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ABSTRACT
One form of surface modification was primarily investigated in this work on glassy carbon 

electrodes. The form of modification is comprised of a series of steps in which electrografting 

is first applied to the glassy carbon surface, which is then followed up with click chemistry to 

ultimately immobilise a phthalocyanine onto the surface. The modified glassy carbon 

electrodes and surfaces were characterised with a combination of scanning electrochemical 

microscopy, X-ray photoelectron spectroscopy and various electrochemical methods.

In this work, three alkyne substituted phthalocyanines were used. Two novel 

phthalocyanines, with nickel and cobalt metal centres, were studied alongside a manganese 

phthalocyanine reported in literature. Each of the three phthalocyanines was modified at the 

peripheral position with a 1-hexyne group, via a glycosidic bond, yielding the terminal alkyne 

groups that were used for subsequent click reactions. In situ diazotisation was used to graft 

4-azidoaniline groups to the surface of the glassy carbon electrode. The azide bearing 4- 

azidoaniline groups were thus used to anchor the tetra substituted phthalocyanines to the 

surface of the electrodes. This method yielded successful modification of the electrodes and 

lead to their application in sensing studies. The modified electrodes were primarily used to 

catalyse the common agricultural oxidising agent hydrazine.
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CHAPTER 1 INTRODUCTION

Surface modification is becoming an increasingly popular area of research due to its 

applications in fields such as renewable energy, anti-pollution systems such as water 

purification and electrochemical sensing. This work will focus on the use of surface 

modification to generate electrodes capable of efficient electrochemical sensing. However, 

the techniques employed here can be applied to other areas and materials. There are several 

well-known methods for the modification of electrode surfaces. The choice of modification 

method depends on the type of electrode, the nature of the molecule or substance to be 

immobilised onto the surface and, finally, the intended application of the modified electrode.

The compounds (phthalocyanines in this case) that have been used to modify surfaces will be 

discussed. Following that, the attachment method and characterisation techniques employed 

are outlined.
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CHAPTER 1 INTRODUCTION

1.1 Background on metallophthalocyanines (Pcs)

1.1.1 General properties and applications

Porphyrin complexes have generated interest due to their redox and photophysical 

properties. Phthalocyanines (Pcs) are a subset of molecules from the main porphyrinoid set. 

They differ from the well-known porphyrin due to their possession of aza-nitrogens and four 

benzene rings (Fig. 1.1) [1-4]. These structural differences cause beneficial changes such as 

improved thermal stability and lower reactivity, which tends to improve reliability and has led 

to their development into catalysts [5-14].

Figure 1.1. Structure and naming convention for a phthalocyanine.

The phthalocyanine's macrocyclic structure has an 18n electron system that makes them 

aromatic and thus, able to be studied under molecular orbital theory. This aromaticity is the 

basis for the compounds' electronic transitions, which are significant in explaining their red ox 

and photophysical behaviour. Their redox behaviour is generally governed by the nature of
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CHAPTER 1 INTRODUCTION

the substituents. Electron withdrawing groups, for example, cause electron density to be 

shifted out of the 18n electron system, thereby making oxidation difficult. The opposite is 

observed if the peripheral substituents are electron donating. There are many simple 

methods by which Pcs can have their properties modified and this has given rise to a diverse 

range of Pcs, which has contributed to their popularity in research. What is most apparent is 

that Pcs can be made to suit specific applications by designing them to exhibit particular 

properties. This is typically done by varying the substituents at the a - and P-positions, and by 

changing the central metal. Based on the central metal and substituents, Pcs have been used 

in areas ranging from optics and imaging to the treatment of cancer with photodynamic 

therapy [1,13,14].

The central metals that have been shown to be most effective in electrochemistry are the d- 

group metals, namely manganese, iron, cobalt and nickel. These metals are electroactive 

within metallophthalocyanine (MPc). The periphery of the Pc can then be modified to 

facilitate attachment of the MPcs to electrodes. While the electrochemical properties of 

alkyne substituted FePc have been investigated before [15], this work considers the 

properties of the corresponding manganese, cobalt and nickel phthalocyanines covalently 

attached to electrode surfaces via the 'click' reaction.

1.1.2 Metallophthalocyanine (MPc) synthesis

Many methods have been developed to synthesise unsubstituted MPcs but the most 

common is the template reaction of a phthalonitrile with a metal salt [16]. Phthalic anhydride, 

1, 3-diiminoisoindoline, phthalamide or phthalic acid are among some of the other starting 

the materials than can be used to synthesise the Pc [16]. The template reaction requires the 

reflux of the phthalonitrile and metal salt in a suitable solvent, in the presence of either a 

catalyst or a base. If an unmetallated Pc is desired then the reaction can be carried out 

without the metal salt. This work focusses on metallated Pcs.

Pcs can be tetra-, octa-, dodeca- or hexadeca-substituted, depending on the phthalonitrile 

used ( Scheme 1.1). The dodeca-substituted Pc is highly uncommon. It is also important to 

note that in the synthesis of the tetra-substituted there are many isomers that are not shown 

in Scheme 1.1 but are typically represented by floating bonds for three out of the four
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CHAPTER 1 INTRODUCTION

substituents [17]. Furthermore, the properties of Pcs may differ depending on whether 

substitution occurs at the a  or P positions.

This work will focus on the synthesis, characterisation and application of the P tetra- 

substituted Pc.

Scheme 1.1. All routes to four different Pcs with associated phthalonitriles, where R = alkyl, 

aryl, halogen and substituent of choice, in general.

1.1.3 Electronic spectra of Pcs

Spectral properties of metallophthalocyanines and other tetraazaporphyrins are governed 

mainly by the Q band, which originates from the n-n* transitions within the ring. The position 

and intensity of the Q band is an important consideration when tailoring new phthalocyanine 

derivatives for specific applications. Aggregation, the nature of the central metal, n 

conjugation, symmetry of the molecule, and axial, peripheral or non-peripheral substitutions 

affect the spectra and hence the properties of the phthalocyanine molecule [18]. Pcs have 

two characteristic absorbance bands (Q and Soret/B band) [2,3]. These arise due to electronic 

transitions the molecules exhibit, which can be explained by Gouterman's four orbital model 

(Fig. 1.2(A)) [19]. The Pc Q band is typically seen between 600- 800 nm but is not restricted 

to this range, with some Pcs having been modified to show Q band absorption in IR region 

(over 1000 nm) [20]. The B band tends to absorb in the range of 300-400 nm but, once again,
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CHAPTER 1 INTRODUCTION

can be shifted with appropriate modifications, but only slightly. The Q band is 

characteristically more intense than the B band, as shown in Fig. 1.2(B) [3]. Molecular orbital 

diagrams are often used to schematically depict how these transitions occur by illustrating 

the transitions from one energy level to another (Fig. 1.2(C)) [3]. The Q band arises from 

electron transitions from the a1u energy level, which is the highest occupied molecular orbital 

(HOMO), to the eg level, which is the lowest unoccupied molecular orbital (LUMO). The B 

band, which is made up of two transitions, is generated by the transition from a2u to eg 

forming the B1 band; and the transition of b2u to eg, forming the B2 band.

absorption spectrum -  the Gouterman Four Orbital Model. (B) A typical Pc UV-vis spectrum, 

Q and B bands labelled. (C) The electronic transitions that generate the Pc spectra based on 

the Gouterman's model.
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CHAPTER 1 INTRODUCTION

1.2 Modification approaches

In this work, electrochemistry was used -  in the form of electrografting -  to modify an 

electrode directly. The drop dry method of adsorption was also employed in this work. Both 

methods are described below.

1.2.1 Electrografting with diazonium salts

Electrochemical or chemical reduction can be used to covalently bond a molecule to a 

conductive surface; the technique is known as grafting. Although the majority of work done 

using grafting involves carbon electrodes, the technique is not limited to carbon-based 

electrodes. This technique is very versatile as a result of being applicable to effectively any 

surface that is conductive [21-24]. This technique was first shown by Delamar et al. in 1992, 

who demonstrated that the electrochemical reduction of diazonium salts results in their 

bonding directly to a carbon surface [21]. Scheme 1.2 shows how electrografting takes place 

at a carbon surface, namely a glassy carbon electrode, and how nitrogen is produced as a by­

product [21,22].

Scheme 1.2. Schematic diagram of how the electrografting reaction takes place with an azido 

diazonium salt grafted onto a GCE.

Scheme 1.2 is only a diagrammatic representation of the electrografting process, as 

monolayer formation can only be achieved by using very bulky groups in place of the azide, 

or by employing a radical scavenger to capture the highly reactive radical generated [25]. Due

7



CHAPTER 1 INTRODUCTION

to the highly reactive nature of the generated radical, a multi-layer is often formed [26]. This 

method has been used to attach an array of diazonium salts to the surface of electrodes; in 

order for them to be removed, the electrode surface has to be cleaned via mechanical 

abrasion, which is another way of confirming that it is indeed a covalent bond that forms 

between the surface and the diazonium salt [22,27-30]. The thickness or density of the layer 

formed can be controlled by varying certain parameters of the process, such as the scan rate 

or the concentration of the diazonium salt [22,31]. The thickness of the layer can also be 

controlled by adjusting the number of scans: more scans for a thicker layer and fewer scans 

for a thinner layer. Depending on the diazonium salt used for grafting, the electrode can be 

passivated by the process, especially if the layer is dense. This blocking effect can be used as 

a cross check to see if there are any pin hole defects in the surface [23].

This work focused on the grafting of 4-azidoaniline onto glassy carbon electrodes (GCE) and 

plates (GCP). This azido diazonium salt was selected as it afforded two benefits to the work: 

(i) the kinetics of adsorption are slower than other diazonium salts [27] and (ii) it allows for 

the use of the well-known Sharpless et al. copper(I) catalysed azide-alkyne 1,3-dipolar 

cycloaddition reaction, a reaction in the popular branch of "click chemistry" [27,32]. In this 

work, it is referred to the more commonly known "click" reaction. Table 1.1 [15,33-52] shows 

a selection of Pcs that have been synthesised with terminal alkyne groups as peripheral 

substituents and Pcs that have been used in click chemistry, together with their applications.
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CHAPTER 1 INTRODUCTION

Table 1.1. Pc complexes and derivatives that have terminal alkyne substituents and/or 

terminal azide substituents, their substrates and applications.

Compound Substrate Application

Polymer Polymer

functionalisation

Glucose and Improved water 

gluco-pyranosyl solubility 

M = 2H, Co and 

Zn

GCE -  employed 

in this work with 

Mn, Co and Ni.

