential pulse voltammograms observed in Fig. 5.13, it is evident that the 

interfering ion, sulphate in this case, has little to no influence on GCE-10A’s ability to detect 

nitrite as illustrated by the intensity of the peak catalytic current at various concentrations of 

the interfering ion relative to the analyte of interest. The same observations were made for 

GCE-10A in the presence of nitrate and chlorine ions with a summary of the findings 

presented in Table 5.6. As observed in Table 5.6, GCE-10A has a high preference for nitrite as 

the intensity of the peak catalytic current undergoes subtle changes in the presence of 

potential interfering ions. These results are also supported by the oxidation potential 

retaining its original position in the company of the interferants (Fig. 5.13). 

Table 5.6: Relative response (%) of the sensor in the presence of foreign ions where the 

concentration of nitrite is fixed at 1.0 mM. Electrode: GCE-10A. 

Interferant* 0.5 mM 1.0 mM 1.5 mM 

NO3
- 101 (± 1.2) 103 (± 1.2) 106 (± 1.3) 

SO4
2- 98.9 (± 2.8) 100 (± 1.9) 104 (± 0.3) 

Cl- 100 (± 1.3) 99.4 (± 1.6) 95.9 (± 0.3) 

*Concentration of the interfering ion. Values in brackets represent average standard deviations where n=3. 

 

5.2.4 Chronoamperometric analyses 

5.2.4.1 Limits of detection 

The limits of detection were determined using the same approach as described for hydrazine, 

using the slope in the inset in Fig. 5.14A derived from the chronoamperograms in Fig. 5.14A 

(GCE-8A as an example). The sensitivities (slope of the inset in Fig. 5.14A) were found to lie 

between 2.64 µA/mM and 65.4 µA/mM with the MnPcs generally being better than the CoPcs 

and the π-stacked composite in GCE-9πNGQDs eliciting the most desirable response as far as 

the sensitivity is concerned (Table 5.7). 
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Table 5.7: Electrochemical summary of the chronoamperometric results obtained in the 

electrochemical sensing of nitrite. 

Probe 
Sensitivity 

(µA/mM) 
LoD (µM) k (M-1s-1) 

GCE-NGQDs 25.0 (± 0.3) 2.61 (± 0.1) 3.26 × 102 

GCE-8A 15.5 (± 0.1) 4.58 (± 0.1) 1.31 × 101 

GCE-8C 14.8 (± 0.1) 13.0 (± 0.1) 1.10 × 102 

GCE-9A 2.64 (± 0.1) 7.40 (± 0.1) 9.70 × 103 

GCE-9πNGQDs 65.4 (± 0.7) 0.70 (± 0.1) 1.01 × 103 

GCE-10A 19.3 (± 0.1) 6.45 (± 0.1) 1.73 × 102 

GCE-10C 24.0 (± 0.5) 2.15 (± 0.1) 6.91 × 106 

GCE-11A 12.4 (± 0.2) 8.99 (± 0.1) 4.26 × 103 

GCE-12A 18.7 (± 0.04) 5.74 (± 0.1) 7.50 × 104 

GCE-12πNGQDs 23.1 (± 0.4) 5.27 (± 0.1) 7.46 × 103 

GCE-12@NGQDs 18.7 (± 0.04) 7.91 (± 0.1) 3.08 × 104 

GCE-13A 14.1 (± 0.05) 5.89 (± 0.01>) 6.33 × 103 

GCE-14A 3.44 (± 0.2) 16.4 (± 0.9) 7.34 × 104 

GCE-15A 3.35 (± 0.4) 60.9 (± 6.1) 2.79 × 103 

*Values in brackets represent average standard deviations where n=3. 

 

With regards to the LoD values, in terms of the Pcs alone, the lowest value was recorded for 

GCE-10C with poorest value being observed for GCE-15A (Table 5.7). In some cases, regarding 

the CoPcs, the reduction in symmetry was not found to be beneficial as GCE-9A produce a 

better LoD value than GCE-8C, GCE-14A and GCE-15A (Table 5.7). As for the MnPcs, the 

asymmetric complex produced a better LoD value relative to its symmetric complex 

irrespective of the method of electrode modification (GCE-10A and GCE-10C > GCE-11A, Table 

5.7). The best-performing electrode in terms of the LoD however, was GCE-9πNGQDs with a 
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value of 0.70 µM illustrating that the combination of Pcs with carbon-based nanomaterials 

has the ability to enhance the electrochemical response of electrodes (Table 5.7).  

