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ABSTRACT 

Electrochemical methods were researched for the analysis of metals, proteins and the 

identification of metal binding proteins. 

Adsorptive cathodic stripping voltamrnetry for metal analysis combines the inherent 

sensitivity of electrochemical techniques with the specificity of ligands for the non­

faradaic preconcentration of analytes at the electrode. The utility of catechol, 

resorcinol, 4-methylcatechol and 4-t-butylcatechol as ligands was explored for the 

sensitive analysis of copper, bismuth, cadmium and lead on a mercury film glassy 

carbon electrode. Metal complexes of lead, copper and bismuth with resorcinol 

showed the largest increase in current with increase in metal concentration, whereas 

complexes of these metals with 4-t-butylcatechol showed the lowest current response. 

Cadmium showed the highest current responses with 4-methylcatechol. The four 

metals could be determined simultaneously in the presence of resorcinol, although 

considerable interference was observed between bismuth and copper. 

The electroanalysis of cysteine and cysteine containing proteins at carbon electrodes 

are impaired by slow electron transfer rates at carbon electrodes, exhibiting high 

overpotentials, greater than 1 V vs Ag! Agel. Metallophthalocyanines have been 

shown to promote the electrocatalysis of cysteine at lowered potentials. Chemical 

modification of electrodes with appropriate modifiers is a means of incorporating 

specificity into electroanalysis, with applications in electrocatalysis. A glassy carbon 

electrode was modified by electrodeposition of cobalt (II) tetrasulphophthalocyanine 

[Co(II)TSPct to produce a chemically modified glassy carbon electrode (CMGCE). 

The CoTSPc-CMGCE catalysed the oxidation of cysteine in the pH range 1 to 10. 

The significance of this electrode is an application for analysis of proteins at biological 

pH's. A biscyanoruthenium(II) phthalocyanine CMGCE catalysed the oxidation of 

cysteine at 0.43 V vs Ag/AgCl a significant lowering in the overpotential for the 

oxidation of cysteine. 

Metallothionein, a metal binding protein, is believed to be involved in metal 

homeostasis and detoxification in the peripheral organs of living systems. A method 

for the quantitative determination of this protein utilising its high cysteine content was 

presented. At pH 8.4 Tris-HCl buffer, and using a CoTSPc-CMGCE modified by 

electrodeposition of the modifier, the anodic peaks for the oxidation of metallothionein 

was observed at 0. 90 V vs Ag/ AgCI. 

Ferredoxin is a simple iron-sulphur protein. One tenth of its residues are cysteine. 

Ferredoxin is involved in simple electron transfer processes during photosynthesis and 
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respiration. Electrochemical studies of spinach ferredoxin were conducted at a 

CoTSPc-CMGCE. Anodic currents for the oxidation of the cysteine fragment of 

ferredoxin was observed at 0.85 V vs Ag/AgCl in HEPES buffer at pH 7.4, 

representing a new method for analysis of this protein. Voltammetric studies of its 

ferric/ferrous transition have shown quasi-reversible waves atE~ -0.62 V vs Ag/AgCl 

only in the presence of promoters. At a CoTSPc-CMGCE, a cathodic wave attributed 

to the reduction of Fe(III)/Fe(II) was observed at Epc -0.34 V vs Ag/AgCl. This 

represents an alternative method for voltammetric studies of the ferric/ferrous 

transition at significantly lowered potentials. 

Melatonin, a pineal gland hormone functions m setting and entraining circadian 

rhythms and in neuroprotection as a free radical scavenger and general antioxidant. 

Using adsorptive cathodic stripping voltammetry, the binding affinities of melatonin, 

serotonin and tryptophan for metals, were measured. The results showed that the 

following metal complexes were formed: aluminium with melatonin, serotonin and 

tryptophan; cadmium with melatonin and tryptophan; copper with melatonin and 

serotonin; iron (III) with melatonin and serotonin; lead with melatonin, tryptophan and 

serotonin, zinc with melatonin and tryptophan and iron (II) with tryptophan. The 

studies suggest a further role for melatonin in the reduction of free radical generation 

and in metal detoxification and may explain the accumulation of aluminium in 

Alzheimer's disease. 

v 



TABLE OF CONTENTS 

Acknowledgements .......................... ... ... .......... .... .. .. .................. ........................ .... ........ .. .......... iii 

Abstract ... ............................................................................. .. ...................... ... ......... .. .. ........... .. iv 

Table of Contents ....................... .......................... .. ... ........ .... ..................................... ............... vi 

List of Abbreviations ................................ ................. ......... ... .............. ..................... ....... ... ....... xi 

List of Figures ............................. .... ................ ...... ......... ... ........ ................ ........ ... ........ .... ....... xiv 

List of Tables ................. ... ............................................ .... .................... .... .......................... ..... xvi 

List of Schemes .............. ............ ....... ............. ................................ .............................. ... ...... .. xvi 

CHAPTER ONE ............................. .......................................... ......................... ...................... ................ 1 

OVERALL INTRODUCTION .................... ............................................. ......... ................ ..................... ! 

CHAPTER TW0 ............................................................................................. ........................................ 5 

ELECTROCHEMICAL PRINCIPLES AND TECHNIQUES .................................. .. ................ .......... 5 

2.1 BASIC PRINCIPLES OF ELECTROCHEMISTRY ................................ ........................ ................ 5 

2. 1.1 Electrode Solution lnterphase ... .... ...... .... ................... .. .... ... .............................. ......... ............. 5 

2.1. 2 Transport to the Electrode .......................... .............................................................. .............. 7 

2.1.3 Definition of Electroanalytical techniques ............................................... ............ ...... ............. 8 

2.1.4 Electrode Reaction ....... ............... ... .... ........ ..................... .. ................ ... ............ ............... ....... 9 

2.1. 5 The Three Electrode, Electrochemical Cell ........ ...................... .. .......... ....................... .......... 12 

2.2 CYCLIC VOLTAMNIETRY ............ ................................................................. ...... ............. ....... . 15 

2.2.1 Reversibility .................... .. ............................ .......... .......... ... ........................................ ......... J6 

2.2.2 lrreversibility ....... ................................... ...................... ..................................................... ... 17 

2.2.3 Quasi-reversibility ...................... .. .... .......... .................. ............................... ....... .................. J9 

2.2.4 Reaction A1echanisms ........ .. ............................ ...... .... ......................................... ........ ......... . 20 

2.3 CONTROLLED POTENTIAL ELECTROLYSIS ........................ .... ........ ................... ... ............... 22 

2.4 STRIPPING VOLTAMNIETRY .... .. .. ................................................ ................................ ........... 23 

2.5 ADSORPTIVE CATHODIC STRIPPING VOLTAMMETRY FOR DETERMINATION OF 

METALS ........... .. ..................... ...... ....... .. ...... ........................................ ............. ................. ......... 26 

2.5.1 Theory of Adsorption ................................................................. .............................. .... ......... 27 

Vl 



2.5.2 Metal-ligand Complexes ....................................................................... .... .... ....... ............... .. 29 

2.5.3 Practical Considerations .............. ................. ............. .............. ..................................... ....... 33 

2.6 CHEMICALLY MODIFIED ELECTRODES ............................................................................... 38 

2. 6.1 Chemically Modifying the Electrode ........................................................................ ............. 39 

2.6.2 Methods of Attachment of the Modifiers ........................................ .. ...................................... 42 

2. 6. 3 Practical Considerations ...................................................................................................... 44 

2. 6. 4 Characterising Chemically Modified Electrodes ......... .......................................................... 46 

2. 6. 5 Applications of Chemically Modified Electrodes ........... ........... ............................................. 48 

CHAPTER THREE ............................. ............. ............................................................ .......... ............... 53 

HEAVY METAL ANALYSIS VIA ADSORPTIVE STRIPPING VOLTAMMETRY ... ...... .... .......... 53 

3.1 INTRODUCTION .................................................................... .......................................... , ......... 53 

3.1.1 Overview of Non-Electrochemical Methods for Elemental Analysis ....... ............................... 54 

3.1.2 Electrochemical Methods in Analysis .................................................................................... 55 

3.2 AIM OF RESEARCH ........................................................................................................ ........... 58 

3.3 EXPERll'vfENT AL .................................................................... ...................................... .. ........... 62 

3.3.1 Reagents ......................................................................................... ...................................... 62 

3.3.2 Apparatus ............................................................................................................................. 63 

3.3.3 Methods ...................................................................................................... .......................... 64 

3.4 RESULTS AND DISCUSSION .............................................................................................. ...... 66 

3. 4.1 Optimisation of Parameters .................................................................................................. 66 

3.4.2 Adsorptive Cathodic Stripping Voltammetry of Individual Metals ................................. ........ 70 

3.4.3 Potential Shifls ..................................................................... ............... ........... ......... ............. 72 

3.4.4 Current vs !vfetal Concentration .... .... .. .................................................................................. 75 

3.4.5 Effects of Ligand Concentration on Current Response .......................................................... 79 

3.4.6 Role of Structure and Chemistry in Metal-Ligand Current Response ..................................... 81 

3.4. 7 Simultaneous Adsorptive Cathodic Stripping Voltammetry of the Metals ......... ...................... 83 

3.5 CONCLUSION ......... ......................... .......................................................................................... 90 

CHAPTER FOUR ......................... ....................................... .... .............................. ... ...................... ..... .. 92 

CHEMICALLY MODIFIED ELECTRODES FOR ANALYSIS OF CYSTEINE ............................. 92 

4.1 INTRODUCTION ................................................................... ... .......... ........................................ 92 

4.1.1 Cysteine Analysis ............... .. ...................................................... ........................................... 93 

4.1. 2 Metallophthalocyanines (MPc's) .. ... ............ ..... ........... ......... ................................................. 96 

4.1.3 Electroanalytical Scope of the MPc's ........................................................ ... ... ........... ........... 98 

4.1.4 How the MPc Binds to the Electrode ................................................................ ................... 100 

4.1.5 Catalytic Mechanism ............................ .... ................ ................................................ ..... .... 101 

4.1. 6 Practical Considerations ............................................................. .... .................................. . 102 

Vll 



4.2 AIM OF RESEARCH ........................... ......... ................... ...... .................................................... 103 

4.3 EXPERIMENTAL ........................................................ ................................................. ............ 1 05 

4.3.1 Reagents ...... .......................... ....................... ........................................ .... ... ....... .. ......... ..... 105 

4. 3. 2. Preparation of the MPc Complexes .................................................................................... 1 07 

4.3.3 Apparatus ............................... .. .................. ...... ...... ............................................ ................ 111 

4. 3. 4 Electrochemical Methods .... ......................... ....................................................................... 112 

4.4 RESULTS AND DISCUSSION ................ ............. ... ............. ............................................ .. ....... 114 

Voltammetric Studies on Dipotassium Biscyanoruthenium(II) Phtha1ocyanine 

CK2[(CN)2RuPc) .................................. ............. .. ............................................ ........................ ...... 114 

4.4.1 Characterisation of K2[(CN) 2RuPc) ....... ............... ............................................................. 114 

4.4. 2 Chemical Modification of GCE .... ..................................... .................................................. 117 

4.4.3 [(CN)2RuPcf·in Electro-oxidation ofCysteine ......................................................... .......... 118 

Voltammetric Studies on Tetrasodium Cobalt(II) Tetrasulphophthalocyanine 

(Na4[CoTSPc].2H20) .... ...................... .. ............ .. .. .. .......... .......... ......... ............. .... ... .............. ... ... 121 

4.4.4 Characterisation of [CoTSPc/' ................ .......................................................................... 121 

4. 4. 5 Chemical Modification of GCE .... ....... ............. ....................... ... ....................................... .. 124 

4.4.6 Catalysis ofCysteine ........................................................ .......... ......................................... 125 

4.4. 7 Voltammetric Response of Cysteine at pH = 8.4 ................................................. .... .... ........ . 131 

4.4.8 Cysteine Electrocatalysis at various pH's .................... ........................................................ 134 

4. 4. 9 CoPe at Chemically Modified Glassy Carbon Electrode ..................................................... 138 

4.4.10 Scanning Electron Microscopy (SEM) .......................................... ..................................... 140 

4.4.11 Cysteine Analysis via other MPc Electrodeposited at GCE. ......................... ..... ................ 142 

4.5 CONCLUSIONS ....... ......... .......................... ... ...... .. ........ .............. ........ ..... .. ...... ........ ... ............. 145 

CHAPTER FIVE ..................................................... .............................................. ..... ... ...................... 147 

VOLTAMMETRIC STUDIES OF METALLOTHIONEJN .............................................................. 147 

5.1 INTRODUCTION ........ ............ ... ........... ..... .... ... ... ........................................ ............................. 147 

5.1.1 Biological Role ofMT ........ ...................................... ........... .. .................. .......... .... .............. 149 

5.1.2 lvfT Analysis ...... .... ............ .................... .. ............. ....................................................... ........ 151 

5.2 AIM OF RESEARCH ... ...................... .. ..................... ....... ..... ........................... ................... ....... 155 

5.3 EXPERIMENTAL .. ............................................................... .................................................... 156 

5.3.1 Reagents and Analytes ................................. ........................................................................ 156 

5.3.2 Apparatus ........................................ ..................... .... ............................. ............ .... ............. 157 

5.3.3 Electrochemical Methods ................................. ........................................ ... ........................ 157 

5.4 RESULTS AND DISCUSSION ............................................................ ............................. ......... 159 

5. 4.1 Voltammetric Response of Rat Cd,Zn-Metal/othionein ........................................................ 159 

5.4.2 Voltammetric Response of Sheep Liver Metallothionein ............................... ................ ....... 164 

Vlll 



5.4.3 Voltammetric response ofMetal/othionein at low pH ........... ............................................... 167 

5.5 CONCLUSIONS .... ............................... ............ .. ....................................................................... 169 

CHAPTER SIX .. ................................. .. ............ ........ ........................................................................... 170 

VOLTAMMETRIC STUDIES OF FERREDOXIN ....... ............ ............ ........... ................................. 170 

6.1 INTRODUCTION ................... ............................ .. ................ ... ..... .. ........................................... 170 

6.1.1 Iron-containing Proteins ......... ............. ................................................ ............................... 170 

6.1.2 Ferredoxin ............................................. .......................................... .. ... ................ .............. 171 

6.1.3 Methods for Analysis ofFerredoxin ...... ........................................................................... ... 175 

6.2 AIM OF RESEARCH .............. .... .... ............................................................................. ... ........... 180 

6.3 EXPERIMENTAL ............................... ........ .. .................................. ................................. ..... .... 182 

6.3.1 Reagents .............. ..... .......................................................................................................... 182 

6.3.2 Apparatus ........ .......................... ....... ........................... .................... ...................... ............. 183 

6.3.3 Methods ............................................................................. .................. ............................... 183 

6.4 RESULTS AND DISCUSSION ........................................ ......................... ..... ........ .. .................. 185 

6.4.1. Catalytic Oxidation of Ferredoxin ............... ......... ............................................................ . 185 

6.4. 2 Comparative Studies with different MPc's ........................................................................... 190 

6.4.3 pH dependence of the cysteine oxidation of Ferredoxin .................... .................................. 195 

6.4.4 The Effect of Promoters on the Catalytic Oxidation of Ferredoxin Cysteine ........................ 197 

6.4. 5 Ultraviolet Spectroscopic Studies of Ferredoxin ................................................................. 198 

6.4. 6 Catalytic Reduction of Ferredoxin ................................. ..................................................... 200 

6.5 CONCLUSIONS ........ ................................................................................................................ 205 

CHAPTER SEVEN ................................... .... .. ... ................................................................... ............... 207 

THE INTERACTION OF MELATONIN AND ITS PRECURSORS WITH METALS ................... 207 

7.1 INTRODUCTION ..... ..... ...... ... ... ...................... ........................................... ....... ... ........... .......... 207 

7.1.1 Metals and Neurodegenerative Diseases ............................................................................. 207 

7.1.2 Alzheimer's Disease ................... .. ........ .... .. .................................. ...... ............................. .... 209 

7. 1. 3 The Pineal Gland and Melatonin .. ...................... .......................................................... .. .... 212 

7.2 AIM OF RESEARCH ......................................... ................................... ....... ..... .. ... ................... . 218 

7.3 TECIINIQUE .............................. ..... .................. ................................... ....... ....... ......... .............. 219 

7.4 EXPERIMENTAL ................... .................................................................... ... .. .. ... ................ .. .. 220 

7.4.1 Reagents ....... .......... .. ...... ..................................................................... ........................... .... 220 

7.4.2 Apparatus ................................ .............. .... ...... ........ ... ......... .................... ......... .................. 220 

7.4.3 Electrochemical Methods ....................... .............................. ............................................... 221 

7.5 RESULTS AND DISCUSSION .... ................. .. ................ ........................ ...... .... .. ............ ........... 222 

7.6 CONCLUSIONS ........... ............... .............. ......... ..... .... ... ... ...... ................................ ................. . 233 

IX 



CHAPTER EIGHT .............. .... ................ .......................... .................... .. .. ................. ......................... 236 

OVERALL CONCLUSIONS ....................................................................................... ....................... 236 

References .................... .... ............................................................................................................ 240 

Appendices ....... ..... .......................................................................... ............................... .............. 248 

X 



LIST OF ABBREVIATIONS 

l -OH Hydro>..'Yl free radical 
' ! 5-Hf 5-hydroxytryptophan 
f·A.····················- -A~p·s·········-··········-············-························································· ············-·········-·········· 

rA"A.·s··············· .. A.to~i~·a-t;;;~q;ti~~-~P-~~tr~p·h~t~~~try······························································ 

I AAS Atomic absorption spectroscopy 

! AD Alzheimer's disease 

I"A:d"cs:v·····-· ··A.d:~c;q;~~-~~ihodi~·;;trij;.pi.~i-~oi~~~i:;y·································--·-···--······· 

f"A.d-;·-·······-··· ·A:Cis~~b~d········································································-······-········-··················--·-···· 
! 
1 Ag/AgCl Silver/silver chloride electrode 

! ALAD y-Arninolevulinic acid dehydrogenase 
f"A.s:v·······-·-··· ·~c;di~--~iri"Ppi~i-~oii~~i:;;;····················································-························ 

rA::rp··············· .. A.d:~~osi~-~-triph.osp·h~i~···························································································· 

! BAS Bio-analytical services 
' i BBB Blood brain barrier 
f·························· ··············································································································································· ! C Catalytic 
r~A.MP············ -cy~ii~-·ad:~~osi-~~-~~~~Ph~~j;"h~i~·-······································--····························· 

Catechol 

i Chla, Chlorophyll a 
~-•·••••••uoo•••••••·•••-•• ••••••••••• ••••••••••••••••u•••••••••••·•-•• •·•••·••••••••••·••••••on••••n.,.•••••••·•••·•.o.oooo.oooaoooooooooooooooooo•••• •••• ••••••·•h•·••••••.•••• i CME Chemically modified electrode 

t"c:Mac£······ ·ch~~-~aii;;·~~-Ciifi~d:-ii~~s;;·c·a~b~~-~~~~t~od:~··············································· 

! CNS Central nervous system 
i 

i Cytf Cytochrome f 
l 

! Dep Deposition 
fnw·············· ·N:i'i~-Cii~~ti;:Yiio·~~~id:~·········-··········-·················································-·-············· 
p5Mi6·········· ··23~di~~~<:-a-J;·i~-~"i-:J-:4~ihi~Ciia;c;1~················-······························ ························ 

Deoxyribonucleic acid 

i DPP Differential pulse polarography 
h~~---··················· £i~-~i~~-Ci~····· ··································· ················································································· 
! fin·1x·········· ·Eili:Yi~~~-d:i~~~-i:~traa~~~ie··· ······························-······························-············ 

! emf Electromotive force 

~ EP Electropolymerised 
;.ooooooooooouooooo oooooooo oooooooooooooooooooooooooo.• •••• ·•••••&&••••••••·•oo.o .oo.o•oo••••••o•••••••••••••••.oooooou o o oooo.• •••••••••••••••o••••••••·••••••••••••••• • ••• O•U 

i ESR Electron spin resonance spectroscopy 
........................... ............................................................................................................................................... 

Xl 



i FTIR Fourier transform infrared spectroscopy 
t·al\Bx·········· ·1~~~~t;~·t;ri~··~~i·d·············· .. ···········································-······································ 
reicii·············· .. cii·a~~··~a.~bo~··~ie~t~~·cte ........................................................................................... . 
' i GSH-Px Glutathione peroxidase 

i HIOMT Hydroxy-indole-0-methyltransferase 
i"~£PiP············ ·ru·gh~poie.~i:i~Ci~~·~=~~ph~~·p~oi:ei·~·· ................................................................ . 
f"JIMriE·········· "i:J~~ii~g··~e~~;;;y·d~op.~ie~i~o·Ci;;···························-············································· 

l HSAB Hard soft acid base rule 

[I Current 
f1HP················· i~~e~··li~i~oii·~·i)i~~~·-·······················-········································-························ 

rm···················· ·i~~~ed.~pect~o~copy···························································-··································· 

!L Ligand 
' 

!.~~~.~~~········· .. ~.:~~~.~~~~.~~~·~·~·~:.~~~.~~~·~······················································--························ 
i LSSV Linear sweep stripping voltammetry 
h.vi····················· ·Mei~i·································································································································· 
! 

pvrn9 Mordant blue 9 

j MFGCE Mercury film glassy carbon electrode 
i-ooouooooouoOOOoooouoooo o••oo•ooO.oHouooooouooooooo•oo•o•u•o••••••••ooooooooooooooooooooouooooooooooo•n•oooooooooooooooooo~oooooo•ooooooooooooOoooo.ooo~••••••••• 

! M-L Metal-ligand complex 
t·Mic:r·········· ·Metal"to."iiga~d·c"ha.~ii;;··tra·~~i;;~············································································ 

!MPAQ 5- [(p-methylphenyl)azo]-quinoline 

i MPc Metallophthalocyanine 
: 1·M-r················· ·Metaii0ihi·a~·e;~··· ........................................................................................................ . 
i 
fMT"s:P~········· ·Tetra~;;ip-ho~a!ed:.~e!aiiophth~io~y·a~i~;;························································ 

Nicotinamide adenine dinucleotide, oxidised 

l NADH Nicotinamide adenine dinucleotide, reduced 

r·Nmil+ .......... Nicoi·i~a~cte .. acte~i~e-<ii~~~ieotict·e·ph·o~ph~t~············ ····················-····-····· 
! .......................... ................................................................................................................................................. . 
~ NAT N-acetyltransferase 
: 
! NE Norepinephrine 

[.~ .............. ~~~~.~~~.~.~~~:~.~~.~.~~.~~.~.~~~= .. ~.~~.~.~~~.~.~~~~-··············· ····································· ! OHP Outer Helmholtz plane 

fi>.ADN~······· ·i·:·c:x:py~ictyi~~~·) .. 2._.7=ilihyd;o~~phiha·i~~~··················································· 

! pH Hydrogen ion concentration 

! PUF A Polyunsaturated fatty acid 
r ............................ ................................................................................................................................................ . 
~ QA> Qa quinone A, quinone B 
rR····················· ·R:~ct~~ii·a~························································································································ 

' 
Cysteine 

xu 



! SEM Scanning electron microscopy 
~--························ ··········································-·-·············································-·····················--················-······ 
1 SHE Standard hydrogen electrode 
rsoo··············· ·s~p-~~~~id~~;·di~~~t~~~··············· ············································································ 

!SVRS Solochrome violet RS 
! 

1 TAPe Tetraaminophthalocyanine 
rTE·AP············ ·::r~i;~~ihyi~;m~~i~-P~;~;-i~}~;~-1~······································································· 
f·uv~vi~·-······· ·uitr~~i~1~1~~i~ii;1~-·~-p~~-t~~-~~~P;:············································································ 

l V Volt 

Xlll 



LIST OF FIGURES 

Figure 1.1 Structural representation of a Metalloporphyrin ............................................. ....... ...... .......... . 2 

Figure 2.1 Model of the electrode-solution interphase ............................................................................. 6 

Figure 2.2 The three modes of mass transport ................................................................... ........... ........... 7 

Figure 2.3 Tree of electroanalytical techniques ....................................................................................... 9 

Figure 2.4 Simple diagram of the three electrode, electrochemical cell . ................................................ 12 

Figure 2.5 A typical cyclic voltammogram .......... ....................................... ... ........................... ... ....... ... 15 

Figure 2.6 Schematic representation of a typical anodic stripping voltammogram ................................. 24 

Figure 2. 7 Reduction potentials vs SHE, to the metallic state of a number of metals ............................. 25 

Figure 2.8 The adsorption equilbrium according to Anson .. ................................ ................ .................. 28 

Figure 2.9 Deviation from linear current response at high analyte concentration ...................... .... .... .... 29 

Figure 2.10 Steps in the accumulation of a metal (M) with ligand (L) ................................................... 30 

Figure 2.11 Model of chemisorption of a derivatised thiol onto a gold electrode ............... ........... .......... 40 

Figure 2.12 Model of covalent bond formation of derivatised silane onto carbon electrode .. .. ................ 41 

Figure 2.13 Cyclic voltammogram showing the area used to determine surface coverage ............... .. .... . 47 

Figure 2.14 Mediated electron transfer between mediator, enzyme, substrate and product.. .................. . 50 

Figure 3.1 Structural representation of the catechols .. .. .................... ...... .............................................. . 59 

Figure 3.2 The dependence of AdCSV peak currents on the deposition potential .................................. 67 

Figure 3.3 The dependence of AdCSV peak currents on the deposition time ......................................... 69 

Figure 3.4 AdCSV obtained on GCE for Pb2+, Cu2+, Cd2
+ and Be+ in the presence of resorcinol, 

catechol, 4-methylcatechol and 4-tert-butylcatechol. ........................................................... . 71 

Figure 3.5 The electronic absorption spectral changes observed on addition of Cu2+ to resorcinol .... .... 73 

Figure 3.6 AdCSV obtained on GCE for increasing concentrations of copper with 4-methylcatechol. . .. 76 

Figure 3. 7 The effect of metal concentration on the AdCSV of Pb2+, Cu2+, Cd2
+ and Be+ in the presence 

of catechol ligands .. ............... ................... ................................ ............ .... .. ......................... 77 

Figure 3.8 The influence of ligand concentration on the AdCSV ofPb2+, Cu2+, Cd2+ and Bi3+ in the 

presence of catechol ligands ................................................................................................ 80 

Figure 3.9 Simultaneous AdCSV ofPb2+, Cu2+, Cd2+ and Be+ in the presence of resorcinol ................ 83 

Figure 3.10 Effect of resorcinol concentration on simultaneous AdCSV ofPb2+, Cu2+, Cd2+ and Be+ .... 84 

Figure 3.11 Effect ofHgCl2 concentration on simultaneous AdCSV ofPb2+, Cu2+, Cd2
+ and Be+ ......... 85 

Figure 3.12 AdCSV showing effects of increasing Be+ concentration on Cu2+ current response ............ 86 

Figure 4.1 Electronic structure of [Co(II)TSPct ............. ............ .......... ............................................... 94 

Figure 4.2 A MPc, showing the binding sites for metals, axial ligands and ring substituents ................. 96 

Figure 4.3 UV-Vis Spectra of a MPc ..... ......... ...... ........................................................................ ......... 98 

Figure 4.4 Electronic Absorption Spectra for [(CN)2RuPcf in acetonitrile ..... .................... ...... ......... 114 

XIV 



Figure 4.5 Infrared spectra for K2[(CN)2RuPc] (KBr discs) ............................................................... 115 

Figure 4.6 Cyclic Voltammogram of [(CN)2RuPcfin pH 9 buffer.. .................................................... 116 

Figure 4.7 Successive CV's of[(CN)2RuPcfin pH 9 buffer .. .............................................................. 117 

Figure 4.8 CV of cysteine on RuPc-CMGCE in pH 9 buffer ................................................................ 118 

Figure 4.9 Electronic absorption spectra of [CoTSPc( in 0.005 M H2S04 ......................................... 121 

Figure 4.10 IR. spectra of [CoTSPct (KBr disks) ............................................................................... 122 

Figure 4.11 Cyclic voltammogram of [Co(II)TSPct in DMF containing TEAP ................................. 123 

Figure 4.12 Electrodeposition of[Co(II)TSPc]4
• onto a glassy carbon electrode ................................... 125 

Figure 4.13 CV of cysteine on unmodified glassy carbon electrode and on CoTSPc-CMGCE .............. 126 

Figure 4.14 Enhancement CoTSPc-CMGCE after cysteine oxidation, pH 1. ....................................... 127 

Figure 4.15 Schematic representation of electron transfer between CoTSPc-CMGCE and cysteine ..... 127 

Figure 4.16 CV's of increasing concentrations of cysteine on CoTSPc-CMGCE, pH 1.. ............ .......... 129 

Figure 4.17 The variation of cysteine concentration with the anodic currents on CoTSPc-CMGCE ..... 129 

Figure 4.18 CV's on CoTSPc-CMGCE for the oxidation of cysteine, at increasing scan rates .............. 130 

Figure 4.19 Peak current vs v'h for the oxidation of cysteine on CoTSPc-CMGCE .............................. 130 

Figure 4.20 CV of CoTSPc-CMGCE in absence and presence of cysteine, pH 8.4 .............................. 132 

Figure 4.21 Oxidation state changes and change of cysteine with pH .................................................. 134 

Figure 4.22 UV spectral changes on addition of cysteine to a solution of Co(II)TSPc, pH 7 .............. 136 

Figure 4.23 CV of cysteine on CoTSPc-CMGCE, pH 4 and of CoTSPc-CMGCE in the absence of 

cysteine, pH 1 .................................................................................. ...... ....... ... ....... .... ...... 137 

Figure 4.24 SEM photograph of CoTSPc-CMGCE, modified by drop-dry and electrodeposition ........ 140 

Figure 4.25 Electrodeposition onto GCE ofFe(II)Pc in DMF containing TEAP ................................. 142 

Figure 4.26 CV of cysteine on Fe(II)Pc-CMGCE, pHI.. ...................................................................... 143 

Figure 5.1 Electrodeposition onto GCE of [Co(II)TSPct in DMF containing TEAP ......................... 159 

Figure 5.2 CV ofrat Cd,Zn-MT on GCE and on CoTSPc-CMGCE, pH 8.4 ....................................... 160 

Figure 5.3 Cyclic voltammetry of CoTSPc-CMGCE in absence and presence ofMT, pH 8.4 ............. 160 

Figure 5.4 CV showing the return scan following the oxidation of rat Cd,Zn-MT on CoTSPc-CMGCE, 

pH 8.4 ................................................................................................................................ 161 

Figure 5.5 CV's of increasing concentrations ofCd,Zn-MT on CoTSPc-CMGCE, pH 8.4 ................... 162 

Figure 5.6 The variation of Cd,Zn-MT concentration with the anodic currents on CoTSPc-CMGCE , 

pH 8.4 ................................................................................................................................ 163 

Figure 5. 7 CV of sheep liver MT on CoTSPc-CMGCE and of CoTSPc-CMGCE in absence of MT, 

pH 8.4 ................................................................................................................................ 164 

Figure 5.8 Comparison of oxidation potentials on CoTSPc-CMGCE for rat Cd,Zn-MT, sheep liver MT 

and free cysteine ............................................................................................................... 165 

Figure 5.9 Cyclic voltammetry ofrat Cd,Zn-MT on CoTSPc-CMGCE , pH 2 ..................................... 167 

Figure 5.10 CV ofrat Cd,Zn-MT on unmodified GCE in [CoTSPct solution pH 2 ........................... 168 

XV 



Figure 6.1 Molecular structure of iron(III)-sulphur clusters in Rubredoxin and Ferredoxin ................. 172 

Figure 6.2 The role offerredoxins in the electron transport chain in photosynthesis .. ..... .... ..... ........... 174 

Figure 6.3 CV of CoTSPc-CMGCE in the absence and presence of ferredoxin and of ferredoxin on 

unmodified GCE, pH 7.4 .................................................................................................. 186 

Figure 6.4 CV's of increasing concentrations offerredoxin on CoTSPc-CMGCE, pH 7.4 .......... .......... 187 

Figure 6.5 Plot of ferredoxin concentration vs current on CoTSPc-CMGCE pH 7.4 ............................ 187 

Figure 6.6 Peak current vs v'h for the oxidation of ferredoxin on CoTSPc-CMGCE, pH 7.4 ................ 188 

Figure 6. 7 CV of CoTSPc-CMGCE at high scan rate in absence and presence of ferredoxin, pH 7.4 .. 189 

Figure 6.8 Successive CV's of ferredoxin on CoTSPc-CMGCE, pH 7.4 .............................................. 189 

Figure 6.9 CV of CuTSPc-CMGCE in the absence and presence offerredoxin, pH 7 .4 ....................... 191 

Figure 6.10 CV of CoPc-CMGCE in the absence and presence of ferredoxin, pH 7.4 .......................... 191 

Figure 6.11 CV of NiTSPc-CMGCE in the absence and presence of ferredoxin, pH 7.4 ..................... 192 

Figure 6.12 CV's offerredoxin on CoTSPc-CMGCE in pH range 6 to 10 ........................................... 195 

Figure 6.13 Plot of pH vs anodic currents of ferredoxin on CoTSPc-CMGCE .................................... 196 

Figure 6.14 CV of CoTSPc-CMGCE in the absence and presence of ferredoxin, pH 1 ........................ 197 

Figure 6.15 The UV spectral changes on addition offerredoxin to [CoTSPc( , pH 7.4 ....... .......... ..... 199 

Figure 6.16 CV (reduction) of CoPc-CMGCE in the absence and presence of ferredoxin, pH 7.4 .. ...... 201 

Figure 6.17 CV (reduction) of CoTSPc-CMGCE in the absence and presence of ferredoxin, pH 7 .4 ... 201 

Figure 6.18 CV (reduction) of increasing concentrations offerredoxin on CoTSPc-CMGCE, pH 7.4 .. 202 

Figure 6.19 CV (reduction) of ferredoxin on CoTSPc-CMGCE, pH 2 and 3 .... .................... ............... 203 

Figure 7.1 Schematic representation of melatonin synthesis ......................................... ...................... . 212 

Figure 7.2 The production of free radicals by oxygen utilisation .................. ............ ...... ..................... 214 

Figure 7.3 AdCSV obtained on GCE for Cd2
+, Pb2

+, Cu2
+, Zn2

+ and Fe3
+ in the presence of melatonin, 

serotonin and tryptophan ...................... .... ............................ .... ............... ............. ....... .... .. 223 

Figure 7.4 The effect of metal ion concentration on AdCSVcurrents obtained on GCE for Cd2
+, Pb2

+, 

Cu2
+, Zn2

+ and Fe3
+ in the presence of melatonin, serotonin and tryptophan ....................... 228 

Figure 7.5 Plot of ligand concentration vs AdCSV currents obtained for melatonin with Pb2
+ and Cd2+ 

and of serotonin \:Vith Pb2
+ ..................................... ........ ............................. ...... .. ............... 230 

Figure 7.6 The variation of current vs v'h for tryptophan with Pb2
+ ......... ........ .. .. .......... .. .................... 232 

Figure 7. 7 Proposed mechanism for the protective role of melatonin in restoring the iron (II) state 

generated by the Fenton reaction .. ........ ................................................. .. ........ ...... ............. 234 

XVI 



LIST OF TABLES 

Table 1.1 A select group of metals and ligands and their classification according to the HSAB Rule ...... 3 

Table 2.1 Metals analysed by AdCSV and the ligands employed ....................................... .................... 32 

Table 3.1 Parameters obtained for AdCSV of copper, lead, cadmium and bismuth ........ .. .. ............. .. .... . 72 

Table 3.2 Respective metal preference for ligands ..................... ..... ....................................................... 75 

Table 3.3 The potential separation between metals with adjacent reduction waves ................... ............. 88 

Table 4.1 Some analytes electrochemically analysed by MPc's ................... ............ ............................... 99 

Table 6.1 Comparison between half-wave potentials (E.,;) for MPc complexes and peak potentials for 

the oxidation of ferredoxin on metallophthalocyanine modified GCE .................................. 194 

Table 7.1 Parameters obtained for the AdCSV of aluminium, cadmium, copper, iron, lead and zinc in 

the presence of melatonin, tryptophan and serotonin ............................. ................ ..... ......... 225 

LIST OF SCHEMES 

Scheme 1: A simplified synthetic route for [CoTSPct ........................................................... ............. 107 

Scheme 2: A simplified synthetic route for [OMo(OH)TSPct ......................... ...................... ............ .. 108 

Scheme 3: A simplified synthetic route for [(CN)2RuPcf ............ ....... ............................ .................... 109 

Scheme 4: A simplified synthetic route for (OMo(V)(OH)Pc) ........... ............ ................. ............... .. ..... 110 

XVll 



Chapter One 

Overall Introduction 

The rich chemistry of metals with a diverse range of ligands is an active area of research, 

with applications in catalysis, environmental monitoring of metals and the study of metal 

ions in biological systems. 

Living organisms have specific requirements for metals, and the proteins and enzymes 

which bind, transport and facilitate their uptake and release[l,2J. Proteins and enzymes 

have specific metal requirements for structural and catalytic purposes. There exists thus an 

interdependence between metals and proteins. This creates an intricate, detailed network 

of biochemical events, the homeostasis of which is an absolute requirement for efficient 

functioning. 

The interaction between a metal and a protein is best described as the formation of a 

metal-ligand co-ordination complex. The formation of such a co-ordination complex is 

formed by the interaction of an empty orbital of a metal with the filled orbital of a molecule 

(ligand). [3] 

Of the elements thus far isolated, at least 28 are known to be of specific physiological 

function to life systems, and most of these are metals[l,2]. These metals show preference 

for certain types of ligands. The most common types of ligands are the amino acids, 

especially cysteine and the porphyrins, Fig.l.l. The main function of the porphyrins[4
] is to 

bind metal atoms which act as centres for significant biochemical events. 



M = Metal 

Figure 1.1 Structural representation of a Metalloporphyrin. 

There are two approaches to understanding this metal-ligand chemistry: how the metal 

affects the ligand and how the ligand affects the metal in a metal-ligand complex[3
]. 

Changing the ligand in a metal-protein complex affects its biological role. For example, 

iron at the centre of a simple protein, such as ferredoxin and bound to cysteine, is involved 

in simple electron transfer. Iron at the centre of a more complex ligand, a porphyrin, such 

as haemoglobin, functions in the transport and binding of oxygen[S,6J. Similarly, different 

metals at the centre of a porphyrin ligand, alters the function of the metalloporphyrin. For 

example, vitamin B12 (containing cobalt) and chlorophyll (containing magnesium) have a 

similar porphyrin based structure, but their diverse physiological roles are due to different 

metal centres. Biological ligands typically function by providing a protected environment 

for the catalytic metal centre, a pathway for electron transfer to the metal, or in storage 

and transport of the metal. Alternatively, the ligand may be bound to the metal for 

purposes such as homeostatic control, or metal detoxification in, for example, 

metallothionein. 

The type and feasibility of metal-ligand interactions can be associated with the chemistry of 

the metals as defined by the periodic table of the elements, their redox potentials and as 

Lewis acids or bases. Metals and ligands may each be divided into three groups: hard, 

intermediate and soft, acids and bases, respectively. Table 1.1 shows this classification for 

selected metals and ligands. According to the Hard Soft Acid Base (HSAB) Rule[?,SJ, hard 
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acids show a preference for binding hard bases; soft acids for soft bases and the borderline 

acids and bases show preference for either groups. 

Table 1.1 A select group of metals and ligands and their classification according to the 

HSAB Rule.[?,&] 

Acids Bases 

Hard Borderline Soft Hard Borderline Soft 
F 3+ C 3+ e , o F 2+ C 2+ e , o Cu+, Cd2+ NH3, Off CH3, CO, c6~, co-

Al3+ N·2+ C 2+ 
1 ' u Hg2+ 0 2- ROH 

) 
o · co 2-) 3 RSH, RS-

z 2+ R 3+ n , u , Ro- C6Hs-, NH2 

Pb2
\ Bi3+ 

Much of the research on metals has been sparked by the known toxicity of heavy metals 

[9•101. Table 1.1 shows that soft acids such as cadmium and mercury have a predilection 

for soft ligands, such as the thiol groups of proteins. Catastrophes such as the Minamata 

disease (mercury poisoning) and the Japanese affliction the 'itai itai' disease (cadmium 

poisoning) are significant examples of the toxicity of heavy metals[ll,l 2
•
13

]. Metal toxicity, 

however, may also occur during instances of essential metal imbalances. Examples 

include, copper toxicosis in livestock[14
] and vision impairment[l ,IS], associated with zinc 

deficiencies. These imbalances may have a dietary origin but are often an early indication 

of diseased states due to poor metabolism. Metal metabolism consists of delivering the 

correct metal ion to act where it is needed. Uptake, transport, buffering, storage and 

excretion must ensure that physiologically necessary metal~ are made available, though not 

in excess[16l. As metal homeostasis is reliant on proteins and enzymes involved in these 

metabolic processes, metal imbalances may be due to deficiencies in amino acids or 

malfunctioning metal-protein transport systems. 

Much effort has thus been centred on the development of fast, efficient and sensitive 

techniques for the analysis of metals and proteins as early indicators of diseased states. 

Quantitative and qualitative assessments of metals and proteins support research into the 

role of metals in biological systems. Studies on the interaction of metals with biological 
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ligands, are also important in elucidating pathways for metal metabolism, homeostasis and 

detoxification. This thesis is largely concerned with the development of these techniques 

fundamental to which is the metal-ligand interaction. 

Metal-ligand reactions essentially involve the uptake or release of electrons, making an 

electrochemical approach to analysis highly feasible. Electroanalytical chemistry offers a 

means ofboth analysing and quantifying metals and proteins. Electroanalysis is a relatively 

young analytical tool with much research being devoted to the development and design of 

techniques. 

A brief overview of the principles and techniques of electrochemistry and electroanalysis 

follows this introductory chapter. Chapter 3 examines the application of synthetic ligands 

for electro analysis of metals. The catalytic activity of metal centres in porphyrins, so well 

utilised in living systems, is used as a model for the design of metallophthalocyanine 

chemically modified electrodes (CME's). The design and application of these electrodes 

are explored for their quantitative analysis of the amino acid, cysteine, in chapter 4. This 

application is extended for analysis and voltammetric studies of the metalloproteins, 

metallothionein (chapter 5) and ferredoxin (chapter 6). In chapter 7, the techniques 

established are used to explore and defme metal-ligand interactions in living systems. In 

each chapter other means of analysis are introduced, offering alternative and/or improved 

electrochemical methods for their analysis based on the findings of the research. 
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Chapter Two 

Electrochemical Principles and Techniques 

2.1 BASIC PRINCIPLES OF ELECTROCHEMISTRY 

Faraday's discovery of the one to one equivalence that exists between chemistry and 

electricity provides the basis for all electroanalytical techniques. [17
] 

Much of the current understanding of electrode processes and the reactions occurring at an 

electrode has its basis in the theoretical understanding of phase differences and the 

expected solution dynamics. An electrode in solution creates a phase boundary between 

solutes close to the electrode and those in the bulk solution. [17
] 

2.1.1 Electrode Solution Interphase 

Fig. 2.1 illustrates the widely accepted model of the electrode solution interphase. It 

developed from the Helmholtz model of the interphase which .proposed a simple 

electrostatic model based on charge separation across a constant distance. The interphase 

between an electrolyte solution and electrode is referred to as the electrical double layer. 

Helmholtz observed that the interphase behaves like a capacitor in its ability to store 

charge. The model was unable to account for the potential and ionic strength dependence 

of the capacitance. The Gouy-Chapman theory explained the interphase as a Boltzmann 

distribution of ions. [l S] 
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HIP OHP Diffuse Layer 

Figure 2.1 Model of the electrode-solution interphase. [17
•
181 

Fig. 2.1 shows the electrode behaviour for solute A in solvent (water) at an electrode. The 

electrode is sheathed by oriented water molecules, and those adsorbed anions or 

molecules, A, which interact directly with the electrode and are not fully solvated. The 

plane passing through this layer is known as the inner Helmholtz plane (niP). The next 

layer contains molecules with a primary hydration shell separated by a monolayer of 

oriented solvent molecules. This is a separate plane and is termed the outer Helmholtz 

plane (OHP). Beyond this plane is the Boltzmann distribution of ions. These are 

determined by the electrostatic interaction between the ions and the potential at the OHP, 

and the random movement of ions and solvent molecules. This is referred to as the diffuse 

layer. In the diffuse layer there are two forces interplaying with each other: the random 

motion of the ions tending towards even distribution through the solution, and electrostatic 

forces of attraction or repulsion from the surface. These two forces result in a nonuniform 

distribution of ions near the electrode surface. There is, in effect, a potential difference, 

the gradient of which is dependant on the ionic strength of the analytes. The potential 

diminishes exponentially with the distance from the electrode, and this gradient would be 

sharper, according to the De bye Huckle theory of point charges, at high ionic strength. So 

ions in the homogeneous bulk solution, away from the electrode, do not experience this 

potential difference and hence do not "feel the presence of the electrode". [181 
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Electrochemical reduction or oxidation occurs at the electrode-solution interphase of the 

working electrode where the electric field is greatest. Analytical electrochemistry thus 

involves the perturbation of only a minute fraction of the analyte, that at the electrode­

solution interphase. 

2.1.2 Transport to the Electrode 

Reactants are transported to the working electrode from the bulk solution via diffusion, 

migration and convection, Fig 2.2. Collectively these are termed as mass transport . 

• 

• 

Con~:tion • ~ 
• • • 

• I • 
I .,tB 

• • E-----EJ. 
• • • 

Figure 2.2 The three modes of mass transport. (1 9
] 

Diffusion is the natural tendency of ions or molecules to move from a concentrated 

region to a more dilute region to reach uniformity . 

Migration is the process by which charged particles such as ions move towards the 

electrode under the influence of an electric field, such as that which exists in the 

vicinity of the electrode. Supporting electrolytes in solution with the analyte are 

7 



• 

necessary to decrease the field strength near the electrode to minimise the effect of 

migration. Electrolytes also minimise the resistance to charge flow through the cell . 

Convection is the movement of reactants via mechanical means such as stirring, 

rotating the electrode or by flowing the solution through the cell. Reactants are 

transported to the electrode and electrogenerated product transported away. 

When three modes of transport are involved, the current response equation is rather 

complex. Contributions due to convection and migration are minimised by using quiescent 

solutions and strong electrolytes, respectivelyY 8
•
19

1 

2.1.3 Definition of Electroanalytical techniques 

Electroanalytical techniques may be defined as static or dynamic, Fig. 2.3. The static 

system involves measurement of potential difference at zero current, without any 

interference of the solid-solution interphase. Here, equilibrium conditions are maintained 

exhibiting a Nernstian responseY7l 

In contrast, dynamic electrochemistry entails intentionally disturbing a system from 

equilibrium by excitation signals such as varying potential, time and current and then 

monitoring the excitation response, e.g. current. Most electroanalytical techniques are 

based on dynamic electrochemistry. The non-equilibrium behaviour of dynamic 

electrochemical techniques is largely controlled by diffusion. [IS) 

Dynamic electrochemical techniques are divided into small amplitude and large amplitude 

techniques, according to the magnitude of the excitation signal. These are further 

categorised and often named according to the nature of the excitation signal and the 

monitored response. For example, voltammetry refers to a controlled potential technique 

(volt) with the response measured being the current (ammetry).(l?J 
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SELECTED INTERFACIAL ANALYTICAL TECHNIQUES 

Potentiometry 
Contrcilled Potential 

DYNAMIC 

I 
STATIC 

Controlled Current Control~ed Charge 

Large Amplitude Small Amplitude 

Chronocoulometry Conb'olled Potential Coulometry Voltammetry 

Hydronamic Stationary Electrode Large Amplitude Pulse 

Srri~ping Voltammetry Cyclic
1 
Voltammetry 

Figure 2.3 Tree of electroanalytical techniques, highlighting the dynamic techniques, used in the 
thesis and elaborated on further. Adapted from Reference 17. 

2.1.4 Electrode Reaction 

In controlled potential techniques, for example, the role of the electrode is to monitor the 

current response, which is related to the concentration of the analyte. This is achieved by 

monitoring the transfer of electrons during the redox process: 

Equation 2-1 

0 refers to the oxidised species, e- the electron and R the species in reduced form on 

acceptance of the electron. kr and kr> are the formal rate constants for the forward and 

reverse reactions, respectively. 

