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Abstract  

 

Primarily, the focus of this project was to investigate hair bleaching and dyeing 

mechanisms, in the presence of ammonia or ethanolamine (MEA), at room 

temperature. Firstly, the mechanism of hair bleaching by alkaline hydrogen 

peroxide was explored, using homogeneous solutions of Sepia melanin free acid 

(MFA) as a model for hair melanin. UV-vis spectroscopy was applied to study the 

rate of melanin bleaching under various conditions. It was established that both 

hydroxyl radicals and perhydroxyl anions are involved in the bleaching of melanin. 

Hydrogen peroxide decomposition and Sepia melanin oxidation were then 

monitored using homogenous model bleaching solutions, to see if differences in 

hair bleaching when MEA is used instead of ammonia could be explained by a 

change in chemistry. Dissimilarities were found in ligand-free and etidronic acid 

(HEDP) systems when the base was altered, due to the presence of differing metal 

complexes. However, when strong chelating ligands such as 

ethylenediaminetetraacetic acid (EDTA) are used, no differences were apparent in 

homogenous model bleaching systems.  

The mechanism of dye formation inside hair fibres was then investigated, due to the 

observation that catalase accelerates the oxidation of dye primaries in aqueous 

solutions. Dye formation was studied by UV-vis spectroscopy. It was shown that 

metal ion centres are predominantly responsible for the formation of dyes in the 

hair cortex. Fe(III) proved to be a more effective catalyst for dye production than 

Cu(II).  

Finally, the effect of MEA on the rate of hair dye formation in aqueous systems was 

studied, using HPLC and UV-vis spectroscopy. The rate of colour formation in MEA 

based formulations was found to be greater than in ammonia systems, possibly due 

to slower degradation of the dyes in MEA systems. It was also found that 

nucleophilic attack of MEA on preformed dye molecules leads to the formation of 

different dyes, which incorporate the base into their structure. The formation of 

these dyes greatly changes the colour of model aqueous dye solutions. 



iii 
 

Table of Contents  

 

Abstract ................................................................................................................. ii 

Table of Contents ................................................................................................. iii 

List of figures .........................................................................................................ix 

List of tables ....................................................................................................... xvii 

Acknowledgements .......................................................................................... xviii 

Declaration ........................................................................................................... xx 

 

Chapter 1 ς Introduction ...................................................................................... 2 

1.1 A brief history of hair colouring .................................................................... 2 

1.1.1 Modern hair colouring ........................................................................... 2 

1.2 Human Hair .................................................................................................... 4 

1.2.1 The function of human hair ......................................................................... 4 

1.2.2 The structure of human hair .................................................................. 4 

1.3 Melanin Pigments .......................................................................................... 6 

1.3.1 Melanogenesis ............................................................................................. 7 

1.3.2 Structural studies of eumelanin from both human hair and cuttlefish ink

 ............................................................................................................................ 11 

1.4 The chemistry of hair colouring .................................................................. 14 

1.4.1 Hair Bleaching ............................................................................................ 14 

1.4.1.1 Hair Damage ........................................................................................ 15 

1.4.1.2 Fenton chemistry ................................................................................ 17 

1.4.1.3 The radical pathway of hydrogen peroxide decomposition ............... 17 

1.4.1.4 The non-radical pathway of hydrogen peroxide decomposition ....... 18 

1.4.1.5 Mechanism of hair fibre damage ........................................................ 21 

1.4.1.6 The effect of reactive oxygen species on hair fibres .......................... 24 



iv 
 

1.4.1.7 Preventing hair fibre damage ............................................................. 25 

1.4.1.8 Quantifying hydroxyl radical production ............................................ 30 

1.4.2 Hair Dyeing ................................................................................................. 33 

1.5 The role of water in hair colouring .............................................................. 35 

1.5.1 The role of water in hair bleaching ............................................................ 35 

1.5.2 The role of water in hair dyeing ........................................................... 36 

1.6 The application of hair colouring products to hair ...................................... 39 

1.6.1 Hair colouring at home .............................................................................. 39 

1.6.2 Hair colouring in salons .............................................................................. 40 

1.7 The use of MEA in hair colouring formulations........................................... 41 

1.7.1 The possible causes for the differences observed in bleaching systems 

containing MEA ................................................................................................... 42 

