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ABSTRACT 

Different approaches to surface modification were investigated in this work on gold. 

glassy carbon. multi-walled carbon nanotube paper and on single-walled carbon 

nanotubes adsorbed on glassy carbon. These approaches include electrochemical grafting. 

electropolymerisation. click chemistry. axial ligation. adsorption and self-assembled 

monolayers. The modified surfaces were characterised using a variety of techniques; 

predominantly electrochemistry. scanning electrochemical microscopy and X -ray 

photoelectron spectroscopy. 

For the formation of self-assembled monolayers on gold. four new manganese(III) 

phthalocyanines (1<Hl) . octa-substituted at the peripheral position with pentylthio. 

decylthio. benzylthio. and phenylthio groups were synthesized and characterised. X-ray 

photoelectron spectroscopy was used to show the formation of a sulphur-gold bond. A 

number of approaches using 4-azidoaniline (2a) combined with azide-alkyne click 

chemistry and electrochemi'stry were also used to anchor ferrocene and pyridine moieties 

on to the carbon surfaces. including direct in situ diazotation and grafting. 

electropolymerisation. and the synthesis of the diazonium salt followed by grafting. Iron 

phthalocyanine was linked to the pyridine-clicked surfaces through axial ligation. where 

the strong axial bond formed by the interaction between the central metal and the lone 

pair of the nitrogen in the pyridine group resulted in stable modified electrodes. The 

potential of these surfaces for the detection of analytes such as thiocyanate. hydrazine and 

sulphite are briefly shown as well. 
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This work also describes for the first time the possibility of perfonning local micro­

electrochemical grafting of a gold substrate by 4-azidobenzenediazonium (2b) using 

scanning electrochemical microscopy in a single and simple one step approach, without 

complications from adsorption. 
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CHAPTER 1 

INTRODUCTION 



CHAPTER 1 INTRODUCTION 

1.1. Surface modification of electrodes 

1.1.1. Overview 

Surface modification is a necessary area of research in the production of smart textiles and 

solar cells, in corrosion science, and in the development of electrochemical sensors. 

Although the focus of this work is on the modification of electrodes, several of the 

techniques described here can be applied to these other areas as welL Many different 

modification approaches can be taken, depending on the type of surface or electrode used, 

the molecule/complex to undergo attachment, and the desired application of the 

electrode or surface. For example, electrodes required for biological sensing need to be 

nontoxic, and in many cases reproducibility, stability and sensitivity are very important 

factors. Frequently, a step-wise approach to attachment is best, as it allows the use of 

easily-synthesized -linkers to bind useful molecules to the electrode surface. 

This introduction will cover first the types of molecules, complexes and materials that 

have been attached to electrodes in this work, discussing their applications and 

properties, and follow with the attachment approaches that have been taken with a final 

explanation of the characterisation techniques that have been used. 
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CHAPTER 1 INTRODUCTION 

1.1.2. Ferroeene (Fe) 

The electrochemical behaviour of ferrocene has been well studied in solution [1-3]. 

Because of its good electrochemical activity it can be used as a redox probe when 

modifying electrodes, as well as an important electron mediator and catalyst [4,5]. 

Ferrocene has been attached to electrode surfaces through covalent and non-covalent 

methods, including grafting and electropolymerisation as popular techniques [6-15]. 

Ferrocene is also commonly used as a mediator for enzyme reactions, particularly with 

glucose oxidase [16-18]. Table 1.1 shows a selection of the attachment approaches that 

have been used with ferrocene. The aims of using ferrocene in this work were, firstly, to 

make use of this complex as a redox probe to ensure that the attachment approaches were 

successful, and secondly to show the potential of the surface for electrocatalysis. 
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Table 1.1. Selection of literature examples of attachment methods used to confine 

ferrocene on different electrode surfaces. 

Ferrocene Substrate Attachment Analyte Reference 
Functional Group 

COOH PtE amide [ 6] 

SH AuE SAM [7] 

Nih MWCNTarray amide DNA [11] 

C=CH AuE click chemistry , [12] 

C=CH PGElGCE click chemistry b [14] 

N3 PGElGCE click chemistry , [14] 

GCE nafion glucose [16] 

bis-Amide PtE, GCE electropolymerisation Li+ [4] 

Chitosan GCElMWCNT adsorption sulphite [5] 

, With SAM of azido-thiol; b with grafted 4-azidobenzenediazonium salt; , with grafted 

ethynylbenzenediazonium salt; abbreviations: SAM = self-assembled . monolayer, PtE = 

platinum electrode, AuE = gold electrode, GCE = glassy carbon electrode, MWCNT = 

multi-walled carbon nanotubes, PGE = pyrolytic graphite edge electrode, click chemistry 

= Sharpless copper(I) catalyzed azide-alkyne cycloaddition reaction. 

As seen in Table 1.1, ferrocene has been attached to pyrolytic graphite edge (PGE) and 

glassy carbon (GCE) electrodes through the grafting of 4-azidobenzenediazonium salt, 

and the click chemistry reaction between the alkyne group of ethynylferrocene and the 
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surface azide groups [14] . The latter method of attachment shows a great deal of potential 

for applications in surface chemistry. However, studies are still scarce on the alkynelazide 

method for attaching ferrocene. This work thus investigates the use of the C=CH 

functional group of ethynylferrocene to attach this complex to different surfaces -

adsorbed single-walled carbon nanotubes on glassy carbon (GC/SWCNT) and multi­

walled carbon nanotube paper (MWCNT-paper), compared to attachment on the GCE -

through a combination of grafting, electropolymerisation and click chemistry. 

Nanomaterials have in many cases caused significant improvement in the behaviour of 

electrodes [19-21], and make this a particularly interesting approach. These new, 

ferrocene-modified surfaces are used in order to show the potential of this attachment 

method for many applications. The ferrocene-modified electrode is employed for the 

detection of sulphite as a test molecule. 

1.1.3. Metallophthalocyanines (MPcs) 

1.1.3.1. General properties and applications 

Metallophthalocyanines (MPcs) are macrocyclic 18rr-electron systems and a variety of 

substituents can be positioned at four different points on each isoirninoindoline ring, 

resulting in a large range of products with a common central structure (Fig. 1.1). They 

have been widely studied because of their diversity. Their properties and characteristics 

can be simply tailored by changing the central metal and/or the nature of the substituents 

on the ring [22-31]. 
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Figure 1.1. General structure of MPcs showing the a (non -peripheral) and p (peripheral) 

positions and the conventional numbering system. 

Depending on the central metal that is used, MPcs have found applications in optics [24], 

imaging, pigments, photodynamic therapy of cancer [23], and electrochemistry [22]. For 

electrochemistry purposes, the d-group metals manganese, iron, cobalt and nickel are 

electroactive. MPcs containing these metals can be easily oxidised and reduced at the 

central metal, allowing them to act as electron transfer mediators [22]. The substituents 

introduced on the Pc ring are important not only for the introduction of linking groups, 

but also for their impact on the solubility of the complex. 
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This work investigates a common method in which MPcs can be modified in order to 

facilitate attachment to electrode surfaces through self-assembly, as well as use of the link 

through axial bonds which has rarely been exploited for surface modification. 

1.1.3.2. MPcs as electrode modifiers 

Electrodes modified with MPcs have been widely used to facilitate electro catalysis of 

many analytes that are otherwise difficult to detect, as MPcs immobilised on electrode 

surfaces can act as electron relays for redox reaction activation [22]. The substituents on 

the Pc ring can also be used to link the MPcs to an electrode, in order to make a 

reproducible, stable and uniform modified surface. 

MPcs have been used to form self-assembled monolayers (SAMs) on gold [31-35], they 

have been deposited on alumina and silica by thermal evaporation under vacuum [36,37], 

adsorbed or electrodeposited on graphite and glassy carbon electrodes [38-42], adsorbed 

on semiconductors [37], bound to a SAM of mercaptopyridine on gold through axial 

ligation [43] and covalently linked to a carbon surface using a combination of grafting and 

chemical linking [44], among other techniques. However, new and better methods for 

linking MPcs to surfaces are constantly being investigated, in order to find a method that 

can be applied to many different surfaces and that would provide a more stable means of 

attachment and improved electrocatalytic behaviour. 
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1.1.3.3. Synthetic methods o/Pcs 

The general synthesis of phthalocyanines can be outlined as seen in Scheme 1.1, using an 

unsubstituted phthalonitrile as the starting material [45]. However, phthalic anhydride, 

1,3-diiminoisoindoline, phthalimide or phthalic acid can also be used as starting 

materials. For MPc synthesis, the starting material generally needs to be refiuxed in a 

suitable solvent with reagents like a metal salt (if a metallated Pc is desired), a base and a 

catalyst. Substituted Pcs can be synthesized in a similar way, using the appropriately 

substituted starting material [45]. 

r(YCN 

~CN 
metal salt, solvent, 

heat, base 

Scheme 1.1. General synthesis route for MPcs using phthalonitrile as the starting 

material. 
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The peripheral rings of the Pc can be substituted at the ex (non-peripheral) or ~ 

(peripheral) positions, and they are commonly tetra- or octa-substituted. An illustration 

of these positions and the numbering ofthe Pc substituents is shown in Fig. 1.1. Although 

tetra-substitution is more common, octa-substitution has an advantage due to isomeric 

purity, which makes purification and characterisation simpler. Of interest in this work 

are the octa-substituted thio-Pes, and the general synthesis is shown in Scheme 1.2 [46]. 

NCyyCI 

NC~CI 

j RSH 
K"C03 , 

solvent 

fretal salt 

» 
solvent, heat 

RS SR 

3lN RS=O;:;"-- ~ \»SR 
N-M-N I 

RS ~:::-... i / h SR 

N=-- ~ N 

RS SR 

Scheme 1.2. Synthesis route for MPcs octa-substituted at the peripheral position with 

sulphur groups. 
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1.1.3.4. Characterisation of MPcs 

MPcs can be characterised by both spectroscopic and electrochemical techniques. Pcs 

have two characteristic absorbance bands (Q and Soret/B band) due to the electronic 

transitions following Gouterman's model [25,26]. The B band absorbs in the blue region 

between 300 and 450 nm, and the more intense Q band absorbs in the red region between 

600 and 800 nm, as shown in Fig. 1.2(a) [47] with the electronic levels shown in Fig. 

1.2(b) [26]. These highest occupied molecular orbital-lowest occupied molecular orbital 

(HOMO-LUMO) transitions from alu to eg of the Q band can be varied by the 

introduction of electron withdrawing or donating groups on the ring, increasing or 

decreasing the HOMO-LUMO gap and causing a blue or red shift in the Q band, 

respectively [26]. Other factors that also affect the Q band are the oxidation state of the 

metal, the position of the substituents (non-peripheral vs peripheral), and the solvent 

[26]. 
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Figure 1.2. (a) Absorbance spectrum of a MPc, (b) Goutennan's orbital model of MPc 

electronic transitions, (c) typical cyclic voltammogram of a MPc showing common ring 

and metal redox processes and (d) spectroelectrochemistry absorbance spectrum showing 

absorbance changes upon reduction of the central metal from M3+ to M2. charge state [47]. 

Electrochemical characterisation of Pcs can be used to elucidate the redox processes 

occurring because of the electron-rich ring and the variable oxidation state of the central 

metal. At its neutral ground state, the Pc ring is a dianion with a charge of 2 - [45]. The 

Pc'- can undergo successive oxidation or reduction reactions, losing electrons to form the 

Pc'- and Pco TI-cations, or gaining electrons to fonn reduced Pc3· , Pc'-, Pcs- and Pc6- TI-
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anions [48]. For the M(Il)Pc complexes where the central metal orbitals lie between the 

HOMO and LUMO of the ring, the first oxidation occurs at the metal, e.g. for Co(Il) and 

Fe(II), while with Cu(II) and Zn(II), for example, ring oxidation generally occurs first, 

depending on the solvent [45]. The typical cyclic voltarnrnograrn (CV) of a metallated Pc 

is shown in Fig. 1.2(c) [47]. 

Spectroelectrochemistry involves the combination of optical and electrochemical 

analyses. Cornmon electrochemical cells used are either an optically transparent electrode 

(OTE) or an optically transparent thin-layer electrode (OTTLE), and electrolysis is 

particularly fast and efficient m the latter system [49-51]. For basic 

spectroelectrochemistry, a beam of light is passed through the cell and the absorbance 

changes upon oxidation/reduction are monitored. For MPcs, the Q band in the 

absorbance spectra can be used to characterise the complex [26]. Oxidation or reduction 

of the Pc can occur at the ring or at the metal, and the species produced upon 

oxidation/reduction have different absorbance spectra that can be used to determine 

where the oxidation/reduction occurs [26,48]. If it occurs at the central metal, this results 

in a shift in the Q band without much change in intensity [26,30,31,52]. If at the ring, 

this results in a collapse of the Q band, and the formation of new bands between 400 and 

600 nrn [48]. Spectroelectrochernistry can thus be used to show these oxidation and 

reduction processes, and also to show where in the complex it occurs, making it a 

particularly useful technique for analysing MPcs and for confirming the electrochemical 

assignments of redox processes. A typical spectroelectrochemistry result for MPc 

oxidation and reduction is shown in Fig. 1.2( d). 
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1.1.4. Carbon Nanotubes (CNTs) 

Carbon nanorubes (CNTs) are visualised as hollow rubes made up of rolled graphene 

sheets of Sp2 carbons, Fig. 1.3. They are also called "buckytubes" or "fullerene pipes", 

because they are in the same structural family as buckminsterfullerene, or buckyballs, 

which are nano-sized in three dimensions, while the CNTs are nano-sized in two 

dimensions only [53,54]. CNTs were first discovered as hollow rubular carbon filaments 

in 1952 by Radushkevich and Lukyanovich [55], and were first grown by chemical 

vapour deposition in 1976 by Oberlin et al. [56]. They only gained real popularity, 

however, after the publication in Nature in 1991 by Iijima [57]. The types of CNTs most 

commonly used are the single-walled CNTs (SWCNTs), or the multi-walled CNTs 

(MWCNTs) . SWCNTs were first recorded in 1993 by Iijima and Ichihashi [58] and 

Bethune et al. [59]. Their nano-size affords these materials unique properties, such as 

mechanical strength, good electrical conductivity, chemical stability and a large surface 

area to volume ratio [54,60,61]. The electronic properties of CNTs can range in behaviour 

from metallic and semi-metallic to semi-conductive, depending on the structure and 

helicity - with the MWCNTs having more complex behaviour, while the SWCNTs in 

general have excellent electron transport properties [54]. 
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Figure 1.3. Structure of single-walled carbon nanotubes (SWCNTs). 

Typically the diameter of SWCNTs ranges from 0.4 - 2 nm [54.58.59]. while the 

MWCNTs have diameters up to 20 nm [62.63]. CNTs can be functionalised with 

carboxylic acid groups through oxidation with concentrated acid. which also serves to 

shorten and purify the tubes [53]. CNTs generally have poor solubility and show strong 

aggregation in many solvents due to oxidation occurring primarily at the ends of the 

tubes. However. this can also be beneficial in preventing leaching from surfaces where 

the CNTs are merely adsorbed [21]. 

Particularly interesting for electrochemical applications are the many cases in which 

CNTs have been shown to improve the behaviour of electrodes and sensors [19- 21 ]. CNTs 

have been shown to improve electron transfer rates when used on electrodes. and have 

even exhibited some electrocatalytic properties. although this is attributed to the more 

reactive open ends of the tubes [54.60]. CNTs can cause reduction in overpotentials and 

surface fouling on electrodes as well as an increase in the voltammetric signals [64-66]. 

These nanomaterials have been investigated for their applications in the development of 

14 



CHAPTER 1 INTRODUCTION 

electrochemical sensors and for surface modification purposes, where improvements in 

sensitivity and lowering of detection limits is important in the analysis of analytes found 

in very low concentrations. CNTs can be immobilized on electrodes (most commonly 

carbon electrodes) by a number of different methods, including dry drop (on GCEs), 

screen-printing, self-assembly or abrasive immobilization (on basal plane PGEs) among 

others [21,64-68]. Dry drop immobilisation on GCEs is one of the fastest and simplest 

examples, and relies on the 11: - 11: interactions between the CNTs and the GCE surface 

[21,65]. Both MWCNTs and SWCNTs have been shown to increase the electrocatalytic 

activity of modified electrodes in a number of cases, including the reduction of oxygen in 

buffer solution (MWCNTs) and nitrite (SWCNTs) as specific examples [21]. CNTs can be 

oriented (vertically aligned) or non-oriented (random mixture) on the electrode surface, 

each with a potentially different effect on the sensor [69]. 

CNTs can also be modified through methods other than oxidation in acidic media, in 

order to attach other catalysts or complexes. Direct covalent modification of CNTs, either 

adsorbed on an electrode or in a paper form (bucky paper) with both ferrocene and iron 

phthalocyanine (FePc), has been investigated in this work through electrochemical 

grafting and click chemistry, which will be discussed in more detail in the next section. 

1.1.5. Modification approaches 

As mentioned in each section describing species that can be attached to electrodes, there 

are numerous ways in which surfaces can undergo modification. Electrochemistry is used 
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for electro grafting and electropolymerisation directly on electrodes. Self assembly, 

adsorption (drop dry) and chemical modification techniques were used in this work as 

well. These are systematically described with examples below. 

1.1.5.1. Self assembled mono layers (SAMs) 

Gold and platinum are the two most commonly used metal electrodes [49). The high 

conductivity of metal electrodes means that they have a low background current, they are 

easily polished, and there are a number of ways in which they can be modified [50). 

However, they can easily undergo passivation and gold has a limited potential range 

[49,50). Despite its disadvantages, a particularly useful property of gold is that sulphur 

binds to it strongly and spontaneously, and so a self-assembled monolayer (SAM) ofthiol­

terminating compounds, or compounds containing sulphur, can be formed on gold 

[22,51,70). 

Strong adsorption of sulphur-containing compounds on gold in the form of SAMs 

provides a useful method of modification, as the monolayer is often uniform and quite 

stable [70), although often not thermally stable [71). Many compounds can be attached to 

the surface in this way, such as phthalocyanines and long-chain alkyl groups among 

others [22,27,51,70). The SAM on gold does not require a terminating - SH group, and has 

been seen to form with disulphides and di-substituted sulphides while leaving the C-S 

bond intact [70,72-74). 
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Fig. 1.4 shows a few examples of the types of compounds that can be bound to gold, as 

well as a representation of thiols and RS on gold. This also illustrates the different 

orientations SAMs can have on gold. 
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Figure 1.4. A schematic representation of a long-chain tillol bonded to gold as a multi-

directional SAM and examples of (a) peripherally octa-substituted MPc with sulphur-

containing substituents, (b) tillol and (c) disulphide, all of which can be used to form 

SAMs on gold [70-74]. 

While many MPcs have been studied for SAM formation on gold, manganese 

phthalocyanines (MnPcs) have not been extensively explored, due to their relatively low 

electro active behaviour compared to metals such as iron [75]. However, manganese has 
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good biocompatibility, and MnPcs are believed to have potential as superoxide dismutase 

mimics [76,77]. 

Table 1.2 shows the MnPcs which have been used to form SAMs on gold through this S­

Au bond, as well as some details of the surface coverage (f) of the MnPcs on gold and the 

analytes these electrodes have been used to detect with the limit of detection (LoD), if 

applicable [27,31,47,78- 85] . 
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Table 1.2. Manganese phthalocyanines used to form self-assembled monolayers on gold. 

MnPc r • (1010 mol.cm·2) Analyte 

/3-MnTBTPc 0.69 

/3-MnTDdTPc 0.78 

a-MnTPhTPc 1.06 

a-MnOHTPc 0.77 

/3 -MnOHTPc 1.74 

a-MnTPyTPc 1.73 

a-Mn-Q-TPyTPc 2.77 

/3 -MnTPyTPc 2.80 

/3 -Mn-Q-TPyTPc 2.67 

a-MnOPTPc 1.10 

a-MnTBTPc 0.69 

a-MnTDEAETPc 2.69 

/3 -MnOPyTPc 2.40 

/3 -Mn-Q-OPyTPc 1.14 

/3-MnOOTPc 

/3 -MnODdTPc 

nitrite, sulphite 

nitrite, sulphite 

nitrite, 
I-cysteine 

nitrite, 
I-cysteine 

nitrite, 
I-cysteine 

nitrite, 
I-cysteine 

nitrite, 
I-cysteine 

I-cysteine 

carbofuran 

carbofuran 

nitrite 

nitrite 

LoD (/JM) Reference 

0.29, 
0.29 

0.10 

0.24 

0.27, 
0.31 

0.18, 
0.28 

0.30, 
0.31 

0.27, 
0.29 

0.75 

0.29 

0.20 

[31 ,78,79) 

[31,78,79) 

[27,80) 

[47) 

[ 47) 

[80) 

[80) 

[80) 

[80) 

[52,81) 

[82) 

[83) 

[84) 

[84) 

[85) 

[85) 

• Surface coverage determined by electrochemistry; abbreviations: LoD = linlit of 

detection, ~ = peripheral substitution, a = non-peripheral substitution, TBT 

tetra(benzylthio), TDdT = tetra(dodecylthio), TPhT = tetra(phenylthio), OPT 
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octa(pentylthio), TPyT = tetra(2-mercaptopyridine), Q = quarternized, ODT = 

octa(decylthio), OET = octa(benzylthio), OPhT = octa(phenylthio), TDEAET 

tetra(diethylaminoethanethiol), OHT octa(hexylthio), OPyT = octa(2-

mercaptopyridine), OOT = octa(octylthio), ODdT = octa(dodecylthio). 

Table 1.2 shows that a variety of MnPc complexes have been employed for SAMs, but 

only two complexes were compared for the effects of the position of substitution (a vs ~), 

and only one set of tetra-substituted MnPcs were compared for the effect of alkyl- vs 

arylthio substituents. Also, the fate of the R-S bond for alkyl and arylthio substituents 

following SAM formation has not been adequately discussed for these complexes, and 

particularly the impact these substituents have on attachment to the gold surface. 

For the SAM studies in this work, manganese phthalocyanine octa-substituted at the 

peripheral position with aryl- and alkylthio groups were used. Four new MnPcs were 

synthesised following a similar procedure to that reported in literature [52], and these are 

shown in Fig. 1.5. The comparison of SAM formation and electrochemical behaviour of 

the aryl vs alkyl substituents was of interest, and they could be compared to their tetra or 

non-peripheral counterparts and similar complexes shown in Table 1.2. X-ray 

photoelectron spectroscopy characterisation was also useful in confirming the formation 

of the Au-S bond, the fate of the R-S bond, and in giving some insight into reasons for the 

different surface coverage values for the different substituents. Finally, the SAM of 

complex Id was used to detect thiocyanate as a test analyte for the potential of this 

surface for electrocatalysis. 
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Figure 1.5. Structures of the MnPc complexes produced in this work. Complex la, 

manganese(III) octa(pentylthio)phthalocyanine, (OAc)MnPc'{S(CH2),CH3j. (MnOPTPc). 

Complex lb, manganese(III) octa(decylthio)phthalocyanine, (OAc)MnPc'{(SCH2)9CH3j. 

(MnODTPc). Complex lc, manganese(III) octa(benzylthio) phthalocyanine, 

(OAc)MnPc'(SCH2Ph). (MnOBTPc). Complex ld, manganese(III) 

octa(phenylthio)phthalocyanine, (OAc)MnPc'(SPh). (MnOPhTPc). 

1.1.5.2. Grafting of diazonium salts 

Grafting is the term given to the covalent linkage of diazonium salts to a conductive 

surface by electrochemical or chemical reduction, and although this modification has 

been done mosdy on carbon, almost any conductive or semi-conductive surface can be 

modified using this technique, making it one of the most versatile surface chemistry 

reactions [86- 92]. It is also a relatively new technique, with grafting of diazonium salts 
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through electrochemical reduction of a carbon surface first shown in 1992 by Delamar et 

al. [86]. Grafting proceeds by the reaction shown in Scheme 1.3 on glassy carbon as an 

example, with nitrogen as the by-product [86-88]. This is a simplified diagram as 

multilayer formation is most common, unless bulky R groups are used, due to the highly 

reactive nature of the radical [93]. This method has been used to attach a variety of 

different diazonium salts on surfaces, and these layers require mechanical abrasion before 

they can be removed - again confirming that the linkage is through a covalent bond 

[14,87,88,94-98]. The density of the layer can be controlled by varying parameters like 

the concentration of the diazonium salt, the number of reduction cycles, and the scan rate 

[87,99]. Grafting of certain diazonium salts has also been shown to have a blocking effect 

on the electrode, particularly when the layer is well-packed [88]. This blocking effect can 

thus be used to determine whether the layer is pinhole free, or if there are any defects in 

the coverage [88]. 

MPcs bearing amino [100] and carboxyl [44] substituents have been attached to 4-

nitrobenzenediazonium grafted surfaces, following reduction of the nitro group to an 

amino group, through (i) attachment to benzene-1,4-dicarbaldehyde activated 4-

aminobenzenediazonium via Schiff-base reaction on screen printed gold electrodes [100] 

and (ii) amide linkage to grafted 4-aminobenzenediazonium on glassy carbon [44], 

respectively. 
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Scheme 1.3_ Schematic representation of a diazonium salt grafting on to a GCE upon 

electrochemical reduction. 

Although many different diazonium salts show good possibilities for providing linking 

groups on electrode surfaces, this work focuses on 4-azidobenzenediazonium 

tetrafluoroborate grafting primarily on GCEs. The precursor 4-azidoaniline is labelled 2a 

and the 4-azidobenzenediazonium salt 2b in this work. This diazonium salt has two major 

advantages afforded by the azide substituent: (i) the kinetics of adsorption is slower than 

the commonly used diazonium salts (14) and (ii) it offers an attractive and efficient way of 

further chemical functionalisation of the electro grafted surface through the well known 

Sharpless copper(I) catalyzed azide-alkyne cycloaddition reaction, which is referred to 

simply as the "click chemistry" reaction in this work (14). Table 1.3 shows some of the 

molecules that have been linked to electrode surfaces through the use of the 

electrochemically grafted diazonium salts bearing azide or alkyne groups and click 

chemistry, from ferrocene [14,101) and biomolecules (14) to polymers (102), as well as 

some examples of chemical grafting of these diazonium salts on SWCNTs for attachment 

of MPcs (103), porphyrins (104), ferrocene [105) and polystyrene (106). 
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Table 1.3. Selection of (bio)molecules that have been attached to surfaces through 

linking to electrochemically and chemically grafted azide/alkyne-bearing diazonium salts. 

Grafting 
Substrate (Bio )mo1ecu1e 

Diazonium 
Reference 

Method Functional Group 

Electrochemical PGElGCE ferrocene-C=CH N3 (2b) [14] 

PGE/GCE ferrocene-CH3N3 C=CH [14] 

PGE biotin-C=CH N3 (2b) [14] 

GCE ferrocene-CH3N3 C=C-Si(CH(CH3),)3 [101] 

AuE OEG CH3N3 (from CH3Br) [102] 

AuE FEG CH3N3 (from CH3Br) [102] 

Chemical SWCNT ZnPc-N3 C=C-Si(CH3)3 [103] 

SWCNT ZnPy-N3 C=C-Si(CH3)3 [104] 

SWCNT ferrocene-C=CH N3 (2b) [105] 

SWCNT polystyrene-N3 OCH3C=CH [106] 

Abbreviations: AuE = gold electrode, GCE = glassy carbon electrode, SWCNT = single-

walled carbon nanotubes, PGE = pyrolytic graphite edge electrode, OEG = 4,7,10,13,16-

pentaoxanonadeca-1,18-diyne (n = 4) , FEG = 7,7,8,8,9,9,10,10,11,11,12,12,13,13,14,14,14-

heptadecaftuoro-4-oxatetradeca-l-yne, ZnPc = zinc phthalocyanine, ZnPy = zinc 

porphyrin. 

As Table 1.3 shows, electrochemical grafting of 2b on bare glassy carbon has been done, 

however this work presents the first investigation into grafting of this salt for attachment 
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of ferrocene on MWCNT-paper and adsorbed SWCNTs on a GCE, as well as click 

chemistry with 4-ethynylpyridine for axial ligation to FePc. Chemical grafting of many 

different types of diazonium salts on SWCNTs has been reported thoroughly by Tour and 

co-workers [107-110], but for the case of the 2b species of interest in this work, there is 

only one very recent report of attachment of ferrocene through click chemistry [105]. 

However, electrochemical grafting of SWCNT -paper was shown to be possible by Bahr et. 

al [89], and is a new and relatively unexplored area of interest in materials science. 