Electrochemical

investigation

Nanoporous Electrochemistry

gold and photocatalysis

Ref

[52]

[33]

[35]

[36]

M = Zn

GCE Electrocatalysis [15]

M= Fe

Azidomethyl 

phenyl sulfide

Improvement 

synthetic routes

of [38]
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Triethylene

glycol

PDT

Cinnamate

residues

Solvent resistant 

nanostructures

Monomethyl

ether

polyethylene 

glycol (mPEG)

Water

and

tunability

solubility

thermal

Poly(tert-butyl Electrochemical 

acrylate) (PtBA), investigation 

and polystyrene

[39]

[40]

[41]

[42]

(PS)
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Hyd rophobic, 

photo­

crosslinkable, 

electroactive 

azides

Silica

nanoparticles

PEG

Bioconjugates

or

Preparation of 

multifunctional Pc 

derivatives

Photophysical

stidies

PDT

PDT

PDT

[43]

[44]

[34]

[45]

[37]

M = 2H

Oligoethylene Improved

glycol solubility

[46]

M = Zn
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CHAPTER 1 INTRODUCTION

SWCNT Spectral and

electrochemical

investigation

Photophysical

applications

Functional 

group moieties

Functional

modification

group

[47]

[48]

[49]

PDT [50]

and various isomers

Carbohydrate Active targeting

units photosensitiser

[51]

GCE = glassy carbon electrode; PDT = phtotodynamic therapy; SWCNT = single walled carbon 

nano tubes; PEG = polyethylene glycol;
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CHAPTER 1 INTRODUCTION

The synthesis of terminal alkyne Pcs and azide-terminated Pcs has been done quite 

extensively but many of the reported cases do not involve electrochemistry. Evrard etal. [27] 

have specifically used the azide diazonium salt to electrograft to a carbon surface but with 

molecules such as ferrocene and biotin. From Table 1.1, Quinton et al. [35], Wichmann et al. 

[36], Sen et al. [42], Chen et al. [43] and Ho et al. [47] used their Pcs for electrochemical 

related work but none of them used electrografting with an azide terminated diazonium salt 

and carbon substrate. Nxele et al. [15] have carried out the same experiments presented in 

this work albeit with the use of iron as the central metal of the Pc. This work reports a 

systematic investigation of three electrochemically active metals: manganese; cobalt and 

nickel. The effectiveness of these three Pcs in the catalysis of hydrazine is reported for the 

first time. Click chemistry is discussed in more detail in Section 1.2.2.

Glassy carbon electrodes (GCEs) are a popular choice of substrate for grafting due to their 

inertness, ability to withstand a wide potential range, durability, and good electrochemical 

properties and performance [53]. These electrodes need pre-treatment to function best. Pre­

treatment typically consists of mechanical cleaning by polishing the surface on a microfiber 

pad in an alumina slurry and sometimes diamond paste. The pre-treatment is used to improve 

the electron-transfer capabilities of the electrodes and ensure the electrode produces 

consistent results [53,54]. Carbon electrodes can be quite susceptible to poisoning or 

passivation, as the surface can readily form bonds to hydroxyl, hydrogen, carboxyl and 

quinone groups [54,55]. The cause for this bond formation can be attributed to carbon's high 

surface reactivity, a characteristic that also allows for easy electrode modification [54]. Due 

to this ease of modification, the electrodes can be modified to improve their detection limits 

and efficiency [56].

The grafting method employed in this work is based on that reported by Baranton et al. [57], 

who showed the direct electrochemical patterning of a diazonium salt via a one pot sequential 

reaction for local electrogeneration of the diazonium salt, followed by its electrografting onto 

the substrate [57]. This method does avoid, but not always, the spontaneous adsorption of 

the diazonium species onto the electrode surface, requiring very careful control of the in situ 

preparation of the salt before the grafting procedure is carried out. As shown by Cougnon et 

al. [58], the concentrations of compounds involved and electrochemical parameters can 

affect the formation of the grafted layer significantly [58]. The efficiency of the method

13



CHAPTER 1 INTRODUCTION

depends on the kinetics of the diazotisation reaction and the electroreduction of the 

diazonium salt.

1.2.2 Click chemistry

The usefulness of the electrografting can be further increased by combing the technique with 

click chemistry. The term "click" reaction, coined by Sharpless, was first used in 2001 and is 

based on an array of reactions that have to adhere to a series of criteria [59]. In order for a 

reaction to be considered a "click" reaction, it should have a high yield, inoffensive by­

products which can be easily removed, products that are isolable via elementary methods, 

and simple, stable reaction conditions [59]. The reaction used in this work, one which has 

acquired significant interest, is the Huisgen 1, 3-dipolar cycloaddition of azides and alkynes 

forming a triazole via a concerted reaction mechanism, affording very high reliability and 

selectivity [59,60]. This reaction has been the basis for the synthesis of various organic- and 

bio-molecules, as well as the formation of conjugates. Additionally, it has been used in the 

linking of compounds to substrates such as gold, silica and glassy carbon 

[27,38,40,43,44,49,61-69]. The general scheme for the click chemistry reaction used in this 

work is shown in Scheme 1.3, where azido diazonium salt is grafted onto the GCE. Scheme 1.4 

shows the attachment of an alkyne Pc to a grafted electrode, which is also to be employed in 

this work [15].

Scheme 1.3. A schematic diagram of the Huisgen 1, 3-dipolar cycloaddition "click" reaction of 

a substituted alkyne with an azidodiazonium grafted layer on a substrate. R = generic 

substituent.

14



CHAPTER 1 INTRODUCTION

Scheme 1.4. A schematic diagram showing the covalent attachment of a Pc to the GCE via 

click chemistry [15].

The use of click chemistry to attach application-specific molecules and structures to 

substrates is growing and increasing in complexity. To the best of our knowledge, this is first 

the time that an investigation of manganese, cobalt and nickel's effect in the Pc ligand that 

has covalently bonded to the GCE via click chemistry for electrocatalysis of hydrazine has been 

presented.

1.2.3 Adsorption (drop dry)

This section is covered briefly as it is not used extensively in this work. This method is not a 

covalent form of modification. It makes use of intermolecular forces such as electrostatic 

attraction and the popular n-n  stacking interactions to bind species to the surface in a thin 

layer [70]. Pcs are typically very effective in this method as they are electron rich and possess 

an electron cloud afforded by their extended n-system, which allows effective binding 

through the n-n interactions.

Adsorption has been used to modify a GCE in this work with a NiPc derivative for comparison 

with its clicked counterpart, in order to demonstrate a change in the surface electrochemistry 

that is normally observed for nickel complexes. The topic has been covered here for 

completeness.
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1.3 Surface characterisation methods

It is of paramount importance to prove that the discussed modifications have actually taken 

place, and that they exist on the surfaces as imagined by theoretical speculation. Surface 

characterisation techniques are used to confirm successful modification. These techniques 

range from scanning tunnelling microscopy to X-ray photoelectron microscopy (XPS), and 

include electrochemical methods. Scanning electrochemical microscopy (SECM) is an exciting 

technique for this type of characterisation and is used extensively in this work in conjunction 

with XPS. These have been coupled with electrochemical techniques to elucidate how well 

the intended electrode modification has been carried out. With these techniques, 

information concerning the properties of the layers formed, the integrity of the modification, 

and the effectiveness of the modification can be determined. These techniques also form a 

significant part of the explanation as to how these modifications affect the electrocatalytic 

properties of the surface. These non-electrochemical techniques are often difficult to use 

with electrodes, as the electrodes cannot be easily placed in a sample holder, and the 

sensitivity required to produce useful information is very high, as the layers under 

consideration are very thin. To counteract these practical issues, glassy carbon plates may be 

employed, as they can be modified in exactly the same ways as a GCE.

Cyclic voltammetry (CV) [71], electrochemical impedance spectroscopy (EIS) [72,73] and X- 

ray photoelectron spectroscopy (XPS) [74-78] are among the common methods used for 

electrode modification characterisation and will not be discussed in detail. SECM will be 

briefly discussed below as it is a less common method.

SECM is a very versatile technique that has been used in many fields such as lithography, high- 

resolution imaging, investigation of structures and processes on the nanoscale, and 

alternative energy applications such as fuel cells [79]. One of the most incredible uses of the 

technique is the creation of images of the surface, comparable to that produced by atomic 

force microscopy (AFM), but generated based on the conductivity of the surface under 

analysis [79]. Surface topography can be observed as well as electrochemical activity [79-81]. 

In this work, the feedback mode of SECM was used to monitor the surface characteristics of 

the electrode after each step of modification.
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An ultramicroelectrode (UME) is used as the electrochemical probe in SECM, together with 

counter and reference electrodes. The tip current is monitored and can be affected by the 

redox probe used as the electroactive species in solution. The conductivity of the substrate 

being analysed also influences the tip current and this, together with the distance of the tip 

to the substrate, enables analysis of the surface's electrochemical, topographic and 

conductive properties [81]. There are two stages at which the tip current is monitored (Fig. 

1.3). To begin with, the tip current is measured while in the bulk solution and not close to the 

substrate surface, where a potential is applied to reduce or oxidise the species in solution. A 

steady current is observed, which is dependent on the concentration and diffusion coefficient 

of the electroactive species as well as the radius of the UME [82] Fig. 1.3 (A). The next stage 

at which the tip current is measured is when it is positioned near the substrate surface. From 

here, the nature of the surface dictates the observations made. In the case of a conducting 

surface, the opposite is observed whereby the diffusion of the electroactive material is 

enhanced and hence, an increase in current is observed Fig. 1.3 (B). When the substrate is of 

an insulating nature, diffusion at the tip is blocked and results in a reduction of the current 

measured Fig. 1.3. (C) [81,83].

(A) HEMISPHERICAL DIFFUSION (B) FEEDBACK DIFFUSION (C) HINDERED DIFFUSION

CONDUCTIVE SUBSTRATE INSULATING SUBSTRATE

Figure 1.3. Basic principles of scanning electrochemical microscopy (SECM): (A) far from the 

substrate, diffusion leads to a steady-state current. (B) Near a conductive substrate, feedback 

diffusion leads to increased current. (C) Near an insulating substrate, hindered diffusion leads 

to decreased current [80].

The SECM techniques that are of interest in this work are the approach curves and area scans. 

The approach curve is generated by slowly lowering the tip towards to the surface from a bulk 

solution position that is far from the surface. This technique produces a curve that shows
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conductivity changes with respect to distance from the surface, which is useful for extracting 

kinetic information [80]. The area scan technique is typically done when the tip is near the 

surface and thus directly affected by the conducting or insulating nature of the surface. From 

this point, the tip is moved across the surface in a systematic fashion, all the while measuring 

the current, producing a three dimensional image of the surface based on its conductivity 

[79,80]. Fig. 1.4(a) shows two approach curves illustrating the difference between conductive 

and insulating surfaces. As the UME is moved closer to the surface (positioned at zero), an 

insulator, which hinders electron movement, will result in a reduction of current, and hence 

a downward curve. Conversely, a conducting surface generates an upward curve, as it 

enhances electron movement. Fig. 1.4(b) shows an area scan of an electrode that has had half 

of its surface modified with an insulating layer, while Fig. 1.4(c) provides a top view of the 

same data as in Fig. 1.4(b), showing a patch plot of the conductivity as spread over a small 

area of the electrode surface [84]. While SECM is capable of performing a whole range of 

different techniques, the approach scan and area scan are the most relevant techniques in 

the context of this work.
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Figure 1.4. SECM examples of the approach curve technique (a), where both a conducting and 

insulating surface have been analysed. An area scan example of a surface that is part 

conducting and part insulating due to a modification made to it. Part (b) shows a 3D side view 

of the data and part (c) shows a top view, in the form a patch plot [84].
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1.4 Electroanalytical techniques and analytes employed in this work

Accurate detection of analytes is especially important when the compounds of interest pose 

health risks or have the capacity to negatively impact the environment. Often, these toxic 

target analytes are present in extremely low concentrations, thus making their detection 

difficult but imperative, especially as small variations in their concentration can induce more 

widespread effects. The use of electrocatalysis, the acceleration of an electrochemical 

reaction in the presence of a catalyst, to detect target analytes, has shown to hold many 

benefits [54]. When cyclic voltammetry (CV) is used to perform electrocatalysis, there are two 

distinctive properties of the resultant CV that indicate an improvement in electrocatalytic 

behaviour: firstly, a movement in the potential toward the zero mark and, secondly, an 

increase in current as a result of the catalysis, which would also mean an increase in sensitivity 

[85]. An example of how a modified surface can induce higher currents and shift the 

electrocatalysis peak toward the zero mark is shown in Fig. 1.5 [86].