The conversion of 0 to R by reduction results in a cathodic current, ic. Oxidation of R to 

0 results in an anodic current, i3 . The observed current resulting in a change of oxidation 

state is the faradaic current. The faradaic current is a direct measure of the rate of the 

redox reaction. The resulting current potential plot is the voltammogram. 
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For reversible systems, the net current, inet = 0 and kr = kr· Systems such as these are 

controlled by the laws of thermodynamics, and the Nemst equation applies:(l?] 

0' 
Nemst Equation: Eeq = E +2.303(RT/nF) log CofCR 

Eeq = potential applied to cell, Eeq = 0 at equilbrium 

0' 
E = formal reduction potential of couple vs standard hydrogen electrode 

n = 

Co = 

number of electrons transferred per molecule, eq/mol 

concentration ofO, mol.cm-3 

-3 
concentration ofR, mol.cm 

Equation 2-2 

The overall rate of the reaction and the current observed is in general affected by the rates 

of mass transfer of reactant and product; electron transfer at the electrode surface; 

chemical reactions preceding or following electron transfer; and other surface reactions 

such as adsorption, desorption or electrodeposition. When any of these steps are rate 

limiting, the potential applied to the system will no longer be the same as the 

thermodynamically determined value at equilibrium. This is due to overpotential or 

overvoltage, the sum of the different overpotential terms associated with the different 

reaction steps.[20] Overpotential is thus the difference between the equilibrium (reversible) 

potential of an electrode and the voltage which must be applied in order for current to 

flow. Alternatively, overpotential may be viewed as an activation barrier[21) to the 

reaction. The total potential applied (V) is then given by: [20] 

V=-E+RI+TJ 

where E (V) is the reversible thermodynamic electromotive force (emf), 

R (.Q) is the sum of ohmic resistance in the circuit, 

I (A) is the total current passed and 

11 (V) is the overpotential. 
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Ohmic resistances are introduced by voltage drops across the electrical leads, electrodes 

and electrolyte in the circuit, and may be reduced by improved conductivity of the 

electrolyte or reducing the distance between the electrodes. [20] 

When the overall reaction rate is controlled solely by mass transport, a Nernstian response, 

obeying thermodynamic relationships, applies. Here kr and Is- are sufficiently fast and are 

equivalent. Overpotentials due to mass transport can be simplified by controlling the 

contribution of convection and migration, so that diffusion is the limiting factor. The 

current response is thus a function of diffusion. [l
9
] 

When mass transport is sufficiently fast, the reaction may be limited by the reaction rate at 

the electrode, this being the significant contribution to the observed overpotential. Here kr 

:t: Is- and the current response is thus a function of the rate of electron transfer. [20] 

Characterising electrode reactions and obtaining both quantitative and qualitative 

information is described further in the discussion on cyclic voltammetry, Section 2.2. 
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2.1.5 The Three Electrode, Electrochemical Cell 

""""""--+--Working Electrode 

-.....-....---+-- Auxiliary electrode 

Figure 2.4 Simple diagram of the three electrode, electrochemical cell. 

Most dynamic electrochemistry utilises the classic three electrode system depicted in Fig. 

2.4. This comprises the working electrode, a reference and an auxiliary electrode. The 

electron transfer reactions occur at the surface of the working electrode. These reactions 

are monitored in relation to a reference electrode, which maintains a constant potential. 

The current passes between the working electrode and the auxiliary electrode, the latter 

serving to complete the circuit. [201 

• The auxiliary electrode is usually constructed of an inert substance such as platinum, 

either as a wire, a loop or a foil. This electrode is not usually isolated from the 

solution while the reference electrode is. [21 
'
221 

• The standard hydrogen electrode (SHE) is the universal reference electrode for 

reporting half-cell potentials and these have been determined for many oxidation 

reduction reactions in reference to the hydrogen electrode potential. Associated with 

the use of the hydrogen electrode is the hazardous stream of gas required in its 

operation. This, together with the preparation and maintenance of its platinised 

surface, makes it undesirable for routine use. Secondary reference electrodes are 
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preferred, such as the saturated calomel electrode and silver/silver chloride electrode. 

The saturated calomel electrode (saturated with KCl) and the silver/silver chloride 

electrode (saturated with both KCl and AgCI), for example, have potentials of 0.244 V 

and 0.199 V respectively, vs SHE at 25°C. The silver/silver chloride (Ag/AgCl) 

electrode consists of a silver wire anodised with silver chloride in a glass tube. The 

wire is in direct contact with saturated or concentrated solutions of AgCl and either 

KCl or NaCI. The electrode is protected from the solution by a semi-permeable salt 

bridge.(21'22] 

• The most utilised working electrodes are those of metallic ongm. The basic 

requirements of the selected material are: that it provides a large potential range; that it 

is non-destructible under a variety of solution conditions; that it has a low electrical 

resistance; and that it has an easily reproducible surface. Platinum, gold, mercury and 

carbon electrodes have been of most use, with carbon electrodes the material of choice 

for many electrochemical applications. Mercury electrodes have varied designs: static, 

the hanging mercury drop electrode (HMDE); dropping, where reaction is monitored 

at a new surface by releasing a fresh drop of mercury; or a mercury film on a support 

such as carbon. Benefits of the mercury drop electrodes, include a renewable electrode 

surface and a high cathodic potential window while the limited anodic range and 

toxicity are a disadvantage. Among the most utilised of the solid carbon electrodes are 

carbon paste electrodes, pyrolitic graphite (ordinary or stress-annealed) and glassy 

carbon electrodes. Carbon paste electrodes are constructed by mixing graphite powder 

with a liquid, e.g. nujol into a glass tube. The other two electrodes are commercially 

available. Glassy carbon has excellent mechanical and electrical properties, a wide 

potential window and IS chemically inert, exhibiting reproducible performance. 

Electron transfer rates at carbon electrodes are, however, slower than at metal 

electrodes. Electrode pre-treatment procedures can increase the electron-transfer 

rates. [! 9] 

Present at carbon electrode surfaces, are surface confined species, hydroxyl and 

carboxyl groups, which are presumed to be involved in electrode processes. These 

surface functionalities[23
] provide a means of chemically modifying glassy carbon 
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electrodes by binding redox active reagents at these sites, creating new electrode 

surfaces, the concept and application ofwhich is discussed in detail in Section 2.6. 

At the electrode surface, the reactions are monitored vm a range of electrochemical 

techniques. Briefly, electrochemistry, or rather voltammetry, comprises of a group of 

electrochemical procedures based on the potential-current behaviour of a polarizable 

electrode in a supporting electrolyte. Theoretically, any species can be analysed if it 

undergoes oxidation or reduction within the working potential range of the electrode 

system employed. The redox reaction taking place at the electrode is therefore controlled 

by variation in the applied electrode potential. [24
] 

The dynamic electrochemical techniques used: stripping voltammetry and cyclic 

voltammetry are discussed in terms of their application and the reactions so monitored, 

occurring at the electrode. 
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2.2 CYCLIC VOLTAMMETRY 

Cyclic Voltammetry is commonly used as the initial electrochemical technique to 

characterise a redox system. The redox couples are typically located by potential scans 

encompassing the entire accessible potential window of the electrode. For example, the 

forward scan (positive potentials) generates the oxidised species and the reverse scan the 

reduced species. A typical cyclic voltammogram (CV) provides information on the 

reversibility, kinetics, and formal reduction potential of the reaction, and information 

required for qualitative and quantitative definition of the reaction mechanismY9
•
25

) Fig. 

2.5 shows a typical CV. 

I(A) 
0 ~ R+e-

R+e- ~ 0 

Potential (V) 

Figure 2.5 A typical cyclic voltanunograrn (for illustrative purposes only). 

Information obtained from the CV is ipa, the anodic peak current produced by scanning 

positively until the electrode becomes a sufficiently strong oxidant to oxidise the analyte. 

The current peak decays when all species at the electrode are oxidised. Scanning 
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negatively permits reduction of this species, producing ipc, the cathodic peak current. 

Extrapolating the baselines of these peaks yields the magnitude of the currents. The 

anodic peak potential, Epa and cathodic peak potential, Epc are easily read from the 

voltammogram and the following information may be determined. [l
9
,
25

,
26l 

The formal reduction potential, E0
' , of a redox couple is obtained as follows: 

O• E =(Epa+ Epc)l2 

E0
' =formal reduction potential, or half-wave potential (EYz) 

Epa = anodic peak potential 

Epc = cathodic peak potential 

The number of electrons transferred in the electrode reaction are given by: 

AEp = Epa-Epc = RT/nF 

R = the gas constant, 8.314 J K 1 mor
1 

T = temperature in Kelvin 

n = number of electrons 

F = Faraday's constant = 96,485 C 

At 25°C, RT/nF = 0.059 V/n 

For a reversible one electron redox process, D. Ep = 0.059 V 

2.2.1 Reversibility 

Equation 2-4 

Equation 2-5 

An electrochemically reversible couple is one in which both species rapidly exchange 

electrons with the working electrode, regenerating the starting reagent. Figure 2. 5 showed 

a typical reversible cyclic voltammogram, with the forward wave having a corresponding 

reverse wave. The peak separation value of 0. 059/n is independent of scan rate. l25l 
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For reversible couples: ipalipc = 1 with no kinetic complications and kr= krY 9
•
25

•
26l 

The current is defined by the Ilkovic equation: 

ip = peak current, A 

n = number of electrons 

A = electrode area, cm2 

D = diffusion coefficient 

C . I -3 = concentration, mo em 

v = scan rate, volts/second. 

Equation 2-6 

For reversible couples, Equation 2-6, current is directly proportional to concentration and 

· · . l 112 A h . 1 . I Ip IS proportwna to v . t greater scan rates w ere current IS no onger proportwna to 

the square root of the scan rate, the peak separation becomes greater than 58/n mV. 

According to Ohm's law, E = iR so a change in peak separation is indicative of iR drop. 

This is caused by resistance (faradaic resistance) between the working and reference 

electrode. The iR drop may be compensated for by using an electrolyte of high ionic 

strength. [2S] 

2.2.2 Irreversibility 

Cyclic voltarnmograms of irreversible couples often show a single oxidation, or reduction 

wave, with either a weaker return, or no return wave. 

Irreversibility for a redox couple is caused by slow electron exchange of the redox species 

or is coupled with a chemical reaction at the working electrode. When kr>kr or kr>kr, 

ipa/ipc -:;:. 1, and fl Ep>0.058/n volts (when iR drop is compensated for) electrochemical 

irreversibility is indicated. These are reactions controlled by the rate of electron transfer. 
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Totally irreversible systems exhibit a shift in peak potentials with changing scan rate. At 

increasing scan rates, the peak potential separation becomes greater and the electron 

transfer rate, the rate constant, decreases. The reaction thus becomes kinetically limiting. 

The peak current ratio is also affected; ipc becomes smaller with the smaller rate constant. 

[25] The rate constants for the forward and reverse reactions are also no longer equal. 

At increasing scan rates ipc may be measured to determine the scan rate range in which the 

reaction is controlled by diffusion i.e. no other chemical processes limit the current. A 

linear plot of i vs v112 indicates a diffusion controlled process at these scan rates. 

The formal reduction potential cannot be defined as above for the reversible couple 

(Equation 2-6) and the Nernst equation no longer applies. The potential of the cathodic 

and anodic couples become dependant on the rate of electron transfer and is dependant on 

scan rate, so the following equation is used to define Epc:[2
0] 

0 112 Epc = E -(RT/a. nF)[O. 780 + ln(D /k0+11z In v] Equation 2-7 

a. = transfer coefficient 

k0 = rate constant 

F =Faraday's Constant, 96 485 C/mole 

and others as defined before in Equations 2-4 and 2-6. 

A plot ofEpc vs In v (scan rate) will be linear and the slope equals 'hRT/a.nF. The value 

for a., determined from Equation 2-7, may be used in Equation 2.8 to determine D, the 

diffusion coefficient. 

Equation 2-8 

D = diffusion coefficient 

C0 = the bulk concentration of the analyte in solution 
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Here ipc is still proportional to the bulk concentration but will be lower in height. Once D 

is known then the rate constant k-o for the reaction may be determined. 

2.2.3 Quasi-reversibility 

Similar information may be obtained for CV's of redox couples exhibiting quas1-

reversibility. A quasi-reversible system is one in which ipa <> ipc. Cyclic voltammograms 

of quasi-reversible systems have a larger peak potential separation than reversible systems, 

tending to look more drawn out. The current is controlled by mass transport of reactant 

and product, and by charge transfer. [191 

H h c. ll . . l. (21 27 28] ere t e 10 owmg equat10n app 1es: · · 

1/2 
1{1= ksf(n D0 x nFv/RT) 

If is a dimensionless parameter with given values for ruill. 

0 
ks = standard rate constant when E = E 

Equation 2-9 

In this equation, the value for the transfer coefficient, a., is assumed to be 0.5 when the 

anodic and cathodic current peaks are of the same height. ks may be determined if Do is 

known. 

The current for quasi-reversible systems is defined by Equation 2-10. 

i = nFA C0 D0 
112(nF/RT) 112 

l{lv
112 Equation 2-1 0 

Slopes of the plot of ipc vs v112 will give D0 and ks may then be determined using Equation 

2-9 once D0 is known. 
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CVs may thus be used to determine whether a redox process is reversible, quasi-reversible 

or irreversible. For truly reversible systems, no kinetic information such as rate constants, 

may be obtained. For both quasi-reversible and irreversible systems, rate constants may be 

obtained. (lSJ 

2.2.4 Reaction Mechanisms 

Fig. 2.5 showed an idealised situation for reversible one-electron transfer. A consecutive 

multi-electron reversible process will similarly yield several distinct peaks from which the 

reaction mechanism is easily interpreted. When the heterogeneous electrode transfer at the 

solution interphase is coupled with homogeneous chemical reactions, the shape, current 

response and peak potentials will be more complex, but useful in elucidating the reaction 

pathway. 

Some common mechanisms have been identified, for example, the EC Mechanism. This is 

known as a following chemical reaction in which E is the heterogeneous electron-transfer 

reaction (Electrode reaction) and C is the subsequent homogenous electron transfer 

reaction (Chemical reaction), hence the term, EC. 

E C 
O+e 0 R---)Z Equation 2-11 

In the EC mechanism, R, the electrogenerated species, reacts to form product Z, affecting 

the reversibility of reaction E. This may be observed by a decrease in cathodic peak so 

that ipJipa < 1. The peak ratio may be used to estimate the rate constant of the chemical 

step. When no return peak is observed in the reverse scan, it implies that all of R reacted 

very fast to produce Z. 

The next example shows the catalytic regeneration of reactant 0 during the C step, a 

variation of the EC mechanism: 

E c 
0 + ne 0 R + A ---) 0 Equation 2-12 
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In Equation 2-12, the product of the E mechanism, R is reduced by analyte A placed into 

the solution back to 0. This exhibits a peak ratio ofunityY91 
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2.3 CONTROLLED POTENTIAL ELECTROLYSIS 

This technique is also known as bulk electrolysis or controlled potential coulometry. It 

involves the determination of the quantity of material electrolysed from the amount of 

charge passed through the electrochemical cell during the electrolysis. Electrolysis is 

achieved by applying a fixed potential to the electrode. When the electrolysis is 100% 

complete, the current is indistinguishable from the residual current. The total charge, Q, 

passed during the electrolysis is obtained by integrating the current, i, as a function of time, 

t, Equation 2-13 . 

Q =it Equation 2-13 

The amount of chemical change during electrolysis is proportional to the charge passed, 

according to Faraday's Law. The total charge is then used to calculate the amount of 

material electrolysed, Equation 2-14. 

Q=nFN 

Q = charge 

n = number of electrons transferred per molecule, Eq/mol 

N = number of moles of substance electrolysed 

Equation 2-14 

F = Faraday's constant which is the electric charge carried by one mole of electrons and 

has a value of 96485 coulombs per mole of electrons. 

The residual charge is subtracted from the total charge to obtain the Faradaic charge. The 

experiment is usually carried out on an electrode with a large surface area to reduce the 

time required to achieve full electrolysis. [25
•
261 
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2.4 STRIPPING VOLTAMMETRY 

Stripping voltarnrnetry (or analysis) is a remarkably sensitive electrochemical technique for 

measuring trace metals. 

Metal ions in solution are able to accept and donate electrons. This electroactive nature 

makes both qualitative and quantitative analysis possible. For trace metal ions in solution 

it is necessary to employ a preconcentration step, which has a 2-fold purpose: enrichment, 

and isolation, of the analyte from the complex matrix. The best known technique 

employing such an electrolytic preconcentration step at the working electrode, is stripping 

voltammetry. Two versions of this technique commonly employed, are: anodic and 

cathodic stripping voltammetry (ASV and CSV, respectively).[19
,
261 

ASV has been utilised with much success in the analysis of a range of toxic heavy metals in 

flowing solutions, soil samples and biological samples. The simultaneous determination of 

zinc, cadmium, lead and copper in the urine of patients with Blackfoot Disease[291 is an 

example of its application to biological samples. ASV has been used for environmental 

assessment[3
0] and comparison of metal content of drinking water from the Mississippi, the 

Rhine and the Nile by differential pulse stripping voltarnrnetry. The advantage of ASV 

over atomic absorption spectroscopy and other non-electrochemical methods is the high 

sensitivity, typically (10-9ppm to 10-12 ppm) and the simultaneous determination of certain 

metals it affords. In stripping voltammetry the most commonly employed electrode is the 

HMDE. A mercury film electrode may also be used, where the mercury film is formed on 

glassy carbon either by preliminary deposition or plating, from a mercury electrolyte in 

solution. 

Metal ions present in a stirred solution with a mercury electrolyte are electrolytically 

extracted from solution by controlled potential electrolysis for a controlled time. In this 

step the metals reach the electrode by diffusion and convection. The analytes are reduced 

to the metallic state at potentials more negative than the reduction potential of the metal of 
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interest and form an amalgam with mercury at the electrode, Equation 2-15. In other 

words, the analytes are preconcentrated at the electrode. Bonding with mercury is 

essential in preventing the reduced metal ions from leaching back in to solution. The 

potential is then scanned in a positive going scan corresponding to the anodic dissolution 

and oxidation of the amalgam (at potentials unique to the metal species) releasing metal 

ions back into solution, Equation 2-16. Electrons evolved during this step generate a 

current which is recorded as a function of potential. The current is proportional to the 

concentration of the metal. Measurement of the current at increasing concentrations of 

metal are used to produce standard curves of current versus concentration, facilitating the 

quantitative determination of samples, while the peak potentials serve to identify the metals 

in the sampleY 9
•
29

] 

Reduction 

Oxidation 

n+ 2+ · M + ne-+ Hg -+ M(Hg) Preconcentrat10n 

M(Hg) -+ Mn+ + Hg2+ + ne- Stripping 

Equation 2-15 

Equation 2-16 

A typical ASV is shown below for metal, M, Fig. 2.6 

Figure 2.6 

I(A) 
deposition 

n+ 2+ 
M + ne-+ Hg ~ M(Hg) 

stripping 

n+ 2+ 
M(Hg)~M + Hg + ne-

0 - 1.0 E(V) 

Schematic representation of a typical anodic stripping voltammogram (for 
illustrative purposes only). 

Conversely, CSV undergoes an oxidation step during preconcentration and reduction 

during the stripping step and is thus used in analysis of negatively charged species such as 

cr ions. 
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From the description above it can be noted that there are a few criteria which need to be 

met in order for a metal to be analysed using this technique: 

1. The metal must be sufficiently soluble to form an amalgam with mercury at the 

electrode (otherwise the reoxidation step is electrochemically irreversible). 

2. The reduction potential of the metal must be more positive than that of hydrogen ions 

or than that of any major reducible ion in the electrolyte (otherwise the reoxidation 

current is masked by that ofhydrogen or the major reducible ion). 

3. The reduction potential must be more negative than that of mercury. [29
] 

Based on these criteria (at a mercury electrode), theoretically only metals which have a 

reduction potential to the metallic state between 0 V and 0.8 V vs SHE may be analysed by 

ASV. However, mercury electrodes have a high hydrogen overvoltage, which extends the 

lower limit from 0 V to almost -1.0 V vs SHE. 

Fig 2.7 gives a representation of the reduction potentials (to the metallic state) of a number 

of metals. The metals falling within the limits indicated by the dotted lines in Fig 2. 7 may 

be analysed by ASV. 

Ba In 

Cs M~(II) Cd(II A;g(I) 

~i(IV) Pb II) H~(I) 
Ce(III) : Sn II) 

M (III) Te(IV) 

K Fe(II) 

Zn : Cu(II) Au(III) 

Li Ti(IV) 

2 -1 0 1 

Reduction Potential (Volts) 

Figure 2. 7 Reduction potentials vs SHE, to the metallic state of a number of metals in non­
complexing and acidic conditions. Adapted from Reference 29. 
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Not all of the metals falling within this range can be analysed usmg the described 

voltammetric procedure. Eliminated are: iron, silicon, molybdenum, telluride and titanium 

as they are not sufficiently soluble in mercury. Furthermore, some of the reduction 

potentials of the remaining metals are very close together and interfere if they are present 

at similar concentrations. An example is the tin, lead, thallium, indium and cadmium 

group. Efficient schemes for simultaneous analysis are possible, e.g. Cu, Pb, Cd and Zn 

can be simultaneously determined by ASV. [29
] 

The interference effects of one metal over another can be minimised by masking agents, for 

example, thallium can be detected by masking lead and cadmium with EDT A 

(ethylenediaminetetraacetate). Sb can be analysed by shifting the potential of copper with 

chloride. [29
] With the development of ideas such as these, researchers started looking 

beyond the boundaries as discussed above, and not only to the metals excluded by 

conventional stripping voltammetry, but also non-metals, metalloids and organic 

compounds. 

A major step forward was the development of techniques for the non-faradaic deposition 

of analytes. One of the major shortcomings of ASV is that it involves a faradaic 

accumulation or preconcentration of the analytes at the working electrode surface. 

Therefore, the technique does not afford the voltammetric analysis of most organic 

compounds, as these cannot be electrodeposited. The natural tendency of analytes to 

adsorb onto the electrode in a simple diffusion step was utilised as the primary approach 

towards non-electrolytic preconcentration[3
l]_ Two such techniques have emerged: specific 

reactions at chemically modified electrodes and adsorptive deposition (preconcentration) at 

ordinary electrodes[32l. The latter will be discussed first. 
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2.5 ADSORPTIVE CATHODIC STRIPPING VOLTAMMETRY FOR 

DETERMINATION OF METALS 

Adsorptive stripping voltammetry exploits the spontaneous adsorptive tendencies of 

analytes at a stationary electrode as an effective preconcentration step for voltammetric 

measurements of trace analytes[321. Preconcentration at the electrode is solely by interfacial 

deposition. The fundamental difference from ASV then, is that the preconcentration step 

does not involve any electrolytic (faradaic) process[321 extending the scope of stripping 

voltammetry to those species which cannot be electrolytically deposited such as organic 

[29 31-42] 
compounds ' . 

A few advantages of adsorptive stripping voltammetry over ASV in metal analysis are 

evident. Using adsorptive stripping voltammetry, any oxidation state can be collected 

rather than only the metallic state, thus facilitating analysis to any element with a reduction 

potential falling within the stability range of hydrogen and mercury. The material is 

collected as a monomolecular layer on the electrode surface, so all the material is instantly 

accessible to reduction or oxidation. The reduction current is independent of diffusion of 

the reactive species, meaning that very fast potential scanning techniques can be employed, 

producing larger currents. [291 

2.5.1 Theory of Adsorption 

Adsorption occurs at the electrode/electrolyte interphase. This interphase exhibits 

properties which differ from that in the bulk solution. It is here at the electrode interface 

where adsorption occurs in what can be described as a displacement process: a molecule of 

analyte displaces a molecule of solvent as in Fig. 2.8. 
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A = adsorbate, S = solvent molecules, E = electrode, n = number of solvent molecules 

Figure 2.8 The adsorption equilbrium according to Anson. [l ?] 

Assuming monolayer-coverage, the amount of adsorbate depends on the size of the 

electrode surface, the orientation of the adsorbed species, the hydrophobicity of the analyte 

(as smaller solubilities promote strong adsorptionP81. These are the most important 

considerations, but other factors contribute to the amount of adsorption. These include: 

electrostatic interaction (between an ionic adsorbate and a charged electrode), field-dipole 

interaction (between the electrode double-layer and functional groups of organic 

reactants), and chemisorption (of certain electron or atomic groups on metallic electrodes) 

[32] 

The voltammetric response is a function of the amount of adsorbate. The amount of 

adsorbate is related to the bulk concentration of the analyte. The relation between the bulk 

concentration and the adsorbed species is described by adsorption isotherms, such as the 

Langmuir adsorption isotherm. The Langmuir isotherm, assuming a maximum monolayer 

of coverage, describes a linear relationship between adsorbed species and bulk 

concentration of analyte at low adsorbate concentrations. This model assumes no 

interaction between surface-confined species. As the amount of adsorbate increases, 

approaching monolayer coverage, deviation from this linear relationship is to be expected 

as interactions between the adsorbed species at the electrode become a factor. [32
] 
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The linearity of the current response is likewise affected at high adsorbate concentrations, 

with increased interaction between the adsorbates. This is depicted in Fig. 2.9, showing 

deviation from linearity at high adsorbate concentrations. 

s:: 
Cl) 

t: • 
8 

Concentration (M) 

Figure 2.9 Deviation from linear current response at high analyte concentration 

2.5.2 Metal-ligand Complexes 

Early studies in trace metal analysis showed significant enhancements in the voltammetric 

response for several metals in the presence of different ligands. Suitable ligands bind the 

metal and adsorb to the electrode as a metal-ligand complex. These observations led 

directly to the use of ligands capable of forming complexes with the metal analytes, to 

enhance the non-faradaic deposition of the analyte at electrodes. [3l,
42l 

The technique is described for the analysis of a metal via complex formation with a suitable 

ligand: 

To a solution of the metal analyte and electrolyte, a sufficient amount of the chelating 

ligand of choice is added. Under nitrogen flow (to prevent oxidation of the species), and 

while stirring, the metal and ligand are allowed time to form a metal-ligand complex. 

During this accumulation time, metal-ligand complexes have already begun the simple 

adsorption process at the electrode surface by diffusion from the bulk solution. To 
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optimise adsorption, the electrode potential is held at a fixed potential (deposition 

potential) and for a controlled time (deposition time), while the solution is stirred at a fixed 

convection rate. This potential is usually 200-300 mV less negative than the actual 

reduction potential of the metal. The adsorbed complex is reduced during a negative 

going potential scan (the stripping step) and both the metal and ligand are released back 

into solution. These steps are depicted in Fig. 2.10. Peak current measurements provide 

for both quantitative analysis (due to the linear relation between current, adsorbate and 

bulk concentration) and qualitative analysis (as reduction occurs at a potential unique to 

the metal in the metal-ligand complex).[321 

Effectively, this is a cathodic stripping technique, involving reduction of the adsorbed 

complex. Only in· exceptional cases has the stripping step involved oxidation of the 

adsorbed species. For this reason, the technique is referred to as adsorptive cathodic 

stripping voltarnmetry (AdCSV) in this text. 

Accunmlatiou 
E1 

E(V) 

Deposition 

.MLn+ n--) .MLn+ n,ads 
(Eq 2-18) 

E( dep) 1-----------r-

W n + nL --) .MLn + n 
(Eq 2-17) 

Accumulation Time Deposition Time 

Strippi11g 

/ 
.MLn+ n, ads+ e---) 

wn-1 + nL 
(Eq 2-l9) 

TIME 

Figure 2.10 Steps in the accumulation of a metal (M) with ligand (L); the adsorptive 
deposition (dep.) of ML onto electrode and reduction (stripping) of the surface 
active complex. Equation numbers shown in brackets. Figure adapted from 
Reference 3 2. 

For most metal-ligand complexes, the observed current response on stripping of the 

adsorbed metal-ligand complex is usually that of the reduction of the metal, the reduction 

30 



potential thus being specific to the metal. For metals with very negative reduction 

potentials, the reduction of the ligand may be utilised as a measure of the metal 

concentration, e.g. gallium with solochrome violet RS. [321 In both these cases the 

reduction potential of the metal-ligand complex is less negative than that of either the 

metal or the ligand, but this is not strictly the norm. In certain instances the catalytically 

accelerated reduction of the adsorbed metal-ligand complex by dissolved reactants is used 

to quantify the adsorbed material, e.g. platinum-formazone[291, catalysed by hydrogen ions. 

The metal-ligand approach to stripping voltammetry, apart from extending the scope of 

metals analysed, also provides an alternative and often improved means of analysis for 

metals which can also be determined by conventional anodic stripping procedures, such as 

nickel, manganese, gallium, copper, cobalt and tin. With conventional anodic stripping 

procedures, the analysis of these metals is hampered by interferences such as the formation 

of intermetallic compounds or poor selectivity. [32
•
421 

Ligands for metal analysis may be selected from a wide range, based on research of the 

interactions of metal-ligand complexes via adsorptive stripping voltammetry. Table 2.1 

shows a small selection of suitable ligands. The selectivity of the complex formation step 

in this technique provides for a measure of selectivity if a metal-specific ligand is chosen, 

while certain ligands may bind a range of metals specifically. In certain instances the ligand 

may bind strongly to a redox state of a metal, offering the possibility of speciation 

selectivity. [291 

The use of chelating ligands in metal analysis thus offers the following advantages: 

• Extending the scope of metals analysed by stripping voltammetry. 

• Improved sensitivity for metals which can be analysed by ASV. 

• Measure of selectivity from a range of metal-specific chelating ligands . 

• Speciation selectivity. 

• Analysis of metals with highly negative reduction potentials using ligands (the 

reduction potential of the adsorbed complex is used as a sensitive measure of the 

metal). 
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• ASV measures the labile metal fraction (the fraction plated at the electrode) whereas 

AdCSV measures the concentration of metal in the metal-ligand complex, hence, when 

an excess of a strong ligand is used, the total metal content may be determined. [32
] 

The technique also allows for the simultaneous analysis of a group of metals. It has found 

ready application in simultaneous analysis in environmental and biological samples e.g. 

arsenic, nickel and selenium in oyster tissue;[3
l] copper, nickel, cobalt, lead and cadmium 

in human hair samples;[34
] and nickel and cobalt in natural waters[371. Using dihydroxyazo 

dyes, Wang[42
] showed the possibility of simultaneous analysis of metals including indium 

and iron, zinc and nickel, thorium and iron. 

Table 2.1 Metals analysed by AdCSV and the ligands employed 

METAL ASV* AdCSV j LIGANDS 

MiL ! C ! DR 
........................................................ ········~········~········~································································································· ................................. ~ 
Aluminium ! X ! ! SVRS, dihydroxya.nthraquinone sulphonic acid, [32,29,31] ! 

! i iDNITD i 
o~OOOOOOOOOOOOOOOOOOOOOOOOOOOOOoOOO•Oo OOoOOOo0000000&04 OOOO OOOOlOOOO&OOOlUOO&O&Ol0&000000000000000040000000000000000000000000oO.Ooo0•0000000.0040°U•oooooooouoo oooooooo•o ... OooooO OOOOdOO OOOOOOOOOoOOooO .&OOOOO&OOOl 

Antimony X j j ! Catechol [29] j 

Arsenic X ! i Copper, DNITD [29,31] 
·13"~ryili~;;:;····-··········· ·················· ··x···j········r·······j··Th~~~·················································································· ··t4of·······················l 
Bismuth X . 1 i [29] . 

o .o .oooooooooo.o.oo-••-Oooooo••••oooooooo ••••••••••••••••• o oooooo•*•••·•••••.C..••••••••+••ooooooooooooooooooooooooOooooooouoaoooooOUooooooo ... oo.o oooo.ooOooooooooooooooooooooooooooouooo ••••••·•••••ooooooooooooooooooonoO: 

Cadmium X X 1 1 ! &-hydroxyquinoline, PADN, DMTD (29,34,31) j 
Cerinn1 ! X ! j 0- Cresolphthaleinthalexone [32] 

•••••••••••·~•••••••••••••••••·••~• ou••••••••••••••• ••••••••:•••••••••:·••••·-•••!•••••••••-••••••••••••••••••••••••••uoo••uo.oooo•o.o••••••••••••••••••••·••••••••••••..Oo.u.o.o • •••• ••••••••••••u••••••••••••••••••••! 

Chromium 1 X l X 1 Dicthylenetria.minepentaacetic acid [29+32) l 

Cobalt X i i Dimethylglyoxime, Br-PADN, nioxime, PADN [29,39,29,34] 
oo.ooo.ooooooooooo•.•••·••••·••••••·•••••o•o• •·•·•••·•·••••••••••·•· o.oooooo•-i-•·•·•·•••••+·•·•••••••-i-••••-•-•••••.oouooooo.o.ouoooo-oo.oo.o.ooOoooooooOooooooo.o.O*-•·•••••••·•••••••••~••oo.o.ooooooooo.0 oo •·•••·•·••oOOOOOOO.Ooo.oooo ooo .. o.ooooo-~ 

Copper X X j ! j [29]-hydroxyquinoline, PADN, Catechol [29,34,29] 1 

Gallium j X ! j Solochrome violet RS [32] 1 
•--••••·• ••••••·•••••••••••·••••••••·••• •·•·••••••••••••• ••• ••••••••:•••••••••:•••·••••••;•••••••••••u·•••·•••·••·•·• • • ••••••••••••••••••U••••••••••-uouoooo.ou.•••••••••••••••·••••••••••••• ,,0000.0 ..-.ooo••••·••••• ... •·••••••••••: 

Germanium X i i i Catechol [29] i 
: : : : 

Indium X ! 
...................................... ................. ········*·······-~---····-~·-································· ·············--· .. ·················--···--····························· ····---~--······--················~ 
Iodide X ! ! ! Copper, Mercury [29,29] l 
Iron X X i ! Catechol, SVRS, 1-nitroso-2-naphtol [29,32,29] 

··~ii~~~i·d~··············· ·················· ·······rx···r······-r-6~~~iphih~i~·~~~····························································· ··["32]"·······················1 

Lead X X i j PADN, 0-cresolphthalexon, &-hydroxyquinoline [34,36,29) 
......................................................... ......... .i, .•.••..• {. ....•.•.. > .................................................. ............................................... ................................. ~ 

Mercury X i i i i : : : : 

Manganese X i X i i Eriochrome Black T [32) 
·M~iybd~~Uffi··········· ·················· ·x:···j·········~·········ts=ily&-~x;;q·~~~i~~:··~~~:··········································· ··[29:-32f················! 

i X ! X i Tropolone [29] . 
............................................. • •.••••.••••••••••• .......... ~----... ··-i-·-·······-i-·····--····--·······-~·······--···········--·--··----------·-----·················---.... , ............ .................................. ~ 

Nickel X ! 1 i Dimethylglyoxime, PADN, MPAQ, Bipyridine, [29,34,38,29] j 

l ! ! DMTD [31) ! . : : : 
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... Table 2.1 continued 

METAL ASV* AdCSV LIGANDS 

! REF. 
1 

Palladium X j Dimethylglyoxime i [32] i 
·•·•·•••·•·······•·····•····•·········· ·········•······· ········+·········· .......... ............................•....•...........•••..•......•.................•............... 1 ...................•.....•......•••.. < 
Platinum ! X Formazone ! (32] ! . . . 
Praseodymium j X 0-cresolphthaleinthalexone i [32] , 

................................................................ : .................... ···················-·························-······························-··········+·····································' 
Selenium X ! Copper, DMID i [29,31] ! 

: . : 

Silicon j X Molybdate j [29] j 
···-·········· · ··· ··· ····· --· .. ••••••••• ................. . .... .......... ........ •••••··••• ..................................................................... . . . ........................... 1'"'""''""''''' .................. ... . . . ... ., 

Silver X ! I j 
I Sulphur X I ! l 
r····-············:·····-············· ··-··········-·t········i-········ .......... ·····-:-··-······-··········-·-····-·····-··---···················-··-········r· .................................... . 
I Technetium 1 X j Thiocyanate 1 [32+29] 

I Telluride j X ! Copper l [29] 
l•••••••••••••••••••••uo••••••••••••"••• •••••••••••••••••••••••·•••.f.·• ••••••••• oo.-o•oooo ooouooooo•••••••·•••••••••••••·••·•••••••••••••••-·•••••••••••••·••••••••••·•••••~•·•••••••••••i•·••••••••••••••••wo••••••••·••••••••••• 

ii Thallium X i i i 
l : l 

I Tin ! X l Catechol [SnO, Snll], Tropolone ! [37,32+29] 
t·:ri·~~···· ................................ 1 ........ 1 .. 5(:" ............... sws ............................................................................. i .. r32·j .......................... .. 

j ! X j X Cupferron (M) Mandelic Acid (M and C) ! [29] 

1 
................................................................. -t .................................................................................................................................................... .. 
i Thorium j j X Mordant BlueT ! [32] 

j Uranium i X l Catechol, Oxime, 8-hydroxyquinoline. j [29,32,29] 
; ...................................... ................. ~ ........ : .......... ........................................................................................................................................... . 
! ! i X Mordant Blue i [32] 
: : : : 

! Vanadium i X j Catechol i [32,29] ................................................................................................................................................................................... , ..................................... . 
j Yttrium j j X SVRS i [32] 

! Zinc X 1 X Arrunonium pyrrolidine dithiocarbamate, I [29 ,31] 
I , ! 
i i DMID ' 
j Zirconium j l X SVRS j [32] 
"··••-••••·••••-•••••••••-•••••••••••-··••••u••••••·•••••·•"•·•·H••"""-• • • •••••"*••·•-•••••••--•••••••.o••·•••·...,•••·•••u•••••••••••••·•••••• ••·•••-••••••••••••·••·•••••••••••·••••••·•••••••••·•\,••••• ••••••.-.oo ooouoo.o •••••••••••••• 

AdCSV analysis via, Metal (M) or ligand (L) reduction or via Catalytic (C) process. DMTD = 2,5-

dimercapto-1,3,4-thiadiazole, MPAQ = 5 - [(p-methylphenyl)azo]-quinoline, PADN = 1-(2-pyridylazo) 

2.7-dihydroxynaphthalene, Br-PADNm = 4-[2-(5-bromopyridyl)azo] 1,3-dihydroxynaphthalene, SVRS = 

solochrome violet RS. *All ASV from Reference [19]. 

2.5.3 Practical Considerations 

Many factors need to be considered when developing and optimising adsorptive stripping 

schemes for single or multi-element analysis. All ofthe steps as outlined above need to be 

carefully controlled. The parameters and variables involved include concentration of the 

ligand, concentration of the metal (when doing simultaneous measurements), pH and 

buffer concentration, accumulation time, deposition potential and scan rate.P1
•
34

•
37

•
42l 

These will be discussed in more detail. 
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2.5.3.1 Concentration of Ligand 

Generally, increases in ligand concentration lead to the formation of more metal-ligand 

complexes and hence an increase in adsorption. This is then reflected by an increased 

current response. There is, however, a point where further increase in ligand concentration 

brings about a levelling off, or a decrease, in current response as free ligand in solution 

competes for metal-ligand sites at the electrode. [37
,4

2
] 

2.5.3.2 Buffer Concentration and pH 

Buffer concentration affects buffering capacity and hence the sensitivity of the 

measurements. High buffer concentrations may lead to irreproducibility of the current 

response. The pH of the solution is equally important as the electrode process is pH 

dependant. For example, it has been observed that at low pH's the ligand, catechol, when 

protonated, was unable to form complexes with the metal, tin, while at very high pH's the 

tin ions hydrolysed[37J. Highly basic or highly acidic pH's have been shown to increase the 

background currenP 1] . Determining the optimum pH is thus important as it affects the 

overall hydrogen evolution[32
] and hence current response. 

2. 5.3.3 Deposition Time 

During deposition, sufficient time is required for equilibrium to be reached between 

adsorbed species, and species in the bulk solution. This is optimum preconcentration time, 

but the chosen time is a judicious choice between sensitivity and speed. Longer 

preconcentration times bring about greater adsorption and hence increased current 

response. Once saturation of the electrode has been reached, no further increase in current 

response, with increase in deposition time, is observed. This also serves to confirm that 

adsorption is involved in the electrode process. [37
] 

For analytes present in high concentrations, shorter preconcentration times than for weaker 

analyte solutions are preferred, as equilibrium between the amount of adsorbate and the 

bulk concentration is reached faster. 
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For such high concentrations of analyte, as the adsorption approaches a maximum, co­

adsorption effects and interactions between adsorbed species will affect the current 

response negatively, bringing about a deviation from the Langmuir current-concentration 

linearity. So, to extend the linear range for current responses at high concentrations, 

shorter preconcentration times become feasible. [371 

2.5.3.4 Deposition Potential 

The choice of deposition potential is critical for the adsorptive deposition of the metal­

ligand on the electrode surface. Optimum potentials are generally 300-400 mV less 

negative than the characteristic reduction potential of the analyte. Again, this potential 

needs to be optimised for each system. In addition, judicious choice of the deposition 

potential will permit only the reduction and analysis of the metal species of choice. [371 

2.5.3.5 Simultaneous Analysis 

For simultaneous analysis of trace metals, the same rules apply as for single-element 

analysis but here additional factors are considered. The primary consideration is that there 

is adequate separation between potential peaks. Reduction potentials are affected by 

experimental variables such as scan rate, deposition potential, pH and ligand concentration. 

These variables differ for each metal-ligand complex. Also of importance is: the 

competition between the metals for the ligand; competition of metal-ligand complexes for 

sites at the electrode; and the interaction between metal-ligand complexes and other co­

adsorbed species (such as free ligand), at the electrode. [42
] 

i) Concentration of analytes: 

A large concentration of one metal may lead to the depression of the reduction 

peak of another by competition for the ligand and sites at the electrode[26
•
34

•
42l. 

This need not necessarily apply to all systems: co-adsorption effects[42
] have been 

observed where the reduction of one metal-ligand chelate enhances the current 

response of a neighbouring metal-chelate. 
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ii) Rate at which equilibrium is reached: 

For simultaneous analysis the choice of deposition time must be optimised for the 

system as a whole. Metal-ligand complexes travel at different rates from the bulk 

solution to the electrode. They thus have different equilibrium constants depending 

on their hydrophobicity (which promotes strong and faster adsorption), their 

bulkiness (which retards rate of equilibrium) and also the electrostatic affinity of 

the complex for sites at the electrode[321. Wang[421 showed that a nickel-mordant 

blue 9 (MB9) metal-complex, exhibited an increasing current response which was 

linear with increases in deposition time, of up to 180 seconds, while in the same 

solution a levelling off appeared for thorium-tvffi9 after only 30 seconds. It can be 

assumed that the thorium-MB9 complex attains a faster adsorptive equilibrium. 

iii) Scan rate : 

Gradual broadening of the peak currents may occur on increasing scan rates. This 

may lead to overlapping peaks in simultaneous analysis. [421 

So, for simultaneous measurements factors affecting single-element analysis apply and 

must be optimised accordingly for such a system. 

2. 5.3. 6 Choice of Ligand 

Looking at the function of the ligand in adsorptive stripping analysis, the most important 

considerations are clear. Firstly, the ligand must bind to the metal to form a metal-ligand 

complex, adsorb to the electrode in a non-faradaic step and then freely release the metal 

back into solution when the metal-ligand complex is stripped from the electrode[321. This 

may be related to the structure of the ligand in terms of binding affinity and tendency to 

adsorb to the electrode surface[34J. Ligands suitable for adsorptive stripping schemes are 

characterised by the presence of aromatic rings as these readily adsorb to the electrode 

surface. The synthesis and design of ligands with these functional groups are a focus for 

enhanced sensitivity of the technique[391. 
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2.5.3. 7 Determining the suitability of a ligand. 

It must be shown that addition of the ligand brings about an enhancement in the metal 

current response. This not only serves as a test for the utility of the ligand but also to 

show the in situ formation and deposition of the metal-chelate complex at the electrode 

surface. [371 

A potential shift over either the metal or ligand reduction, is commonly observed on 

reduction of the metal-ligand complex. This potential shift is different for each metal with 

the same ligand. This shift, again, is indicative of the in situ formation of a metal-ligand 

complex. Many theories have been postulated for the potential shifts but one of the more 

accepted is that the shift is indicative of bond strength. The shift to more negative 

potentials of the metal-chelate from the ligand or the metal itself, shows that more energy 

is required to strip the complex than the ligand or metal alone. [37
•
42

) 

Various factors control the formation of a metal-ligand complex and its utility for 

adsorptive stripping schemes. These factors include steric hindrance, bond-strengths, 

bulkiness of the complex, stability constants, and appropriate bonding sites at the ligand. 

This is advantageous in simultaneous AdCSV analysis as it provides for a degree of 

selectivity. 

Computer modelling of the possible bonding sites may be of value in pre-determining these 

values. 

AdCSV permits the analysis of a broad range of metals and elements, organic compounds 

and molecules of pharmaceutical and biological interest, many of which cannot be 

electrolytically deposited. Of relevance then, are questions pertaining to methods for 

molecular recognition of these analytes and electrocatalysis of analytes which have slow 

electron transfer rates. These pertinent questions, are the subject matter of the field of 

chemically modified electrodes, the second of the techniques designed for the non-faradaic 

deposition of analytes. 
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2.6 CHEMICALLY MODIFIED ELECTRODES 

The basic concept of chemically modified electrodes (CME's) is to perform the desired 

chemistry at the surface of the electrode via a judicious choice of reagents for the non­

faradaic preconcentration of various electrolytes. A range of reagents are deliberately 

attached to the surface of the electrode via a number of methods with the aim of modifying 

the electrode to adopt the binding properties of the attached reagents, producing a 

chemically modified electrode. Through a judicious choice of modifiers, a few major 

advantages have been realised in this direction:[32
] 

• electrodes modified with a selectively accessible surface for improved selectivity of 

detection; (where the appropriate modifier may "recognise" and thus preconcentrate a 

specific molecule from a solution) 

• improvements in sensitivity as the techniques involves preconcentration of the analyte 

at the electrode 

• improvements in stability (using electrodes coated with polymeric layers) 

• preferential deposition of analytes onto bound surface functionalities 

• electrodes modified with electrocatalytic moieties and redox mediators to promote 

reactions which otherwise have slow electron transfer kinetics 

• lowering of overpotential 

• minimisation of interferences[32
,4

3l 

Preconcentration of the analyte of choice is usually via forced convection to facilitate mass 

transport. Similar to adsorptive stripping voltammetry, preconcentration of the analyte at 

the electrode surface is via non-faradaic deposition. This means that the technique is also 

open to analytes which cannot be electrolytically deposited. Depending on the reactivity of 

the modifying group, the analytes are held at the modifier by complexation, electrostatic 

attraction and covalent linkages. [321 

Quantitation of the analyte is subsequently carried out in the same solution or in an 

electrolyte solution possessing more ideal background character (also known as "medium 
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exchange"). The usual voltammetric waveforms, where current response is a measure of 

the amount of analyte preconcentrated at the modified electrode, are then produced. [32
] 

The most common electrochemical technique employed is cyclic voltammetry. 

Using cyclic voltammetry as discussed before, Section 2.2, the following information may 

be obtained: 

• quantitative analysis, as current response is proportional to the amount of analyte 

preconcentrated 

• establishing the mode of electron transfer and obtaining kinetic information 

• qualitative analysis using specific modifiers 

• determination of the amount of modifier at the electrode, as well as the amount 

corresponding to full surface coverage 

Chemically modified electrodes add a powerful new dimension to 

preconcentration/voltammetric schemes. The requirements and mechanisms of such 

schemes outlined above, will be discussed in more detail. 

The choice of modifier is perhaps the primary consideration. The affinity of the modifier 

for the analyte, its selectivity for that analyte from others in solution, and its ability to 

successfully chemically modifY the electrode surface, needs to be assessed. [32
] 

2.6.1 Chemically Modifying the Electrode 

Chemical modification of the electrode surfaces has usually been achieved by attaching 

appropriate reagents to conventional electrode substrates. Attachment of modifiers has 

been achieved via direct deposition and held at the surface by chemisorption, covalent 

bonding and adsorption, [44
] or by electrodeposition of species onto the electrode[32

'
45l. An 

alternative approach involves mixing an appropriate reagent with the conductive particles 

of a carbon paste electrode or as part of an appropriate polymeric coating[441. Variations 

on these methods have been reported. The variations are usually subtle improvements on 
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these methods and are modified to suit the particular application of the technique, under 

different conditions. 