Chemical grafting on MWCNTs has also been scarcely reported, due to its lower 

reactivity and the lower degree offunctionalisation [109,111]. 

Grafting of 2b on GC/SWCNT as well as on branched MWCNT -paper for the attachment 

of ferrocene is thus reported here for the first time, and the click chemistry reaction was 

also used for attachment of pyridine, followed by axial ligation to FePc, on the GCE and 

GClSWCNT surface. Click chemistry is discussed in more detail in Section 1.1.5.4, and 

axial ligation in Section 1.1.5.5. 

GCEs are often used because of their chemical inertness, wide potential range, good 

mechanical and electrochemical properties and their good performance [49]. These 

electrodes require pre-treatment by polishing with an alumina slurry or diamond paste to 

improve their electron-transfer rates by removing surface contaminants [49,50]. Carbon's 

high surface reactivity means that it can form bonds with hydrogen, hydroxyl, carboxyl 

and quinone groups [50,112]. This makes the electrode susceptible to poisoning 

(passivation), but also means that it can be easily modified [50]. It is often necessary to 

modify GCEs to improve their detection limits and efficiency [44]. Glassy carbon is the 
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most widely used of the carbon electrodes, which also include carbon paste and graphite 

[50). Very high temperatures and pressures are required to produce this hard isotrope of 

carbon [50). Because glassy carbon is partly amorphous, its structure is not completely 

uniform [50). GCEs have been modified by covalent immobilisation of reactive groups as 

early as the 1970's [113,114). Porphyrins were one of the early class of compounds 

covalently attached to the surface of the electrode, and their potential as electron-transfer 

mediators in electrocatalysis was mentioned [113). Phthalocyanines are currently being 

widely studied for their abilities to act as electrocatalysts and are from the same family of 

compounds as porphyrins. 

Grafting of more complex derivatives of diazonium salts has also been investigated as an 

approach for introducing redox-active species directly on to the electrode surface. These 

include porphyrins, osmium and ruthenium complexes [115-117). As a comparison to the 

graft-then-click chemistry approach, direct grafting of the pre-clicked complex 4-(4-

ferrocenyl-1H-1,2,3-triazol-l-yl)aniline (2c) through in situ diazotation (to the 

diazonium salt 2d) and electrochemical grafting is reported in this work for the first time, 

and was compared to electropolymerisation of the aniline derivatives which are discussed 

in more detail in the next section. The structure of complex 2c is shown in Fig. 1.6. 
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Figure 1.6. Structure of 4-(4-ferrocenyl-1H-l,2,3-triazol-l -yl)aniline (2c). 

As well as a "global" modification through electrochemical grafting, another point of 

interest is in micropatterning of surfaces (or "local" modification) using this reaction in 

combination with scanning electrochemical microscopy (SECM). For this purpose, gold 

plate electrodes were used due to the availability of an SECM setup where the gold 

substrate could be given an electrochemical bias as well as the SECM probe. Although 

grafting is a useful process for modifying surfaces, several studies have also shown the 

spontaneous adsorption of diazonium species on carbon, gold and copper surfaces from 

acetonitrile and aqueous solutions [94,118-123], which may prevent the precise control 

of further electrochemical grafting. Thus, the use of diazonium salts for the 

microstructuring of surfaces by ultramicrotechniques such as SECM is restricted due to 

the spontaneous derivatization of exposed surfaces. An example was recently reported on 

direct electrochemical patterning of a diazonium salt via a one-pot sequential reaction for 

local electrogeneration of the diazonium salt, followed by its electro grafting on the 

substrate [124], and although this approach avoided the spontaneous adsorption of the 

diazonium salt on the substrate, the technical protocol needed precise control of the 

multi-step procedure. The efficiency of the strategy strongly depended on the kinetics of 

the diazotization reaction and the electroreduction of the obtained diazonium salt can 
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also occur at the SECM tip and block the micro-grafting process. Besides this approach. 

one can cite the drawmg of patterns of a thin passivating layer on a gold electrode surface 

by electrochemical reduction of an aryliodonium salt at very negative potential values by 

SECM [125]. The slow kinetics of 2b made it an ideal candidate for micropatterning. and 

this work shows for the first time the microelectrochemical patterning of gold surfaces by 

application of SECM in a three-electrode configuration using 2b with a very simple 

approach. An example of this technique is shown in Scheme 1.4 below. 

(1 ) WE (2) CE 

R-o-N~ 

WE 

Scheme 1.4. SECM local grafting of a gold substrate by (1) approaching the substrate 

using the SECM probe and reduction of [Ru(NH3)6]Ch as a redox mediator to a desired 

distance d from the surface and (2) using the SECM probe as the counter electrode and 

the substrate as the working electrode while reducing the diazonium salt. 
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1.1.5.3. Electropolymerisation of aniline 

Electropolymerisation of aniline to form polyaniline (P ANI) is a well-known and well-

used electrochemical process, and in a few cases substituted aniline has also been 

electropolymerised [51,126-131]. When dealing with para-substituted aniline, as is the 

interest in this work, polymerisation can occur through branching at either the ortho- or 

para-position, Scheme 1.5, resulting in retention or elimination of the substituted group 

respectively [126] . It is believed that oxidation through a potential step method, as 

opposed to a potential sweep method, can increase the rate of ortho-coupling [132]. 

However, ortho-position coupling is not stericaIly favourable for the formation of a fully 

conjugated system, and this has been mentioned as a cause for a drop in conductivity of 

the polymer of 4-nitroaniline [131] . 

.. 

R 

Scheme 1.5. Electropolymerisation routes of para-substituted aniline, through either the 

ortho (left) or para (right) positions. 

29 



CHAPTER 1 INTRODUCTION 

It is also likely that the electron-donating/withdrawing nature of substituents would play 

a role in the ease of polymerisation of these anilines, with strong electron withdrawing 

groups likely having a negative effect on polymer formation [131]. These layers, 

depending on their composition, can be expected to have pH-dependent behaviour [131]. 

Electropolymerised layers are useful for surface modification as they can greatly enhance 

the electrochemically active area of the electrode, resulting in more sensitive sensors 

[131]. Although electropolymerisation of para-substituted anilines is slower than for the 

ortha- or meta-substituted derivatives [129], it is possible to use this technique to 

introduce interesting linking groups into the electropolymerised layer, for further 

modification by click chemistry in this case. 

This work compares electropolymerisation of 4-azidoaniline (2a) with electrografting of 

the diazonium salt 2b for the attachment of ferrocene to a glassy carbon electrode 

through click chemistry. This is the first investigation of this para-substituted aniline for 

electropolymerisation purposes, and also for electropolymerisation of 4-( 4-ferrocenyl-l H-

1,2,3-triazol-l-yl)aniline (2c) , Fig. 1.6. This work also makes a comparison of the 

electropolymerisation of complex 2c with the polymerise-then-click chemistry strategy. 

1.1.5.4. Click chemistry 

The usefulness of grafting and electropolymerisation can be further expanded by 

combining these methods with a click chemistry reaction. The Sharpless "click" reaction 

term was first used in 2001 [133]. For a reaction to qualify under the "click chemistry" 
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title, it must conform to a number of criteria. These include high yields with inoffensive 

by-products that are easily removed, simple product isolation and reaction conditions, 

and the product should be stable [133]. A very good example of a click chemistry reaction 

is the Huisgen 1,3-dipolar cycloaddition of azides and alkynes to give triazole linkages 

[133,134]. This reaction has been used in the synthesis of organic compounds [133- 138], 

and more recently in the functionalisation of many different surfaces (gold, silica and 

glassy carbon) [12,14,71,73,102,135,139-141]. The general scheme for click chemistry on 

a 2b-grafted layer is shown in Scheme 1.6. 
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Scheme 1.6. A schematic representation of the Sharpless click chemistry reaction using 

the Huisgen 1,3-dipolar cycloaddition of a substituted alkyne with a 2b-grafted layer on a 

substrate. 

Recent studies have reported on electropolymerisation of pyrrole synthesized with 

terminal azide or alkyne groups and on the use of poly(3,4-(I-
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azidomethylethylene)dioxythiophene) (PEDOT) bearing azide groups for interfacial click 

chemistry [15,142,143]. There are an increasing number of reports of other polymers 

making use of the click chemistry reaction as well [144-148]. But, to our knowledge, this 

work presents the first case of electropolymerisation of aniline-based derivatives such as 

2a for use in click chemistry attachment of ferrocene. Research on ferrocene-based 

polymers has many applications, such as the fabrication of biosensors [149]. We also 

investigate here the use of 4-ethynylpyridine click chemistry to a 2b-grafted surface for 

the axial ligation of FePc to the modified electrode. 

1.1.5.5. Axial ligation to pyridine 

Comprehensive studies on coordination of MPcs to bases containing nitrogen have been 

done, and FePc in particular has been shown to form strong axial bonds to pyridine [150--

154]. FePc forms a 1:1 five-coordinate complex with pyridine immediately in solution, 

but a 1:2 complex can also form after time, with the pyridine molecular planes 

perpendicular to the phthalocyanine plane [151,153]. Unsubstituted FePc with pyridine 

adducts is thermally stable up to 175 'C [154]. making this coordinate link potentially 

useful for surface modification purposes. Despite the possibility of linking MPcs to bound 

pyridine groups, this has only been briefly explored for adsorption of a cobalt 

phthalocyanine and cobalt porphyrin complex to a SAM of 4-mercaptopyridine on gold 

[155]. and the electrocatalytic ability of these surfaces was studied in greater detail for 

iron, manganese and cobalt phthalocyanine [43,156]. This is a very useful approach to 
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attaching Pcs without extensive modification of the ring, and showed good stability over 

time [43,156]. Scheme 1.7 shows the axial ligation of MPcs to these mercaptopyridine 

SAMs. However, because of the limitations of these Au-S SAMs to gold electrodes, axial 

ligation to pyridine has not been explored for modification of carbon electrodes. 

MPc 

N N 

99 
s s 

AuE I AuE I 

Scheme 1.7. Attachment of MPc through axial ligation to 4-mercaptopyridine SAMs on 

gold electrodes. 

This work presents the first case of utilising grafting of diazonium salts, click chemistry, 

and axial ligation for attachment of FePc to carbon surfaces, and has potential for 

application to many other conductive substrates. 
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1.1.5.6. Adsorption (drop dry) 

Adsorption (drop dry, casting, or thermal annealing) is a non-covalent method of 

modification, where simple intermolecular forces such as electrostatic attraction and TI - TI 

interactions are used to hold a thin layer of modifying species on a surface. This 

technique is a particularly useful method of modifying carbon surfaces through the use of 

TI-TI interactions with CNTs and MPcs, which are electron rich. 

Adsorption has been used to modify GCEs with Pcs and MPcs for the detection of nitric 

oxide [40.157], with SWCNTs and MPcs for the detection of hydrazine [66], and with 

MWCNTs for detection of nitric oxide and biomolecules [158.159] as a few examples. 

Although a simple form of modification, these layers were found to have good stabiliry 

and activiry for electrocatalysis [40,66,157]. Table 1.4 shows further examples of 

electrodes with adsorbed SWCNTs and MPcs for the detection of a range of analytes 

[65,66,160-165], with one example of MWCNTs [166]. The MPcs are either covalently 

linked to the CNTs, or a simple mixture of the two are adsorbed on the GCE. 
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Table 1.4. Selection of MPcs that have been linked to carbon nanotubes and adsorbed on 

glassy carbon electrodes. 

MPc Substrate Attachment Analyte(s) 
Referenc 
e 

CoPc GC/SWCNT -COOH adsorption 
2-mercaptoethanol, 

[65] 
nitric oxide 

P-NiTSPc GC/SWCNT -COOH adsorption 
2-mercaptoethanol, 

[65] 
nitric oxide 

CoPc GC/SWCNT -COOH adsorption hydrazine [66] 

p-CoTCPc GC/SWCNT-BDA amide diuron [160] 

p-CoTCPc Gc/SWCNT-BDA adsorption diuron [160] 

P-CoTAPc GC/SWCNT -COOH amide 2 -mercaptoethanol [161] 

P-CoTAPc GC/SWCNT -COOH adsorption 2-mercaptoethanol [161] 

P-NiTAPc GC/SWCNT -COOH amide 2-mercaptoethanol [162] 

P-NiTAPc GC/SWCNT -COOH adsorption 2-mercaptoethanol [162] 

p-FeTAPc GC/SWCNT -COOH amide amitrole, diuron [163] 

p-FeTAPc GC/SWCNT -COOH adsorption amitrole, diuron [163] 

a-NiODPc GC/SWCNT -COOH adsorption 2,4-dichlorophenol [164] 

P-CoTOBPc Gc/SWCNT -COOH amide amitrole [165] 

P-CoTOBPc GC/SWCNT -COOH adsorption amitrole [165] 

p-CoTSPc GC/MWCNT -COOH 
electro-

epinephrine [166] 
deposition 

Abbreviations: GC = glassy carbon electrode, SWCNT = single-walled carbon nanotubes, 

MWCNT = multi-walled carbon nanotubes, TA = tetraamino, TC = tetracarboxy, OD = 
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octadecyl, TS ~ tetrasulphonated, TOB ~ 1,4-tetra-(4-oxobenzamide), BDA ~ 1,4-benzene 

diamine 

Despite these extensive studies into the improvement of GCEs by adsorption of CNTs for 

the electrocatalysis of many analytes, this work presents the first case of electrochemical 

grafting on adsorbed SWCNTs, and subsequent click chemistry reaction with ferrocene, 

or with ethynylpyridine for the axial ligation of FePc. 
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1.2. Surface characterisation methods 

1.2.1. Overview 

Modified electrodes can be characterised by electrochemical methods. and by methods 

like X-ray photoelectron spectroscopy. atomic force microscopy and scanning electron 

microscopy. These techniques combined give a good idea of the effectiveness of the 

modification. the properties of the layer and the integrity of the surface coverage. among 

other factors. It is important to do comprehensive analysis of the modification layer by 

layer. as this data can playa large role in explaining the behaviour of the electrode when 

it is used for electrocatalysis. Many techniques are difficult to use for these monolayers. 

because of the sensitivity required to detect such thin layers and because the size of the 

electrode makes many non -electrochemical techniques impractical as the electrode 

cannot be put directly in the sample holder. However. this problem can be circumvented 

by the use of gold-coated glass. used for non-electrochemical deposition of SAMs on gold 

in this work due to availability. and glassy carbon and gold plate electrodes which can be 

modified exactly like the conventional electrodes. These characterisation techniques will 

be described briefly to give an outline of their principles and their usefulness for this 

work. 
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1.2.2. Cyclic Voltammetry (CV) 

CV is used extensively for the study of reaction mechanisms, adsorption processes and 

even for quantitative analysis [49]. CV can give a great deal of information on reaction 

pathways, the effect of chemical reaction steps on the redox process and reaction rates 

[49]. For adsorption processes, CV can be used to study the behaviour of adsorbed layers. 

Factors like the quantity of charge (Q) and current versus scan rate plots can be used to 

determine surface coverage (I') of the electrode by the adsorbed species, and even their 

orientation [49]. Adsorbed species can change the energetics of reactions, as there can be 

a difference in the ease of oxidation/reduction between the adsorbed and free species [51]. 

Where Nerstian behaviour is observed, equation 1.1 or 1.2 can be used to calculate 

surface coverage (I') [49]: 

Q=nFAf 

n2f2fAv 

4RT 1.1 

1.2 

where lp = the peak current, n = number of electrons transferred, F = Faraday's constant, 

A = real surface area, v = scan rate, R = Avogadro's constant, and T = temperature. The 

real surface area can be calculated using a redox active probe with a known diffusion 

constant (D) and the Randles-Sevcik equation 1.3 [49-51]: 

lp = (2.69 X 105) n'!2ACDlI2 v'!2 1.3 

The behaviour of chemically modified electrodes can be studied in the same way using 

CV, as it has proved to be a useful tool for studying surface chemistry [49]. Monolayers, 
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particularly SAMs on gold. have been known to show blocking characteristics towards a 

number of well-studied redox probes. The efficiency of the layers at blocking redox 

probes is highly dependent on the structure of the molecules making up the layer. as this 

will determine the uniformity of the surface coverage. whether the layer is pinhole and 

defect free. and whether the layer is tightly packed as well as the orientation it will adopt 

[51 ]. Good redox probes include [Fe(CN) 6)3·I' •• CuSO, and Fe(NH')2(SO.). 

There are numerous electrochemical experiments that can be used to determine different 

factors about the analytes. but the theory available is extensive and thorough. and 

methods will be discussed in subsequent chapters only so far as they relate to the 

modified electrodes in this work. 

1.2.3. Electrochemical impedance spectroscopy (EI5) 

Characterisation of solid-solid or solid-liquid interfaces is of great interest in 

electrochemistry and in materials science. EIS is a useful method for studying the 

properties at interfaces of electrodes. as the electrical response of the surface is dependent 

on the electrolyte. the structure and behaviour of the electrode. and the charged species 

in solution [51.167.168]. Impedance has applications in the characterisation of composite 

electrodes. solid state devices such as solid electrolyte chemical sensors and solar cells. the 

corrosion of materials and power sources such as batteries and fuel cells [169] . 

EIS involves the measurement of the impedance (2) of the cell or electrode through 

application of a single-frequency voltage or current and determining the phase shift and 
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amplitude (or real and imaginary parts) of the current at that frequency using fast Fourier 

transform or analog circuit analysis (167). Impedance is a complex quantity, and is 

composed of both real and imaginary parts. Most electrochemical systems, and their 

resulting impedance values, can be fitted to an equivalent circuit which can be used to 

analyse the system (167). 

There are two plots which are commonly used to show impedance behaviour. These are 

the Nyquist and Bode complex-plane plots, which are shown in Fig. 1.7 (100). The 

Nyquist figure plots the imaginary (Z') versus real (Z) components of the impedance 

vector (2) for a range of frequencies (cu), and is commonly used for characterisation of 

electrochemical systems (169). Fig. 1.7(a). Values such as the electrolyte resistance (R,) , 

charge transfer resistance (Rcr) , double-layer capacitance (CDL) and constant phase 

element (CPE) capacitance can be determined. A complimentary plot is the Bode plot, 

Fig. 1.7(b), where the overall impedance Z and the phase-angle (1'(1 are plotted against cu. 

The Bode plots have an advantage in that high and low frequency impedance behaviour is 

shown with equal weight along the plot (169). In the Bode phase-angle plot, if Btends to -

90' at low frequency, this shows pure capacitive behaviour (169). Fig. 1.7(c) shows the 

common Randles equivalent circuit fitting the data in the Nyquist plot, modelling the 

interfacial electrochemical reaction (169). 
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Figure 1.7. Examples of (a) Nyquist and (b) Bode plots of modified electrodes and (c) the 

Randles equivalent circuit for the Nyquist data fit. Adapted from [100]. 

1.2.4. Atomic force microscopy (AFM) 

AFM is a technique that can be used to map both insulating and conducting surfaces, 

allowing nanoscopic resolution of surface topography [49-51]. Measurements are 

obtained by optically measuring deflections of a very small cantilever tip as it moves 

across a surface. These deflections are due to attractive or repulsive interactions between 

atoms on the tip and those on the surface [49-51]. This force interaction is monitored by 

a cantilever beam, and the image is created as the pro be tip moves across the surface [49-

51]. Two modes are constant height and constant force, but the latter is more frequently 

used as there is less chance of the probe crashing into the sample. AFM can be used to 

indicate clearly whether there is complete coverage by looking at the difference in the 
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height of the surface before and after modification. and it has been used to look at 

changes in the electrode surface after modification by. for example. adsorption. 

underpotential deposition and etching [39.51 ]. Aggregation is an important factor in the 

inhibition of SAM formation. as it can affect formation of a uniform layer on a surface 

[39.170.171] as well as the electrical properties [172] and reaction of the electrode with 

analytes. It could. for example. playa role in increasing or reducing passivation effects of 

the electrode. depending on the nature of the layer. and so AFM is an important 

technique needed to elucidate the properties of the layer. 

A typical AFM image comparing a bare electrode to that modified with a SAM of thio­

containing MPcs is shown in Fig. 1.8 [80]. 
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(a) :1.2S7nm 

0.00 nm 

(b) 

Figure 1.S. Example of an AFM image of a gold electrode before (a) and after (b) MPc-

SAM formation. Adapted from [80]. 

1.2.5. Scanning electron microscopy (SEM) 

SEM involves the analysis of surfaces under vacuum conditions, with a normal working 

range of between 50 nm and 10 f1II1 [50]. A focused beam of monochromatic electrons is 

scanned across the sample, and the secondary products of the interaction between the 

electrons and the sample are detected [50]. The surface must be either conductive, or 

made conductive by spluttering with gold so that there is no build up of charge [50]. SEM 

can be used to look at the surface morphology of thin films formed at different 
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temperatures [173] . While this technique gives a broader view of the surface with regards 

to larger (micro-scale) aggregated clusters, like transmission electron microscopy (TEM) it 

does not give an indication of the height of the surface or aggregation on a smaller (nano) 

scale [170], unless high resolution SEM is used (HRSEM). Although detailed features are 

not visible in conventional SEM because the scale does not permit resolution of distinct 

molecules [50,172], the SEM images can indicate if there are areas with large clusters of 

aggregated molecules on the surface. Using SEM to compare the difference in 

topographies of surfaces is another method that can be used to confirm electrode 

modification. 

Fig. 1.9 shows an example of SEM images of a gold electrode before and after MPc-SAM 

formation [100]. 
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Figure 1.9. SEM images of gold electrodes before (a) and after (b) MPc-SAM formation. 

Adapted from [100] . 
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1.2.6. Scanning electrochemical microscopy (SEeM) 

SECM is greatly useful in elucidating the chemical reactivity of a substrate, and has 

applications in corrosion science, fuel cells, biotechnology, and many others [174-176]. It 

gives kinetic information about reactions at the surface, and allows the creation of images 

or maps of the reactivity of the substrate in the form of chemical and electrochemical 

activity, as well as conductivity and surface topography [49-51,174-176]. In this work, 

the feedback mode of SECM was used to compare the different stages of modification. 

In SECM, an ultrarnicroelectrode (UME) is used as the probe, instead of a cantilever tip as 

used in AFM, with a reference and counter electrode also being required. Here the tip 

current is monitored, and it is dependent on the electroactive redox probe in solution, the 

conductive nature of the substrate and on the tip-substrate distance [49]. When the tip is 

distant from the surface and a potential is applied to reduce/oxidise the species in 

solution, the UME has a steady state current that is dependent on the concentration and 

diffusion coefficient of the electro active species and the radius of the UME [51]. The 

feedback mode is most common, and when in close proximity to an insulating surface the 

diffusion of electro active material from the solution to the tip is blocked and the current 

decreases, while close proximity to a conducting surface results in regeneration of the 

electroactive species and thus increased current [49-51]. 

Fig. 1.10 shows a simplified example of the electro active material moving freely towards 

the UME in bulk solution (a), the increase in current at a conductive surface (b), and the 

decrease in current at an insulating surface (c). 
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(a) (b) 

Figure 1.10. Simple representation of an SECM ultramicroelectrode (a) in bulk solution 

with free diffusion of electroactive material, (b) in close proximity to a conducting surface 

with a subsequent increase in current and (c) in close proximity to an insulating surface 

with a subsequent decrease in current. 

Single approach curves can be done towards the surface from the bulk solution in order to 

get kinetic information, or the surface can be imaged by moving the tip across the sample 

[50,51,174]. Fig. 1.11 shows examples of (a) approach curves to both a conductive and 

insulating surface, (b) a side-view of an SECM image of an electrode that has had half of 

its surface modified and (c) the top view of the modified surface [122]. These images show 

very clearly that the modified part of the electrode was uniformly insulating, with 

currents below the limiting current (IHm, current in bulk solution) showing negative 

feedback, while the bare electrode was conducting with currents showing a positive 

feedback response. 
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Figure 1.11. Examples of (a) approach curves to a conductive and insulating surface, (b) a 

side-view of an SECM image of an electrode that has had half of its surface modified and 

(c) the top view of the modified surface. Insert: schematic drawing of the area that was 

imaged. Adapted from [122]. 

SECM is useful not only as a technique for characterising localised surfaces and 

monitoring reaction kinetics, but it can also be used to modify surfaces for 

micropatterning purposes [124,125,176-179]. For micropatterning, the SECM probe is 

brought in close proximity to the substrate, and a potential bias is commonly applied to 

the probe (or in this case the substrate) to reduce or oxidise the species in solution that 

will locally modify the substrate surface, for example through corrosive etching [176] or 
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through locally generated diazonium grafting [124]. Because of the scarce research on 

local electrografting of diazonium salts. and in particular properties such as the distance 

to the substrate. size of the probe and the presence of an electrolyte. this was a very 

interesting area for investigation in this work. as illustrated in Scheme 1.4. 

1.2.7. X-Ray photoelectron spectroscopy (XPS) 

XPS is a surface analysis technique that has had many applications in materials science -

particularly metallurgy. corrosion science. catalysis. polymer materials. microelectronics 

and semiconductor materials [180]. XPS involves photoemission where core level 

electrons are ejected by X-ray photons of energy. and when these electrons are excited 

and ejected without a loss of energy. they give peaks in the XPS spectrum with energies 

specific to the element from which they originate as well as the chemical state [180]. 

Some of the electrons undergo inelastic scattering. and these make up the background of 

the spectrum. As necessary for a surface technique. the analysis depth for XPS is a few 

nanometres [180]. XPS analysis is done under ultra-high vacuum. firstly because 

scattering of low energy electrons by gas molecules results in a loss of analytical signal 

and a corresponding increase in the background noise. and secondly because this 

technique is so sensitive that even surface-adsorbed gas molecules can be detected [180]. 

Choice of pass energy in XPS is important when looking for different chemical states by 

adjusting the resolution. However. with a lower pass energy and better resolution. there 

is also a decrease in transmission and a lower sensitivity and peak intensity [180]. XPS 
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peaks are usually split into two when the angular momentum quantum number is greater 

than 0, due to spin-orbit coupling [180]. This technique can be used for both qualitative 

and quantitative analysis. 

XPS has been used to analyse thin films containing azide groups from as early as 1989 

[181]. It was noted early in the study of metal azides that the nitrogen signal for an azide 

group is comprised of two peaks: one at higher energy from the central nitrogen which 

has a lower electron density, and an overlapped peak at lower energy from the adjacent 

two nitrogen atoms [181,182] . XPS has also been used to look at azide-bearing self­

assembled monolayers on gold [8], and in both of these cases was used to monitor the 

reaction of these azides by studying the nitrogen signal and the disappearance (or 

appearance) of the nitrogen peak at higher energy which is considered to be particularly 

specific to this azide group [8,181]. More specifically, the disappearance of this higher 

energy peak has been used as proof of a successful click chemistry reaction and the 

formation of a triazole ring [12,13,143,183,184]. XPS is thus invaluable in monitoring 

layer-by-layer modification of surfaces, to ensure atrachment and to monitor changes in 

the chemical states of the surface groups. 
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1.3. Electrocatalysis and analytes employed in this work 

Accurate detection of analytes is particularly important when these targets are potentially 

harmful to the environment and health. Often these toxic compounds are present in very 

low concentrations, and accurate determination is vital because even small changes in 

concentration can be harmful. Electrocatalysis can be defined as the acceleration of 

electrochemical reactions in the presence of a catalyst - whether biological or chemical 

[50]. This is generally seen in cyclic voltammetry as a decrease in potential for oxidation 

of the analyte and/or an increase in current (and sensitivity), as seen in Fig. 1.12(a) [74]. 

(a) (b) 

I 2~A 100 nA 1 

t 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 O.B 0 100 200 300 400 

EI V (vo AgIAgCI, 3 M NaCI) Time/s 

Figure 1.12. (a) Cyclic voltammogram showing electrocatalytic detection of an analyte by 

the modified electrodes (li) and (iii) , compared to the bare electrode (i). (b) Typical 

chronoamperometry result with sequential additions of an analyte to a modified electrode 

in a vigorously stirred solution. Adapted from [74]. 
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Chronoamperometry, as seen in Fig. 1.12 (b) , can be used to determine the limit of 

detection (LoD) for an analyte, as well as the sensitivity of the electrode. For this 

technique, the electrode is immersed in a solution of the electrolyte which is vigorously 

stirred. The potential where the target analyte is reduced/oxidised is applied to the 

electrode, and the current is measured while aliquots of the analyte are added to the 

solution over time. From these results, a plot of current against concentration can be 

made to obtain the LoD and sensitivity values. 