Figure 1.5. CV showing three curves: 1-3. Curve 1 shows an electrode modified with only 

SWCNT. Curve 2 shows an electrode modified with a CoPc only. Curve 3 shows an electrode 

where the SWCNT and CoPc have been combined to achieve the best result. Curves a, b and 

c represent each of the surfaces mentioned above but run in a buffer solution without the 

target analyte [86]. SWCNT = Single walled carbon nanotube.
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Another electrochemical technique that is used in analyte detection is chronoamperometry. 

Chronoamperometry is more sensitive and systematic than CV and can therefore be used to 

determine the limit of detection (LoD) of an electrode for a particular analyte, as well as the 

sensitivity of the electrode. This technique is performed by submerging the electrode in a 

solution containing an electrolyte and the target analyte. A certain potential is then applied 

to the electrode. Typically, this potential is found from the peak in the CV of the electrode 

and target analyte. This potential is applied for a select period of time. The peak found from 

CV and subsequently used in chronoamperometry, is the point at which the target analyte is 

reduced or oxidised. From the chronoamperometric data, a plot of current versus 

concentration is used to obtain the LoD and the sensitivity.

Metallated Pcs are among the many materials that have been shown to have electrocatalytic 

activity towards certain target analytes and this affords them the ability to be used in the field 

of electroanalytical sensing [1]. Electroanalytical sensing has been applied as an accurate 

detection tool for medical, agricultural and safety purposes. Therefore, hydrazine has been 

chosen as an analyte of significance due to its toxicity and potential carcinogenicity and 

mutagenicity [87,88]. Hence, all electrodes in this work were used to test for hydrazine in 

solution. Hydrazine is an oxidising agent used in many areas but is also very toxic. It can be 

easily absorbed via inhalation, ingestion and through the skin [89]. Low doses of hydrazine 

can act as a central nervous system depressant and high doses cause convulsions [89]. . 

Hydrazine is used in water treatment; as a pesticide in agriculture; and in the formation of 

plastics, and has been reported to hold potential as an alternative fuel in fuel cells [89]. 

Metallated Pcs have been reported many times for their electrocatalytic activity towards 

hydrazine, making this analyte particularly useful in testing the modified surfaces [15,90].
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1.5 Aims

The aims of this work were to explore the use of click chemistry to covalently attach 

metallated Pcs to the surface of glassy carbon electrodes and then systematically compare 

the effect of the metal centre on the effectiveness of the sensors produced by the surface 

modification.

1. Synthesise and characterise the new Pc derivatives containing Co and Ni as their 

central metals.

2. Study the grafting of 4-azidoaniline hydrochloride and click chemistry with 

peripherally substituted metallated Pcs with terminal alkyne groups.

3. Use SECM, XPS, EIS and CV as surface characterisation techniques to elucidate the 

success of the modification approach and examine the varied properties of the 

electrode surface at each stage of modification.

4. Compare manganese, cobalt and nickel as central metals for MPcs in their 

effectiveness for the catalytic oxidation of hydrazine.

22



CHAPTER 2

EXPERIMENTAL



CHAPTER 2 EXPERIMENTAL

2.1 Materials

Pure water was obtained from Milli-Q Water Systems (Millipore Corp. Bedford, MA, USA). 

Alumina (~0.05, 0.3, 1, 10 |am), 4-azidoaniline hydrochloride, 1,8-diazabicyclo[5.4.0]undec-7- 

ene (DBU), dimethylformide (DMF), dimethylsulfoxide (DMSO), copper(I)complex 

(Cu(PPh3)3Br), tetrabutyl ammonium tetrafluoroborate (TBABF4), urea, trimethylamine and 

hydrazine monohydrate were purchased from Sigma Aldrich and used as they were received. 

Acetonitrile (ACN) was obtained from Minima. Iron ferricyanide and iron ferrocyanide were 

obtained from Unilab and used as received. Dichloromethane (DCM) was obtained from B&M 

Scientific. 4-Azidobenzenediazonium tetrafluoroborate salt was synthesized from 4- 

azidoaniline hydrochloride in situ as reported in literature [27]. Nickel chloride and quinoline 

were obtained from Merck. Cobalt chloride was obtained from Saarchem. The syntheses of 

4-(hex-5-yn-oxy) phthalonitrile (1) and tetrakis(5-hexyn-oxy) manganese(II) phthalocyanine 

(2) have been reported [35].

2.2 Equipment

An Autolab PGSTAT30 electrochemical workstation (equipped with GPES software version 

4.9) was used for cyclic voltammetry (CV), chronoamperometry and electrochemical 

impedance spectroscopy (EIS). A three electrode electrochemical cell comprising of a glassy 

carbon electrode (GCE) (geometric area = 0.071 cm2) as the working electrode, Ag|AgCl (3 M 

KCl) as reference electrode, and a platinum wire as the counter electrode was employed. The 

GCE surfaces were polished on a Buehler-felt pad using alumina (10; 1; 0.3; 0.05 |am). The 

glassy carbon plate (GCP) (used for SECM and XPS) was power cleaned using 3 |am diamond 

paste, followed by 0.25 |am diamond paste and then polished on a Buehler-felt pad using 

alumina (10; 1; 0.3; 0.05 |am). For all electrodes, following the polishing step, sonication was 

carried out for 5 min in Millipore water to remove any impurities. The surfaces were then 

rinsed with Millipore water and dried in air.

Scanning electrochemical microscopy (SECM) experiments were conducted using Uniscan 

equipment, model 370 and a 25 ^m Pt ultra-microelectrode (UME) as the tip. Approach curve 

analysis and constant height imaging were employed. The 25 ^m Pt micro-electrode was used
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together with a Pt counter electrode and Ag|AgCl wire as the pseudo-reference electrode. 

Changes were monitored in the steady state current of K3[Fe(CN)6] oxidation at variable 

voltages vs. Ag | AgCl.

X-ray photoelectron spectroscopy (XPS) was done using a Kratos Axis Ultra DLD, with the Al 

(monochromatic) anode, equipped with a charge neutraliser. For wide XPS scans, the 

following parameters were used: emission 10 mA, anode (HT): 15 kV, operating pressure 

below 5 x 10-9 Torr, hybrid lens, and resolution to acquire scans was at 160 eV pass energy in 

slot mode. The centre used for the scans was at 520 eV and the width at 1205 eV, with steps 

at 1 eV and dwell time at 100 ms. For the high resolution scans, the resolution was changed 

to 80 eV pass energy in slot mode. Centre was at 402 eV and width at 12 eV for N(1s), with 

step size at 0.05 eV and dwell time at 500 ms. Glassy carbon plates (1 cm x 1 cm and 2 mm 

thick) were obtained from Goodfellow, UK and employed for SECM and XPS studies.

Infrared (IR) spectra were recorded on a Bruker Alpha IR (100 FT-IR) spectrophotometer. 

Elemental analyses were done using a Vario-Elementar Microcube ELIII, while mass spectra 

data were collected on a Bruker AutoFLEX III Smart-beam TOF/TOF mass spectrometer using 

a-cyano-4-hydrocinnamic acid as the matrix in the positive ion mode. Ground state electronic 

absorption spectra were recorded on a Shimadzu UV-2550 spectrophotometer.

2.3 Synthesis

2.3.1 Tetrakis(5-hexyn-oxy) cobalt(N) phthalocyanine (3), Scheme 3.1

The synthesis of tetrahexynl coablt phthalocyanine (3) was carried out using procedure for 

tetrakis(5- hexyn-oxy) MnPc [35] by dissolving 4-(hex-5-yn-oxy) phthalonitrile (1) (0.1 g, 0.450 

mmol) and CoCl2 (0.026 g, 0.2 mmol) in 1-pentanol (3 mL). DBU (35 pL) was added and the 

mixture stirred for 12 h under argon atmosphere while refluxing at 140 °C. The blue mixture 

was left to cool and precipitated out using a methanol-water mixture and collected by 

centrifugation. The collected precipitate was washed several times with 1 M HCl, methanol 

and finally millipore water and collected again by centrifugation. IR: KBr v (cm-1): 742, 821, 

964, 1093(Pc ring), 1229, 1276, 1333, 1386, 1388 (C-O-C), 2112 (CEC), 3307 (C-H, alkyne). UV- 

vis (DMF): Amax/nrn (log £): 337 (4.20), 613 (3.96), 676 (4.46). MALDI-TOF-MS (m/z): amu found

25



CHAPTER 2 EXPERIMENTAL

= 955 amu; calcd. [M]+ = 955.31 amu. Anal. calcd. for C56H48CoN8O4 : C 70.36, H 5.06, N 

11.72%. Found: C 70.08, H 5.42; N 9.60 %.

2.3.2 Tetrakis(5-hexyn-oxy) nickel(II) phthalocyanine (4), Scheme 3.2

The sysnthesis of tetrahexynl nickel phthalocyanine (4) was carried out using a similar 

procedure to Gurek et al. [91] by dissolving 4-(hex-5-yn-oxy) phthalonititrile (1) (0.1 g, 0.450 

mmol), urea (1.5 g, 25 mmol) and NiCh anhydrous (0.1020 g, 0.79 mmol) in quinoline (8 ml). 

The mixture was heated at 200 °C while stirring and under argon atmosphere for 5 h. The dark 

green mixture was left to cool before being treated with cooled ethanol. The precipitate was 

collected and subsequently boiled in water. Finally the precipitate was purified via column 

chromatography on neutral silica gel with chloroform as the eluent. The deep cyan NiPc was 

dried and collected as a fine powder. IR: KBr v (cm-1): 738, 809, 964, 1054(Pc ring), 1229, 1254, 

1337, 1388 (C-O-C), 1390, 2110 (CEC), 3279 (C-H, alkyne). UV-vis (DMF): Amax/nm (log £): 331 

(4.20), 611 (4.21), 674 (4.43). MALDI-TOF-MS (m/z): amu found = 958.33 amu; calcd. [M]+ 

=958.35 amu. Anal. calcd. for C56H52NiN8O4 : C 70.08, H 5.46, N 11.68%. Found: C 69.35, H 7.41, 

N 9.89 %.