2. 6.1.1 Chemisorption 

Chemisorption is an adsorptive interaction between a molecule and a surface in which 

electron density is shared by the adsorbed molecule and the surface. For example, 

aromatic compounds are held at the electrode surface by sharing of the pi-electron density 

between the electrode and the adsorbate molecule. Chemisorption requires direct contact 

between the chemisorbed molecule and the electrode surface and so the highest coverage 

achieved is a monolayer. A downside is that the chemisorbed molecules tend to leach back 

into the solution. An example is the derivitisation of gold electrodes with thiols. Dipping 

the electrode into the modifier-thiol solution produces monolayers of derivatised thiols at 

the surface of the electrode. This technique utilises the high affinity of gold atoms for thiol 

groups. [451 Fig 2.11 shows how the modifier is attached to the surface of a gold electrode 

via the thiol groups. 

-Au-:gold electrode I I 
-8H :thiol 
-R :modifier 

Au+ 

I 
RSH 

2 
-----t Au-S-R + 1/2 Hz 

I 

Figure 2.11 Model of chemisorption of a derivatised thiol onto a gold electrode. Figure adapted 
from reference 45. 

2.6.1.2 Covalent bond formation 

This method utilises the specific functional groups on unmodified electrodes such as 

COOH and OH groups on "bare" carbon electrodes. Unmodified carbon electrodes are 

thus not really bare due to these surface functionalities. An example is the attachment of 

silane to the hydroxyl groups on carbon electrodes, Fig 2.12. The silane incorporates the 

desired modifier and together they form a multi-molecular layer of modifier at the surface 

of the electrode. [45
] 
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OH 0 

" H + Cl3-Si-cH2-cH2-R • o-si-cH2-cH2-R + 3HCl 

OH 
Silane-R 0/ 

E E 

OH is hydroxyl group on electrode (E), R = the modifier attached to silane. 

Figure 2.12 Model of covalent bond formation of derivatised silane onto carbon electrode. 
Figure adapted from reference 45. 

2. 6.1.3 Polymer films 

Another popular route for chemical modification is incorporation of the modifier into the 

backbone of a polymer such as polystyrene. The derivatised polymer readily forms a film 

which is held at the electrode by a combination of chemisorptive and solubility effects. 

Multilayered, dynamic, polymer coatings provide a three-dimensional reaction zone at the 

electrode surface, increasing the flux of reactions occurring there, and hence increasing 

sensitivity. An extra dimension is added as the range of functional groups on the polymer 

surface present a basis for further chemical derivitisation. [32
] 

Polymeric films are easily prepared, with high stability and no loss of material from the 

electrode. The film structure and thickness have a pronounced effect on analytical 

performance. To achieve high sensitivity for analyte preconcentration, the polymer should 

permit efficient charge and mass transport, hence the film thickness must be carefully 

controlled[32
] . The high stability of the film may be countered by a decrease in sensitivity 

as opposed to direct deposition of the modifier onto the electrode, as in chemisorption and 

covalent attachment schemes. 

A range of chemical processes including ion exchange, complexation, precipitation and 

enzyme reactions can be carried out at polymer surfaces. [44
] There are three categories: 
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1. redox polymers which contain the electroactive functionalities inside the mam 

polymer chain or side groups, for example, polypyrrole. 

2. ion-exchange and co-ordination polymers, containing electroactive molecules such as 

metals and counterions bound by co-ordination and ion-exchange reactions to the 

polymer, respectively, for example, Nafion®. 

3. electronically conductive polymers, where the chain itself is redox active, for example, 

polypyrrole[46
]. The polymers can be attached by dip-coating, drop-drying, spin­

coating or electrodeposition[45J. 

2.6.1.4 Inorganic materials 

Inorganic materials such as clays and zeolites are useful modifiers of electrode surfaces as 

they are ion-exchangers with well-defined microstructures. An advantage is that unlike the 

organic polymers, they can withstand high temperatures and highly oxidising solution 

environments. An example here is the hexacyanometallates which, when functionalised 

with transition metal of different formal oxidation numbers, provide catalytic properties. 

These materials form inorganic polymers coated as thin films on electrode surfaces. Some 

exhibit electrochromism, the ability to change colour on oxidation change. [45
] 

2.6.2 Methods of Attachment of the Modifiers 

Direct deposition of the modifier can proceed via spin-coating, drop-dry or dip-coating. 

Dip-coating involves simply dipping the electrode surface into the modifier solution, 

removing and allowing the solvent to evaporate. This method is problematic as it is 

difficult to control the amount of modifier. The drop-dry method involves placing a 

measured drop of the modifier onto the surface of the electrode and allowing this to dry. 

This method overcomes the reproducibility deficiency of the dip-coat method. Spin­

coating of the modifier onto the electrode is similar to the dip-coat method but here the 

electrode is mechanically spun in the solution, producing films of uniform thickness, The 

electrode is removed from solution and allowed to dry. 
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While these methods are simple and sensitive, they may be of little analytical utility if the 

film leaches back into solution. This may be prevented by attaching the modifier onto the 

electrode by means of a polymeric support. However, it has been noted that while the 

polymer provides a support for the modifier, preventing it from leaching back into the 

solution, the increase in stability is countered by a decrease in sensitivity. [4?] 

Carbon paste electrodes[4?] are constructed by mixing the modifier with carbon paste and 

an oil, and incorporating this mixture into a tube to form the matrix of the electrode. 

Numerous agents can be inserted into the paste with no need to devise individual 

attachment schemes for each modifier. This is quite a versatile technique with reports of 

high stability, control of surface coverage, reproducibility over long periods and the 

availability of chemical regeneration steps to produce analyte-free surfaces after 

voltammetry. A further requirement of this method, is that the solubility of the modifier 

incorporated in the carbon paste matrix, be sufficiently low in the solvents employed, so as 

to prevent leaching off of the modifier[32
]. While this technique affords the product of 

robust, polishable, chemically modified electrodes for use under harsh conditions, [43
) the 

loss of sensitivity is quite an important consideration for highly sensitive analyses. 

The attachment scheme which is the subject of much research effort is that of 

electrochemical deposition. The various methods of attachment of polymeric films onto 

electrodes have been well-characterised[44l. These studies[44
] showed that significant 

advantages are offered when polymeric films are attached by electrodeposition. Polymeric 

films may be electropolymerised directly onto electrode surfaces by either repetitive 

cycling of the polymer or the monomer to produce the electrodeposited polymer. 

Electrodeposition, to form electropolymerised films, is a simple, clean and efficient route 

to polymer synthesis. Using electrochemical methods, the rate and extent of the 

polymerisation process, as well as the chemical and physical properties of the resulting 

polymer, can be carefully controlled[48l. Monomers which have been attached VIa 

electrodeposition include a wide range of heteroaromatics, styrene, phenol and the 
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phthalocyanines[4S]. The technique has found application for analysis of metals, 

electroinactive species and biological molecules[441. 

Mechanism o(Electrodeposition 

Repetitive CV's of a monomer at a glassy carbon electrode produces both anodic and 

cathodic peak currents. Gradual increases in Faradaic current for both the forward and 

reverse scan with each successive cycle is indicative of its oxidative electrodeposition. 

Peak heights, and hence the film thickness, increase steadily initially, then gradually slow 

down before reaching a point without any further increase. At this point, when no further 

increases in peak current are observed, electrodeposition is complete, indicating that the 

electrode is fully coated. The film stops growing because, as the thickness of the film 

increases, the electronic migration rate through the film decreases, limiting further 

electrodeposition of the monomer. [481 

The thickness of the films formed can be controlled by controlling the number of cycles. 

This also provides for a measure of reproducibility for subsequent studies. The film 

thickness can be determined as described in Section 2.6.4. 

2.6.3 Practical Considerations 

2. 6. 3.1 Electrodes 

A conventional 3-electrode system is generally used consisting of a working electrode, a 

reference and an auxiliary electrode. For electrodeposition, the positioning of these in the 

solution should be a symmetrical arrangement, to ensure even coatings. A Faraday cage 

usually functions better than a conventional platinum wire as an auxiliary electrode, by 

ensuring even coatings. A disadvantage is that large volumes of modifier are required to 

cover the bottom of the Faraday Cage. [441 

A range of electrode surfaces have been employed to produce C.ME's. The most 

commonly employed are glassy carbon, platinum and gold surfaces. Less commonly used 
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are titanium, aluminium, mild steel, brass, mercury, gold-coated plastic films, tin oxide or 

silver. 

Glassy carbon electrodes appear to be the best in terms of a large electrochemical working 

range and the ease of formation of strongly adherent films, an advantage when the mode of 

attachment is electrodeposition. [44
) 

One of the requirements is that the chemically modified surface not be easily saturated with 

the analyte. As with adsorptive stripping voltammetry, current response may deviate from 

linearity at high modifier concentrations. The chemically modified surface must also be 

easily regenerated for further analytical measurements and not be destroyed in the 

reaction. [32] 

2.6.3.2 Solvent and Electrolyte 

Solvent: 

Choice of solvent from which the modifier is deposited at the electrode, is critical. 

The solvent affects the morphology, conductivity and electrochemical activity of 

the chemically modified electrode produced. Strong bonding, for example, 

between the solvent molecules and the modifier will hinder the interaction between 

the modifier and the analyte, thus lowering the catalytic activity of the electrode. 

For electrodeposition of the modifier, non-nucleophilic solvents, such as 

acetonitrile, produce films with good conductivity. Nucleophilic species in solution 

tend to competitively inhibit the growth of the ftlm. [441 

pH of solvent: 

An important consideration for ensuring reproducibility and stability is the pH of 

the solvent as redox processes are pH dependant. Different voltammetric 

responses observed over the entire pH range using chemically modified electrodes 

may also suggest a difference in the structure of the adsorbed layers[49l. 
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Furthermore, aggregation of the modifier at certain pH's, may affect the catalytic 

ability for the analyte of choice[ SO). 

Electrolyte: 

With aqueous solvents, a large number of electrolytes are available. The phosphate 

buffers are a popular choice. For non-nucleophilic solvents, care must be taken to 

choose an electrolyte that does not interfere with film formation at the 

electrode. [44
] 

2.6.4 Characterising Chemically Modified Electrodes 

Cyclic voltammetry, while being the waveform of choice for analysis of the redox 

behaviour and quantitative determination of the species, may also be used to characterise 

the amount of modifier preconcentrated at the electrode surface. 

For example, during electrodeposition, the area under the reduction or oxidation wave of 

the species coated at the electrode, represents the charge associated with the reduction or 

oxidation of the adsorbed species[20) according to: 

Q=nFAr 

Q = charge, C 

n = number of moles of electrons transferred 

F = Faraday's constant, 96 485 C/mole 

A = the area of the electrode, cm2 

r = surface coverage, mol cm-2 

Equation 2-20 

Q then equals the integral of the faradaic current determined from the area under the 

oxidation or reduction wave, depicted in Fig 2.13. Surface coverage r can thus be 
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calculated. Full surface coverage is calculated by measuring the area under the largest 

peak once the film stops growing. 

Similarly, by repetitive cycling ofthe analyte at the chemically modified electrode, until no 

increase in cathodic or anodic waves are observed, the area under this peak can be used to 

determine the amount of analyte that relates to a monolayer of preconcentrated analyte. [431 

I (A 

Potential 

Figure 2.13 Cyclic voltammogram showing the area under the anodic wave (shaded) used to 
determine surface coverage. 

The current response observed is thus a function of the amount of modifier at the 

electrode. At low scan rates and fast electron transfers, Equations 2-21 and 2-22 for 

current and potential, apply. [Sl 1 

Ip = 0.496 FAC0 D¥lv¥2 (F/RT)Yz 

Ep = EO - 0. 78 (RT/F) + (RT/F) + ln[k 1 rnYz (Fv/RT)Yz] 

Equation 2-21 

Equation 2-22 

with symbols as defined before in Equations 2-4, 2-5, 2-6, 2-7, 2-8 and 2-20. 
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2.6.5 Applications of Chemically Modified Electrodes 

The chemical modification of electrodes with appropriate modifiers has found a range of 

applications, in electrocatalysis, in electroanalysis, electrosynthesis and energy conversion. 

A useful application has been in electroanalysis of metals, usmg modifiers possessing 

specificity for the metal. The preconcentration step thus involves complex formation 

between the metal in solution and the ligand immobilised at the electrode. Various ligands 

and modification strategies have been explored for selective preconcentration of metal 

ions, with clear benefits for increased sensitivity. Speciation studies have benefited with 

this technique, utilising modifiers with a high affinity for particular metal oxidation states. 

An example is the ligand, sulphonated 2,9-dimethylbatho-phenanthroline for selective 

measurements of copper in the presence of iron. The two methyl groups of the modifier 

sterically hinder complex formation with iron, but not with copper. These methods have 

found much application for use in environmental sensors. Examples include the selective 

accumulation and analysis of uranium(VI) in sea water;[421 modified carbon paste 

electrodes for simultaneous analysis of zinc, cadmium, lead, copper and mercury using 

chelating resins;[52
] and self-assembled monolayers of ro-mercaptocarboxylic acid on thin 

mercury film electrodes for cadmium analysis in the presence of organic and ionic 

interferences in seawater[ 53
] Self-assembled monolayers of thiol groups as modifiers have 

been incorporated with copper phthalocyanine on gold electrodes, forming stable films for 

selective copper analysis[541. 

Chemical sensors have found wide application in determining biochemical analytes in what 

is known as in vivo voltammetry, initially introduced in 1976, [551 to monitor 

catecholamines. In vivo voltammetry is an active area of research in which miniaturised 

electrodes repeatedly monitor organic analytes in tissue fluid of either anaesthetised or 

conscious animals, circumventing the need of radiolabelled transmitter stores or killing of 

the animal[561. A pertinent application for CME's is the electrochemical detection of 

amine-based neurotransmitters such as electroactive dopamine. This involves the surgical 
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implantation of electrodes into the cerebrospinal fluid of the living organism. The 

detection of dopamine is, however, hampered by the presence of ascorbate. Ascorbate 

oxidises at potentials close to that of dopamine, interfering with its in vivo electrochemical 

analysis. Since dopamine is a cation at physiological pH's and ascorbate is an anion, the 

problem was solved by using the cation exchange polymer, Nafion®. Nafion® coated at 

the electrode transports dopamine and rejects ascorbate and other acidic metabolites. 

Electrodes modified with Nafion® for in vivo analysis of dopamine and other cationic 

neurotransmitters, have become standard procedure for these investigations, [45
•
5
7] aimed at 

understanding the process of neurotransmission in the brain. Design of appropriately 

modified electrodes for electrochemical pre-treatment offers greater sensitivity, selectivity 

and minimisation of interferences, research areas of importance in the development of in 

vivo voltamrnetry[56•57]. 

Electrodes modified with deoxyribonucleic acid (DNA) have been used as sensors for 

DNA and haem-containing proteins such as myoglobin and haemoglobin. The DNA 

reportedly promotes faster electron transfer rates at the electrode surface[ 58
]. Polypyrrole 

modified electrodes have been designed as sensors for proteins such as ovalbumin and 

myoglobin[59l. 

Electrocatalysis is an important application of CME's, directed at lowering overpotentials 

and increasing the rate of sluggish chemical reactions. Electrocatalysis may be monitored 

with the catalyst in solution with the analyte, known as solution-phase catalysis. 

Deposition of the catalyst onto electrodes to produce chemically modified electrodes are 

advantageous, as the method eliminates the problems associated with the introduction of 

solution-phase electron shuttles[60l. The use of CME's is desirable for the analysis of 

amino acids, proteins and small biological molecules as many of these have slow electron 

transfer kinetics and characteristically exhibit high overpotentials at unmodified 

electrodes[61]. 
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Electron transfer between the analyte and the electrode is thus facilitated by the modifier 

which acts as a mediator to the reaction. These reactions may be represented by Equations 

2-23 and 2-24 with M, the mediator or catalyst, and A, the analyte. 

Mox +ne-~ Mred Equation 2-23 

Mred + Aox ~ Mox +Ared Equation 2-24 

In Fig. 2.14 below, electron transfer occurs between the mediator immobilised at the 

electrode surface and an analyte with slow electron transfer kinetics. The analyte, for 

example, may be an enzyme which can convert a substrate into a product. The reaction 

between the enzyme and the substrate may be monitored at the electrode, indirectly, 

through electron transfer with the mediator. 

Electrode 

s 

E •• p 

Figure 2.14 Mediated electron transfer where, M = mediator, E =enzyme, S = substrate and P, = 
product. 

One such example of an application for biological chemical sensors is the use of enzyme 

based sensors which will recognise and catalyse a specific analyte, facilitating its 

electrochemical analysis. Glucose sensors, commercially available are designed on this 

prerruse. The design utilises the natural catalysis of glucose by the enzyme glucose 

oxidase, glucose oxidase being the modifier at the electrode[44
•
45l. 

Designing chemically modified electrodes for sensitive and selective analysis of biological 

molecules is an active area of research. Much research in this area has focused on 
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identifying and characterising modifiers for enhancing selectivity and sensitivity of analysis 

by careful attention to practicalities. These include the method of attachment of the 

modifier onto the electrode; its chemical state; and interaction with the analyte, solvents, 

electrolytes and buffers. 

This research has led to new chemically modified electrodes for specific analysis with 

improvements over earlier methods. This level of research activity may be exemplified 

using the glucose sensor as an example. The use of a porphyrin modifier, chemically 

polymerised manganese tetrakis (o-aminophenyl) porphyrin, [62
] has recently been shown to 

offer improved performance for the glucose electrode. Glucose oxidase is introduced into 

the polymeric porphyrin film electropolymerised onto the electrode. The polymeric 

porphyrin film acts as host for the enzyme and catalyses its electro-oxidation. This 

enhances the catalysis of glucose oxidation by glucose oxidase, extending the 

concentration range of the glucose sensor over that previously mentioned. Other 

mediators for the electron transfer between glucose oxidase and the electrode include 

ferrocene derivatives and benzoquinone. [G3
) 

Metalloporphyrin modified electrodes have found wider application, as sensors for anions 

such as nitrites, [641 iodide and chloride;(GS) in oxygen electroreduction;[66•671 for analysis of 

nitric oxide;[GS) as pH sensors;[69] the detection of sulphide ions;(?O] in solution-phase 

electro-oxidation of a range of molecules such as cystine, cysteine, mercaptoethanol, 

thioacetamide,P1l and hydrazine;[?2) in electroreduction of cystine[73l and other disulphur 

compounds;[74
] and in solution reaction with nucleic acids as means for analysis of 

DNA.[?S] These modifiers have also found application in organic electrosynthesis in, for 

example, polymerisation of methacrylic esters by aluminium porphyrins. [?G] 

Metalloporphyrins as mentioned before, have important roles in nature: in oxygen 

transport, storage, transfer and in respiration. They are therefore of interest as biornimetic 

models for enzymes, for example, catalase peroxidase[7?) and are appropriate modifiers for 

the design of CME's geared towards understanding their natural redox and electro catalytic 

mechanisms[?!]. 
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A modifier which has found much application is the metallophthalocyanines, structural 

analogs of the porphyrins. Indeed, the phthalocyanines have found application in designing 

glucose sensors, as they have been shown to catalyse the electro-oxidation of glucose 

oxidase. A design based on a new mediator, cobalt octaethoxyphthalocyanine, has shown 

high stability in this application, offering the possibility of renewable electrode surfaces. 

Here the mediator was incorporated into a carbon paste matrix with a polyethylene glycol 

modified glucose oxidase[63l. 

A wide range of phthalocyanines incorporating different metal centres have been the 

subject matter of much research. Their catalytic activity for a host of molecules of 

biological interest and their natural tendencies to adsorb onto electrode surfaces[48l, 

predisposed their utility as modifiers at electrode surfaces. The phthalocyanines and their 

role in electrocatalysis of small biological molecules are discussed in relation to their 

application towards chemically modified electrodes in chapter 4. Chapter 4 examines the 

utility of the phthalocyanines as modifiers for analysis of cysteine. 

Chemical modification of electrodes thus provides a different approach to obtaining both 

quantitative and qualitative information about electroactive species. Much research effort 

is thus involved in practical applications of this field of electrochemistry, particularly as 

sensors for analytes of environmental and biological interest such as proteins and amino 

acids. Design of CrviE's is an important field in electrochemistry; the development of 

which has clear benefits for both the biological and physical sciences. 
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Chapter Three 

Heavy Metal Analysis via Adsorptive Stripping 

Voltammetry 

3.1 INTRODUCTION 

Metals and inorganic salts have been used medicinally for centuries. The Egyptians are 

believed to have used copper to sterilise water around 3000 B.C. By the Renaissance, 

mercurous chloride was used as a diuretic, arsenic for the treatment of syphilis and gold 

cyanide for tuberculosis. Many of these ancient inorganic drugs are still in use today but 

fortunately their toxicity is appreciated and accounted for. Electrochemical and 

spectroscopic techniques such as multinuclear nuclear magnetic resonance (NMR) 

spectroscopy are used in conjunction with modern medicine to identify target sites and 

ligands in an effort to understand the biological action of useful but potentially harmful 

inorganic drugs and to control their fate within the body. Examples of modern drugs 

containing a metal or inorganic salt as the active ingredient include Auranofin (containing 

gold) for treatment of arthritis, Denol (bismuth) as an antacid, Cisplatin (platinum) in 

tumour therapy and various preparations containing lithium for the treatment of manic 

depression. [6] 

Adsorptive cathodic stripping voltammetry (AdCSV), as described in Section 2.5, provides 

a technique for metal analysis and can also provide information on the type of ligand which 

such metals bind. An example where this type of information about metal-ligand 

interaction may be of medicinal value is in the administration of EDT A, used to chelate 

overdoses of iron (Ill). 
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The development of adsorptive stripping schemes for metals has focused on the design and 

utilisation of synthetic ligands for the quantitative determination of metals which present 

problems in other analytical techniques. Common techniques such as atomic absorption 

spectroscopy (AAS), which has dominated the field of metal analysis, NMR, neutron 

activation, and electrochemical techniques such as anodic stripping voltarnmetry (ASV), all 

have limitations with particular metals. For example, arsenic, antimony, bismuth and gold 

are difficult to study in solution by NMR, as none of them have observable isotopes. 

However, as the above are redox active analytes, (6] electrochemical methods can be used 

for their study, and AdCSV has been found particularly effective in this respect. 

3.1.1 Overview of Non-Electrochemical Methods for Elemental Analysis 

Atomic absorption spectroscopy is used for the quantitative and qualitative analysis of 

about 70 elements. There are different types of AAS based on the excitation source 

employed, e.g. a flame or graphite furnace. AAS utilises single element hollow cathode 

lamps for the determination of a range of toxic heavy metals. AAS has been the technique 

of choice in the past for the environmental analysis of heavy metals, for example in 

slaughter animals as indicators of environmental overload. [I0,
78

'
79

] While the technique is 

useful for the quantitative and qualitative determination of a wide range of elements, it 

excludes metals which cannot be reduced to an atomic vapour, e.g. tungsten, elements 

emitting in a vacuum, and artificial elements. 

A major advantage of AAS is the amount of research that has gone into optimising the 

technique, so that problems that do exist have been well characterised and may be 

controlled. 

The sensitivity of flame AAS is impaired at concentrations below the mg/ml range, where 

the precision becomes lower. For analysis at lower concentrations, furnace AAS is often 

chosen, with sensitivities in the mg/1 range. In furnace AAS, better control of the amount 

of analyte transferred to the flame by the nebuliser is offered, as the entire analyte is 

converted into an atomic vapour. Furnace AAS has a major disadvantage in being 
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essentially a single element technique and may therefore be time-consuming, as each 

determination requires two to four minutes. [80) For multielement analysis[Sl], inductively 

coupled plasma emission spectroscopy is the technique of choice. It is often more rapid 

than furnace AAS but is more expensive and requires higher operator skill. 

Another popular technique for heavy metal analysis is neutron activation. In neutron 

activation, samples and standards are irradiated with thermal neutrons produced in a 

nuclear reactor. Characteristic gamma and X-rays are emitted by the radioactive isotopes 

which are produced and these are characterised by number and energy to determine the 

concentration of the element of interest. It has an advantage in biomedical multi-trace 

element analysis as no pre-treatment of sample is necessary. A disadvantage is the cost of 

the sophisticated equipment required for irradiation and analysis. Time is also a constraint 

as there is often a long delay in analysis, especially of elements with long half-lives, where 

delays of up to two weeks may be experienced. [821 

The developing field of electroanalytical chemistry circumvents many of the shortcomings 

of non-electrochemical methods, offering many advantages, as discussed further. 

3.1.2 Electrochemical Methods in Analysis 

The electrochemical technique, stripping voltammetry, has developed into a useful 

analytical tool for elemental analysis. The current signal in electrochemistry is very 

sensitive, meaning that analyte concentrations as low as the picomolar range can be 

detected. Highly sensitive quantitative analysis is possible as the current response is 

proportional to analyte concentration. The quantitative relationship between current and 

concentration, especially when diffusion controlled, may be calculated simply from first 

principles and is generally not affected by minor changes in experimental conditions. In 

addition, by measuring current as a function of potential, qualitative information about the 

analytes may be obtained. This allows for analysis of unidentified substances. One major 

advantage is that the amount of charge passed and hence the amount of material converted 

in a typical voltamrnetric experiment is so small, that it is a non-destructive technique. 
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The various forms of stripping voltammetry, cathodic stripping voltammetry (CSV), ASV 

and AdCSV provide a technique for sensitive analysis of at least 36 trace elements, as 

shown in Table 2.1. These techniques, discussed in Sections 2.4 and 2.5, provide 

additional information over AAS. These include oxidation state discrimination of the 

analytes, selective analysis in the presence of other elements and the study of analyte 

interactions with various ligands. 

Voltammetry is essentially a multielement technique. It is thus of particular benefit in 

heavy metal studies. [S3) 

Stripping analysis offers elemental analysis for a range of samples sources of 

environmental, [29
'
33

] industrial and pharmaceutical origin, in foodstuffs and even in gunshot 

residues[19l. With such a broad scope of sample sources, it is advantageous that the 

technique requires little sample pre-treatment. For example, for research in lead analysis in 

petrol[84l, voltammetric procedures showed improvements in terms of the reduced sample 

pre-treatment required, as opposed to techniques such as AAS. 

Electrochemical sensors based on stripping potentiometry have been designed for field 

study, the advantages over AAS being on-site monitoring, for example, in groundwater 

tests for heavy metal pollutants (Hg, Pb, Se, Cu). Data obtained from on-site analyses 

provide sensitive, reliable results, uncomplicated by both the time delay and possibility of 

sample decay, during transport for laboratory analysis of samples[SSJ. An apparent 

advantage is the low cost of this technique over the expense of traditional AAS laboratory 

analysis. New designs have produced disposable screen-printed carbon strip electrodes for 

analysis of blood lead and mercury, offering remote, simplified, low-cost, sensitive 

elemental analyses[36
'
86

). 

A major interlaboratory study ranked stripping analysis above spectroscopic methods for 

blood lead analysis in terms of overall reliability[36
]. AAS analysis of lead in biological 

tissue was shown to suffer interference from cadmium and bismuth due to competitive 
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binding with the chelator[S?). Simultaneous ASV and AdCSV methods may overcome 

these interferences[34J. 

Stripping voltammetry has subsequently been recognised by the United States government 

as a useful tool for trace metal analysis. 

The many advantages of AdCSV over conventional ASV have been discussed in terms of 

sensitivity and the degree of selectivity in trace metal analysis. Much research in metal 

speciation is prompted by environmental concerns and the need for highly sensitive, 

selective and efficient systems. There has thus been a need to develop ligands that may 

increase the sensitivity and selectivity of metal ion deterrnination[34
'
391. AdCSV is showing 

much progress in this field[SS] and is the electrochemical tool of choice for this research. 
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3.2 AIM OF RESEARCH 

The aim of this research was to examine a) the utility of catechols as ligands for a group of 

metals in their analysis via AdCSV and b) the utility of the catechol ligands for the 

development of simultaneous metal analysis schemes. Catechol ( 1 ,2-dihydroxybenzene) 

has been used successfully in the adsorptive stripping determination of many metals 

including Cu, Ge, Sb, Fe, U, V and Sn[29
'
371. Here the use of the catechol ligand via 

AdCSV provided improved copper analysis over conventional stripping schemes, where 

the copper oxidation wave suffered interference from mercury[891. 

Catechols are a versatile electroactive spectes. Recently, their polymerisation onto 

electrode surfaces have been shown to be effective electrode modifiers for mediating 

electron transfer between the oxidised and reduced forms of nicotinamide adenine 

dinucleotide (NAD+ and NADH, respectively). Further functionalisation of the 

polycatechol films with amines or enzymes is possible, making these films useful as redox 

mediators for other enzyme catalysed reactions[9
0]. The catechol groups of naturally 

occurring siderophores such as enterobactin are known to sequester and scavenge iron(III) 

ion. Analogues of the catechol units have been designed with a view to use as iron­

sequestering agents in human iron overload owing to their high kinetic stabiliti91 1. 

Physiologically important polyhydroxyaromatics include the catecholamines, 3,4-

dihydroxyphenylalanine (Dopa) and dopamine and the catechol-estrogens. 

Polyhydroxyaromatic compounds such as catechol and 1, 4 hydroquinone auto-oxidise to 

generate the oxygen free radical which induces DNA strand breaks. This effect is 

promoted in the presence of transition metals such as Cu2+ which are known to induce 

DNA damage by the Fenton reaction. Nitric oxide may synergistically enhance the DNA 

damage caused by these polyhydroxyaromatic compounds and hence tissue damage, 

contributing to neurodegenerative diseases such as Parkinson's Disease. In these 

studies[92l it was shown that the ' polyhdroxyaromatic compounds, guaicol (0-
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methylcatechol) and resorcinol (1 ,3-dihydroxybenzene) which do not generate the 

dioxygen radical, do not induce DNA strand breakages. It was also shown that nitric 

oxide dose-dependently inhibits the strand breakages mediated by the polyhdroxyaromatic 

compound and copper or by the Fenton reaction.[92
] 

Catechols are of further interest in biochemistry in their ability to bind copper. Cu2+ 

catalyses the oxidation of low or high density lipoproteins. Catechol estrogens have 

recently been shown to be more potent antioxidants than estrogens for this Cu2+ catalysed 

oxidation[931. Catecholamines also reportedly enhance the inactivation of the enzyme 

dihydrolipoamide dehydrogenase, offering protection as a copper chelator[941. 

In these studies, the effect of different ring substituents on catechol were examined for 

their role in promoting the utility of catechol as a ligand for metal analysis. Comparisons 

were thus made between catechol, 4-methylcatechol, 4-t-butylcatechol and resorcinol as 

ligands. Structural representation of these ligands, Fig. 3 .1, show this structural similarity, 

but with different ring substituents. 

OH 

o::: OH 

Catechol Resorcinol 

OH 

OH 

4-Methylcatechol 4-t-B uty !catechol 

Figure 3.1 Structural representation ofthe catechols. 

The metals chosen for analysis via this adsorptive stripping scheme were lead, copper, 

cadmium and bismuth. Lead, cadmium and bismuth are all classified as toxic metals while 
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copper is an essential element, only toxic when its concentrations in living organisms are 

unbalanced. They are of biological interest due to their possible binding to thiolate ligands 

to form metal-thiolate clusters[95J. They have all been studied via both anodic stripping 

and adsorptive stripping schemes as shown in Table 2.1. The exception is bismuth where 

studies have concentrated on its anodic stripping analysis in the presence ofHC1[96l. These 

researchers[96l experienced problems with the overlap between bismuth and copper, 

making the simultaneous ASV analysis of these two metals unsuitable. No AdCSV 

schemes have been shown for simultaneous analysis of bismuth and copper. The 

simultaneous analysis of not only copper and bismuth, but lead and cadmium, are explored 

in this research. 

In these studies bismuth was examined for the first time in the presence of ligands 

containing aromatic rings. No research to date shows the use of the substituted catechol 

derivatives as chelating ligands for adsorptive stripping schemes for any ofthese metals. 

The use of a mercury film glassy carbon electrode (MFGCE) as the working electrode for 

adsorptive stripping measurements was also explored in this work. The HMDE is the 

electrode of choice in most AdCSV experimental work as it offers the possibility of 

renewing the surface of the electrode, allowing repetitive measurements at fresh surfaces. 

The HMDE has the disadvantage of cost and blockages of the capillary. Rotating mercury 

coated electrodes have been used successfully in AdCSV. [19
•
371 The use of the MFGCE is 

not common. Previous experimental work showed MFGCEs coated with Nafion®, 

incorporating suitable chelating agents for the detection of metals such as lead [9?]. A 

rotating MFGCE has also been previously described for analysis of tin by adsorption with 

catechol. These researchers[42
] commented that the use of a HMDE is unfavourable for 

on-site work in flowing solutions as the electrode is not convection stable. A MFGCE was 

thus a better option and comparative studies utilising the HMDE showed the former to 

provide enhanced sensitiviti42J. Mercury film on glassy carbon strips have been used for 

on-site monitoring of lead by adsorptive stripping voltammetry with 0-cresolphthalexin, 

the advantage being the low-cost (indeed, it is disposable), ease of preparation and the 

added advantage of decentralised testing. Examining further the utility of MFGCE is of 
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benefit towards related testing for on- site analysis[36l. The main disadvantage ofMFGCE 

is that the electrode activity is affected by deposited complexes that may not have been 

removed during the stripping step. Immersion of the electrode surface after each scan, in 

acid, will readily remove some complexes(9?]. Glassy carbon electrodes were readily 

available and the use of MFGCE was further explored in this research, in developing 

AdCSV schemes for metal analysis. 
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3.3 EXPERIMENTAL 

3.3.1 Reagents 

Triply distilled deionised water was used in the preparation of all solutions. Sodium 

acetate (O. lM) buffer solution of pH 4.4 was used for all electrochemical measurements. 

This was prepared from stock solutions of0.2M acetic acid and 0.2M sodium acetate. 

A stock mercury solution (lOOOj.lg /ml), used as an electrolyte in electrochemical 

measurements, was prepared by dissolving lg HgCl2 (PAL chemicals) in O.lM HCI and 

then made up to volume with water. All stock metal solutions prepared were 500ppm. 

Solutions of CuS04 (PAL Chemicals) and CdS04 (Merck) were prepared by dissolving 

0.5g of each salt in 50ml of 0.5M HCI before being made up to volume with water. HCl 

(32% assay) was required as a solvent as it prevents the metals from precipitating. 

Pb(N03) 2 (NT Chemicals) was only sparingly soluble at this concentration of HCl, so was 

subsequently dissolved in 1 OOml of 1% HN03. Bil3 (Merck) presented the most difficulty 

in dissolving as it was only sparingly soluble in a range of acids at different concentrations 

ofHCl, HN03, and H2S04. The best solvent appeared to be 50ml of 0.5M HCl used for 

CuS04 and CdS04. Most Bil3 precipitated out of solution. The dissolved portion was 

filtered and separated from the bulk solution and its concentration determined by titration 

with EDT A (Hoi pro). A xylenol orange/KN03 indicator was used, according to standard 

procedures[98J. The concentration was found to be 9.58 x 10-5M. 

0.1M solutions ofthe chelating ligands were prepared fresh daily and kept in the dark until 

required. Appropriate amounts of catechol, 4-t-butylcatechol, resorcinol (all from Aldrich 

Chemicals) and 4-methylcatechol (Fluka Chemicals) were dissolved in and made up to 

1 Oml volumes with water. 
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3.3.2 Apparatus 

Stripping voltammograms were obtained with the Bio Analytical Systems (BAS) CV-SOW 

voltammetric analyser. All electrochemical measurements were carried out under an inert 

nitrogen atmosphere in a C2 cell stand. Nitrogen gas was dried by passing it over 

anhydrous copper sulphate. Forced convection when required during experiments, was 

achieved through a magnetic stirring bar controlled by the stirring function of the C2 cell 

stand. Electronic spectra were recorded with a Cary IE ultraviolet-visible (UV-Vis) 

spectrophotometer. 

A conventional 3-electrode system was utilised. A glassy carbon electrode (GCE) with a 

3mm diameter filmed with mercury in situ, was used as the working electrode, a platinum 

wire as the auxiliary electrode and a Ag/AgCl electrode ([KCl = 3M]) as the reference 

electrode. 

All glassware was thoroughly washed in hot soapy water, rinsed with copious amounts of 

deionised water and allowed to soak in a dilute HCl acid solution to free the glassware of 

adsorbed metals. The glassware was rendered acid free by rinsing and soaking in 

deionised water. 

Stringent methods were also employed for cleaning of the electrodes. The glassy carbon 

electrode was first rinsed in distilled deionised water, its surface scrubbed on an alumina 

polishing pad and soaked in a dilute HCl solution followed by thorough rinsing with water 

and the buffer solution. The last three steps were adequate for cleaning the GCE between 

experiments. The platinum wire, after rinsing in water was also soaked in the acid solution 

and thoroughly rinsed with water. The acid sensitive membrane of the Ag/ AgCl electrode 

was subjected to thorough rinsing in water and when required, the KCl solution inside 

replaced. This was particularly important in between experiments where different metals 

were used. 
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3.3.3 Methods 

The required volume of metal solution was placed in a glass cell containing 1 Oml of pH 4.4 

acetate buffer, 100j..d of 1000~-tg/ml HgC12 solution and at least 100~-tl of the chelating 

ligand (optimum ligand concentrations determined separately). The whole solution was 

deaerated for 5 minutes by bubbling nitrogen through slowly. The metal-ligand complexes 

are expected to form during this time, hence the deaeration time is called the accumulation 

time. 

For the technique used, adsorptive stripping voltammetry, the wave-form of choice linear 

sweep stripping voltammetry (LSSV), was selected. The appropriate parameters: 

deposition time, deposition potential, scan rate and potential range are selected 

accordingly. A scan rate of 100 m V s-1 was used throughout. The other parameters, once 

optimised for each of the metals, were then applied. 

The solution was stirred, for a set time (deposition time) and a set potential (deposition 

potential) allowing for the formation of the mercury film onto the GCE and the adsorption 

ofthe metal-ligand complex onto the mercury film. Instead of bubbling with nitrogen gas, 

the solution was blanketed with a nitrogen flow during the deposition. Fallowing a 15 

second rest period allowing for the solution to settle, the voltammogram was recorded 

from the deposition potential to -1.0 V vs Ag/AgCl at 100 mV s-1 during the stripping 

step. Electrons produced as the metal-ligand is stripped from the electrode generates 

current, recorded as a function of potential by the computer. In order to ensure that all of 

the metal-ligand complex was removed from the glassy carbon electrode before the next 

AdCSV scan, the MFGCE was immersed in 2 mol dm-3 HCl for 30 sec then rinsed in the 

acetate buffer. This procedure was adequate for the removal of any deposit on the 

electrode, and resulted in good reproducibility (within 5% standard deviation) of the 

voltammetric responses for each solution. 

In obtaining standard curves of current response versus concentration for each metal, a 

standard approach was used. To ensure cleanliness of the solutions and to determine 
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background interference due to contamination, baseline measurements were first taken of 

a) the buffer solution, b) buffer solution plus mercury electrolyte and c) buffer solution, 

electrolyte and chelating ligand. Furthermore, to prove the utility of the ligand, current 

measurements with all other reagents in solution, including the metal of interest, are taken 

before addition of the ligand. An enhancement in current response of the metal peak and 

or a shift in potential should be observed on addition of the ligand. 

At increasing metal concentrations, standard curves of metal concentration versus current 

were produced for each metal in the concentration range 5 to 3 0 j..lg/ml with each of the 

ligands chosen. From these standard curves, comparisons of the utility of the different 

metal-ligand interactions could be made. The best ligand for each of the metals could be 

gauged, and at the same time the comparisons ofthe utility of the ligands themselves could 

be made. 

For simultaneous metal analyses, optimum conditions for this system: accumulation time, 

deposition potential, deposition time and ligand concentration were determined by keeping 

all other conditions constant and only varying the parameter to be optimised. 
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3.4 RESULTS AND DISCUSSION• 

3.4.1 Optimisation of Parameters 

Accumulation time, deposition time and deposition potential were optimised for the 

adsorptive cathodic stripping voltammetry of Cu2
+, Pb2

+, Bi3+ and Cd2
+ with each of the 

ligands. The concentrations of the various ligands for each metal and of the metals for 

each ligand were also optimised. 

The deposition potentials were determined for each metal by keeping constant all the other 

variables such as the concentrations of the ligand (0.001 mol dm-3
), metal (5 ppm) and 

HgC12 (lOppm), and the deposition and accumulation time, while varying the potential. 

The highest current response versus potential applied was used as the measure of 

assessment of the optimum deposition potential. The deposition time and ligand 

concentration were optimised similarly, by keeping the other variables constant. Optimum 

deposition time chosen was a compromise between current response and speed. 

F ig. 3.2 a) shows the optimisation for the deposition potential of the Ph-resorcinol 

complex. The optimum deposition potential of -0.10 V vs Ag/AgCl was obtained for lead, 

being the potential at which the highest current response for lead was observed. The 

optimum deposition potentials for copper, cadmium and bismuth, were 0.20 V, 0.40 V and 

-0.10 V, respectively, also shown in Fig. 3 .2. These deposition potentials were then used 

for subsequent measurements. 

* The following publication resulted from this work. For the sake of continuity, it is not referred to 
further in this chapter. J.Limson and T.Nyokong, Substituted catechols as complexing agents for the 
determination of bismuth, lead, copper and cadmium by adsorptive stripping voltammetry, Analytica 
Chimica Acta, 1997, 344, 87-95. 
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Figure 3.2 The dependence of AdCSV peak currents on the deposition potential for a) Pb2
+ 

(5ppm) with resorcinol (0.001 moll), b) Cu2+ (20ppm) with 4-methylcatechol (0.001 

mol dm-3), c) Cd2
+ with 4-t-butylcatechol (0.001 mol dm-3) and d) B?+ (4.8 ppm) 

with resorcinol (0.001 mol elm-\ Scan rate = 100 mV s -l . 
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The time required for the deposition of the metal-chelate complex onto the electrode 

depends on the concentration of the complex, with less time required for higher 

concentrations and longer times for lower concentrations. Ligand concentrations that are 

higher than required may cause inhibition of the metal-chelate adsorption by a competitive 

coverage of the free ligand[42l. 

A rapid increase in the stripping peak current with deposition time was observed for all the 

metal-ligand complexes. The increase was nearly linear at low deposition times. As is 

expected for adsorption processes, the dependence of the peak current on the deposition 

time is limited by the saturation of the electrode, resulting in the current reaching a plateau 

at high deposition times as shown in Fig. 3.3 a) for the Cu-resorcinol complex. When 

resorcinol was employed as a ligand, a levelling of current was observed at deposition 

times greater than 200 sec, for all the metals. On the basis of this observation, a deposition 

time of 180 sec was employed for all subsequent adsorptive stripping voltammetry 

measurements. Fig. 3. 3 b), c) and d) is representative of the current response with 

deposition time for other metal-ligand complexes. 
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Optimisation of the accumulation time was carried out similarly. As with the deposition 

time, long accumulation times bring about the formation of more metal-ligand complexes, 

and hence higher current responses. Shorter accumulation times are preferred at high 

analyte concentrations, so that the electrode is not easily saturated, while longer times are 

preferred at low analyte concentrations to enhance sensitivity. In terms of sensitivity and 

speed, an accumulation time of 5 minutes was the optimum time determined and used in all 

analyses. 

3.4.2 Adsorptive Cathodic Stripping Voltammetry of Individual Metals. 

Figures 3.4 (a-d) show the adsorptive cathodic stripping voltammogram of Pb2
+, Cu2

+, 

Cd2
+, and Bi3+, respectively, obtained in the absence and presence ofthe ligands, catechol, 

4-methylcatechol, 4-t-butylcatechol and resorcinol. No voltammograms were obtained for 

the ligands alone in the absence of the metals. As Figures 3.4 (a-d) show, addition of the 

ligands to solutions of Cu2
+, Bi3+, Pb2

+ and Cd2
+, result in the enhancement of the 

reduction peaks. This enhancement of the metal reduction peak is an indication of the in 

situ formation and deposition of metal-ligand complexes at the electrode. The 

voltammetric response of surface confined species is directly related to their surface 

concentration and at low adsorbate concentrations, the surface concentration is directly 

proportional to the bulk concentration[42J. For uncomplexed and complexed bismuth, 

voltammograms showed two cathodic peaks. The more intense peak located at more 

negative potentials, was used for the determination of peak potentials. The origin of the 

second peak is not known. This peak may be due to some impurities in the Bi3
+ solution. 

Bi3+ ion is known to undergo a one-step, three electron reduction to the metal. 
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Figure 3.4 Adsorptive cathodic stripping voltammograms obtained on GCE for (a) Pb
2

+, (b) 

Cu2
+, (c) Cd2

+ and (d) Bi3+ in the presence of (i.) resorcinol, (ii) catechol, (iii) 4-
methylcatechol and (iv) 4-tert-butylcatechol. Curve (v) is the adsorptive cathodic 
stripping voltammogran1 of the metals in the absence of ligands. Concentration of 

metal solutions, 5 ppm and ligands, 0.001 mol dm-3 . Scan rate= 100 mV s-1
. 
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3.4.3 Potential Shifts 

Table 3.1 lists the shifts in the peak potentials for the reduction of the metals, ~Ep, on 

addition of ligands. The magnitude of ~Ep is expected to depend on the stability of the 

metal-ligand complexes. 

Table 3.1 

Metal 

Copper 

Lead 

Bismuth 

Cadmium 

Parameters obtained for adsorptive cathodic stripping voltammetry of 

copper, lead, cadmium and bismuth. 

Ligand Slopea Ep (V) vs ~Epb 
(JlA/ )lgmr 

1
) Ag/AgCl 

None - 0.084 0.00 

Catechol 1.93 - 0.076 + 0.08 

Resorcinol 2.28 - 0.075 +0.09 

4-methylcatechol 1.98 - 0.080 + 0.04 

4-tert-butylcatechol 1.22 - 0.098 -0.14 

None -0.62 0.00 

Catechol 2.30 -0.56 + 0.06 

Resorcinol 3.35 -0.52 + 0.10 

4-methylcatechol 1.11 -0.62 0.00 

4-tert -butylcatechol 0.51 -0.63 - 0.01 

None -0.29 0.00 

Catechol 2.13 -0.35 -0.06 

Resorcinol 5.03 - 0.32 -0.03 

4-methylcatechol 2.59 - 0.33 -0.04 

4-tert -butylcatechol 4.22 -0.31 -0.02 

None -0.72 0.00 
Catechol 0.82 - 0.72 0.00 

Resorcinol 0.93 -0.84 -0.12 

4-methylcatechol 1.32 -0.73 - 0.01 

4-tert -butylcatechol 0.40 -0.73 - 0.01 

a Slope of the plot of adsorptive cathodic stripping voltammetry currents (in flA) versus 

concentration of the metal in flg rnl-1. b The difference between the peak potentials of the 

uncoordinated metal and metal-ligand complexes. 
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Table 3.1 shows that for copper, the complex with 4-tert-butylcatechol gave the largest 

t..Ep, hence implying that this complex is the most stable of all the Cu-ligand complexes 

under discussion. The LlEp values for the other copper complexes were relatively smaller 

than that for the 4-tert-butylcatechol complex. There was, however, spectroscopic 

evidence for the formation of a Cu-resorcinol complex, while there was no spectroscopic 

evidence for the formation of Cu-4-tert-butylcatechol, Cu-catechol or Cu-4-

methylcatechol complexes. When Cu2
+ was added to solutions of resorcinol in pH = 4.4 

acetate buffer, slight shifts in the electronic absorption spectra of the ligand were observed, 

Fig. 3 .5. Such shifts in the spectra are associated with the formation of a complex between 

copper and resorcinol. Addition of Cu2
+ to catechol, 4-methylcatechol or 4-tert­

butylcatechol resulted only in the decrease in the absorption peak due to the ligand with no 

significant wavelength shift. 

(o) 

Wavelength/om 

Figure 3.5 The electronic absorption spectral changes observed when Cu2
+ (5 ppm) was added 

to solutions of resorcinol (0.001 mol dm-
3
) in pH 4.4 acetate buffer; (a) spectra of 

resorcinol and (b) spectra after addition of Cu2+ to (a). 

The electron-donating ability of the methyl groups of 4-tert-butylcatechol are expected to 

increase the electron density on the ligand compared to the catechol ligand. This would 

increase the ligand to metal charge transfer, resulting in a stronger metal-ligand bond. The 

resulting complex requires greater energy to reduce and to free the metal. 