As mentioned, MPcs [22], CNTs [19- 21 ) and ferrocene [4,5) have all shown 

electro catalytic behaviour towards many analytes, and show good potential for detection 

of a range of environmentally important species. Although the focus of this work is on 

surface modification, one of the best methods to determine that successful attachment of 

electroactive species has occurred is to test the surface for electrocatalytic behaviour 

toward analytes in solution. For this purpose, most of the modified electrodes were used 

to detect analytes in solution. However, because of the different electrodes that were used 

and also the different complexes that were attached to the surfaces, they did not prove to 

be successful in electrocatalysis of the same analyte, making comparison difficult. Thus a 

number of different analytes were used - from hydrazine, thiocyanate, and sulphite - in 

order to show very briefly the success of the individual approaches for the attachment of 

electrocatalysts. 

Thiocyanate is widely produced in the mining industry - often deliberately, as a less-toxic 

alternative to cyanide [185). However, thiocyanate has high toxicity towards aquatic life, 

and detection of this analyte is important in monitoring effluent levels [185). MPcs have 
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been used to detect thiocyanate in a number of cases, on both gold and glassy carbon 

electrodes [44,186- 188]. This analyte was used to show the electro catalytic ability of the 

MnPc-SAM surface. 

Sulphites are commonly used as a preservative in many foods and drinks, due to their 

antimicrobial and antioxidant properties [189-191 ]. Toxicity of sulphite has been 

thoroughly tested in mammals, with high doses of sulphite showing inflammatory effects 

on the digestive system [190], some indications of co-carcinogenic behaviour (191 ] and 

intolerance and allergenic reactions in sensitive subjects [192] . Both MPcs and ferrocene 

have shown electrocatalytic detection of sulphite in solution [5,79], and it was used in 

this work to show the electrocatalytic behaviour of ferrocene covalently linked to the 

electrode through click chemistry. 

Hydrazine is a highly toxic compound that can be easily absorbed through inhalation, 

ingestion and through the skin [193]. Even low doses of hydrazine can act as a central 

nervous system depressant, and high doses cause convulsions [193]. Studies have shown 

that this compound is also mutagenic and carcinogenic [194,195]. Hydrazine is mainly 

used in the formation of plastics, for water treatment, as a propellant, in fuel cells, and 

commonly as a pesticide [193]. MPcs have shown very good activity as electrocatalysts of 

hydrazine [75,196,197], making this a useful analyte to show successful attachment of 

FePc through axial ligation in this work. 
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1.4. Aims 

The aims of this work were to explore different surface modification approaches for the 

attachment of redox-active species as potential electrocatalysts. These are as follows: 

1) Investigation into self-assembled monolayers on gold, using new manganese 

phthalocyanine complexes bearing alkyl- and aryl-thio substituents. 

2) Study into grafting of 4-azidobenzenediazonium and click chemistry with 

ferrocene on glassy carbon with and without adsorbed single-walled carbon 

nanotubes. 

3) Comparison of the use of click chemistry before and after grafting of 4-

azidobenzendiazonium and electropolymerisation of 4-azidoaniIine, by analysis 

of the surface coverage of ferrocene. 

4) Study into axial ligation of iron phthalocyanine to pyridine attached to GCEs by 

click chemistry with and without single-walled carbon nanotubes. 

5) Investigation into the possibility of electrografting and click chemistry on 

resistive multi-walled carbon nanotube paper. 

6) Applications of SECM for micro-grafting of 4-azidobenzenediazonium salt on 

gold plate electrodes. 
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2.1. Materials 

The following chemicals were supplied by Aldrich: manganese (II) acetate, 1-

pentanethiol, I-decanethiol. thiophenol, tetrabutylammonium tetrafluoroborate 

(TBABF.), ethylene glycol, iron phthalocyanine (FePc), 4-azidoaniline hydrochloride 

(2a) , sodium nitrite, tetrafluoroboric acid, lithium aluminium hydride, potassium 

ferrocyanide, ferrous ammonium sulphate, ethynylferrocene (Fc-C=CH), 

hexaammineruthenium(III) chloride, 4-ethynylpyridine hydrochloride, sodium 

dihydrogen phosphate, disodium hydrogen phosphate and potassium chloride. Merck 

supplied the following: dimethylsulphoxide (DMSO), dichloromethane (DCM) , 

tetrahydrofuran (THF), dimethylformamide (DMF), chloroform, deuterated chloroform, 

methanol. ethanol, Bio-Beads S-Xl (200-400 mesh, Bio-Rad), silica gel 60 (0.04-0.063 

mm), diethyl ether, acetone, perchloric acid and acetonitrile (ACN). Saarchem provided 

anhydrous potassium carbonate, copper sulphate, sodium sulphite, sodium acetate, acetic 

acid and pH 4 buffer tablets. Benzyl mercaptan was obtained from Fluka and Afrox 

supplied argon gas. 

4,5-Dichlorophthalonitrile was synthesized according to a well-known procedure 

[198,199] starting from dichlorophthalic anhydride. 4-(4-Ferrocenyl-1H-l ,2,3-triazol-l­

yl)aniline (2c), Scheme 4.3, was synthesized according to previously reported procedures 

by the group of Dr Girard at the Unite de Pharmacologie Chimique et Genetique et 

Imagerie, Chimie ParisTech, France [200,201] and was donated for use in this work. 

Single-walled carbon nanotubes functionalized with carboxylic acid groups (SWCNT-

55 



CHAPTER 2 EXPERIMENTAL 

COOH, ~ 1.5 nm in diameter and 1-5 flm in length, >95 % purity by thermal gravimetric 

analysis) and multi-walled carbon nanotube paper (MWCNT-paper, produced from 95 % 

purity bamboo structured MWCNTs with a diameter of 15 ± 5 nm and a length of 5 - 20 

flID) were obtained from NanoLab (USA). Resistivity of the MWCNT-paper was measured 

by the manufacturer as 0.1 ohm-cm, with a density of 0.5 glcm3. Where necessary, ultra­

pure water from a Milli-Q Water System (Millipore Corp., Bedford, MA, USA) was used. 

Solvents were dried and distilled before use, and all other chemicals and reagents were of 

analytical grade and were used as received. 

2.2. Equipment 

UV-visible spectra were recorded on a Cary 500 UVN islNIR spectrophotometer. lH­

nuclear magnetic resonance (NMR, 400 MHz) spectra were recorded using a Bruker AMX 

400 MHz NMR spectrometer in CDCb using standard 1D pulse programs. Elemental 

analysis of the purified Pcs was done using a Vario-Elementar Microcube ELIII. 

Spectroelectrochernical studies were done using a home-made optically transparent thin­

layer electrochemical (OTTLE) cell connected to a Bioanalytical Systems (BAS) CV 27 

volta=ograph and using a Shimadzu Model UV-2550 UV-Vis Spectrophotometer. 

MALDI-TOF mass data was obtained in an a -cyano-4-hydroxycinnamic acid matrix, on a 

ABI Voyager DE-STR MALDI-TOF instrument in a positive ion mode, by the University 

of Stellenbosch in South Africa. AFM images were obtained in the non -contact mode in 
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air with a CP-ll Scanning Probe Microscope from Veeco Instruments (Carl Zeiss, South 

Africa) at a scan rate of 1 Hz. SEM images were recorded using a Tescan Digital 

Microscope model scanning electron microscope at the Rhodes University Electron 

Microscopy Unit. A Bruker Venex 70 - Ram II spectrometer (equipped with a 1064 nm 

Nd:YAG laser and a liquid nitrogen cooled germanium detector) was used to collect the 

Raman spectral data. XPS analysis was done using an AXIS Ultra DLD, with Al 

(monochromatic) anode equipped with a charge neutraliser, supplied by Kratos 

Analytical. For wide XPS scans, the emission was 10 rnA, the anode (HT) was 15 kVand 

the operating pressure was below 5 x 10·' torr. A hybrid lens was used and the resolution 

to acquire the scans was at 160 e V pass energy in slot mode. The centre for the scans was 

at 520 eV with a width of 1205 eV, steps at 1 eV, and dwell time at 100 IDS. High 

resolution scans were done using a resolution of 40 e V pass energy. The centre was at 399 

eV with a width of20 eV for the N(ls), and at 165 eV with a width of 14 eV forthe S(2p), 

with 0.05 e V steps and dwell times of 500 ms. Analysis of the electrode surfaces was done 

using plate electrodes (glassy carbon and gold 1 cm x 1 cm from Goodfellow) which were 

modified in the same way as the conventional electrodes. 

Cyclic (CV), square wave (SWV) and differential pulse (DPV) voltammetry as well as 

chronoamperometry (CA) data were obtained using a Bio-Analytical Systems (BAS) B/W 

100 Electrochemical Workstation. A typical three-electrode system with a silver/silver 

chloride (AgIAgCI) pseudo-reference, platinum auxiliary and glassy carbon (GCE) or gold 

(AuE) working electrode was used. A AglAgCI (3 M KCI) reference electrode was used in 

the aqueous solutions. The potential response of the AglAgCI pseudo-reference electrode 
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was less than the Ag[AgCl (3M KCl) by 0.015 ± 0.003V. The GCE and AuE working 

electrodes were cleaned by polislring on 1200 grit MicroCut" Discs (Beuhler) and then 

with 3 flIIl and 1 flIIl diamond paste (MetaDi" Supreme Polycrystalline Diamond 

Suspension, Beuhler) on a Beuhler felt pad before use. The concentration of the various 

MPcs in solution was in the millimolar (mM) range. 

The SECM experiments were carried out using homemade 12.5, 25 and 50 flIIl Pt 

ultramicroelectrodes (UMEs) with Princeton Applied Research equipment (Uniscan 

Model 370), or with 12.5 flI1l Pt UMEs purchased from Uniscan. The homemade Pt UMEs 

were constructed by inserting the Pt wire of desired diameter into tapered glass 

capillaries, and melting the tapered glass around the wire. The connection was achieved 

using copper wire, the contact was made with silver glue and the probe was polished to 

expose the Pt wire. RG values of 40 and 20 for the tip of 12.5 f1m diameter and 25 flI1l 

diameter, respectively, were evaluated before each experiment by optical microscopy (RG 

= agb" / a with a = tip radius and agf,,, = glass radius). The GCE or AuE plates were placed 

face-up in a Teflon" cell. Approach curves of the UME tip to the surface were carried out 

in either 5 mM K.[Fe(CN)6] (oxidation at 0.5 V) or 5 mM [Ru(NH3)6]Cb (reduction at -

0.45 V) in 0.1 M KCl against Ag[AgCl. SECM images were obtained by maintaining the 

tip at a constant z position and scanning in the x-y plane over the desired area (constant­

height mode of SECM) and monitoring changes in the steady-state current of 

[Ru(NH3)6] Cbreduction at -0.45 V or K.[Fe(CN)6] oxidation at 0.5 V vs. Ag[AgCl as the tip 

travels. Approach curves were performed using the Pt tip as the working electrode and 
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the AglAgCl wire as a pseudo-reference and counter electrode. The UME tip was cleaned 

following the same procedure as for the GCE. 

2.3. Synthesis 

The synthesis of the MPcs required for SAMs on gold and the 4-azidodiazonium 

tetrafiuoroborate (2b) required for grafting are discussed below. As stated above. the 

synthesis of 4.5-dichlorophthalonitrile (3). Scheme 3.1. has been reported before 

[198.199] and so shall not be discussed here. 

2.3.1. Synthesis of MnPcs for SAMs 

The conversion to the required phthalonitriles followed by formation of the manganese 

phthalocyanines is illustrated in Scheme 3.1. 

2.3.1.1. 4,5-Bis(pentylthio)phthalonitrile (4a) 

Compound 4a was synthesized as reported in literature [52.202] with some modifications. 

Briefly. 1-pentanethiol (30.5 mmol) and 3 (2.0 g. 10.2 mmol) were dissolved in DMSO (15 

ml) under argon. The mixture was stirred for 15 min and ground anhydrous potassium 

carbonate (5.1 g. 36.9 mmol) was added portion-wise over 2 h with stirring. The mixture 
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was stirred under an argon atmosphere for 12 h. Water (100 ml) was then added and the 

rrrixture stirred for 30 mins. The precipitate was filtered and washed with water, followed 

by recrystallisation from ethanol. Yield: 38%. IR (KBr): Urnn, em'! 3075,2949, 2930, 2859, 

2231 (C=~, 1618,1563,1456,1433,1350,1264, 1225, 1112, 929,900,869,731,682,605, 

527. !H NMR (400 MHz; CDCb; Me.Si): 8, ppm 7.41 (2H, s, Ar-ll), 3.01 (4H, t, S-CJh), 

1.76 (4H, m, -CJh), 1.49 (4H, m, -CJh.), 1.39 (4H, m, -CJh), 0.93 (6H, t, -CHJ). 

2.3.1.2. 4,S-Bis(decylthio)phthalonitrile (4b) 

Compound 4b was synthesized as described above for 4a, using 1-decanethiol (30.5 

mmol), DMSO (15 ml) under argon and 3 (2.0 g, 10.2 mmol). Yield: 56%. IR (KBr): U rn"" 

em'! 3071, 2943, 2921, 2852, 2359, 2340, 2230 (C=~ , 1692, 1614, 1580, 1457, 1343, 1224, 

1186, 1108, 1004,929,899,870, 831,761,735,668,609,528. !H NMR (400 MHz; CDCb; 

Me.Si): 8, ppm 7.41 (2H, s, Ar-ll), 3.01 (4H, t, S-CJh.), 1.75 (4H, m, -CJh), 1.49 (4H, m, -

CJh), 1.28 (24H, m, -CJh) , 0.89 (6H, t, -CHJ). 

2.3.1.3. 4,S-Bis(benzylthio)phthalonitrile (4c) 

Compound 4c was synthesized as described above for 4a, using benzyl mercaptan (30.5 

mmol), DMSO (15 mI) under argon and 3 (2.0 g, 10.2 mmol) . Yield: 54%. IR (KBr): Urn .. , 

em'! 3060, 3027, 2359, 2336, 2227 (C=~, 1768, 1719, 1565, 1494, 1452, 1331, 1238, 1115, 
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1029, 933, 889, 873, 778, 712, 694, 633, 530, 483, 465. 'H NMR (400 MHz; CDCb; Me.Si): 

5, ppm 7.40 (2H, s, AI-H), 7.31 (10H, m, Ar-H) , 4.20 (4H, s, S-Clh). 

2.3.1.4. 4,5-Bis(phenylthio)phthalonitrile (4d) 

Compound 4d was synthesized as described above for 4a, using thiophenol (30.5 mmol) , 

DMSO (15 ml) under argon and 3 (2.0 g, 10.2 mmol) . Yield: 75%. IR (KBr): Umu, cm" 

3075, 2959,2921,2850,2229 (C=N) , 1768, 1714, 1653, 1564, 1473, 1453, 1437, 1384, 1349, 

1331, 1259, 1218, 1108, 1022, 924, 883, 799, 758, 693, 528, 489. 'H NMR (400 MHz; 

CDCb; Me.Si): 5, ppm 7.53 (lOH, m, Ar-H) , 7.01 (2H, s, Ar-H). 

2.3.1.5. 2,3,9,10,16,17,23,24-0ctakis(pentylthio)phthalocyaninato-

manganese(III)(Ac), (OAc)MnPcP{S(CH2 )4CH3}8 (la) 

Compound 4a (0.9 g, 2.7 mmol) , manganese (In acetate (0.12 g, 0.71 mmol) and 

anhydrous ethylene glycol (6 ml) were mixed and refluxed for 4 h at 200 'C under argon. 

The mixture was allowed to cool before excess methanol was added to precipitate out the 

crude product, which was then purified using a Bio-Bead S-Xl column eluting with 

CHCb. Yield: 72%. UV-vis (CHCb): Amu, nm (log E) 405 (4.2), 465 (4.2), 530 (4.1), 768 

(4.5). IR (KBr): Umu , cm" 2955, 2925, 2856, 2360 (C-S), 2343, 1701, 1637, 1618, 1551, 

1458, 1413, 1376, 1328, 1072, 959, 743, 669 (Mn-N) , 618, 486. Anal. calcd. for 
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C72H.6NsSsMn(Ac): C, 61.55; H, 6.91; N, 7.76; S, 17.76%. Found: C, 61.89; H, 7.05; N, 7.02; 

S, 17.35%. MS (MALDI-TOF): m/z 1384 (calcd. for [M - Ac]' 1385). 

2.3.1.6. 2,3,9,10,16,17,23,24-0etakis(decylthio)phthalocyaninato-

manganeseaII)(Ae), (OAc)MnPcP{(SCHv9CH3}S (1b) 

Complex Ib was synthesized as described above for 1a using compound 4b (1.0 g, 2.1 

mmol), manganese (II) acetate (0.10 g, 0.55 mmol) and anhydrous ethylene glycol (6 ml). 

Yield: 32%. IN-vis (CHCh): Amu, nm (log £) 405 (4.2), 465 (4.3),530 (4.2), 769 (4.6). IR 

(KBr): Umu, em" 2955, 2924, 2853, 2360 (C-S), 2342, 1701, 1654, 1592, 1458, 1414, 1377, 

1328, 1073, 960, 782, 743, 669 (Mn-N) , 597, 509. Anal . calcd. for Cll2H176NsSsMn(Ac) 

(CHCh): C, 65.01; H, 8.54; N, 5.28; S, 12.07%. Found: C, 64.61; H, 8.60; N, 4.59; S, 

12.63%. MS (MALDI-TOF): m/z 1945 (calcd. for [M - Ac]' 1946). 

2.3.1.7. 2,3,9,10,16,17,23,24-0 etakis (b enzy Ithio)p htha locyaninato­

manganese(III)(Ac), (OAe)MnPcP(SCH2Ph)s (1e) 

Complex Ie was synthesized as described above for 1a using compound 4c (1.3 g, 3.5 

mmol), manganese (II) acetate (0.16 g, 0.92 mmol) and anhydrous ethylene glycol (6 mI). 

Yield: 74 %. IN-vis (CHCh): Amu, nm (log £) 407 (3.9), 472 (3.9), 530 (3.9), 770 (4.0). IR 

(KBr): Umu, cm" 2924, 2853, 2360 (C-S), 2342, 1639, 1617, 1412, 1378, 1327, 1073, 958, 

669 (Mn-N) , 618, 486. Anal. calcd. for CSSH64NsSsMn(Ac) (CHCh): C, 63.42; H, 3.98; N, 
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6.50; S, 14.88%. Found: C, 64.78; H, 3.73; N, 6.49; S, 15.08%. MS (MALDI-TOF): m/z 1544 

(calcd. for [M - Ac]' 1545). 

2.3.1.8. 2,3,9,10,16,17,23,24-0ctakis(phenylthio)phtha/ocyaninato-

manganese(III)(Ac), (OAc)MnPcP(SPh)s (ld) 

Complex 1d was synthesized as described above for la using compound 4d (1.0 g, 2.9 

mmol), manganese (II) acetate (0.13 g, 0.76 mmol) and anhydrous ethylene glycol (6 mI). 

Yield: 55 %. UV-vis (CHCh): Amu, nm (log E) 462 (4.3), 530 (4.1), 694 (3.9), 773 (4.7). IR 

(KBr): Umu, cm·l 2923, 2852, 2361 (C-S), 2343, 1701, 1637, 1614, 1555, 1438, 1326, 1064, 

955, 743, 669 (Mn-N), 618, 486. Anal. calcd. for CsoH4aNaSaMn(Ac) (CHCh): C, 61.87; H, 

3.25; N, 6.96; S, 15.92%. Found: C, 62.72; H, 3.49; N, 6.65; S, 15.08%. MS (MALDI-TOF) : 

m/z 1432 (calcd. for [M - Ac]' 1433). 

2.3.2. Synthesis of 4-azidobenzenediazonium tetrafluoroborate (2b) 

The synthesis of 2b was carried out according to established procedure [14]. Briefly, a 

cold solution of NaN02 (155 mg, 2.25 mmol) in Milli-Q water (0.4 mI) was added 

dropwise to a cold solution of 4-azidoaniline hydrochloride (2a, 341 mg, 2 mmol) in HBF4 

(l0 %, 2 mI) on ice while stirring. The mixture was stirred on ice for a further 1 h , before 

filtering off the product and rinsing with icy diethyl ether. The off-white product was 

purified by recrystallisation from acetonitrile and excess diethyl ether and kept at - 30 DC 
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in the dark. Yield: 280 mg, 60 %. 'H NMR (CDCh): 0, ppm 8.62 (2H, m, Ar-H), 7.64 (2H, 

m, Ar-H). 

2.4. Electrode modification 

2.4.1. SAMs on a gold electrode 

For SAM studies, the clean gold electrode was rinsed with freshly distilled CHCb and 

placed in de-aerated CHCh containing the MnPc complex for 48 h. Gold-coated glass was 

used for surface characterization of the SAM films using AFM, SEM and Raman spectra, 

and gold plate electrodes were used for the XPS studies due to availability. The glass and 

gold plate samples were immersed in a solution of the desired complex in CHCb for 10 

days for the latter studies. 

2.4.2. SWCNT-adsorbed GC electrode (GC/SWCNT) 

The SWCNT suspension used contained 1.5 mg/ml of the SWCNT-COOH in DMF. The 

GCE was modified by placing 20 Jll of the SWCNT solution (following sonication) on the 

electrode and then dried in the oven at 70 °C for 30 minutes. GCE modified with 

SWCNTs alone is denoted Gc/SWCNT in the text. Afrer the electrodes were modified 

and dried, they were rinsed several times with acetone, acetonitrile, ethanol and water to 
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remove weakly adsorbed components from the surface and conditioned by cycling in 0.1 

MKPF6. 

2.4.3. MWCNT-paper electrode 

The MWCNT -paper was cut into strips of 0.5 x 1.0 cm, with an approximate weight of 9-

10 mg. The paper was rinsed thoroughly with acetone and water, and was modified using 

grafting and click chemistry as described below, by attaching one end to a silver-coated 

crocodile clip and immersing approximately half of the paper electrode in the electrolyte 

solution. Cyclic voltarnmetry results were corrected for weight of the MWCNT -paper. 

2.4.4. Grafting 

The clean electrode (GCE route B, GClSWCNT route C, or MWCNT-paper route D) was 

grafted by scanning for five cycles between 0.47 and -D.8 V ill 1 mM 4-

azidobenzenediazonium tetrafiuoroborate (2b) in 0.1 M TBABF, ill de-aerated 

acetonitrile, Scheme 4.1. The successful blocking of the electrode by reductive 

electrodeposition of 2b was confirmed by cyclic voltarnmetry and SECM imaging. The 

grafted electrode was then rinsed with Milli-Q water and acetone. 

For comparison, in situ diazotation and grafting was also used to modify the GCE, and 

done as shown in Scheme 4.1, route A. Briefly, 1 mM of 2a was prepared in 96:4 ACN/ l 

M HCl with 0.1 M TBABF,. The deaerated solution was cooled to 0 'C for 15 min and 3 
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mM of NaN02 was added. After a further 15 min. the GC electrode was immersed in the 

solution (now containing 2b) and grafted by two cycles at 50 mV/s from 0.5 to -0.7 V. 

Scheme 4.3 shows the click chemistry-then graft approach. where the in situ 

diazotization of 4-( 4-ferrocenyl-1H -1.2.3-triazol-1-yl)aniline (2c) was performed as 

follows: 1 mM of 2c in 96:4 ACN/1 M HCI with 0.1 M TBABF. was deaerated with argon 

and cooled to 0 ·C for 15 min before the addition of NaN02 (final concentration 3 mM). 

After 15 min of reaction. the in situ generated diazonium compound 2d was 

electrografted on to the GCE by cycling the potential twice at 50 mV/s from 0.5 to -0.7 V. 

The electrochemical grafting of 2d likely occurs as already reported for other diazonium 

salts. via the formation of an aryl radical followed by coupling between the radical and 

the electrode surface. 

2.4.5. Electropolymerisation 

Electropolymerisation of 2a and of 2c (Scheme 4.4) was done on the GCE as follows: 

Electropolymerisation of 1 mM of 2a was performed in a solution of 96:4 ACNI1 M HCI 

with 0.1 M TBABF.. The potential was held at 0.8 V for 10 min. The 

electropolymerisation of 1 mM of 2c was performed in ACN with 0.1 M TBABF. (the 

complex was not completely soluble even after ultrasonic agitation) . The GCE was 

immersed in this solution. and the potential was held at 0.8 V for 10 min to form the 

electropolymerised layer. 
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2.4.6. Click chemistry 

Click chemistry was used to attach both ferrocene and pyridine to the moclified electrode 

layers. For click chemistry with ethynylferrocene, the grafted or electropolymerised 

electrode was immersed for 18 h in the dark in a solution of 2: 1 EtOH/H20 containing 1 

mM ethynylferrocene, 5 mM CuSO. and 40 mM ascorbic acid. For reaction with 4-

ethynylpyricline, the surface was clicked by immersion in 1 mM 4-ethynylpyricline, 5 

mM CuSO. and 40 mM soclium ascorbate in water for 3 h and then rinsed thoroughly. 

TIlls is shown in Scheme 4.2. 

2.4.7. Axial ligation 

For axial ligation of FePc, the electrode moclification was carried out as shown in Scheme 

4.2. Following grafting and click chemistry with pyridine as described above, the GCE or 

GC/SWCNT surface was immersed in a solution of 1 mM FePc in DMF for 3 h, and rinsed 

thoroughly. 

2.4.8. Micropatterning on a gold electrode 

Polycrystalline gold plates (Goodfellow, France) 1.5 x 1.5 cm and 2 mm thick were used 

as the substrate in the SECM experiments. Each substrate was manually polished before 

each experiment with cliamond liquid (BioDiamant, Lamplan, France) of 1 f.lII1 and v.. f.lII1. 

The substrate was then thoroughly rinsed with ultra-pure water (Millipore System). 
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For local electrografting of 2b by SECM, as shown in Scheme 1.4, the Pt tip (12.5 11m 

diameter) was positioned at a desired close distance from the gold substrate surface using 

conventional approach curve in feedback mode in aqueous 0.1 M KCI with 5 mM 

[Ru(NH3)6]Ch. Afrer rinsing with Milli-Q water and then ACN, a solution of ACN 

containing 5 mM 2b and 0.1 M TBABF, was introduced. The bare gold substrate was then 

polarized at -0.5 V while the SECM tip acted as a microanode (i.e. as a counter electrode 

in a three-electrode configuration). Afrer reducing 2b for 10 ms, the electrochemical set 

up was rinsed with ACN and Milli-Q water. SECM images were obtained as explained in 

Section 2.2. 
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This section has been split into three chapters: 

Chapter 3: Metallophthalocyanine synthesis and characterisation 

Chapter 4: Electrode modification 

Chapter 5: Electrocatalytic studies 
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CHAPTER 3 SYNTHESIS AND CHARACTERISATION 

3.1. Synthesis 

The syntheses of the aryl- and alkyltruo substituted phthalonitriles were accomplished by 

reacting the appropriate thiol with 4,S-dichlorophthalonitrile in the presence of 

potassium carbonate, which facilitated a base-catalyzed nucleophilic aromatic 

displacement reaction, Scheme 3.1. The success of the phthalonitrile synthesis was 

confirmed by proton NMR analysis, and the clean spectra clearly showed the alkyl or aryl 

substituents bonded to the phthalonitrile through sulphur and resulting in a highly pure 

product. Sulphur caused deshielding of the adjacent CH2 protons on the alkyl 

substituents, shifting them to 3.01 ppm. Integration of the proton peaks gave the expected 

values for the respective phthalonitriles. 
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Scheme 3.1. Synthetic route for the produced thio-derivatised metaIlophthaIocyanine 

complexes. Complex la, manganese(III) octa(pentylthio )phthaIocyanine, 

(OAc)MnPc~[S(CH2)4CH3J8. Complex lb, manganese(III) octa(decylthio)phthaIocyanine, 

(OAc)MnPc~[(SCH2)9CH3}8. Complex Ie, manganese(III) octa(benzylthio) phthalocyanine, 

(OAc)MnPc~(SCH2Ph)8. Complex ld, manganese(III) octa(phenylthio)phthaIocyanine, 

(OAc)MnPc~(SPh)8. 