2.4 Electrode Modification

2.4.1 Grafting, Scheme 4.1

The grafting procedure was carried out by using an in situ diazotised 4-azidoaniline 

hydrochloride salt. Briefly, 1 mM of 4-azidoaniline hydrochloride was prepared in 96:4 ACN/ 

1 M HCl with 0.1 M TBABF4 . The deaerated solution was cooled to 0 °C for 15 min and 3 mM 

of NaNO2 was added. After a further 15 min period, the bare GCE surface was grafted (Scheme 

4.1) by electrodeposition and scanning from +0.5 V to -1 V for 5 cycles at 50 mV/s in a solution 

of, now, 1 mM 4-azidobenzenediazonium tetrafluoroborate (5) (containing 0.1 M TBABF4 in 

96:4 ACN:HCl (1 M)) following reported methods [21,92]. Between each step of grafting, the 

electrode was rinsed thoroughly via ultrasonication for 5 min with DMF, then absolute 

ethanol and then milli-Q water, to give grafted-GCE.
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2.4.2 Click chemistry, Scheme 4.2

Following the grafting step, the click reaction (Scheme 4.2) was performed by immersing the 

grafted electrode into a solution containing 0.1 pM 2 or 3 or 4 in 5mL DMF containing 2 mM 

Cu(PPh3)3Br and 2 ml triethylamine. The electrode was left to 'click' with complexes 2 or 3 or 

4 for 18 h, represented as 2-clicked-GCE or 3-clicked-GCE or 4-clicked-GCE. The glassy carbon 

plate (GCP) surfaces used for SECM and XPS were grafted and 'clicked' via the same process 

as applied to the GCE, represented as bare-GCP, grafted-GCP and 2-clicked-GCP or 3-clicked- 

GCP or 4-clicked-GCE.
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This section has been split into three chapters:
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Chapter 4: Electrode modification 

Chapter 5: Electrocatalytic studies
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The alkyne phthalonitriles were reacted with their respective metal by refluxing in either 1- 

pentanol or quinoline for either 12 h or 5 h. The structures of these complexes are shown in 

Schemes 3.1 and 3.2.

Scheme 3.1. Synthetic route for the produced tetrakis(5-hexyn-oxy) cobalt(II) phthalocyanine 

(3).

Scheme 3.2. Synthetic route for the produced tetrakis(5-hexyn-oxy) nickel(II) phthalocyanine 

(4).

A mixture of four possible structural isomers is expected for complexes 2, 3, and 4 . The four 

probable isomers can be designated by their molecular symmetry as C4h, C2v, Cs and D2h, and 

they are known to occur in an expected statistical mixture of 12.5% C4h, 25% C2v, 50% Cs and 

12.5% D2h for peripherally substituted complexes [93]. The isomers are known to be difficult 

to separate and thus no attempt was made to separate them in this work 

Apart from the mentioned aggregation complexes 3 and 4 showed good stability, especially 

complex 3.
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The formation of the complexes was also confirmed by the presence of the C-H stretches in 

the IR spectra. The C-H stretch on the terminal alkyne tends to appear as a strong, narrow 

band at 3307 (3) and 3279 (4) cm-1 and the triple bond is observed as a weak peak at 2112 

(3), 2110 (4) cm-1. A final part of the confirmation of the structure with IR was the observation 

of the glycosidic linkage, typically seen at approximately 960 cm-1. Both complexes, 3 and 4, 

exhibited this band in their IR spectra at 964 cm-1.

The UV-vis spectra for 3 and 4 has been shown in Fig. 3.1 and it is clear their Q bands are very 

near to each other. Complex 3 has its Q band at 676 nm and complex 4 at 674 nm. The slight 

blue shifting in the Q bands from complexes 3 to 4 can simply be attributed to the change in 

the central metal from cobalt (II) to nickel (II). Complex 2 was observed to have red shifting, 

which is typical of Mnm PC complexes [3]. In addition to spectral shifts observed as a result of 

the central metal, red shifting in all the complexes can also be attributed to the electron 

donation made into the metal centre by the electron rich terminal alkyne groups [94].

The complexes had absorption bands in the 400-380 nm range which could be attributed to 

charge transfer between the metal and the Pc ring [3]. Beer's law was observed for all 

complexes at concentrations less than 15 ^M. Q band maximums are compared for these two 

Pcs as well as other Pcs of similar structure from literature in Table 3.1.

Table 3.1. Q band wavelength of complexes 3 and 4 in DMF, unless otherwise indicated.

Complex Q band wavelength (nm) Reference

2 732 [35]

3 676 This work

4 674 This work

thFePca 700b [15]

a tetrakis(5-hexyn-oxy) iron(II) phthalocyanine 

b In DMSO
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Wavelength (nm)

------2

------3

------4

Figure 3.1. UV-visible spectrum of 2, 3 and 4 in DMF (15 ^M).

Both complexes showed good solubility in DMF. However, after being dried and kept for over 

a week, their solubility in DMF was not as consistent as especially the nickel tended to 

aggregate as shown in Fig. 3.2. The red shifting in complex 2 is typical of Mnm Pc complexes 

[3].

Figure 3.2. UV-visible spectrum of complex 4 in DMF before (blue) and after (orange) ultra- 

sonication to reduce aggregation, shown by increase of vibronic band (H) and reduction of 

the Q band.

Aggregation known as "H" aggregation [3] in MPc is evidenced by a split Q band -  showing an 

increase in the high-energy band and a decrease in the low energy band. This aggregation
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occurs as a result of k -k  stacking of the MPcs [3]. Ni MPcs are known to aggregate and hence, 

this behaviour is not unexpected [95].

In conclusion, the two new MPcs, complexes 3 and 4 were successfully synthesised and 

characterised. Both exhibited usual IR bands and showed typical behaviour in the UV-vis 

spectra.
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4.1 Surface modification by grafting of 4-azidobenzenediazonium (5)

In this work grafting was used in combination with click chemistry to attach a series of Pcs to 

the electrode surface. The approach employed in the work is of the type graft-then-click. This 

approach involves the introduction of azide groups onto the electrode surface through in situ 

diazotisation of 4-azidoaniline hydrochloride to form 5 and electrochemical grafting of 4- 

azidobenzenediazonium (5), followed by click chemistry with complexes 2, 3, and 4 . The 

structures of the fundamental complexes are shown in Fig. 4.1.

To begin with, the electrochemical grafting of 5 on the GCE and GCP will be discussed, 

followed by the subsequent reactions using click chemistry.

Figure 4.1. Complexes used for grafting and click chemistry

Electrochemical grafting was used to modify GCEs through in situ diazotisation of 4- 

azidoaniline to 5 and grafting. In situ diazotisation was done by addition of sodium nitrite in 

aqueous acidic media [96,97]. This approach was first shown by Delamar et al. [21] and has 

proven to be a gateway to many possibilities. Scheme 4.1 shows the grafting process in a step 

by step manner as well as a schematic of how 5 is expected to bond to the surface of the 

electrode.

Fig. 4.2 shows how the grafting process can be observed through CV. In the first cycle two 

broad reduction peaks are seen and in subsequent scans the peaks decrease significantly until 

they are almost untraceable. This occurs as a result of the electrode becoming passivated by 

the blocking effect brought on by the bonding of the diazonium salts to the surface. The 

process by which this takes place has been well studied, but in brief, reductive electron
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transfer to the diazonium salt takes place, which is followed by the cleavage of the dinitrogen, 

generating aryl radicals, which then bind to the surface of the electrode via carbon to carbon 

single bonding [22,27,29,57].

Scheme 4.1. Proposed electrochemical grafting approach employed in this work.
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Figure 4.2. Electrochemical grafting of GCE in 1mM 5 in 0.1M TBABF4 in ACN: 1 M HCl (96:4). 

Five cycles at 50 mV/s vs. Ag | AgCl. (A) is the first scan and (B) is the fifth scan.

There are two main peaks observed during the first at about 0.10 and -0.46 V. Similar peaks 

to these have been reported before by Baranton and Belanger albeit in a more positive range 

with other diazonium salts for the in situ generated diazonium [57]. The shape of the CVs are 

also similar to other reported work in literature where other diazonium salts are used, but 

producing the large peak in the first scan and followed by a reduction in that peaks intensity 

in subsequent scans [27,57,92,97]. However, it is typical for there to be one reduction peak 

for diazonium salts, but there have been several explanations for the presence of two. It has 

been believed in one case to be due to the graphitic planes and edges of the carbon electrode 

surface [24]. The origin of the first peak has been, in some cases, classified as unknown, with 

the second being attributed to the reduction of the diazonium [30]. The first peak has been, 

in other cases, attributed to the presence of adsorbed species at the surface [98].

4.1.1 Cyclic voltammetric characterisation

To prove that the grafting was successful, the effect of the passivation, induced because of 

the blocking effect brought on by the grafting, was investigated by cyclic voltammetry in
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K4 [Fe(CN)6] where the redox process is expected to be lost [15]. Fig. 4.3 shows the surfaces 

before and after grafting with 5. A complete suppression of the redox behaviour of

ferrocyanide following grafting was observed. A compact layer was formed.

chemistry showing the retention of the blocking effect, (a) bare-GCE, (b) 2-clicked-GCE, (c) 3-

clicked-GCE, (d) 4-clicked-GCE and (e), also shown in orange, represents the grafted-GCE. CVs 

in 1mM M Fe(CN k] in 0.1 M KCl.

4.1.2 Scanning electrochemical microscopy (SECM)

SECM was used to confirm the blocking of the electrode, and gain insight as to the electron 

transfer kinetics of the surface. Glassy carbon plates (GCP) were used for SECM analysis and 

were grafted in the same way as the GCEs.

SECM approach curves were carried out with a constant potential applied to the platinum tip 

of the ultramicroelectrode (UME) to oxidise the ferrocyanide in solution. The current at the 

tip was monitored as the tip was lowered toward the unbiased substrate. Approach curves 

are plotted with the current measured (I) and distance (d) normalised with respect to the 

limiting current, Ilim, and the radius of the probe (a) respectively. Fig. 4.4shows the SECM
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approach curves to the grafted surfaces and compares the response with approach curves to 

the bare GCP surface and bare Teflon ®, which is worked from as a benchmark as an almost 

ideal insulator.

Figure 4.4. SECM approach curves using 25 |am Pt UME in 5mM K4 [Fe(CN)6] in 0.1 M KCl. 

Approach to (a) bare-GCE, (b) grafted-GCE after 5 cycles in 5 and (c) bare Teflon®. At 0.2 V vs. 

Ag|AgCl.

Five cycles of grafting of 5 on the GCP were sufficient to completely block the electrode 

surface, as shown by the approach curves towards the grafted surface (Fig. 4.4 (b)) almost 

matching that seen with the approach to the purely insulating Teflon®, Fig. 4.4 (c). The results 

confirm the observations made for CV, in Fig. 4.3.