The large negative shift in the reduction potential on co-ordination of 4-tert-butylcatechol 

is thus indicative of a strong bond with copper, reflecting the difficulty in reducing the 
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complex as compared to the reduction of the free metal. It was mentioned before, Section 

2.5.3.6, that an appropriate ligand, while binding to the metal freely in solution, should 

also free the metal easily during the reduction step. 4-tert-butylcatechol would thus be 

unsuitable under these criteria. It may, however, be of benefit in complexing and analysing 

copper competitively in media where natural ligands are present. A positive ~Ep indicates 

the ease of reduction of the other Cu-ligand complexes as compared to the 4-tert­

butylcatechol complex. As shown in Table 3.1, the most positive ~Ep for copper-ligand 

complexes, was with resorcinol and catechol, followed by 4-methylcatechol and a negative 

shift with 4-tert-butylcatechol. This order may be explained by the relative bond strengths 

of the Cu-ligand complexes, as resorcinol = catechol<4-methylcatechol and<4-t­

butylcatechol. This is in keeping with the theory of a stronger bond between metal and 

increasingly negatively polarised ligands. This order also applies for lead-ligand complexes 

except that the complex with 4-t-butylcatechol with lead is not as stable as that for copper-

4-t-butylcatechol, as indicated by the potential shifts. 

The Cd2+ resorcinol complex showed a large negative LlEp value compared to the other 

Cd-ligand complexes, Table 3.1, implying that Cd2
+ forms a relatively stable complex with 

resorcinol. Comparatively small ~Ep values were observed for all the Bi-ligand 

complexes, making the comparison of the relative stability of the complexes difficult. 

Table 3.1 also gives the slopes ofthe plots of the dependence of AdCSV currents on metal 

concentration, discussed further in Section 3.4.4. The slopes are representative of the 

sensitivity of the ligands to the various metals. In general, bismuth-ligand complexes 

produced the largest slopes of the metal-ligand complexes. Cadmium-ligand complexes 

showed the lowest slopes, indicating that cadmium has a lower affinity for these ligands 

than the other metals. This may be accounted for by the HSAB theory. From Table 1.1, 

page 3, copper, bismuth and lead are classified as borderline acids with a preference for 

either hard or soft bases. Cadmium is a soft acid and as such, a preference for borderline 

or soft bases is expected. The hydroxyl group, where the metal-ligand interaction is 

expected to occur on the ligands, is a hard base. This may explain the lower slopes 

observed for cadmium with these ligands. For Bi3+, Pb2
+ and Cu2

+, the resorcinol 
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complexes showed higher slopes than the other ligands. Using the slopes as criteria for the 

sensitivity of the ligands for metal detection, it is concluded that resorcinol is more 

sensitive than the other ligands for the detection of Bi3+, Pb2
+ and Cu2

+, whereas, 4-

methylcatechol is more appropriate for the detection ofCd2+. 

Based on the current responses and the slopes of the standard curves for the metals, Table 3.2 

gives a simple representation of the order of preference for each of the metals with the ligands. 

Table 3.2 Respective metal preference for ligands. 

catechol resorcinol 4-methylcatechol 4-t-butylcatechol 

cadmium 3 2 1 4 

copper 2 1 2 3 

bismuth 2 1 2 3 

lead 2 1 3 4 

Decreasing order from 1 to 4. A repeated number means a similar preference. 

3.4.4 Current vs Metal Concentration 

Adsorptive stripping voltarnmograms were obtained for copper, lead, cadmium and bismuth at 

increasing concentrations for each of the chelating ligands: catechol, resorcinol, 4-

methylcatechol and 4-t-butylcatechol. Fig. 3. 6 shows the adsorptive cathodic stripping 

voltammograms obtained at increasing concentrations of copper with 4-methylcatechol. 

The current responses measured at each concentration was used to create a plot of current 

vs concentration for each of the metal-ligand complexes. 
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The plots of metal concentration against current response for the four ligands (kept at 

constant concentration of 0.001 mol dm-3
) were linear for all the metals as shown in 

Figures 3.7 (a-d) for Pb2
+, ci+, Cd2

+, and Bi3+, respectively. However, clear deviations 

from linearity were observed for the complex of bismuth with 4-tert-butylcatechol, Fig. 3. 7 

(d). This may be explained in terms of adsorption isotherms. Current response is linear to 

the amount of adsorbate at the electrode. At high adsorbate concentrations, approaching 

full coverage of the electrode, current deviates from linearity. This is due to increased 

competition for adsorption sites and increased interactions between the adsorbates. These 

interactions are mostly electrostatic in origin. The deviation from linearity observed for 

bismuth with 4-tert-butylcatechol thus reflects an approach to complete coverage of the 

electrode at concentrations of Bi3+ greater than 7 ppm. This is a relatively low metal 

concentration. The deviation from linearity was not observed for the other bismuth-ligand 

complexes at this concentration, indicating that the ligand is the limiting factor. 4-tert­

butylcatechol is bulkier than the other ligands and Bi3+ is larger than the other metals. The 

Bi-4-tert-butylcatechol complex is thus expected to occupy the available space on the 

electrode at lower concentrations than the other metal-ligand complexes. 
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Figure 3. 7 The effect of metal concentration on the adsorptive cathodic stripping currents of (a) 
Pb2
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Considering the same metal and ligand concentrations, metal-4-tert-butylcatechol 

complexes showed the smallest current responses for all the metals under consideration. 

These observations may also be explained from a perspective of size. The metal-4-tert­

butylcatechol complexes are larger than the other metal-ligand complexes, resulting in a 

lower number of sites that these complexes occupy on the electrode. Furthermore, in the 

time allowed for adsorption, bulkier ligands travel at a slower rate towards the electrode. 

These factors may explain the smaller AdCSV currents observed for the metal-4-tert­

butylcatechol complexes. 

The lower current response observed may also be related to the ease of reduction at the 

electrode during the stripping step. Cu2
+ and Pb2

+ formed the strongest bonds with 4-t­

butylcatechol than the other ligands and this may explain the slower release of these metals 

during stripping, hence the reduced electron evolution and current response observed. 

The complexes of Bi3+ and Pb2
+ with resorcinol showed higher AdCSV currents than the 

other Bi-ligand and Ph-ligand complexes, Fig. 3.7 a) and 3.7 d). For cadmium, Fig. 3.7 c), 

the resorcinol complexes showed higher currents at metal concentrations lower than 1 0 

ppm. Above this concentration, the 4-methylcatechol complex gave higher currents than 

the other Cd-ligand complexes, whereas for Cu
2
+, Fig. 3.7 b), resorcinol showed higher 

currents only at high metal concentrations. In terms of the size factor, metal-4-

methylcatechol complexes are expected to show smaller reduction currents than the metal­

resorcinol or metal-catechol complexes. This trend was observed only for Pb2
+, Fig. 3. 7 

a), at all concentrations, where the strength of current response, resorcinol> catechol> 4-

methylcatechol> 4-t-butylcatechol is reflected by an increase in ligand-complex size. This 

trend is also reflected by the potential shift values for lead complexes with the ligands 

(Table 3.1 ), where the more positive the ..1Ep values, the higher the current response 

observed. So for lead, the ease of reduction of the metal-ligand parallels the size 

constraint in explaining the higher current responses observed. 

The observed current responses for the other metals with the ligands cannot be explained 

as simply as for lead. This suggests that apart from size there are other factors which 
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affect the adsorption of the metal-ligand complexes onto the electrode and ultimately the 

observed current response. These factors include the relative affinities of the metals for 

the ligand, relative solubilities and hydrophobicity of the metal-ligand complex. The 

hydrophobicity of a complex promotes stronger interaction at the electrode. 

3.4.5 Effects of Ligand Concentration on Current Response 

For constant metal concentration, the AdCSV currents increased with increase in the 

concentration of the ligands at low concentrations, as shown in Fig. 3.8 a) to d) for the 

metal-ligand complexes represented. 

Fig 3.8 a) for example, shows the Cu-resorcinol complex, where at high ligand 

concentrations, the current response decreases as the concentration of the ligand increases. 

The implication is that the activity of the electrode decreases at high ligand concentrations 

due to the full coverage of the electrode. This is caused by excess free ligand which may 

compete with the metal-ligand complex for free sites on the electrode. Optimum 

concentrations for the ligand in solution with 5ppm of the metal showed the highest 

current response at near or equal to equimolar concentrations of metal and ligand for all 

the metals-ligand complexes. For cadmium, lead, bismuth and copper, with resorcinol the 

ratios were: 1:1 , 1: 1.2, 1:1 and 1:1.25, respectively. 
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Figure 3.8 The influence of ligand concentration on the adsorptive cathodic stripping current of 5 
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3.4.6 Role of Structure and Chemistry m Metal-Ligand Current 

Response 

It is assumed that structural differences and hence the chemical reactivity of the four 

chosen ligands affects their roles in the adsorptive stripping process and hence their utility 

as effective chelating ligands in metal analysis. As can be seen in Fig. 3 .1, catechol and 

resorcinol have two hydroxyl groups. NMR studies have shown that the hydrogens are 

deprotonated in solution giving the catechol ligands an overall-2 charge[99l. Bonding with 

the metals is expected to occur at the negatively charged oxygens of the hydroxyl groups. 

Hydroxyl groups are mildly electron-withdrawing via inductive effects. The inductive 

effects are due to the intrinsic electronegativity of atoms and bond polarity in functional 

groups. Oxygen is more electronegative than carbon and so the hydroxyl groups withdraw 

electrons through these sigma bonds. For the hydroxyls, the resonance effect is also 

involved. Resonance effects operate by donating or withdrawing electrons through pi 

bonds when the substituent is connected to the aromatic ring by an atom that has a p­

orbital. The aromatic ring is connected to the hydroxyl group through p-orbital overlap 

with oxygen, hence the pi electrons on the oxygen are delocalised onto the ring. The 

resonance electron-donating effect of the hydroxyl group through pi bonds is stronger than 

its electron-withdrawing effect through sigma orbitals, hence there is a net electron­

donating effect onto the aromatic ring. The electron density on the ring is expected to be 

even more pronounced when more electron-donating groups are attached to the ring, as 

with two hydroxyl groups on catechol. 

Phenols are weak acids as they can dissociate in aqueous solution to produce the 

phenoxide anion. The phenoxide anion is resonance stabilised by the aromatic ring and the 

free energy of this dissociation is low. The effect of substituents on the acidity of the 

phenols depends on the substituent. An electron-donating substituent results in a phenol 

with less acidity as these substituents destabilise the phenoxide anion by concentrating the 

charge. 
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Functional groups such as the methyl group are electron-donating through inductive 

effects via sigma bonds with the aromatic ring. These electrons are delocalised through 

the aromatic ring. Larger alkyl groups such as t-butyl are more electron-donating than the 

methyl substituent. 

The four ligands studied can be ranked in order of decreasing acidity: phenol (included as a 

measure), catechol, 4-methylcatcehol and 4-t-butylcatechol. The acidity of resorcinol and 

catechol are expected to be the same. A lowered acidity means that the hydrogen on the 

hydroxyl group is less likely to dissociate. This may be one of the factors involved in the 

lowered current response behaviour of the methyl and t-butyl substituted catechols. 

The behaviour observed for resorcinol and catechol cannot be explained by this argument 

as they have the same functional groups, molecular mass, bulk and acidity. The difference 

is in the positions of their hydroxyl groups relative to each other, with catechol being a 1,2 

disubstituted and resorcinol a 1,3 disubstituted benzene. The effect of introducing a metal 

at the hydroxyl group, creates steric hindrance with other substituents on the ring. As the 

substituents on catechol are closer together on the ring, this steric hindrance is greater than 

for resorcinol, so metal substitution may be more favourable at resorcinol. For lead and 

bismuth this effect is more noticeably pronounced in their higher current responses with 

resorcinol than with any of the other ligands and indeed, with catechol. Lead and bismuth 

are the largest of the four metals studied, and so the steric hindrance on binding to a 

hydroxyl group on catechol will be greater than for the other metals. It may furthermore 

be suggested that lead and bismuth are large enough to have formed bonds with both 

hydroxyl groups on resorcinol. This may not have been possible with catechol as the 

distance between the two hydroxyl groups would have been too small. These theories may 

explain why lead and bismuth showed a greater affinity for resorcinol. 
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3.4. 7 Simultaneous Adsorptive Cathodic Stripping Voltammetry of the 

Metals 

Using appropriate choices of concentration, ci+, Pb2
+, Bi3+ and Cd2

+ could be 

determined simultaneously in the presence of each of the ligands, as shown in Fig. 3. 9 for 

resorcinol. Here optimum current response for all four metals simultaneously was reached 

with a ratio of 1: 1 :2:2 for copper, lead, bismuth and cadmium respectively. Simultaneous 

detection of metals requires careful attention to the concentration ratios at which the 

metals are present. Even slight increases or decreases in the concentration of one metal 

may affect the current responses of the others due to intermetallic effects, competition for 

the complexing ligand and the available surface on the electrode. Interference between 

metal ions are often encountered in simultaneous analysis of metals. For example, zinc and 

copper are known to form amalgams, resulting in the increase in the reduction currents due 

to copper and a decrease in the currents due to zinc[ 52
] . 

I(~) 

I 3.2~ 

- 0.4 - 0.6 - 0.8 

EN VS Ag!AgCl 

F. 3 9 s. 1 d . . . l f c 2+ 2+ 1gure . 1mu taneous a sorpt1ve stnppmg vo tammograms o u (5ppm), Pb (5ppm), 

Cd
2
+ (lOppm) and Bi3+ (lOppm) in the presence 0.002 mol dm-3 of resorcinol. Scan 

rate= 100 mV s-1
. 
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Ligand Concentration 

The concentration of the ligand in these studies was also an important factor. Increases in 

ligand concentration led to increases in current responses for the metals. However, twice the 

concentration of resorcinol was used for the simultaneous analysis as would be used for the 

same amount of a single metal. This is because of the increased competition for ligand caused 

by the presence of more than one type of metal in solution. So for 5ppm copper and lead and 

lOppm bismuth and cadmium, 0.002 mol.dm-3 ofresorcinol was used. Too much resorcinol 

would create further competition at the electrode as free ligand would also adsorb to the 

electrode, taking up sites otherwise occupied by metal-ligand complexes. 

As an example Fig. 3 .1 0 shows the effect of increasing the resorcinol concentration on metal 

reduction currents. Curve 1 shows weak reduction potentials for the four metals at the 

concentration ratios indicated. Increasing the ligand concentration as shown by curve 2, 

increased the current responses significantly for Bi3+, Pb2
+ and Cd2

+. The lowered Cu2+ and 

. d s·3+ Pb2+ d Cd2+ . 2 I f h mcrease 1 , an current responses m curve , serve as an examp e o t e 

competition between ci+ and the other metals for sites at the electrode. 

Figure 3.10 

I(JJ.A) 

13.5~ 

0.0 -0.2 -0.4 -0.6 - 0.8 

EN VS Ag/AgCl 

S. 1 d . . . 1 f c 2+ ( 2+ unu taneous a sorptrve stnppmg vo tammograms o u 5ppm), Pb 

(5ppm), Cd
2
+ (5ppm) and Bi3+ (25ppm), showing effect of resorcinol 

concentration, curve 1 = 0.001 mol dm-3 and curve 2 = 0.002 mol dm-3
, on metal 

current response. 5ppm HgC12, scan rate= 100 mV s-1
. 
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Fig. 3.11 shows the effect of increasing HgCb concentration on the AdCSV currents of the 

metals studied. Keeping the metal concentrations constant, curve I shows the AdCSV 

obtained for 5ppm HgCb and curve 2 for 10 ppm HgCb. Significant increases for Cd
2
+ and 

Cu2
+, a slight increase for Pb2

+ and a slight lowering for Bi3+ current responses are shown on 

increasing the HgCl2 concentration. This was not observed for single-metal analysis. So, 

whereas usually 1 Oppm of HgCh was employed, 20ppm showed a significant improvement on 

metal current responses. 

Figure 3.11 

2 

I (J.LA) 

0.1 - 0.10 - 0.30 - 0.50 -0.70 -0.90 

EN VS Ag!AgCI 

Simultaneous adsorptive stripping voltarnmograms of Cu2
+ (5ppm), Pb2

+ (5ppm), 

Cd
2
+ (7.25ppm) and Bi

3
+ (7.25ppm) in the presence of resorcinol (0.002 mol 

dm-3
). HgCh concentration for curve 1 = lOppm and curve 2 = 20ppm. Scan 

-1 
rate = 100 m V s . 

Interference between Metal ions 

The interference between metal ions were studied more closely for the resorcinol 

complexes of bismuth, lead, copper and cadmium, since resorcinol generally showed 

higher current responses than the other ligands. Simultaneous AdCSV ofPb2+ and Cu2+ at 

equimolar concentrations showed that ci+ complexes exhibited higher current responses 

than Pb2+ complexes. Addition of an equal concentration of Cd2
+ to a solution containing 

equimolar concentrations of Cu2
+ and Pb2

+ in the presence of resorcinol, resulted in 
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insignificant changes in the magnitudes of these AdCSV peaks. The cadmium current 

response was lower than for lead, and that of lead lower than for copper. This may be 

related to the relative electronegativity of the metals. Copper has the highest 

electronegativity of 1.75 with lead and cadmium electronegativities of 1.55 and 1.46, 

respectively. Copper thus has a greater affinity for the ligand, explaining its higher current 

response in terms of competition with lead and cadmium. 

However, when equimolar concentrations of Bi3+ were added to solutions containing 

Cu2
+, Pb2

+ and Cd2
+, a significant decrease in the peak current due to Cu2

+ was observed, 

while Cd2
+ and Pb2

+ were not affected. Less than equimolar concentrations of bismuth 

still decreased the copper current response. The intermetallic effects between Bi3+ and 

Cu2
+ were examined more closely. Figure 3.12 shows how the addition of Bi3+ reduces 

the Cu2+ current response, while the Bi3+ current response increases with increasing 

concentration. 

I !-LA 

0. 10 - 0. 1 - 0. 3 - 0 .5 

E/V vs Ag/AgCI 

Figure 3.12 AdCSV on MFGCE, showing effects of increasing bismuth concentration on 

copper reduction current. [Ci+] = 5ppm. [Bi3+], curve 1 = 2.5ppm, curve 2 = 

5ppm, curve 3 = 7.5 ppm and curve 4 = 10ppm. [Resorcinol]= 0.001 mol dm-3_ 
-1 Scan rate = 100 mV s . 
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Bismuth has an electronegativity of 1.67, closer to that of copper, which may explain this 

competition. The competition may also be related to the strong binding affinity of bismuth 

for two hydroxyls of resorcinol as discussed in Section 3.4.6. Since the Bi-resorcinol 

complex gave a much higher current responses than the rest of the metal-resorcinol 

complexes considering similar metal ion concentrations, the observed interference between 

bismuth and copper could be due to the competition of these metals for the ligand. So, for 

simultaneous analysis ofBi and Cu, careful attention to concentration ratios is required. 

While masking of ci+ by bismuth was observed, Pb
2
+ current responses remained mostly 

unaffected by the intermetallic effects caused by slight decreases or increases in the 

concentration of the other metals. 

Potential differences 

Probably the most important factor in simultaneous metal analysis, is that the reduction 

potentials are sufficiently resolved to prevent overlap. Potential separations between the 

peaks for the simultaneous reduction of the metals in the presence of similar ligands ranged 

from 0.17 to 0.3 V. Such separations are enough to allow for the efficient simultaneous 

determination ofthe metals[421. 

There is thus a delicate balance controlled by concentration of the analytes which will lead to 

the enhancement or reduction of the current responses. Naturally, when the difference in 

reduction potential between adjacent metals is small, then competition at the electrode will be 

greater than between metal reductions with a larger potential difference. This is the case with 

copper and bismuth, a potential difference of at least 170 m V. When neither bismuth nor 

copper are completely masked in simultaneous analysis as, for example, in Fig. 3.9, the 

difference between their reduction potentials is at least 200 m V. This indicates that at least 200 

m V potential separation is adequate for simultaneous analysis of these metals. Even at low 

concentrations, bismuth can almost completely mask the reduction of copper; remembering that 

in the absence of bismuth, copper produces the highest current response. 
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The potential difference between lead and bismuth is at least 250 mV, which may explain why 

lead is least affected by competition from bismuth. A potential difference of at least 200 m V 

was observed between cadmium and lead at equimolar concentrations. In the absence of 

bismuth, there is not an appreciable amount of competition between lead and cadmium, 

although lead produces a slightly higher current response. However, addition of bismuth 

creates competition between the two metals, where the cadmium current response is 

significantly lowered over that of lead. Slight excess of cadmium on the other hand, enhances 

not only the cadmium response but that of lead and copper, at the expense of bismuth which 

can be completely masked. Increases such as these may be explained in terms of co-adsorption 

effects, where the reduction of a metal species such as cadmium above, enhances the reduction 

of other metal species co-adsorbed at the electrode. 

Table 3.3 The potential separation between metals with adjacent reduction waves. 

Resorcinol Catechol 4-Methylcatechol 4-t -butylcatechol 

Cu-Bi 0.244 v 0.274 v 0.254 v 0.234 v 
Bi -Pb 0.21 v 0.21 v 0.29V 0.32 v 
Cd -Pb 0.32V 0.14 v 0.11 v 0.10 v 

Table 3.1 noted the shifting potentials of the metals in being complexed to different ligands. 

Table 3.3 shows the potential difference between metals with reduction peaks adjacent to each 

other (as in Fig 3.9) and calculated from Table 3.1 for each of the ligands. While the values do 

not hold true during simultaneous analysis as discussed above, it provides a useful indication of 

which ligand will provide adequate separation between the reduction potentials of metals 

analysed. Resorcinol already provides early indication of its utility for simultaneous metal 

analysis, as peak separation is at least 0.21 V between each ofthe metals, compared with the 

lowest peak separation of 0. 14 V for catechol. A table such as this may be useful for defining 

the best ligand in simultaneous analysis of at least two metals. 
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Affinity of metal for ligand 

The individual affinities of the four metals for the ligand is perhaps a deciding factor. The 

current response of each metal with resorcinol shows that over a range of concentrations, lead 

produces the highest current response, followed by copper, cadmium and then bismuth. For 

simultaneous metal analysis it is evident that this still holds true, as far as lead and cadmium are 

concerned, while copper is subjected to additional competition from bismuth. 
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3.5 CONCLUSIONS 

The formation and deposition onto the electrode, of the metal-ligand complexes may be 

represented by Equations 3-1 to 3-3[371. 

+n +n 
M + xCataq ~ M(Cat)x ,aq Equation 3-1 

+n +n 
M(Cat)x ,aq ~ M(Cat)x ,ads Equation 3-2 

+n +n-1 
M(Cat)x ,ads + e-~ M + xCataq Equation 3-3 

Where cat = catechol, resorcinol, 4-methylcatechol and 4-tert-butylcatechol; M = Cu2
+, 

Pb2
+, Cd2

+, Bi3+; x represent the number of complexing ligands; n is the charge on the 

metal ion. 

AdCSV schemes for analysis of ci+, Pb2
+, Cd2

+, Bi3+ with the catechol ligands, catechol, 

resorcinol, 4-methylcatechol and 4-t-butylcatechol are presented in this work. Ring 

substituents on the catechols affected the sensitivity of the analysis, as shown. Resorcinol 

showed the largest sensitivity for the determination of bismuth, copper and lead, 4-

methylcatechol for copper, while 4-tert-butylcatechol showed the lowest sensitivity for the 

detection of all the metals except bismuth. These affinities were explained by the differing 

electronegativity and size of the metals, cumulative bulk of the metal-ligand complexes, 

bond strength and relative stabilities. 

By careful attention to the concentration ratios of bismuth and copper, simultaneous 

analysis of these two metals are possible with the ligand, resorcinol. The technique offers 

an improved method for the analysis of bismuth and for the simultaneous analysis of 

bismuth, lead, cadmium and copper. The method employed in this work whereby :MFGCE 

was employed as a working electrode for AdCSV may not have some of the advantages 

that are possessed by the HMDE. However, the utility of this electrode for metal analysis 

was justified by the reproducible and sensitive AdCSV currents obtained. 
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The advantage of this method then, is that it may be used for decentralised and 

simultaneous analysis of these metals, utilising the benefit of an electrode which has a low 

cost and is of simple construction. 
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Chapter Four 

Chemically Modified Electrodes for Analysis of 

Cysteine 

4.1 INTRODUCTION 

There exists an extremely wide variety of proteins in nature, where subtle differences in 

chemical structure is associated with major differences in physiological function. A 

knowledge of the chemistry of amino acids and proteins and their composition is essential 

in understanding the way in which biological activity is conferred on the protein. 

Cysteine (RSH) and cystine (RSSR), its oxidised form, are two of the most important 

amino acids. They have an important role in biological systems and have been used widely 

in the medicinal and food industries[IOOJ. The thiol group, -sH of cysteine forms an 

integral part of proteins such as metallothionein, glutathione and ferredoxin where its 

function in electron transfer facilitates the biochemical role of these proteins. The thiol 

group is also known as the sulphydryl or mercapto group, the latter term derived from its 

ability to "seize" mercury[IOlJ. Cysteine is also a structural requirement for glutathione 

synthesis. Glutathione is known to protect cells from oxidative stress. Many electron 

carrier proteins working in the energy metabolism of most cellular life have cys-Xl-X2-cys 

sequences as their functional sites, where cys is cysteine and X is a bridging ligand. For 

example, the two cysteine side chains are binding sites to haem in cytochrome c, the iron 

clusters in ferredoxin, and are the redox sites for the formation of disulphide bonds in 

thioredoxin[102l. Several enzymes have been demonstrated to contain the essential element 

selenium in the form of selenocysteine, including the mammalian glutathione peroxidase 

which protects tissue from oxidative damage[l 031. The development of detection methods 
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of thiols in proteins is not only important for effective utilisation of its industrial 

application[104l but also for understanding the biological function of these proteins. 

Quantitative determination of cysteine is of benefit in analysis of proteins in which there is 

a high cysteine content, such as metallothionein. In this chapter, the quantification and 

analysis of cysteine is explored and used for further studies in analysis of metallothionein, 

Chapter 5. 

4.1.1 Cysteine Analysis 

Techniques for Cysteine Analysis 

Thiols do not have strong chromophores in the UV-Vis range, meaning that pre- or post­

column derivitisation is a pre-requisite for spectrometric detection[471. Using this 

technique, the reactions of thiol species such as cysteine, may only be monitored indirectly 

in the presence of a catalyst. Suitable catalysts were sought in nature. 

Cobalamin or Vitamin B 12, a member of the porphyrin family, participates m redox 

reactions where its main function is to activate sulphydryl and disulphide groups. Vitamin 

B 12 and its derivatives are active in the biological oxidation of cysteine, glutathione and 2-

mercaptopropanol. Kundo and Keier[1°
4

] reported on the similarity of structure between 

the transition metal phthalocyanines (MPc's), and vitamin B 12. The phthalocyanines can be 

seen as the synthetic counterpart of the naturally occurring porphyrins. It was thus not 

surprising that the metal phthalocyanines, in particular the cobalt derivative (CoPe), were 

shown to be effective catalysts for the autoxidation of cysteine to cystine. It was 

suggested[1041 that CoPe and its substituent, cobalt tetrasulphonated phthalocyanine 

[CoTSPct-, Fig 4.1, followed a reaction mechanism similar to vitamin B 12 in their 

autocatalytic oxidation of cysteine. The phthalocyanines have an intense colour, making 

possible the spectrophotometric monitoring of reactions with cysteine. 
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Figure 4.1 Electronic structure of [Co(II)TSPc]
4

-. 

The nature of the intermediates formed during the autocatalytic oxidation of cysteine in the 

presence of [CoTSPc ]4
-, were elaborated on by Cookson[lOS) using electron spin resonance 

spectroscopy (ESR). ESR is a tool in the study of changes occurring as a result of redox 

reactions. These authors corroborated the findings ofKundo and Keier[l041 and postulated 

the following mechanism for the autoxidation of cysteine to cystine by [CoTSPct-: 

[Co{ll)TSPc]4
- + RS- ~ [Co(I)TSPc]5

- + Rs· 

[Co(I)TSPc]5
-- + 0 2 ~ [Co(II)TSPc]4-

Rs· +RS. ~ RSSR 

Equation 4-1 

Equation 4-2 

Equation 4-3 

Equation 4-4 

These authors reported that the autoxidation of cysteine only occurs in the pH range 4.0 to 

9.0, the rate increasing with pH. They further reported that cystine precipitated out at 

pH> 4. [lOS) 
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In the pH range 9.5 to 12.0, [Co(II)TSPc]4
- catalyses the reduction of cystine to cysteine, 

Equation 4-5. Cystine redissolves at pH 9.5 and the dominating reaction with 

[Co(II)TSPc]4
- becomes oxygenation, Equation 4-6[IOSJ. 

[Co(I)TSPc]5- + RSSR ~ [Co(ll)TSPc]4
- + RSH 

[Co(ll)TSPc)4- +02 ~ [Co(lli)TSPc(02)]
3
-

Equation 4-5 

Equation 4-6 

The lack of adequate quantitation methods for cysteine also prompted investigation into its 

redox reactions and subsequently its electrochemical analysis. Electrochemical detection 

of sulphydryls has usually been performed at mercury or mercury amalgam 

electrodes[106
•
1071. At these electrodes, the oxidation of cysteine occurs at potentials 

where mercury is oxidised. Cysteine oxidation proceeds by forming a complex with the 

oxidised mercury. The reversible mercury sulphide species [Hg-(RS)2] with a half wave 

potential of -0.50 V vs SHE, is formed and adsorbs to the electrode[53
•
1081. Similar 

observations were reported for the oxidation of glutathione[ I 091. The electro-oxidation of 

these thiols is thus observed indirectly, dependant on the oxidation of mercury. The use of 

the Hg electrode for monitoring direct electro-oxidation of thiols is limited, because the 

oxidation of thiols proceeds at highly positive potentials, out of the working potential 

range of mercury electrodes. 

Direct electro-oxidation of thiols is possible at electrodes with more positive working 

potential ranges. Electro-oxidation of cysteine has been observed on gold and platinum 

electrodes at potentials between 0. 7 V and 1.45 V vs SHE. [IO?] The electro-catalytic 

oxidation of the thiols is due to the strong interaction of the sulphur group with active sites 

on noble electrode surfaces. 

The use of more conventional electrodes such as carbon in thiol detection is hampered by 

the sluggish electrode kinetics of these groups. The slow electron exchange is caused by 

the weak interaction between thiols and carbon electrode surfaces. Oxidation of the thiol 

groups exhibit high overvoltages at unmodified carbon electrodes (oxidation of cysteine 
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occurs at potentials greater than 1 V vs Ag/AgCl)[IOGJ. Extremely positive potentials are 

thus required to monitor the redox reaction. At these potentials and in aqueous solvents, 

the cysteine oxidation wave may be masked by that ofhydrogen. 

It became clear that catalysts were required for the electrochemical oxidation and 

subsequent analysis of cysteine to reduce the high overpotential. The catalytic oxidation of 

cysteine by metallophthalocyanines was the approach utilised. 

4.1.2 Metallophthalocyanines (MPc's) 

Because oftheir intense colour, redox activity and high thermal stability, MPc's have found 

many applications. These include photoconductive surfaces, optical information storage 

media and, electrochromic devices, to name but a few. It is the redox properties of the 

MPc's which defines their utility in these applications. [llO] 

Phthalocyanines are composed of a ring system made up of four isoindole units, at the 

centre of which various metals can be inserted, Fig. 4.2. 

nx 
N--0-N L 

,?"' N-M-N""""' X~: 
~ ~ ..... : ~ 

L.·/Ns=>N 
X 

M = Metal, X = Ring substituent, 
L = Axial ligand 

X 

Figure 4.2 A rnetallophthalocyanine, showing the sites for binding by a variety of metals, axial 
ligands and the site for attachment of ring substituents. 
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The MPc unit itself is an 18 pi electron system carrying two negative charges, and is 

capable ofboth oxidation or reduction. The central metal ion, usually a transition element, 

may undergo reduction or oxidation at potentials comparable to the MPc ring process. 

Oxidation or reduction may thus occur at the central metal or the ring, depending on the 

nature of the central metal ion. Many MPc's bind one or two axial ligands, the feature 

utilised in its catalytic reactions. 

The redox reactions of a transition :rvfPc is markedly dependent on the ability of the central 

metal ion to bind extraplanar ligands (to occupy co-ordination sites on the axis 

perpendicular to the ligand plane) and on the total oxidation state of the :MPc[105.l Owing 

to a strong ligand field of the tetrasulphophthalocyanine anion, copper and nickel 

tetrasulphophthalocyanines have minimum tendency to bind further ligands to form 

octahedral complexes. Comparisons of the ease of oxidation of a group of tetra­

sulphonated MPc's show a dependence on the central metal ion, in decreasing order, for 

the following metals: Co (II), Cu(II) and Ni(II) [1101. 

Ring unsubstituted :MPc's have very limited solubility in most solvents, limiting their 

solution-phase redox measurements and catalysis. This is related to the nature of the 

central metal ion. Those MPc's preferring a 6-coordinate rather than 4-coordinate bond 

scheme, such as iron and cobalt phthalocyanine, will dissolve in donor solvents through 

axial interaction between metal and donor solvents. Their solubility is, however, 

provisional on the donor solvent co-ordinating to the central metal ion. (1 
JO] 

Improvements in the solubility are achieved to an extent by the introduction of functional 

groups through ring substitution, for example, the sulphonate groups in [CoTSPc]4
-, 

shown in Figure 4.1 and represented as 'X' in Fig 4.2. These functional groups influence 

the resultant chemistry of the :rvfPc when adsorbed at the electrode. They can also affect 

the electroactivity, the potential at which the :rvfPc is oxidised or reduced and the rate of 

reaction(44l. Different axial ligands also influence the redox properties of the MPc's[IIO). 

Another factor which may affect the redox activity of the MPc's is the nature of the 

supporting electrolyte anions. 
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The metal phthalocyanines show two distinctive electronic transitions m the UV-Vis 

spectral region, namely the Soret band in the UV region and the Q band in the 600-750nm 

regwn. Fig.4. 3 shows these bands typical for the UV-Vis spectra of a 

metallophthalocyanine. The Soret bands are not very sensitive to the valence state of the 

central metal in :MPc's whereas the Q bands are sensitive to the central metal ion, their 

valence states and the solvent. Reduction or oxidation of the :MPc's are monitored by 

observing spectral changes. The resulting metal to ligand charge transfer (l\1LCT) bands 

are observed in the spectral region between the Soret and Q bandsY 111 

Abs. 2.0 
Soret Band . 

1.0 

800 

Wavelength/om 

Figure 4.3 UV-Vis Spectra of a MPc (for illustrative purposes only). 

4.1.3 Electroanalytical Scope of the MPc's 

The :MPc's, incorporating different metal centres, including [CoTSPct-, have been shown 

to promote the electrocatalytic oxidation of cysteine. Utilisation of this approach has led 

to a spate of research geared towards electroanalysis of thiols and cysteine at modified 

electrodes. This work[112l pioneered further research and developments for the :MPc 

catalysis of a number of molecules (hydrazine and oxygen by [Co TSPc t -). 
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Table 4.1 shows just some of the analytes electrocatalysed by metallophthalocyanines 

together with the mode of attachment of these modifiers onto the electrodes. 

Table 4.1 Some analytes electrochemically analysed by MPc's 

Analyte MPc Technique Reference 

Co2 (R) CoPe Ads [113] 

Cysteine CoPe Ads, CPE [107,43] 

H20 Ni, Co, FePc Ads (114] 

Hydrazine, Co TAPe EP [61] 

CoPe CPE [43] 

Nitrite Ions Cu, Fe, Ni, Co, Mn, Ads [115] 

Zn 

Oxalic Acid CoPe EP,CPE [60, 43] 

Oxygen [CoTSPc]4
- EP [116, 100] 

Penicillamine CoPe CPE. [43] 

Phenols CoPe Ads [117] 

T -butylhydroxyanisole NiT APe EP [48] 

MPc, metallophthalocyanine; TAPe, tetraaminophthalocyanine; CPE, carbon paste electrode; Ads, 

adsorption; EP, electroployrnerisation; R, electroreduction. 

One of the most important observations was the natural tendency of the MPc's to adsorb 

to electrode surfaces, producing effectively, a chemically modified electrode at which 

catalytic oxidation could occur at lowered potentials[lOO,ll&]. Studies on the modification 

of electrodes with .MPc complexes have been focused at CoPe and its 

derivatives[50,60,61,63,70,107,116,119] . 

.MPc's have been modified at electrodes as part of the matrix of carbon paste 

electrodes(lO?J, held at the surface of graphite and carbon electrodes by direct 

deposition(4?], incorporated into polymer modified electrodes[120], electrodeposited[?O] and 

electropolymerised in the presence of co adsorbates. [48
•
49] Deposition of polymeric 

metallophthalocyanines allows the formation of films or microcrystalline deposits, with 
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enhanced electrochemical sensitivity, chemical and mechanical stability, in both aqueous 

and non-aqueous solvents[481. 

Each MPc complex exhibits slightly different voltammetric responses related to its mode of 

interaction with the electrode and the substrate[471. 

4.1.4 How the MPc Binds to the Electrode 

The mode of interaction of the MPc with the electrode vanes for each method of 

attachment, varying also according to its metal centre, axial ligands and the surface of the 

electrode. From reflectance spectra of adsorbed tetrasulphonated MPc's, it was concluded 

that adsorbed MPc's are lined up at the electrode with their macrocyclic ring perpendicular 

to the electrode surface. [1111 

Comparison of CoPe with F ePc at platinum and carbon electrodes surfaces showed 

variation in the way the molecule was aligned. These differences were based on the 

variations in the metal centre and the surface itself. This in turn affected their catalytic 

response in the presence of oxygen. From UV spectral studies[111 l, and Penning Ionisation 

Electron spectroscopy[121l, it was concluded that n electron orbitals of planar MPc's 

interact with 1t electron clouds at carbon surfaces. This interaction is maximised for the 

MPc interacting with the plane parallel to the benzene rings on the graphite surface. There 

is a greater tendency for this type of interaction than with carbonyl or hydroxyl groups 

present on the carbon electrodes. It has been shown that tetra-sulphonated MPc's interact 

with solid surfaces through the sulphonate group. [1111 

MPc 's as Electrocatalysts for Cysteine Analysis 

The use of the metallophthalocyanines has dominated the field of cysteine electrocatalysis. 

Electrocatalysis of cysteine oxidation has been observed with the MPc species in solution 

or immobilised at the electrode[lOOJ. The use of chemically modified electrodes for cysteine 

analysis is an active area of research. This research has been directed at lowering the 
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potential of the cysteine oxidation for effective analysis, increasing sens1t1v1ty of the 

catalysis, reproducibility and hardiness under harsh flowing conditions[4
?]. 

The central metal ion plays an important role in the catalytic ability of the J\1Pc towards 

sulphydryls. ESR studies of [CoTSPc( solutions have shown that cysteine interacts with 

[CoTSPc]4
-. It is likely that the interaction occurs via the sulphur atom in the cysteine and 

a dz2 orbital in the metal chelate[IOSJ_ Comparative studies with different transition metal 

tetrasulphonated phthalocyanines, [MTSPc]4
- forM= Zn, Mn, Fe, Co and Cr, showed Co 

to be the best in terms of solution-phase electrocatalysis of cysteine( lOG). This is related to 

the tendency of the cobalt ion to form octahedral complexes[lOS] and its ease of 

reduction[1041. 

[CoTSPct- has been shown to catalyse the electro-oxidation of cysteine in solution-phase 

catalysis, via direct deposition or indirectly at carbon paste electrodes or electrodeposited 

in the presence of co adsorbates such as polymers. 

4.1.5 Catalytic Mechanism 

In biological systems cysteine, RSH, dissociates to RS- in aqueous solution at slightly 

alkaline pH. The RS- then co-ordinates to vitamin B12 from one axial co-ordination site 

and oxygen on the opposite site, the sixth axial ligand. Next, an electron transfer from RS­

to oxygen via the central metal ion of the ternary complex occurs and results in the 

formation of radical RS· and superoxide oxygen. Two free radical RS· groups couple to 

form cystine, the reduced form of cysteine, while the superoxide oxygen ion decomposes 

to oxygen and water via a catalase-like reactionY IO) 

It is believed that for metal MPc's adsorbed at electrodes, a similar pathway for the 

catalysis of cysteine is followed. Cysteine binds to the metal as a fifth axial ligand, while 

the sixth axial ligand, is adsorbed to the electrode surface. The 2-step electrocatalytic 
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process begins with the oxidation of M(ll)Pc(-2) to M(lll)Pc(-2)[49
•
1001, where M is an 

electroactive metal. In the presence of cysteine or sulphydryls, enhancement of this anodic 

current corresponding to the oxidation of cysteine, has been observed[47
•
107l. 

4.1.6 Practical Considerations 

l\1Pc complexes tend to aggregate in solution. This is due to intermolecular interactions 

and the lability of axial ligand for water molecules. 

Only in alkaline solution is it believed that an equilibrium exists between monomeric and 

dimeric forms of [Co(III)TSPc( -2)]3
-. This is dependent on the concentration of 

[CoTSPc]4
-, its ionic strength and temperature of the solution[491. The dimeric form 

dominates over the monomeric form at low pH's, and is believed to be a better catalyst 

than the monomeric form[1221. The phthalocyanines may also undergo oligomerisation or 

dimerisation when adsorbed onto carbon surfaces, and less readily at platinum surfaces. 

Polymeric forms of the first row transition metals are better catalysts than their monomeric 

counterparts and so adsorption at carbon electrodes leading to polymerisation improves 

their catalytic activit/1111. Previous research from pH studies of [CoTSPc]4
- adsorbed at 

GCE showed that higher polymerisation occurs at low pH, high concentrations and ionic 

strength[49
). 

In order to obtain well-defined voltammetric peaks, aggregation effects as a function of 

pH, are important considerations, and more so because these two factors may affect the 

catalytic ability ofthe aggregated species[116l. The effects of pH on the ionisation states of 

analytes such as amino acids is an additional practical consideration. 
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4.2 AIM OF RESEARCH 

Essentially, the field of electrocatalysis is directed at lowering the overpotential and 

increasing the rate of certain electrochemical reactions so that a more sensitive or selective 

detection can be achieved. The sluggish electrode reaction of thiols at unmodified 

electrodes and its high overpotential is diminished in the presence ofMPc's[471. 

The design of chemically modified electrodes is a growing field of research in the field of 

electrocatalysis. Modification of the electrode by electrodeposition has the benefit of 

reproducibility, sensitivity and the control over the amount of modifier deposited at the 

electrode. Research on the electrodeposition of the phthalocyanines at electrodes have 

reported on the good mechanical and chemical stability of the chemically modified 

electrodes[481. CoPe has been electrodeposited at solid electrodes in the presence of 

supports such as pyrrole[116J. While these methods offer stability, they are countered by 

the loss of sensitivity on electrodeposition of the MPc in the presence of a support. 

Incorporation of the catalyst into a polymer or as part of a carbon paste matrix, reduces 

the sensitivity, while direct electrodeposition of the catalyst onto the electrode offers 

greater sensitivity, with the added advantage of utility in aqueous and non-aqueous 

solvents. Electrodes modified with polymeric supports containing the modifier are not 

suitable for use under alkaline conditions as the film conductivity in such solutions is weak 

or non-conductive[116J. No research has shown the direct electrodeposition of [CoTSPct­

onto GCE, in the absence of supports, for electro catalysis of cysteine. 

[CoTSPc]4
- has been shown to catalyse the oxidation of cysteine with overpotentials at 

about 0.77 V vs Ag/AgCl[lO?J. Thus far all studies for cysteine analysis at C:ME has been 

conducted at low pH. This is owing to the favourable hydrogen evolution at the electrode 

at these pH's. No studies have shown the use of a CME for cysteine analysis at higher 

pH's. One of the aims of this research is to design electrodes for analysis of cysteine 

containing proteins. Low pH's are not feasible as this would involve decomposition of the 

analytes. 
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In this thesis a method for direct electrodeposition of the modifier onto the electrode for 

cysteine analysis is examined. The aim is to produce an electrode surface which is 

reproducible, sensitive and stable, while reducing the overpotentials associated with the 

electroanalysis of thiols. The design of a glassy carbon electrode modified by direct 

electrodeposition of [CoTSPc]4-onto GCE for cysteine analysis at acidic and alkaline 

conditions is presented in this research. 

The role of the MPc in catalysis is markedly dependent on the nature of the central metal 

ion. It is thus explored whether this holds true for electrocatalysis of cysteine, at 

electrodes modified by electrodeposition of phthalocyanine complexes of cobalt(ll) 

iron(II), nickel(II) and molybdenum(II). 

Ring substitution of MPc complexes such as the attachment of sulphate groups on 

Co(II)Pc to produce water soluble [CoTSPct- increases the solubility ofMPc's in aqueous 

solvents. The presence of ring substituents such as the sulphate groups leads to 

aggregation in solution which may complicate their electrochemistry. 

Biscyanoruthenium(IT) phthalocyanine is soluble in water at pH's greater than 5 and does 

not show aggregation effects common with the tetrasulphonated MPc's. The 

electrodeposition of this modifier for electro catalysis of cysteine is presented in this work 

for the first time. 
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4.3 EXPERIMENTAL 

4.3.1 Reagents 

4.3.1.1 Solvents 

Various solvents were tested for both their ability to dissolve the 11Pc complexes and also 

their utility as solvents from which the :MPc would readily be electrodeposited at the 

electrode. Pyridine, acetonitrile, dichloromethane and dimethylformamide (DMF) (all from 

Saarchem) were the organic solvents tested. All organic solvents were distilled before 

used. 

4.3.1.2 Electrolytes and buffers 

When organic solvents were employed, the electrolyte used was tetraethylammonium 

perchlorate (TEAP). TEAP was prepared by mixing equal volumes of hot solutions of 

tetraethylammonium chloride (1 mol dm-3
) and sodium perchlorate (1 mol dm-3

). The 

mixture was refluxed for one hour and allowed to cool. The precipitate formed was 

filtered and washed with ice cold ethanol. The white powder-like crystals of TEAP were 

obtained by recrystallisation from hot absolute ethanol. Ferrocene, used as an internal 

standard for non-aqueous experiments employing a Ag wire pseudo-reference electrode, 

was recrystallised from absolute ethanol before use. 

Triply distilled deionised water was used in all aqueous solution experiments. For pH 8.4 

electrochemical experiments, Tris buffer was employed. The pH of this buffer was 

adjusted to 8.4 by addition of HCl (0.2 mol dm-3
). For electrochemical experiments at 

pH<4, H2S04 (0.05 mol dm-3
) was employed as the electrolyte. A pH 9 buffer solution 

.. 
containing boric acid, potassium chloride and sodium hydroxide was prepared from pH 9 

sachets (BDH) and was employed for solutions of K2[(CN)2RuPc] in water. A pH 2.5 

sodium phosphate buffer (0.1 mol dm-3
), prepared from sodium dihydrogen phosphate 
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(Eltec) and sodium phosphate (Saarchem) was also used for cysteine analysis with 

K2[(CN)2RuPc], OMo(V)(OH)Pc and [OMo(OH)TSPc]4
-. 

4.3.1.3 Cysteine 

Cysteine was obtained from Sigma chemicals and used without further purification. 

Cysteine solutions were prepared daily in 0.05 mol dm-3 H2S04 , in pH = 8.4 Tris-HCl 

buffer (0.2 mol dm-3
), or in pH 2.5 sodium phosphate buffer (0.1 mol dm-3

). These were 

deaerated with nitrogen (dried over anhydrous copper sulphate) for 10 minutes before 

cyclic voltarnmetric experiments were run. 