The atyl- and alkylthio phthalonitriles were then reacted with manganese(II) acetate by 

refluxing in ethylene glycol for 4 or 5 h. Yields of complexes la to ld ranged from 32 to 

74 %. The structure of these and similar complexes are shown in Fig. 3.1. 
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R3 R2 

R4 

R1 R4 

R2 R3 

R2 R3 

N>J~ 
R1yR4 

R2 R3 

R1 R4 

Complex Substituents Abbreviation Reference 

number 

1a Rl = R4 =H; R2 = R3 = S(CH2 ).CH3 This work 

1b Rl = R4 =H; R2 = R3 = (SCH2),CH3 (OAc)MnPcP((SCH2),cH3)S This work 

1c Rl = R4 =H; R2 = R3 = SCH2Ph (OAc)MnPcP(SCH2 Ph)s This work 

1d Rl = R4 =H; R2 = R3 = SPh (OAc)MnPcP(SPh)s This work 

5 R2 = R3 =H; Rl = R4 = S(CH2 ).CH3 (OAc)MnPca(S(Cfu ).CH3)S [52] 

6 Rl = R3 = R4 =H; R2 = (SCfu)nCH3 (OAc)MnPcP((SCH2)IICH3)' [31] 

7 Rl = R3 = R4 =H; R2 = SCfuPh (OAc)MnPcP(SCH2Ph). [31] 

8 R2 = R3 = R4 =H; Rl = SPh (OH)MnPca(SPh). [27] 

Figure 3.1. Molecular structures of the compared manganese phthalocyanine complexes. 
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The complexes were purified by column chromatography using Bio-Beads, which relies 

on size-exclusion. The use of a Bio-bead column instead of the commonly used silica 

column was much more effective and provided higher yields for the manganese 

complexes. The choice solvent for elution of the MnPcs was CHCh as the use of THF as 

an eluting solvent resulted in the formation of fl.-oxo MnPc species, as shown by its 

typical spectrum [26] in Fig. 3.2 with a peak at 650 nm. 

fl.-Oxo MnPc complexes absorb in the 630 to 650 nm region and hence are highly blue 

shifted compared to monomeric Mnmpc complexes, which commonly have their Q band 

near 750 nm or above. The observed fl.-oxo MnPc formation in THF could be a result of 

the different amounts of dissolved oxygen in this solvent compared to chloroform. 
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Figure 3.2. UV -visible spectra of Id showing spectral changes during elution from a Bio-

bead column with DCM (a) followed by THF (b) and (c) in various subsequent fractions. 

The mechanism for the formation of the fl -oXO dimer and Mnn species was put forward 

by Lever et al. [203] and is as follows: 

PcMn" + 0, .... PcMn(O,) 3.1 -> 

PcMn(O,) + PcMnII .... PcMn"'-O,-MnIllPc 3.2 -> 

PcMnII'-O:z-MnIlIpc .... 2PcMnlVO 3.3 -> 

2PcMnlVO + 2PcMn n <:::; 2PcMnlll-0- Mnlllpc 3.4 

Net: 4PcMn" + 0, .... 2PcMnlll-O-MnIlIpc 3.5 -> 
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Complexes lc and ld were soluble in CHCb, DCM, THF, DMF and DMSO, whereas la 

and lb were insoluble in DMF and DMSO likely due to their more nonpolar alkyl 

substituents. Complexes la and 1 b also showed good stability in the solvents over time, 

with little to no change in their spectra. However, complexes lc and Id exhibited 

unstable spectra in DMF and THF over time, with the formation of bands typical of the f1-

oxo species, similar to that shown in Fig. 3.2, due to the effects of dissolved oxygen. It can 

be seen that the spectra and thus the colour of these Pcs changes depending on the 

solvent conditions, and care needs to be taken in their preparation. 

The formation of the respective phthalocyanines was also confirmed by the disappearance 

of the distinctive C=N band at 2230 cm" in the IR spectra (figures not shown). Also 

visible in the IR spectra was the very sharp Mn-N band at 669 cm·'. This was present in 

all the spectra for the Pcs. Also useful for characterisation were the bands at 2923 and 

2852 cm-', which are indicative of C-H stretches. These bands were more prominent in 

the alkylthio-Pcs, complexes la and lb. 
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3.2. UV -vis spectroscopy 

The UV -visible spectra of complexes 1a-d are shown in Fig. 3.3 in chloroform. Because of 

the presence of manganese and the electron-donating properties of sulphur, the Q band is 

highly red-shifted and the complexes are dark red, brown, or dark brown in colour. This 

is typical of MnUipc complexes [31,52,204]. The synthesis used Mn(H) acetate, however as 

purification took place in aerobic conditions the Mnmpc species was formed, and there 

was no indication of residual Mn"Pc. 

1.0 
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'" 
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c: 
I'CI 
.Q (1d) ~ 
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VI 

.Q 0.4 <t 
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Figure 3.3. UV -visible spectra of la, 1 b, 1c and 1d in CHCb. 
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Complex ld was slightly more red-shifted compared to the other Pcs, with a Q band at 

773 nm, while the alkylthio-Pcs (la and lb) had a Q band at 768 nm and for lc the Q 

band was at 767 nm in DCM, Table 3.1. The spectra in DCM were identical to that in 

CHCb. This correlates with previous work and confirms that the alkyl chain length in 

MPc complexes does not significantly affect the Q band position [204-206]. The spectral 

differences between the two arylthio-MnPcs could be attributed to the CH, group 

separating the sulphur and the ring for lc, and so making it behave more similarly to the 

alkyl substituents with regard to electron-donating ability. The electron-rich phenyl ring 

in complex ld, however, could directly contribute to the electron-donating properties of 

the substituents and shift the spectrum further to the red. This indicated that although 

alkyl chain length does not affect the electronic properties of the ring, aryl substituents 

can playa larger role. 

The Pcs also had three bands near 405, 465 and 530 nm. The bands between 400 and 550 

nm are due to charge-transfer between the metal and the Pc ring [26]. For both la and lb 

the Q band spectra shifted to 755 nm in THF (data not shown) . Fig. 3.3 shows that ld is 

less aggregated than the other Pcs, as judged by the narrower Q band. However, Beer's 

law was observed for all complexes at concentrations less than 9.0 x 10.6 M. Comparisons 

of Q band maxima (Aq) between similar complexes (peripherally tetra-substituted and 

non-peripherally octa-substituted, Fig. 3.1) are shown in Table 3.1. 
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Table 3.1. Q band wavelength of MnlIIpc derivatives in DCM, unless otherwise indicated. 

MnPc complex Q band wavelength (nm) Reference 

1a 768 This work 

1b 768 This work 

1c 767 This work 

1d 773 This work 

5 893 [52] 

6 749 [31] 

7 745 [31] 

8 764 • [27] 

'In DMF 

For compounds la and 5 containing the same chain length but the latter non-peripherally 

substituted (structures are shown in Fig. 3.1), the Qband was observed at 768 nm and 893 

nrn [52] in DCM respectively (Table 3.1), showing that peripheral substitution caused an 

expected blue shift in the Qband compared to non-peripheral substitution [26]. 

Looking at the octa-substituted complex lc (A.Q = 767) and comparing it to its tetra­

substituted counterpart 7 (1cQ = 745), the Q band was blue-shifted in the tetra complex 

[31]. These results show that the octa-substituted MnPcs exhibited greater electron-
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donation by the substituents than the equivalent tetra MnPcs, which can be simply 

attributed to the greater number of substituents around the ring. 

Comparing complexes Id (A.Q = 773) and 8 (A.Q = 764), one being the peripheral octa­

substituted version (ld) and the other the tetra-substituted non-peripheral complex (8), 

the latter has a comparatively blue shifted Q band despite being non -peripherally 

substituted [27]. This indicates that the number of substituents plays a larger role on the 

electronic properties of the ring than the position of these substituents, although the 

solvent conditions were not the same in this case. 
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3.3. Electrochemistry 

Fig. 3.4 shows the cyclic (CV) and differential pulse (DPV) voltammograms of all four of 

the new MnPc complexes. All electrochemical analyses were perfo=ed in de-aerated 

DCM using TBABF. as an electrolyte. 

The half-wave potentials (EpI/2) for la-d and other similar compounds are shown in Table 

3.2. Complexes la-d displayed three main redox processes, with !:J.E values from 93 to 

values greater than 200 mY. la displayed redox processes at: Epl" = +0.97 V (I), Epl" = -

0.35 V (II) and Epl" = -1.07 V (III) versus AgJAgCI with Ib displaying redox processes at: 

Epl" = +0.94 V (I), Epl!2 = -0.46 V (II) and Epl" = -1.08 V (III) versus AgJAgCl. lc displayed 

redox processes at: Epl" = +0.96 V (I), Epl" = -0.26 V (II) and Epl" = -0.94 V (III) versus 

AgJAgCI while Id displayed redox processes at: Epl" = +0.88 V (1) , Epl" = -0.34 V (II) and 

Epl" = -1.15 V (III) versus AgJAgCl. In some of the complexes, a weak process could be 

observed around -0.1 V. This process was attributed to aggregation of the compounds, as 

the peaks were observed to decrease with dilution, relative to the rest of the peaks. 
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Figure 3.4. Cyclic voltammogram for (a) la. (b) lb. (c) lc and (d) ld in DCM containing 

0.1 M TBABF •. Scan rate = 50 mY/so Inset: DPV at 20 mY/so 
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Plots of peak current (Ip) versus square root of the scan rate (vln) were linear, suggesting 

diffusion control at the electrode surface for all of the complexes. Fig. 3.4 shows broad CV 

peaks, which are often observed in MnPc complexes, especially those containing long 

chain substituents [31]. This was also observed for the tetra-substituted complexes 6 and 7 

(structures in Fig. 3.1) [31 ). However, complex 5 octa-substituted with pentylthio groups 

at the non -peripheral positions showed reversible behaviour [52), most likely due to the 

prevention of aggregation by non -peripheral substitution. The assignments of these 

processes were confi=ed with spectroelectrochemistry, as discussed below. 

The MnIIIPC>-!MnIlpc'- process (II) could be clearly observed at similar potentials in all 

thio-derivatised MnPcs, Table 3.2 (except for 7) [27,31,52). Additionally, the DPV for the 

complexes show small oxidation peaks at 0.25 V for la, 0.02 V for 1b, 0.31 V for Ie and 

0.05 V for 1d. This could not be conclusively assigned to the MnrvPc'-/MnilIPc" process 

for the synthesized Pes in this work, although the process has been observed before 

[31,52,204). Process III has been assigned in similar complexes to either MnIlPc'-/MnIPc' ­

[28,30) or MnIlPc'-/MnIIPc3- [30,31,42,52,204), although the latter has been reported more 

frequently. In this work, spectroelectrochemistry was used to assign this process to ring 

reduction. Process I could be attributed to ring oxidation, and it is in a similar range to 

that reported in literature [30,31,52]. Alkylthio- and arylthio-substituted complexes often 

decompose during ring oxidation, and this can contribute to the irreversibility of process I 

[30,31). 
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Table 3.2. Electrochemical data of thio-derivatised MnPcs. The compounds were 

analysed in DCM containing TBABF. and the half-wave potential (Epl12) as V against 

AglAgCI. 

Complex 
MnIIPc2ftv1nIIPc3• MnIIIPc2ftv1nIIPc2- Mn IIIPc1ftvlnIIIPc2-

Reference 
(III) (II) (I) 

Ia -1.07 -0.35 0.97 This work 

Ib -1.08 -0.46 0.94 This work 

Ic -0.94 -0.26 0.96 This work 

Id -1.15 -0.34 0.88 This work 

5 -1.24 -0.46 [52) 

6 -0.98 -0.26 0.83 [31) 

7 -0.84 -0.08 0.87 [31) 

Ease of oxidation and reduction of complexes is related to the electron-donating or 

withdrawing effects of the substituents. Electron-donating substituents are expected to 

facilitate easier oxidation and harder reduction, as they should increase the electron 

density on the ring [207,208). As aromatic rings are electron donors, ld should then be 

more electron-donating than lc, which would in turn be more electron-donating than la 

followed by lb. This behaviour was partially confirmed by the absorbance spectra of the 

compounds (Fig. 3.3), which showed the Q band positions of la-c at an approximately 

equivalent position, while ld was the most red-shifted as its phenyl substituents are the 

most electron-donating. As expected then, la-c were harder to oxidize with regard to 
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process I when compared to complex Id. Looking at process III, Id was the hardest to 

reduce (as expected) with an Epll2 of -1.15 V, with la and Ib having similar values and Ie 

being the easiest to reduce with an Ep ll2 of - 0.94 V. The ease in reduction for Ie could be 

attributed to the aromatic ring being separated from the Pc by a CH2 group, as this has 

been observed before with complexes 6 and 7 [31]. No particular trend could be observed 

for process II except to note that again complex Ie showed the greatest ease in reduction 

with an Ep l l2 of - 0.26 V. 

Looking at peripheral (la) versus non-peripheral (5) substitution (with the same 

substituent), complex la showed greater ease in reduction compared to complex 5 [52]. Pc 

ring oxidation of 5, although attributed to MnlVPcl/MnlVPc2 rather than Mn111pc· 

I/Mn111Pc·2 as in this work, showed that the non-peripheral complex was more easily 

oxidized with an Ep ll2 of 0.75 V [52]. Octa-substituted Ie proved to be harder to oxidize 

compared to the tetra-substituted complex 7 containing the same substituent. The same 

was true of complex Ib compared to the similar tetra-substituted compound 6 [31], 

although the chain lengths were slightly different. 
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3.4. SpectroeIectrochemistry 

Spectroelectrochemical studies allowed a confident assignment of the redox couples to be 

made. Fig. 3.5. shows the spectral changes that occurred for complex la, which were 

similar to the spectral changes observed for the other complexes in this work. Oxidation 

at potentials of process I resulted in degradation of the complex as has been observed in 

literature during oxidation of thio-substituted MPc complexes [31 ]. Fig. 3.5(a) illustrates 

spectral changes observed on application of potentials more negative than process II (-

0.65 V), clearly showing the reduction of Mn(III) to Mn(I!) as there is a decrease in the 

Mn(III) Qband and a growing blue-shifted Qband that correlates to Mn(II) [26,27,31,52]. 

The Q band shifted from 768 nm for the Mn(III) complex to 720 nm for the Mn(II) 

complex and the colour of the complex in the OTTLE cell visibly changed from red­

brown to green. There was also a decrease in intensity for the two charge transfer bands 

at 465 and 530 nm, with the former disappearing almost completely and the latter shifting 

to 540 nm. The spectra had three clear isosbestic points at 738,614 and 407 nm and the 

value of n was calculated using Q = nFCV to be approximately equal to 1. 

Fig. 3.5(b) shows spectral changes observed on application of potentials more negative 

than process III (-1.3 V), with the decrease in the Q band and the formation of new 

features between 500 and 650 nm characteristic of ring-based reduction processes in Pcs 

[48], leading to the assignment of this as MnIlPc'-fMnIlPc3- . The spectral changes were 

similar to that reported elsewhere for this process [30,31,52]. 
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Figure 3.5. UV -Vis spectral changes for complex la observed using controlled potential 

electrolysis at: (a) -0.65 V and (b) -1.3 V. Electrolyte = DCM with 0.1 M TBABF4. 
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It has been shown that the nature ofring substituents are responsible for the formation of 

Mn"Pc3- as opposed to Mn'Pc2- [30] and there was no evidence of the broad Q band 

forming at around 550 run that is characteristic of Mn' [30]. confirming process III as 

ring-based reduction. Based on these results . the processes could be assigned as follows: 

(process I) 

(process II) 

(process III) 
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CHAPTER 4 ELECTRODE MODIFICATION 

4.1. Self assembled monolayers (SAMs) 

SAMs of the new MnPcs were fonned on gold in order to study the effect of alkyl- vs 

arylthio substituents on SAM fonnation, surface coverage values, blocking characteristics, 

and the fate of the alkyl and aryl groups following Au-S bond fonnation. 

SAM films were fonned by immersing the bare gold electrode in the desired complex for 

an average time of 48 h in each case. Fonnation of SAM films is facilitated by 

coordination of the sulphur group (using its lone pairs of electrons) with gold, with the C­

S bond likely remaining intact as reported previously [72]. Electrochemistry, Raman 

spectroscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM) and 

X-ray photoelectron spectroscopy (XPS) were used to characterize the modified gold 

electrodes and give further spectroscopic evidence of their fonnation. For the latter 

studies (Raman, AFM, SEM and XPS), only Ib and Id were used to identify the effect of 

the different substituents on the SAM layer as both showed good blocking characteristics 

in the electrochemical studies. Gold-coated glass was immersed in the MnPc solution for 

10 days for the Raman, AFM and SEM analyses, to ensure a fully-fonned SAM and 

complete coverage, and gold plate electrodes were modified in the same way for the XPS 

analysis due to the availability of these plate electrodes which can be polished and reused. 
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4.1.1. Electrochemical characterisation 

Electrochemical characterisation of SAMs can be used to show both the blocking 

behaviour of the surface towards commonly used redox probes and also to determine 

surface coverage of the MPcs on the surface. 

4.1.1.1. Inhibition of faradaic processes 

Electrochemical properties of the films are closely related to the extent to which they 

inhibit common faradaic processes associated with the bare gold surface. Fig. 4.1 (a) shows 

the oxidation (at 0.21 V vs . AgIAgCI) and reduction (gold oxide stripping peak, at 0.15 V 

vs. AgIAgCI) of the bare gold surface in 1 M Na2S0. in pH 4 buffer solution. As seen in 

this figure, there was appreciable passivation of this process in the presence of all the 

MPc-SAMs, although the lc-SAM was the least effective at blocking the electrode. Gold 

oxidation was considerably inhibited with a decrease in intensity of the gold oxide 

stripping peak, suggesting that the electrolyte was no longer accessible to the bare gold 

surface and confirming SAM formation. 

Fig. 4.1(b) shows the cyclic voltammograms obtained for the bare AuE and the SAM­

modified gold electrodes in 1 mM Fe(NH.)(SO')2 containing 1 M HCIO •. The clearly 

resolved quasi-reversible redox process ([Fe(H20)6J3'/[Fe(H20)61" ) on the bare electrode 

was almost completely inhibited on SAMs of la and lb, only slightly inhibited for the Id­

SAM and almost completely uninhibited for the lc-SAM, where the oxidation process 

was better defined than for the bare electrode. The inhibition of this process on the SAM 
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modified gold electrodes suggests the isolation of the gold surface from the electrolyte, 

confirming defect-free SAM fonnation for la and lb. For ld, the voltammograms were 

distorted, but more resolved for Ie. It is possible that the bulky aryl substituents in Ie and 

ld were less effective in blocking the redox process, as the SAMs they fonned appeared to 

be more penneable to this analyte. 

Fig. 4.1(c) shows the CVs of the bare AuE and the SAM-modified electrodes in 1 mM 

CuSO, in pH 4 buffer solution. The bulk deposition of Cu began at 133 m V (vs. AgJAgCl 

on the negative scan) and the maximum of the hirge underpotential deposition stripping 

peak of the Cu occurred at 101 mV (vs. AgJAgCI) on the bare AuE. 'This process was 

significantly inhibited on the SAM modified electrodes, indicating SAM fonnation for la, 

1 b and ld. The Ie-SAM again showed the least inhibition of the redox process, indicating 

that it was not completely blocked. 

Fig. 4.1(d) shows the CVs of the bare AuE and the SAM-modified electrodes in 1 mM 

solution of [Fe(CN),]3- containing 0.1 M KCI as the supporting electrolyte. Unlike the 

[Fe(H20),p+j[Fe(H20),1'+ redox process in Fig 4.l(b), the [Fe(CN),]3-I4- redox couple was 

not inhibited on the SAM modified electrodes because of the fast nature of electron 

transfer for this process. 'This observation has been reported previously for adsorbed 

cobalt tetra-amino phthalocyanine films on a vitreous carbon electrode [209]. However, 

the cathodic to anodic peak potential separation (L'lE) for this process was larger for SAMs 

of la, lb and ld, but the same for Ie. The anodic and cathodic current intensities of the 
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[Fe(CN)6p-/4- redox couple on bare AuE are larger than that observed on the SAM-

modified electrodes, confirming the formation of the SAM films. 
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Figure 4.1. Cyclic voltammograms for bare Au, la-SAM, lb-SAM, Ie-SAM and ld-SAM 

in: (a) I M N31S0. in pH 4 buffer solution, (b) I mM Fe(NH.)(SO.)1 in I M HCIO., (c) 1 

mM CuSO. in pH 4 buffer solution and (d) 1 mM K3[Fe(CN)6] in 0.1 M KCL Scan rate = 50 

m Vis vs AgJAgCL 
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In general 1a and 1 b showed particularly good blocking characteristics in all solutions, 

suggesting that the benzyl and phenyl groups for Ie and 1d prevent the formation of good 

SAMs, likely because the more bulky aryl groups do not act as a barrier to ion transport 

through the SAM layer, with steric effects preventing close packing of the MnPcs. 

4.1.1.2. Surface coverage 

Fig. 4.2 shows the cyclic voltarnmetry profiles obtained for the SAM -modified electrodes 

in 1 M HClO •. The redox processes observed in Fig. 4.2 are associated with Mn3·/Mn .... 

(Eplfl ~ 0.23 V vs. AgIAgCl), Table 4.1 , as compared to similar compounds [27,31,52] . 

t 0 .2~ 
(1d) 

\ 

(1c) 

~
1a) ~:::::::==~ 

(1 b) :::::==="::::::;-1 
~-: 

-0.2 0.0 0.2 0.4 0.6 

Potential (V) vs AglAgCI 

Figure 4.2. Cyclic voltarnmograms for la-SAM, 1b-SAM, Ie-SAM and 1d-SAM in 1 M 

HClO •. Scan rate ~ 50 mV/s vs AglAgCl. 
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This process was not clearly observed for free MnPcs in solution, as there were no 

significant peaks in this potential range. It has been reported before for NiPc complexes 

that some metal processes are observed when the complexes are absorbed but not when 

in solution [22]. The difference between the free and bound MnPc is associated with the 

nature of the SAM and the different solution environments. 

Surface coverage ([) for each SAM was estimated from the relevant redox process in Fig. 

4.2 using equation 1.1, where /p, is the anodic peak current in Fig. 4.2 for each SAM. The 

real surface area of the electrode was estimated using the well-established method [210] 

applying equation 1.3 (Randles-Sevcik equation). [Fe(CN)6p' was used as the redox active 

species because it has a known diffusion coefficient (7.6 x 10.6 cm'/s [210]) . The roughness 

factor of the electrode was calculated to be 1.02 (ratio of /p. (experimental)//p. 

(theoretical», where /p, (experimental) and /p. (theoretical) are the experimental current 

and current calculated using equation 1.3 respectively. The geometrical area was used in 

the estimation of /p. (theoretical). The product of the roughness factor and theoretical 

surface area gives the real surface area (0.0205 cm'). 

Thus the values of surface coverage obtained on the gold electrode were 0.64 x 10.10 

moLcm" for la, 0.30 x 10.10 mol.cm·' for lb, 0.42 x 10.10 moLcm" for Ie and 1.45 x 10.10 

mol.em·' for ld (Table 4.1). Except for ld, these values are slightly less than the values 

obtained for a monolayer coverage of an MPc molecule lying flat on the electrode [35], 

which is estimated at 1 x 10.10 moLcm·'. These values are, however, still within the range 

for monolayer coverage. 

99 



CHAPTER 4 ELECTRODE MODIFICATION 

Table 4.1. Electrochemical parameters of SAMs of complexes la - ld in 1 M HClO,. 

(formation time = 48 h). 

MnPc MnIDJMnii MnIVJMnID Surface coverage, r 
Reference 

complex E (V) E (V) (1010 mol.cm-2) 

1a 0.22 0.64 This work 

1b 0.24 0.30 This work 

1c 0.22 0.42 This work 

1d 0.23 1.42 This work 

5 -0.1 1.1 [81]' 

6 0.2 0.78 (18 h)b [31]' 

7 0.35 0.69 (18 h)h [31]' 

8 -0.2 0.30 1.1 (24 h)b [27] 

, In pH 4 phosphate buffer. b Numbers in brackets refer to the time allowed for SAM 

formation. 

Complexes 5-8 showed higher (compared to la-Ie) surface coverage values in Table 4.1. 

even though shorter SAM formation times (18 hand 24 h. compared to 48 h used in this 

work) were employed. suggesting that the tetra-substitution may enhance SAM 

formation. Octa-substitution may allow fewer MnPcs to be attached to the surface due to 

steric hindrance. 
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The importance of allowing the monolayer to form completely and fully is shown by Fig. 

4.3, where formation times of 0 h, 24 h, and 48 h for the 1d-SAM on gold are tested by 

looking at the electrochemistry of the SAM in 1 mM CuSO, in pH 4 buffer solution. As 

seen in this figure, a formation time of 24 h was not enough to block the electrode, while 

after 48 h the monolayer was almost completely pinhole free. 

(1 ) 

(2) 

(3) 

-0.2 0.0 0.2 0.4 0.6 

Potential (V) vs AglAgCI 

Figure 4.3. Cyclic voltamrnograms in 1 mM CuSO, in pH 4 buffer solution for AuE after: 

(1) 0 h, (2) 24 h and (3) 48 h SAM formation in 1 mM 1d in CHCb. Scan rate = 50 m Vis vs 

AglAgCI. 

Interestingly, the lc-SAM had an almost similar surface coverage to the Ib-SAM despite 

the former SAM showing less inhibition of electrochemical processes at the electrode. 
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The Ie-SAM consistently displayed poor blocking of the gold surface in Fig. 4.1 , but the 

surface coverage value indicates that this is not because of poor monolayer coverage. It is 

likely that the nature of the substituents, which are bulky and are also able to rotate more 

freely around the CH, group, create a layer tl,at is more permeable to the small redox ions 

and so allowing them to reach the gold surface. The long alkyl chains, however, appear to 

prevent ions from reaching the surface so easily despite having a similar surface coverage 

value to Ie, which could be also due to the more non -polar nature of the alkyl chains 

preventing diffusion of ions tlrrough the SAM layer. This indicates once again the 

importance of different substituents in tIle formation of tIlese layers. 

4.1.2. Raman, AFM, SEM and XPS characterisation 

Gold-coated glass was employed, in place of a gold electrode, for probing surface 

properties of tIle Ib- and Id-SAM films witIl Raman, AFM and SEM. For tIle XPS 

analysis, gold plate electrodes were used. The formation time was increased to 10 days to 

ensure complete coverage of the larger surfaces witIl tIle MnPcs. 

4.1.2.1. Raman characterisation 

Formation of a successful SAM is often confirmed by tIle appearance of tIle Au-S bond at 

a low wavenumber in Raman spectra, found between 250 and 340 cm·l in most literature 

cases [35,80,211]. Often, surface enhanced Raman spectroscopy is required to detect tIlis 
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very weak peak in SAMs [35]. In this work, the Au-S peak was detected at 345 cm'! 

[35,212] (figure not shown). 

4.1.2.2. Microscopic characterisation 

Surface natures of the SAM films were probed using AFM (in the non-contact mode) and 

SEM. SEM and AFM are used to give information beyond the surface blocking 

characteristics (which are easily studied using electrochemical techniques), such as 

whether the MnPcs are aggregated on the gold surface or whether they form a uniform 

layer. As mentioned in the introduction, aggregation can inhibit the formation of a true 

SAM [39,170,172,213]. 

Fig. 4.4(a) shows the AFM 2D and 3D images of the gold-coated glass before the 

formation of SAMs, indicating that the bare gold surface was fairly smooth and uniform 

with the small bright areas being attributed to imperfections on the surface [80]. Fig. 

4.4(b) shows the lb-SAM (alkylthio) and Fig. 4.4(c) shows the ld-SAM (arylthio) on gold. 