The area scan technique was also used to analyse the grafted surface. The analysis was carried 

out on a GCP, with attempts made to show the difference in the surface by scanning over the 

interface of where grafting was done and not done, as well as scanning over the edge of the 

plate to show a comparison between the surface and the bulk medium. To generate this type 

of data the GCP plate was not completely grafted over its whole surface in order to afford an 

interface region for comparison in most cases, but in some cases the whole plate is grafted 

for completeness.

Figure 4.5 shows the SECM images of the GCP at an interface region where unmodified and 

grafted surface conductivity can be visualised, Fig. 4.5(a). In Fig. 4.5(b) almost the whole GCP
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was scanned and in this case the whole plate was grafted to show uniformly that it is less 

conductive than the bulk medium, as shown in the approach curves. Fig. 4.5(c) shows the 

whole GCP again from a different angle and here the noise that shows up as vibrations from 

an air conditioner stationed in the lab are very clear. The air conditioner is barely detectable 

by touch of the hand to the table top where the SECM instrument sits but the sensitivity of 

the technique is well illustrated. A photograph is also shown in Fig. 4.5(d) to illustrate how 

the surface is imaged as a function of conductivity but this still shows surface defects and the 

physical shape of the GCP itself and even areas where the GCP has been chipped as a result 

of being dropped or damaged during use.
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Figure 4.5. SECM images of (a) an interface region, where the blue (less conductive) section 

shows the grafted area and the green to orange (more conductive) area shows the merging 

of the interface into an unmodified, bare area. Part (b) shows a large area scan where almost 

the whole surface of the GCP is imaged and surface physical defects are visible, as well as the 

edge of the GCP, showing how the grafted surface is less conductive than the bulk medium. 

Part (c) shows another angle with the data from (b), chosen to show the noise generated by 

external vibrations. Part (d) is a photograph of the actual GCP that was used in these scans, 

shown to illustrate how directly the GCP is imaged and that physical dimensions can be 

visualised through changes in conductivity. All images taken with a 25 |am diameter Pt UME 

in 5mM K4 [Fe(CN)6] in 0.1 M KCl (Etip = 0.2 V vs. Ag | AgCl). The tip was scanned at 10 |am / s.

4.1.3 XPS characterisation

The final technique used to characterise the grafted surface was XPS. The high-resolution 

scanning capability of the XPS is very powerful and thus useful in showing the presence of the 

grafted azide groups on the surface. The central nitrogen group of the azide has a distinctive 

peak at higher binding energy than the adjacent nitrogen groups [67,76,78,99]. The ratios of 

the peaks are expected to be 1:2 [99], but deviations from this ratio have been reported in 

certain cases [76,78,100], and are attributed to degradation of the azide as a result of
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undergoing lengthy analysis under XPS conditions [75], and also to some residual nitrogen 

from the underlying surface or solvent.

The grafted GCP was used for these studies. High resolution XPS of the N (1s) region of the 

surface is shown in Fig. 4.6. A peak was observed at ~404 eV, which is attributed to the central 

nitrogen of the azide, as mentioned previously. The presence of this peak means the grafting 

of the GCP was successful and thus so was the modification of the GCE.

Binding Energy(eV)

Figure 4.6. High resolution XPS of the N (1s) region of the GCP after grafting for three cycles 

using 5. Pass energy = 80 eV, number of sweeps = 5.

The peak signal at ~400.3 eV is due to the overlapped peaks of the adjacent nitrogen groups 

in the azide functionality [75,99].
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4.2 Click chemistry attachment of Pcs

Following electrochemical grafting with 5, the grafted GCE was further modified through click 

chemistry. This process follows the step-wise modification approach of graft-then-click, as 

shown in Scheme 4.2. The same methods of characterisation as were employed for the 

grafted layer were used for the characterisation of the clicked layer of Pcs on the surface of 

the electrodes - electrochemistry, SECM and XPS. XPS was very valuable as it could be used 

to follow the success of the click reaction by following the disappearance of the azide signal 

[67,76,78,100], and as used before, the conductive or insulating nature of the surface was 

confirmed with SECM [84,101].

Following the grafting step, the click reaction (Scheme 4.2) was performed by immersing the 

grafted electrode into a solution containing 0.1 |aM 2 or 3 or 4 in 5mL DMF containing 2 mM 

Cu(PPh3)3Br and 2 ml triethylamine. The electrode was left to 'click' with complexes 2 or 3 or 

4 for 18 h, represented as 2-clicked-GCE or 3-clicked-GCE or 4-clicked-GCE. Copper (II) salts 

are often purer and less costly than the copper (I) species [60]. The Cu (I) catalyst is 

responsible for the click chemistry reaction, through the production of a regiospecific 1, 2, 3
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-  triazole link between the surface groups and the alkyne-bearing compound 

[59,60,65,68,102]. The trimethylamine acts as a base.

Attachment of alkyne substituted Pcs has been achieved before through click chemistry with 

the azide groups on a GCE [15]. However, this is the first time a series of metals have been 

compared through the use of this approach, as outlined in Scheme 4.2.

4.2.1 Cyclic voltammetric characterisation

Pcs are very useful complexes to attach to the grafted surface as they have strong redox 

activity and thus, once covalently attached to the modified electrode, electrochemical 

characterisation can be used to prove attachment. The grafted electrodes retained their 

blocking characteristics towards ferrocyanide following click chemistry as shown in Fig. 4.3. 

The stepwise method of electrode modification was chosen above alternate methods such as 

click-then-graft as the graft-then-click approach has been shown to be more effective in 

maximising the attachment of the complexes to GCE surfaces, without a loss in electroactivity 

during the modification process [103].

4.2.2 SECM characterisation

Fig. 4.7 shows the approach curves to the GCP with bare, grafted and clicked with each 

complex 2, 3 and 4 to compare the behaviour after click chemistry. Fig. 4.7 shows the 

approach curve results for grafting and click chemistry on the GCP. Following click chemistry, 

the SECM probe still showed negative feedback response upon approach to the modified 

surface, Fig. 4.7 (c-e), indicating that the grafted layer was still present and that the click 

chemistry conditions did not greatly affect the blocking capability of the electrode. In the case 

of 2-clicked-GCP and 3-clicked-GCP there was even an enhancement of the negative feedback 

while with 4-clicked-GCP there was a decrease in the insulating characteristics.
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d/a

Figure 4.7. SECM approach curves using 25 pm Pt UME in 5mM K4 [Fe(CN)6] in 0.1 M KCl. 

Approach to (a) bare-GCP, (b) grafted-GCP after 5 cycles in 5, (c) 2-clicked-GCP, (d) 3-clicked- 

GCP and (e) 4-clicked-GCP. At 0.2 V vs. Ag|AgCl.

The Pcs, although electrochemically active themselves, did not catalyse the oxidation or 

reduction of the ferrocyanide. The slight increase in insulating characteristics shown by 2- 

clicked-GCP and 3-clicked-GCP can be attributed to the formation of another layer on the 

substrate, which would further limit the diffusion of the redox analyte to the GCP surface and 

slow electron transfer. The reason behind 4-clicked-GCP not showing the same decrease in 

insulating behaviour could be due to an inconsistent approach curve, whereby the tip did not 

get as close to the insulating surface as it did with 2 and 3-clicked-GCPs and thus the redox 

processes were not as significantly hindered. It is also difficult to replicate the exact same 

scan to exact same distance from the surface for each step of modification as the GCP is 

cleaned in between each and hence, can change slightly and induce variation as is observed. 

What is of significance is that the blocking effect is retained and is still confirmed by 

observations made and shown in Fig. 4.7.
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The blocking effect at the surface, as a result of modification, was monitored with the use of 

SECM area scans and the GCP was imaged at each stage to generate a comparison of the 

different layers. All five layers were imaged as they were for the approach curves, but the 

results of interest are 2-clicked-GCP, 3-clicked-GCP and 4-clicked-GCP thus, the area scans of 

these surfaces are shown in Fig. 4.8.

Figure 4.8. SECM images of the GCP following grafting and click chemistry with (a) complex 2 

and (b) complex 3 and (c) complex 4 . Imaged with a 25 pm diameter Pt UME in 5 mM 

K4 [Fe(CN)6] in 0.1 M KCl, Etip = 0.2 V vs. Ag | AgCl. The tip was scanned at 10 pm / s.

The three images shown in Fig. 4.8 show a change in the blocking effect observed. Fig. 4.8 (a) 

shows the low average current of approximately 8.4 x 10-9 A after grafting and click chemistry 

with complex 2. In Fig. 4.7 (b) where the surface had undergone grafting then click chemistry 

with complex 3 a lower average current is observed of approximately 6.2 x 10-9 A. Fig. 4.8 (c) 

shows the slightly increased current average of approximately 1.3 x 10-8 A after grafting and 

click chemistry with complex 4 . In comparison to the average current observed at the surface 

of the bare-GCP, which had a value of 1.6 x 10-8 A, all the clicked surfaces exhibit the blocking
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effect by showing a reduction in average current compared to the bare-GCP, but to varying 

degree. The surfaces show a correlation with the approach curve results, as the surfaces 

clicked with complexes 2 and 3 show a higher blocking effect and therefore, lower average 

current, than the surface clicked with complex 4 . Complex 4 surface showed minimal 

reduction in current when compared to that of the bare possibly due to the nature of the 

experimental setup, as the tip is lowered and positioned manually above the surface each 

time. In the case of the complex 4 surface, the manual adjustment may have not been as 

precise and as a result was not able to illustrate the blocking effect as significantly as the 

surfaces of complexes 2 and 3.

4.2.3 XPS characterisation

High resolution XPS scans of the N (1s) region following grafting with 5 has been discussed in 

the previous section and the presence of azide groups on the surface gave distinctive peaks 

in the XPS spectra. The most useful XPS observation for click chemistry is the disappearance 

of the peak at higher binding energy in the N (1s) region ( at ~404-403 eV, indicative of the 

presence of the azide) is considered to be evidence of successful click chemistry to form the 

1, 2, 3 -  triazole link, where all the nitrogen groups are in the same chemical environment 

[68,76-78,100]. After the click chemistry step, Fig. 4.9 shows the decrease in the peak at ~404 

eV at all surfaces and a shift in the largest peak, near 400 eV, to slightly lower energies 

compared to the grafted surface. Shifts in binding energies in XPS spectra are considered to 

be indicative of a change in chemical environment [99], and can be assigned here to a change 

in bonding following the click reaction to form the triazole ring. The data in Fig. 4.9 shows the 

general trend described as well as a general reduction in the intensity of the nitrogen peaks 

as a result of the click chemistry, suggesting a layer has been added to the surface. The XPS 

spectra for 2-clicked-GCP (Fig. 4.9 blue) showed the peaks of interest at 399.9 eV and a less 

intense and broad peak at 403.0. The spectrum obtained for 3-clicked-GCP (Fig. 4.9 (b)) is a 

very successful indication of the click chemistry inducing the loss of the 404 eV peak as well 

as a minor shift in the 400 eV peak from 400.4 to 400.3 eV. Finally the spectra obtained for 4- 

clicked-GCP (Fig. 4.9 (c)) showed a reduction in the 404 eV peak and a reduction in intensity 

of the 400 eV peak, as well as a shift, which indicates a change in the chemical environment 

at the surface.
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Figure 4.9. High resolution N (1s) XPS spectra for: black: grafted-GCP, blue: 2-clicked-GCP, red: 

3-clicked-GCP and green: 4-clicked-GCP. Pass energy = 80 eV, number of scans = 5.