4.3.1.4 MPc complexes 

The MPc complexes of cobalt(II) tetrasulphophthalocyanine (Na4[CoTSPc].2H20), 

biscyanoruthenium(U) phthalocyanine (K2[(CN)2RuPc], oxomolybdenum (V) 

tetrasulphophthalocyanine (N~[OMo(V)OH)TSPc]-5H20) and oxomolybdenum (V) 

phthalocyanine (OMo(V)(OH)Pc), were synthesised according to the published procedures 

detailed in Section 4.3.2. MPc complexes of iron (FePc), cobalt (CoPe), and nickel (NiPc) 

were purchased from Eastman Kodak or Aldrich and used without further purification. 
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4.3.2. Preparation of the MPc Complexes 

4.3.2.1 Tetrasodium salt of cobalt(II) tetrasulphophthalocyanine Na,t[CoTSPcj.2H20 

Scheme 1: A simplified synthetic route for [CoTSPc/· 

Na..[Co(II)TSPc] was prepared according to the methods of Weber[1231 and Busch. The 

monosodium salt of4-sulphophthalic acid (4.32g), ammonium chloride (4.7g), urea (5.8g), 

ammonium molybdate (0.068g), and cobalt(II) sulphate 7-hydrate (1.36g), were ground 

together until homogeneous. 

1 Oml of nitrobenzene was added to a 150ml two-necked flask fitted with a condenser and a 

thermometer and slowly heated to 180°C. At this point the solid mixture was slowly 

added while keeping the temperature between 160°C and 180°C. The heterogeneous 

mixture was then heated for 6 hours at 180°C. The crude product formed a solid blue 

cake which was washed with methanol until the odour of nitrobenzene could no longer be 

detected. The solid remaining was added to 11 Oml of 1M HCI saturated with NaCL This 

step ensures removal of excess cobalt(II) sulphate from the product. The solution and 

undissolved material was briefly heated to boiling, cooled to room temperature, and 

filtered. The resulting solid was dissolved in 70ml of O.lM NaOH and after heating to 

80°C, insoluble impurities were removed by filtration. 27g of NaCl was added to this 

solution, initiating the precipitation of some of the solid product. This slurry was heated 
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to 80°C and stirred at this temperature until ammonia evolution stopped. The product was 

obtained by filtration and the initial reprecipitation process repeated two additional times. 

It was necessary to extract the filtrate by centrifugation, to prevent loss of product. 

The solid obtained after filtration was washed with absolute ethanol until the filtrate was 

chloride free. This was ensured by testing for the presence of chloride ions in the filtrate 

with a 0.1M AgN03 solution. It was necessary here to obtain the filtrate by centrifugation. 

The product was refluxed for 4 hours in 20rnl of absolute ethanol, and the blue product 

filtered and dried overnight. Three further washings in absolute ethanol ensured the purity 

of the product. 

4.3.2.2 Tetrasodium pentahydrate oxomolybdenum (J1 tetrasulphonated 

phthalocyanine- Na4[0Mo(V) OH) TSPc]' 5H20 

so3-

,p' N-Mo- N......, ~ 
: --- # J···· : SOf .. ·········· NPN _,.N 

0 -
# 

6 hrs 

so3-

Sclzeme 2: A simplified synthetic route for [OMo(OH)TSPc/-

[OMo(V)(OH)TSPc t-was prepared by the procedure as outlined for synthesis of cobalt 

(II) tetrasulphonated phthalocyanine (Section 4.3.2.1), except that molybdenum 

hexacarbonyl was used instead of cobalt sulphate. 
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4.3.2.3 Dipotassium biscyanoruthenium(II) phthalocyanine K2[(CN)2RuPc] 

Scheme 3: A simplified synthetic route for [(CN)2RuPc/-

a) Crude RuPc 

Crude RuPc was prepared according to the method used by Farrell[l24l. RuCh.3H20, 0-

cyanobenzamide and naphthalene were mixed in a ratio of 1: 12.6: 5.06, respectively, in a 

round bottomed flask and heated for 1 hour at 290°C. The mixture was cooled, washed 

with ethanol and filtered. The dried residues were Soxhlet-extracted with glacial acetic 

acid until the washings were colourless. The remaining greenish-black solid was dried in 

vacuo, in order to remove excess acetic acid. The crude RuPc formed was used further as 

a precursor for the preparation of the cyanated RuPc. 

b) 0-cyanobenzamide 

0-cyanobenzamide was prepared by dissolving 16.4g of phthalamide in 54.6ml of acetic 

anhydride, heating the mixture as fast as possible to the boiling point and then refluxing the 

solution (using a water condenser) for 3 hours. After cooling the solution, white needle 

shaped crystals were formed which were washed with cold alcohol and dried at 1 00°C 

overnight. Its melting point range was 170-190°C as expected. 

c) Phthalamide 

The phthalamide used was prepared by adding 20g of phthalimide to 60ml of ammonia and 

stirred for 24 hours. The resulting solution was filtered and the white crystals formed were 
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dried at 100°C for 2 hours. M.P. 218-224°C as expected. 

d) K2[RuPc(CN) 2] 

Crude RuPc (O.OSg, 0.08mmol) and KCN (O.OSg, 0.77mmol) were suspended in absolute 

ethanol (1 Ocm\ The mixture was refluxed for 3 hours (using a water condenser), yielding 

a blue solution. The solution was filtered to remove insoluble RuPc and the filtrate 

evaporated to dryness. The purple-coloured solid formed was washed repeatedly with 

absolute ethanol to remove excess cyanide and then finally recrystallized from ethanol. 

The final product, K2[RuPc(CN)2] was characterised via infrared spectroscopy and cyclic 

voltammetry to ensure its purity. 

4.3.2.4 Oxomolybdenum (V) phthalocyanine complex- (OMo(V)(OH)Pc) 

45min 

n 
N-(L~oH 

,:r ~ ~ """"' 
N - Mo-N"""" 

: .--:;; # 
~ .. · . 
\\-. : 

.. ···········NON .--.=N 
0 -

\. ;) 

CX
CN 

I 
CN 

Scheme 4: A simplified synthetic route for (OMo(V)(OH)Pc) 

OMo(V)(OH)Pc was synthesised by the procedure of Edmondson and Mitchell[125l. 

Ammonium molybdate and phthalodinitrile were mixed in a ratio of 1:4, respectively. The 

mixture was ground until homogeneous and heated in air at 270°C for 45 minutes. The 

blue solid formed was purified by Soxhlet-extraction with butanone for 6 hours. The 

product was then washed with 0.1 mol dm-3 sodium hydroxide and water to remove any 

unreacted molybdate, molybdenum oxide or phthalamide. The product was then further 

washed with ethanol and acetone until the washings were colourless. 
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4.3.3 Apparatus 

Electrochemical data were collected with the computerised Bio Analytical Systems (BAS) 

CV-50W voltammetric analyser, equipped with a C2 cell stand. For electrochemical 

experiments employing phthalocyanine complexes of ruthenium and molybdenum, a BAS 

Model CV 27 voltammograph equipped with a C2 cell stand, was employed. When the 

BAS CV 27 was used, CV data were collected on a Hewlett-Packard 7047A X-Y plotter. 

A three-electrode system was employed for all electrochemical measurements. This 

consisted of a glassy carbon working electrode of 1.5mm radius and a platinum wire 

auxiliary electrode. For aqueous solutions, silver/silver chloride (Ag/ AgCl, 3M KCl) was 

employed as the reference electrode. 

A silver wire electrode coated with silver chloride was employed as a pseudo reference 

electrode in electrochemical studies in organic solutions. In these instances ferrocene was 

added to the solution as an internal standard and the EY2 value versus the 

ferrocenium/ferrocene (fc+/fc) couple determined. Potentials were referenced to fc+/fc by 

subtracting Elf2 fc+/fc from potentials measured at Ag wire. The Ey2 of fc+/fc has been 

determined in DMF to be 0.45 V vs saturated calomel electrode (SCE). [126
•
1271. 

Potentials vs fc+/fc were thus referenced to the SCE by adding 0.45 V to these values. 

Potential values were then referenced to Ag/AgCl, 3M KCl by adding 0.05V to these 

values. All potential values reported are vs Ag/ AgCl. The glassy carbon electrode of 

1.5mm radius when modified by anodic deposition with [CoTSPc ]4
-] is referred to as the 

CoTSPc-CMGCE. 

Electronic absorption spectra were recorded with a Cary IE UV-Vis spectrophotometer in 

the ultraviolet-visible range. Spectrophotometric cells of 1 em pathlength were used. 

Concentrations ofboth the [CoTSPct-and [(CN)2RuPc]2
- solutions were determined from 

absorbance measurements and an extinction coefficient of 58,000 dm3mor1cm-1 and 

6 0 d 3 1-1 -1 [122] . l 0,00 m mo em , respective y. 
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Infrared (IR) spectra using potassium bromide discs of the purified MPc complexes were 

collected with a Perkin-Elmer Model 180 IR, or Fourier Tranform (FTIR) 2000 IR 

spectrometer. 

4.3.4 Electrochemical Methods 

As explained in Section 3.3, all glassware was thoroughly washed in hot soapy water, 

rinsed in deionised water and soaked in dilute acid solutions before being rinsed 

thoroughly with deionised water. 

The glassy carbon working electrode was modified by anodic electrodeposition from a 1 o-3 

mol dm-3 solution of the MPc complexes, [CoTSPc]
4

-, Fe(Il)Pc and Ni(II)Pc, in Dtv1F, 

containing 0.1 mol dm-3 tetraethylammonium perchlorate. For anodic electrodeposition of 

[(CN)2RuPc]2
- the solvent used was pH 9 buffer. The MPc solution was bubbled with 

nitrogen for 10 minutes. 

The cyclic voltammogram waveform was chosen. Unless otherwise stated, 

electrodeposition was performed by scanning the carbon working electrode continuously in 

the potential range of -0.2 V to 1.0 Vat a scan rate of 100 mV s-1
. By choosing the multi­

run option in the CVSO programme, the number of runs can be controlled. Twenty scans 

were continuously cycled and this number used each time to ensure reproducibility of the 

modified electrode surface. 

The working electrode, once modified, was rinsed in the solvent to free the electrode of 

contaminating MPc not electrodeposited. A fresh surface of the electrode was obtained by 

cleaning the electrode using alumina, followed by soaking in dilute acid and rinsing of the 

electrode in water, acetone (only when organic solvents were used) and then in the solvent 

to be used for electrodeposition. 
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CoPe and OMo(OH)Pc were attached to the electrode by the drop-dry method for 

adsorption of the MPc onto the electrode. A concentrated solution of the MPc ( -1 x 1 o-3 

mol dm-3
) in an organic solvent was bubbled with nitrogen for 10 minutes. 4~1 of this 

solution was placed on the GCE surface and allowed to dry under a gentle flow of nitrogen 

gas. The electrode was then rinsed in the solvent to free the electrode surface of 

unadsorbed MPc. 

Voltammetric measurements were conducted at a) MPc-CMGCE in solutions containing 

no cysteine, b) solutions containing cysteine, and c) at unmodified GCE in cysteine­

containing solutions. 

Electrochemical experiments with [OMo(OH)TSPc( was conducted with the MPc 

dissolved in pH 2 phosphate buffer. Voltammetric measurements were conducted in this 

solution in the absence and presence of cysteine. 

Concentrations of the MPc were of the order of 1 o-5 to 1 o-6 mol dm-3 for electronic 

absorption spectral studies and 10-3 mol dm-3 for cyclic voltammetry. 
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4.4 RESULTS AND DISCUSSION 

Voltammetric Studies on Dipotassium Biscyanoruthenium(II) 

Phthalocyanine (K2[(CN)2RuPc)] 

4.4.1 Characterisation of Kz[(CN)2RuPc] 

4.4.1.1 Absorption Spectroscopy 

Absorption spectra of [(CN)2RuPc]2
- in acetonitrile are shown in Fig 4.4. In the visible 

region, intense absorption maxima were observed at 620 nm with a weaker band at 565 

run, characteristic of the Q band spectra of metallophthalocyanines. Characteristic 

absorption in the Soret region was observed at 345nml128
•
129l. 

2.\ 
Abs. \ 

1 

400 500 600 700 800 

Wavelength /nm 

Figure 4.4 Electronic Absorption Spectra for [(CNhRuPct in acetonitrile. 

4.4.1.2 Infra-Red Spectroscopy 

Figure 4.5 shows theIR spectra of [(CN)2RuPc]2
-. IR spectral analysis show bands typical 

ofMPc complexes and ofRu-CN bands at 2067 cm-1 
[
128

•
1291. Appendix 1 tabulates this 

information. 
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Figure 4.5 Infrared spectra for K2[(CN)2RuPc] (KBr discs) 
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4.4.1.3 Cyclic Voltammetry 

Figure 4.6 shows the CV obtained for [(CNhRuPcf in pH 9 buffer. The redox couple, 

Epa = 0.33 V and Epc = 0.19 V, with E'h = 0.26 V vs Agl AgCl, is quasi-reversible 

with t.Ep = 140 m V. This oxidation couple is consistent with the oxidation of the 

phthalocyanine ring in [(CN)2RuPcf [1
291

. For [(CN)2RuPcf· , two successive ring 

oxidations are observed in RuPc, Equations 4-7 and 4-8(1281. 

[(CNhRuPc (-2)]2
- --7 [(CN)zRuPc (-l)r + e­

[(CN)zRuPc (-l)r --7 [(CN)2RuPc (0)]0+ e· 

Equation 4-7 

Equation 4-8 

The couple shown in Figure 4.6 corresponds to the first ring oxidation, Equation 4-7. 

0 .8 0.6 0.4 0.2 0 

E(V) vs Ag/AgCI 

Figure 4.6 Cyclic Voltammogram of [(CN)2RuPc]2-in pH 9 buffer. Scan rate : 200 mV s-1. 
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4.4.2 Chemical Modification of GCE 

Figure 4.7 shows repetitive CV's scanned from -0.2 V to 0.8 V for [(CN)2RuPc]
2

- in pH 9 

buffer. The peak currents for the oxidation of [(CN)2RuPc]2
- increased with each 

successive potential scan, then began to decrease. The decrease in peak currents generally 

began after the seventh cycle. The increase in anodic and cathodic waves is consistent 

with the formation of a conductive phthalocyanine film. A purple film was observed on the 

electrode surface after removing the electrode from the [(CN)2RuPcf- solution. When the 

CMGCE was placed in a pH 9 buffer solution, the CV of the [(CN)2RuPc]
2

- species was 

observed. No significant dissolution of the [(CN)2RuPc]
2

- occurred. The electro-oxidised 

form of [(CN)2RuPc]2
- is insoluble in water at pH 9. Cyanide is known to act as a bridging 

ligand in MPc complexes[l30J. The electro-oxidation of[(CN)2RuPc]2
- during the forward 

scan to produce the 7t cation radicals, is probably followed by the polymerisation of the 

radical to form CN- linked polymers at the electrode. It is thus likely that it is the 

polymerised species that is reduced during the reverse scan. 

t 

EIVI VS Ag/AgCI 

Figure 4.7 Successive CV's of [(CNhRuPctin pH 9 buffer. Scan rate: 200 mV s-1
. 
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4.4.3 [(CN)2RuPc]2-in Electro-oxidation of Cysteine 

When the RuPc-CMGCE was placed into pH 9 buffer solutions containing cysteine, the 

CV shown in Fig. 4.8 a) was observed. The last scan of electropolymerisation of 

[(CN)2RuPc]2 from Fig 4.7 is shown as the dotted line. The principal change then is the 

marked increase in the anodic current associated with the first ring oxidation of 

[(CN)2RuPc]2
- with a potential shift from 0.33 V to 0.43 V vs Ag/AgCl. This indicates the 

electrocatalytic oxidation of cysteine by this species. These changes were not observed in 

the absence of cysteine and no anodic waves associated with the oxidation of cysteine 

were observed at an unmodified GCE. No return peak is observed following oxidation 

(Fig 4.8 a) consistent with the irreversible oxidation of cysteine[107l. On subsequent scans, 

the anodic currents decreased in intensity, as represented by Fig. 4.8 b) and c). This is 

consistent with the depletion of cysteine near the electrode surface after the first scan or 

the poisoning of the electrode by the oxidation products. The anodic current on the first 

scan was found to be directly proportional to the cysteine concentration. 

[spA 

0.8 0.4 

E(VJ vs Ag/AgCI 

Figure 4.8 CV of 1 x 10-2 M cysteine at RuPc-CMGCE. a) First, b) second and c) third scans. 
-1 Electrolyte: pH 2.5 buffer. Scan rate; 200 mV s . Dotted line is the CV of 

[(CNhRuPc{ corresponding to the last scan in Fig. 4.7. 
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The potential difference of 100 mV in the anodic potential of [(CN)2RuPc]2
- before and 

after addition of cysteine, may indicate that a different species from [(CN)2RuPcf-is 

oxidised in the presence of cysteine. This may be due to the prior formation of a cysteine 

compound with [(CN)2RuPc]2
- before the electron transfer, Equation 4-9 below. 

The RuPc-CMGCE could be regenerated (greater than 70%) by electrolysing the electrode 

at -1.0 V . The extent of the regeneration was determined by comparison of the intensities 

of the anodic currents on freshly coated electrode and on regenerated electrode. 

The proposed reaction mechanism for the electrocatalytic oxidation of cysteine at RuPc­

CMGCE is represented by Equations 4-9 to 4-12. The electrocatalytic process is initiated 

by the electrochemical oxidation of [RuPc(-2)] to [RuPc(-1)t. This step catalyses the 

transfer of an electron from cysteine to [RuPc( -1 )t, to regenerate [RuPc( -2)]. 

RuPc(-2) + RSH ~ 

RuPc(-2)RSH ~ 

[RuPc(-l)(•RSH ~ 

2RuPc(-2)RS• 

RuPc(-2)RSH 

[RuPc(-l)(•RSH + e-

+ RuPc(-2)RS•+H 

2RuPc(-2) + RSSR 

Where RSH =cysteine and RSSR = cystine. 

Equation 4-9 

Equation 4-1 0 

Equation 4- 11 

Equation 4-12 

The interaction of cysteine with MPc's such as CoPe occurs via the interaction of the 

sulphur atom of the cysteine to the d orbital of the Co central metal(lOOJ. For metal-free 

porphyrins, interaction occurs between cysteine and the MPc ring(?lJ. Based on the 

observations of ring based oxidation processes it is suggested, in this work, that the 

cysteine interacts with the phthalocyanine ring rather than the metal during electron 

transfer. 
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Using RuPc-CMGCE a catalytic oxidation wave of 0.43 V vs Ag/ AgCl for cysteine 

electro-oxidation presents a significant lowering in the overpotential. At CoPe adsorbed 

on GCE, this wave was reported at 0.77 V vs Ag/AgCl[lO?J_ 

Solvents for electrodeposition 

Different solvents were tested for the efficiency in electrodeposition of [(CN)2RuPc]2
-

onto GCE as described above for pH 9 buffer. These CMGCE were then tested for 

catalysis of cysteine under the same conditions described. So for [ ( CN)2RuPc f- dissolved 

in the following solvents with TEAP as electrolyte for organic solvents, the results were as 

follows: 

Pyridine: Increasing cathodic and anodic waves on repetitive cycling of the 

modifier showed the formation of a conductive phthalocyanine film onto the GCE. 

A purple film was observed on the GCE. The RuPc-CMGCE showed catalytic 

efficiency for cysteine oxidation. On subsequent scans the cysteine anodic wave 

was irreproducible. 

DJ\1F: No increases in the anodic and cathodic wave observed on repetitive cycling 

and no film was observed at the GCE, indicating that the GCE was not chemically 

modified. In keeping with this result, this GCE showed no catalytic efficiency for 

cysteine oxidation. 

Water (KN03 electrolyte): Slight increases in the anodic and cathodic waves were 

observed. A purple film was observed on the RuPc-CMGCE. This electrode 

showed a weak and irreproducible catalytic oxidation for cysteine. 

The results indicate that the pH 9 buffer was the best solvent for the electrodeposition of 

[(CN)2RuPc]2
- to produce a RuPc-CMGCE. The catalytic efficiency ofthis electrode for 

cysteine is dependent on the growth of a conductive film at the GCE during repetitive 

cycling. This is evidenced by the lack of catalytic efficiency towards cysteine when 

deposited via the drop-dry method. These findings furthermore suggest that the catalysis 

of cysteine is dependent on the electro-oxidation of the [RuPc(-2)] to [RuPc( -l)t species 

during the forward scan of electrodeposition. 
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Voltammetric Studies on Tetrasodium Cobalt(II) 

Tetrasulphophthalocyanine (Na4[CoTSPc].2H20)• 

4.4.4 Characterisation of [CoTSPc]4
-

Electronic absorption spectra of [CoTSPct- showed an intense absorption at 627nm and a 

less intense absorption at 660nm, as shown in Fig. 4.9. These two absorption maxima are 

typical of the aggregation of [CoTSPc]4
- in aqueous solutions. In highly acidic media, the 

dimeric species, the Q band at 627nm, dominates over the monomeric species at 660nm. 

Abs. 

500 550 600 650 700 750 
Wavelength/om 

Figure 4.9 Electronic absorption spectra of [CoTSPc{ in 0.005 M H2S04. 

TheIR spectra of [CoTSPc]4
- is shown in Fig. 4.10. Characteristic infrared spectra of the 

metallophthalocyanines were exhibited. This data is tabulated in Appendix 1. 

*1be following publication resulted from the research on the interaction of [CoTSPc( with cysteine. For the sake of 
continuity, it is not further referenced in this chapter: Janice Limson and Tebello Nyokong, Voltammetric behaviour of 
Cysteine and Metallothionein on cobalt(II) tetrasulphonated modified glassy carbon electrodes, Electroanalysis, 1997, 
9 (3), 255-259. 
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Cyclic voltammetry of [CoTSPc{ in DMF gave the redox couples shown in Fig. 4.11. 

Scanning a potential window from -1.4 V to +1.4 V showed four couples. Two quasi­

reversible reduction couples were observed at -0.28 V and -1.31 V vs Ag/AgCl. In donor 

solvents such as DMF, the first reduction is known to occur at the metal in CoPe 

complexes[llOJ. Thus, the reduction couples observed at -0.28 V and -1.31 V correspond 

to the reduction of [Co(II)TSPc( -2)t- to [Co(I)TSPc( -2)]5
- and of further reduction of 

[Co(I)TSPc(-2)]5
- to [Co(I)TSPc(-3)t-, respectively. The first oxidation shows only a 

weak cathodic return peak. It has been reported before that the first oxidation of 

[CoTSPc ]4
- is irreversible in DMF [110

]. The anodic peak for the first oxidation is 

observed at 0.70 V and it corresponds to the oxidation of [Co(II)TSPc(-2)t- to 

[Co(III)TSPc(-2)]3
-. The second oxidation couple, observed at 1.19 V, was quasi­

reversible, this couple corresponds to ring oxidation of [Co(III)TSPc(-2)]3
- to 

2-
[Co(III)TSPc(-1)] . 

... c 
C1) ... .... 
::::l 
(.) 

I4o PA . 

-1 .2 

EN VS Agl AgCI 

Figure 4.11 Cyclic voltammogram (vs Ag/AgCl (KCI saturated)) of [Co(Il)TSPc{ in DMF 

containing 0.1 mol dm -3 TEAP. Scan rate 1 00 m V s -l. 
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4.4.5 Chemical Modification of GCE 

The first oxidation of [Co(II)TSPct- to [Co(III)TSPc]3
- is believed to be the transition 

which catalyses the oxidation of cysteine(lO?J. The potential window to effect 

electrodeposition of the electro active species was optimised. As mentioned in the Section 

4.3.4, a potential window of -0.2 V to 1.0 V was selected to effect electrodeposition of the 

[CoTSPc t- species. The lower potential limit was optimised in terms of efficient 

electrodeposition and the catalytic efficiency for cysteine oxidation. Exceeding the upper 

limit of 1. 0 V brought about the formation of electrodeposited species with no catalytic 

efficiency for cysteine oxidation. 

Repetitive scanning between -0.2 and 1.0 V vs Ag/AgCl at 100 mV s-1 of a 1 x 10-3 mol 

dm-3 solution of [CoTSPc ( showed a gradual increase in the faradaic current of the first 

oxidation of [CoTSPct-, Fig. 4.12, indicating the formation of a conductive 

phthalocyanine film by electrodeposition of [CoTSPc]4
- onto the glassy carbon electrode. 

Increases in both the anodic and cathodic wave are required for effective 

electrodeposition. The coating increased steadily and then slowed down. After 20 cycles, 

the electrode was removed from solution. A purple film was observed on the electrode 

surface. Excess [CoTSPc]4
- was rinsed off in water. The surface coverage after 20 cycles 

was calculated from the charge under the anodic curve to be = 8.5 x 10-8 mol cm-2
, as 

described in Section 2.6.4, Equation 2-20, Q = nFAT. 

The electrode covered by the electrodeposited film of [CoTSPc]4
- showed stability when 

left in water for several hours, under nitrogen atmosphere. Its reproducibility in terms of 

catalytic efficiency for cysteine oxidation is discussed further. 

Electrodeposition of the [CoTSPct- film was also attempted with acetonitrile and 

pyridine. As discussed, the nature of the solvent is critical for film growth. Using 

acetonitrile and pyridine as solvents did not show the increases in both anodic and cathodic 

currents expected for electrodeposition of the [CoTSPc]4
- onto the electrode. For 
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pyridine, increases in the anodic currents were obsetved, but these were not strongly 

adherent and did not show reproducibility for cysteine analysis. Electrodeposition in which 

a strongly adherent film was produced, proceeded best from DMF, with careful attention 

to cleanliness of the electrodes, purity of the solvent and electrolyte and positioning of the 

electrodes equidistant from each other . 

A 

I 

0.8 0.6 0.4 0.2 0.0 

EN VS Ag/ AgCI 

Figure 4.12 Electrodeposition of [Co(II)TSPc]
4
-, dissolved in DMF containing 0.1 mol dm-3 

TEAP, onto a glassy carbon electrode. Scan rate = 100 m V s -I . 

4.4.6 Catalysis of Cysteine 

The glassy carbon electrode chemically modified by electrodeposition of [CoTSPc]4
- was 

tested for its catalytic efficiency for cysteine oxidation at various pH's. 

Fig. 4.13 a) shows the cyclic voltammogram obtained for 0.01 mol dm-3 cysteine, 

dissolved in 0 .05 mol dm-3 H2S04, at an unmodified glassy carbon electrode. No cysteine 

oxidation currents were obsetved at the unmodified electrode. Fig. 4.13 b) shows the CV 

of the same solution on CoTSPc-CMGCE. At the CoTSPc-CMGCE, a strong anodic 

peak was observed at 0.82 V. The reverse scan showed an irregular shape with an anodic 
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dip in current. The formation of an anodic dip on cathodic return scans has been observed 

before for (CoTSPc]4--catalysed oxidation of thiols and was attributed to the involvement 

of a complexation step during catalysis by [CoTSPct- species[l07J. 

EN v.s Ag/AgCI 

Figure 4.13 Cyclic voltammetry of 0.01 mol dm-3 cysteine on (a) unmodified glassy carbon 

electrode and (b) CoTSPc-CMGCE. Electrolyte= 0.05 mol dm-3 H2S04. Scan rate 

= 100 mV s-1
. 

Fig. 4.14 (1) shows the 20th scan from the electrodeposition of [Co(II)TSPc]4-and Fig. 

4.14 (2) shows the enhancement in the wave attributed to the oxidation of [Co(II)TSPc(-

2)]4- to [Co(III)TSPc( -2)]3
- during electrocatalysis of cysteine. This indicates that it is the 

oxidation of [Co(II)TSPc(-2)t- to [Co(III)TSPc(-2)]3
- which catalyses the oxidation of 

cysteine. A broad ill-defined pre-anodic wave at lower potentials than the oxidation of 

cysteine is observed in Fig 4.13 b) and 4.14 (2). This wave is more noticeable at less 

acidic pH's and has been observed before[47J. This oxidation is not believed to be involved 

in the catalysis of cysteine. It is suggested here that it is due to the presence of some 

monomeric [Co(II)TSPc]4- species in solution. 
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Figure 4.14 

I (f!A) 
llOJ.lA 

1.0 0.80 0.60 0.4 0.2 

EfV vs AW AgCl 

Cyclic voltanunetry showing the peak due to the electrodeposition of 

[Co(II)TSPc{ from DMF (1), which is the final scan in Figure 4-12; and the 

enhancement ofthis peak at CoTSPc-CMGCE in the presence of0.005 mol dm-

3 cysteine (2) after cysteine oxidation. Electrolyte: 0.05 mol dm-3 H2S04 . Scan 

rate = 100 mV s-1. 

At pH 1 the cysteine is unionised and fully protonated. According to Halbert[lO?J the 

oxidation of cysteine is catalysed by the [Co(III)TSPc]
3

- species generated by the 

oxidation of [Co(II)TSPc]4
- in the forward voltammetric scan, Equations 4-13 and 4-14. 

Figure 4.15 shows a schematic representation of these reactions. 

[Co(II)TSPc]4
-~ [Co(ill)TSPc]3

- + e-

2[Co(lli)TSPcf- + 2RSH ~ 2[Co(ll)TSPc]4
- + RSSR 

Electrode MPc Layer 

( 
MPc+ RSH 

e 

Solution 

\_ 
RSSR Diffusion RSSR 

Equation 4-13 

Equation 4-14 

Figure 4.15 Schematic representation of electron transfer between CoTSPc-CMGCE and 
cysteine. 

127 



Studies have shown that addition of cysteine to [OMo(V)(OH)TSPct· solutions resulted 

in a shift to higher energies ofthe spectra of[OMo(V)(OH)TSPc]4
- in 0.05 M H2S04 [

1311. 

These spectral changes were associated with the co-ordination of cysteine to 

[OMo(V)(OH)TSPc( prior to the electron transfer reactions. It is also quite likely that a 

complex is formed between cysteine and [Co(II)TSPc]4
- prior to the electrocatalytic 

oxidation reaction. At these low pH's this is electrostatically feasible taking the positive 

charge on the cysteine into account. 

The enhancement of the anodic currents observed in Fig. 4. 13 b) on addition of cysteine is 

a consequence of electron transfers by Equations 4-13 and 4-14. [Co(II)TSPc]4
- is 

regenerated after electron transfer to the cysteine, a feature of an efficient catalyst. At 

these low pH's, the cystine formed as the product of the oxidation of cysteine remains in 

solution and does not contaminate the CoTSPc-CMGCE. For this reason the anodic 

currents shown in Fig. 4.13 b) were reproducible, and the chemically modified electrode 

did not suffer loss of catalytic efficiency. This was proven by reproducibility of current 

response after repeated measurements in a cysteine solution. 

Furthermore, the catalytic wave at 0.82 V associated with cysteine oxidation increased 

with the increase in cysteine concentration, Fig. 4.16. A plot of the variation of peak 

current, ip, with cysteine concentration, Fig. 4.17, was linear only at low concentration(< 

10-3 mol dm-\ At higher concentrations of cysteine, deviations from linearity for plots of 

ip vs cysteine concentration are expected. This may be due to the interactions between 

cysteine molecules at the electrode with increased competition for sites at the electrode as 

these become limited with increased cysteine concentration. 
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Figure 4.16 Cyclic voltammograms of cysteine on CoTSPc-CMGCE. Cysteine 
. -7 -3 -4 -3 

concentratiOns shown, a) to e) between lxlO mol d.m and 5xl0 mol d.m . 
-3 -1 

Electrolyte= 0.05 mol d.m H2S04. Scan rate= 100 mV s . 

3E-OS 
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= Ql 

t:: 2E-OS -::s u ---
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0 0.001 0.002 0.003 0.004 0.005 
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Figure 4.17 The variation of cysteine concentration with the anodic currents for the oxidation of 

cysteine on CoTSPc-CMGCE. Electrolyte = 0.05 mol d.m-3 H2S04. Scan rate = 
-1 

100 mV s . 

The lowest cysteine concentration that was detected using CV and CoTSPc-CMGCE was 

near 1 x 1 o-8 mol dm-3
, a value slightly higher than that observed for the detection of 

cysteine on CoPc[1261 carbon paste electrodes. 
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The mode of mass transfer of cysteine to the electrode was determined by measuring the 

anodic current at increasing scan rates, Fig 4.18. These values were plotted against the 

square root ofthe scan rate in the range 100 to 800 mV s-1
, Fig. 4.19. The linear relation 

found indicated a diffusion controlled cysteine oxidation. 

I~ 

1.2 0.8 0.4 0.0 

EN vs Ag/ AgCl 

Figure 4.18 Cyclic voltarnmograms on CoTSPc-CMGCE for the oxidation of 0.01 mol drn-3 

cysteine in 0.05 m~l drn-3 H2S04, at scan rates a) to g) between 100 and 800 mV s-1
. 
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Figure 4.19 Peak current versus the square root of scan rate (v~) for the oxidation of 0.01 mol 

drn-3 
cysteine in 0.05 mol drn-3 

H2S04 on CoTSPc-CMGCE. 

Solution-phase catalysis of cysteine was also observed at this low pH. Voltammograms 

similar to those shown in Fig. 4.13 b) could also be obtained for catalytic oxidation of 

cysteine by [Co(II)TSPc]4
- in 0.05M H2S04 and using unmodified glassy carbon 

electrodes. In this case, the anodic currents associated with cysteine were observed at 
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0.77 V as has been observed before(IO?J. The anodic current response for the solution­

phase catalysis of cysteine was reproducible only after bubbling with nitrogen in between 

repeated scans. It is believed that this convection action will remove oxidised species at 

the electrode-solution interphase. 

The oxidation of cysteine occurs at a relatively low potential when acidic solutions of 

[Co(II)TSPc]4
- are employed in catalysis, Ep = 0.77 V [I07J. The potentials obtained 

during the catalytic oxidation of cysteine with metallophthalocyanine complexes are a 

function of the oxidation potentials of the catalysts [131
]. The differences between the 

potentials obtained for the catalytic oxidation of cysteine on CoTSPc-CMGCE and those 

obtained for solution catalysis employing the same catalyst, may reflect the higher 

oxidation potential for the surface bound [Co(II)TSPct- relative to the potentials of this 

species in solution. Catalysts that result in a larger lowering of the oxidation potential for 

sulphydryl compounds are preferred since they make the electrochemical determination of 

the species more feasible. While this slightly lower oxidation potential is observed during 

solution-phase catalysis, it is countered by a slight loss in current response over catalysis at 

a chemically modified electrode. A further advantage of the use of the chemically modified 

electrode is that the sample, in this case cysteine, may be used for further analytical 

experiments as it remains uncontaminated by the [CoTSPct-. Any leaching of the 

[CoTSPct- from the electrode which could cause contamination of the cysteine and the 

loss of activity of the electrode, would be clearly visible as the solution would become 

discoloured. No leaching was observed for electrodeposited [CoTSPc]4
- GCE. 

4.4. 7 Voltammetric Response of Cysteine at pH = 8.4 

As electrochemical studies of amino acids and proteins are commonly conducted at slightly 

basic conditions, a more detailed electrode behaviour of cysteine at a pH of 8.4 was 

investigated. At this pH, solutions of [Co(II)TSPct- auto-oxidises cysteine to 

cystine[1°4
•
105

] as shown in Equations 4-2 and 4-3. It is thus not surprising that no anodic 
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currents were observed when CV's of solutions containing cysteine and [Co(II)TSPc t- at 

pH = 8.4 were recorded on unmodified glassy carbon electrodes. At the unmodified GCE 

in pH 8.4 Tris-HCl and in the absence of cysteine, the [CoTSPct- did not show clear 

anodic or cathodic waves associated with the redox couples. On the addition of cysteine a 

colour change from blue to green was observed. This is in keeping with what has 

previously been observed in the pH range 5 to 9[
1051. In this report,P05l ESR studies 

showed that cystine precipitated at pH's greater than 4, redissolving at pH 9.5 where the 

blue colour was restored. No colour change was observed for the same experiment at pH 

1. 

However, when CoTSPc-CMGCE's were employed for recording the voltammograms of 

solutions containing cysteine in Tris buffer at pH 8.4, CV's shown in Fig. 4.20 were 

observed. The peak for the oxidation of cysteine at this pH was observed at 0.85 V. 

There was thus no significant shift in potentials for cysteine oxidation on going from acidic 

to basic media. 

I (JJ.A) 

l lOf.t.A 

0.9 0.8 0.7 0.6 

E/V vs Agl AgCI 

Figure 4.20 Cyclic voltammetry of (a) CoTSPc-CMGCE in buffer solution in the absence of 

cysteine and (b). CoTSPc-CMGCE in 0.005 mol dm-3 cysteine. Electrolyte = 0.2 
-3 -1 

mol dm Tris-HCI, pH 8.4. Scan rate = 100 mV s . 

The cystine formed by the oxidation of cysteine precipitates out at pH's greater than 4,P05l 

inhibiting the activity of the electrode. Thus, the anodic currents for the oxidation of 
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cysteine on CoTSPc-CMGCE could only be observed for the first scan at this pH. 

Attempts to regenerate the CoTSPc-CMGCE by suggested methods of scanning from -

1.0 V; cleaning the electrode at this potential for 1 minute and dipping the surface into acid 

media[?!], were unsuccessful in regenerating the activity of the electrodeposited film for 

cysteine catalysis. The contamination of the electrode by cystine may also be a 

contributing factor to the decrease in anodic current observed at pH's above 4 (discussed 

further in Section 4.4.8). 

The fact that anodic currents are observed for the oxidation of cysteine on CoTSPc­

CMGCE at pH = 8.4 but not for solution catalysis at the same pH, suggests that when 

[Co(II)TSPct- is electrodeposited onto the electrode, it is not involved in the autocatalysis 

of cysteine that is observed in solution, Equations 4-2 and 4-3. Autocatalytic oxidation of 

cysteine by solutions of [Co(II)TSPct- in basic media[1051
, depletes its concentration to an 

extent that no anodic currents due to the oxidation of cysteine are observed and hence 

cysteine cannot be detected electrochemically under these conditions. 

The mode of interaction of the cysteine with the adsorbed [CoTSPc]4
- species is thus 

different from solution-phase catalysis. Previous research[106
] indicated that at [CoTSPct­

adsorbed on graphite, reduction of the central metal from Co(II) to Co (I), associated with 

autocatalysis, does not occur. 

As previously suggested[106l, and depicted in Fig 4.21, at high pH's the proton is 

dissociated from the RSH group before the electron transfer. The electrocatalytic oxidation 

of cysteine on CoTSPc-CMGCE may thus be summarised by Equations 4-15 to 4-17: 

RSH ~ RS- + H+ Equation 4-15 

[Co{lli)TSPc]3
- + RS- ~ [Co(II)TSPc]4

- + RS· Equation 4-16 

2RS· ~ RSSH Equation 4-17 

with the [Co(ill)TSPcf- being generated during the forward scan, according to Equation 

4-13 . 
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4.4.8 Cysteine Electrocatalysis at various pH's 

The voltammetric response of the electrodeposited [CoTSPc]4
- for cysteine catalysis was 

examined at various pH's and the faradaic current measured. The concentration of 

cysteine (0.005M) and other variables such as scan rate were kept constant. Current 

responses for the oxidation of cysteine increased with increasing pH up till pH 4 and then 

decreased with increasing pH. Only a very weak current response due to cysteine 

oxidation was observed at pH 9 and none at pH 10. 

The oxidation state of cysteine changes with pH according to Fig. 4.21. 

I pH:I 

H 
I 

HS -<(-COOH 

NH3+ 

0.71 

!Charge: 11 

H 
-H• I 
~ HS -e,-coo-
+ H• 

NH3+ 

pKal pi 

1.71 5.02 

+'h 0 

H 
-H• I 
~ -s -e-coo-
+ H• I 

NH3+ 

pKa2 
8.33 9.55 

Jh -1 

Figure 4.21 Oxidation state changes and change of cysteine with pH. 
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Fig. 4.21 takes into consideration the charge of the cysteine at these various pH's and the 

values for the charge are approximated. The current response may be a function of the 

charge on the cysteine. At low pH's, with a positive charge on the amino acid, higher 

current responses were observed. At these pH's the proton on the sulphydryl group has 

not yet dissociated. The proton on the carboxyl group is lost between pH 1 and 5, where 

the net charge on the amino acid becomes zero. The sulphydryl proton dissociates 

between pH 5 and 9.55, creating a net negative charge on the amino acid. Between pH 5 

and 9, lower current response for cysteine oxidation were observed at the CoTSPc-
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CMGCE. No current response was observed after pH 9 as the sulphydryl group is 

completely ionised. 

This data may be compared to previous studies[132l on the vitamin B12 catalysed oxidation 

of cysteine. For vitamin B12 adsorbed on glassy carbon electrodes, increases in catalytic 

activity for cysteine oxidation were observed between pH 3 and 7 and decreases from pH 

7 to 10. The decrease in catalytic currents may be associated with the unfavourable 

hydrogen evolution background at higher pH's. 

Another explanation takes into account the increasing overall negative charge of the 

cysteine with increasing pH. When in solution, [CoTSPc{ is expected to have four 

negative charges due to the sulphonate groups. [CoTSPc( is believed to adsorb to the 

electrode via the sulphonate groups. It is assumed that it is sterically impossible for all 

four groups to be involved in the adsorption and so those that are not would contribute a 

negative charge to the [CoTSPc(. The overall positive charge on the cysteine at pH's 

below 4 could thus indicate a favourable electrostatic interaction at the CoTSPc-CMGCE 

electrode, while negative charges beyond pH 5 could be linked to unfavourable 

electrostatic interactions via repulsion of the negatively charged species and hence a 

reduced catalytic activity. 

Another theory relates to the effects of aggregation of the MPc on catalytic function. At 

neutral pH, the Q band at 670nm, Fig. 4.22 b), associated with the monomeric species, 

became more resolved on addition of cysteine to a [CoTSPct- solution, showing that the 

interaction between cysteine and [CoTSPc( at this pH is with the monomeric species[133l. 

135 



AOS 

0 .~00 

4 00.00 600.00 800 . 00 

NM 

Figure 4.22 UV spectral changes on addition of cysteine b) to a solution of Co(II)TSPc a) in 
pH7 Tris-Buffer. 

The difference in structure of [CoTSPc]4
- in acidic and alkaline electrolytes has been 

discussed for [CoTSPct- adsorbed at an OPG electrode[49
]. While an equilibrium exists 

between the monomeric and dimeric forms of the :MPc's in alkaline solution, these authors 

suggested that, when adsorbed onto an electrode, [CoTSPct- may be dimeric in alkaline 

conditions, involving even higher aggregates at acidic conditions. If this situation is to be 

envisaged, then two waves should be seen in the case of the oxidation or reduction of a 

mixed valence dimer[49
]. 

This may explain the appearance of two oxidation waves when a CoTSPc-CMGCE was 

placed into a cysteine solution of pH 4, shown in Fig 4.23 1 a) and 1 b). The peak denoted 

as 1 b) dominated over peak 1 a) at lower pH's, with the latter ill-defined and visible as a 

broad current response. If higher aggregates dominate at lower pH's as suggested for 

solution-phase studies of [CoTSPc( [122
], then this may explain the dominance observed. 

Only at weakly acidic pH's as shown for pH 4, could both these waves be observed 

following electro catalytic oxidation of cysteine. While the role of the peak at 0. 84 V has 

been assigned to the catalytic oxidation of cysteine, evidenced for example by its cysteine 

dependent current response, the role of the peak at 0.61 V in catalysis of cysteine, is 
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unclear. It was suggested in Section 4.4.6 that this wave was due to monomeric species in 

solution. Peak 1 a) showed no dependence on cysteine concentration. Fig. 4.23 2 a) and 2 

b) shows the current response observed on placing a CoTSPc-CMGCE into a pH 1 

solution, containing no cysteine. Peak 2 b) is due to the oxidation of [Co(ll)TSPc(-2)t­

to [Co(III)TSPc(-2)]3
- . Peak 2 a) may arise from the splitting due to stabilisation of 

[Co(ll)TSPc(-2)]4-mixed valence species, such as [Co(III)TSPc(-2) • Co(II)TSPc(-2)f- I 

[Co(II)TSPc( -2)h S- as suggested for Co(II)Pc[IIO] in solution. 

Peak 2 a) and 2 b) as shown by overlapping of these CV's, may be linked with peak 1 a) 

and 1 b), respectively. There is almost no difference in the current response of peak 2 a) 

and 1 a), suggesting that peak 1 a) has no role in the electrocatalytic oxidation of cysteine 

at CMGCE's. The large difference between peak 2 b) and 1 b) in the presence of cysteine 

again corroborates the finding that this peak is associated with sulphydryl oxidation at the 

CMGCE. 

.-l(b) 
~----~~----~----~----~----~· 

1.2 1.0 0.8 0.6 0.4 0.2 

EfV vs Agl AgCl 

Figure 4.23 Cyclic voltammetry ofO.Ol mol dm-3 
cysteine on CoTSPc-CMGCE in pH 4 buffer 

solution (1) and (2) CV of CoTSPc-CMGCE in the absence of cysteine at pH 1, 
0.005M H2S04. Scan rate= 100 mV s-1. 

Dimers or aggregates of [CoTSPct· have been shown to be more active than the 

monomeric species for oxidation of mercaptoethanol[134
). If higher aggregation associated 
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with low pH's is assumed to result in better catalysis, this may explain the decrease in 

catalytic activity observed in these studies with increased pH. The anodic wave obtained 

at high pH of 9, of weaker current response, may be associated with the prevailing 

monomeric species in alkaline solution. 

The catalysis of cysteine oxidation observed above differs from the autocatalytic oxidation 

of cysteine by [CoTSPct-, monitored by ESR and ultraviolet spectroscopy[IOSJ. Notably, 

the increase in autocatalytic oxidation of cysteine observed from pH 4 to 9 contrasts with 

the decrease observed in this research. The reaction when monitored electrochemically is 

fundamentally different. In addition, [CoTSPct- behaves differently in solution and when 

immobilised at the electrode. 

However, solution-phase catalysis of cysteine, at an unmodified electrode by [CoTSPct­

concurs with catalysis at a CoTSPc-CMGCE at pH's below 4. 

4.4.9 CoPe at Chemically Modified Glassy Carbon Electrode 

[CoTSPc]4
- is the tetrasulphonated derivative of CoPe. The primary difference is that 

CoPe is insoluble in aqueous solutions, while [CoTSPc]4
- is soluble in aqueous media at all 

pH's. Both are soluble in non-aqueous, organic media. Aqueous solution-phase catalysis 

is thus only possible with [CoTSPc{. CoPe at chemically modified electrodes may offer 

an advantage in aqueous solutions as it is not expected to leach off into the solution. A 

glassy carbon electrode was modified by the drop-dry method, and by electrodeposition of 

CoPe, as explained for MPc complexes in Section 4.3.4. The efficiency of both methods in 

the catalytic oxidation of 0.0066 mol dm-3 cysteine were tested for cysteine solutions of 

pH 1 and pH 8.4. 

Using the drop-dry method for deposition of CoPe onto the electrode, no catalytic wave 

due to cysteine oxidation at pH 8.4 was observed. However, this electrode showed 

catalytic activity for cysteine oxidation at pH 1. 
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The electrode modified by electrodeposition of CoPe showed no catalytic wave due to 

cysteine oxidation at pH 8.4. This electrode, however, showed a strong catalytic wave 

due to cysteine electro-oxidation at pH 1. The strength of the current response was larger 

than that observed for the electrode modified by the drop-dry method in the same cysteine 

solution at pH 1. 

So, at pH 8.4, CoPe electrodes modified by both drop-dry and electrodeposition, showed 

no catalytic activity for cysteine oxidation. At pH 1, however, electrodes modified by both 

methods of preparation of the CoPc-CMGCE, catalysed the oxidation of cysteine. 

Previous research by Kok et al(4?) showed that the drop-dry method, which results in 

direct adsorption, produced higher current responses than at a CoPe containing carbon 

paste electrode. The results above indicate that CoPe when electrodeposited at a GCE 

produces higher current responses than the drop-dry method. 

Comparatively, [CoTSPc t- showed a slightly higher current response for cysteine catalysis 

at pH 1 at GCE modified by electrodeposition than did CoPe. 

The effects of the solvent used to dissolve the MPc complex prior to deposition onto the 

electrode were examined. When CoPe was dissolved in pyridine for the drop-dry method, 

no catalytic currents for cysteine oxidation were observed. Dissolving CoPe in DMF, 

however, facilitates the electrocatalytic oxidation of cysteine. This relates to the electron­

donating and withdrawing effects of the solvent. 
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4.4.10 Scanning Electron Microscopy (SEM) 

SEM photographs of [CoTSPct drop dried and electrodeposited at glassy carbon 

electrodes are shown in Fig. 4.24 a) and b) respectively and magnified 5000 times. The 

drop-dried film of(CoTSPc]4
- shows the film to be composed of tiny crystalsJ135

] For the 

electrodeposited film, Fig 4.24 b), these crystals are more evenly spread over the electrode 

and are smaller than those in Fig. 4.24 a). 