The most important data to take away from AFM are the values for mean thickness and 

roughness, and any clear indications of complete coverage or the formation of aggregates 

[171,172,213-215]. Fig. 4.4 indicates that there are significant differences in the 

topographies of the surfaces. The mean roughness and thickness of the gold -coated glass 

before SAM formation are 0.278 nm and 1.643 nm respectively. The mean roughness and 

thickness after the lb-SAM formation are 2.081 nm and 8.738 nm, while the mean 

roughness and thickness after ld-SAM formation are 1.870 nm and 8.666 nm 
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respectively. This increase in the roughness and thickness of the surface after SAM 

fonnation confirms the presence of a layer of the MnPcs on the surface. The images 

appear to show some nano-scale aggregation of the MnPcs, which can be expected as 

these peripherally substituted Pcs are more prone to aggregation than their non­

peripherally substituted derivatives. The alkylthio-MnPc, 1 b, had higher roughness and 

thickness factors than the arylthio-MnPc, Id. This indicates that the layer was more 

densely packed because of the long chains, and is supported by the better blocking 

characteristics of the Ib-SAM showed in Fig. 4.1(b) with regards to the 

[Fe(H20)6]"/[Fe(H20)61" redox process. For the non-peripheral tetra-substituted complex 

8 (structure shown in Fig. 3.1), the inverse of the above behaviour was observed. AFM 

showed that the roughness of the surface decreased upon 8-SAM fonnation, and this was 

explained to be a result of the complex filling in the grooves in the electrode [80]. In that 

case the bare gold had an initial roughness of 1.257 nm [80], which was far greater than 

the roughness of 0.278 nm observed in this work. This could explain the difference in the 

behaviour of the SAMs. 
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Figure 4.4. AFM images of (a) bare gold-coated glass, (b) lb-SAM modified gold-coated 

glass and (c) ld-SAM modified gold-coated glass. 
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SAMs of complexes 5, 6 and 7 were not analyzed using AFM or SEM. However, octa- and 

tetra-substituted MPcs containing Sn as a central metal with non -peripherally substituted 

long alkylthio chains were shown to increase the roughness of the gold surface after SAM 

formation [216], as was observed in this work. Non-peripheral substituents also appeared 

to decrease the occurrence of surface aggregates. 

Fig. 4.5 shows the SEM images of gold-coated glass alone (a), after lb-SAM formation (b), 

and after ld-SAM formation (c) . Although detailed features are not visible because the 

scale does not permit resolution of distinct molecules [172] , the bare gold-coated glass 

depicts a smoother surface than the SAM modified gold-coated glass which showed signs 

of aggregation. The SEM images indicate that there are areas with large clusters of 

aggregated MnPc molecules on the surface, as well as the smaller groups of aggregated 

molecules shown by the AFM results. As with the AFM images, the lb-SAM appeared to 

be rougher than the ld-SAM. Aggregation is known to be enhanced by the presence of 

long alkyl chains [205] , which could account for the greater roughness of the lb-SAM in 

the AFM and the presence of larger surface clusters in the SEM image. SEM has not been 

used to analyze SAMs of complexes 5-8 on gold, but comparing the difference in 

topographies of the surfaces is another method that can be used to confirm SAM 

formation. 
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Figure 4.5. SEM images of (a) bare gold-coated glass, (b) Ib-SAM modified gold-coated 

glass and (c) Id-SAM modified gold-coated glass. 
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4.1.2.3. XPS characterisation 

Another useful technique for characterising SAMs is XPS, which can be used to do high 

resolution scans of the sulphur region S(2p) in order to show the formation of the Au-S 

bond, and also to determine whether any sulphur groups remain unbound [35,217-220). 

For SAM formation using aryl- or alkylthio (SR) phthalocyanines, the question as to 

whether the R group remains intact following SAM formation remains unanswered, 

although retention of the R group was suggesting using electrochemical methods [221) . In 

this work we use XPS to examine in more detail the fate of the alkyl and aryl substituent 

following the formation of the SAM. The effect of the aryl versus alkyl substituent on the 

Au-S bond formation will also be discussed. 

Fig. 4.6 shows the wide scans of both the free (Fig. 4.6(a)) and bound (Fig. 4.6(b)) MnPcs. 

The wide scans show the presence of sulphur as S(2s) and S(2p) for the free MnPcs. These 

are at 163 eV (2p) and 227 eV (2s) for 1d and 166 eV (2p) and 229 eV (2s) for lb. The gold 

peaks are also very apparent in the MnPc-SAMs, Fig. 4.6(b), at 83 (Au(4f7)), 87 (4f5), 335 

(4ds) , 353 (4ch), 546 (4p3) and 642 eV (4pl). Weak signals for Mn was seen in all four 

spectra at 643 and 653 eV (2p and 2pl). In Fig. 4.6(a), the higher intensity of carbon for 1b 

can be attributed both to the greater proportion of carbon atoms in this MnPc, as well as 

to more residual solvent present as indicated by the higher intensity of the oxygen signal. 

The intensities of all of the MnPc peaks appear to decrease upon SAM formation, but this 

is likely only due to the much greater proportion of gold within the XPS analysis depth 

compared to the thin layer of attached MnPc. 
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Figure 4.6. XPS spectra of (a) free MnPc and (h) MnPc-SAMs on gold for (i) 1d and (ii) 

lb. Pass energy: 160 eV. Number of scans: 3. 

High resolution scans of the sulphur 2p region were also done, Fig. 4.7, in an attempt to 

show the coordination between sulphur and gold. In this region, sulphur appears as a 

doublet in the XPS spectrum due to spin-orbit coupling, with the dominant peak being 
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the S(2p3J2) and the smaller peak S(2pl/2). The clifference in binding energies between the 

peaks in the doublet are constrained to 1.2 e V with an area ratio of 2: I, with very little 

deviation [35,220,222]. Peak fitting was used to deconvolute the spectra into sets of 

doublets, to give an indication of the different sulphur groups present. This is shown in 

Fig. 4.7. For the free ld, Fig. 4.7(a), the S(2p3J2) peak is at a lower binding energy of 162.8 

eV compared to the free lb, Fig. 4.7(b), at 164.6 ev' This is likely due to the phenyl ring 

substituents of ld, which contribute to the electron-rich environment and thus lowering 

the energy needed to remove an electron from this sulphur group. This is supported by 

the tN-vis spectra for these complexes, which showed a red-shifting of ld compared to 

the complexes with alkyl chains (Fig. 3.3). 

In Fig. 4.7(c), the ld-SAM shows the presence of two overlapped doublet peaks, with the 

S(2p3J2) signals at (i) 161.5 eV and (ii) 163.4 ev' The second peak is at a similar binding 

energy to that seen for the free ld (at 162.8 eV) and indicates that not all of the sulphur 

groups are engaged with the gold surface, with shifts in the energies attributed to the 

changes in the electron density of the complex caused by some of the sulphur substituents 

binding to gold. MPcs octa-substituted with thio groups are believed to undergo 

attachment to the gold surface through an octopus arrangement. The same result has been 

seen for a silicon Pc with thioacetate substituents, where not all of the MPc "arms" were 

bound, and it was suggested that this is a consequence of the octopus strategy, rather than 

a lack in reactivity [35] . The peak at 161.5 eV is attributed to the formation of Au-S bonds 

as this is close to the values seen in studies of SAMs of thio-Pes [35], and thiol-containing 

compounds [217-220,223--225]. Although some studies indicate evidence of gold-induced 
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deprotection of the sulphur and loss of the R group for MPc SAMs [35), the differences 

between the 1b- and 1d-SAM appeared to indicate otherwise. 
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Figure 4.7. High resolution XPS spectra of the S(2p) region of (a) 1d, (b) 1b, (c) 1d-SAM 

and (d) 1b-SAM. Pass energy: 40 eV, number of scans: 5. 

Fig. 4.7(d) shows the 1b-SAM surface. The spectrum of this SAM before deconvolution is 

quite distinct from the phenylthio-derivative, and shows the presence of three sets of 

doublets with the dominant S(2p3fl) peaks at (i) 161.9, (ii) 163.6 and (iii) 168.1 eV. The 

lowest binding energy doublet is assigned to the Au -S groups of the SAM, as discussed 
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above, with a slightly higher binding energy compared to the ld -SAM (161. 9 vs 161.5 e V 

for lb- and ld-SAM respectively). The differences in binding energies of peak (i) between 

the 1b- and 1d-SAM could indicate that there is retention of the R group upon SAM 

formation, because if the R groups were lost we would expect these peaks to be at the 

same energy. However, as we can attribute these differences to the effect of the lower 

electron density of the alkyl chain compared to the aryl substituent, this could indicate 

that the MnPcs in this work retain the R group upon SAM formation, with the lone pair 

of the sulphur engaged with the gold surface. The middle peak (ii) of the 1 b-SAM at 163.6 

eV is closer in energy to the free lb at 164.6 eV, and is likely due to unbound sulphur. 

Peaks for sulphur that appear at high binding energies of ~ 168 e V are assigned to oxidised 

sulphur groups [35,218,223]. In this case, peak (iii) may be due to decomposition of the lb 

through oxidation of sulphur. Both complexes appear to indicate retention of the R 

substituent following SAM formation, as was also observed using electrochemistry for 

similar complexes [221]. 

Looking at the relative areas of the (i) bound (161.9 and 161.5 eV for lb- and ld-SAM 

respectively) to (ii) unbound (163.6 and 163.4 eV for 1b- and ld-SAM respectively) 

sulphur peaks, it appears that approximately 60 % of the sulphur groups in the 1d-SAM 

surface were bound to gold, as opposed to only 37 % for the 1 b-SAM. These results show 

that the ld-SAM is closer to the "octopus" orientation than the lb-SAM. The fewer 

attachment sites of the latter could have been the cause of the poorer surface coverage of 

this MnPc on gold, indicating that the longer alkyl chain causes more steric hindrance to 

SAM formation than the aryl substituents. Surface coverage of the MnPcs on gold were 
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determined previously using electrochemistry. and found to be 1.42 x 10-10 moLcm-2 for 

1d. compared to 0.30 X 10-10 moLcm-2 for lb. Table 4.1. 
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4.2. Surface modification by grafting and click chemistry 

This work studied the use of a combination of grafting and click chemistry in order to 

attach both ethynylferrocene and 4-ethynylpyridine to the electrode surfaces. The redox 

activity of ferrocene could be used to determine surface coverage of the attached species, 

allowing a comparison of this modification approach on the different surfaces to be made. 

Ferrocene was also used to compare a graft-then-click approach to a click-then -graft 

approach on the glassy carbon electrode (GCE). The first approach involves the 

introduction of azide groups to the surface thtough electrochemical grafting of 4-

azidobenzenediazonium (2b) , followed by click chemistry with ferrocene. The second 

approach involves the grafting of diazonium salt 2d of the donated complex 4-(4-

ferrocenyl-lH- l ,2,3-triazol- l-yl)aniline (2c) , which was produced thtough click 

chemistry, Fig. 1.6. Following the studies with ferrocene, pyridine was attached to the 

2b-grafted electrode thtough click chemistry and used to link iron phthalocyanine to the 

surfaces thtough axial ligation. The structures of the various complexes are given in Table 

4.2. 

First , the electrochemical grafting of 2b on the various surfaces will be discussed, 

followed by the subsequent reactions using click chemistry. 
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Table 4.2. Complexes used for grafting and electropolymerisation. 

Complex Structure 

2a H2N-Q-N3 

2b 

2c 

2d 

Electrode 
Modification 

Polymerised then 
clicked' 

Grafted then 
clicked b 

Polymerised 

Grafted 

Synthesis/ 
Availability 

Commercially 
available 

Pre-synthesised or 
in situ diazotised 
from2a 

Pre-synthesised by 
clicking 2a and 
ethynylferrocene 

In situ diazotised 
from2c 

Scheme 

4.4 

4.1,4.2 

4.4 

4.3 

• Attached through click chemistry to ethynylferrocene. b Attached through click 

chemistry to ethynylferrocene and 4-ethynylpyridine. 
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4.2.1. Electrochemical grafting 0/4-azidobenzenediazollium (2b) 

Electrochemical grafting was used to modify GCEs through both direct grafting of 

synthesised 2b, route B, as a reference route of modification [14), and through in situ 

diazotation of 4-azidoaniline (2a) to 2b and grafting, route A. This versatile technique 

first demonstrated by the group of Saveant and Pinson [86] was also used for direct 

grafting of the synthesised 2b on SWCNT adsorbed on GCEs (GClSWCNT), route C, and 

on MWCNT-paper (route D). Scheme 4.1 shows the grafting approaches that were taken . 

. . H2N-o-N3 
In SItu synthesis 

diazo/ 2a ~ 

N}-Q-N3 N}-Q-N3 

2b I 2b 

Ro"teA J 
3 N N N ~N3 
~Q .. __ ~3 1/-2 
I GC/SWCNT I 

RouteC RouteD 

Scheme 4.1. Proposed electrochemical grafting approaches taken in this work. 
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For routes B, C and D, the grafting of the synthesised 2b on to the GCE, GC/SWCNT and 

MWCNT-paper was accomplished by cyclic voltammetry in a solution of 1 mM 2b in de­

aerated acetonitrile with TBABF 4 as the electrolyte. The synthetic conversion of 2a to the 

diazonium salt 2b required for grafting was confirmed by IH NMR, with the signal at 

10.05 ppm due to the NH2 protons in the aniline not being present in the diazonium. The 

aromatic protons also shifted from 7.40 and 7.16 ppm in 2a to 8.62 and 7.64 ppm in 2b 

due to the change in the chemical environment, confirming that the reaction was 

successful. The GCE was also electrochemically modified through the use of in situ 

diazotation of 2a and grafting of the resulting compound 2b [226,227) (route A) , to 

compare a one-pot grafting method. In situ diazotation was done through addition of 

sodium nitrite in aqueous acidic media [226,227). 

Fig. 4.8 shows the grafting of these surfaces, with the broad reduction peak appearing in 

the first cycle but not in subsequent cycles due to the electrode blocking. This grafting 

process has been well studied, and involves reductive electron transfer to the diazonium 

salt followed by cleavage of the dinitrogen and production of aryl radicals, which then 

bind to the electrode surface by C-C bonding [14,87,94-97) . 
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Figure 4.8. Electrochemical grafting of (a) GCE, (b) GC/SWCNT and (c) MWCNT -paper 

in 1 mM synthesised 2b in 0.1 M TBABF. in ACN, and (d) GCE in 1 mM in situdiazotized 

2a to form 2b in 96:4 ACNIl M HCI in 0.1 M TBABF •. Two cycles at 50 mV/s vs Ag[AgCI. 

Fig. 4.8(a) and (d) compares grafting of the synthesised 2b to in situ diazotation of 2a and 

grafting of the resulting 2b. Fig. 4.8(a) shows the cyclic voltarnmograms obtained during 

conventional grafting with the diazonium salt (route B, Scheme 4.1), and Fig. 4.8(d) 

shows two consecutive cyclic voltammograms obtained 15 min after in situ diazotation of 

2a (route A). Both of these CVs show the presence of three peaks at similar potentials: (a) 

-0.34, -0.02 and 0.14 V and (d) -0.38, -0.08 and 0.14 V. This has been seen with other 
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diazonium salts, as work by Baranton and Belanger showed similar cyclic voltammetry 

behaviour for the in situ generated diazonium and the synthesised diazonium in organic 

media [226] . The shape is also similar to that reported in the literature with other 

diazonium species, with a decrease of the intensiry of the peaks upon cycling 

[14,96,226,227]. Although one reduction peak is common for diazonium salts, the 

presence of multiple peaks with carbon electrodes is believed to be due to the graphitic 

planes and edges on the surface [92]. The origin of the first peak at the most positive 

potential is unknown, with the second peak atrributed to reduction of the diazonium 

[96]. The peaks were more distinct when pure diazonium was used, rather than the in 

situ-generated species, indicating that the overlapped peaks are due to both the solvent 

and surface conditions. 

Fig. 4.8(b) shows the grafting on the GC/SWCNT. The reduction of the diazonium salt on 

this surface shows the presence of one reduction peak at -0.07 V. The shape of the 

reduction peak was similar to that seen with grafting of synthesised 2b on pyrolytic 

graphite electrodes (PGEs) [14]. 

Fig. 4.8(c) shows the electrochemical grafting of synthesised 2b on MWCNT -paper. The 

electrochemical reduction of diazonium salts using an applied potential of -1.0 V for 30 

min has been used to functionalize the side-walls of SWCNT -paper [89], and was shown 

to be successful. In this work, we attempted a similar process with MWCNT -paper using 

CV reduction of rwo and four cycles, taking care to coat the working electrode clip with 

colloidal silver paste in order to improve the connection berween the paper electrode and 

the potentiostat, and also ensuring that the clip itself was not in solution [89]. Two 
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grafting cycles are shown in Fig. 4.8(c), with a very weak reduction peak seen at z 0 V in 

the first cycle. The diazonium reduction peaks couId not be more clearly seen due to the 

highly resistive nature of the MWCNT -paper. 

4.2.1.1. Electrochemical characterisation 

Grafting was confirmed by cyclic voltammetry in K.[Fe(CN)6] where the grafted layer 

caused blocking of the electrode and thus this redox process. Fig. 4.9 shows the surfaces 

before and after grafting with 2b in this redox probe, illustrating clearly the presence of a 

layer that blocked the electrochemical response of electrode towards ferrocyanide. 

Fig. 4.9(a) shows complete suppression of the redox behaviour of ferrocyanide following 

grafting via route B (the synthesised 2b) . This indicates that the layer was compact and 

provided complete coverage of the electrode [94]. However, the in situ generated 2b­

grafted layer shows incomplete blocking of the electrode in Fig. 4.9(c), with a suppressed 

oxidation peak at 0.6 V. Different diazonium salts have varying barrier effects towards 

redox probes such as potassium ferrocyanide, and this blocking behaviour was found to be 

dependent on the applied overpotential, reduction time, and substituent effects on the 

compact nature of the layer [226,227]. It is clear that grafting of the in situ generated 2b 

in this case did not form as compact a layer on the electrode, and this couId be due to the 

solvent conditions or insufficient time allowed for diazotation to occur. 
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Figure 4.9. Cyclic voltammograms of (a) GCE and (b) GC/SWCNT before (i) and after (ii) 

grafting two cycles in synthesised 2b, (c) GCE before (i) and after (ii) grafting two cycles 

in 1 mM in situ diazotized 2a to form 2b in 96:4 ACN/l M HCI in 0.1 M TBABF., and (d) 

MWCNT -paper before (i) and after grafting two (ii) and four (iii) cycles in synthesised 2b. 

In 5 mM K.[Fe(CN)6] in 0.1 M KCL Scan rates of (a)-(c) at 50 mV/s and (d) at 10 mV/s vs 

AgJAgCl (3 M KCI) . 

Fig. 4.9(b) shows the blocking effect of the synthesised 2b-grafted layer in ferrocyanide 

on the GC/SWCNT. There was a small reversible redox process at 0.25 V, the same 
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potential where ferrocyanide oxidation/reduction occurs. It is likely that the rough 

SWCNT layer and the resulting steric hindrance inhibited complete coverage of the 

conductive surface. This is expected, due to the non-homogeneous nature of the layer of 

SWCNTs, and a balance was needed between obtaining a well -covered surface, and the 

thickness of the grafted layer. A grafted layer that is too thick would result in an 

increased distance between the electrocatalyst (to be attached through click chemistry) 

and the electrode, and a reduction in efficiency. Electrografting on to SWCNTs has been 

described on carbon nanotube paper electrodes with other diazonium salts [89]. 

The bare MWCNT -paper electrode exhibited a large resistance to charge transfer in Fig. 

4.9(d), as indicated by the LIE of 330 mV at 10 mV/s, showing that the paper has poor 

conductivity - as expected since the manufacturer's measured resistivity was 0.1 ohm-em. 

On the other hand, Fig. 4.9(b) shows the high conductivity of SWCNT with LIE of 110 

m V at 50 m Vis. However, the insulating effect following grafting indicates that the 

MWCNT-paper electrode was sufficiently conductive to allow reduction of the 

diazonium salt and functionalisation of the MWCNTs, resulting in a decrease in the 

current background and in the intensity of the ferrocyanide redox peaks. The current 

intensity (corrected for the mass of the MWCNT -paper, and shown as mA.g-l) decreased 

by 25 % after two grafting cycles, and by 50 % after four grafting cycles - in Fig. 4.9(d)(ii) 

and (iii) respectively. There was very little decrease in current with a further increase in 

the number of grafting cycles. If the current intensity is roughly equated with the amount 

of grafted surface of the paper electrode, then it follows that although the signal for 
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ferro cyanide was not blocked completely, the current decrease indicated that the 

MWCNT -paper had been grafted successfully. 

4.2.1.2. Scanning electrochemical microscopy (SEeM) 

SECM was also used to confirm the blocking of the electrode, and to give some indication 

of the electron transfer kinetics of the surfaces. For the SECM analyses of grafting the 

synthesised 2b on GCEs and GC/SWCNT, glassy carbon plate electrodes were used, and 

modified in the same way as the conventional GCEs. The in situ grafted surface was not 

analysed using SECM or XPS due to the poorer blocking behaviour observed in Fig. 4.9(c) 

of this route A, compared to the modification route B. Upon grafting of these surfaces, the 

diazonium formed an insulating layer that was not electrochemically active, as has been 

noted previously with grafting of electrodes with aryl diazonium salts [87,88,92), and as 

was observed in Fig. 4.9 and discussed above. 

For SECM approach curves, a constant potential was applied to the Pt ultramicroelectrode 

(UME) to oxidise the ferrocyanide in solution, and the current was monitored as the UME 

approached the un-biased substrate. Approach curves were plotted with both the current 

measured (I) and distance (d) normalised with respect to the limiting current, IBm, and the 

radius of the probe (a) respectively. Fig. 4.10 shows the SECM approach curves to the 

grafted surfaces, and compares the response with approach curves to the bare surfaces and 

Tefion® as an almost ideal insulator. Deviations from total negative feedback for Tefion® 

was attributed to the substrate not being completely level. 
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Figure 4.10. SECM approach curves using 15 fllIl Pt UME in 5 mM K.[Fe(CN)6] in 0.1 M 

KCL Approach to (a) GCE and (b) GC/SWCNT for (i) bare, (ii) after grafting two cycles in 

synthesised 2b, and (iii) bare Teflon"'. (c) Approach to (i) MWCNT-paper, (ii) after two 

grafting cycles, (iii) after four grafting cycles, (iv) bare Teflon®. At 0.5 V vs AglAgCL 
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Two grafting cycles of the synthesised 2b on the GCE were sufficient to completely block 

the electrode surface, as shown by the approach curves towards the grafted surface 

matching that seen with the approach to the purely insulating Teflon"', in Fig. 4.10(a)(ii) 

and (iii). 

Fig. 4.1O(b)(i) shows that the unmodified GC/SWCNT exhibited good conductivity with 

high electron transfer rates towards potassium ferrocyanide, which is a very surface­

sensitive redox analyte [122,228,229]. The incomplete blocking of the grafted 

GC/SWCNT surface using synthesised 2b was confirmed by the SECM approach curves in 

Fig. 4.10(b) . Although the UME registered negative feedback on approach to the grafted 

surface, indicating insulating behaviour towards the redox species in solution, this 

substrate was slightly less insulating than the grafted GCE surface in Fig. 4.10(a)(ii) and 

the Teflon"' as seen in Fig. 4.1O(b)(iii). 

Fig. 4.1O(c) shows the response of the MWCNT-paper electrode. Although SECM could 

be used to analyze the MWCNT-paper, it must be noted that the conductivity - or 

electron transfer rates - of the surface as determined by approach curves in different 

places on the MWCNT-paper Were not uniform, with some areas giving greater positive 

feedback than others. In no case did the synthesised 2b-grafted surfaces exhibit pure 

insulating behaviour. This can be explained by an understanding of the structure of the 

MWCNT -paper, which is in essence a "mat" of branched nanotubes with pores and holes 

with only the outside nanotubes that have better electrical contact being grafted, while 

neighbouring nanotubes and areas more sterically hindered are likely free of the blocking 
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diazonium layer. Due to the small size of the nanotubes themselves, and the relatively 

large size of the SECM probe at 15 f.lIll, adjacent nanotubes with differing electron 

transfer rates towards ferrocyanide oxidation (as well as holes in the paper) could cause 

the inconsistent feedback responses found at different points on the modified paper, 

similar to that seen with grafted layers containing defects and pores [179]. Thus, the 

approach curves shown in Fig. 4.10(d) were chosen as an "average" example of the results 

found. 

The bare MWCNT -paper did not exhibit consistent electrochemical behaviour across its 

entire surface, with only some approach curves revealing good positive feedback, as seen 

in Fig. 4.10(d)(i) . In all cases, however, the unmodified surface appeared to be conductive. 

The lower conductivity of this surface compared to the SWCNTs (as seen by the slower 

electron transfer kinetics) is likely due also to the nature of the branched MWCNTs used 

to make the paper, which do not have as good electrical conductivity properties as the 

SWCNTs, as well as the presence of holes and pores. However, a difference could be seen 

upon grafting of the synthesised 2b on the MWCNT-paper. Grafting of two cycles was 

compared to four cycles, as electrochemical analysis has shown that two and even four 

grafting cycles did not block the detection of ferrocyanide completely, again as a result of 

the higher electrical resistance of this material and steric effects . Fig. 4.l0(b)(ii) and (iii) 

shows the comparison between two and four grafting cycles, respectively, with the 

MWCNT-paper showing poorer electron transfer and less conductive behaviour after the 

greater number of grafting cycles. 
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Line scans across the smface of the electrodes modified with SWCNTs and the MWCNT­

paper could also be used to give some indication of (i) the orientation of the SWCNTs on 

the smface, and (ii) the topography of the MWCNT -paper, Fig. 4.1l. For line scans, the 

probe is brought close enough to the smface to detect the electrochemical behaviour and 

then scanned in either the x or y direction. 

In Fig. 4.11(a)(i), the GC/SWCNT plate was scanned over the electrode smface for 800 f1II1 

and then off the edge of the electrode into bulk solution for 200 f1II1. Thus, the currents 

detected by the SECM probe show the conductive behaviour of the GC/SWCNT - with 

fluctuations in current showing that the smface is either not uniformly conductive, or 

more likely not uniform in topography due to the mixed vertical and horizontal 

alignment of the SWCNTs [65] - compared to the limiting current (Ilim) of 8.25 nA in bulk 

solution. In Fig. 4. 11 (a) (ii), the probe was once again scanned over the unmodified 

GC/SWCNT for 800 f1II1, and then over the grafted area of the electrode for 200 flm. The 

grafted area showed good insulating behaviour, with currents well below the hm. The 

unmodified area showed a slight decrease in conductivity compared to that in Fig. 

4.11(a)(i), however this is most likely due to the greater distance between the probe and 

the substrate, or to some passivation by adsorbed material. 
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Figure 4.11. SECM line scans of (a) GC/SWCNT for (i) bare and (ii) after two cycles of 

grafting using synthesised 2b, and (b) unmodified MWCNT. Both in 5 roM K4[Fe(CN)6] in 

0.1 M KCl. Probe = 15 flm Pt, E,pp = 0.4 V vs AgIAgCl, lHm = 8.25 nA for (a) and 6.3 nA for 

(b) . 

The line scan in Fig. 4. 11 (b) of the unmodified MWCNT shows the fluctuating current 

response as the probe was scanned over the surface, due to the topography of the 
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branched nanotubes (and varying distance between the probe and the surface), the 

presence of holes in the paper, as well as the varying conductive behaviour. 

For the SECM area scans, only the GCE and the GC/SWCNT were analyzed. For the GCE, 

a short GCE was placed in the SECM setup, and the image was done to show the contrast 

between the GC and the Teflon" casing. This electrode was used due to availability, 

however a GC plate electrode gave the same results. For the GClSWCNT, the entire GC 

plate electrode was modified with SWCNTs to give the GC/SWCNT surface, and half of 

the plate was grafted with synthesised 2b in order to obtain a clear interface between the 

bare and functionalized areas, giving a good current contrast. The roughness of the 

MWCNT-paper was much greater than the GC/SWCNT, resulting in the SECM probe 

being either too close or too far away from the surface to get a good image. Hence no 

SECM image is shown for MWCNT-paper. 

Fig. 4.12 shows the SECM images of the (a) bare and (b) grafted GCE in 5 mM 

K4[Fe(CN)6] in 0.1 M KCI. The grafting created a fairly uniform blocked layer of the 

synthesised 2b on the surface, Fig. 4.12(b). The slight defects in the images in Fig. 4.12 

were likely due to differences in height while scanning the electrode, as obtaining a 

perfectly flat surface at the micrometer scale is difficult. The constant height method that 

was used, while effective, can cause problems with crashing of the UME tip into the 

surface if it is not smooth or level [175]. However, it created a clear picture of the 

difference between the modified and unmodified electrode, and it was a fast and efficient 

method. 
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Figure 4.12. SECM images of (a) bare GCE and (b) synthesised 2b-grafted GCE using 25 

11m Pt UME in 5 mM K.[Fe(CN)6] in 0.1 M KCl as the redox probe. The image was 

scanned from the GC disk towards the insulating Tefion® area. Scan area: 1000 11m x 2000 

11m; applied potential: 0.5 V; ltim = 9 nA. 