1.7.1.1 Hair fibre damage................................................................................ 43 

1.7.1.2 Bleaching potential ............................................................................. 45 

1.7.2 The possible causes for the differences observed in dyeing systems 

containing MEA ................................................................................................... 46 

1.7.2.1 Chemical factors .................................................................................. 46 

1.7.2.2 Physical factors .................................................................................... 48 

1.8 Project Aims ................................................................................................. 49 

 

Chapter 2 ς Mechanistic studies of soluble melanin bleaching ............................ 53 

2.1 Introduction ...................................................................................................... 53 

2.1.1 Human hair melanin and Sepia melanin .................................................... 53 

2.1.2 Melanin free acid (MFA) ............................................................................ 54 

2.1.3 The mechanism of melanin degradation ................................................... 55 

2.1.4 Possible oxidants of melanin in a Fenton-like system ............................... 60 

2.2 Aims .................................................................................................................. 65 



v 
 

2.3 Experimental Methods ..................................................................................... 66 

2.3 Results and Discussion ..................................................................................... 69 

2.3.1 Preparation of Sepia MFA and bleaching solutions ................................... 69 

2.3.2 Colour fading studies of Sepia MFA ........................................................... 71 

2.3.3 The copper atom environment during melanin bleaching ........................ 73 

2.3.4 The effect of hydroxyl radicals on Sepia MFA bleaching ........................... 79 

2.3.5 The effect of perhydroxyl anion on Sepia MFA bleaching ......................... 85 

2.3.6 Time delayed chelation of metal ions during Sepia MFA bleaching ......... 88 

2.3.7 The role of ammonia in soluble melanin bleaching .................................. 96 

2.4 Conclusions ..................................................................................................... 100 

 

Chapter 3 ς A comparison of monoethanolamine-based and ammonia-based hair 

bleaching systems ............................................................................................. 103 

3.1 ς Introduction ................................................................................................. 103 

3.2 Aims ................................................................................................................ 103 

3.3 Results & Discussion ....................................................................................... 105 

3.3.1 The bleaching of whole hair fibres .......................................................... 105 

3.3.2 Hydrogen peroxide decomposition in model aqueous systems ............. 108 

3.3.3 The chemistry behind the differences observed in hydrogen peroxide 

decomposition .................................................................................................. 113 

3.3.4 HEDP degradation .................................................................................... 125 

3.3.5 MEA degradation in the HEDP system..................................................... 130 

3.3.6 MEA degradation in the ligand-free formulations .................................. 135 

3.3.7 The effect of MEA on soluble melanin bleaching .................................... 141 

3.3.8 Hydrogen peroxide decomposition in solutions containing pulverised hair 

fibres ................................................................................................................. 145 



vi 
 

3.4 Conclusions ..................................................................................................... 152 

 

Chapter 4 ς The Mechanism of Hair Dye Primary Oxidation in Hair Fibres .......... 157 

4.1 Introduction .................................................................................................... 157 

4.1.1 The mechanism of hair dye formation .................................................... 157 

4.1.2 The chemistry behind the formation of dyes during hair colouring ....... 158 

4.2 The effect of catalase on dye reagent coupling in aqueous systems to form 

dyes ....................................................................................................................... 160 

4.3 Aims ................................................................................................................ 163 

4.4 Results & Discussion ....................................................................................... 164 

4.4.1 The mechanism of dye formation by catalase ......................................... 164 

4.4.2 Comparison of whole hair and pulverised hair ....................................... 168 

4.4.3 Dye precursor oxidation within hair fibres .............................................. 170 

4.4.4 EDTA treatment of pulverised hair .......................................................... 172 

4.4.5 Identifying the types of metal ions that are responsible for dye formation

 .......................................................................................................................... 174 

4.5 Conclusions ..................................................................................................... 179 

 

Chapter 5 ς The effect of replacing ammonia with ethanolamine in dyeing 

formulations ..................................................................................................... 182 

5.1 Introduction .................................................................................................... 182 

5.1.1 The mechanism of dye formation in binuclear systems .......................... 183 

5.1.2 The mechanism of dye formation in trinuclear systems ......................... 183 

5.2 Aims ................................................................................................................ 186 