(A) 

(B) 

Figure 4.24 SEM photograph of a) CoTSPc-CMGCE, modified by the drop-dry method and b) 
CoTSPc-CMGCE, modified by electrodeposition. Magnification 5000 X. 
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Compounds deposited on carbon electrodes form a microcrystalline structure and not a 

thin film. Penning ionisation spectroscopy show that films of FePc deposited on graphite 

change structurally from a disordered layer, to a closely packed monolayer to an 

island.[121] 

The CoTSPc-CMGCE thus shows structural variation dependant on the mode of 

attachment of the modifier onto the electrode surface. This may affect the differing current 

responses, reproducibility and stability observed using the two techniques. 
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4.4.11 Cysteine Analysis via other MPc Electrodeposited at GCE. 

(i) Iron and Nickel MPc 

Fe(II)Pc and Ni(II)Pc were electrodeposited at GCE as described in Section 4.3.4. Only 

Fe(II)Pc showed increases in the anodic and cathodic waves on repetitive cycling of the 

modifier at GCE, indicating the formation of a conductive phthalocyanine film, Fig. 4.25. 

1.2 0.8 0 . 4 
E/V vs Ag/AgCl 

Figure 4.25 Electrodeposition of Fe(II)Pc dissolved in DMF containing 0.1 mol dm-3 TEAP, 

onto a glassy carbon electrode. Scan rate = l 00 m V s -l . 

When these CMGCE's were placed into solutions of cysteine at low pH, anodic waves at 

0. 70 V vs Ag/ AgCl corresponding to the catalytic oxidation of cysteine were observed for 

Fe(II)Pc (Fig. 4 .26) and only very weakly for Ni(II)Pc. Nickel does not form axial ligands 

readily, while iron and cobalt do, explaining why metallophthalocyanines of cobalt and iron 

readily catalyse the oxidation of cysteine. 
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112~ 

0.8 0.4 0 

EfV u; Ar/ Ag:J 

Figure 4.26 Fe(TI)Pc-CMGCE in 0.016M cysteine solution. Electrolyte: O.OOSM H2S04. Scan 
-1 

rate: 100 mV s . 

At Fe(II)Pc-CMGCE, the cysteine oxidation wave decayed on the subsequent scan and 

after the third scan, no oxidation wave was observed. This indicated the decomposition of 

the CMGCE by the oxidation products of the cysteine oxidation. The activity of the 

electrode could not be restored by other means except for recoating with Fe(II)Pc. 

ii) Molybdenum 

OMo(V)(OH)Pc did not form a conductive film at the GCE during repetitive cycling from 

pyridine. OMo(V)(OH)Pc dissolved in pyridine was attached to the GCE by the drop-dry 

method explained in Section 4.3 .4. When this CMGCE was placed into a cysteine solution 

of pH 2.5, only a weak anodic wave corresponding to cysteine oxidation was observed. 

However, OMo(V)(OH)Pc chemically modified by incorporation into the matrix of carbon 

paste has been reported to catalyse the oxidation of cysteine at 0.33 y (l3lJ. It may thus be 

inferred that the sensitivity of OMo(V)(OH)Pc in the catalytic electro-oxidation of cysteine 

is dependent on the method of modifying the electrode. 

OMo(V)(OH)Pc is insoluble in aqueous solutions. To examine the solution-phase catalysis 

of cysteine by molybdenum MPc's, [OMo(OH)TSPc]
4

- was used. When cysteine was 

added to solutions of [OMo(OH)TSPc{ in pH 2 buffer, an anodic wave was observed at 

0.32 V vs Ag/AgCl. This wave increased with increasing concentrations of cysteine. The 
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[OMo(OH)TSPc]4
- solution-phase catalysis of cysteine has been reported at 0.29 V vs 

Ag/AgCl in O.OSM H2S04[IJI]. The significance of these findings is the marked lowering 

in the overpotential for cysteine electro-oxidation. The disadvantage is that only cysteine 

concentrations in excess of 0.01M brought about current responses. The CoTSPc­

CMGCE produced was sensitive for cysteine oxidation at concentrations as low as 1 x 10 -

8 mol dm-3
, as reported in Section 4.4.6. 
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4.5 CONCLUSIONS 

The following conclusions may be drawn from this work. A glassy carbon electrode 

modified by electrodeposition of[(CN)2RuPc]2
- showed catalytic activity for the oxidation 

of cysteine. Electrodeposition of a strongly adherent film proceeded best from a pH 9 

buffer. The interaction with cysteine is believed to be mediated by a ring oxidation and not 

that of the central metal. The oxidation wave for cysteine catalysis was observed at a 

lowered potential of0.43 V vs Ag/AgCl. This potential relates to the first oxidation of the 

:tv1Pc species at 0.33 V vs Ag/AgCI. Sensitivity for electrocatalysis of cysteine was in the 

millimolar range. 

For those .MPc complexes believed to interact with cysteine via the central metal, the 

electrocatalytic efficiency for cysteine oxidation was metal dependant. The sensitivity of 

the electrode for the catalytic oxidation of cysteine also showed a dependence on the 

formation of a conductive phthalocyanine film during electrodeposition. Ni(II)Pc and 

OMo(V)(OH)Pc did not readily form conductive phthalocyanine films. These electrodes 

showed poor sensitivity for the catalytic oxidation of cysteine. The solution-phase 

catalysis of cysteine by [OMo(OH)TSPc]
4

- was observed at 0.32 V vs Ag/AgCl. The low 

overpotential exhibited is countered by a low sensitivity for cysteine analysis. Fe(II)Pc 

readily formed a conductive phthalocyanine film during electrodeposition from DMF. This 

electrode catalysed the oxidation of cysteine at 0.70 V vs Ag/AgCl at low pH. The 

electrode activity, however, could not be readily regenerated. 

[Co(II)TSPc]4
- formed strongly adherent films during electrodeposition of this modifier 

onto GCE. The direct electrodeposition of CoTSPc onto a GCE showed good 

reproducibility and sensitivity for the catalytic oxidation of cysteine at pH's below 4 and 

cysteine concentrations in the micromolar range. The CoTSPC-CMGCE catalysed the 

oxidation of cysteine at 0.82 V vs Ag/AgCl at low pH. This technique is suitable for the 

quantitative analysis of cysteine analysis ex situ, offering the advantage over solution-phase 
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catalysis by not destroying the sample. At pH's greater than 4, [Co(II)TSPc] 4
- catalysed 

oxidation of cysteine is possible by electrodeposition and not by solution-phase catalysis. 

A limitation is the expected precipitation of cystine which irreversibly degrades the 

catalytic activity of the electrode, but analysis is still possible at higher pH's by renewed 

electrodeposition. Solution-phase catalysis is limited to low pH values. However, 

electrodes modified by adsorption and electrodeposition of [Co(II)TSPc] 4- can be utilised 

in both acidic and alkaline media, making this technique and MPc more feasible for analysis 

of cysteine containing proteins. 
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Chapter Five 

Voltammetric Studies of Metallothionein 

5.1 INTRODUCTION 

The quantification of cysteine provides a means for the quantification of cysteine­

containing proteins. One such protein with a high cysteine content is metallothionein 

(MT). 

Metallothioneins were first discovered in 1957 by researchers Margoshes and Vallee. 

These authors were searching for a tissue component responsible for the natural 

accumulation of cadmium in horse kidney cortex. This was named metallothionein. [1 361 

It was found to be a sulphur containing protein of low molecular weight ( 6000-7000 

g/mol) usually containing 61 amino acids with an unusually high amount of cysteines, (at 

least 30%) and containing no aromatic compounds. [136
•
137

•
138

•
1391 One of their most 

remarkable features, is the wide range of metals they bind. The cysteines, in the reduced 

form, are co-ordinated to the metal ions through mercaptide bonds[136l. The metals 

include the group 11 and 12 metals, cadmium(II), zinc(II), copper(!), mercury(II), gold(!), 

silver(IP 36
] and cobalt(II), nickel(II), and bismuth (III)[9

S]. 

The primary sequence of metal-free metallothionein is that of a random chain containing 

no disulphide bonds but where all the cysteine amino acids are available for co-ordination 

to metals. This peptide chain is cross-linked by the formation of cys-metal-cys bonds 

forming a metal binding site (cluster) enclosed and protected by the hydrophilic envelope 
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of the peptide chain. The three dimensional structure shows cluster formation in 

mammalian peptides where metals are bound in one of two domains, termed as the alpha 

(the C-Terminal) and beta (N-terminal) metal binding domains. These consist of 20 

cysteines containing 8 bridging thiolates and 12 terminal thiolates and are insulated from 

the environment except, for two deep crevices providing access to the metal-thiolate 

centres in each domain[951. 

The ratio in which the metals bind the 20 cysteine ammo acids of metallothionein is 

generally 7 for Co(II), Cd(II) and Zn(II); 12 for Cu(l) and Ag(I) and in isoforms of 7, 11 

and 18 for Hg(IIP401. These metals are bound to the thiolate ligands in the two domains. 

For example, for Zn7(11) and Cd7(1l) (7 denoting the number of metal ions) the 7 metal 

ions are bound to the 20 cysteines as the M3S9 cluster in the beta domain and the M4S11 

cluster in the alpha domain[951. Mx refers to the number of metal ions bound to the 

number of cysteine groups, Sx· 

In mammals, at least two major isoforms of metallothionein have been isolated, referred to 

as MT1 and MT2. The isoforms differ slightly in amino acid composition and isoelectric 

point, with no spectroscopic evidence that that they differ in their metal binding 

properties[1401. A brain specific isomer, MT3, contains 68 amino acids as opposed to the 

61-62 amino acids in MT1 and MT2[l411. 

MT's have been found not only in vertebrates but in invertebrates, plants, eukaryotic 

micro-organisms and some prokaryotes. It is thus believed that metallothioneins were 

produced by living systems very early in evolution. Three classes of metallothioneins have 

been identified to date. [136
'
951 

Class I proteins include the mammalian peptides, with 60-62 amino acids (1 /3 cysteine), 

grouped as cys-x-cys and cys-x-x-cys units, where x represents a noncysteine amino acid 

and cys represents cysteine. Structural studies have relied on NMR e 11Cd, 113Cd and 1H) 

and on X-ray spectroscopic experiments. The class II proteins from yeasts and fungus, 

contain about half the number of cysteines of class I. They have a metal-thiolate cluster in 
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a single domain with an MsS12 core. The class III peptides are the garnma-glutamyl 

cysteinyl isopeptides found in yeast and plants and these bind Zn(ll) Cd(II) and Cu(I). [951 

While naturally occurring metallothioneins are generally isolated as Zn(II) and Cd(ll) in 

class I, and as Cu(I) in class II, mixed-metal metallothioneins have also been isolated. 

These are generally Cd,Zn-MT and Cu,Zn-MT mostly found in class I MT, and Cu,Cd-MT 

found in class II MT's. For these mixed-metal clusters, there appears to be a preference in 

binding domain, with Cu(I) showing preference for the beta domain and Cd(ll) for the 

alpha domain. [951 

5.1.1 Biological Role of MT 

Almost forty years after their discovery, researchers are still unable to define a specific 

biological role for MT. This is because of the inducibility both in vitro and in vivo by a 

variety of agents and conditions. These include abundance of metal ions [137
•
1421 (reaching 

toxic levels), certain hormones, cytokines, growth factors, tumour promoters, and physical 

and chemical stress. [1431 Usually the form of the protein induced by these agents is either 

the zinc or copper containing metallothionein. 

In mammalian systems, metallothionein has been found mainly in the liver and kidney. 

While MT has also been found in localised areas of the brain, MT appears to function 

mainly in the peripheral organs concerned with detoxification. In renal metallothionein, 

cadmium is the dominating metal while in metallothionein from the brain [1441 and liver, 

zinc is the dominating metal[145l. The relationship between the tissue concentrations and 

toxicity of group 11 and 12 favours the role of metallothionein in limiting intracellular 

concentrations of reactive heavy metals and shielding cellular structures from the hannful 

influences of toxic metals[95l. However, as the form of MT isolated usually contains 

copper or zinc, MT may function in homeostatic control of these biologically essential 

metals[136l. 
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MT has been detected in foetal tissue suggesting a prenatal and postnatal role and in nearly 

every tissue of the body, fostering ideas of a possible role in maintaining oxidation and 

reduction potentiall139l. 

Considering the causative role played by cadmium in the Japanese affliction, the "itai itai" 

disease, the link between cadmium dietary intake and stimulated physiological levels ofMT 

proposes a role in cadmium detoxification. However, while protecting the kidney from 

acute cadmium toxicity, the low molecular weight of Cd-MT causes it to accumulate in 

this organ, leading to chronic toxicity[145l. Wilson's and Menkes' diseases, which involve 

incorrect metabolism of copper, have been associated with metallothionein through its 

Cu(I) binding reactions. The liver and kidneys play an important role in the metabolism of 

copper in mammals and indeed the presence of metallothionein in livers of patients 

suffering from Wilson's disease, implies a corrective role[95
•
146l. It has been suggested that 

Cu overload may be due to compromised MT biosynthesisl146l. 

The range of metals that induce metallothionein is large and generally the MT form 

induced is either bound to the challenge metal (the metal administered to induce MT 

synthesis) or bound to Zn(II) or Cu(I). 

Metallothionein production is controlled at a genetic level[951
. When metal accumulation 

in the liver reaches toxic levels, the apoform of MT, apo-MT or thionein production is 

stimulated by the 'switching on' of the gene coding for its production. The thionein 

produced binds to the metal which activated its synthesis, forming a metallothionein. 

More thionein gets produced if required and subsides when metal levels reach normal 

levels. This involves a feedback mechanism at the genetic level coding for thionein 

production. If the metal is an essential metal such as zinc or copper, the thionein acts as a 

transient storage site. The thionein releases the metal when their levels drop. If not 

required by the body, the MT gets excreted. The thionein may also act as a transport 

protein by moving metals in between tissues where they are needed e.g. in zinc-dependent 

processes in replication, transcription and translation of DNA [241 

150 



In vitro experiments show an even broader range of metals that bind metallothionein, 

including Pt(II), Tc(IV) and Fe(II). Metals bind readily to the apoform of metallothionein 

with the order of binding constants following the general order as exhibited by inorganic 

thiolates, Hg(II)> Ag(I)~Cu(I)>Cd(II)> Zn(II). 

MT's inducibility by other factors have proposed a larger physiological function for 

metallothionein, implying that binding metals may not be its sole or primary role. The thiol 

groups on MT have been shown to bind the toxic hydroxyl radical as effectively as 

glutathione. The thiols are believed to be regenerated by glutathione. The mechanism 

involved is unclear but it may follow the same pathway as glutathione. Evidence of metal 

exchange with iron at sites where the iron induces free radicals has also been observed. 

This is conceivable considering the high affinity of iron for thiol ligands. The kinetic 

lability of the group II metals they bind and the chemistry of the nucleophilic thiol group 

indicates that the metallothioneins may offer protection against electrophiles, alkylating 

agents and radical species.[146l The recent detection of metal-free thionein in a range of 

tumour cells in mice and rats[9
SJ raises obvious questions. 

5.1.2 MT Analysis 

5.1.2.1. Non-electrochemical methods 

A major drawback in assigning function has been the lack of a measurable biological 

activity in analysis and quantification of MT. Researchers have been forced to consider 

unique structural aspects of MT to provide analytical procedures. Direct determination of 

the protein moiety by UV spectroscopy, immunological assays, or colour reaction by the 

Folin-Ciocalteu or Biuret reagent, [147
) and indirect methods such as estimates of metal 

binding and sulphydryl content, provide the basis for MT analysis. [1481 

Metallothionein contains no aromatic compounds, a feature utilised in absorption 

spectroscopic analyses of proteins. Its concentration may, however, be determined by the 

absorption of the apoprotein[92l. 
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The immunological approach is an enzyme-linked immunoabsorbent assay. It affords the 

specificity inherent in antibodies and the sensitivity of either isotope counting or enzyme­

catalysed reactions, offering analysis in most body fluids including plasma and urine. A 

disadvantage is that it may suffer from a lack of interspecies cross-reactivity by binding 

non-MT proteins as well. An important consideration in determining total MT content 

with this technique is that the presence of different isoforms in biological tissue do not 

differ in their specificities to the antibodies used. [148
•
1491 

Other assay methods utilising the metal-binding characteristic ofMT's rely on saturation of 

metal-binding ligands with group 11 and 12 heavy metals. When employed with 

radionuclides, this can be a very sensitive analytical tool, but can be time-consuming in 

terms of creating conditions where the radionuclide binds specifically to the MT[1481. In 

this technique the presence of non-MT proteins is of minor importance as these are 

generally of high molecular weight, and their interference easily removed by their heat or 

acid denaturation[149
]. 

In selecting an analytical technique, the metals bound to the MT are of considerable 

importance as metal composition affects heat stability, sensitivity to oxidation and the pH 

dissociation of the metals. In immunological techniques the type of metals are of limited 

importance. However, with metal affinity assays the differing affinities for proteins is a 

concern. For chromatographic and photometric analysis ofMT, the metal composition can 

affect the observed absorption spectrum. With chromatographic techniques, resolution is 

affected by high non-MT protein to MT protein ratios. [1491 

5.1.2.2 Electrochemical Methods 

The high content of cysteine has been utilised for electrochemical quantification, the 

analytical tool in which much progress has been made. Electrochemical methods 

overcome many of the shortcomings of alternate methods of detection. The advantage is 

that it is rapid, reproducible and species independent. Using differential pulse 

polarography (DPP), Brdicka[ISO] devised a technique for cysteine quantification. Further 
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explored by Palecek and Pechan, [147
) it was only in 1973 that Kehr adopted the technique 

for MT analysis. The technique was also adopted for analysis of cysteine in 

haemoglobin[lSlJ_ The DPP method of analysis has subsequently been refined[l 38
•
152

•
153l 

and described in detail below. [1481 

DPP Technique 

At a dropping mercury electrode, the current difference between two time 

measurements is repetitively made at a renewed mercury droplet, while the 

polarographer scans a potential range. [1481 

The basis of the Brdicka DPP assay for protein is the generation of catalytic double 

waves from SS/SH- containing proteins in a hexa-ammine cobalt chloride supporting 

electrolyte. The electrode process is unclear, but it was suggested that the cobalt 

from the electrolyte co-ordinates to the protein, from which hydrogen is catalytically 

released[147l. Electrodeposition of the cobalt complex onto the mercury electrode 

catalyses the reduction of the ionised sulphydryl groups. The sulphydryl groups are 

reduced by accepting hydrogen atoms from the supporting electrolyte, producing a 

cathodic current response. It was proposed that the cobalt-protein co-ordination 

bond is preserved upon electrodeposition, facilitating the proton reduction. The 

resulting cathodic wave height is then a function of the number of thiol groups 

adsorbed onto the electrode and is controlled by the recombination rate of ionised 

sulphydryl groups and protons. Wave potentials of the sulphydryl compounds so 

detected exhibited high overpotentials of -I. 41 V vs Ag! AgCl for cysteine and -I. 4 7 

V vs Ag/AgCl for a crab Cd-MT at a stationary mercury drop electrodeJ148l 

In addition to the redox active mercaptide groups, the redox activity of the metal groups 

provides for further electrochemical analysis. If metallothioneins are decomposed in acid 

solution then the metals released may be quantified by stripping voltammetry. 

Electrochemistry may also be used for characterisation of the metal-mercaptide clusters. 
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To this end, there has been much research using DPP or cyclic voltammetry in an effort to 

characterise and identify common features between different types of metallothioneins. [154 l 

Studies using cyclic voltammetry at a stationary mercury electrode showed the two step 

reduction ofMT, following electrolysis[154l: 

Equation 5-1 

Most electrochemical research on MT's have utilised mercury electrodes as the working 

electrode. It was noted that the adsorption of metallothionein and formation of mercury 

compounds (owing to the affinity of sulphur containing compounds for mercury surfaces) 

dominated over original MT peaks with time. Alternative MT analyses have been 

conducted at carbon composite and glassy carbon electrodes. At these electrodes 

apometallothionein (metal-free MT) could be distinguished from MT's, while slight 

differences in the voltammetric peaks ofCd-MT and Cd,Zn-MT, distinguished between the 

two types ofMT's.r154
] 

For freshly prepared MT at carbon composite and mercury electrodes, no anodic waves 

were observed around +0.8 V (vs Ag/AgCl) (potential indicative ofthiol oxidation). This 

is in support of the theory that metallothioneins contain neither free SH or SS groups. 

Only when oxidation of the MT occurred in the presence of air, or oxygen, or after 

decomposition of MT in stored solutions was any anodic oxidation at +0.8 V (vs 

Ag/ AgCl) observed. This was related to the formation of metal-free thiolate ions. [I 
54

] 
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5.2 AIM OF RESEARCH 

The development of techniques for the quantitative analysis of MT is of value for 

measurements during physiological experiments; in assigning its biological role; and for 

health reasons. Monitoring its concentrations in biological and environmental samples may 

be useful as early indicators of diseased states, such as heavy metal overload. 

The advantages of the Brdicka[148
] DPP method of MT analysis over non-electrochemical 

methods, is countered by the high overpotential exhibited. High overpotentials are not 

feasible in electrochemical analysis, as discussed in Section 4.1.1 . It is thus important to 

develop techniques which reduce the overpotentials for the electroanalysis ofMT. 

However, as with cysteine, MT cannot be oxidised at unmodified carbon electrodes due to 

its large background current. The use of chemically modified electrodes have shown 

significant lowering of the overpotentials associated with sulphydryl oxidation. There has 

been no research on the behaviour ofMT at chemically modified electrodes. 

In this thesis a method for MT quantification at chemically modified electrodes, is 

proposed. The quantitative determination is based on the high concentration of cysteine. 

As MT comprises 1/3 cysteine, quantification of cysteine would provide estimates of MT 

concentration. The catalytic activity of metallophthalocyanines towards the sulphydryls, as 

discussed in Chapter 4 is examined as electrode modifiers for electrocatalytic oxidation of 

MT. :MPc's studied are [CoTSPc{, [NiTSPct-, [FeTSPct-and [CuTSPct-. 

Apart from this work, cysteine oxidation has only been observed following the 

decomposition ofMT[154J, as discussed before in Section 5.1.2.2. The technique proposed 

is aimed at the design and utilisation of chemically modified electrodes for analysis of 

undecomposed MT. 

Comparisons will be made of the electrochemical behaviour of animal-MT isolated from 

the liver of a local farm animal and Cd,Zn-Metallothionein obtained from Sigma. 
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5.3 EXPERIMENTAL 

5.3.1 Reagents and Analytes 

Preparation ofMT from animal liver 

Triply distilled deionised water was used in all experimental work. NaCl, 0.9%, required 

for the sample preparation was prepared by dissolving 0.45g analytical grade NaCl in 50ml 

of distilled deionised water. For electrochemical measurements, a 0.2M Tris-HCl buffer 

was prepared weekly from a stock solution of 1M Tris solution. The pH was adjusted to 

8.4 by the addition of0.2M HCI. 

Metallothionein was isolated using published procedures[148
•
153l. 200mg liver tissue was 

homogenised in lOml of a 0.9% NaCl solution using a probe homogeniser. The sample 

was then centrifuged at lO,OOOg (11600rpm) at 4° for twenty minutes to remove excess 

tissue which can cause loss of metallothionein by coprecipitation in the saline. The 

supernatant was subjected to heat denaturation in a boiling water bath for five minutes at 

90-95°C. This step denatures most proteins with cysteinyl residues (which may distort the 

cysteine reduction wave) but not the heat stable metallothionein. The flocculent material 

was removed by centrifugation at lO,OOOg at 4° for 20 minutes. The sample was kept at 4 

°C in the dark until needed. 

StandardMT 

Standard rat Cd,Zn metallothionein (Cd,Zn-MT) was purchased from Sigma Chemicals 

and used without further purification. 

Modifiers 

Na4[Co(II)TSPc] was synthesised and characterised as described before in Sections 4.3 .2 

and 4.4.4. Iron(II), nickel(ll) and copper(II) tetrasulphophthalocyanine complexes, 

Na4[Fe(ll)TSPc], Na4[Ni(IT)TSPc] and Na4[Cu(II)TSPc], were synthesised in a similar 
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manner as described for Nt4[Co(II)TSPc ], except that the appropriate metal salt was 

substituted for that of the cobalt salt. These were FeC13 (Unilab ), NiC12 (Aldrich) and 

CuCh (Unilab ), for iron(II), nickel(II) and copper(II) tetrasulphophthalocyanine 

complexes, respectively. IR spectra for Na4[Fe(II)TSPc] and Na4[Ni(II)TSPc] are shown 

in Appendix 2 and 3 and the data tabulated in Appendix 1. 

Solutions of cysteine were prepared fresh daily in Tris-HCl buffer ofpH 8.4. 

5.3.2 Apparatus 

The three electrode cell, voltammetric analyser and spectrophotometer as described in 

Section 4.3.3 was used for these studies. The glassy carbon electrode was chemically 

modified with [MTSPc]4
-, where M =Co, Fe, Ni or Cu, by electrodeposition as described 

before for cysteine analysis, Section 4.3 .4. 

A Beckman Model J2-21 centrifuge machine with a JA-28 Rotor was used m the 

preparation of the sheep liver sample. 

All glassware was washed in hot soapy water; rinsed in water and soaked in 55% HN03 

for 24 hours to free glassware of metal contamination. The glassware was then soaked for 

12 hours in distilled deionised water and rinsed with copious amounts of distilled deionised 

water. Stringent methods for cleaning of electrodes were also conducted, as described in 

Section 4.3.4. 

5.3.3 Electrochemical Methods 

Animal Metallothionein 

Metallothionein of known volume extracted from animal liver was placed directly into a 

glass cell with a known volume of Tris-HCl buffer. The solution was degassed for 5 

minutes with nitrogen. A constant flow of nitrogen was held throughout the experiment. 

157 



The MPc-CMGCE was prepared as before in Section 4.3.4 by electrodeposition from a 

solution of the MPc in distilled DMF. Once modified, the electrodes were placed inside 

the cell and the working electrode scanned in the potential range of 0 to 1200 m V. 

Standard metallothionein 

Standard MT solutions were prepared by dissolving Cd,Zn-MT from Sigma in O.lM Tris­

HCI buffer. As with the animal liver metallothionein, a known mass of the MT solution 

was placed inside a glass cell with Tris-HCI buffer, pH 8.4 and degassed with nitrogen for 

5 minutes. The MPc-CMGCE was scanned between the potential range 0 to 1200 mV, 

while the solution was deaerated with a constant flow of nitrogen gas. The working 

electrode was cleaned and chemically modified between voltammetric scans. 

Cd,Zn-MT solutions of different concentrations, were prepared by dilution with Tris-HCI. 

These were scanned for sulphydryl content using a MPc-CMGCE in the potential range: 0 

to 1200 m V. The glassy carbon working electrode was again cleaned and chemically 

modified between voltarnmetric determinations for each solution. 

For voltammetric analysis of both standard and animal liver MT, comparisons were drawn 

of the analytical utility of different MPc's. Voltammetric measurements were conducted at 

the CMGCE in buffer solutions in the absence and presence of MT, and at unmodified 

GCE in solutions of MT. 

Once scanned for sulphydryl content MT solutions were kept in a fridge overnight. These 

solutions were allowed to reach room temperature for 2 hours before voltammetric 

analysis. Cyclic voltammetric scans were repeated on these MT solutions under the same 

conditions as the previous day, in order to draw comparisons of sulphydryl content over 

prolonged periods. 
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5.4 RESULTS AND DISCUSSION• 

5.4.1 Voltammetric Response of Rat Cd,Zn-Metallothionein 

Fig. 5.1 shows the electrodeposition of [CoTSPct- onto the GCE. Increases in the anodic 

and cathodic waves on repetitive scans show the formation of a conductive phthalocyanine 

film, as explained in Section 4.4.5. 

I(~) 

1.0 
-{).2 

0.8 0.6 0.4 0.2 0 

E/V VS Ad AgCl 

Figure 5.1 Electrodeposition of [Co(II)TSPc]
4
-, dissolved in DMF containing 0.1 mol dm-3 

TEAP, onto a glassy carbon electrode. Scan rate = 100 m V s -
1
. 

Fig. 5.2 shows the CV obtained, on unmodified glassy carbon electrode, for freshly 

prepared solutions of rat Cd,Zn-MT in Tris-HCl buffer at pH = 8.4. No peaks are 

observed under these conditions, as has been observed before [1541. When a CoTSPc­

CMGCE was employed for the same solution of Cd,Zn-MT employed in Fig. 5.2, a sharp 

peak was obtained at 0.90 V vs Ag/AgCl, Fig. 5.3 a), implying that [CoTSPc]4
- catalyses 

the oxidation ofCd,Zn-MT. The last scan of the electrodeposition of [CoTSPc]4
- onto the 

GCE, Fig 5.1, is shown in Fig 5.3 b). Fig 5.3 b) shows the oxidation of [Co(II)TSPc]4
- to 

[Co(III)TSPc]3
- as explained in Section 4.4.5. The enhancement and potential shift of this 

* This work has been published in the following paper and is not referred to further in this chapter: Janice 
Limson and Tebello Nyokong, Voltammetric behaviour of Cysteine and Metallothionein on cobalt(II) 
tetrasulphonated modified glassy carbon electrodes, Electroanalysis, 1997, 9 (3), 255-259. 
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oxidation wave on placing the electrode into the Cd,Zn-MT solution, Fig 5.3 a), indicates 

that it is involved in the catalytic oxidation ofMT. 

Figure 5.2 

I(J.!A) 

t 12j.tA 

1.2 0.8 0.4 
EfV vs Agl AgCl 

Cyclic voltammetry of rat Cd,Zn-MT (2 ppm) on unmodified glassy carbon 
electrode on CoTSPc-CMGCE. Electrolyte = pH = 8.4 Tris buffer. Scan rate = 

-1 100 mV s . 

I (J.LA) 

I 13)-lA 

1.2 1.0 0.8 0.6 0.4 
E/V vs A!ifAgCl 

Figure 5.3 Cyclic voltammetry of (a) CoTSPc-CMGCE in absence of MT, (b) rat Cd,Zn-MT(2 
ppm) on CoTSPc-CMGCE. Electrolyte= pH= 8.4 Tris buffer. Scan rate= 100 
mV s-1

. 

The electrochemistry of MT is influenced by the metal ions and by the mercaptide groups. 

The cyclic voltammetry peak near 0.80 V in MT solutions has been associated with the 

oxidation ofthionein[154J. The peak observed at 0.90 V in Fig. 5.3 a) is thus assigned to 

the oxidation ofthe cysteine component ofCd,Zn-MT. The fact that this peak is observed 

at more positive potentials may be attributed to the effects of modifying the electrode with 
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the [CoTSPct- species. The potential of 0.90 Vis slightly higher than the potential for 

free cysteine oxidation of 0.85 V observed in pH 8.4 buffer, Section 4.4.7. The higher 

oxidation potential for the oxidation of cysteine in Cd,Zn-MT is not surprising since free 

cysteine is expected to be easier to oxidise than bound cysteine. As observed for free 

cysteine, no cathodic waves corresponding to the anodic wave at 0 . 90 V were obtained on 

the return scan in Fig. 5.3 a), hence showing an irreversible oxidation of the cysteine 

component of metallothionein. This correlates with the irreversible oxidation of the thiol 

group of free cysteine. 

A cathodic peak was observed at -0.90 V on scanning a potential window to -1.2 V 

following oxidation of Cd,Zn-MT shown in Fig. 5.3 a). This peak may be correlated with 

the subsequent reduction of the oxidation product of cysteine, cystine, as shown in Fig. 

5.4. The origin of the cathodic peak at -0.61 Vis not known but may be related to the 

oxidation products of the cysteine component of MT. Addition of zinc and cadmium to 

solutions containing Cd,Zn-MT, did not bring about increases in these cathodic peaks, 

indicating that the Cd,Zn-MT is not decomposed in this solution. Other researchers have 

commented on the presence of several smaller cathodic peaks on the return scan following 

cysteine oxidation (including the cystine reduction at -0.90 V) and attributed them to the 

history of the electrode and pH of the electrolyte solution . 

. I (~A) 

cystine 

0 ~-4 ~.8 --1.2 

E/V vs AlifAgCI 

Figure 5.4 CV of rat Cd,Zn-MT (2 ppm) on CoTSPc-CMGCE showing the return scan upon 
cysteine oxidation, with two cathodic waves attributed to the reduction of the 

oxidation products. Electrolyte pH = 8.4 Tris buffer. Scan rate = 100 mV s-1
. 
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The activity of the CoTSPc-CMGCE decreased after the first scan suggesting the 

poisoning of the electrode by adsorption of the oxidation products. On freshly coated 

electrodes, the anodic currents for the oxidation of Cd,Zn-MT were reproducible. The 

magnitudes of the anodic currents were unchanged even for Cd,Zn-MT solutions, in pH = 

8.4 Tris buffer, that had been stored at 4° C for 24 hours. When a freshly coated CoTSPc­

CMGCE was employed for cyclic voltammetry scans of different concentrations of Cd,Zn­

MT, an increase in current with Cd,Zn-MT concentration was observed, Fig. 5.5. Fig 5.6 

shows a plot of the current response measured vs Cd,Zn-MT concentration. The lowest 

concentration of metallothionein that could be detected on CoTSPc-CMGCE was 0.01 

ppm. The oxidation of Cd,Zn-MT on CoTSPc-CMGCE, following the electrochemical 

generation of [Co(III)TSPc ]3
- by Equation 5-2, may be represented by Equation 5-3: 

[Co(II)TSPc]4
- ~ [Co(lli)TSPc]3

- + e­

[Co(Ill)TSPc]3- +Cd,Zn-MT ~ [Co(II)TSPc]4
- + Cd,Zn-MT+ 

I (J.LA) 

1.2 1.0 0.8 0.6 0.4 

EfV vs Aw'AgCI 

Equation 5-2 

Equation 5-3 

0.2 

Figure 5.5 Cyclic voltammograms at CoTSPc-CMGCE showing the anodic current response for 
increasing concentrations of rat Cd,Zn-MT (1) 0.4 ppm; (2) 1.0 ppm and (3) 2.0 

ppm. Electrolyte pH = 8.4 Tris buffer. Scan rate = 100 m V s -I. 
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[Cd,Zn-MTVppm 

Figure 5.6 The variation of the concentration of Cd,Zn-MT with the anodic currents for the 
oxidation ofthe Cd,Zn-MT on CoTSPc-CMGCE. Electrolyte= pH 8.4 Tris buffer. 

-1 
Scan rate = 100 mV s . 
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5.4.2 Voltammetric Response of Sheep Liver Metallothionein 

At an unmodified GCE, no oxidation wave was observed for MT from sheep liver, as also 

observed for Cd,Zn-MT, shown in Fig. 5.2. Voltammograms shown in Fig. 5.7 a) were 

observed for the oxidation ofMT isolated from sheep liver at CoTSPc-CMGCE. Fig 5.7 

b) shows the last scan obtained on electrodeposition of the [Co(II)TSPct- species onto 

the GCE. The enhancement in the oxidation wave of [Co(II)TSPc]4
-, Fig 5.7 b), indicates 

its involvement in the catalytic oxidation of MT observed in Fig 5. 7 a). No peaks were 

observed on the return scan, indicating an irreversible oxidation of the MT. Addition of 

free cysteine to solutions of MT from different sources resulted in the increase in these 

anodic currents. 

I(~) 

1.0 0.8 0.6 0.4 0.2 

EfV vs A&' AgCl 

Figure 5.7 Cyclic voltammetry of (a) Sheep liver MT on CoTSPc-CMGCE and (b) CoTSPc­

CMGCE in absence of MT. Electrolyte = pH 8.4 Tris buffer. Scan rate = 100 m V s -l. 

The anodic peak 5.7 a) was observed at a higher potential, Ep = 0.98 V, than for rat 

Cd,Zn-MT purchased from Sigma. The higher oxidation potential may be related to the 

difference in the origin of the MT samples. Fig. 5. 8 shows the comparison of the oxidation 

potentials of a) rat Cd,Zn-MT at 0.90V, b) sheep liver MT at 0.98 V and c) cysteine at 

0.82 V. The lowest potential was observed for free cysteine. 
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1.2 1.0 0.8 0.6 0.4 

E(V) vs Ag/AgCI 

Figure 5.8 Comparison of cysteine oxidation potentials at CoTSPc-CMGCE for a) Cd,Zn­
Metallothionein, b) Metallothionein isolated from sheep liver and c) free cysteine. 

Since earlier studies have shown that peaks due to the -SH groups in MT were observed 

only in decomposed MT or following electrolysis, it was necessary to examine the 

possibility of the decomposition of Cd,Zn-MT under the conditions for electrochemical 

experiments discussed in this work. The anodic peaks for the oxidation of Cd,Zn-MT 

were observed for freshly prepared solutions. Peaks due to the reduction of free metals 

that are expected at -0.58 and -1.01 V for decomposed MT[lSS] were not observed for 

CV's of Cd,Zn-MT solutions at pH = 8.4, indicating that Cd,Zn-MT was not decomposed 

in solution. 

CV's, on unmodified glassy carbon electrode, of solutions containing MT and 

[Co(II)TSPct- showed no anodic peaks, implying that [Co(II)TSPc]4
- is not an effective 

catalyst in solution at pH = 8.4. This is in keeping with the data observed previously for 

free cysteine at this pH. When Cd,Zn-MT was added to solutions of [Co(II)TSPct in pH 

= 8.4 Tris buffer, the spectroscopic changes observed showed a reduction in the intensity 

of the Q band spectra of the [Co(II)TSPc { species without any changes in the 

wavelengths. This implied that some decomposition ofthe [Co(II)TSPct· catalyst occurs 
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in the presence ofMT. There was no spectroscopic evidence for the interaction of Cd,Zn­

MT with [Co(II)TSPct-. 

[Fe(Il)TSPct-, [Cu(II)TSPct- and [Ni(II)TSPct- were also examined as catalysts for MT 

oxidation. These studies were conducted following the same procedures as described for 

the electrodeposition of [Co(II)TSPc]4
- onto a GCE, Section 4.3.4. After 

electrodeposition onto the GCE [Fe(II)TSPc]4
-, [Cu(II)TSPc]4

- and [Ni(II)TSPct­

CMGCE, were tested for electrocatalytic oxidation of MT. When these MPc-CMGCE's 

were placed into solutions containing MT, no catalytic wave associated with the oxidation 

ofMT was observed, indicating that they did not catalyse the oxidation ofMT. 
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5.4.3 Voltammetric response of Metallothionein at low pH 

CV's of Cd,Zn-MT in acid solutions (pH = 2 Tris solution) and on CoTSPc-CMGCE 

showed evidence of the presence offree Zn2
+ and Cd2

+. The cathodic peaks observed at-

0.45 V and -1.07 V, Fig. 5.9 are attributed to the reduction ofthe free Zn2
+ and Cd2

+ ions, 

respectively. The peaks at -0.45 V and -1.07 V were enhanced by the addition of the 

respective metal ions. Free Cd2
+ and Zn2

+ ions are reduced at -0.58 V and -1.01 V vs 

Ag/AgCl, respectivel/1561. Metallothionein bound metal ions would be reduced at more 

negative potentials than free metals. The anodic peak observed at 0. 82 V for acid 

solutions ofCd,Zn-MT, Fig. 5.9, is attributed to the oxidation offree cysteine. This peak 

was broader than that observed for the oxidation of cysteine in Cd,Zn-MT at pH = 8.4 and 

is shifted towards more negative potentials by 0.08 V. The observation of the cysteine 

oxidation peak at 0. 82 V in acid solution is consistent with the presence of free cysteine in 

solution, observed at 0.82 V in Section 4.4.6. The free cysteine is produced by the 

decomposition ofMT in acid solutions. 

0.8 0.0 -0.4 -0.8 -1.2 

EN vs Ag/AgCI 

Figure 5.9 Cyclic voltammetry of rat Cd,Zn-MT dissolved in pH = 2 Tris buffer and on 
CoTSPc-CMGCE. (a) Cysteine oxidation (b) Cd2+ reduction and (c) Zn2+ 

reduction. Scan rate= 100 mV s-1
. 
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Solution-phase catalysis of Cd,Zn-MT by [CoTSPc]4
- at pH1 showed catalysis of the 

cysteine component of the metallothionein, Fig. 5.10. This cysteine component is again 

due to the decomposition of the MT at these pH's. Here a significant shift in oxidation 

potential to 0.95 V is observed. Higher oxidation potential is unfavourable for 

electrochemical analysis. The decomposition of the metallothionein is also unfavourable 

from an analytical viewpoint as it involves destroying the sample, making solution-phase 

catalysis at this low pH unfeasible. 

I(jJA) 

!151-J.A 

1.2 0.8 0.4 0 

EfV vs AwAgCl 

Figure 5.10 Cyclic voltanunetry of rat Cd,Zn-MT dissolved in pH = 2 Tris solution on 

unmodified glassy carbon electrode in [CoTSPc( solution. Scan rate = 100 mV s-1
. 
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5.5 CONCLUSIONS 

It was shown in this work, that electrodes modified by electrodeposition of [CoTSPct­

catalyse the oxidation of the organic part of Cd,Zn-MT. The anodic peak associated with 

the oxidation of the cysteine component of Cd,Zn-MT is observed at 0. 90 V at pH = 8.4 

when [CoTSPc]4
- modified glassy carbon electrodes are employed. There was no 

evidence for the decomposition of Cd,Zn-MT at pH = 8.4. Anodic peaks due to 

decomposed Cd,Zn-MT were observed at 0.82 V vs Ag/AgCl at pH = 2, and associated 

with the oxidation of the cysteine component of metal-free metallothionein. The CoTSPc­

CMGCE catalysed the oxidation of the cysteine component of MT isolated from sheep 

liver at 0.98 V vs Ag/AgCl at pH = 8.4. The difference in oxidation potentials of the 

current responses observed were attributed to the different origins of the MT species. 

It has been shown in this work that the adsorbed [CoTSPct- catalyses the oxidation of 

cysteine and MT at pH = 8.4, while there was no catalytic activity for solution-phase 

catalysis at this pH. Cysteine reduces the [Co(Il)TSPct- catalyst to the [Co(I)TSPc]5
-

species in basic media, whereas in the presence of the metallothionein spectes, some 

decomposition of [Co TSPc t- was observed in solution at pH = 8.4. 

The anodic currents observed on oxidation of Cd,Zn-MT were linear with MT 

concentrations on freshly coated CoTSPc-CMGCE (pH 8.4). These currents could be 

used in the analysis of this protein since the cysteine component of MT is generally known 

to be one-third of the total amino acids in MT. 
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Chapter Six 

Voltammetric Studies of Ferredoxin 

6.1 INTRODUCTION 

"One of the major assets of iron as a bioinorganic element is the fact that its ferric/ferrous, 

Fe3
+ /Fe2

+, transition is conveniently fine-tuned through its co-ordination chemistry over 

the better part of the redox potential range available to life. This property is frequently 

used in iron-sulphur proteins which act in electron transfer." [1571 

6.1.1 Iron-containing Proteins 

Iron is the most abundant transition metal on earth and as such is found in many proteins 

and enzymes in nature. Iron is incorporated into proteins in 3 general groups: non-haem 

iron proteins, haem-containing proteins and enzymes, and the iron-sulphur proteins. 

Non-haem iron: 

These are proteins involved in oxygen transport and in mixed function oxidases; in electron 

transport and storage. An example is methane mono-oxygenase which converts methane 

into fuels [6, 1581. 
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Haem-iron: 

These are proteins which contain the haem prosthetic group: a porphyrin containing 

macrocyclic ligand that co-ordinates iron. The major functions of these include: 

1. Transfer of electrons by redox proteins and enzymes e.g. cytochrome c 

2. Transporting (myoglobin) and binding (haemoglobin) oxygen 

3. Insertion of oxygen atoms or dioxygen into organic substrates e.g. cytochrome 

p450 in the respiratory chain 

4. Catalysis of organic reactions e.g. catalase peroxidase catalyses the oxidation of 

hydrogen peroxide to harmless water. 

Iron-Sulphur proteins: 

These are proteins which contain iron strongly bound to sulphur atoms. The iron-sulphur 

proteins are widespread throughout the plant and animal kingdom and function typically in 

electron transfer sequences in storage and donation of electrons in photosynthesis, 

respiration, hydroxylation reactions and in nitrogen fixation. They have also been 

associated with three other functions namely: non-redox catalysis, regulation of gene 

expression, and (multi) electron pair associated redox catalysisY57l 

The iron-sulphur proteins have been classified according to the number of iron atoms: the 

rubredoxins found in anaerobic bacteria, containing one iron atom tetrahedrally complexed 

with the thiol sulphurs of four cysteine residues; the ferredoxins and the so-called high 

potential iron-sulphur proteins, both of which contain more than one iron atom. 

6.1.2 Ferredoxin 

Ferredoxin is one ofthe most important members of the iron-sulphur proteins. Ferredoxin 

was the name given to this class of proteins, so named after its discovery in 1962 as the 

previously unknown electron carrier in the pyruvate metabolism of Clostridium 

Pasteurianum[1591. Ferredoxins are low molecular weight proteins composed of a simple 
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amino acid sequence. These amino acids envelop the iron-sulphur active site. Unlike 

other iron-sulphur centres such as the cytochromes, with more elaborate active centres, the 

ferredoxins do not in principle require complicated enzyme-catalysed pathways for their 

biosynthesis. This corroborates the widely accepted proposal that ferredoxins are probably 

the most primitive of electron transfer proteins[! OJ]. 

The ferredoxins consist of non-haem iron and sulphur complexed in three different ways: 

1. 2Fe-2S : Two Fe atoms complexed with two cysteine residues and two inorganic 

sulphur atoms. 

2. 3Fe-3S: Three Fe atoms complexed with three cysteine residues and three inorganic 

sulphur atoms. 

3. 4Fe-4S: Four Fe atoms complexed with four cysteine residues and four inorganic 

sulphur atoms. 

Figure 6.1 shows a structural representation of the simple iron-sulphur active sites at the 

centre of two types of iron-sulphur proteins. 

C@-n~A)>-@ 

~v~ 
b) 2Fe~S 

0 Inorganic Sulphur 

0 Organic Sulphur 

cys: Cysteine 

Figure 6.1 Molecular structure of iron(III)-sulphur clusters in , a) Rubredoxin represented as FeS 
and b) Ferredoxin represented as 2Fe-2S. 

The type of co-ordination of the iron-sulphur centres in ferredoxins depends on its specific 

biological role. So, although general similarities in structure and function exist between all 

ferredoxins, each appears to be species and tissue specific[160l. 
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In general, ferredoxins from plants, chloroplast-containing algae and blue green bacteria 

possess the 2Fe-2S active centre accepting one electron on reduction. Two 4Fe-4S active 

centres are found in most bacteria, including photosynthetic bacteria other than the blue­

green bacteria, accepting two electrons on reduction. The exception is Desulphovibrio 

Gigai161
•
162l, a sulphate reducing bacteria which contains one 4Fe-4S active centre and 

accepting only one electron on reduction. Ferredoxin from plant non-photosynthetic 

tissues such as the root have been linked with nitrogen fixation by transfer of electrons to 

nitrite reductase[1631
. 

Ferredoxin found in vertebrates, such as adrenodoxin, have a 2Fe-2S active centre. It 

functions at the inner adrenal mitochondrial membrane to transfer electrons from 

nicotinamide adenine dinucleotide phosphate (NADPH)-adrenodoxin reductase to 

cytochrome P-450[160
]. Another example is hepatoredoxin, (also with a 2Fe-2S active 

centre) from bovine liver mitochondria which functions similarly in the mono-oxygenase 

system linked with cytochrome P-450[1641. 

Ferredoxins from cyanophyta, rhodophyta and chlorophyta are of interest as these may 

represent intermediate stages in evolution between the anaerobic photosynthetic bacteria 

and green plants. Studies therefore on ferredoxins may give insight into the biochemical 

evolution of photosynthesis[161 l. As an example, amino acid sequences of ferredoxin from 

plants have been used to determine phylogenetic trees of related species[165l. 

Ferredoxin plays a role in plant and bacterial photosynthesis by transporting electrons from 

NADP+ to water by the catalytic action offerredoxin-NADP+ reductase. This is shown in 

Figure 6.2 where Fe(III) on accepting an electron from NADP+, is reduced to Fe(II). 