Fig. 4.13 shows the three-dimensional area scans obtained from the SECM after each 

modification step for the GC/SWCNT. Fig. 4.13(a) shows the image obtained by scanning 

over the surface and off the edge of the electrode. The difference in conductivity of the 

GC/SWCNT section was due to a slight tilt in the surface, meaning that the probe was 

closer to the surface and detected higher currents in one area. The image shows clearly 

the rough alignment of SWCNTs on the surface, and indicates that it is likely that the 
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SWCNTs have a largely vertical arrangement from the spikes in current as the probe 

scanned over the surface. 
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Figure 4.13. SECM images of (a) GC;SWCNT and (b) after grafting of synthesised 2b. 

Imaged with a 15 fllll diameter Pt UME in 5 mM K.[Fe(CN)6] in 0.1 M KCl (Ed_ = 0.5 V vs. 

AgIAgCl; Ilim = 7.8 nA). The tip was scanned at 15 funis. 
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In Fig. 4.13(b), the probe was scanned over the electrode at the interface berween the 

modified (grafted) and unmodified GC/SWCNT to show the contrast berween the 

insulating modified surface and the conductive GC/SWCNT. Fig. 4.13(b) shows that the 

grafted area retained the rough surface from the underlying SWCNTs through the 

fluctuations in current, but was still uniformly insulating. As mentioned for the line scans 

in Fig. 4.11, the apparent variations berween the unmodified GC/SWCNT areas of Fig. 

4.13(a) and (b) are attributed to different distances berween the UME tip and the 

substrate, which gready affects the current intensities and surface detail as seen in Fig. 

4.13(a) where the substrate was not completely level. 

4.2.1.3. XPS characterisation 

The final technique used to characterise the synthesised 2b-grafted surfaces was XPS. 

High resolution XPS is very useful in showing the presence of the grafted azide, as the 

central nitrogen group of the azide has a distinctive peak at higher binding energy than 

the adjacent nitrogen groups [13,73,181,182,184]. The ratios of these peaks are expected 

to be 1:2 [181]. however deviations from this ratio have been seen in certain cases 

[13,143,184], and are attributed to degradation of the azide following lengthy analysis 

under XPS conditions [182]' and also to some residual nitrogen from the underlying 

surface or solvent. 

The MWCNT-paper after four grafting cycles was used for these studies since it gave 

better blocking behaviour using cyclic voltammetry compared to that grafted with rwo 
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cycles. The GCE and GClSWCNT followmg two grafting cycles (route B and C 

respectively) were also employed. High resolution XPS of the N(ls) region of the three 

surfaces is shown in Fig. 4.14. Each of the grafted electrodes had a peak at =404 eV, which 

is attributed to the central nitrogen of the azide, as explained above. The presence of this 

peak is indicative that grafting was successful for all three surfaces. The signal at 400.7 eV 

for the GCE and GClSWCNT and 400.9 eV for the MWCNT-paper is due to the 

overlapped peaks of the adjacent nitrogen groups in the azide functionality [181,182]. A 

third peak was observed at 399.6 eV for the GCE, and at 399.4 eV as a weaker shoulder to 

the main signal for the MWCNT-paper and the GC/SWCNT, and most likely originates 

from the contribution of nitrogen groups found on the bare surfaces as well as residual 

solvent. The peaks for the azide groups at 404.3 eV on the MWCNT-paper were weaker 

than that seen for the grafted GCE and GClSWCNT (at 404.1 eV). This is likely due both 

to the rougher surface of the MWCNT-paper, which results in more scattering of the 

photoelectrons in the XPS and thus weaker signals, as well as fewer grafted azide groups 

due to the resistivity of the MWCNT -paper. 
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Figure 4.14. High resolution XPS of the N(ls) region of (a) GCE, (b) GClSWCNT and (c) 

MWCNT-paper before (i) and after (ii) grafting for two cycles using synthesised 2b. Pass 

energy = 40 eV, number of scans = 5. 
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4.2.2. Click chemistry attachment of ferrocene 

Following electrochemical grafting with synthesised 2b, the grafted GCE, GC/SWCNT 

and MWCNT-paper surfaces were further modified through click chemistry. The 

attachment of ferrocene through this approach is discussed first, through both a graft-

then-click (Scheme 4.2) and click-then-graft (Scheme 4.3) approach, followed by graft-

then-click attachment of pyridine to the GCE and GC/SWCNT and axial ligation to FePc 

(Scheme 4.2). These graft-then-click approaches are shown in Scheme 4.2. 

or GC/SWCNT 
or MWCNT-paper 

click 
chemistry 

GeE 
or GC/SWCNT 

) 

click chemistry 
or GC/SWCNT 
or MWCNT-paper 

FePc 

) 

axial ligation 

or GC/SWCNT 

Scheme 4.2. Proposed click chemistry attachment of ethynylferrocene and 4-

ethynylpyridine to the grafted surfaces, followed by axial ligation of FePc to the pyridine 

groups. 
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The graft-then-click chemistry approach to attaching ferrocene to the modified surfaces 

(Scheme 4.2) was compared to the click-then-graft approach (Scheme 4.3) through the 

use of the pre-clicked complex 4- (4-ferrocenyl-1H-l,2,3-triazol-l-yl)aniline (2c), which 

could be grafted through in situ diazotation to 2d as demonstrated with 2a above. This 

click-then-graft approach is discussed first, Scheme 4.3. 

H2N-o-N3 
2a 

click 
chemistry 

in situ 
diazotation 

-0- N' N 
H,N ~ h N~ 

Fc 
2c 

) 

electro­
grafting 

) 

Scheme 4.3. Route for electrografting of the pre-clicked complex 4-(4-ferrocenyl-lH-

1,2,3-triazol-l-yl)aniline (2c) through in situ diazotation to 2d. 

In order to characterise the surface layer by layer, electrochemistry, X-ray photoelectron 

spectroscopy (XPS) and scanning electrochemical microscopy (SECM) were used. XPS 

was particularly useful in monitoring the success of the click chemistry reaction by 

following the disappearance of the azide signal [8,13,73,143,184], while SECM proved 

useful in confirming the conductive or insulating behaviour of the surface [65,122]. 
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4.2.2.1. Click-then-graft approach using complex 2d 

The complex 2c was converted to 2d through in situ diazotation and 2d was investigated 

for its potential in grafting of the GCE surface, for direct attachment of the pre-clicked 

ferrocene group, shown in Scheme 4.3. Grafting of species more complex than the simple 

para-substituted nitro, amino and alkyl diazonium salts has been done with ruthenium 

[1l5], nickel porphyrin [1l6] and osmium [1l7] complexes, with the importance of a 

spacer between the metal ligand and the N,· group being stressed [115]. 

In situ diazotation of the aniline 2c to form the diazonium complex 2d was done in the 

same way as in situ diazotation of 4-azidoaniline (2a), in an acidic aqueous media with 

NaNO,. Fig. 4.15 shows the CVofthe grafting of2d. 

The shape of the cyclic voltammogram observed during the electroreduction of 2d, shown 

in Fig. 4.15, is similar to those reported in the literature obtained with other in situ­

generated aryldiazoniums on GCEs with an intense reduction peak at ~O.2 V [96,226,227], 

whose intensity decreases by successive cycling indicating the coupling of 2d to the 

electrode surface [95,96,226,227]. The reduction peak is at more positive potentials than 

that seen for the reduction of 2b in Fig. 4.8, indicating that the substituents on the 

diazonium salt have an effect on the reduction potential [87,96]. 
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Figure 4.15. Electrochemical grafting of GCE in 1 mM in situ diazotized 2c to form 2d in 

96:4 ACN/ 1 M HCl in 0.1 M TBABF •. Two cycles at 50 mV/s vs AglAgCl. 

4.2.2.1.1. Electrochemical characterisation 

As with the surfaces grafted using 2b, the 2d-grafted GCE was characterised by analysis of 

the barrier effect in potassium ferrocyanide. This is shown in Fig. 4.16. The 2d-grafted 

GCE showed complete suppression of the ferrocyanide redox process, indicating that 

grafting of 2d was successful in forming a compact, pinhole-free layer. 
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Figure 4.16. Cyclic voltammograms of (a) GCE before (i) and after (ii) grafting two cycles 

in 1 mM in situ diazotized 2c to form 2d in 96:4 ACN/I M HCI in 0.1 M TBABF •. In 5 

mM K.[Fe(CN)6] in 0.1 M KCI at 50 mV/s vs AgJAgCl (3 M KCI). 

Following grafting, the electrode was studied using CV in KPF6, Fig. 4.17. A peak couple 

of weak intensity at Epl/2 = 0.10 V was seen, which can tentatively be assigned to the 

presence of electroactive ferrocene groups inside the electrografted 2d-layer. 6E = 28 m V 

for this couple, which is indicative of fast electron transfer - as is expected for a species 

covalently attached to the electrode surface. However, the successful attachment of 

ferrocene could not be conclusively confirmed by this method, and XPS was needed to 

look at the system more closely. 
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Figure 4.17. Cyclic voltammogram in 0.1 M KPF, of 2d-grafted GCE. Scan rate 50 m Vis. 

Inset: square wave voltammogram. 

The apparent surface coverage (f) in electroactive ferrocene sites was calculated for the 

2d-grafted GCE from the integration of the electrical charge Q of the anodic peak of the 

cyclic voltammogram in Fig. 4.17 and calculated as r = QfnFA, eq. 1.2. The amount of 

electroactive ferrocene sites inside this layer was determined to be 0.7 ± 0.2 x 10.10 

mol.cm·', Table 4.3. 
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Table 4.3. Surface coverage (f) of ferrocene on the modified surfaces following click 

chemistry. Grafting and click chemistry were done using 4-azidobenzenediazonium salt 

(2b) and ethynylferrocene respectively, unless stated otherwise. 

Substrate 

GCE 

GCE 

GCE 

GCE 

GCE 

GC/SWCNT 

MWCNT­
paper 

GCE 

GCE 

PGE 

PGE 

Electrode Modification 

grafting of synthesised 2b followed by 
click chemistry 

in situ diazotation of 2a to form 2b, 
grafting of 2b and followed by click 
chemistry 

electropolymerisation of 2a followed by 
click chemistry 

in situ diazotation of 2c to form 2d, 
followed by grafting of 2d 

electropolymerisation of 2c (following 
click chemistry) 

grafting of synthesised 2b followed by 
click chemistry 

grafting of synthesised 2b followed by 
click chemistry 

grafting of 2b then click chemistry 

grafting then click chemsitry , 

grafting of 2b then click chemistry 

grafting then click chemistry , 

fa 
(1010 mol.cm-2) 

4.7 ± 0.2 

4.9± 0.3 

1.1 ± 0.4 

0.7 ± 0.2 

17.7 ± 2.8 

7.7 ± 0.9 

b 

3.3 ± 0.9 

0.9 ± 0.1 

14.3 ± 1.0 

2.7 ±0.2 

Reference 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

[14) 

[14) 

[14) 

[14) 

, Surface coverage of ferrocene determined by electrochemistry; b roughly calculated as 

1.86 X 10-6 mol.g-I from the anodic ferrocene peak at 0.59 V; , grafting of 4-

ethynylbenzenediazonium and click chemistry with azidomethylferrocene. 
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Knowing that the surface coverage expected for a close-packed monolayer of ferrocene is 

4.5 x 10-10 mol.cm-2 [7], the surface coverage calculated for this 2d-modified electrode was 

less than a monolayer- The electro grafted film may contain fewer ferrocene sites on the 

electrode surface due to steric hindrance between each monomer, leading to a lower 

number of grafted molecules, or all the ferrocene sites inside the film may not be 

accessible for electron transfer due to the non -conducting character of the electrografted 

layer. Another possibility is the elimination or displacement of ferrocene groups by the 

radicals generated during diazotization. 

4.2.2.1.2. XPS chaIactensation 

To complete the characterisation of the modified electrode, the sample was analysed by 

XPS, Fig. 4.18. However, only N(ls), O(ls) and C(ls) were visible in the spectrum. The 

lack of Fe(2p) signal with the 2d-grafted GCE may be due to a very low concentration of 

ferrocene, confirming the weak electrochemical response observed in Fig. 4.17 and 

showing that with the experimental conditions used, this route was not an efficient 

method for modification of the electrode using this species. 

142 



CHAPTER 4 

1200 800 

Fe(2p) 

t .1 

0(15) 

-

ELECTRODE MODIFICATION 

C(15) 

N(15) 

j 
400 o 

Binding Energy (eV) 

Figure 4.18. XPS spectrum for GCE after grafting complex 2d. Pass energy = 160 eV, 

number of scans = 3. 

4.2.2.2. Graft-then-click approach using synthesised 2b 

The functionalisation of the GCE, GC/SWCNT and MWCNT -paper surfaces with azide 

groups through electrochemical grafting of 2b was discussed in Section 4.2.1. No 

difference was seen in the ferrocene peaks when using in situ diazotation of 2a and 

grafting of the resulting 2b on the GCE followed by click chemistry of ethynylferrocene, 

and so only the results for the synthesised 2b-grafted surfaces are shown here. In all of 

the click chemistry reactions discussed below, copper(II) sulphate was used and reduced 

to the catalytic CU(I) in situ through addition of excess sodium ascorbate. These 

copper(II) salts are often purer and less costly than the copper(I) species [134]. The Cull) 

catalyst is responsible for the click chemistry reaction, through the production of a 

regiospecific 1,2,3-triazole link between the surface groups and the alkyne-bearing 
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compound [12,133,134,140,230]. In the case of click chemistry with ethynylferrocene, a 

2: 1 solvent mixture of ethanol/water was used due to the insolubility of ferrocene in pure 

aqueous media. 

Global modification of a synthesised 2b-grafted surface with ethynylferrocene has been 

accomplished before through click chemistry with the surface azide groups on PGEs and 

GCEs [14]. However, this is the first case of attachment of ferrocene to GC/SWCNT and 

MWCNT-paper through the use of this approach, as outlined in Scheme 4.2. TIris work 

also shows improved surface coverage of ferrocene on GCEs through the conventional 

grafting approach, compared to that seen in literature. 

4.2.2.2.1. Electrochemical characterisation 

Ferrocene was a particularly useful complex to attach to the modified surface as its strong 

redox activity means that, once covalendy attached to the modified surfaces, 

electrochemical characterisation can be used to prove attachment and also to determine 

surface coverage of the ferrocene. The grafted electrodes retained their blocking 

characteristics towards ferrocyanide following click chemistry (figure not shown). 

The C:Vs in 0.1 M KPF6 of the surfaces following click chemistry with ethynylferrocene 

are shown in Fig. 4.19. Control experiments where ferrocene was used in the place of 

ethynylferrocene in the click chemistry step were used to ensure that the peaks were 

correctly assigned to linked ferrocene, rather than adsorbed species. 
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Figure 4.19. Cyclic voltammograms in 0.1 M KPF. of surfaces modified in 1 mM 

ethynylferrocene, 5 mM CuSO, and 40 mM sodium ascorbate for 18 h. (a) GCE, (b) 

GC/SWCNT and (c) MWCNT-paper after (i) grafting two cycles in 2b and (ii) following 

click chemistry. Scan rate = 50 m Vis vs AglAgCI (3 M KCI) . 

A well-defined redox couple is visible for the GCE and GC/SWCNT electrodes in Fig. 

4.19(a) and (b), with EpIn = 70 mV for the Gc/SWCNT, and Epl12 = 61 mV for the GCE. 

This redox couple is assigned to covalently attached ferrocene. The reversible redox 

process correspondes to that observed by others [14]. and indicated a successful 
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modification of the electrode with the electroactive ferrocene. For the GC/SWCNT 

electrode, ,',E = 38 m V and for the GCE ,',E = 63 m V. This confirms that the SWCNTs also 

promote fast electron transfer at the electrode [21]. 

Fig. 4.19(c) shows the behaviour of the MWCNT-paper after grafting and click chemistry 

in 0.1 M KPF6. The bare MWCNT-paper and the MWCNT-paper after two grafting cycles 

showed no peaks as expected in the electrolyte solution. However, after click chemistry 

attachment to ferrocene, Fig. 4. 19(c)(ii), the MWCNT-paper electrode showed distinctive 

peaks due to ferrocene at 0.59 V (anodic) and 0.43 V (cathodic), with a,',E of 161 m V and 

a half wave potential of Ep1/2 = 0.51 V vs AglAgCl (3 M KCl). These peaks were not 

observed in the control experiments without ethynylferrocene. The large ,',E shows the 

poor conductivity of MWCNT -paper compared to the other modified surfaces. The peak 

near -0.2 V was observed in the control without ethynylferrocene, and may be associated 

with reduction of the copper catalyst. No difference was seen in the intensity of these 

peaks when four grafting cycles were used. 

The surface coverage offerrocene (1') was determined using eq. 1.2 and the integration of 

the electrical charge of the ferrocene oxidation peak, Q, to calculate the number of 

electroactive ferrocene sites. This was compared to the surface coverage of ferrocene 

obtained with the GCEs grafted with the pre-clicked complex 2d, Table 4.3. 

As shown in the Table 4.3, the method for attachment of ferrocene to the GCE through 

click chemistry with electrografted synthesised 2b gave 1.4 times higher values for 

surface coverage of ferrocene than that seen in literature on GCEs, at 4.7 ± 0.2 x 10.10 
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mol.cm-2 , compared to 3.3 ± 0.9 x 10-10 mol.cm-2 [14]. This could be due to the different 

conditions used for grafting, where potential sweep was used for reduction of the 

diazonium in this work as opposed to potential step, or to the different conditions used 

during click chemistry, where a solvent mixture of 2:1 ethanol/water was used due to the 

insolubility of the ethynylferrocene, and the electrode was left to react for 18 h rather 

than 60 min [14]. The values obtained in this work for coverage of ferrocene on the 

grafted and clicked GCE are in very close agreement with the theoretical value of 4.5 x 

10-10 mol.cm-2 for a close-packed monolayer of ferrocene moieties on a level surface [7]. 

Greater surface coverage values for ferrocene have been found on PGEs (14.3 ± 1.0 x 10-10 

mol.cm-2 , Table 4.3) and were attributed to the porous nature of these electrode materials 

which lead to a larger real surface area than the geometric area [14]. It is also important to 

note the difference seen in literature between the surface coverage of ferrocene on both 

GCEs and PGEs for the acetylene-modified electrodes compared to the azide-modified 

electrodes, Table 4.3, which was attributed to the mechanism of the click chemistry 

reaction, which goes through a copper-acetylene complex intermediate and likely leads to 

steric effects with the surface-bound acetylene species and lower coverage [14]. This was 

another reason for the use of 2b in this work, as opposed to the acetylene derivative. 

The value for surface coverage of ferrocene on the GCE (4.7 ± 0.2 x 10-10 mol.cm-2) could 

be used to compare this graft-then-click approach to the click-then-graft approach using 

2d. The surface coverage obtained from direct attachment of ferrocene through grafting 

of complex 2d was 0.7 ± 0.2 x 10-10 mol.cm-2• The 6.7 times improvement for surface 

coverage with the graft-then-click approach indicates that this stepwise method is more 

147 



CHAPTER 4 ELECTRODE MODIFICATION 

effective in maximising the attachment of the ferrocene species to the surface, without a 

loss in electroactivity during the moclification process. 

The GC/SWCNT had greater surface coverage of ferrocene than the GCE at 1.6 times that 

seen on the GCE without SWCNTs. TIlls indicates an increase in the surface area of the 

electrode due to the presence of the SWCNTs, as can also be seen by the increased 

capacitive current for this electrode in Figure 4.19(b). The GC/SWCNT proved to be fairly 

stable, suffering only a small decrease in the peak intensity (zlO %) after one day in 0.1 M 

KPF6. 

The surface coverage of ferrocene on the MWCNT-paper was determined to be 1.86 

flIllol.g·' using the charge of the anodic peak at 0.59 V. TIlls value was corrected for the 

weight of the paper, as correction for the area was not practical due to the morphology of 

the paper. This is given as a tentative value, as the highly resistive nature of the 

MWCNT-paper made absolute assignment of this peak as originating from ferrocene 

oxidation difficult, and the entire MWCNT -paper was not immersed in the grafting 

solution. This method can be compared to the chemoselective in situ diazotation of 2a 

and chemical grafting of the resulting 2b on SWCNTs, where the nanotubes were 

dispersed in a solution of acetonitrile with 2a which was diazotised in situ through the 

addition ofisopentylnitrite [105]. The SWCNTs were chemically grafted at 60 °C for 14 h 

before being washed, filtered, and then used for click chemistry attachment to 

ethynylferrocene [105]. For the SWCNTs, loading of ferrocene was calculated from cyclic 

voltammetry data to be 38 flIllol.g·! using the CuSO.Jsodium ascorbate click chemistry 
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conditions [105]. The much greater loading determined by this method can be attributed 

to two main factors: (i) the poor conductivity of the MWCNT-paper used in this work, 

limiting electrochemical grafting compared to chemical grafting on the SWCNTs and (ii) 

steric hindrance preventing greater functionalisation of the MWCNT -paper, compared to 

the free SWCNTs. However, the potential of directly functionalising a paper electrode 

through the grafting and click chemistry approach used in this work could be useful for 

attachment of groups only at the outer areas of the paper, where they have the greatest 

use, and for applications in the production of flexible sensors, materials, capacitors and 

smart textiles. This is especially applicable due to the recent work being done on the 

improvement in conductivity and tensile strength of both SWCNT and MWCNT arrays, 

paper and nanomaterials [231-233]. 

Accurate determination of the thickness of the layers would require a technique such as 

AFM scratching, and these surface coverage values cannot be directly related to the 

thickness [234] . These results could not conclusively prove the attachment of ferrocene in 

themselves, but in conjunction with the XPS results do show that there is some reaction 

with the ferrocene afrer the click chemistry step. 

4.2.2.2.2. SEeM characterisation 

Fig. 4.20 shows the approach curves to the GCE, GClSWCNT and MWCNT -paper when 

bare and following grafting in synthesised 2b, in order to compare the behaviour afrer 

click chemistry. 
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Figure 4.20. SECM approach curves using 15 fl1I1 Pt UME in 5 mM K4[Fe(CN)6] in 0.1 M 

KCL Approach to (a) GCE, (b) GClSWCNf and (c) MWCNf-paper (i) bare, (il) after two 

grafting cycles (four grafting cycles for the MWCNT -paper) in synthesised 2b and (iii) 

following click chemistry with ethynylferrocene. At 0.5 V vs AglAgCL 
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Fig. 4.20(a) shows the approach curve results for grafting and click chemistry on the GCE. 

Following click chemistry, the SECM probe still showed a negative feedback response 

upon approach to the modified surface, Fig. 4.20(a)(ii), indicating that the grafted layer 

was still present and the click chemistry conditions did not greatly affect the blocking 

capability of the electrode - although there was a slight decrease in the insulating 

characteristics. Ferrocene, although electrochemically active itself, did not catalyze the 

oxidation or reduction of the ferrocyanide and gave a negative feedback response. 

SECM was used to study the MWCNT-paper as well as the GC/SWCNT after grafting and 

click chemistry, in order to compare the modification process on both a resistive and 

highly conductive electrode bearing carbon nanotubes. Thus, approach curves of the 

synthesised 2b-grafted GC/SWCNT surface Fig. 4.20(b)(ii) and the surface after click 

chemistry Fig. 4.20(b)(Ui) showed insulating behaviour through negative feedback. The 

slightly greater insulating behaviour showed by the clicked surface can be attributed to 

the formation of another layer on the substrate, which would further limit diffusion of 

the redox analyte to the GC surface and slow electron transfer. The MWCNT -paper after 

four grafting cycles and click chemistry with ferrocene is shown in Fig. 4.20(c) . Following 

click chemistry, this surface also showed more insulating behaviour across more of the 

material, indicating that the formation of another layer on the MWCNT was successful. 

As for the grafting results, SECM images of the MWCNT-paper could not be obtained. 

However, the GC/SWCNT plate was imaged using SECM following click chemistry, as 

shown in Fig. 4.21(b), in order to monitor changes in the topography of this surface. 
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Figure 4.21. SECM images of the GC;SWCNT following (a) grafting of 2b and (b) grafting 

followed by click chemistry with ethynylferrocene. Imaged with a 15 flm diameter Pt 

UME in 5 mM K4[Fe(CN)6) in 0.1 M KCl (E,;p = 0.5 V vs. AgIAgC1; hm = 7.8 nA) . The tip 

was scanned at 15 J-LIUls. 
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This image appeared to show a decrease in surface roughness compared to the grafted 

surface shown in Fig. 4.21(a), again confirming the presence of an additional layer on the 

electrode. However, the un-grafted regions of the GC/SWCNT also appeared to have a 

decrease in roughness following the click chemistry step, Fig. 4.21(b). As the entire 

surface was immersed in the click chemistry solution containing ethynylferrocene in Fig. 

4.21(b), it is likely that there was some adsorption of this species on the un-grafted 

GC/SWCNT, despite the washing steps used. Thus this apparent smoothness could be 

merely due to a greater distance of the tip from the surface, or it could be due to a 

decrease in surface roughness upon adsorption of the click chemistry species to un­

grafted SWCNTs, and slower electron kinetics. 

4.2.2.2.3. XPS characterisation 

Fig. 4.22 shows the wide scan XPS spectra for the attachment of ferrocene - on GCE, 

GC/SWCNT and MWCNT -paper via grafting and click chemistry. 

High resolution XPS scans of the Nls region following grafting of synthesised 2b has been 

discussed in the previous section, however these wide scans of the GCE and GC/SWCNT 

following grafting (Fig. 4.22(a) and (b)(ii)) show very clearly an increase in the intensity 

of the N(ls) signal at ~400 eV, as evidence of the successful grafting of the diazonium salt 

on these surfaces. The N(ls) signals also appear to decrease slightly after undergoing the 

click chemistry step (Fig. 4.22(a) and (b)(iii)), due to the formation of an additional layer 

on the surface. All of the modified surfaces following click chemistry showed the 
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presence of Fe at 708 (2p3/2) and 720 (2pl/2) eV in Fig. 4.22. The N(ls) and Fe(2p) signals 

after click chemistry demonstrate the formation of the triazole link and the 

immobilisation of ferrocene by these routes. The lesser intensity of the N(ls) signal for 

the grafted MWCNT-paper, Fig. 4.22(c), compared to (a) and (b), confirm what was 

already suggested by electrochemical analysis: fewer azide groups were available for 

bonding to ethynylferrocene on these surfaces, but they were present and click chemistry 

did occur. 

For all of the modification routes, the presence of Cu was evidenced by two XPS peaks at 

933 (2p3/2) and 953 (2pl/2) e V, showing some physical adsorption of copper catalyst used 

during the click reaction. XPS analysis of the grafted and clicked GCE before and after 

ultrasonic rinsing in a mixture of water and acetone evidenced the attenuation of the 

signal of copper of z40 %, without a loss of intensity of the N(ls) (data not shown). The 

use of another washing procedure, such as the rinsing of the modified electrode in a 

solution containing a ligand of copper such as EDT A, should promote the total removal of 

copper from the layer. The presence of residual copper catalyst was already reported in 

literature for the functionalisation of Si(lOO) by the click chemistry approach [235]. 
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Figure 4.22. XPS spectra for: (a) GeE, (b) GC/SWCNT and (c) MWCNT-paper (i) 

unmodified, (ii) after grafting with synthesised 2b and (iii) following click chemistry with 

ethynylferrocene. Pass energy = 160 eV, number of scans = 3. 
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The MWCNT-paper showed in Fig. 4.22(c) exhibited peaks for AI, Si, S and Na in the 

region 0 - 200 eV, which are expected from the manufacturer's specifications. It can also 

been seen that a higher percentage of oxygen was present on the nanotube-based 

surfaces. The high intensity of the O(ls) signal for the GC/SWCNT is attributed to the 

carboxylic acid functionalized SWCNTs, Fig. 4.22(b). For the MWCNT-paper, the O(ls) 

signal is likely due to residual solvent embedded in the paper, as well as functional groups 

on the nanotubes. 

High resolution XPS was also used to analyse the N(ls) region, Fig. 4.23. As mentioned in 

the section discussing XPS peaks on grafted surfaces (Section 4.2.1.3), the presence of 

azide groups on the surface gave distinctive peaks in the XPS spectra. Most useful for click 

chemistry is that the disappearance of the peak at higher binding energy in the N(ls) 

region (at ~404 eV, indicative of the presence of the azide) is considered to be evidence of 

successful click chemistry reaction to form the 1,2,3-triazole link, where all the nitrogen 

groups are in the same chemical environment [12,13,143,183,184]. 