5.3 Results & Discussion ....................................................................................... 187 

5.3.1 Dye formation in aqueous MEA and NH3 solutions ................................. 187 



vii 
 

5.3.2 Consumption of dye couplers .................................................................. 191 

5.3.3 The formation of an additional chromophore in the PAP-MAP-MEA 

formulation ....................................................................................................... 201 

5.3.4 Identification of a new dye in MAP systems when MEA was used as a base

 .......................................................................................................................... 203 

5.3.5 Analysis of the MEA incorporated dye (274) ........................................... 204 

5.3.6 Systems that incorporate MEA into dyes ................................................ 211 

5.3.7 Mechanism of MEA incorporation ........................................................... 215 

5.4 Conclusions ..................................................................................................... 219 

 

Chapter 6 ς Conclusions and Further Work ........................................................ 222 

6.1 Summary ......................................................................................................... 222 

6.2 Concluding Remarks ....................................................................................... 226 

6.2.1 The mechanism of hair bleaching and dyeing ......................................... 226 

6.2.2 The Effect of MEA on hair colouring formulations .................................. 226 

6.3 Further Work .................................................................................................. 227 

 

Chapter 7 ς Experimental .................................................................................. 230 

7.1 Materials and chemicals ................................................................................. 230 

7.2 Instrumentation / techniques ........................................................................ 231 

7.3 Preparation of buffer solutions containing either ammonia or ethanolamine

 .............................................................................................................................. 233 

7.4 Isolation of Sepia melanin .............................................................................. 234 

7.5 Conversion of Sepia melanin to Sepia MFA ................................................... 234 

7.6 Monitoring the bleaching of Sepia Melanin by UV-vis ................................... 235 

7.7 Monitoring the hydroxyl radical flux of Fenton-like systems ........................ 235 



viii 
 

7.8 Determination of the hydrogen peroxide decomposition ............................. 235 

7.9 Verification of hydrogen peroxide concentrations by titration ..................... 237 

7.10 Phosphate ion analysis during the Fenton-like degradation of HEDP ......... 238 

7.11 GC analysis MEA degradation products ....................................................... 238 

7.12 Binding Constants ......................................................................................... 239 

7.13 Speciation curves of metal complexes ......................................................... 239 

7.14 Monitoring dye formation in aqueous systems by UV-vis ........................... 240 

7.15 HPLC analysis of dye formation .................................................................... 240 

7.16 Separation of the MEA dye molecule in the PAP-MAP system .................... 241 

 

Appendix ........................................................................................................... 242 

Abbreviations .................................................................................................... 247 

 

List of References ............................................................................................. 250 

 



ix 
 

List of figures  

 

Figure 1: The general structure of some semi-permanent hair dyes3, 4. ..................... 3 

Figure 2: Cross-section of a human hair fibre7 ............................................................ 5 

Figure 3: SEM image of a human hair fibre8 ................................................................ 6 

Figure 4: Scheme to show the biosynthesis of eumelanin and pheomelanin17 .......... 8 

Figure 5: The biosynthetic pathway for the production of pheomelanin from 

dopaquinone ................................................................................................................ 9 

Figure 6: The main monomer building blocks of eumelanin16, 19. ............................. 10 

Figure 7: The benzothiazine monomer units that are the basis of the formation of 

pheomelanin oligomers16, 19. ...................................................................................... 10 

Figure 8: The tentative structures of the eumelanin and pheomelanin oligomers16.10 

Figure 9: The proposed alignment of DHICA units of eumelanin from NMR studies29.

 .................................................................................................................................... 12 

Figure 10: The proposed structure for tyrosinase-based melanin ............................ 13 

Figure 11: The formation of possible hypervalent iron complexes as intermediates of 

Fenton chemistry66. .................................................................................................... 19 

Figure 12: Scheme to show the catalytic pathway of hydrogen peroxide 

decomposition by catalase74. ..................................................................................... 21 

Figure 13: A possible mechanism of protein oxidation by hydroxyl radical and by 

redox metals.78 ........................................................................................................... 22 

Figure 14: One of the possible mechanisms of disulphide bond cleavage in alkaline 

media81 ....................................................................................................................... 23 