Fe(III) is recycled on transfer of this electron to Receptor 1. Interaction is believed to be 

electrostatic between the negatively charged ferredoxin and positive reductase. Electron 

transfer between reductase and the iron-sulphur centre is believed to be via electrostatic 

interaction of reductase with surface amino acids, attached to the iron-sulphur centre[166l. 

The cysteine groups complete the electron transfer process to the iron centre. In iron-
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sulphur proteins, the distances between the cysteine groups differ depending on the 

specific role of the protein, for example, in co-factor binding or disulphide bond 

formation[102l. The relatively short distance between the cysteine groups in ferredoxin thus 

constitutes a role in simple electron transfer and storage. 

Photosystem H Photosystem I 

Fe~c ' 
Cyt.f Plastocyanin 

Fe" 
Cu' 

2ATP 

QA,B = quinone A> quinone a, Chla = chlorophyll, Cytf= cytochrome/, NADP = nicotinamide adenine 
dinucleotide phosphate, Em = midpoint potential. 

Figure 6.2 The role offerredoxins in the electron transport chain in photosynthesis. 

Thermodynamic control of the redox potentials in metalloproteins is generated by a 

complex set of factors including the nature of the co-ordination sphere and the metal ion 

geometry, the nature of the surrounding protein lattice and the degree of exposure of the 

metal redox centre to the solvent. The redox potentials resulting from a combination of 

these factors have evolved to control the overall rates in biologically important electron 

transfer processes[S]. Iron-sulphur proteins such as the cytochromes and the ferredoxins 

demonstrate this in electron transfer chains in photosynthesis and respiration. Figure 6.2 

shows the energetically feasible electron transport chain in photosynthesis and the role of 

the iron-sulphur proteins in electron transfer. 

174 



6.1.3 Methods for Analysis of Ferredoxin 

Electron spin resonance spectroscopy (ESR), UV spectroscopy and electrochemistry are 

commonly used to characterise ferredoxins. 

The cyclic oxidoreduction between the Fe3+ and Fe2+ states of the ferredoxins has been the 

focal point of ferredoxin analysis. Of interest in this research is the 2Fe-2S ferredoxin, 

often represented as [2Fe-2St+. In the oxidised state, both irons atoms are Fe3+ and n is 

2. Usually only one of the iron atoms are reduced[5l, Equation 6-1, so that one Fe (III) 

and one Fe (II) atom is present, represented as [2Fe-2St 

2+ + [2Fe-2S) +e-~ (2Fe-2S] Equation 6-1 

The two Fe atoms are located within SA of the accessible protein surface. Spectroscopic 

data indicate that the Fe atom nearest the surface (FeA) is reduced during electron transfer 

processes. The implication is that the E0 value for the other iron is considerably more 

negative, out of the biological potential range feasible for life. The most likely route of 

electron transfer is a 3.49A electron transfer through space between the aromatic ring of 

tyrosine, the carboxyl of cysteine, followed by four through bond electron transfers from 

cysteine to Fe8 over a total distance of 9.35 A. This is followed by rapid electron transfer 

from the Fe8 to FeA. The distance travelled by the electron may be a deciding factor in 

determining electron transfer rates. [SJ Electron transfer can take place at appreciable rates 

over distances in excess of 10 A in proteins[167l. 

In the [2Fe-2s]2+ cluster, the Fe-Fe distance is only 2.72 A and the two formally high-spin 

(cf) iron atoms have their magnetic moments so strongly coupled antiferromagnetically 

that the cluster is diamagnetic[! OJ]. This coupling persists upon reduction and because it 

has only one unpaired electron, ESR detection of the reduced cluster is relatively easy[1681. 
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Ferredoxins exhibit characteristic UV spectra with Fe-S charge transfer bands contributing 

around 300nm and 400nm[1621. Wavelength shifts indicate a reduced or oxidised state of 

the protein. 

Electrochemical means of ferredoxin analysis has likewise also focused on the 

ferric/ferrous transition states[S). Electrochemistry has evolved as a valuable tool for the 

study of small redox proteins such as the ferredoxins. In theory, for electron transfer to 

occur at the electrode surface, the metalloprotein diffuses towards the electrode surface 

until it is sufficiently close to the double layer region (discussed in Section 2. 1. 1) to accept 

or donate electrons. The product diffuses away from the electrode back into the bulk 

solution. Cyclic voltammetry has provided information on electron transfer potentials 

(usually close to the standard reduction potentials) and on kinetics of electron transfer in 

ferredoxins[S,lS?,l691. This information has an important application in characterising 

electron transfer pathways and defining the physiological role of these proteins. For 

example, electrochemical methods are being used to characterise the newly discovered 

Azotobacter vinelandii[l?O] ferredoxin from bacteria. Several studies on the dependence of 

the redox potentials and observed electron transfer rates of the ferredoxins on parameters 

such as temperature and pH have been conducted[JS?,l?l,l?2J_ These studies revealed that 

different pH's brings about structural changes at sites either removed from the metal centre 

or at the metal centre, affecting measured electron transfer rates and hence redox 

behaviour[173
]. 

The standard redox potential for the Fe3+/Fe2+ state is reported at about -420 mV vs 

SHE[
174

1. Ferredoxin exhibits slow electron transfer kinetics, yielding highly irreversible 

voltammograms at unmodified electrodes. This makes the determination of redox 

potentials and kinetic information difficult. Direct electrochemistry of proteins such as 

ferredoxins has been monitored at electrodes which have been modified[175
•
1761. Quasi­

reversible waves for the redox couple have been obtained in the presence of suitable 

promoters. A promoter is a species, either immobilised at the electrode or in solution, 

which brings the protein into closer contact with the electrode surface, facilitating electron 
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transport between the electrode and ferredoxin. The reversibility of the reduction couple 

of ferredoxin depends highly on the treatment of the glassy carbon electrode[lS?). 

A requirement for direct electron transfer with the electrode is that the interaction with the 

electrode is electrostatically feasible[I7?J. As the ferredoxin from spinach has an overall 

negative charge, -18 in the oxidised and -19 in the reduced state, [I?SJ a positively charged 

promoter is required. These include aminoglycosides such as neomycin and[157
•
166l 

polycations such as Cr(NH3) 6
3+. The hypothesis here is that the Cr(NH3)/+ interacts with 

carboxylate groups at the electrode surface, changing the interface in such a way that the 

negatively charged ferredoxin is drawn in towards the surface and thus facilitating electron 

kinetics[l?S]. The charge density of the promoter facilitates its ability to promote 

electrocatalytic response e.g. Cr(NH3)/+ >Mg2+>>K+_P??] Addition of poly-L-lysine and 

other cationic polypeptides in solution was also effective for the rapid transfer of 

ferredoxins at Hg and In20 3 electrodes[179
]. Polymyxin[I?OJ, a complex peptide containing 

amine groups, in solution with ferredoxin has also been shown to induce strong adsorption 

of negatively charged ferredoxin at the electrode surface. 

Poly-L-lysine[JSOJ and aminosilane were also shown to promote ferredoxin electron 

transfer, when drop-dried onto electrodes. This method produced a chemically modified 

electrode which yielded a quasi-reversible ferredoxin reduction couple[179l. Many advances 

have been made in achieving direct electrochemistry of redox proteins such as the 

ferredoxins, but there is much scope yet for characterisation of chemically modified 

electrode surfaces[!??). 

The electrochemistry of ferredoxin is highly pH dependant. This is due to the presence of 

ionisable amino acid substituents. Spinach ferredoxin, has an isoelectric point of 4.0[1791. 

The protein is positively charged below pH 4 and negatively charged at pH's greater than 

4. The protein becomes increasingly negatively charged as the pH approaches that of the 

sulphydryl oxidation with pKa 8.3. The positive charge (density) of the electrode thus 
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plays an important role for the rapid electron transfer of ferredoxin at neutral pH's, where 

ferredoxin has an overall negative charge. 

Despite the two iron centres in most ferredoxin of plant and animal ongm, only the 

reduction of one iron centre has been observed, as mentioned earlier in this chapter. This 

redox transition at -605 mV vs Ag/AgCl is pH independent in the pH range 5- 10. Only in 

the 2Fe-2S Rieske protein from bovine heart has a second redox transition been 

observed[IS?J. This is of interest as it may suggest that the second iron in most other 

ferredoxins was involved in redox transitions at some point in evolution. In the Rieske 

protein, the reduction of the second iron centre has been observed at -1040 m V vs 

Ag/AgCl and is also pH independent in the pH range 5-10. The reduction ofthe first iron 

in the Rieske cluster, observed at 100 mV vs Ag/AgCl[lSl] is pH dependant[157l. 

Oxidation studies on the ferredoxins have been confined to the high-potential iron-sulphur 

proteins (HiPIP), from purple bacteria, containing [4Fe-4S]2+/J+ clusters. The HiPIP 

readily undergo reversible one-electron oxidation from the [4Fe-4Sf+to [4Fe-4S]3+ and 

only reduce under forcing conditions. Normal [ 4Fe-4S]2+type ferredoxins, however, do 

not undergo this oxidation but act similarly to the 2Fe-2S ferredoxins in their ready 

reduction from the [ 4Fe-4Sf+to [ 4Fe-4S( [1821 These transitions are represented in 

Equation 6-2. 

+e-
[ 4 Fe-4S]3+ ( ) [ 4Fe-4S]2

+ 

- e-

- +350 mV 
HiPIP couple 

+e-
( ) [4Fe-4S( 

- e-

- -400 mV 
Normal ferredoxin 

Equation 6-2 

This disparity has been linked to the presence of a higher number of hydrogen bonds 

surrounding protein NH groups to cysteinyl sulphur in ferredoxin (about twice as many) 

than in HiPIPs, predisposing the ferredoxins to reduction. Other theories suggest that the 

preferred oxidation in HiPIPS and reduction in ferredoxins are based on the preferred 
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protein conformations around the cluster[168l. It has also further been noted that the iron­

sulphur cluster from HiPIPs are almost completely inaccessible to water and surrounded by 

hydrophobic residues, while the ferredoxin cluster is in a more hydrophilic environment 

and more accessible to reduction[182l. 
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6.2 AIM OF RESEARCH 

The focus in this research is shifted slightly from the well-characterised reduction of the 

iron-sulphur centre of ferredoxin, to the oxidation of its co-ordinating cysteine ligands. 

The use of the redox behaviour of the organic part of ferredoxin in analysis, has not been 

explored prior to this thesis. 

The cysteine groups attached to the iron centres are electrochemically active and available 

for oxidation. The cysteine groups bound to the active Fe3
+ centre, transport electrons 

from the protein environment to the iron centre and as discussed in Section 6.1, may be the 

pathway for transport ofthis electron from the reduced Fe2+ to the acceptor molecule[l?SJ. 

Chapter 4 discussed the high overpotential of cysteine at unmodified electrodes and the 

need for catalysts to facilitate the kinetics of its electron transfer with the electrode. 

Chapter 4 showed the feasibility of electrodeposited [CoTSPc]4
- as electrode modifier for 

cysteine analysis. Chapter 5 showed how the catalytic oxidation of cysteine in the protein 

metallothionein is a sensitive measure of the protein concentration. In ferredoxin, the 

cysteine groups comprise on average 11% of the mass of the protein[162l. Therefore, 

analysis of the cysteine fragment can be used as a quantitative measure of ferredoxin and 

probably other cysteine containing iron-sulphur proteins. As previously elucidated, bound 

cysteine is more difficult to oxidise than free cysteine, as evidenced by the comparison 

between the oxidation potentials of metallothionein and free cysteine. With ferredoxin, 

this catalytic oxidation is expected to require even more energy. This is because cysteine 

in ferredoxin acts as a ligand and cannot lose a proton (RSH ~ RS-), as is expected to 

occur in basic media. 

The aim is thus to examine the oxidation of the cysteine component of spinach ferredoxin, 

by metal phthalocyanines, as a means of protein quantification. These studies may also 

provide a basis for further research into the role cysteine plays in electron transfer to the 

iron centres. Also investigated in this work, is the effect of the glassy carbon electrode 
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modification on the reduction of the [2Fe-2S]2
+ clusters in ferredoxin. It has been 

reported before(lS?] that the reversibility of the reduction couple of ferredoxin depends 

highly on the treatment of the glassy carbon electrode. The utility of the metal 

phthalocyanines as potential mediators for the reduction of ferredoxin is thus also 

explored. 

Studies on the interaction of metallophthalocyanines and metalloproteins are of interest in 

characterising metalloenzyme models[??]. 
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6.3 EXPERIMENTAL 

6.3.1 Reagents 

Cobalt(II), copper(II), iron(II), nickel(II) and oxomolybdenum(V) 

tetrasulphophthalocyanine complexes: Na4[Co(II)TSPc], Na4[Cu(II)TSPc], 

Na4[Fe(II)TSPc], Na4[Ni(II)TSPc], and Na4[(0H)MoO(V)(II)TSPc] respectively, were 

synthesised and purified according to the method of Weber and Bush[1231 as described in 

Section 4.3.2 for [MTSPc]4
- complexes of Co(II) and Mo(II) and Section 5.3.1 for 

[MTSPc]4
- complexes of Fe(II), Ni(II) and Cu(II). Cobalt(II), copper(II), iron(II) and 

nickel(II) phthalocyanines: Co(II)Pc, Cu(II)Pc, Fe(II)Pc and Ni(II)Pc, respectively, were 

purchased from Aldrich and used without further purification. Oxomolybdenum (V) 

phthalocyanine, OMo(V)(OH)Pc, was synthesised according to reported procedures[125l 

described in Section 4.3 .2. Appendix 1 shows the results of the IR spectra of 

OMo(V)(OH)Pc and Na4[(0H)MoO(V)(II)TSPc, typical ofphthalocyanine complexes. 

Ferredoxin used in these studies was spinach ferredoxin. The spinach ferredoxin, 2.2 

mglml in 0.15 mol dm-3 Tris® buffer (pH 7. 5), Sigma Chemicals, was kept below 0° C and 

used without further purification. 

For electrochemical studies, ferredoxin was diluted to the desired concentration with either 

HEPES® (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), or Tris® buffers. 

Unless otherwise stated, 0.01 mol dm-3 HEPES® buffered to pH = 7.4 was employed for 

electrochemical studies. 0.1 mol dm-3 KCl electrolyte was added to HEPES buffer. The 

pH of the buffer was adjusted by addition of 0.1 mol dm-3 NaOH. In certain experiments 

0.1 mol dm-3 Tris® buffer was employed, the pH being adjusted by addition of 0.1 mol 

dm-3 NaOH and 0.1 mol dm-3 HCl. 
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In some experiments, O.OlM EDTA (ethylenediaminetetraacetate) containing O.lM KN03 

was used as the electrolyte. The concentration of the acids used, HN03, HCl and H2S04 

was 0.2M. Iron (III) and iron(II) solutions (1 x 1o-3M) were prepared by dissolving 

FeCh in a O.lM citrate buffer solution and FeCh in Millipore water. Triply distilled 

Millipore water was used for all experimental work. 

6.3.2 Apparatus 

Electrochemical data were collected with the Bio Analytical Systems (BAS) CV-50W 

voltammetric analyser. Electronic absorption spectra were recorded with a Cary IE UV­

Vis spectrophotometer. 

6.3.3 Methods 

A three electrode cell consisting of a Ag/ AgCl (3M KCl) reference electrode and a 

platinum wire counter electrode was employed for cyclic voltammetry of ferredoxin. The 

working electrode of 1.5mm radius was chemically modified with the MPc by the drop-dry 

method as explained in Section 4.3.4. 

Prior to coating with the MPc complex, the glassy carbon electrode (GCE) was polished 

with alumina on a Buehler felt pad, followed by soaking in dilute nitric acid and rinsing in 

distilled deionised water. In between cyclic voltammetry scans, a fresh surface of the GCE 

was obtained by soaking in dilute acid and rinsing of the electrode in water, acetone and 

DMF. 

For bulk electrolysis of ferredoxin, a two compartment cell was employed, with a platinum 

plate of area 2.2 cm2 as counter electrode and a Ag/AgCI (3M KCI) reference electrode. 

The worlcing electrode consisted of a carbon rod (area= 0.2 cm2
) coated with [CoTSPct-, 

using the drop dry method. Electrical contact with the working electrode was established 

via a copper wire. 
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All other glassware and electrodes used were cleaned as described before, Sections 3.3 .2 

and 4.3.4. 

Required volumes of the ferredoxin was dissolved in the buffer solution and gently bubbled 

with nitrogen gas for 2 minutes before cyclic voltammetric studies. In all experiments, 

cyclic voltammograms of a) an unmodified GCE in ferredoxin-buffer solution, b) modified 

GCE in the buffer without ferredoxin and c) modified GCE in ferredoxin-buffer solution, 

were performed and a potential range scanned. All potential values quoted are referenced 

against Ag/ AgCl (3M KCl). 
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6.4 RESULTS AND DISCUSSION• 

6.4.1. Catalytic Oxidation of Ferredoxin 

Fig. 6.3 a) shows the cyclic voltammogram (CV) of a [CoTSPct- chemically modified 

glassy carbon electrode (CoTSPc-CMGCE) in HEPES buffer solution in the absence of 

ferredoxin. An anodic peak corresponding to the oxidation of [Co(II)TSPc]4
- to 

[Co(III)TSPc]3
- was observed at 0.85 V. This anodic wave was observed at 0.70 V 

during electrodeposition of [Co(II)TSPc{ onto glassy carbon electrode (Fig 4.12), and at 

0.80 V for the CoTSPc-CMGCE (modified by electrodeposition) in pH 8.5 Tris-HCl 

buffer (Fig. 4.20 a), in absence of thiol compounds. The higher potential for the anodic 

wave corresponding to the oxidation of [Co(II)TSPct- to [Co(III)TSPc]3
- observed at 

0.85 V, Fig. 6.3 a) is due to the different method of chemically modifying the electrode 

with [Co(II)TSPct- (by the drop-dry method) and the different buffer solution used 

(HEPES/KCl). 

On addition of ferredoxin to the buffer solution at CoTSPc-CMGCE, an enhancement of 

the peak assigned to the oxidation of [Co(II)TSPc{ to [Co(III)TSPc]3
- is observed. This 

indicates a catalytic oxidation of the cysteine component of ferredoxin by [CoTSPct-. 

This anodic peak is observed at 0.90 V, a potential shift of0.05 V, Fig. 6.3 b). No current 

response is observed on the return scan, in keeping with the one electron irreversible 

nature of the oxidation of cysteine. 

Fig. 6.3 c) shows that no oxidation of ferredoxin was observed at an unmodified glassy 

carbon electrode. 

* This work has been accepted for publication and is not further referenced in this chapter. Janice Limson 
and Tebello Nyokong, Voltarnmetric studies of spinach ferredoxin on a glassy carbon electrode modified with 
cobalt(II) tetrasulphophthalocyanine. Submitted March 1998, accepted July 1998. Electroanalysis, in press. 
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Figure 6.3 Cyclic voltanunogram for (a) the buffer solution (blank) on CoTSPc-CMGCE and 
(b) the oxidation of ferredoxin (44 ).lg/ml) on CoTSPc-CMGCE. (c) cyclic 
voltammogram of ferredoxin ( 44 ).lg/ml) on unmodified GCE. Electrolyte: 0. 0 1M 
HEPES buffer (containing O.lM KCl) pH = 7.4. Scan rate: 20 mV s-1

. 

The anodic wave in Fig 6.3 b) attributed to the catalytic oxidation of the cysteine 

component of ferredoxin at CoTSPc-CMGCE increased with increased concentration of 

ferredoxin, Fig. 6.4. 
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Figure 6.4 
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Cyclic voltammograms of the oxidation of ferredoxin on CoTSPc-CMGCE 
showing increasing oxidation waves with ferredoxin concentration. Electrolyte: 
O.OlM HEPES buffer (containing O.lM KCl) pH = 7.4. Scan rate: 100 mV s·1

• 

Catalysis of the oxidation of the cysteine content of ferredoxin by [CoTSPct- with 

increasing ferredoxin concentrations showed a linear current response, Fig. 6.5, in the 

range 44 to 176f.lg/ml. The lowest concentration of ferredoxin that could be determined 

was 20f.lg/ml. 
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Figure 6.5 The variation of anodic currents (on CoTSPc-CMGCE) with the concentration of 
ferredoxin. Electrolyte: O.OlM HEPES buffer (containing O.lM KCl) pH= 7.4. Scan 

rate: 100 mV s-1. 

The electron kinetics of ferredoxin oxidation was examined at increasing scan rates. Fig. 

6.6 shows a plot of the square root of the scan rate versus current response. A linear 

relation (and hence a diffusion controlled oxidation) is observed from 20 mV s-1 up to 100 

m V s -l. Deviations from linearity were observed above this scan rate. This correlates with 
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the reported kinetic barrier for electron transfer during the reduction of Fe(III) in spinach 

ferredoxin at scan rates larger than 1 00 m V s -1. [
171 1 
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Figure 6.6 The variation of anodic currents for the oxidation of ferredoxin (44 llg/ml) (on 
CoTSPc-CMGCE) with the square root of the scan rate. Electrolyte: O.OIM HEPES 
buffer (containing O.lM KCI) pH = 7.4. Scan rate: 100 mV s-1

. 

At higher scan rates, above 200 mV s-1
, Fig. 6.7 a), a cathodic peak (I) emerged on the 

return scan in the presence of ferredoxin. This peak increased with increases in scan rate. 

This peak is thus due to the reversibility of the oxidation wave at 0.90 V (II) with increases 

in scan rate. This increase in reduction current thus indicates that catalysis of cysteine 

oxidation is no longer occurring. Fig 6.7 b) shows the CV of CoTSPc-CMGCE in buffer 

alone at high scan rate. A weaker peak at 0.60 V (III) in Fig. 6.7 a) and Fig. 6.7 b) is the 

pre-anodic wave observed previously and associated with the splitting due to the 

stabilisation of mixed valence species, Sections 4.4. 6 and 4.4. 8. Catalytic oxidation of the 

cysteine species is thus observed from 20 mV s-1 to approximately 200 mV s-1 but is 

diffusion controlled up to 100 mV s-1
. 
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Figure 6.7 Cyclic voltammogram for the oxidation of ferredoxin (44 Jlg/rnl) on CoTSPc­
CMGCE at high scan rate (a) and the CV of CoTSPc-CMGCE at high scan rate in 
absence of ferredoxin, (b). Electrolyte: O.OlM HEPES buffer (containing O.lM 
KCl) pH= 7.4. Scan rate: 300 mV s·1• 

To investigate the reproducibility of the CoTSPc-CMGCE for ferredoxin oxidation, 

successive scans were run without recoating nor cleaning of the electrode. The oxidation 

wave decreases with each scan, Fig. 6.8. This suggests that the electrode was poisoned by 

adsorption of the oxidation products, as has been observed before[l?7)_ 
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Figure 6.8 Cyclic voltammograms for the oxidation of ferredoxin (20 Jlg/rnl) on CoTSPc­
CMGCE, showing decreasing current response with successive scans. Electrolyte: 
O.OlM HEPES buffer (containing O.lM KCl) pH = 7.4. Scan rate: 20 mV s·1

. 

It was found that rinsing the electrode in dilute HN03 and then in the buffer solution, 

reactivated the electrode, probably by dissolving the contaminating oxidation products. A 
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freshly coated electrode produced reproducible anodic currents; the magnitude of which 

remained unchanged for ferredoxin that had been stored for several days at 4 °C. 

6.4.2 Comparative Studies with different MPc's 

Two questions are asked here: 

i) How important is the choice of metal in the MPc for catalysis of the oxidation of the 

cysteine component of ferredoxin? ii) What is the effect of the sulphonation of the MPc 

ring on catalysis? 

To investigate the significance of the central metal and the effects of phthalocyanine ring 

sulphonation on the catalytic oxidation of ferredoxin by MPc complexes, different metal 

tetrasulphonated phthalocyanine ([MTSPc () complexes and the corresponding MPc 

complexes were tested as modifiers of the GCE used in determination of cysteine in 

ferredoxin. The MPc and [MTSPc ]4- complexes selected for this study were those of 

Cu(II), Mo(V), Fe(II) and Ni(II) and CoPe for comparison with [CoTSPc]4
-. A CV of 

each of the MPc and [MTSPc ]4
- complexes deposited on the electrode was first run in the 

buffer solution without any ferredoxin and then in the ferredoxin-buffer solution. The 

method of deposition of the MPc and [MTSPc t- complexes onto the GCE was by the 

drop-dry method, Section 4.3.4. No leaching of the MPc and [MTSPc]4
- complexes 

adsorbed onto the GCE was observed on placing these CMGCE's into the buffer solution; 

neither in the absence nor presence of ferredoxin. 

Enhancement of the anodic currents on addition of ferredoxin is again associated with the 

catalytic oxidation of the cysteine component of ferredoxin. This was observed for 

CuTSPc-CMGCE, CoPc-CMGCE and very weakly for OMo(OH)Pc-CMGCE and in the 

presence of [OMo(OH)TSPc( in solution at an unmodified GCE. The catalytic currents 

for [OMo(OH)TSPc]4
- were more readily observable in aqueous solution than by the drop­

dry method with DMF as solvent. Shown in Figs. 6.9 and 6.10 is the catalysis of the 

oxidation of ferredoxin cysteine on CuTSPc-CMGCE and CoPc-CMGCE, respectively. 
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These figures show the anodic current due to the metal oxidation in the absence of 

ferredoxin and the enhancement of this anodic current in the presence of ferredoxin. 

Again, no ferredoxin cysteine oxidation was observed at a bare glassy carbon electrode. 
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Figure 6.9 Cyclic voltammograms for (a) the buffer solution (blank) on CuTSPc-CMGCE and 
(b) the oxidation of ferredoxin (44 J..Lg/ml) on CuTSPc-CMGCE. Electrolyte: O.OlM 
HEPES buffer (containing O.lM KCl) pH= 7.4. Scan rate: 20mV s·1

• 

(b) 
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Figure 6.10 Cyclic voltammograms for (a) the buffer solution (blank) on CoPc-CMGCE and (b) 
the oxidation of ferredoxin (44 J..Lg/ml) on CoPc-CMGCE. Electrolyte: O.OlM 
HEPES buffer (containing O.lM KCl) pH = 7.4. Scan rate: 20 mV s·1

. 
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No catalytic oxidation of ferredoxin cysteine was observed for Pc and TSPc complexes of 

Ni(II) and Fe(II) indicating that there is a metal dependence to the catalysis by the MPc 

and [MTSPc ]4
- complexes. For example, Fig 6.11 shows the lowering of the ring 

oxidation of [Ni(II)TSPc( -2)]/[Ni(II)TSPc( -1 )t (a) on placing the NiTSPc-CMGCE in a 

ferredoxin-buffer solution (b). The lowered current response in Fig 6.11 b) indicates that 

the NiTSPc-CMGCE has no catalytic activity for the oxidation of the cysteine component 

of ferredoxin. The lack of catalytic activity of MPc complexes of Ni(II) for the oxidation 

of ferredoxin cysteine is in agreement for that observed for free cysteine, while Fe(II)Pc 

has been shown to catalyse the oxidation of free cysteine[I OOJ_ 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 
EN vs Ag/ AgCI 

Figure 6.11 Cyclic voltammograms for (a) the buffer solution (blank) on NiTSPc-CMGCE and 
(b) buffer solution with ferredoxin ( 44 ).lg/rnl) on NiTSPc-CMGCE. Electrolyte: 
O.OlM HEPES buffer (containing O.lM KCl) pH= 7.4. Scan rate: 20 mV s·1

. 

Of the tetrasulphonated phthalocyanines the highest enhancement in anodic current was 

observed for the GCE modified with [CoTSPc{, followed by [CuTSPc]4
- and the least 

response was observed for [OMo(OH)TSPc[ in solution at an unmodified GCE. The data 

for [CoTSPct- is also in agreement for that of free cysteine[lOOJ as the best phthalocyanine 

for catalysis of ferredoxin oxidation. 

Ofthe untetrasulphonated phthalocyanines, only CoPe and OMo(OH)Pc showed catalysis 

for ferredoxin cysteine oxidation, while CuPc did not. CoPe showed a higher catalytic 

activity towards ferredoxin oxidation than OMo(OH)Pc. Here it is evident again that the 
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central metal does confer a role on the catalytic activity of the phthalocyanine, and that the 

tetrasulphonation of [CuTSPc( confers on it a better catalytic role than does CuPc. In 

addition, CoPe showed a weaker catalytic activity than [CoTSPc]4
- towards the oxidation 

of the ferredoxin cysteine, indicating further that the sulphonated MPc's facilitate better 

catalysis. This may be because the high negative charge of the sulphate groups attract 

positive components of the ferredoxin protein, bringing the protein closer to the site of 

electron transfer with the metal centre. It has indeed been noted that [MTSPc ]4
-

complexes bind proteins prior to electron transfer reactions[1831
. It is thus likely that the 

ferredoxin is bound to the [MTSPc ( species adsorbed at the electrode prior to electron 

transfer during the catalytic oxidation of the cysteine component of ferredoxin. 

This reasonmg may explain why [CuTSPc ]4
- catalyses ferredoxin cysteine oxidation. 

Oxidation of cysteine on GCE modified with MPc complexes containing an electroactive 

central metal is believed to be mediated by one electron oxidation of the central 

metall107
•
100

•
131J. CoPe, [CoTSPc(, OMo(OH)Pc and [OMo(OH)TSPct- show 

oxidation at the central metal[llO,lJl,l&4
] whereas oxidation in [CuTSPc]4- is known to 

occur at the phthalocyanine ring[llOJ. This suggests that the oxidation of ferredoxin 

cysteine by [CuTSPc]4
- is a ring based catalytic reaction. The mediation of ring-based 

oxidation processes has also been suggested for the catalytic oxidation of cysteine on GCE 

modified with Rh, Ru and Os phthalocyanine complexes[l&SJ. 

As is seen in Figs 6.9 and 6.10, the anodic wave due to ferredoxin cysteine oxidation is 

accompanied by a potential shift. [CuTSPc]4
- showed a marked increase in current 

response for ferredoxin cysteine oxidation, with a slight potential shift to less positive 

potentials. CoPe, however, showed a slight enhancement but a shift towards more positive 

potentials. Potential values at which the various phthalocyanines catalyse ferredoxin 

cysteine oxidation are shown in Table 6.1. They are slightly different for the various 

phthalocyanine complexes. The potential at which cysteine oxidation is observed on MPc 

modified electrodes is not directly related to the potential for the first oxidation in these 

complexes. The potential value for [CoTSPc( catalysis of ferredoxin is, however, close 
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to that of [CoTSPc( catalysis of free cysteine, 0.85 V vs Ag/AgCl at neutral pH, as 

shown in Section 4.4.7. In the presence of [OMo(OH)TSPct- the oxidation of free 

cysteine occurs at 0.28 y[l3I]' a potential lower than that obseiVed for ferredoxin. The 

large protein environment of the ferredoxin complex may account for this disparity with 

free cysteine. Table 6.1 also shows that the oxidation of ferredoxin occurs at a higher 

potential on OMo(OH)Pc-CMGCE than on the other MPc modified electrodes. 

Table 6.1 Comparison between half-wave potentials (Ey,) for MPc complexes and peak 
potentials for the oxidation of ferredoxin on metallophthalocyanine modified 
GCE. pH= 7.4 HEPES buffer. Scan Rate= 20 m V s-1

. 

Modifier Ev, (V vs SCEt Ep (V, VS Ag/AgCl)b 

[CoTSPct- 0.43 (119) 0.90 

[CuTSPc]4
- 0.87(119) 0.86 

OMo(OH)Pc 0.38 (184t 0.96 

[OMo(OH)TSPct- 0.40 (131) 0.93 

CoPe 0.49 (119) 0.87 

a Ev, for the MPc complexes in DMF containing tetraethylammonium perchlorate (reference from 

which data taken in brackets). b Potential for ferredoxin oxidation on the GCE modified with 

various MPc complexes. cln dimethylsulphoxide containing tetraethylammonium perchlorate. 

194 



6.4.3 pH dependence of the cysteine oxidation of Ferredoxin 

pH studies on the electrochemistry of ferredoxin have concentrated on the stability of the 

protein in terms of potential variation of the ferric/ferrous transition with pH. Generally 

the ferredoxins are pH independent and thus stable within the pH range 5 to 10. A similar 

study is shown here in terms of the pH dependence of the cysteine oxidation at varying pH. 

Choice of buffer solution is of importance in these studies, where the nature of the cation 

and the ionic strength of the buffer salt is as important as the changes in hydrogen ion 

concentration. In terms of a broader buffering capacity range, a phosphate buffer was 

initially selected for the pH studies. At a CoTSPc-CMGCE in a phosphate buffer, pH 7, 

containing ferredoxin, no oxidation due to ferredoxin was observed. Oxidation of 

ferredoxin was, however, observed at similar pH's, in HEPES buffer, Section 6.4.1. 

Phosphate buffers are known to precipitate polyvalent cations, inhibiting certain reactions. 

This may explain the inhibition of the oxidation of ferredoxin observed using a phosphate 

buffer. In terms of changing hydrogen ion concentration, the pH studies were thus 

conducted in a HEPES/K.Cl buffer. The pH was adjusted accordingly, with O.lM NaOH 

in the pH range 5 to 10 and O.lM HCI in the pH range 2 to 4. Fig. 6.12 shows the 

oxidation of ferredoxin at CoTSPc-CMGCE in the pH range 6 to 10. 

Figure 6.12 
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0 

Cyclic voltammograms of ferredoxin (88 J.!g/ml) on CoTSPc-CMGCE. 
Electrolyte in pH range 6 to 10: O.OlM HEPES buffer (containing O.lM KCl) 

buffered with O.lM NaOH and O.lM HCl. Scan rate: 20 mV s-1
. 
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Current response increases with increasing pH, probably due to the favourable conditions 

for hydrogen ion evolution. The anodic potential shifts towards more positive potentials 

with increasing pH, and current strength. In the pH range 2 to 4, no ferredoxin oxidation 

is observed, indicated in Fig 6.13. 
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Figure 6.13 Variation of oxidation currents with pH for the cyclic voltarnmetry of ferredoxin (88 
J..t.g/ml) on CoTSPc-CMGCE. Electrolyte: O.OlM HEPES buffer (containing O.lM 

KCI) buffered with O.lM NaOH and O.lM HCI. Scan rate: 20 mV s-1
. 

Below pH 4, the protein is positively charged, its isoelectric point (pi) being 4.0. The 

ferric/ferrous transition in ferredoxin is reported to be pH dependant[ IS?], and unstable at 

these pH's. This may be due to an unfavourable electrostatic interaction at the electrode 

due to the positive charge of the ferredoxin and the highly protonated buffer environment, 

or simply, due to decomposition of the protein at low pH's. 

When highly acidic solutions were employed for the oxidation of ferredoxin at CoTSPc­

CMGCE, no increase in the anodic wave due to ferredoxin oxidation was observed. An 

increase in the corresponding cathodic wave on the return scan was observed, Fig 6.14. 

This indicates that true catalysis of ferredoxin oxidation does not occur at these pH's. 
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Figure 6.14 Cyclic voltarnmogram for (a) the buffer solution (blank) on CoTSPc-CMGCE and 
(b) the oxidation of ferredoxin (44 ~g/ml) on CoTSPc-CMGCE. Electrolyte: 0.2M 
H2S04 • Scan rate: 100 mV s·1. 

6.4.4 The Effect of Promoters on the Catalytic Oxidation of Ferredoxin 

Cysteine 

A general requirement for protein electrochemistry is that the surface of an electrode is 

electrostatically compatible with the protein, particularly the binding sites for the biological 

protein partner[l?7J. Ferredoxin at neutral pH has an overall negative charge and thus a 

promoter with positively charged functional groups is required, as discussed in Section 

6.1. 

[CoTSPct- catalyses cysteine oxidation at neutral pH, Section 4.4. 7. The combined 

electrostatic forces of the negatively charged thiols and [CoTSPc]4
- are not enough to 

prevent close interaction between the thiol and the CoTSPc-CMGCE [134
,
186

]. For the 

highly negatively charged ferredoxin there is expected to be greater electrostatic repulsion. 

A stronger catalytic response was observed in HEPES/KCI than in Tris-HCl (without the 

potassium ions). This may provide evidence for the neutralisation effect of the cation, K+. 
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Charge neutralisation is a requirement following oxidation or reduction in cyclic 

voltammetry. The type of electrolyte is thus of irnportance[46l. It has been noted[lS?) that 

a particular type of electrolyte ion may dominate in maintaining electroneutrality at 

modified electrodes, such as the redox inactive K+. However, when an EDT AI KN03 

buffer was used, the response was weaker than for the HEPES/KCI buffer. This brings 

into focus the effect of the buffer salt itself. 

Tris buffer is known to block certain biochemical reactions[1881
. This may explain why the 

catalytic oxidation of ferredoxin was not reproducible when Tris-HCl buffer was 

employed. The electrode appeared irreversibly poisoned after one scan. While the 

contribution of the K+ in the HEPES/K.Cl buffer system is appreciated, the HEPES salt 

itself may have a role to play in promoting electron transfer. HEPES is a zwitterionic 

buffer, meaning that it has positive and negative charges. These buffers, designed by Good 

and co-workers, overcome many of the difficulties associated with buffers in biological 

systems[1881. It may thus be that its zwitterionic nature promotes closer interaction and 

electron transfer between ferredoxin and the CoTSPc-CMGCE. 

6.4.5 Ultraviolet Spectroscopic Studies of Ferredoxin 

Absorption spectra in the near ultra-violet and visible range were studied to observe 

interaction of ferredoxin with [CoTSPct-. Shown in Fig. 6.15 a) is the spectra of the 

ferredoxin in HEPES buffer, pH 7.0. Ferredoxin absorbs in the near ultraviolet range at 

280nm. The spectra for [CoTSPc]4
- alone in HEPES buffer is shown in Fig. 6.15 b) with 

a Q band at 740nm and the Soret band at 300nm, as discussed in Sections 4.1.2 and 4.4.4. 

Addition offerredoxin to the [CoTSPc{ did not show marked changes in the shape of the 

Q band at 740nm. A marked increase was observed in the Soret band region at 300nm, 

Fig 6.1 5 c). While this shows interaction, it is unfortunate that these bands overlap. Other 

studies have, however, shown that co-ordination of bovine serum albumin results in 

marked changes in the spectra ofthe [CIAITSPct- species[1831. 
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Figure 6.15 The electronic absorption spectra of a) ferredoxin, b) [CoTSPc]
4

- and c) spectral 

changes to [CoTSPc]
4

- on addition of ferredoxin. Ferredoxin concentration: 44 
Jlg/ml; buffer solution: O.OlM HEPES, O.lM KCI. 

Bulk electrolysis of ferredoxin in HEPES buffer on an unmodified carbon electrode and at 

potentials slightly more positive (0.95 V) than potentials associated with the oxidation of 

ferredoxin, resulted in the shifting of the ferredoxin spectra to shorter wavelengths, 

without loss of intensity. Chemical oxidation of the [2Fe-2S]2
+ cluster is not known to 

bleach the ferredoxin absorption peak[l?IJ_ When a carbon electrode modified with 

[Co(II)TSPct- was employed for the bulk electrolysis of ferredoxin, a bleaching of the 

absorption spectra of ferredoxin was observed. This shows that [Co(II)TSPc ]4
- catalyses 

the oxidation of ferredoxin, resulting in the degradation of this protein as the cysteine 

component gets oxidised. 
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6.4.6 Catalytic Reduction of Ferredoxin 

The reduction of Fe3+ to Fe2
+ in spinach ferredoxin has been observed at -605 mV vs 

Ag/AgCl; irreversible at unmodified electrodes and quasi-reversible in the presence of 

promoters such as neomycin. The potential of this reduction varies slightly with the use of 

different promoters and different treatment methods of the electrode, in the potential range 

-605 mV to -628 mV.[157
) 

lvfPc complexes are known to catalyse the reduction of many molecules, (lOO] by lowering 

the reduction potential of the species of interest. When used as electrode modifiers, MPc 

complexes lower the reduction potential by transfer of electrons from the reduced :MJ>c 

species to the species of interest. Both CoPe and [CoTSPct- showed a similar 

promotional effect for ferredoxin reduction. Fig. 6.16 a) shows the CV of the blank 

(HEPES buffer) at CoPc-CMGCE. With addition of ferredoxin to this solution, a weak 

reduction couple is observed near -0.2 V vs Ag/AgCl, Fig. 6.16 b). The currents for this 

couple increased with increasing concentration of ferredoxin. The return peak is weak 

compared to the forward scan but this quasi-reversible couple is an improvement over the 

irreversible ferredoxin reduction observed at unmodified electrodes. The fact that a 

reduction peak in the presence of ferredoxin on CoPc-CMGCE was observed at a lower 

reduction potential than reported in the literature[1571 for the Fe3
+ /Fe2

+ couple, shows that 

CoPe lowers the potential for the reduction of ferredoxin. 

The CV at a CoTSPc-CMGCE, in absence of ferredoxin, shows an irreversible reduction 

at -0.23 V, Fig. 6.17 a). This is due to the reduction of the adsorbed [Co(II)TSPct- to the 

[Co(I)TSPc]5
- species. Reductions are known to occur at the central metal on Co(II) 

phthalocyanine complexes[ll OJ. In the presence of ferredoxin, Fig. 6. 17 b), this reduction 

peak is enhanced and shifts to -0.34 V. 
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Figure 6.16 Cyclic voltammogram for (a) the buffer (blank) solution on CoPc-CMGCE and (b) 
the reduction of ferredoxin (44 1-lg/ml) on CoPc-CMGCE. Electrolyte: O.OlM 

HEPES buffer (containing O.lM KCl) pH = 7.4. Scan rate: 20 mV s-
1

. 

+20-· ---'------~ 

+15 

< 
~ +10 .... = (1.) 

'"' s 
.U +5 

I 
-0.4 -0.6 

I 
-0.8 

EN(vs Ag/AgCI) 

I 
-1.0 -1.2 

Figure 6.17 Cyclic voltammogram for (a) the buffer (blank) solution on CoTSPc-CMGCE and 
(b) the reduction of ferredoxin (44 1-lg/ml) on CoTSPc-CMGCE. Electrolyte: O.OIM 
HEPES buffer (containing O.lM KCl) pH= 7.4. Scan rate: 20 mV s-1

• 

The reduction peak in Fig 6.17 b) increased with increasing concentrations of ferredoxin, 

Fig. 6.18. This implies that the reduction of Co(II) to Co(I) catalyses the reduction of 

ferredoxin. In the presence of other mediators, reduction of ferredoxin has been observed 
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between -605 mV and -628 mV vs Ag/AgCl[lS?] and at poly-L-lysine modified electrodes 

at -0.59 V;[l&O] a potential difference of 250 mV from the -0.34 V vs Ag/AgCl observed 

here for ferredoxin reduction. The relatively large shift in potential of the peak assigned to 

the reduction offerredoxin compared to the peak due to adsorbed [Co(II)TSPct- suggests 

that interaction occurs between ferredoxin and adsorbed [Co(II)TSPc t-. 

I (J.LA) 

0 0.4 0.8 1.2 

E/V vs Agl AgCl 

Figure 6.18 Cyclic voltammogram for (I) the buffer (blank) solution on CoTSPc-CMGCE; the 
reduction of ferredoxin (2) (22 jlg/rnl), (3) (33 jlg/rnl ) and (4) (44 jlg/ml ) on 
CoTSPc-CMGCE. Electrolyte: O.OIM HEPES buffer (containing O.lM KCl) pH= 
7.4. Scan rate: 20 m V s·1• 

The reduction of ferredoxin by [Co(II)TSPc ( may be related to the biological reduction 

of cobalamin (in vivo), from Co(II) to (Co(I) complexes by ferredoxin[168l. 

A further irreversible reduction peak is observed in Fig. 6.17 at -1.02 V. which also 

increased with increasing concentrations of ferredoxin, Fig. 6.18. Addition of free Fe3+ 

caused enhancements in this reduction wave. This may thus be associated with the 

presence of free Fe(III) in the solution possibly as result of some ferredoxin contamination 

or decomposition. This reduction wave is close to the potential at which the second ferric 

transition has been observed for the Rieske iron-sulphur protein, an irreversible reduction 

at -1 040 m V vs Agl AgCI. This second reduction wave appears to be pH dependent. A 

202 



high current response is observed at acidic pHs, Fig. 6.19, at pH 2 and 3. Beyond pH 4 

this peak decreases dramatically but still persists at pHs above 7. This may be related to 

the overall charge on the protein, as ferredoxin is positively charged below pH 4. The 

current response decreases with increasing pH and the negative charge on the protein. The 

reduction peak at -0.34 Vis not observed until pH 4 and is observed, though weakly, until 

pH 10. It can be inferred from the above that the two reduction peaks are dependant on 

pH, or rather the charge on the protein. 

+280 

1 +200 -­.... 5 
'"" 9 +120 . 
u 

+40 

~o+-~~--r-.--.-.--~.--.~r-~-t 
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Figure 6.19 Cyclic voltanunograms for the reduction of ferredoxin (88 f-lg/rnl) on CoTSPc­
CMGCE at (a) pH = 2 and (b) pH = 3. Electrolyte: O.OlM HEPES buffer 
(containing 0.1 M KCI). Scan rate: 20 mV s·1

• 

As mentioned in Section 6.1.3, reduction ofthe second ferric ion in spinach ferredoxin has 

not been observed. This has been reasoned by consideration that it would be too highly 

negative and thus out of the biological potential range. It is tempting then to associate this 

second reduction at -1.02 V with the previously unobserved reduction of the second ferric 

reduction of spinach ferredoxin. Considering that [CoTSPc]4
- lowers the reduction 

potential of the ferredoxin at -0.34 V as shown in Fig 6.18, it is feasible then that this 

second reduction potential is also significantly shifted to less negative potentials. The 

second reduction in the Rieske centre at -1.04 V was due to adsorbed ferredoxin[IS?J. As 

suggested before, adsorption of ferredoxin may be occurring in these studies. 
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However, in Section 6.4.3 it was suggested that true catalysis of the oxidation of the 

cysteine component does not occur at highly acidic pH's. Furthermore, ferredoxins are not 

stable below pH 4 and so increases in the current response with decreased pH of this peak, 

in Fig 6.19 is associated with the decomposition, or destruction of the iron-sulphur active 

site, yielding free iron. 
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6.5 CONCLUSIONS 

It has been shown that a GCE modified with [CoTSPct- catalyses the oxidation of the 

cysteine component of the spinach ferredoxin protein. The oxidation of ferredoxin on 

CoTSPc-CMGCE is pH dependent and significant currents were only observed above pH 

5. A linear plot for the oxidation current versus ferredoxin concentration was obtained. 

This plot may be used as a means of quantification of the spinach ferredoxin as the cysteine 

fragment is known to constitute 11% mass of the protein. The catalytic oxidation is 

dependant on the type of metal centre in the metallophthalocyanine and on the presence of 

the sulphonate substituents on the MPc ring. [MTSPc ]4
- complexes with M = Co(II) or 

Cu(II) or Mo(V), catalysed the oxidation of ferredoxin cysteine while [MTSPc]4
-

complexes M = Ni(II) and Fe(II) did not; [CoTSPct- producing the higher current 

response. This may be related to the readiness with which cobalt phthalocyanine form 

axial ligands with the analyte. Of the untetrasulphonated MPc's only cobalt and 

molybdenum catalysed the oxidation of spinach ferredoxin and these current responses 

were weaker than those observed for the corresponding sulphonated MPc. This may be 

explained in terms of the favourable electrostatic interaction between ferredoxin and the 

sulphonated MPc's. 

The nature of the catalytic oxidation waves was dependant on the buffer solution. Using 

HEPES buffer with KCl electrolyte, reproducible and strong current responses were 

observed. This is related to favourable electron transfer kinetics between ferredoxin, the 

modifier and the electrode, due to charge neutralisation. 

Both CoPe and [CoTSPc]4
- catalyse the reduction of ferredoxin. Ferredoxin reduction is 

normally not reversible on carbon electrodes, but on CoPc-CMGCE, the ferredoxin peaks 

show some reversibility. Thus, chemically modifying the electrodes with cobalt(II) 

phthalocyanines improves the activity of the GCE for the detection of ferredoxin. This is a 

pH independent reduction above pH 5 and is observed at -0.34 V in presence of 
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[CoTSPct-, a significant lowering ofthe reduction potentials as reported previously using 

other modifiers or mediators. This reduction wave is related to the reduction of the first 

Fe3
+ centre offerredoxin. A second reduction wave at high negative potentials, -1.02 Vis 

pH dependant below pH 5. The nature of this reduction wave below pH 5 may be 

associated with the decomposition of ferredoxin at very low pH's. 