Following the click chemistry step, Fig. 4.23(a)-(c) curves (iii) show the decrease in the 

peak at 404.1 eV at all surfaces (404.3 eV for the MWCNT-paper) and a shift in the largest 

peak (near 400.5 eV) to slightly lower energies compared to the grafted surfaces. This 

shift ranged from 0.1 eV to 0.6 eV for the various substrates. Shifts in binding energies in 

XPS are considered to be indicative of changes in the chemical environment [181], and 

can be assigned here to the changes in bonding following the click reaction to form the 

triazole ring. 
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Figure 4.23. High resolution XPS spectra for: (a) GCE, (b) GClSWCNT and (c) MWCNT-

paper (i) unmodified, (ii) grafted using synthesised 2b and (iii) following click chemistry 

with ethynylferrocene. Pass energy = 40 eV, number of scans = 5. 
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The N(ls) peak at 404.3 eV completely disappeared for the MWCNT-paper, Fig. 

4.23(c)(iii), showing the completion of the click reaction on this surface. A small signal 

for the azide was still present after the click reaction for the GClSWCNT (Fig. 

4.23(b) (iii)) , with a larger signal on the GCE (Fig. 4.23(a)(iii)), possibly due to steric 

hindrance preventing reaction of all the surface azide groups with ethynylferrocene. It 

appeared that more of the azide groups on the "rougher" surfaces were able to undergo 

reaction with ferrocene, supporting the effect of steric hindrance on limiting the extent of 

the reaction. 
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4.2.3. Click chemistry attachment of pyridine and axial ligation to FePc 

The new proposed approach for click chemistry with 4-ethynylpyridine and axial ligation 

to iron phthalocyanine (FePc) is shown in Scheme 4.2. The graft-then-click method was 

used due to the greater effectiveness of this approach compared to click-then-graft, as 

shown by the studies with ferrocene in Section 4.2.2. This approach has been studied 

both on a GCE and on a GC/SWCNT substrate, but not on the MWCNT-paper because of 

the poorer electrochemical behaviour and resistivity of this surface. Previous studies with 

ferrocene showed that SWCNTs allowed the "loading" of 1.6 times the amount of 

ferrocene through click chemistry on to the synthesised 2b-grafted electrode compared to 

the electrode without nanotubes, Table 4.3. Thus in this work as well, SWCNTs were 

adsorbed onto glassy carbon electrodes followed by grafting of the synthesised 2b and 

then click chemistry with 4-ethynylpyridine - as a means to axially bind FePc. The 

benefits of this approach are the possibility of modifying a multitude of conductive 

surfaces - because of the versatility of the grafting step - and also the avoidance of the 

synthesis of complex, unstable, and expensive substituted-MPcs. 

4.2.3.1 . Electrochemical characterisation 

The blocking capabilities of the grafted GCE and GC/SWCNT were discussed in the 

section on grafting above. The electrodes retained their barrier effects following click 

chemistry with pyridine and axial ligation with FePc, Fig. 4.24. 
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Figure 4.24. (a) Cyclic voltammograms of the GCE (i) bare, and after (ii) two grafting 

cycles in synthesised 2b, (iii) grafting and then click chemistry in 4-ethynylpyridine, and 

(iv) grafting, click chemistry and then 3 h in 1 mM FePc in DMF. (b) Expansion of curves 

(ii) to (iv) from (a). Electrolyte = 5 mM K4[Fe(CN)6] in 0.1 M KCl at 50 mV/s vs AglAgCl 

(3 M KCl). 
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Fig. 4.24 shows the blocking behaviour of the GCE electrode in potassium ferrocyanide 

after each step. The 2b-grafted electrode in Fig. 4.24(a)(ii) showed good blocking 

behaviour towards the ferrocyanide, compared to the bare electrode Fig. 4.24(a)(i). 

During the click chemistry step, 4-ethynylpyridine was linked to the 2b-grafted electrode 

through the formation of a 1,2,3-triazole ring with the azide in the presence of CuSO., 

which was reduced to Cu(I) in situ by sodium ascorbate. This surface was also blocked to 

ferrocyanide, shown in Fig. 4.24(a)(iii), although a weak redox process was visible at the 

potential of ferrocyanide oxidation/reduction at 0.15 V, Fig. 4.24(b). As the pyridine is 

not electroactive in itself, cyclic voltammetry could not be used to confirm the success of 

the click step. Following axial ligation to unsubstituted FePc, the electrode remained 

essentially blocked to the redox chemistry of ferrocyanide Fig. 4.24(b)(iv), with a weak 

ferrocyanide peak observed at 0.15 V. 

The peak due to Fe(II)PclFe(I)Pc was not very clear, however using square wave 

voltammetry a peak at -0.12 V vs AglAgCl (3 M KCl) was observed for the modified GCE 

in 0.1 M NaOH, Fig. 4.2s(a) . For the GC/SWCNT electrode, the couple due to the 

Fe(II)/Fe(I) process was most visible in 0.1 MpH 7.0 phosphate buffer solution (PBS), Fig. 

4.25(b)(ii). Fig. 4.2s(b) shows (i) the SWCNT oxidation/reduction process at -0.05 V and 

(ii) a redox couple that is attributed to Fe(II)/Fe(I) at 0.25 V in PBS. For the GCE 

lIEF.vD/F,(I) = 28 m V, and for the GC/SWCNT l\ESWCNT = 36 m V and lIEF.(ll)IF,(I) = 44 m V, 

which indicates very fast electron transfer as expected for species attached or closely 

linked to the electrode surface. 
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Figure 4.25. Square wave voltammograms of (a) GCE and (b) GC/SWCNT following 

grafting with synthesised 2b, click chemistry with 4-ethynylpyridine, and axial ligation to 

FePc. (a) in 0.1 M NaOH, (b) in 0.1 MpH 7.0 PBS. At 60 mV/s vs AglAgCl (3 M KCl). 

The electrochemical impedance spectroscopy measurements in 5 mM hydrazine as a test 

analyte (in 0.1 M NaOH) were also performed in order to assess the electron transfer 

properties of the modified GCE. Fig. 4.26 shows (a) the Nyquist plots and (b) their 

corresponding Bode plots for (i) the bare GCE, (ii) 2b-grafted GCE, (iii) 2b-grafted GCE 

after click chemistry in 4-ethynylpyridine, and (iv) 2b-grafted GCE after click chemistry 

in ethynylpyridine and 3 h in 1 mM FePc in DMF. 
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Figure 4.26. (a) Nyquist and (b) Bode plots for the GCE (i) bare, and after (ii) grafting 

synthesised 2b, (iii) grafting 2b and then click chemistry in 4-ethynylpyridine, and (iv) 

grafting 2b, click chemistry, and then 3 h in 1 mM FePc in DMF. Recorded in 5 mM 

hydrazine sulphate in 0.1 M NaOH. (c) Randles equivalent circuit for (iv). 
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Fitting an appropriate Randles equivalent circuit (Fig. 4.26(c» to the Nyquist data of (iv) 

gave a circuit similar to that which describes an electrochemical reaction with a strongly 

adsorbed intermediate [168], which is what we expect to see for this case. Rs is the 

solution resistance, ReT is the charge transfer resistance, RAns and CADS are the 

contribution of the surface adsorbed species, and CDL is the capacitance of the diffusion 

layer [168]. For this fit, it was necessary to replace the simple capacitance CADS with the 

constant phase element (CPE) capacitance Q From the Nyquist plots in Fig. 4.26(a), the 

ReT for each surface could be estimated. The ReT increased from the bare GCE in (i) (0.107 

kO) to the 2b-grafred and pyridine-clicked electrode (ii) and (iii) (0.659 and 0.675 kO 

respectively), with both of the last two surfaces showing almost identical behaviour in 

both the Bode and Nyquist plots. This can be attributed to the inert or unreactive 

electrochemical nature of the grafred diazonium 2b and the clicked pyridine groups, 

which form an insulating layer on the surface and do not interact with the electrolyte or 

the analyte - thus slowing the electron transfer kinetics. The surface with FePc, (iv), gave 

an RCT value of 0.569 kO and showed a depressed semicircle followed by a diffusion­

controlled response, which has in some cases been seen both with thin films [236) and 

with phthalocyanine-modified surfaces [74,100,237). This decrease in the ReT afrer 

modifying the electrode with FePc is attributed to the known catalytic properties of the 

metaIlophthalocyanines and hence the electron transfer is enhanced [22). 

The Bode plots in Fig. 4.26(b) show two relaxation processes with capacitive features for 

surfaces (ii), (iii) and (iv). This has been seen in the same electrolyte (without hydrazine) 

for both metallated (cobalt) and unmetaIlated tetraaminophthalocyanine, and was 
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attributed to the changes in the double-layer capacitance as the metal oxidation state 

changes, and to the presence of different reactive sites on the ring, respectively [237] . 

This can explain the behaviour in the presence of FePc, Fig. 4.26(b)(iv), but in the case of 

the 2b-grafted (Fig. 4.26(b)(ii)) and pyridine-clicked (Fig. 4.26(b)(iii)) surfaces it is more 

likely due to possible surface defects which do not completely block the electrolyte. The 

phase angle maxima of the high frequency peak in the grafted and clicked surfaces was 

approximately -60" (-58.66 and -61.07" respectively), with the low frequency peak at -

54.28". Upon the introduction of the FePc these peaks shift, with the high frequency peak 

maximum shifting to a higher frequency and lower phase angle (-42.30") and the low 

frequency peak maximum shifting to a lower frequency and a higher phase angle (-

57.11 "). The shift of these peaks confirms the different surface properties introduced on 

the electrode after modifying with FePc. 

The phase angle values for all of the electrodes studied in this work are less than the ideal 

-90" for a true capacitor leading to the conclusion that these electrodes have capacitive-

like behaviour [238] . 

4.2.3.2. SEeM characterisation 

SECM characterisation of the GC/SWCNT surface was particularly important, due to the 

non-homogeneous nature of the adsorbed SWCNT layer. For the modification of the GC 

plates, SWCNTs were first adsorbed on to the whole surface of the plate. Half of the 

GC/SWCNT plate was then grafted in the 2b diazonium solution, using two grafting 
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cycles as for the conventional electrodes. For the click chemistry step with 4-

ethynylpyridine and for the FePc ligation, the whole plate was immersed in the relevant 

solutions. Thus half of the plate was "blank" (not grafted, hence not clicked, represented 

as the unmodified surface), and could be compared to the modified surface after each 

step. The modified surface was grafted, clicked and modified with FePc, and SECM was 

used to analyse the behaviour of the surface after each step. This was useful in confirming 

via SECM that the unmodified section remained conductive towards ferrocyanide, 

whereas the modified section was insulating towards this redox probe. K4[Fe(CN)6] was 

chosen as the redox analyte for these experiments as it is highly surface-sensitive 

[122,228,229]. 

The approach curves in Fig. 4.27(a) show the insulating nature through negative feedback 

of the 2b-grafted (modified) GClSWCNT surface (ii), and also indicated that the surface 

remained the same following click chemistry with 4-ethynylpyridine (iii) and axial 

ligation to FePc (iv) . This is expected, as the FePc was not conductive towards the redox 

probe and so appeared to be insulating despite its potential as an electrocatalyst. 
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Figure 4.27. SECM results for (a) approach curves of (i) GClSWCNT, (ii) synthesised 2b-

grafted GC/SWCNT, (iii) 2b-grafted GC/SWCNT following click chemistry with 4-

ethynylpyridine and (iv) 2b-grafted GC/SWCNT after click and immersion in FePc and 

(b) the line scan for (iii) going from an unmodified GC/SWCNT area to the modified area 

(Ilim = 7.8 nA in 5 mM K<[Fe(CN)6] in 0.1 M KCl at 0.4 V vs AgIAgCl). 
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Fig. 4.27(b) shows a line scan curve where the tip travelled over the interface from the 

conductive (unmodified GC/SWCNT surface) to the insulating (grafred and clicked) 

surface. The conductive portion of the line scan appears to indicate that the SWCNTs are 

roughly arranged on the electrode surface, as stated previously, with some current spikes 

that could be due to vertically aligned nanotubes and a decrease in the tip-surface 

distance, or it could be due to the improved electron transfer kinetics of the SWCNTs 

[65]. However, the line scan in Fig. 4.27(b) still shows that the modified surface also has 

some rough topography and this is attributed to the presence of the SWCNTs under the 

modified layers. The slight differences in the conductive region of Fig. 4.27(b) and that 

seen in Fig. 4.1l(a) are again attributed to differences in tip-substrate distance and 

possibly the presence of some adsorbed species following the click reaction. 

The roughness of the surface is also indicated by the conductive region in Fig. 4.28(a). 

The surface following immersion in the FePc, however, did not have as sharp current 

deviations, Fig. 4.28(b). This could be merely due to a greater distance of the tip from the 

surface, or it could be due to a decrease in surface roughness upon adsorption of the FePc 

to un-grafred SWCNTs, and slower electron kinetics. Modification appears to bring some 

homogeneity to the electrochemical behaviour of the surface of the electrode, as 

indicated by the images in Fig. 4.28. A point to be noted as well is that the conductive 

region of Fig. 4.28(a) and (b) acted as a "blank", because while it was not grafred using 

synthesised 2b, (a) was immersed in the click solution with 4-ethynylpyridine and (b) in 

the FePc as well. Both remained conductive, showing that the adsorbed species were not 

the cause of the insulating negative feedback seen in the grafred region. 
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Figure 4.28. SECM images of GC/SWCNT without (a) and with (b) FePc, after grafting 

with synthesised 2b and click chemistry attachment of 4-ethynylpyridine. Imaged with a 

15 fIII1 diameter Pt UME in 5 mM K4[Fe(CN)6] in 0.1 M KCl (Eti. = 0.4 V vs. AgIAgCl; rum = 

7.8 nA). The tip was scanned at 15 fIII1/s. 
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4.2.3.3. XPS characterisation 

XPS was used to analyse both the GCE and GC/SWCNT surfaces as shown in Figs. 4.29 

and 4.30. Fig. 4.29 curves (iii) clearly shows the presence of iron in the form of the Fe(2p) 

peaks at 713 (2p3i2) and 725 (2pw) eV for the GCE and at 711 and 724 eV for the 

GC/SWCNT, which indicates that FePc was present and had undergone axial ligation to 

the pyridine groups. The slight decrease in binding energy at the GC/SWCNT is 

attributed to the high electron density of the nanotubes . The Fe signals from the FePc are 

at a higher binding energy compared to the Fe(2p) peaks found for ferrocene, which are 

at 708 and 725 eV. 

There was a strong presence of copper on both surfaces following click chemistry, at 932 

eV (2p3i2) and 952 eV (2pw), Fig. 4.29(a) and (b) curves (ii). This was likely due to the 

presence of weakly adsorbed copper following click chemistry, as had been observed for 

click chemistry with ferrocene, which showed that the copper could be removed by 

ultra-sonication. Following immersion of the surface in FePc for 3 h the intensity of this 

peak was greatly reduced, Fig. 4.29(a) and (b) curves (iii), indicating that the copper was 

merely weakly adsorbed on the surface. The atomic concentration of Fe in Fig. 4.29(a) 

and (b) curves (iii) were low, but this is to be expected due to the predominance of carbon 

from the phthalocyanine ring, the SWCNTs (for the GClSWCNT), pyridine, and the GCE 

itself. The oxygen peak was likely due to the presence of residual solvent on the surface, 

and the carboxylic acid groups on the SWCNTs. 
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Figure 4.29. XPS spectra for: (a) GCE and (b) GC/SWCNT after (i) grafting with 2b, (ii) 

grafting 2b and click chemistry with 4-ethynylpyridine and (iii) grafting 2b, click 

chemistry and immersion in FePc. Pass energy = 160 eV, number of scans = 3. 
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Fig. 4.30 shows the high resolution scans of the N(ls) region of the XPS spectrum. XPS 

was particularly useful in following the click chemistry process as the intensity of the 

characteristic peak for the central nitrogen of the azide group at 404.1 eV for the 2b­

grafted electrodes in Fig. 4.30(a) and (b) curves (ii) were greatly reduced after the click 

step, particularly for the GCE, showing that the majority of the azide groups reacted to 

form the triazole, as seen in Fig. 4.30(a) and (b) curves (iii) and (iv) for both surfaces [73]. 

Residual azide groups after click chemistry on both surfaces can be attributed to steric 

hindrance preventing some of the pyridine groups from reacting. 

XPS analysis was also done on the free FePc and 4-ethynylpyridine species (figures not 

shown). The N(ls) region of the free FePc showed a sharp high intensity peak at 398.4 

eV, which was attributed to the overlapped signals of the pyrrole and aza-nitrogens [239], 

while the 4-ethynylpyridine exhibited two broad, low intensity peaks for the pyridinic 

nitrogen at 398.7 and 40l.6 eV. The broad nitrogen signals at 400.0 eV after click 

chemistry on the GCE and the two overlapped signals at 400.6 and 399.8 eV for the 

GC/SWCNT, shown in Fig. 4.30(a) and (b) curves (iii), was thus due to the contribution of 

both the pyridinic nitrogen of the clicked pyridine as well as the triazole ring and the 

remaining unreacted azide. For the GCE, upon ligation to FePc the nitrogen peak at lower 

binding energy appeared to shift from 400.0 to 399.4 eV in Fig. 4.30(a)(iv). This was in 

fact due to the contribution of the pyrrolic and aza-nitrogen groups from the FePc at 

398.8 eV, shown more clearly at 398.5 eV for the GC/SWCNT. Fig. 4.30(b)(iv), the 

GC/SWCNT, shows the presence of the pyrrolic and aza-nitrogen groups of FePc at 398.5 

eV, with a broad shoulder at 400.3 eV from the triazole ring and unreacted azide. 
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Figure 4.30. High resolution XPS spectra of the N(ls) regIOn for (a) GCE and (b) 

GC/SWCNT (i) bare, (ii) after grafting 2b, (iii) after grafting 2b and click chemistry with 

4-ethynylpyridine and (iv) after grafting 2b, click chemistry and immersion in FePc. (c) 

and (d) the N(ls) peak fitting of (iv) for the GCE and GClSWCNT, respectively. Pass 

energy = 40 eV, number of scans = 5. 
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Fig. 4.30(c) and (d) shows the deconvolution of the peak following click chemistry and 

axial ligation with FePc for the GCE and the GC/SWCNT, respectively, in order to better 

elucidate the presence of different species. For the GCE, the presence of the triazole was 

indicated by a peak at 399.7 eV, the pyrrole/aza FePc nitrogens at 398.8 eV and the 

pyridinic nitrogen groups contributing to the signal at 398.8 eV as well as the broad peak 

at 401.1 eV in Fig. 4.30(c) . Unreacted azide groups on the GCE surface also contributed to 

the peaks at 401.1 eV and 404.0 eV. For the GC/SWCNT, Fig. 4.30(d) shows the presence 

of at least four nitrogen signals as well. The first, a sharp peak at 398.5 e V, was attributed 

to the FePc as discussed above. The second was a large, broad peak at 399.6 eV with a 

third at 401.0 eV and finally some residual unreacted azide-nitrogen at 404.1 eV. The 

signal at 399.6 eV, which was present in the clicked surface (iii) as well, was thus 

attributed to the overlapped peaks of the pyridinic nitrogen as well as the nitrogen groups 

on the triazole ring. The unreacted azide nitrogen groups adjacent to the electron-poor 

centtal nitrogen were most likely responsible for the weaker signal at 401.0 e V, as the 

ratio of the areas of the peak at 404.1 e V to this peak was approximately 1 :2.6, indicating 

some contribution by the pyridinic nitrogen (which also has a weak, broad signal at 401.6 

eV) as we expect a ratio of 1:2 for the azide nitrogen groups [181]. 
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4.3. Surface modification by electropolymerisation and click chemistry 

A combination of electropolymerisation and click chemistry was also investigated for the 

attachment of ferrocene to a GCE surface. As with the grafting and click chemistry 

approaches, both the polymerise-then-click and click-then-polymerise methods were 

investigated to detennine which was the most effective for attachment of ferrocene to the 

GCE using this technique, Scheme 4.4. The direct electropolymerisation of 2a and the 

newly synthesized 2c are shown here for the first time through the possibility of 

electropolymerisation of its aniline group [126-128,130,131]. as outlined in Scheme 1.5. A 

potential step method was used for the electrodeposition rather than potential sweep, as 

the former is believed to increase the rate of artho-coupling [132). 
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Scheme 4.4. Approaches for attaching ferrocene through click chemistry and 

electropolymerisation via artho- or para-polymerisation of the aniline group. 
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Electropolymerisation of 2a at the GC surface resulted in the visible fonnation of red 

polymer strands at the GC disk. Electrodeposition of 2a was done in aqueous acidic media 

by potential step at 0.8 V for 10 min. Fig. 4.31(a) shows the cyclic voltammogram 

corresponding to the electropolymerisation of 2a: on the second scan, a couple appeared 

at ~0.6 V that could be attributed to electroactivity of the polymer fonned at the 

electrode surface. 

Electrodeposition of 2c was conducted successfully in acetonitrile without a proton donor 

by potentiostatic method at 0.8 V for 10 minutes at the GCE [240]. Electrodeposition in 

acetonitrile/acid was also possible, however the poor solubility of 2c in aqueous media 

made this method less effective. Fig. 4.31(b) shows the corresponding cyclic 

voltammograms obtained by successive cycling in a solution of 2c, showing the increase 

of the intensity of anodic and cathodic peak located at ~0.5 V indicating the increased 

deposition of ferrocene on the electrode surface. The process at 0.6 V could be attributed 

to the electropolymerisation of the aniline, as it was comparable to the peaks seen in Fig. 

4.3l(a) for 2a at the same potential. 
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Figure 4.31. Cyclic voltammograms of the GCE showing electrodeposition in (a) 1 mM of 

2a in 96:4 ACNIl M HCl with O.IM TBABF. and (b) 1 mM 2c in ACN with 0.1 M 

TBABF •. Scan rate 50 mV/s. 
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4.3.1. Electrochemical characterisation 

The electropolymerised layers were conductive. and as such did not suppress the redox 

peaks for ferrocyanide (figure not shown). There was no change in the potential for 

oxidation/reduction of this redox probe. indicating that the polymerised layers did not act 

as a barrier to charge transfer. However. the presence of ferrocene in complex 2c. the 

click-then-polymerise approach (route E. Scheme 4.4). as well as on the 2a-polymerised 

electrode following click chemistry with ferrocene (under the conditions described for 

click chemistry on the grafted GCE). the polymerise-then-click approach (route F. 

Scheme 4.4). could be used as a means to confirm attachment of the polymerised layer to 

the electrode. Fig. 4.32. 
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Figure 4.32. Cyclic voltammogram in 0.1 M KPF. of (a) 2c-electropolymerised GCE and 

(b)(i) 2a-electropolymerised GCE and (ii) after click chemistry with ethynylferrocene. 

Scan rate 50 mV/s vs AgJAgCl (3 M KCI). 
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The 2c-electropolymerised GCE (Fig. 4.32(a)) shows a well-defined couple of peaks at Epl fl 

= 0.10 V. The apparent potential value was close to that already reported for ferrocene 

immobilized at a synthesised 2b-grafted carbon electrode by click chemistry [14]. This 

voltammetric feature could thus be assigned to the presence of immobilized ferrocene at 

the GCE. The variation of the log of the peak current intensity versus the log of the scan 

rate gave a slope of 0.82, close to the slope of 1 expected for attached redox species to 

electrode surface [241]. The surface coverage was determined as the amount of 

e1ectroactive ferrocene sites inside the deposited layer, at 17.7 ± 2.8 x 10.10 mol.cm·2 for 

the 2c-electropolymerised GCE, Table 4.3. This value corresponds to =4 layers, compared 

to the coverage of 4.5 x 10.10 moLcm·2 for a close-packed monolayer offerrocene [7]. This 

electropolymerisation strategy (route E, Scheme 4.4) using a pre-clicked molecule appears 

to be atrractive to modulate the number of ferrocene groups immobilized at the electrode 

surface, although the coverage results indicated that some of the groups are embedded in 

a thick polymer multilayer. 

Fig. 4.32(b)(ii) shows the GCE following electropolymerisation in 2a and click chemistry 

with ferrocene, route F (Scheme 4.4) . It exhibited a weak broad peak with maximum 

intensity at 0.26 V. A control experiment using ferrocene instead of ethynylferrocene for 

the second step revealed no voltammetric peak. In fact, this broad peak had two 

overlapped processes seen in Fig. 4.32(b)(ii) and more clearly observed by square wave 

voltammetry (figure not shown), one located at 0.10 V and attributed to the presence of 

imrnobilised ferrocene groups and the second at 0.26 V. The nature of this second peak 

was not fully understood but may be attributed to oxidation of adsorbed copper(I) 
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complex used during the click reaction that was not fully removed by rinsing. The surlace 

coverage of ferrocene for this polymerise-then-click approach was calculated to be 1.1 x 

10-10 moLcm-', Table 4.3. 

The 16 times improvement of the click-then-polymerise approach over the polymerise­

then-click approach was opposite to that seen with grafting - where the graft-then-click 

approach showed a 7 times improvement to the click-then-graft approach. This shows 

that the poor behaviour of the grafted complex 2d (formed by in situ diazotation of 2c) 

was likely due to the insulating nature of the grafted layer and the possible loss of 

ferrocene groups through displacement by the radical. Whereas for electropolymerisation 

of 2c, as the polymer remained conductive and altho-direction growth appeared to be 

favoured, more of the ferrocene species were retained and they remained electroactive. 

However, surlace coverage values for the electropolymerised 2a-GCE after click 

chemistry showed that fewer ferrocene groups were attached via this route. This indicates 

that either fewer azide groups were initially attached in the first electropolymerisation 

step, or that the irnmobilised azide groups were less accessible for ethynylferrocene 

coupling in the polymer, Scheme 4.4. This reduction in the number of free surlace azides 

for the polymer was supported by the XPS results, which are discussed below. 

The electropolymerised 2c had greater surlace coverage of ferrocene than any of the 

grafting approaches on the GCE, Table 4.3, likely due to the ability of the polymer to 

form conductive multilayers while preserving the electroactivity of the attached species. 

The electropolymerised surlace remained conductive and so SECM could not be used to 

show the changes after layer formation. 
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4.3.2. XPS characterisation 

To complete the characterization of the electropolymerised electrodes, the samples were 

analyzed by XPS, Fig. 4.33 and Fig. 4.34. 
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Figure 4.33. XPS spectra for: (a)(i) bare GCE and (ii) 2c-polymerised GCE and (b)(i) bare 

GCE, (ii) 2a-polymerised GCE and (iii) 2a-polymerised GCE after click chemistry with 

ferrocene. Pass energy = 160 eV, number of scans = 3. 
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Both of the surfaces showed the presence of ferrocene through the F e(2p) signals in Fig. 

4.33(a)(ti) for the 2c-polymerised GCE and in Fig. 4.33(b)(iii) for the 2a-polymerised GCE 

following click chemistry. The lower intensity of the N(ls) signal for the 2a-polymerised 

GCE both before and after click chemistry, Fig. 4.33(b) curves (ti) and (iii), compared to 

that seen with the 2b-grafted GCE in Fig. 4.22(a), also indicated some confirmation of the 

low surface coverage of ferrocene, by the presence of few azide groups on the surface. 

The low amount of azide groups immobilized at the electropolymerised electrode could 

be explained by the fact that the electropolymerised films stop growing after a few cycles 

under the electropolymerisation conditions used; indeed the redox signal corresponding 

to the formation of the electrodeposited polymer stopped growing after three 

voltammetric cycles due to the fact that the para-position of the aniline was occupied by 

azide groups, thus limiting the electropolymerisation process to branching at the arther 

position [128,132]. The azide group could also be involved in the polymer growth at the 

para-position, and so limit the free azides to the ends of the polymer strands, or some of 

the azide groups may have been eliminated during para-direction polymerisation 

[126,242]. 

High resolution XPS of the 2a-modified surface was used to analyse the N(ls) region for 

the presence of the high energy peak indicative of the presence of the azide, Fig. 4.34, to 

ensure that not all of these para-substituted groups were lost during 

electropolymerisation, as studies with halogen substituents gave elimination ratios of the 

para-group of up to 59 % [242]. 
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Two peaks at 400.1 eV and 404.0 eV were observed for the electrode with 

electropolymerised 2a, Fig. 4.34(ii). The peak at 404.0 eV was attributed to the presence 

of azide groups, as reported in the literature, confirtning immobilization of azide groups 

at the GC surface [13,73,181,184]. The intensities of the N(ls) peaks were weaker than for 

the surface obtained after grafting 2b, Fig. 4.23(a)(ii) , indicating that fewer azide groups 

were present at the surface modified by electropolymerisation of 2a compared to grafting 

of2b. 