In conclusion, the electrodes, GCE and GCP, were successfully modified and examined with 

cyclic voltammetry, SECM and XPS. The surfaces were monitored at each step of the 

modification process from bare-GCE/GCP to grafted-GCE/GCP and finally to 2-, 3- and 4-
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clicked-GCE/GCP. Cyclic voltammetry studies showed the blocking effect induced by grafting 

towards K4 [Fe(CN)6] and this was substantiated by the SECM studies, which also showed the 

blocking effect was present on the GCPs. Finally, XPS was used to confirm the modification of 

the GCP with grafting and then to confirm the attachment of the complexes to the surface via 

click chemistry.
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5.1 Cyclic voltammetry

5.1.1 Peak potential variation

The methods used to assess the modification approach used in the attachment of 2, 3, and 4 

to the electrode surface did not show particularly discernible differences between these three 

surfaces. Hence, the effect of the different metal centres has not yet been fully observed. This 

section aims to investigate the direct effect of the metal centres by using the three surfaces, 

2-clicked-GCE, 3-clicked-GCE, and 4-clicked-GCE to catalyse hydrazine. Hydrazine was chosen 

as a test analyte as it is well known and the electrocatalysis of hydrazine by phthalocyanines 

is understood and has been studied in many cases [1,85,104-108]. This electrocatalysis was 

also used to confirm attachment of the three complexes to the surface of the GCE, as neither 

the bare-GCE nor the grafted-GCE detected hydrazine in the potential window used (-0.3 -  

1.0 V) (Fig. 5.1 (A) (a, b)). However, an electrocatalytic response was observed after click 

chemistry with the three complexes on the GCE (Fig. 5.1 (A) (c-e)). A clear oxidation process 

was visible on the anodic scan for all three surfaces, at 0.34, 0.72 and 0.75 V for 2-clicked- 

GCE, 3-clicked-GCE and 4-clicked-GCE, respectively (Table 5.1), while no peak was observed 

for the cathodic scan. A CV of 2-clicked-GCE in 0.2 M NaOH (Fig. 5.1 (B)) demonstrates that 

the clicked surfaces do not show a peak for the attached Pcs. Hence, surface coverage could 

not be calculated. 3-clicked-GCE and 4-clicked-GCE behaved in a similar manner, not shown.
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Figure 5.1. (A) Cyclic voltammograms of (a) bare-GCE, (b) grafted-GCE, (c) 2-clicked-GCE, (d) 

3-clicked-GCE and (e) 4-clicked-GCE in 6 mM hydrazine monohydrate in 0.2 M NaOH at 100 

mV / s vs. Ag | AgCl (3 M KCl). (B) Plots of repetitive scans of 2-clicked-GCE, as an example, in 

0.2 M NaOH alone.
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5.1.2 Tafel slopes and mechanism

Fig. 5.2. (a) shows the results of the scan rate studies in hydrazine of complex 2 (MnPc). Fig. 

5.2. (b) and 5.2. (c), show linear plots of current vs. square root of scan rate, and peak 

potential vs. log scan rate for hydrazine oxidation, respectively. The plots in Fig. 5.2. (b) 

confirm that the catalytic oxidation of hydrazine is diffusion controlled due to the linearity of 

the plot. The Tafel slopes were calculated using Eqn. 5.1 [109] and the plot shown in Fig. 5.2. 

(c), to yield 0.472 V / decade for 2-clicked-GCE. Tafel slopes are calculated for the purpose of 

gaining insight into the kinetics of the electrochemical reaction and are only applicable if they 

are linear when on a logarithmic scale [71]. The Tafel slopes for the other two surfaces were 

found to be 0.212 V / decade for 3-clicked-GCE and 0.217 V / decade for 4-clicked-GCE, Table 

5.1.
h

E p =  - lo g v  +  K  (5.1)

where b is the Tafel slope.

High Tafel slope values above the normal 60-120 mV / decade have no kinetic meaning and 

are related to electrochemical steps or to substrate-catalyst interactions in a reaction 

intermediate [110,111]. Therefore, it was difficult to assign which mechanism each complex 

follows, but based on the activity observed, it was considered reasonable to apply the same 

assignments as ascribed in literature. The mechanism in Eqn. 5.2-5.5 is the mechanism 

followed by complex 2 (Mn) and 4 (Ni), according to literature [104,105]. Zagal and others 

have reported that MnPcs produce the same Tafel slopes (ca. 40 mV / decade) as FePc 

derivatives [90,105,112] and, as a result, have grouped the two together [105]. Following that, 

Zagal et al. have reasoned that the presence of high Tafel slopes, above 120 mV / decade, is 

also grounds to assign the FePc mechanism to NiPc derivatives, together with other 

speculations about acid-base interactions [105].

Iron as central metal mechanism [90]:

[Fe(I)P cR n ]- u r f a c e  ^  [Fe(H )PcR n ]s u r f a c e  +  e~ (5.2)

rds
[F e (II)P cR n ]s u r f a c e  +  N2 H4 +  20H [Fe(I)P cR n  ... N2 H2]su r f a c e  +  2H2 O +  e (5.3) 

[Fe(I)P cR n  ... N2H2\Su r f a c e  ^  [Fe(I)P cR n \Su r f ace +  * N2^ 2 (5.4)

f a s t
* N2H2 +  2 0 H s  — > N2 +  2es  +  2H2 0 (5.5)
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According to literature, the mechanism depicted in Eqn. 5.6-5.9 has been assigned to CoPc 

derivatives. A different mechanism was assigned to CoPc derivatives as they generated higher 

Tafel slopes (60 mV / decade) than their FePc derivatives. Therefore, in this work, the 

mechanism shown in Eqn. 5.6-5.9 has been assigned to complex 3.

Cobalt as central metal mechanism [90]:

[Co(I)PcR n ]SSu r f a c e  ^  [Co(II)P c R n ]s u r f a c e  +  e~ (5.6)

rd s
[C o(II)PcR n ]s u r f a c e  +  N2 H4 +  OH s  —> [Co(I)PcR n  ... N2 H 3]su r f a c e  +  H2 O (5.7)

[Co(I)P cR n  ... N2 H 3]- u r f a c e  ^  [Co(I)PcR n ]- u r f a c e  +  * N2 H 3 (5.8)

f a s t
* N2H 3 +  3 0 H ~ — > N2 +  3e~ +  3H2 0 (5.9)

Note: the * indicates a radical specie.
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Figure 5.2. (a) Scan rate studies of 2-clicked-GCE in 6mM hydrazine monohydrate in 0.2 M 

NaOH at 10, 15, 25, 75, 150 and 200 mV / s. (b) Plots of current vs. square root of scan rate 

for 2-clicked-GCE. (c) Plots of potential vs. log of scan rate for 2-clicked-GCE.
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5.1.3 Stability

In the field of electrochemical sensing and in electrocatalysis it is of significance to observe if 

a modified surface can produce reproducible electrochemical responses [1]. Therefore, a 

stability test is performed to test how repeatable the electrochemical responses are for a 

modified surface. Stability was tested by running ten consecutive scans of the clicked surfaces 

in 6 mM hydrazine in 0.2 M NaOH, Fig. 5.3. There is a decrease in current until approximately 

the 5th scan for all surfaces; thereafter, the current stabilises. The current of 2-clicked-GCE 

(MnPc derivative) stabilises the quickest and with least deviation from the stable peak 

current. This behaviour is closely followed by 3-clicked-GCE (CoPc derivative), except for an 

initial scan that is 50 |aA above the rest. Finally, the 4-clicked-GCE (NiPc derivative) shows the 

slowest stabilising behaviour. For comparison sake, as an example of the benefits of the click 

modification method, complex 3 was adsorbed onto the GCE and tested for stability (Figure

5.3 (d)). The adsorbed method produces a surface that loses current carriage with each 

consecutive scan, proving to be less stable than its clicked counterpart.

------Scan 1
------Scan 2
------Scan 3
------Scan 4
------Scan 5
------Scan 6
------Scan 7
------Scan 8
------Scan 9
------Scan 10
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Figure 5.3. Plots of repetitive scans of (a) 2-clicked-GCE, (b) 3-clicked-GCE and (c) 4-clicked- 

GCE (d) 3-adsorbed-GCE in 6mM hydrazine in 0.2 M NaOH.
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5.2 Electrochemical impedance spectroscopy (EIS)

EIS was used to determine the charge transfer resistance (Rct) and to give information on the 

electron transfer kinetics in the presence of hydrazine. The charge transfer resistance is a 

representation of how fast an electron exchange occurs at the electrode surface and 

therefore, the impact of a modification that improves this electron exchange 

(electrocatalysis) can be observed through the Rct [71]. In essence, if the Rct is lowered it 

represents an increase in charge transfer and hence, proof of electrocatalysis. Fig. 5.4 shows 

the Nyquist and Bode plots for the bare- and grafted-GCE, as well as the three clicked surfaces. 

The diameter of the semi-circle in the Nyquist plot gives the charge transfer resistance (Rct). 

All five surfaces exhibited the characteristic semi-circle (Fig. 5.4. (A) (a-c)) with the following 

Rct values: bare-GCE: 9.77 kQ (average of all three); grafted-GCE: 7.27 kQ (average of all 

three); 2-clicked-GCE: 1.13 kQ; 3-clicked-GCE: 1.55 kQ; 4-clicked-GCE: 2.60 kQ, Table 5.2.
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(A) (B)

Figure 5.4. (A) Nyquist plots and (B) Bode plots for (a) 2-clicked-GCE, (b) 3-clicked-GCE and (c) 

4-clicked-GCE, where (i) is bare surface, (ii) is grafted surface and (iii) surface after click 

chemistry. All scans recorded in 6 mM hydrazine in 0.2 M NaOH.

This shows that the 2-clicked-GCE has the most conductivity, or least resistance, with 3- 

clicked-GCE following closely. 4-clicked-GCE had the least conductivity, or most resistance, 

when compared to the other two surfaces. This correlates with the CVs of the surfaces in 

hydrazine solution (Fig. 5.1. (a), Table 5.1.), where 2-clicked-GCE has the lowest potential for 

hydrazine oxidation, followed by 3-clicked-GCE and, finally, 4-clicked-GCE. This trend proves 

the attachment of 2, 3, and 4, as it facilitates improved electron transfer at the surface.