206 



Chapter Seven 

The Interaction of Melatonin and its Precursors 

with Metals 

7.1 INTRODUCTION 

7.1.1 Metals and Neurodegenerative Diseases 

There exists a definite link between metals, essential and toxic and the onset of 

neurodegenerative diseases. Causal or symptomatic, their concentration fluctuations within 

the central nervous system in diseased states suggests an importance in understanding their 

role in neurodegenerative disease. These fluctuations can serve as early indicators in 

prediseased stages, leading towards possible treatment measures. Metals can exist free in 

the cytosol, in storage vesicles, at the active sites of enzymes or proteins, or bound to 

ligands which facilitate their transport. The reasons for their imbalances may thus be due 

to displacement by other metals, toxic or essential, inhibition of the enzyme or protein, 

ruptured storage vesicles, dietary deficiency or a breakdown in their transport mechanism 

in the central nervous system (CNS). 

Metallothionein is believed to function in the CNS in transport, storage and release of zinc 

and calcium. Zinc, after calcium and magnesium, is the most abundant cation in the brain. 

Zinc concentration in the brain is non-uniform, its concentration being highest in the 

cerebellum, hippocampus (higher in the hilar region and lowest in the fimbria), retina and 

the pineal gland. Metallothionein has also been identified in the bovine pineal gland[189l. 

Zinc plays a role in more than 23 5 metalloenzymes, as a catalyst, structurally and 

regulatory, professedly participating m neurosecretion, neuromodulation and 

neurotransmission. The importance of zinc in neural development can be exemplified by 
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its role in synthesis of pyridoxal phosphate, a precursor of the neurotransmitters dopamine, 

norepinephrine, serotonin, histamine, and y-aminobutyric acid (GABA). Thirty to forty 

percent of all neurons require GABA While zinc is required for GABA synthesis, high 

levels of zinc can retard its release, as in Pick's disease. Here higher than normal 

accumulation of zinc in the hippocampus causes inhibition of GABA transmission. This 

example highlights the requirement for a steady state concentration of zinc. There are an 

extensive number of disorders of the CNS where zinc concentration has been shown to be 

altered. These include alcoholism, Alzheimer type dementia, Down's syndrome, epilepsy, 

Friedreich's atachia, retinitis pigmentosa, schizophrenia and Wernicke-Korsakoff 

syndrome[144
]. The value of metallothionein in zinc homeostasis is emphasised by findings 

of a down-regulation of genes coding for thionein production in Alzheimer's Disease[141 l. 

Other examples of metal links with neurodegenerative diseases includes Fhar's 

calcinosis, [190
] where crystalline deposits of calcium coincide with disorders of the CNS, 

critical copper imbalances in Wilson's (due to congenital absence of copper-binding 

ceruloplasmin) and Menkes' Diseases, [9S] and then the much debated, much disputed, role 

of aluminium in Alzheimer's disease. The neurotoxicity of lead and mercury is well known. 

Lead causes stupor, convulsions and neural damage. Children are more susceptible to this 

type of poisoning due to incompletely developed metabolic pathways and blood brain 

barriers (BBB). Lead, being a soft acid, displaces zinc and calcium at the active sites of 

enzymes. By inhibiting iron uptake into protoporphyrin IX, the biosynthesis of haem is 

retarded, protoporphyrin IX accumulates in the red blood cells (often the first sign of 

physiological impairment due to lead toxicity in humans) and Fe2+ in the blood. Lead also 

inhibits the biosynthesis of 8-aminolevulinic acid dehydrogenase (ALAD). This leads to an 

increase in ALA levels which may be neurotoxic to the brain. 5-ALA could be a weak 

antagonist to the neurotransmitter GABA and may mimic GABA as a false 

neurotransmitter. The implication here is that lead may inhibit the metabolism of GABA 

causing anxiety and hyperactivity [l 2
J_ 
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Reportedly, lead incapacitates glial cells in the brain, while manganese toxicity causes 

inhibition of the uptake of the neurotransmitters, serotonin and dopamine, in certain parts 

ofthe brain. This evidence suggests that metal pollution may lead to "violent urges"[1911. 

The toxicity of mercury depends on the chemical form, alkyl mercury being the most toxic 

to the CNS. Alkyl mercury causes lysis of brain cells affecting sensory, visual, auditory 

and co-ordination control. Mercury metal vapours readily cross the BBB and once 

oxidised in the blood stream, remains in brain tissue whereas the free metal may move out 

again. The Minamata incident is a case in point, where locals consuming shellfish which 

had bioaccumulated mercury effluent from a plastics factory, suffered brain damage[121. 

7.1.2 Alzheimer's Disease 

Alzheimer's Disease (AD), is one of the senile dementias. The first visual symptoms are a 

striking loss of short term memory, space and time disorientation. Following these 

symptoms are the impairment of speech, amnesia, muscle twitches, mood changes. AD 

sufferers show a rapid loss of touch with the real world, becoming bedridden and 

incontinent. Of importance, is that the first symptoms appear in the limbic regions of the 

brain associated with speech, memory and personality. In the brain, AD, is associated with 

the presence of amyloid (or senile) plaques and the proliferation of glial cells which cause 

astrocytes and neurofibrillary tanglesY90
•
192l 

The association with AD and aluminium was made when it was reported that AD patients 

show an accumulation of aluminium in localised areas of the brain. Aluminosilicates have 

been found at the core of senile plaques and aluminium is present in neurons bearing 

neurofibrillary tangles. In the brains of humans with AD, aluminium concentrations 

approach 12)-l.g /g of tissue in some regions, in sharp contrast to the values of 3~-tg /g in 

"normal" brain tissue. [61 
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Aluminium is the third most abundant element in the earth's crust. Humans ingest about 

30mg per day, mostly as food contaminant. It is mostly assumed to be a non-essential, 

non-toxic element, but this view has changed with its intercranial accumulation in AD, 

Parkinson's and dialysis dementia patients. Aluminium reportedly increases the 

permeability of BBB, leading to dementia. Intracranial injections of aluminium salts in 

cats, rabbits and dogs cause neurofibrillary degeneration and the impairment of learning 

and memory abilities, symptoms associated with AD. [61 

Aluminium is transported in the plasma. In the plasma, aluminium is bound with silicic 

acid free in solution. Aluminosilicates will form and deposit in focal areas within which 

aluminium is free as Al(OH)4
- or weakly bound to phosphate, in the presence of silicic 

acid. These conditions may apply at the nucleus of senile plaques in AD. Aluminosilicates 

at the core of plaques appear to be the result of the transport of aluminium from diseased 

cells to the extracellular space in which its combination with silicic acid is possible. [61 

Perforations in the CNS protective shield, the blood brain barrier, may also facilitate the 

influx of metals into the brain[141l. 

A13+ toxicity can result from the inhibition of Mg2
+ dependant enzymes as AI3+ has a 

higher affinity for these ligands than Mg2+. Nanomolar concentrations of AI3+ will 

displace millimolar levels of Mg2
+ from adenosine triphosphate (ATP4

-) for example and 

will not maintain the activity of the enzyme because ligand exchange at AI3
+ is much 

slower than at Ml+. AI3+ may also compete with Fe3+ and Ca2+ [91. Aluminium toxicity 

in chlorella can be alleviated by increasing the concentrations of calcium[6J. This may be 

associated with AD, where abnormal levels of free iron[193l and calcium deposits occur in 

the brain. Other areas where AI3+ (a hard acceptor) is potentially destructive, is in its 

proposed binding to the oxygens of phosphate groups of DNA and the carboxylates of 

fatty acids[6J. 
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A cause for concern is that acid rain solubilises aluminosilicates so there is an increase in 

free aluminium in the environment. Certain regions such as Guam and other Pacific areas 

have higher concentrations of aluminium in their environment and higher rates of 

occurrence of AD and Parkinson's disease. [61 

Studies to measure total amounts of aluminium in tissues is usually v1a AAS, the 

shortcoming of this method being that it does not allow for distinction between free and 

bound aluminium. Aluminium may also be bound in a non-toxic form. Electrochemical 

methods are of better analytical value in distinguishing between free and bound aluminium. 

The interaction of aluminium with biological ligands (fatty acids, amino acids and DNA) 

has mostly been through the use of 27 Al NMR. This technique is complicated by the 

extensive hydrolysis of aluminium in aqueous solutions to form polymers. These polymers 

distort NMR data by causing 27 Al chemical shifts. [6] Understanding these interactions with 

biological ligands are of value in defining the toxic role of aluminium. 

An important point to remember is that not all of the pathological changes in AD are 

readily explained by aluminium toxicity and so the debate still continues as to aluminium's 

causal or symptomatic role in these neurodegenerative disorders[ln]_ The answer may lie 

in ascertaining the reason for the accumulation of aluminium in AD. 

What causes the imbalances of other metals such as calcium and zinc? While 

metallothionein functions in the peripheral organs in metal regulation as discussed in 

Section 4.1, its functional role appears to be curtailed in the central nervous system to that 

of zinc regulation. Furthermore, considering that the brain is the "power-box" of the 

mammalian body, how does it cope with toxic metals like cadmium, lead and mercury and 

maintain the homeostasis of essential elements? 
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7.1.3 The Pineal Gland and Melatonin 

The answer may be sought in the pineal gland, for the role it plays in neuroprotection. The 

pineal gland, the mysterious organ at the base of the skull, revealed its secrets with the 

discovery of melatonin, its principal hormone. Melatonin is also produced, to a lesser 

extent, in the retina and in the gastro-intestinal tract. Fig. 7.1 shows a simplified 

representation of the synthesis of melatonin. 

HO 

Tryptophan 

5-hydroxytryptophan 

~ L-amina ac!d 

NAT 

~ace~~oto~ 

~ HIOMT 

COOH 

Tryptophan 

Serotonin 

Figure 7.1 Schematic representation of melatonin synthesis. 

Melatonin is a product of tryptophan metabolism. Its synthesis begins with the uptake of 

tryptophan by the endocrine cells of the pineal gland, the pinealocytes. The enzyme 

tryptophan hydroxylase hydroxylates tryptophan to 5-hydroxytryptophan (5-HT), which is 

then decarboxylated by L-amino acid decarboxylase, forming serotonin. Serotonin is then 

N-acetylated by N-acteyltransferase (NAT) to N-acetylserotonin and converted to 
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melatonin (N-acetyl-5-methoxytryptamine) by hydroxyindole-0-methyltransferase 

(HIOMT). NAT controls the synthesis and amount of melatonin produced. NAT activity 

in the pineal gland increases almost 1 00-fold at night. This rise follows stimulation of the 

intracellular secondary messenger, cyclic adenosine monophosphate (cAMP), which is a 

result of activation of the B-adrenergic receptors in the cell membrane of the pinealocytes 

by norepinephrine (NE). NE is the catecholaminergic neurotransmitter that is released 

from the postganglionic sympathetic neurons that innervate the mammalian pineal 

1 d [1 94] gan . 

Melatonin is not stored by the pineal gland. Once produced in the pinealocytes, it is 

released into the blood. In this way, blood levels of melatonin follow a circadian pattern: 

low during the day and high at night. Melatonin is both lipophilic and hydrophilic, crossing 

all morphophysiological barriers, entering all tissues and cells[194l. Melatonin is not only 

able to exert its influence on cells possessing membrane and nuclear receptors for 

melatonin, but has intracellular actions independent of it binding to a receptor 

molecule[1 9S]. 

Melatonin is "functionally diverse". The 24 hour rhythmic synthesis and release facilitates 

a role as a signalling molecule for circadian events[1961
. Melatonin has been identified in 

mammals, non-mammals, invertebrates and even in algae. It is widely accepted that 

melatonin acts to set and entrain circadian rhythms in all of these organisms. Melatonin is 

linked with the neuroendocrine system and in particular with the hypothalamo-pituitary­

gonadal axis[1971. The seasonal changes in melatonin production (higher in the winter than 

summer months) is a signal for the annual fluctuations in reproduction of photoperiodic 

animals. The seasonal fluctuation in melatonin has implicated it in depressive 

disorders[1981, particularly the Seasonal Affective Disorder. The suprachiasmatic nuclei 

(SCN), the so-called biological clock, also possess receptors for melatonin. It is uncertain 

whether or not the role of melatonin in circadian rhythms is dependant on these receptors. 

The theoretical role of the SCN is in transmitting light information (light and dark) from 

the retina to the pineal gland, stimulating the synthesis and release of melatonin, depending 

on the information received. It has also been postulated that the role of the receptors on 
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the SCN may be to switch off melatonin synthesis once peak levels are reached. It is, 

however, the discovery of melatonin as free radical scavenger[199
] and general 

antioxidant[2001 that has generated the most interest in recent years[195
,
201

-
204l. 

Free radicals 

Free radicals are chemical species which possess an unpaired electron. The unpaired 

electron makes them highly reactive towards biological substrates. The utilisation of 

oxygen in the mitochondrial production of ATP produces the superoxide anion of oxygen, 

0 2 ·- , a free radical which is converted to relatively harmless hydrogen peroxide by the 

metalloenzyme superoxide dismutase (SOD), as depicted in Fig 7.2. Mn-SOD generally 

occur in mitochondria while Cu and Zn-SOD are found in the cytosol and are the major 

contributors to the dismutating activity of the SOD's. While the major source of the 

superoxide anion radicals is in the mitochondria, nitric oxide, epinephrine, norepinephrine 

and several oxygen utilising enzymes, also generate this free radical. 

Figure 7.2 

Fenton Reaction 

0 • - ___,e'--'-!H'-""-"'-+____. H 0 
2 SOD ,. 2 2 CAT, GSH-Px H20 

~..--I __ _____..LI _ ____.. •• OH 
Haber-Weiss Reaction 

The production of free radicals by oxygen utilisation. SOD = superoxide 
dismutase, CAT= catalase and GSH-Px =Glutathione peroxidase. 

H20 2 produced from the dismutation of 0 2·- is not regarded as a free radical but as a 

reactive oxygen intermediate which readily crosses cell membranes. In the presence of 

glutathione peroxidase and catalase enzymes, it is readily converted into harmless water. 

However, in the presence ofFe2
+ or Cu +, H20 2 is converted into the toxic hydroxyl radical 
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m the Fenton reaction, shown in Fig. 7.2. The superoxide amon is also capable of 

generating the hydroxyl radical (•OH). Other enzymes, including L-amino acid oxidase 

and monoamine oxidase are also capable of generating H20 2, increasing the possibility of 

oxidative damage by formation of •OH. {1
95

] 

The hydroxyl radical, the most potent radical, is highly reactive and with a very short half­

life, is indiscriminate in its attack on molecules and macromolecules such as DNA, 

membrane lipids, proteins and carbohydrates. In DNA, •OH attacks the sugar of a base, 

producing strand breaks, also causing chemical changes in the pyrimidine and purine bases. 

This DNA damage may be a precursor to cancer. It also initiates lipid peroxidation by 

abstracting a hydrogen from a polyunsaturated fatty acid (PUF A) side chain in the 

membrane lipid, generating the peroxyl radical. The peroxyl radical not only has the 

capacity to damage nearby protein and enzyme receptors in the membrane, but by 

abstracting hydrogens from a nearby PUF A side chain, can initiate a self-perpetuating lipid 

peroxidation. Membrane lipids are converted to lipid peroxides which alter the fluidity of 

the membrane, permitting the leaking of essential ions such as calcium. Lipid 

hydroperoxides react with iron and copper to produce peroxyl and alkoxyl radicals which 

may reinitiate lipid peroxidation. The high lipid content of neural tissues predisposes it to 

hydroxyl damage. Vitamin E, a-tocopherol, concentrated in the hydrophobic interior of 

cell membranes, acts as a chain breaking antioxidant by donating an electron to the peroxyl 

radical. Vitamin C recycles the vitamin E radical, but in the presence of free iron, acts as a 

prooxidant. [195
] 

Further damage is caused by ·OH on amino acids of proteins, causing protein-protein 

crosslinking, such as disulphide bonds, thereby functionally impairing or disabling these 

proteins. Proteins most susceptible are those containing the transition metal ions 

(particularly iron and copper), as they present the most immediate target for the hydroxyl 

radicals which these metals generate. 

The products of oxygen utilisation places the brain at a significant disadvantage when 

considering that it utilises twenty percent of the body's oxygen intake[195l and moreso 

considering that the antioxidant system is not perfect. 
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It is widely accepted that free radicals and their associated damage is partially responsible 

for the ageing process. This is feasible considering the accumulation of free radical 

damage to DNA, cell membranes and the impairment of proteins, particularly those 

involved in antioxidant defence. Indeed, there are a host of ageing and neurodegenerative 

diseases that can be attributed to free radical damage, such as Parkinson's, Down 

syndrome, aluminium-induced neuropathy, vitamin E deficiency and AD.[195l 

In light of this, the discovery of the anti oxidative function of melatonin is a welcome relief 

Melatonin has been shown in vitro and in vivo to scavenge both the hydroxyl radical and 

the peroxyl radical. It does this by donating an electron to these reactive species and in so 

doing, being oxidised to the unreactive indolyl cation radical. The latter may then quench 

a superoxide radical, further reducing the damaging effects of oxidation on brain tissues. 

Various studies have shown that melatonin is efficient in protecting DNA, proteins and 

lipid membranes against free radical damage. Melatonin may also interrupt the chain 

reaction during lipid peroxidation. Its high mobility means that this protection is not 

localised. Furthermore, melatonin stimulates the activity of the antioxidant glutathione in 

the brain and inhibits the activity of the enzyme generating nitric oxide. In relation to 

glutathione as hydroxyl radical scavenger and vitamin E as peroxyl radical scavenger, 

melatonin has been shown to be five times as efficient as glutathione and nearly twice as 

efficient as vitamin E. [195
] 

These discoveries place melatonin in a new role, in neuroprotection and further unfolds the 

mystery of the pineal gland. Melatonin thus has an important role in ageing and ageing 

diseases, in terms of the neuroprotection it offers. However, along with a daily and 

seasonal fluctuation, melatonin also appears to have a life-time clock. At a certain age, its 

synthesis and release reaches a peak, then declines with age. This depletion has been 

linked with the deterioration of the pineal gland and the SCN neurons which stimulate the 

pineal gland synthesis of melatonin. The retinohypothalamic neurons terminating in the 

SCN are believed to sustain free radical damage, reducing the light signal to the pineal 

gland. These neurons deteriorate even further with diminished melatonin and the 

coincident neuroprotection. In patients with neurodegenerative disorders such as AD, 
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virtually no melatonin is produced. The depletion of melatonin with age has thus been 

associated with ageing and neurodegenerative diseases such as Parkinson's[2051 and 

AD. [206,207] 

217 



7.2 AIM OF RESEARCH 

The role of transition metals such as iron and copper in the ageing process; zinc imbalances 

in neurodegenerative diseases and the toxicity of heavy metals such as lead, cadmium and 

aluminium, suggests that metals are involved in the degeneration of the CNS. The 

accumulation of aluminium in AD[20SJ and onset of neurodegeneration with decreased 

melatonin synthesis, prompted an investigation into the role of this pineal hormone in metal 

regulation. 

Thus, the aim of this study was to explore the possibility of an interaction between these 

metals and melatonin in the onset of neurodegenerative disorders. 

Any changes in the levels of the essential ammo acid, tryptophan or serotonin (the 

precursors to melatonin), will naturally affect the amount of melatonin synthesised in the 

pineal gland. This is evident in that melatonin prevents the breakdown of tryptophan in the 

liver by tryptophan pyrrolase[209l. Tryptophan, an amino acid is known to alleviate 

d . [198) h'l . . . . epress10n w I e serotorun IS an Important neurotransmitter. The focus is thus 

extended to explore the interaction of melatonin, tryptophan and serotonin with some 

metals of biological importance. Metals studied are aluminium, cadmium, copper, iron, 

lead and zinc. 
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7.3 TECHNIQUE 

For this work, adsorptive cathodic stripping voltammetry (AdCSV), the technique 

described in Sections 2.5 and 3.3, is used to study the interactions of metals with the 

ligands. In chapter 3 different ligands were examined for their utility in quantifying metals. 

In this chapter, the focus is on identifying whether the ligands (melatonin, serotonin and 

tryptophan) bind metals. The modification of this technique for these purposes also 

defines a new method for testing metal-ligand bond formation between a metal and a 

chosen ligand ofbiological and synthetic origin and as such is discussed in detail below. 

Adsorptive cathodic stripping voltammetry for identifying metal-ligand interactions 

A metal ion, when reduced at a working electrode, produces a current response equivalent 

to its concentration in solution, at a fixed potential vs a standard reference electrode. In 

the presence of a ligand which forms a bond with a metal, the metal-ligand complex may 

form and adsorb to the working electrode, thereby enhancing the preconcentration of the 

metal. The reduction wave observed will be that of the metal-ligand complex and an 

enhancement of the current response is expected with a shift in potential commensurate 

with the reduction of a new species. As discussed in Section 3. 3. 3, a negative potential 

shift is indicative of a strong metal-ligand interaction while a large positive shift is 

associated with a weaker metal-ligand interaction. The absence of enhancement in the 

current response of the metal ions in the presence of a ligand or a lowering in current 

response, indicates that no metal-ligand bond formation has occurred. Lowering in current 

response may also indicate competition by the ligand for binding sites at the electrode. 

This technique thus provides simple, fast, efficient information on whether a ligand will 

bind a metal and if so, how strong the bond is, the kinetics of the bond formation, i.e. how 

easily the ligand will bind the metal and how easily it will release the metal. 
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7.4 EXPERIMENTAL 

7.4.1 Reagents 

Solutions of A13+, ci+, Zn2+, Fe2+, Fe3+, Cd2
+ and Pb2

+, were prepared from the salts of 

AlCh (Merck), CuCh (Unilab), ZnCh (Univar), FeCh (Aldrich), FeCh (Unilab), CdS04 

(Merck), and PbS04 (NT Chemicals). Aqueous solutions of melatonin, serotonin and 

tryptophan were prepared daily. All aqueous solutions were prepared from triply distilled, 

de-ionised water. Tetraethylammonium perchlorate (TEAP) was synthesised as described 

in Section 4.3 .1.2 and used as the electrolyte for electrochemical experiments in non­

aqueous solutions. Acetonitrile was freshly distilled and used as a solvent for experiments 

in non-aqueous solutions. 

Sodium acetate buffer (0.2M) of pH 4.4 was prepared from stock solutions of 0.2M acetic 

acid and 0.2M sodium acetate and used as the electrolyte solution for aqueous 

electrochemical experiments. A 1 OOOJ,!g/ml mercury solution was prepared from HgC12 

(PAL Chemicals). 

7.4.2 Apparatus 

Stripping voltammograms were obtained with the Bio Analytical Systems (BAS) CV -SOW 

voltammetric analyser. An undivided cell was employed for the cathodic adsorptive 

stripping voltammetry. A 3 mm diameter glassy carbon electrode filmed with mercury in 

situ (MFGCE) was employed as a working electrode. A silver/silver chloride ([NaCl = 3 

mol dm-3
]) and a platinum wire were employed as reference and auxiliary electrodes, 

respectively. For non-aqueous solutions, a silver wire coated with silver chloride was 

employed as a pseudo reference electrode. Prior to use, the glassy carbon electrode was 

cleaned by polishing with alumina on a Buehler pad, followed by washing in nitric acid and 

rinsing in water and the buffer solution. In between scans, the electrode was cleaned by 

immersing the electrode in acid solution and rinsing with water. 

220 



7.4.3 Electrochemical Methods 

Acetate buffer (pH= 4.4), Hl+ solution (1 000 f.Lg mr1
) and appropriate concentrations of 

the metal ions and of the ligands (melatonin, serotonin or tryptophan) were introduced into 

an electrochemical cell. The solution was then deaerated with nitrogen for 5 min, after 

which a flow of nitrogen was maintained over the solution throughout the measurement. 

The metal complexes of melatonin, serotonin or tryptophan are expected to have formed at 

this stage. Acetonitrile was used as a solvent for studies involving aluminium. The use of 

acetonitrile and TEAP as an electrolyte, allowed the observation of the reduction peaks of 

the in situ complexes of aluminium with melatonin, serotonin and tryptophan. The 

reduction peaks could not be observed in aqueous solvents due to the high negative 

potential. For studies with iron (III), a 0.05M citric acid buffer was used, to prevent 

formation of iron hydroxides. An optimum deposition potential was then applied for a 

known period to effect the formation of the Hg film onto the GCE and the adsorption of 

the metal complexes onto Hg ftlm. The voltammograms were recorded in the negative 

direction from the deposition potential to 0.4 V vs Ag/ AgCl beyond the metal complex 

reduction at the scan rate of 200 mY s-1 during the stripping step. During the stripping 

step, the current response due to the reduction of the metal complexes of melatonin, 

serotonin and tryptophan, were measured as a function of potential. The concentrations of 

melatonin, serotonin and tryptophan were in the range 1.0 x 10-6 to 1.5 x 10-5 mol dm-3. 

The metal ion concentrations ranged from 1 x 10-7 to 2 x 10-4 mol dm-3
. 
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7.5 RESULTS AND DISCUSSION* 

The accumulation time, deposition potential, and deposition time were optimised for the 

adsorptive cathodic stripping voltammetry of the metals with the ligands were optimised. 

These experiments were performed by keeping all the other variables constant and only 

altering the parameter being optimised. The highest current responses observed was used 

as the measure in ascertaining the optimum value of the parameter. Optimum deposition 

potentials found were: -1400 mV for aluminium, 100 mV for copper, 400 mV for 

cadmium, -350 mV for iron III, 0 mV for iron II, -100 mV for lead and -700 mV for zinc. 

As in Section 3.4.1, optimum accumulation times found were 5 minutes to achieve 

formation of the metal-ligand complex and 3 minute deposition times for deposition of the 

mercury film onto the electrode and the metal-ligand complex onto the mercury film. 

The adsorptive cathodic stripping voltammograms (AdCSV) of AI3
+, Cd2

+, ci+, Fe3
+ 

Pb2+ and Zn2+ in the presence of melatonin, serotonin and tryptophan as ligands are shown 

in Fig. 7.3. AdCSV of metals in the absence of ligand were measured as represented by 

the dotted lines in Fig. 7.3. AdCSV following addition of small amounts of each of the 

ligands to each of the metal solutions resulted in the enhancement or lowering of the 

reduction peaks ofthe metals. Fig. 7.3 a), b) and c) show the AdCSV ofthe metals in the 

presence of melatonin, serotonin and tryptophan, respectively. The enhancements show 

the metal binding affinity of the ligand for the metal. For AI3
+, no defined peak was 

observed in the absence of the ligands probably due to the masking of the AI3
+ reduction 

peak by the onset of solvent reduction. However, a reduction peak was observed on 

addition of solutions of the ligands to 

* The following publication resulted from this work and is not further referenced in this chapter: J. 
Limson, T. Nyokong, S. Daya, The interaction of melatonin, and its precursors, with aluminium, 
cadmium, copper, lead and zinc: An adsorptive voltammetric study, Journal of Pineal Research, 1998, 15-
21. 
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Figure 7.3 Adsorptive cathodic stripping voltarnrnograms obtained for 1 x 10-5 mol dm-3 of 
2+ 2+ 2+ 2+ 0-3 -3 F 3+. Cd , Pb , Cu and Zn and 1 x 1 mol dm e m the presence of 1.5 x 

10·5 mol dm-3 (6 x 10"5 mol dm-3 in the case of Fe3
+) (a) melatonin (b) serotonin 

and (c) tryptophan; (d) is the voltarnrnogram of the metal in the absence of the 

ligand. Electrolyte: pH = 4.4 sodium acetate buffer, for Al3+, acetonitrile 

containing TEAP was employed as an electrolyte. Scan rate = 200 mV s-1. 
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solutions of A13+. No voltamrnograms were observed for the ligands alone in the absence 

of the metal ions. The enhancement of the metal reduction peak on addition of the ligands 

is an indication of the in situ formation and deposition of the metal complexes of 

melatonin, serotonin or tryptophan at the electrode. Where no increases in current 

responses of the metals were observed on addition of the ligands, it can be assumed that no 

metal-ligand were formed. 

At the concentrations of the metal ion used for Figure 7.3, no increase in current response 

was observed when serotonin was added to cadmium or zinc, nor when tryptophan was 

added to copper or ion. At the respective metal-ligand concentrations, the data shows that 

the following metal-ligand bonds form: aluminium with melatonin, tryptophan and 

serotonin; cadmium with melatonin and tryptophan; copper with melatonin and serotonin; 

iron(III) with melatonin and serotonin; lead with melatonin, tryptophan and serotonin; and 

zinc with melatonin and tryptophan. 

As discussed in Section 3.4.3, the extent ofthe shift in reduction potential ofthe metal on 

addition of the ligand is a good measure of the stability of the metal-ligand complex 

formed in situ. Table 7.1 lists the shifts in the peak potentials for the reduction of the 

metals, D.Ep, on addition of ligands. An accurate potential shift could not be determined 

for Al3+ due to the lack of a reduction peak for the metal. 

For melatonin, a high negative shift in potential was observed for Cd2
+. The high negative 

shift in the reduction potential reflects the difficulty in reducing the Cd-melatonin complex 

as compared to the reduction of the free metal. ci+, Pb2+ and Zn2+ showed only minor 

potential shifts on addition of melatonin, implying that the complexes formed between 

melatonin and these metals are not as strong as complexes formed between melatonin and 

Cd2+. 
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Table 7.1. Parameters obtained for the adsorptive cathodic stripping voltammetry of the 

aluminium, cadmium, copper, iron, lead and zinc in the presence of 

melatonin, tryptophan and serotonin. 

(a) Melatonin 

Metal Slopea Ep (V vs .1Ep (mV)c 

-3 (A/mol dm ) Ag/AgCl)b 

Cadmium 2.18 - 0.857 -79 

Copper 1.23 -0.057 -7 

Iron -0.377 +2 

Lead 0.99 - 0.504 + 5 

Zinc 0.94 - 1.160 -2 

(b) Tryptophan 

Metal Slopea Ep (V vs .1Ep (mV)C 

(A/mol dm-3) Ag/AgCl)b 

Cadmium 2.18 - 0.752 + 16 

Copper 1.19 - 0.051 - 1 

Iron - 0.299 + 80 

Lead 1.11 - 0.504 + 5 

Zinc 0.41 - 1.197 - 39 
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(c) Serotonin 

Metal Slopea Ep (Vvs ~Ep (mV)c 

(A/mol dm -3) Ag/AgCI)b 

Cadmium 2.72 - 0.78 0 

Copper 1.26 - 0.045 + 5 

Iron -0.273 + 106 

Lead 1.31 -0.509 0 

Zinc 0.37 - 1.158 0 

a Slope of the plots of AdCSV currents (in !-!A) versus the concentration of the metal in mol dm'3. 

b For Ae+, a silver wire coated with AgCl was used as a pseudo reference electrode. 

c The difference between the peak potential of the uncomplexed metal ion and the peak potential of 

the metal formed in situ. 

For tryptophan, Table 7.1 shows that the largest negative potential shift was obtained for 

Zn2+. This observation suggests that tryptophan forms stable complexes with zinc and less 

stable complexes with the other metal ions; complexes with Cd2
+ and Fe3

+ being less stable 

than with Pb2
+ and Cu2

+. A positive ~Ep indicates the ease of reduction of the Cd­

tryptophan complexes as compared to the Cd-melatonin complex. 

Table 7.1 shows that at the relatively low metal and ligand concentrations used, serotonin 

did not form stable in situ complexes with any of the metals. Apart from the large positive 

potential shift observed for serotonin complexes with Fe3
+, insignificant changes between 

the reduction potentials of the metals and ofthe metal-serotonin complexes were observed 

for the other metals studied. Fe3
+ showed a variable affinity for the ligands. Tryptophan 

did not cause any enhancement in the Fe3
+ reduction, while melatonin and serotonin did. 

A larger positive potential shift for the serotonin-Fe
3
+ reduction than for melatonin-Fe3

+ 

suggests that the melatonin-Fe3
+ bond is more stable. 
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Plots ofthe current response ofthe metal-ligand complexes versus the concentration of the 

metal ion are shown in Fig. 7.4 for melatonin, tryptophan and serotonin. Generally, weak 

metal-ligand current responses were observed at very low metal concentrations, followed 

by a linear range at intermediate metal concentrations. Deviations from this linearity were 

observed at high metal concentrations. This trend was particularly observed for Cd-ligand 

complexes. The linear range is indicative of the metal concentration range in which the 

given concentration of ligand would be functional for effective metal binding. For zinc, the 

current response remained low over a larger range of metal ion concentrations, than for the 

other metals. However, for cadmium, deviation from linearity was reached sooner than for 

the other metals. The deviations at high concentration is thus probably due to competition 

between the metal complex and the free metal ion for the electrode surface. The point of 

deviation would then be an indication of the concentration of metal ion at which all of the 

given concentration of ligand is bound to metal ions. 
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Figure 7.4 The effect of metal ion concentration on the adsorptive cathodic stripping 

voltammogram currents of 1 x 10-6 mol dm-3 of (a) melatonin (b) serotonin and 

(c) tryptophan. (• ) Cd2+, ( +) Cu2+, ( ...._) Pb2
+ and (0 ) zn2+ . Electrolyte: 

pH = 4.4 sodium acetate buffer. Scan rate = 200 mV s-1. 
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The slopes of the plots shown in Fig. 7.4 are given in Table 7.1. As discussed before in 

Section 3 .4.4, these slopes may be used as a guide in determining the sensitivities of the 

ligands for the metal ions. The highest slope was obtained for Cd
2
+ in all cases. The 

lowest slope was obtained for Zn2+. Thus, as the concentration of the metal ion increases, 

all the ligands under discussion, melatonin, serotonin and tryptophan, seem to show an 

affinity for Cd2
+ with the following trend in the metal ion being obtained: Cd2

+ > Cu2
+ > 

Pb2+ > Zn2+. Comparing the three ligands, serotonin shows the largest slope for Cd2
+, 

Cu2+ and Pb2+ and hence is more sensitive for these metals than tryptophan and melatonin, 

at concentrations greater than 2 x 10-5 mol dm-3
. The adsorptive cathodic stripping 

voltammograms for A13
+ in the presence of melatonin and tryptophan were very weak and 

could not be accurately determined. Serotonin was the only ligand of the three that could 

bind A13+ in situ to a significant extent. Thus, serotonin has a larger affinity for A13
+ than 

tryptophan and melatonin. The slopes of current versus the concentration of the A13
+ ion 

may not be compared directly with those of the other metals since non-aqueous conditions 

were employed for A13
+, whereas the rest of the metal ions were studied m aqueous 

solutions (pH = 4.4 buffer). 

Experiments were also performed to examine the effect of increasing ligand concentrations 

on the current response. For all the metal ions, AdCSV currents of the metal ion increased 

linearly with increase in the concentration of the ligand, at low ligand concentrations, as 

shown in Fig. 7.5. Deviation from linearity at higher ligand concentrations reflects the 

ligand concentration at which all the metal is bound. The deviations are thus due to the 

presence offree ligand in solution which competes with metal-ligand complexes for sites at 

the electrode. Shown in Fig 7. 5 are the AdCSV of a) Pb2
+ in the presence of melatonin, b) 

Cd2+ in the presence of melatonin and c) Pb2
+ in the presence of serotonin. 
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The observed interactions may also be explained, as in Section 3.4.6, in terms of the 

different structural and chemical aspects of the bond formation between the metals and 

these ligands. Looking at the structural representation of melatonin and its precursors in 

Fig. 7.1, possible binding sites of the metals may be elucidated in terms of the HSAB 

theory. 

Cadmium is the only metal classified as soft, while both A13
+ and Fe3

+ are hard acids. The 

other metals studied are borderline acids. The COOH on tryptophan, the OH group on 

serotonin and the NH2 group on both are hard acceptors, with a preference for either hard 

acids or borderline acids. Sterically, the OH group on serotonin is a better binding site 

than the COOH on tryptophan which may explain the preference of A13
+ for serotonin. 

The carbonyl group on melatonin and the two NH groups are soft bases, which have 

preferences for soft acids such as radicals. These functional groups may explain the strong 

preference as observed by cadmium for melatonin. The 0-methyl group on melatonin is 

also a hard base which can also bind hard acids. Melatonin thus has a combination of hard 

and soft binding base functional groups, meaning that it is capable of binding hard, 

borderline and soft acids. This would explain why only melatonin showed bond formation 

with metals from each of these groups. The comparative hardness or softness of the 

functional groups on serotonin and melatonin may be a factor which defines their relative 

particular strengths and affinities for metal bond formation. 

The AdCSV currents obtained for all metal-ligand complexes showed a linear relation with 

the square root ofthe scan rate. Fig 7.6 shows a plot of the AdCSV currents for lead with 

tryptophan versus the square root of the scan rate. This linearity reflects a diffusion 

controlled mass transport of the metal-ligand complex to the electrode. 
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Figure 7.6 The variation of current with the square root of the scan rate for 1.47 x 10-5 mol dm-3 

tryptophan with 1 x 10-5 mol dm-3 lead in pH 4.4 Sodium acetate buffer. 
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7.6 CONCLUSIONS 

In conclusion, it has been shown in this work that the interaction of copper, cadmium, 

iron, lead, zinc and aluminium with melatonin and its precursors is concentration 

dependent. At low concentrations of the ligands or the metals, melatonin forms relatively 

stable in situ complexes with Cd2
+. While tryptophan forms relatively stable in situ 

complexes with Zn2
+, melatonin and its precursors show very little affinity for Zn2

+. The 

reason for this may be that metallothionein performs this function in zinc homeostasis in 

the brain. Melatonin, serotonin and tryptophan all showed an affinity for Al3+. 

Considering the depletion of melatonin and probably serotonin and tryptophan with 

advancing age, this study may explain the accumulation of aluminium in the brains of 

Alzheimer's patients. 

All three ligands show a binding affinity for lead, but these in situ complexes formed 

showed less stability than the zinc-tryptophan or the cadmium-melatonin complexes. 

Serotonin and melatonin show a binding affinity for copper, but the complexes formed are 

relatively unstable. Both lead and cadmium are highly toxic to living systems, mostly 

because they easily displace softer metals such as zinc at the active sites of proteins and 

enzymes, thereby inactivating them. This would then confer a role of metal detoxification 

on melatonin and its precursors. Melatonin was shown to bind iron III but not iron II. 

This may have relevance to the Fenton reaction, where iron II generates the toxic hydroxyl 

radical and is oxidised to iron III. The stable oxidation state of iron is Fe3+ , difficult to 

store in vivo as it reacts to form an insoluble polymer which is toxic to cells. Ferritin and 

transferrin[2lOJ have evolved to overcome this difficulty. The fact that melatonin binds iron 

III may thus suggest that melatonin removes iron ill, if unbound to a protein, preventing 

it from reducing back to iron II, the form in which it generates a free radical. If, however, 

the iron is bound to a protein such as haemoglobin, which suffered this oxidative attack, 

melatonin could restore the iron II state by reducing iron III and thereby restoring 

biological activity to the protein. The proposed mechanism, shown in Fig 7. 7 a), is similar 
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to the reducing action of melatonin on toxic hydroxyl radicals, Fig 7. 7 b), as devised by 

Reiter's[204
] group. 

Reiter's group showed that, dose dependently, melatonin was twice as potent an 

antioxidant as glutathione. Glutathione is known to protect haemoglobin by reducing iron 

(III) back to iron (II). Melatonin, in binding iron III, may thus be displaying a further 

antioxidative function. 

lndolyl 
Cation 
Radical 

B 

·oH 

Fenton Reaction 

lndolyl 
Cation 
Radical 

Melatonin 

A 

Figure 7.7 A) A possible mechanism for the protective role of melatonin in restoring the iron (II) 

state generated by the Fenton reaction. B) represents the mechanism[
204

] by which 
melatonin scavenges free radicals also generated by the Fenton reaction. 

This reasoning would explain the lesser role played by metallothionein in transition metal 

bonding in the brain, considering that the brain, which constitutes 2% of the body's mass, 

utilises 20% of its oxygen intake. As metallothionein is a protein, any bonds it may form 

with the transition metals would predispose this protein to free radical damage, generated 

by these metals in a Fenton reaction. The most likely damage would be oxidation of its 

cysteine groups to disulphides, denaturing the protein. It has been suggested that zinc in 

metallothionein protects the protein from disulphide bonds. This may explain why brain 

metallothionein is mostly limited to zinc regulation. Melatonin on the other hand 

counteracts this free radical damage. Another factor favouring a metal binding role for 

melatonin is its hydrophilic, lipophilic nature. This allows melatonin to move freely across 

all cellular barriers, facilitating the removal of toxic metals from the CNS. 
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These studies suggest an important role for melatonin and its precursors in Alzheimer's 

disease. A depletion of melatonin and its precursors would predispose the build-up of 

toxic metals and their associated damage. Of most significance is aluminium which is 

known to cause neurofibrillary tangles associated with AD. Recent studies have shown 

that disturbances in zinc homeostasis may also be associated with the formation of 

neurofibrillary tangles during instances of metallothionein down-regulation[141J. If 

suggestions that the pineal gland exerts control over zinc-metallothionein in the brain[144
] 

are considered in this light, then it may be postulated that any disturbances in the pineal 

gland functioning could be related to a zinc imbalance, resulting in neurofibrillary tangles. 

One such disturbance could be the depletion of melatonin, which it seems may have far­

reaching consequences in ageing and in AD. 
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Chapter Eight 

Overall Conclusions 

These studies have shown how an understanding of metal-ligand chemistry can be used to 

design techniques for the qualitative and quantitative analysis of metals and proteins, as 

well as the identification of metal-ligand interactions. These techniques have a ready 

application in the study of living systems, where the interaction between a metal and a 

ligand is an integral component ofbiochemical pathways. 

Chapter 2 provided an overview of the basic principles of electroanalytical chemistry, 

highlighting the benefits of the techniques researched in this thesis. The analytical 

sensitivity and selectivity of adsorptive cathodic stripping voltamrnetry for the analysis of 

metals, is based on the design and application of appropriate ligands, for the effective 

preconcentration of the analyte at the electrode. Specificity and catalytic activity is 

afforded by attaching appropriate reagents, by a range of techniques, at electrodes to 

produce new chemically modified electrodes. Enhanced stability and sensitivity may be 

achieved through the electrodeposition of modifiers to the electrode surfaces. 

In chapter 3, analogs ofthe naturally occurring catechols were examined as ligands for the 

adsorptive cathodic stripping voltammetric analysis of physiologically important metals. 

The current responses and potential shifts of the metals with the various ligands, were used 

as the criteria in establishing feasible metal-ligand interactions and the utility of these 

ligands for sensitive analysis of the metals. The best ligand for the quantitative 

determination of lead, bismuth and copper was found to be resorcinol, and 4-

methylcatechol for the analysis of cadmium. The sensitive simultaneous analysis of all 

four metals achieved, coupled with the simplicity of the mercury film glassy carbon 
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electrode described, provides a technique which has a ready application to related on-site 

metal analyses. 

The electroanalysis of thiol-containing proteins is hampered by their sluggish electron 

transfer kinetics, exhibiting large overpotentials at unmodified electrodes. Electrodes 

modified by metallophthalocyanines (MPc) are known to catalyse the oxidation of cysteine 

at significantly lowered potentials. MPc complexes are often attached to electrodes in the 

presence of supports. While methods such as these may provide improved stability, they 

are countered by a loss of sensitivity and are often limited to the analysis of cysteine at low 

pHs. In chapter 4, experimental conditions were examined to achieve the direct 

electrodeposition of various MPc complexes onto a glassy carbon electrode (GCE), in the 

absence of supports. The research resulted in a technique for achieving the direct 

electrodeposition ofMPc complexes onto GCE for cysteine analysis at lowered potentials. 

The direct electrodeposition of [Co(II)TSPct onto a GCE produced a chemically 

modified electrode (CMGCE) which offered improved sensitivity for the analysis of the 

amino acid cysteine in both acidic and basic media. This technique, therefore, has a ready 

application to the analysis of cysteine-containing proteins. 

A major problem in defining a specific functional role for metallothionein, believed to 

function in metal regulation in the peripheral organs, is the lack of adequate methods for 

the analysis of this protein. As metallothionein is composed mainly of 1/3 cysteine 

residues, the technique for cysteine analysis devised in chapter 4 could be applied to the 

analysis of this protein An electrode modified by electrodeposition of [Co(II)TSPct 

catalysed the oxidation of the cysteine component of metallothionein at biological pH's. 

The linear current response exhibited with metallothionein concentration, provides a new 

technique for the analysis of metallothionein. Of further significance is that the technique 

is both non-destructive and highly sensitive, and may thus be of significant value for in vivo 

voltamrnetric analysis of this protein. 

Chapter 6 introduced a new methodology for the analysis of the iron-sulphur protein, 

ferredoxin. Ferredoxins are vital as electron carriers in electron transport chains in 

photosynthesis and respiration. Electroanalysis of ferredoxin has focused on its 
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ferric/ferrous redox transition, in the presence of mediators. An alternative means for the 

quantification of ferredoxin was introduced in this thesis by the catalytic oxidation of its 

cysteine component at electrodes modified by drop-dry with MPc complexes. Of the 

various metal phthalocyanines examined, [Co(II)TSPct" showed the best catalytic activity 

for analysis of the cysteine component of ferredoxin. The phthalocyanines were also 

examined as possible mediators for the monitoring of the reduction of iron in ferredoxin. 

Co(II) and Cu(II)TSPc-CMGCEs were found to catalytically reduce the iron in ferredoxin 

at significantly lower potentials than previously observed. 

Complimentary to the techniques designed in this thesis for the analysis of metals and 

metalloproteins, a new methodology for identifying metal-ligand interactions, based on 

adsorptive cathodic stripping voltammetry, was introduced and applied in chapter 7. 

In chapter 7, the interaction of the pineal hormone, melatonin and its precursors, serotonin 

and tryptophan, with a group of metals were examined. Using AdCSV, these ligands 

exhibited a variable affinity and selectivity for different metals studied. Of the three 

ligands, only melatonin was found to bind all the metals studied. The findings of this 

research suggest that apart from its role in neuroprotection as a general antioxidant and 

free radical scavenger, melatonin could be involved in metalloregulation and detoxification 

in the brain. By binding iron (ill) melatonin may be displaying a further antioxidative role. 

The most important implication is that the depletion of melatonin with advancing age 

predisposes the brain to the accumulation and toxicity of both free radicals and metals. 

These findings also suggest a plausible explanation for the accumulation of aluminium in 

the brains of patients with Alzheimer's disease. 
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Further Applications and Research Areas Identified 

The techniques researched in this thesis may have important applications in the field of 

bioinorganic chemistry. Bioinorganic chemistry is the study of the role of metals in 

biological systems. The electrochemical techniques for analysis of metals, thiols, 

metalloproteins and the identification of metal-binding ligands may be of use in bridging 

the gap between the disciplines, through the application of electroanalysis to real biological 

systems. 

Micro-electrodes chemically modified with non-toxic metallophthalocyanines may have 

important applications for in vivo voltammetric analysis of a range of biological 

compounds, for example, thiol-containing amino acids and proteins. As cysteine, 

metallothionein and metal-free metallothionein oxidise at slightly different potentials at the 

electrodes discussed, the technique could be used to monitor and determine the conditions 

under which metallothionein binds or frees a metal, to become the thiol- containing 

apoform. In addition, micro-electrodes modified with metal-specific ligands could be used 

to both qualifY and quantify the metals involved. 

The technique designed for analysis of thiols could be expanded to include the analysis of 

other thiol containing proteins such as glutathione and thioredoxin. 

While preliminary studies suggest that melatonin binds metals in situ, further research m 

this area should be directed at similar studies using in vivo voltarnrnetric methods. 

Environmental monitoring of heavy metals of biological importance, as suggested, is an 

obvious application of this research. A ligand such as resorcinol, which may 

simultaneously determine several metal concentrations, could be used for on-site metal 

analysis. Nature tends to protect itself, for example, by the evolution of micro-organisms 

and even certain plants which bind and remove metals from soils and rivers. The 

techniques designed in this research for identifying metal-binding ligands could be of 

particular benefit in identifying such metal-binding agents in samples of environmental 

ongm. 
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Appendices 

Appendix 1 

Results of IR spectral analysis of metallophthalocyanines 
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