 

  

Fig. 5.14: (A) Chronoamperograms for GCE-8A in different concentrations of nitrite (in 0.10 

M PBS, pH 7.50). Inset: calibration curve for GCE-8A. Error bars not visible because all 

standard deviations are 0.01> (n = 3). Plots of the Icat/Ibuf versus the square root of time (B) 

and a plot of the slope2 against the concentration of nitrite (C) (GCE-8A used as an example). 
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The LoD values observed in Table 5.7 are comparable (better in some instances) to those that 

have been reported in literature as seen in Table 5.8 [131,218-220]. Furthermore, these 

results illustrate a window of improvement through the inclusion or addition of other 

materials such as nanoparticles as the majority of the catalysts in this work are applied as 

single entities with the exception of two of the complexes reported (complexes 9 and 12 in 

GCE-9πNGQDs, GCE-12πNGQDs and GCE-12@NGQDs). The limits of detection obtained in 

this thesis are well below a value considered to be the maximum amount permissible in 

drinking water from the World Health Organization (WHO, 65.2 μM) [221]. 

Table 5.8: Limits of detection for nitrite in comparison with literature values for CoPc and 
MnPc derivatives. 

Probe/electrode 
 

Ep (V) pH (PBS) 
LoD                  

(µM)* 
Ref. 

GCE-CoTM-QOPc/CNPa  0.79 7.00 0.06 

(DPV) 

0.03 (CA) 

[131] 

[TMPyPcCo/aCNTs]12
b  ~0.90 6.20 2.60 (CA)  [218] 

GCE-Pd/CoPcc  0.90 7.00 0.10 

(DPV) 

 [219] 

CCE-SiO2/C/MnPcd  ~0.95  4.00 0.02 (CV) [220] 

GCE-9πNGQDs  0.89 7.50 0.70 (CA) This work 

GCE-10C  0.86 8.00 2.15 (CA) This work 

*Method in which the LoD was determined - CV = cyclic voltammetry, DPV = differential pulse voltammetry, 
CA = chronoamperometry  
a – Cobalt(II) tetra methyl-quinoline oxy bridged phthalocyanine 
b – Cationic 2,9,16,23-tetra[4-(N-methyl)pyridinyloxy]phthalocyanine cobalt(II) ([TMPyPcCo]4+) and acid-
treated multiwalled carbon nanotubes (aCNTs) 
c – Cobalt phthalocyanine supported palladium nanoparticles 
d – Mesoporous Carbon Ceramic SiO2/C Electrode where C is graphite and manganese(II) phthalocyanine 
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5.2.4.2 Catalytic rates 

The chronoamperometric analysis was used to determine the catalytic rates as well as the 

limits of detection. From the chronoamperograms in Fig. 5.14A (GCE-8A as an example), it is 

evident that the probe yields an increase in current with the increase in the concentration of 

nitrite. From this data, using Eq. 5.6 and the plots in Figs. 5.14B and Fig. 5.14C, the catalytic 

rates were determined (Table 5.7). From the figures in Table 5.7, the highest catalytic rate 

was found to exist for GCE-10C with the lowest being for GCE-8A with values of 6.91 × 106 s−1 

M−1 and 1.31 × 101 s−1 M−1 respectively. With the exception of a few probes, the majority of 

the modified electrodes displayed a fairly high catalytic rate with an exponential of either 103 

or 104 (Table 5.7). 

5.3 Summary of chapter 

The electrochemical sensing of both hydrazine and nitrite was performed using cyclic 

voltammetry and chronoamperometry. From these techniques, various electrochemical 

parameters such as the Tafel slope and the limit of detection (LoD) were established, which 

enabled the determination of the possible reaction mechanism(s) as well as the suitability for 

potential usage in practical applications (i.e. real-life analysis). 

With respect to the probes designed for the detection of hydrazine, the pentadecylphenoxy-

based electrodes were generally better than those derived from the tert-butyl-containing 

complexes irrespective of the technique, cyclic voltammetry or chronoamperometry. The 

only exception was the significant reduction in the oxidation potential for the tert-butyl-based 

electrodes. The computational chemistry results for GCE-6A and GCE-7A showed that by 

identifying the relevant parameters, taking into consideration the differences in the structure 
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of the Pcs, to a certain extent, theoretical calculations can be used to predict the 

electrochemical responses of the designed probes.  

A great deal of variation was observed in the sensors designed for nitrite with some of the 

differences being attributed to the method of electrode modification, the presence of 

nanomaterials and/or the differences in the central metals (Co(II) vs Mn(III)). Looking at all 

the probes for nitrite in their totality, in terms of the LoD, the best result was observed for 

the probe fashioned from the Pc-NGQD composite, demonstrating the potential that 

nanomaterials possess in terms of enhancing the electrochemical behaviour of Pcs. 