The apparent electron transfer rate (Kapp) for each surface is obtained using Eqn. 5.10 [113]:

KApp  —
RT

F 2RCt C
(5.10)
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where 'C' is the concentration of the hydrazine (mol / L), 'R' is the universal gas constant (J / 

mol. K), T is temperature (K), 'F' is Faraday's constant (96485 C / mol) and 'R ct' is charge 

transfer resistance. Calculated values of Kapp are as follows: bare-GCE: 5.37 x  10-9 cm / s 

(average of three); grafted-GCE: 8.42 x  10-9 cm / s (average of three); 2-clicked-GCE: 4.03 x  

10-8 cm / s; 3-clicked-GCE: 2.85 x  10-8 cm / s; 4-clicked-GCE: 1.71 x  10-8 cm / s. Again, the 2- 

clicked-GCE showed indications of a higher electron transfer by having the largest Kapp value, 

followed by 3-clicked-GCE and, finally, by 4-clicked-GCE.

A plot of phase-shift vs. log frequency (Fig. 5.4. (B) (a-c)) provides extra information on 

frequency, which cannot be obtained from the Nyquist plot. The phase angle values for all the 

electrode surfaces studied in this work are less than the ideal 90° for a true capacitor [114]. 

Changes in phase angles and frequencies are unambiguous indications of the structural 

differences of the surfaces, and indicate that oxidation of the analyte occurred at the 

modified surfaces rather than on the bare GCE. The phase angle changes from 71.0° (average 

of three) for the bare-GCE to 70.8° (average of three) for the grafted-GCE and then to 62.5° 

for the 2-clicked-GCE, 61.6° for the 3-clicked-GCE, and 70.9° for the 4-clicked-GCE.
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5.3 Chronoamperometry

The three surfaces were tested for their response to hydrazine in chronoamperometry 

studies; 3-clicked-GCE, as an example, is shown in Fig. 5.5. The catalytic current (Icat) is 

dominated by the rate at which hydrazine is oxidised at the surface of the modified GCE. The 

rate constant was determined according to Eqn. 5.11 [115]:

I ca t

Ib u f f

1 1 1  1 
Y 2̂ 2 — 'K2(k^^Y^^''')2 (5.11)

where 'Icat' represents the catalytic current, 'Ibuff' represents the current when no hydrazine 

is present in 0.2 M NaOH solution alone, 'kcAT' is the catalytic rate constant, 'C' is the 

concentration of hydrazine and 't' is the time elapsed. The Icat / Ibuff ratios were plotted 

against the square root of time (Fig. 5.5. (b)), and the slopes from Fig. 5.5. (b) were plotted 

against the concentration of hydrazine (Fig. 5.5. (c)). A linear relationship was observed and 

kcAT found to be 8.97 x  103 M-1 s-1 for 2-clicked-GCE, 7.85 x  105 M-1 s-1 for 3-clicked-GCE and 

6.65 x  102 M-1 s-1 for 4-clicked-GCE. The 3-clicked-GCE showed the highest value of all three, 

followed by 2-clicked-GCE and, finally, 4-clicked-GCE. These values give an indication as to 

how fast each surface breaks down hydrazine and, hence, complex 3 was the fastest, followed 

by complex 2 and, finally, complex 4.

Using chronoamperograms at different hydrazine concentrations shown in Fig. 5.5. (a), a 

calibration curve was generated (Fig. 5.5. (a) (insert)). The limits of detection (LoD) were 

calculated from the calibration curves and found to be 32.6 |aM for 2-clicked-GCE, 25.5 |aM 

for 3-clicked-GCE and 51.5 |aM for 4-clicked-GCE, using the 35 / slope ratio, where 5 is the 

standard deviation of the surfaces in electrolyte (0.2 M NaOH) alone, over 20 scans. The 

sensitivities of the surfaces were found to be 7.97, 12.1 and 18.6 |aA / mM for 2-clicked-GCE, 

3-clicked-GCE and 4-clicked-GCE, respectively (Table 5.1).
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Figure 5.5. Chronoamperometric data collected for the 3-clicked-GCE surface. (a) 

Chronoamperometric response to hydrazine at varying concentrations over 30 secs -  insert: 

calibration curve generated from chronoamperometric response, (b) plots of Icat / I buff vs t1/2, 

and (c) plot of the squared slopes from (b) vs. the concentration of hydrazine. All scans carried 

out in 0.2 M NaOH, concentrations of hydrazine shown in plots.

Hydrazine sensors with MPcs clicked as catalysts follow the trend observed in literature where 

the MPcs are adsorbed onto the GCE [15,85,90,105]. FePc performs the best with the lowest 

LoD [15], followed by CoPc, then MnPc and, finally, NiPc (Table 5.1).
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5.4 Comparison of surfaces for catalysis of hydrazine

The three surfaces were examined extensively for their catalytic behaviour towards 

hydrazine. One of the goals of this work is to compare the three surfaces to each other and 

to literature. While the trends in reactivity of MPcs has been established, this has been 

achieved using the adsorbed species. This work aims to determine if the same trend is 

followed for the clicked species.

Table 5.1. Q band absorption wavelengths for the four Pcs that have been investigated by this 

group. Electrochemical data for 2, 3 and 4, together with their FePc counterpart, is shown for 

comparison sake. Hydrazine concentration is 6 mM unless otherwise stated.

Complex X (Q
band) nm 

in DMF

E / V
hydrazine 

oxidation in 
0.2 M NaOH

Tafel 
slopes 
(mV / 

decade)

Background 
corrected 

currents / pA 
hydrazine 
oxidation

Sensitivity 
(pA / mM)

LoD
pM

Ref

2 732 0.34 471 205 7.97 32.6 This
work

3 676 0.72 212 399 12.1 25.5 This
work

4 674 0.75 217 290 18.6 51.5 This
work

FePc
derivative

700a 0.1 68.5

.Q00I''. 15.38 1.09 [15]

monomeric component, b hydrazine at 5 mM.

Table 5.2. Results from EIS investigations for all five surfaces considered in this work. The Rct 

and k (cm / s) values are shown. The kcat from chronoamperometric data is also shown for the 

three surfaces. All scans measured in 6 mM hydrazine in 0.2 M NaOH.

Surfacex Rc t  (kQ ) Ka p p  (cm /s) kc A T  (M-1  s-1)

Bare GCE 9.77 5.37 x  10-9 -

Grafted GCE 7.27 8.42 x  10-9 -

2-clicked-GCE 1.13 4.03 x  10-8 8.97 x  103

3-clicked-GCE 1.55 2.85 x  10-8 7.85 x  105

4-clicked-GCE 2.60 1.71 x  10-8 6.65 x  102
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The electrocatalytic oxidation of hydrazine at various potentials has been shown with MnPc

[90.105] , CoPc [28,86,90,104,112,116,117], and NiPc [90,104]. Typically, NiPc derivatives are 

outperformed by their CoPc and MnPc counterparts in this regard [105]. However, in this 

work, complex 4 showed comparable catalytic activity to that of complexes 2 and 3, which 

has not been previously observed [112], except in the case of Perez et al. who reported good 

activity with silica gel modified with tetrasulfonated NiPc [118]. A number of studies 

confirming the relationship between the potential of the MPc redox couple and the potential 

of hydrazine electrocatalysis have been done, proving the involvement of the central metal 

couple of the Pc [90,104,105,107,112].

The generally accepted mechanism [90,105,119,120] for the electrocatalytic oxidation of 

hydrazine by MPc complexes begins with the oxidation of the central metal from M'Pc to MMPc 

(Eqn. 5.2 and 5.6), followed by electron transfer from the hydrazine molecule to the metal, 

Eqn. 5.3 and 5.7. Based on the research into the mechanism of the reaction, two different 

mechanisms have been proposed (Eqn. 5.2-5.9), namely, the FePc mechanism and the CoPc 

mechanism [85,90,104,105,112]. The Sabatier principle appears to govern the efficiency of 

the reaction, as there is an exact formal potential that the catalyst should have (ca. -0.5 V vs. 

SCE [90,105]) for the most successful oxidation of the hydrazine molecule. Zagal et al. have 

speculated that spatial constraints of the orbitals involved in an interaction between the 

hydrazine molecule and the central metal of the Pc are what govern the order of activity 

observed for these complexes, and their ability to oxidise hydrazine. However, Zagal et al. 

have also recognised the impact of the electronic structure of the central metal on the trend 

of activity, which stands as Fe>Co>Mn>Ni in general and in the context of this work

[85.90.105] . The hydrazine molecule must form an adduct with the central metal, where the 

hydrazine acts as an electron donor and the metal acts as an electron acceptor. The formation 

of this adduct and subsequent electron exchange has been shown for FePc [105], and causes 

the weakening of the bonds between N and H. The drainage of electrons from the hydrazine 

molecule into the metal has led to the proposition of two mechanisms because there is either 

one or two electrons exchanged. However, the order of reactivity remains the same whether 

there are one or two electrons exchanged. One may have speculated that, due to the higher 

energy demand of a two-electron exchange, one metal may be favoured over another. This is 

indeed not the case and, as a result, Zagal et al. [105] have explained how the electronic
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structure of the central metal affects this electron exchange, in conjunction with calculations 

made by Taube et al. [121]. Zagal et al. [105] suggest that the energy of the HOMO a1g (dz2) in 

different MPcs decreases almost linearly from MnPc to NiPc. This correlates with the ability 

of the metal to form adducts with electron donors like hydrazine [105]. One would expect a 

more favourable (reversible) interaction with Mn, Fe and Co Pcs as they have an empty or 

half-filled a1g orbital, which has the proper symmetry for the interaction [105]. Indeed, these 

metals show the highest activity according to literature and this work. The electron drainage 

from hydrazine upon interaction is not favoured with Ni derivatives since the a 1g orbital is 

filled [105]. It is important for the catalyst to bind with the hydrazine molecule, conduct 

electron exchange, and then be bound weakly enough to allow the now-radical specie to 

leave the active site (central metal) again. However, what is of interest is that the order of 

activity is based on an optimum energy of the HOMO, and not just whether the energy is too 

low or too high. Therefore, the Sabatier principle provides good rationale for the trend 

observed in activity of the MPcs.

The mechanism for the oxidation of hydrazine has been subject to change in recent years, 

with increasing observations of the evolution of nitrogen gas during the oxidation process. 

The existing mechanism [104,105,112] was brought into question and Zagal and co-workers 

recently proposed two new mechanisms (Equations 5.2-5.8) that account for the generation 

of the nitrogen gas, which can often be easily seen at the face of the electrode during a typical 

CV scan [85,90,122], as was the case in this work.

In Eqn. 5.2 and 5.6 the metal centre must be reduced before it can interact for catalysis. This 

reduction is typically seen as a peak couple in a CV of the adsorbed MPc in electrolyte solution 

in the absence of an analyte [105,123]. It is also important that this peak couple occurs before 

the oxidation point of hydrazine, which would then confirm that couple's involvement in the 

oxidation [123]. With an adsorption method of modification, the redox couples of MPcs occur 

at various potentials [104,105,112]. The Mnm/MnN couple occurs at -0.25 V [35], the CoII/CoI 

couple occurs at -0.5 V, the Com/CoM occurs at approximately 0.5 V [111], and the Nim/NiM 

couple occurs at 0.35 V [124]. With the graft-then-click modification approach, it was not 

possible to see any peak couples when the electrodes were run in the electrolyte alone (Fig. 