Figure 15: Scheme to show the possible routes of disulphide bond cleavage to form 

sulfonic acid, via cystine oxide intermediates10, 80. .................................................... 23 

Figure 16: SEM images of (a) an untreated hair fibre, (b) & (c) hair fibres treated 

with 6% H2O2 at pH 10.2 (21 °C) or (d) a hair fibre treated with a bleach crème 

treatment of 9% H2O2 at pH 8.6 (21 °C)85. ................................................................. 24 

Figure 17: The structure of the chelating ligand EDTA. ............................................. 27 

Figure 18: Speciation plot to show the copper complexes formed in a model hair 

system containing 400 mM NH3, 13.95 mM EDTA, 170 mM Ca2+ and 1.27 mM Cu2+60.

 .................................................................................................................................... 28 

Figure 19: The structure of the chelating ligand EDDS. ............................................. 29 

Figure 20: Speciation plot to show the copper complexes formed in a model hair 

system containing 400 mM NH3, 13.95 mM EDDS, 170 mM Ca2+ and 1.27 mM Cu2+60.

 .................................................................................................................................... 30 

Figure 21: The generation of DMPO-OH adduct from the reaction of hydroxyl radical 

with DMPO98. ............................................................................................................. 31 

Figure 22: The typical EPR spectrum for the DMPO-OH adduct99 ............................. 31 



x 
 

Figure 23: Mechanism to show the hydroxylation of DMPO by water in the presence 

of Fe(III)98.................................................................................................................... 32 

Figure 24: The colorimetric probe NPDPA. ................................................................ 32 

Figure 25: Scheme to show the formation of permanent dye molecules by the 

oxidation of PPD. ........................................................................................................ 34 

Figure 26: Structures of the bases ethanolamine and ammonia............................... 42 

Figure 27: The formation of radicals by the reaction of MEA with hydroxyl radical125

 .................................................................................................................................... 43 

Figure 28: Some examples of the possible complexes that can form as a result of the 

use of MEA and ammonia in hair colouring systems ................................................. 44 

Figure 29: The speciation plot for a solution containing 400 mM MEA, 1.3 mM EDDS, 

0.18 mM Cu(II) and 70 mM H2O2. .............................................................................. 48 

Figure 30: Two of the possible monomeric units (A) & (B) that are more abundant in 

Sepia MFA .................................................................................................................. 55 

Figure 31: The general reaction scheme for the breakdown of monomeric indole-

based units to pyrrolic acids. ..................................................................................... 56 

Figure 32: Possible mechanism of the breakdown of eumelanin oligomers by 

hydrogen peroxide and copper ions to form PDCA. .................................................. 57 

Figure 33: Possible mechanism of the breakdown of eumelanin oligomers by 

hydrogen peroxide and copper ions to form PTCA.................................................... 58 

Figure 34: An additional reaction pathway for the breakdown of eumelanin into 

alternative pyrrolic acids147, 148. ................................................................................. 59 

Figure 35: Disproportionation of the melanin radical ............................................... 61 

Figure 36: Proposed mechanism for the production of hydrogen peroxide on the 

irradiation of melanin with UV radiation. .................................................................. 62 

Figure 37: The mechanism for the metal ion oxidation of catechol, in the presence 

of oxygen, that could potentially be applied to melanin. .......................................... 63 

Figure 38: The mechanism of hydroxylation of the colorimetric probe NPDPA ....... 67 

Figure 39: The UV-vis spectrum of (i) 0.03 mg mL-1 Sepia MFA in 400 mM NH4OH at 

pH 10 & 20 °C, exhibiting broadband absorbance (ii) 8 mM hydrogen peroxide in 

water (iii) 0.03 mg mL-1 Sepia MFA that has been bleached for 120 minutes at pH 10 

& 20 °C in the presence of 400 mM NH4OH, 0.18 mM Cu(II) and 0.979 M H2O2, 

exhibiting a uniform decrease in absorbance in the visible region. .......................... 70 

Figure 40: UV-vis spectra to show the fading of Sepia MFA over 2 hours at 20 °C 

where it was dissolved in 20 mM NH3 at pH 10 in the presence of 0.18 mM Cu(II). 72 

Figure 41: The binding of metals by melanin residue at alkaline pH153 ..................... 74 