  



 

 
 

 

 

 

CHAPTER 6 
CONCLUSIONS AND PROSPECTS 

 
 

General conclusions and future recommendations are presented 

in this chapter. 
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6. General conclusions, future prospects and recommendations 

6.1 General conclusions 

In summarising the work presented in this thesis, novel symmetric and asymmetric CoPcs and 

MnPcs were synthesized and characterised. The rationale behind the design of the A3B Pcs 

was to create push-pull systems in which the substituents are complementary to each other, 

to explore how the asymmetric component can be manoeuvred to enhance the 

electrocatalytic activity of the Pcs (i.e. clicking onto the electrode surface and/or conjugating 

to nanomaterials by covalent means) and to assess whether all asymmetric Pcs perform 

better than their symmetric variants or if there are exceptions.  

In carrying out the assessment, the Pcs were applied as electrocatalysts in the oxidation of 

hydrazine and nitrite. The sensors applied in the detection of hydrazine showed that there 

are instances where symmetric Pcs yield better results than their asymmetric derivatives. In 

the general sense however, the asymmetric Pcs were found to be more favourable than the 

symmetric complexes. 

Regarding the detection of nitrite, a similar observation was made in that the asymmetric 

complexes are not always better than the symmetric Pc. From this observation, it can be 

inferred that the coupling of substituents in asymmetric Pcs has a significant influence on the 

electrocatalytic activity of Pcs hence it cannot always be assumed that all asymmetric Pcs are 

better than those with a higher symmetry, A4-type Pcs. 

6.2 Future prospects and recommendations 

With the number of symmetric Pcs that have been reported, variations in substituents in A3B-

type Pcs can be considered limitless. This work provides some insight into how the structure 
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of Pcs can be tailored to elicit certain responses such as lowering the oxidation potential and 

the limit of detection. Based on the work presented in this thesis, the following 

recommendations are made: 

• The synthetic routes for asymmetric Pcs need to be improved in such a way that there 

is less of the side-products. 

o A more detailed study focusing on varying the solvents, reaction times, the 

central metal as well as the base needs to be conducted. 

• Regarding further tuning of the Pcs, having noted that the yields obtained in the 

asymmetric Pcs are quite low, it is suggested that a linker in the form of a di-

phthalonitrile is used in synthesizing binuclear Pcs instead of synthesizing the Pc or 

Pcs separately before linking them together. 

• Computational methods should be considered in elucidating the mechanisms with a 

consideration made for the fact that in tetra-substituted Pcs, for both A4 and A3B Pcs, 

regioisomers exist which may account for the differences observed. 

o The inclusion of the electrode surface, while it may not be completely 

accurate, may also be beneficial in this regard. 

• Attempts at fabricating the electrode with the electrocatalysts embedded within is 

also an aspect worth considering. 

o This may improve the electrocatalytic behaviour of the Pcs and aid in the 

production of the sensors in bulk. 

• The method of conjugating the NGQDs to Pcs is one that also requires optimization so 

that it possible to estimate the loading of Pc-to-NGQDs based on the duration of the 

reaction. 
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Fig. A1: Obtained mass spectral data for complex 1. 

 

 

Fig. A2: Obtained mass spectral data for complex 2. 
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Fig. A3: Obtained mass spectral data for complex 3. 

 

 

Fig. A4: Obtained mass spectral data for complex 4. 
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Fig. A5: Obtained mass spectral data for complex 5. 

 

 
Fig. A6: Obtained mass spectral data for complex 6. 
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Fig. A7: Obtained mass spectral data for complex 7. 

 

 
Fig. A8: Obtained mass spectral data for complex 8. 
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Fig. A9: Obtained mass spectral data for complex 9. 

 

 
Fig. A10: Obtained mass spectral data for complex 10. 
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Fig. A11: Obtained mass spectral data for complex 11. 

 

 
Fig. A12: Obtained mass spectral data for complex 12. 
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Fig. A13: Obtained mass spectral data for complex 13. 

 

 
Fig. A14: Obtained mass spectral data for complex 14. 
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Fig. A15: Obtained mass spectral data for complex 15. 

 

 

Scheme A1: An illustration of the synthetic route undertaken in the synthesis of the NGQDs. 
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Fig. A16: TEM image of the synthesized NGQDs with a histogram demonstrating the average 

particle size distribution. 

 

 

Fig. A17: Cyclic voltammogram of the bare electrode in the presence of 2.0 mM of hydrazine, 

in 0.1 M NaOH, at a scan rate of 100 mV/s. 
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Fig. A18: Cyclic voltammogram of the bare electrode in the presence of 2.0 mM of nitrite, in 

0.1 M PBS (pH 7.5), at a scan rate of 100 mV/s. 
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