5.1 B) and, hence, it was not possible to assign a couple for the interaction with hydrazine. 

Based on the literature, it is believed that the MII/M I couple is the couple involved [90,105]
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but, given the positive potential at which the electro-oxidation of hydrazine occurs with the 

electrodes employed in this work, it is reasonable to speculate the involvement of the Mm/MN 

couples instead of the MII/M I couples. It is also possible the reactions are highly shifted to the 

right due to high surface concentration of adducts (N2H3 ...MPcRn) brought on by the graft- 

then-click attachment process [105]. Regardless of which couple is involved, the fundamental 

mechanism, in which there is electron exchange between the hydrazine molecule and the 

metal centre of the Pc, still applies.

In Eqn. 5.3 and 5.7, the adduct formation of ^ H x.M 'P c- is shown. In the FePc mechanism 

there is an exchange of two electrons, and in the CoPc mechanism there is an exchange of 

one electron. This is the principle part of the electrocatalysis of hydrazine that leads to the N- 

H bonds in the compound becoming weakened by the loss of an electron or electrons to the 

metal centre. This step is the rate determining step.

Eqn. 5.4 and 5.8 show the disassociation of the adduct N2HX. M IPc, which releases the 

reactive radical hydrazine specie back into the bulk solution where it may be oxidised further 

to nitrogen gas. At this point, the discussion on the influence of the energy of the a 1g orbital 

of the metal shows its rationale, as the Sabatier principle dictates a 'just right' electronic 

structure affects the efficiency of this part of the mechanism.

Finally, Eqn. 5.5 and 5.9 show the new addition to the mechanism that accounts for the 

formation of the N2 gas at the electrode surface. The radical specie generated by the 

interaction and electron exchange with the metal centre of the Pc is oxidised, quickly, to form 

nitrogen gas and water. Table 5.1 provides a summary of the peak potentials recorded for 

each surface and its electrooxidation of hydrazine.

The data presented in Tables 5.1 and 5.2 indicates the presence of a trend in the reactivity of 

the three surfaces. This trend shows complex 3 as the most effective catalyst for hydrazine, 

compared to 2 and 4, when immobilised on an electrode surface via click chemistry. In terms 

of LoD, the complex 3 surface achieved the best LoD and the highest kcAT, despite the higher 

potential observed, as the lowest potential (closest to zero) is typically the most effective due 

to the reduced overpotential. The MnPc derivative, complex 2, showed the next best activity
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in terms of LoD, which was expected as it showed the oxidation peak at 0.34 V. Finally, the 

NiPc derivative, complex 4, showed the least activity in terms of LoD, coupled with exhibiting 

the highest potential. This concludes the investigation and proves that the electronic 

configuration of the central metal is in fact the most significant factor at play for the catalysis 

of hydrazine.

Based on the concept that the catalyst must be at a precise potential in order to maximise 

the catalytic activity, it makes sense that the catalyst should be tuned appropriately and, in 

the case of Pcs, this is done via the addition of substituents on the periphery of the Pc ligand 

and choice of the central metal [125,126]. However, what can also be examined is the method 

of attachment of the catalyst to the surface and the effects the method chosen can have on 

the catalytic activity of the surface. During this work, an observation was made whereby the 

4-clicked-GCE showed the lack of the typically observed NiM/Nim couple seen on electrodes 

modified via the adsorption method of attachment of the catalyst (Fig. 5.6. (b)) [124,127]. But 

when complex 4 was adsorbed (not clicked) onto the GCE to form 4-adsorbed-GCE and 

scanned repeatedly in 0.2M NaOH (Fig. 5.6. (a)) the NiM/Nim couple was observed at ~  0.45 V. 

The anodic component of the pair, decreased slightly in intensity and then stabilized. Fig. 5.6. 

(c) shows one scan from each surface on one axis for comparison. The shapes of the final 

cyclic voltammograms are very similar to those obtained with electroformed nickel 

macrocyclic-based films in alkaline aqueous solution, which are also similar to those of 

Ni(OH)2 on electrodes [124,127]. The formation of the peaks can be explained by the 

formation of the O-Ni-O oxo bridges in alkaline aqueous solution and are an indication of the 

transformation of the adsorbed complex 4 into the 'O-Ni-O oxo' bridged forms. The lack of 

formation of the NiM/Nim couple for 4-clicked-GCE can be attributed to the inability of a 

hydroxyl group to insert itself between the GCE surface and the nickel at the 4-clicked-GCE 

interface, shown schematically in Fig. 5.7. This is because there exists a layer of aryl groups 

from the grafting step that are covalently bonded to the GCE surface. To this aryl layer 

complex 4 is bonded as well and hence, there is too much interference for the hydroxyl groups 

to reach the GCE surface and be oxidized prior to the formation of O-Ni-O as shown in Fig. 

5.7(A). In the case of 4-adsorbed-GCE, Fig. 5.7(B), the oxidation of hydroxide occurs, since 

there are no aryl groups and the Pc is situated directly on the electrode.
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Potential (V) vs. AgjAgCi

------Scan 1
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------Scan 3
------Scan 4
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Potential (V) vs. AgjAgCi

------ Scan 1
------ Scan 2
------ Scan 3
------ Scan 4
------ Scan 5

Potential (V) vs. AgjAgCi

Figure 5.6. Cyclic voltammograms of (a) 4-adsorbed-GCE showing the presence of the NiM/Nim 

couple, (b) 4-clicked-GCE showing the absence of the NiM/Nim couple, in 0.2M NaOH. Part (c) 

is shown for comparison sake with 4-adsorbed-GCE (a) and 4-clicked-GCE (b) on one axis.
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Figure 5.7. A schematic showing the potential explanation as to why a NiM/Nim couple is not 

seen on the 4-clicked-GCE surface as compared to how this NiPc derivative generates the 

couple when adsorbed onto the surface.

To bring this into the context of this work, the goal, albeit not exhaustive, was to examine the 

impact of the graft-then-click modification approach. As most of the literature used to 

establish the trend discussed is done with the Pcs adsorbed or polymerised, this discussion 

has been largely speculative in nature. Based on the observations made in the case of the 

NiPc complex 4 and how the O-Ni-O bridges were potentially not formed, and by the fact that 

the Pcs are in fact covalently bound to the surface and not bound via electrostatic forces, it is 

possible that behaviour of the complexes could have changed. This speculation is based on 

the factor of electron exchange between the electrode surface and the MPc. The passage of 

electrons via electrostatic forces can be somewhat slower and less consistent than through 

channels of a covalent bond. So, due to the fact that the Pcs are bonded covalently to the 

surface, it was hoped the electron transfer capabilities of the catalysts would be improved by 

the modification approach. However, given the LoDs produced, this was not the case. Instead, 

there is an improvement, both practically and electrochemically, in terms of consistent 

catalytic activity and stability. As with the clicked surface, the electrocatalytic reaction
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stabilised quickly (5 scans) and was consistent from there onwards. In comparison, the 

adsorbed variant showed a loss in peak current with each subsequent scan, and effectively 

no stability was observed.

This observation gives rise to the speculation that the way a surface is modified can impact 

the behaviour of the catalyst and / or the substrate, and how they interact with each other. 

It would follow that the attachment of highly conductive materials such as graphene followed 

by Pc complexes with appropriately tuned electron-withdrawing groups (it seems 

tetrasulfonated Pcs lead the field [85,90,104,105,112]) would be most apt for this application. 

It would also seem that the pursuit of this type of surface would be most interesting when 

click chemistry is also applied. That is not to say that these avenues have not been explored, 

as many research groups have combined materials to create surfaces with highly modified Pc 

complexes to better the performance of the catalysts. It is only that the methods of 

attachment could play a role in the general investigation or pursuit of the optimum system 

for electrocatalysis of hydrazine.
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CONCLUSIONS

This work illustrated the use of electrochemical grafting and click chemistry for surface 

modification purposes, in the attachment of electrocatalysts, in the form phthalocyanines, to 

carbon substrates.

Tetrakis(5-hexyn-oxy) cobalt(II) phthalocyanine (complex 3) and tetrakis(5-hexyn-oxy) 

nickel(II) phthalocyanine (complex 4) were synthesised. The alkyne substituents showed to 

have minor effects on the UV-vis spectra of the compounds, as well as effects on the 

electrochemical properties.

This work demonstrated the versatility of 4-azidoaniline as a precursor for the modification 

of conductive surfaces, in this case glassy carbon electrodes, taking notable advantages of its 

ability to be further modified through the Sharpless click chemistry reaction. Grafting of the 

diazonium derivative (5) on to bare GCE was achieved. Complexes 2, 3, and 4 were covalently 

linked to the electrode using click chemistry. Using this approach of introducing an azide 

group to the surface of the electrode through grafting followed by click chemistry was very 

successful for the grafted electrodes. The process of in situ diazotisation of 4-azidoaniline 

hydrochloride and grafting of the resulting 5 was used at the modification method 

throughout.

The GCE was studied using electrochemistry, SECM, EIS and XPS to confirm the modification 

steps. XPS was also used to confirm the attachment of the complexes via click chemistry by 

tracking the presence or absence of the peak associated with the azide group. While SECM 

was used to give both two-dimensional and three-dimensional figures of the conductivity of 

the surfaces. Actual topographic images were generated with the area scan technique of 

SECM and the surface of the electrodes could be physically visualised via the surfaces 

conductivity properties.

All three electrode surfaces, 2-clicked-GCE, 3-clicked-GCE and 4-clicked-GCE were successfully 

used to detect hydrazine, proving the attachment of the complexes and showing their 

application ability as electrocatalysts. The sensors showed electrocatalytic oxidation of 

hydrazine with LoDs all in the 10-5 M range.
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The use of the azido-derivated diazonium molecule 5 opens the doors to important 

applications and developments devoted to the micro-local functionalisation of electrodes and 

the implementation of the emerging interfacial click reaction.

A trend was successfully extracted from the work as to what role the central metal plays in 

the electrocatalysis of hydrazine and based on the two existing mechanisms, each complex 

was classified as: the FePc mechanism for complexes 2 and 4, and the CoPc mechanism for 

complex 3. The trend of activity was as follows: Co>Mn>Ni, which correlates with literature, 

and confirms that the central metal governs the activity of the complex.

Future directions for this work could include the usage of a radical scavenger for the azido 

radical produced in the electro-grafting step, as done by Menanteau et al. [25,128], to create 

a monolayer for click chemistry. This could then be followed by the synthesis of a mono- 

substituted alkyne MPc, which would then allow for a consistent surface for catalysis. This 

more consistent surface may then allow for more sensitivity and the redox couples of the 

MPcs may be visible, which would aid in the challenge of assigning which are responsible for 

the interaction with hydrazine, when attached to the electrode via covalent methods.
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