The N(ls) peak at 404.0 eV completely disappeared following click chemistry with 

ferrocene, Fig. 4.34(iii), showing the completion of the click reaction on this surface. 
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Figure 4.34. High resolution N(Is) XPS spectra obtained at GCE (i) bare, (ii) after 

electropolymerisation of 2a and (iii) following click chemistry with ferrocene. Pass 

energy = 40 eV, number ofscans = 5. 
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4.4. Micropatterning of gold surfaces 

First, to perform local electrografting of 2b by SECM, the Pt UME (12.5 flID diameter) was 

positioned at a desired close distance from the gold substrate surface using conventional 

approach curves in feedback mode in aqueous 0.1 M KCI with 5 mM [RU(NH3)6]Ch. The 

calculated distance between the tip and the gold surface, by comparison with simulated 

pure positive feedback curve, was =1 flID. After rinsing with Milli-Q water and then 

acetonitrile, a solution of acetonitrile containing 5 mM 2b and 0.1 M TBABF4 was 

introduced. Preliminary experiments indicated that the electrochemical grafring of 2b 

occurs on gold at potentials lower than -0.4 V, Fig. 4.35(a). The bare gold substrate was 

then polarized at -0.5 V while the SECM tip acted as a microanode (i.e. as a counter 

electrode in a three-electrode configuration). The positioning of the microanode (SECM 

tip) close to the gold surface allowed for the confining of the electric and diffusion fields 

[243] and restricted the reduction of the diazonium moieties to a local area beneath the 

tip. After reducing 2b for 10 ms, the electrochemical set up was rinsed with acetonitrile 

and Milli-Q water, an aqueous solution of 5 mM [Ru(NH3)6]Ch was introduced and the Pt 

microelectrode was used again as the SECM probe/working electrode, with no potential 

being applied to the gold substrate. The SECM tip was not passivated during the 

electrografting of the gold surface, and so it could be used directly to assess the 

characteristics of the grafted spot. 
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Figure 4.35. (a) Schematic electrografting reaction of 2b, (b) SECM line scan above the 

gold substrate after its local electrografting and (c) SECM approach curves above the 

locally electrografted area of the gold substrate (curve I) and 500 f1II1 away (curve 2). (In 5 

mM [Ru(NH3)6]Cb in 0.1 M KCl, Pt UME = 12.5 f1II1 diameter, Etip = -0.45 V vs. AgIAgCl; 

hm= 9.8uA). 
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Fig. 4.35(b) shows the SECM line scan of the resulting pattern formed on the gold surface. 

The current decrease was consistent with a local derivatization and revealed the 

formation of a z300 fUI1 wide passivating layer on the substrate. The electro grafting was 

confined in a much larger region than the tip, indicating that, as expected for diazonium 

moieties, the reaction was very efficient. The area surrounding the micro-spotted 

electro grafted zone remained apparently conducting as shown by a comparison of the 

approach curves performed on the spot (Fig. 4.35(c), curve 1) and at a distance of 500 fUI1 

from the centre of the spot (Fig. 4.35(c), curve 2). The approach curve performed on the 

spot clearly showed after simulation with theoretical curves that the grafted layer was 

affecting (decreasing) the electron transfer but it was not behaving as a pure insulator. 

Fig. 4.36(a) shows the SECM image of the patterned spot by scanning the tip over the gold 

substrate laterally along the x and y axis within a square region of 1000 fUI1 x 1000 fUI1 

centred on the position where the tip was placed for the electrografting. The 

electro grafted spot was clearly visible with a good contrast due to the electron transfer 

features of [Ru(NH3)6]Cb. A similar image was obtained by using the well known surface 

sensitive IG[Fe(CN)6] redox mediator [122], confirming that 2b was not adsorbed at the 

gold in these experimental conditions (data not shown). 

Pattern dimensions could be controlled by the concentration of the diazonium, the 

duration of the electrochemical reduction reaction, the presence or absence of supporting 

electrolyte and the dimensions of the cone of the electrolytic solution confined between 

the tip and the substrate [243,244]. In the latter case, the dimensions of the cone were 
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controlled by varying the distance between the UME tip and the gold substrate and/or the 

diameter of the tip. The use of a 50 f1II1 diameter tip positioned at z3 f1II1 above the gold 

substrate gave a very diffuse derivatised area (climension larger than 500 f1II1, Fig. 4.36(b)), 

while a much smaller electro grafted spot was obtained if the same tip was positioned at 

z 1.5 f1II1 (Fig. 4.36(c)) . Reducing the tip diameter to 25 f1II1 resulted a smaller 

electrografted spot as shown in Fig. 4.36(d). Thus, comparison of Figs. 4.36(a)-(d) shows 

how by moving the tip away from the gold substrate, the electrografting reaction was 

. displaced to vicinal uncovered domains due to lesser radial diffusion restriction of the 

diazonium to enrich the surface of the substrate, and the very fast coupling reaction of 

the radical electro-generated at the base of the cone. It is important to note that in all 

cases the duration of the electrografting reaction was the same (10 ms). Finally, the 

spotted micro-zones were limited to a much smaller area (z60 f1II1) by eliminating the 

supporting electrolyte, thus reducing the charge injected for the electrochemical 

transformation. This is exemplified in Fig. 4.36(e) and should be compared with Fig. 

4.36(a), which had the same conditions except that the electrolyte was present. 

The small conductive spots seen in Fig. 4.36(a) and (c) were attributed to a rough area on 

the UME or the substrate, where the probe and substrate were too close and the layer 

formation was inhibited. 

187 



CHAPTER 4 

(a) 1000 

800 
E 
.:, 
" 600 
u 

" .19 
.!! 400 
C 

200 

o - '-"-'-'-----..-.' 

ELECTRODE MODIFICATION 

Tip current (nA) 

o 200 400 600 800 1000 

(b) 1000 

800 
E 
.:, 600 
" u 

" .19 400 
III 

C 
200 

Distance (~m) 

200 400 600 800 1000 
Distance (~m) 

(e) 1000 

current (nA) 
800 

E 
:l. 
"Q;"600 
u 

" .19400 
.!! 
c 

200 

Tip current (nA) 

. 45.0 

. 50.0 

. 55.0 
0 60.0 
_ 65.0 

o J--'-'.-~..-"_-

o 200 400 600 800 1000 

Distance (~m) 

(d) 1 000 jHi"""..----~9'"j-,.,---, (e) 200 

" u 

" .19 400 
.!! 
c 

o 200 400 600 800 

Distance (~m) 

I·F=::.:; (nA) 150 
12.0 E 
14.0 a 
16.0 
18.0 
20. 0 
22.0 
24.0 

~ 100 

" .19 
III 

C 50 

• o 
0~--5-0----10~0~~1L5-0--~200 

Distance (~m) 

current (nA) 

Figure 4.36. SECM images of locally electrografted gold substrate with a Pt tip in 5 mM 

[Ru(Nfu)6]Ch in 0.1 M KCl aqueous solution (Etip = -0.45 V vs. AgIAgCl; !lim = 9.8, 19.6 

and 48 nA for 12.5, 25 and 50 f.ll1l. diameter). The tip was scanned at 50 f11I1Is. The 

electrografting was obtained by a Pt tip of (a) 12.5 f.ll1l. diameter positioned 1 f.ll1l. above the 

gold surface; (b) 50 f.ll1l. diameter positioned 3 f.ll1l. above the gold surface; (c) 50 f.ll1l. 
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diameter positioned 1.5 f.11I1 above the gold surface; (d) 25 f.11I1 diameter positioned 1.5 f.11I1 

above the gold surface and (e) 12.5 f.11I1 diameter positioned 1 f.11I1 above the gold surface. 

In all cases the electrografting reaction was perfonned in acetonitrile containing 5 mM 2b 

and 0.1 M TBABF4 during 10 ms except (e) where no supporting electrolyte was added. 

It should also be pointed out that in all cases the SECM images were obtained by using 

the same Pt tip as the one used for the electrografting of the substrate, without any 

further polishing. This approach is thus a very appealing method to produce reduced size 

spots of electrografted aryldiazoniums, with the added benefit of the potential for the 

micro-spotted 2b-layer on the surface to be used further for the click chemistry reactions 

as outlined in the previous sections. 
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CHAPTERS ELECTROCATAL YTIC STIJDIES 

As mentioned in the previous sections, the focus of this work was on surface modification 

and characterisation. However, testing modified electrodes for electrocatalytic ability is 

used here as another form of characterisation. Thus a selection of the newly modified 

surfaces were tested in analyte solutions, and brief electrocatalytic studies were 

undertaken as an indication of the potential of these surfaces. 

Tabulation and comparison of the following results was not useful, as all of the electrodes 

could not be used for detection of the same analyte. 

5.1. MnPc-SAMs for electro catalysis of thiocyanate 

Self-assembled monolayers (SAMs) of MPcs containing sulphur groups on gold have in 

many cases shown good stability and electrocatalytic activity towards the detection of 

analytes such as hydrazine, L-cysteine and thiocyanate [72,80,188,221). 

The ld-SAM (phenylthio) electrode was used to detect thiocyanate, because of its greater 

surface coverage and the higher ratio of bound sulphur groups compared to the lb-SAM, 

in order to determine the electrocatalytic properties of this SAM. Fig. 5.1 shows the CVs 

of the bare and modified electrodes in 1 mM potassium thiocyanate. The 1d-SAM 

electrode showed the oxidation of thiocyanate at 0.84 V, with the oxidation on the bare 

electrode at 0.87 V. The modified electrode also showed a slight improvement in 

sensitivity, with a higher current detected for the thiocyanate. Both the lowering of the 
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oxidation potential and the greater sensitivity are indicative of electrocatalysis occurring 

on the modified electrode [196,221] . 
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Figure 5.1. Cyclic voltammetry of (i) bare AuE and (ii) 1d-SAM in 1 mM potassium 

thiocyanate in 0.1 MpH 4.0 acetate buffer. At 50 m Vis vs AglAgCI (3 M KCI). 

Limits of detection (LoD) were obtained through the use of chronoamperometry in a 

vigorously stirred solution of the electrolyte, with the electrodes first being conditioned 

by cycling in the acetate buffer. Fig. 5.2 shows the chronoamperometry results for the 

modified electrode, with stepwise increases in current upon each addition of 0.01 mM of 

thiocyanate. The inset shows the plot of current vs concentration for one of the 

experiments, with a high linear coefficient. The LoD (using a signal to noise ratio of 3) for 

the 1d-SAM was calculated to be 1.46 ± 0.11 flM, with an average sensitivity of 4.16 
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f1AImM. while for the bare electrode the LoD was 2.91 flM and the sensitivity was 3.22 

f1AImM. The increase in sensitivity and better LoD values for the modified electrode 

correlates with the improved current intensity seen in Fig. 5.1. and was a result of 

electrocatalysis of the thiocyanate by complex 1d. Gold electrodes modified with iron 

phthalocyanine have shown better LoD values of 0.10 flM at lower oxidation potentials 

[156]. because of the greater catalytic ability of iron as a central metal [75]. However. the 

value for the 1d-SAM is comparable and shows the successful formation of a SAM on gold 

using this phenylthio-MPc. with a linear detection range from 0.01 to 0.1 mM. 
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Figure 5.2. Chronoamperometry of 1d-SAM in 0.1 M pH 4.0 acetate buffer with 

additions of 0.0 1 mM potassium thiocyanate. Inset: plot of current vs concentration of the 

analyte. Reference: AglAgCI (3 M KCI). 
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5.2. Ferrocene for electro catalysis of sulphite 

Although a number of electrodes were modified with ferrocene in this work, the 

GC/SWCNT electrode was tested for its ability to detect sulphite because it had the 

highest surface coverage of ferrocene of all of the grafted electrodes. The grafted 

electrodes were more interesting for electrocatalysis than the electropolymerised surfaces, 

because the grafted electrodes blocked or suppressed the redox activity of many analytes 

and the electrocatalytic effects of the clicked ferrocene could be more clearly observed. 

Fig. 5.3 shows the typical chronoamperograms of the bare electrode (i) , the 2b-grafted 

Gc/SWCNT (ii) and the same electrode after click chemistry with ethynylferrocene (iii), 

Scheme 4.2, at a fixed oxidative potential (0.3 V). The responses of the electrodes w ere 

investigated under stirring in PBS (pH 7.0) solution with successive additions of 0.25 mM 

sulphite. A well-defined and increasing current response due to sulphite oxidation was 

observed for GC/SWCNT (Fig. 5.3(iii)) after the clicking of ferrocene. The current 

response before clicking (Fig. 5.3(ii)) was much less than that observed in the presence of 

ferrocene. The slight decrease in current response at longer times signifies saturation in 

concentration. For the GC/SWCNT without grafting (figure not shown), the saturation 

was obtained at lower concentrations even though the current response was greater. This 

shows the suitability of the grafted and clicked electrode for analytical applications, and 

indicates its potential as an electrocatalytic surface. Fig. 5.3 inset displays the calibration 

curve (the plot of current response versus concentration of sulphite) in the presence of 

clicked ferrocene. A straight line within the studied concentration range (0.50 to 2.25 
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mM) with the correlation coefficient of 0.985 was obtained. The sensitivity was 0.42 

f1A/mM and the LoD was found to be 16.9 flM at a signal-to-noise ratio of 3. This was a 

poorer response than that seen with a MWCNT/ferrocene-chitosan composite, where the 

LoD was determined to be 2.8 flM [5]. however it was sufficient to show the 

electrocatalytic potential of the surface. 
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Figure 5.3. Chronoamperometry at 0.3 V with consecutive additions of sodium sulphite 

(0.25 mM). (i) Bare GCE, (ii) 2b-grafted GC/SWCNT and (iii) 2b-grafted and ferrocene-

clicked GC/SWCNT. In 0.1M PBS, pH 7.0. Inset: Plot of current vs. concentration of 

sulphite for (iii). 
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5.3. FePc for electrocatalysis of hydrazine 

As the newest approach used in this work, both the GCE and GClSWCNT surfaces with 

axially ligated FePc were tested for their capability for electrocatalytic detection of 

hydrazine. Hydrazine was chosen as a test analyte as its behaviour is well known and the 

electrocatalysis of hydrazine by phthalocyanines is understood and has been studied in 

many cases [22,75,196,197,237,245,246]. This electrocataIysis was also used to confirm 

attachment of the FePc on these surfaces, because the unmodified GCE and GC/SWCNT 

did not detect hydrazine in the potential window used, Fig. 5.4(i) . However, an 

electrocataIytic response was found after axial ligation with FePc on both the GCE and 

the GC/SWCNT, Fig. 5.4(a)(iv) and Fig. 5.4(b)(ii) respectively. A clear oxidation process 

was visible at -0.2 V, on both the anodic and cathodic scans. The electro catalytic 

oxidation of hydrazine at or near this potential (-0.2 V) has been shown with CoPe 

[66,94,247], as well as FePc [245,248,249] . The electro-oxidation on both Scans has been 

attributed in a similar study to the regeneration or reformation of the active catalyst that 

oxidises hydrazine [250] - the Fe(II)Pc species in this case. It has also been observed with 

substituted FePc sensors [248]. A number of studies confirming the relationship between 

the potential of the metal process and the potential of hydrazine electrocataIysis have 

been done, proving the involvement of the Fe(II)/Fe(I) couple of the FePc 

[75,196,197,245,248,249]. 
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Figure 5.4. Cyclic voltammograms of (a) GCE and (b) GClSWCNT (i) bare, after (ii) 2b-

grafting, (iii) 2b-grafting and click chemistry in 4-ethynylpyridine, and (iv) 2b-grafting, 

click chemistry and 3 h in 1mM FePc in DMF. In smM hydrazine sulphate in 0.1 M 

NaOH at 50 m Vis vs AglAgCl (3 M KCl). 
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Zagal and co-workers [75,196,197] have suggested the following mechanism for the 

oxidation ofhydrazine on MPc modified electrodes (equations 5.1- 5.3): 

[Fe(I)Pc]- --> Fe(II)Pc + e- 5.1 

Fe(II)Pc + N,H. --> [Fe(I)Pc]-(N,H.)· ] 5.2 (RDS) 

[Fe(I)Pc]-(N,H.)· + OR- --> Fe(II)Pc + N,H, + H,O + e- 5.3 

where RDS is the rate determining step. This mechanism is thought to occur in this work, 

and the rest of the equations are as listed in literature [75,196,197]. The involvement of 

the Fe(II)/Fe(I) couple was proved in this work by the observation of the Fe(II)/Fe(I) 

couple in the SWV for the GCE in Fig. 4.25(a). The Fe(II)/Fe(I) couple for the 

GClSWCNT in 0.1 M NaOH was difficult to resolve due to the presence of the SWCNT 

peaks (data not shown). However, Fig. 4.25(b) showed the presence of this couple in the 

SWV in pH 7 buffer, and this couple would be shifted to more negative potentials in 

highly basic media. The potential for the oxidation of hydrazine is in the potential range 

of the Fe(II)/Fe(I) couple, hence this couple was involved in the catalysis. 

Figs. 5.5 and 5.6 show the results of the scan rate studies in hydrazine. 
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Figure 5.5. Scan rate studies of 2b-grafted (a) GCE and (b) GC/SWCNT after click 

chemistry in 4-ethynylpyridine and 3 h in 1mM FePc in DMF. (a) In 5mM hydrazine 

sulphate in 0.1 M NaOH at 10,25,50, 100,200,250,300, 350 and 400 mV/s. (b) In 1mM 

hydrazine sulphate in 0.1 M NaOH at 25, 50, 100, 150,200,250,300,350 and 400 mV/s. 

Fig. 5.6 shows, very interestingly, that the hydrazine detection reached a limit at higher 

scan rates with a plateau from about 0.1 Vis for the GCE. This could most likely be due to 

the slow electron transfer from the surface of the electrode through the layers, limiting 

oxidation at high scan rates to those hydrazine species that are in direct contact with the 

FePc catalyst. This was shown by the EIS RCT value for the GCE surface which, while 

improved compared to the grafted and clicked surfaces, was still greater than the bare 

electrode. The GC/SWCNT did not appear to reach an absolute limit, however the 

behaviour was very similar to that seen with the GCE. The RDS involved the formation 
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of a coordination complex between the catalyst and the analyte, and so the amount of 

FePc on the surface could also be a limiting factor. 
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Figure 5.6. Plots of (a) current YS scan rate and (b) current vs the square root of the scan 

rate, from the scan rate studies of the GCE after grafting, click chemistry and immersion 

in FePc, in 5 mM hydrazine sulphate in 0.1 M NaOH. (c) current vs scan rate and (d) 

current vs the square root of the scan rate, from the GC/SWCNT after grafting, click 

chemistry and immersion in FePc, in 1 mM hydrazine sulphate in 0.1 M NaOH. 

Fig. 5.7 shows the amperometric response of the modified electrodes at -0.2 V to 

successive additions of hydrazine sulphate to a stirred solution of 0.1 M NaOH. For the 
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GeE, the electrode showed good linearity over the range 1.0 x 10-5 to 3.4 X 10-4 M (R' = 

0.9998). The sensitivity was 0.814 fJAlmM, with a LaD of 10.0 ± 1.3 flM (based on a 

signal-to-noise ratio of 3). Although not as sensitive as some other sensors for hydrazine, 

such as that seen for a GCE modified with a Co-gluconate complex (LaD = 0.5 flM) [250] 

and a gold electrode bearing a SAM of mercaptopyridine and axially attached FePc 

(OSWV LaD = 5 flM) [188], the modified GCE showed good stability over successive 

additions of hydrazine and good reproducibility. The grafted electrode without pyridine 

was also left in FePc for 3 h, and tested by amperometry for detection of hydrazine. 

Interestingly, there did seem to be some interaction between the FePc and the grafted 

species, and some detection of hydrazine, however the response had poor stability and 

showed possible desorption of the FePc with time (data not shown). 

The GC/SWCNT electrode response was linear over 1.0 x 10.5 to 1.0 X 10-4 M (R' = 

0.9945), with an average sensitivity of 15.61 fJAlmM and a LaD of 1.10 ± 0.06 flM (signal-

to-noise ratio of 3). The electrode appeared to be stable during the chronoamperometry 

experiments, although the stability towards the detection of 1 mM hydrazine decreased 

by 10 % after one day (data not shown). The reproducibility was also good, with limited 

variation of the LaD over a number of electrodes. 
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Figure 5.7. Amperometric response of the modified electrodes at -0.2 V during successive 

additions of (a) 0.04 mM hydrazine sulphate into continuously stirred 0.1 M NaOH for 

the GCE, and (b) 0.01 mM hydrazine for the GC/SWCNT. Insets: plots of peak current 

versus concentration ofhydrazine. 
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Most interesting is the improvement of detection of hydrazine afforded by the SWCNTs, 

compared to the same surface without SWCNTs which has an LoD of 10.0 ± 1.3 flM. This 

ten times improvement of the detection of this test analyte must be compared to the 

study of a GC/SWCNT surface with clicked ferrocene, which showed that there were 1.6 

times the amount of ferrocene on the surface with SWCNTs, compared to the bare 

electrode. This could be calculated due to the strong electrochemical activity of ferrocene, 

and if the same, or similar, increase in the amount of attached FePc occurred for this 

electrode compared to that without SWCNTs, then it follows that we could expect a 1.6 

times improvement in the electrocatalysis. Thus, this ten-times improvement could not 

be due to the contribution of the FePc alone, but also to the good electron transfer 

kinetics of the SWCNTs as well which could increase the rate of reaction, and 

consequently the sensitivity of this electrode. 
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This work illustrated the use of a variety of techniques for surface modification purposes, 

in the attachment of electro catalysts to gold and carbon substrates. 

The octakis(pentylthio)-, (decylthio)-, (benzylthio)- and (phenylthio)phthalocyaninato 

manganese(III) acetate complexes (1a-d) were synthesised, and showed solvent­

dependent conversion to the fl.-oxo climer, as well as a solvent-dependent shift in the Q 

band. The different substituents did not gready affect the UV -vis spectra of the 

compounds, but did appear to have an effect on their electrochemical properties. Three 

main redox processes for the complexes were identified as Mn mpc"/MnIIPc" (II), MnIlpc" 

/MnIlPc3· (III) and MnIIlPc"/MnIIlpc" (I) and confirmed using spectroelectrochemistry. 

Self-assembled monolayers (SAMs) of these MnPcs were formed on gold, and showed 

good surface coverage in all cases. All of the MnPc-SAMs except 1c showed good 

blocking characteristics for gold oxidation, copper underpotential deposition and the 

redox chemistry of Fe(NH.), (SO.)" and even some blocking for K3[Fe(CN)6], with 1a and 

1b being the most effective. Raman, XPS, AFM and SEM also confirmed SAM formation 

and good surface coverage, although the latter two did indicate that there was some 

aggregation of the Pcs. The specific behaviour of the SAM seemed again to be dependent 

on the nature of the substituents. The SAMs of MnPcs 1b and 1d showed a large 

proportion of unbound sulphur groups, as well as evidence of the formation of a gold­

sulphur bond. The aryl substituent appeared to have a higher ratio of bound sulphur 

groups compared to the alkyl substituent, indicating that the alkyl chains inhibited SAM 

formation as confirmed by the poorer surface coverage of this MnPc. XPS also showed 

evidence of the retention of the R groups. Following characterisation, the 1d-SAM was 
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used as a sensor for thiocyanate, and showed a two-fold improvement in the limit of 

detection compared to the bare electrode (1.46 vs 2.91 f1M), as well as an increase in the 

sensitivity of the modified electrode. 

This work also demonstrated the versatility of 4-azidoaniline (2a) as a precursor for the 

modification of many different conductive surfaces, taking notable advantages of its 

ability to be further modified through the Sharpless click chemistry reaction. Grafting of 

the diazonium derivative 2b on to bare GCE, SWCNTs adsorbed on a GCE (GC/SWCNT), 

and on MWCNT-paper was achieved. Electropolymerisation of 2a on to a GCE was also 

investigated here for the first time. Ferrocene was covalently linked to these electrodes 

using click chemistry, and the surface coverage (I') for ferrocene in each case could be 

determined using electrochemistry, due to the highly electroactive nature of this 

complex. Using this approach of introducing an azide group to the surface of the electrode 

through grafting or electropolymerisation followed by the click chemistry reaction was 

very successful for the grafted electrodes. The surface coverage of ferrocene on the 

synthesised 2b-grafted GCE was equivalent to a tightly-packed monolayer on the surface, 

at f = 4.7 ± 0.2 x 10.10 moLcm" , with very little difference found in the coverage when in 

situ diazotation of 2a and grafting of the resulting 2b was used in the place of the 

synthesised diazonium salt (f = 4.9 ± 0.3 x 10.10 moLcm" ). The amount offerrocene on the 

electrode surface could be improved by 1.6 times by the addition of SWCNTs, at 7.7 ± 0.9 

x 10.10 moL em" for the GC/SWCNT. Grafting and click chemistry of ferrocene on to 

highly resistive MWCNT-paper was also shown to be a possibility, with an approximate 

ferrocene coverage of 1.86 flmoLg·l. XPS proved to be a useful technique in monitoring 
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the success of the click reaction. and the stability of the attached ferrocene to sonication. 

Although the drop-dry method of attaching the SWCNTs to the electrode was not the 

most efficient. the potential of directly electrografting diazonium salts on to the 

nanotubes has implications in the attachment of other appropriate molecules to electrodes 

containing nanomaterials. for the construction of efficient electrode materials. SECM was 

used to give both one-dimensional and two-dimensional figures of the conductivity of the 

MWCNT surface. as well as a three-dimensional figure of the orientation of the SWCNTs 

on the GCE surface. The potential for application of these methods on more conductive 

MWCNT -paper electrodes was thus shown. as well as a possibility for the modification of 

highly flexible paper electrodes. or in the production of "smart" textiles. Ferrocene was 

used as a test molecule for the click chemistry reaction. while the attachment of more 

specific complexes with fluorescent. electrocatalytic or biological applications could be 

easily done through the Sharpless click reaction. 

The 2b-grafted and ferrocene-clicked GC/SWCNT electrode was successfully employed to 

detect sulphite. showing the application of ferrocene as more than a test analyte. but an 

electrocatalyst as well. 

The use of an approach involving the click chemistry reaction first. before surface 

modification (click-then-graft or click-then-polymerise). was also investigated using the 

donated complex 4-(4-ferrocenyl-1H-1 .2.3-triazol-1 -yl)aniline (2c) . The surface coverage 

of ferrocene for the electropolymerised complex 2c was the greatest of all the 

modification approaches. and was equivalent to ~4layers at r ~ 17.7 ± 2.8 x 10.10 mol.cm" . 
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In situ diazotation of 2c and grafting of the resulting complex 2d was also achieved, 

although with a lower surface coverage of 0.7 ± 0.2 x 10.10 mol.cm-', indicating that this 

route is not optimal if maximal attachment is desired. This work showed the potential for 

click chemistry to be used in the synthesis of a family of compoUnds that are able to be 

electropolymerised or electro grafted due to the presence of the aniline group, as well as 

the benefit of the click-then-polymerise approach versus the click-then-graft approach in 

retention of the electroactive species. 

Axial ligation of FePc to pyridine which has been covalendy attached to the GCE or 

GC/SWCNT surface through 2b-grafting and click chemistry with 4-ethynylpyridine was 

another new, potentially useful method for electrode construction. The GCE was studied 

using electrochemistry, EIS, and XPS to confirm the modification steps, while the 

GC/SWCNT was analysed using SECM in place of EIS in order to get a better 

understanding of the electrochemical topography of this non-homogeneous surface. The 

electrodes were used as a sensor for hydrazine, and showed electrocatalytic oxidation of 

this analyte with a linear range over 1.0 x 10.5 to 3.4 x 10-' M and a LoD of 10.0 ± 1.3 flM 

for the GCE, and a LoD of 1.10 ± 0.06 flM for the GC/SWCNT. These results showed a ten 

times improvement for the surface with nanotubes, exhibiting again the improved 

abilities that nanomaterials contribute to electrode construction. 

Finally, this work shows for the first time the local micro-electrochemical grafting of a 

gold substrate by 2b by SECM in a simple single-step procedure. The dimensions of the 

derivatised area were finely tuned by controlling different experimental conditions, such 
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as distance between the probe and the substrate, the size of the UME probe and the 

presence or absence of the electrolyte. The use of the azido-derivated diazonium 

molecule 2b opens the gate to important applications and developments devoted to the 

micro-local functionalisation of electrodes and the implementation of the emerging 

interfacial click reaction. 
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