Figure 42: EPR spectra of frozen solutions at 140 K containing 20 mM NH4OH, 0.18 

mM Cu(II), (1.3 mM EDTA) and/or (0.06 mg mL-1 Sepia MFA at pH 10. Spectral 

subtraction has been used to remove the melanin signal from all spectra. ............. 75 



xi 
 

Figure 43: Graph to show the rates of hydrogen peroxide decomposition for the 

following systems: 20 mM NH3, 0.18 mM Cu(II), 0.979 M H2O2, (0.06 mg mL-1 Sepia 

MFA) at pH 10 & 20 °C. 1.3 mM EDTA, added at 30 seconds. ................................... 77 

Figure 44: The UV-vis spectra showing an increasing absorbance at 430 nm due to 

hNPDPA formation during the reaction of 20 mM MEA, 0.18 mM Cu(II) and 0.979 M 

H2O2 and 1 mM NPDPA, at pH 10 & 20 °C. ................................................................ 81 

Figure 45: Graph to show the rate of formation of hydroxyl radical, by observation 

of the absorbance at 430 nm in the following systems: 20 mM NH3, (1.3 mM ligand), 

0.18 mM Cu(II), 0.979 M H2O2 and 1 mM NPDPA at pH 10 & 20 °C .......................... 82 

Figure 46: Graph to show the rate of melanin bleaching in systems containing 20 

mM NH3, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia 

MFA at pH 10 &20 °C. ................................................................................................ 83 

Figure 47: Graph to show melanin bleaching in the following system: 20 mM NH3, 

(1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 MFA at pH 10 or 7 

& 20 °C. ....................................................................................................................... 86 

Figure 48: Graph to show hydroxyl radical flux in the following systems: 20 mM NH3, 

(1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 1 mM NPDPA at pH 10 or 7 & 20 

°C. ............................................................................................................................... 87 

Figure 49: Graph to show how the time-delayed addition of 1.3 mM EDTA affects 

the bleaching of Sepia MFA in the following system: 20 mM NH3, 0.18 mM Cu(II), 

0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. .................................. 89 

Figure 50: UV-vis spectra over the time course of melanin bleaching, showing a 

shoulder in the absorbance at 400 nm for the following system: 20 mM NH3, 0.18 

mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. ................ 90 

Figure 51: UV-vis spectra over the time course of melanin bleaching, showing no 

shoulder in the absorbance at 400 nm for the following system: 20 mM NH3, 1.3 

mM EDTA, 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 

°C. ............................................................................................................................... 91 

Figure 52: Graph to show how the time-delayed addition of 1.3 mM EDTA affects 

the bleaching of Sepia MFA in the following composition: 20 mM NH3, 0.18 mM 

Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 7 & 20 °C. ......................... 92 

Figure 53: Graph to show the effect of pH on the rate of Sepia MFA bleaching in the 

following compositions: 20 mM ammonia, 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 

mg mL-1 Sepia MFA at pH 10 or 7 & 20 °C(1.3 mM EDTA added at 1 minute). ......... 93 

Figure 54: Mechanism to show the reactivity of hydroxyl radical towards indole-like 

molecules. .................................................................................................................. 94 

Figure 55: Potential mechanism of hydroxyl radical mediated melanin oxidation in 

the absence of perhydroxyl anions. ........................................................................... 95 

Figure 56: Heterogeneous melanin bleaching (400 mM NH3, 2 mg mL-1 Sepia 

melanin & 1.63 M H2O2 at pH 10 & 20 °C) at (a) 0 hours and (b) 12 hours ............... 97 



xii 
 

Figure 57: Heterogeneous melanin bleaching (400 mM NaOH, 2 mg mL-1 Sepia 

melanin & 1.63 M H2O2 at pH 10 & 20 °C) at (a) 0 hours and (b) 12 hours ............... 97 

Figure 58: Graph to show the differences in Sepia MFA bleaching on varying the 

base for the following systems: 20 mM base, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 

M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. ............................................ 98 

Figure 59: Graph to show the effect of base on hydroxyl radical production for the 

following systems: 20 mM base, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 

1 mM NPDPA at pH 10 & 20 °C. ................................................................................. 99 

Figure 60: The relative rates of hydrogen peroxide decomposition due to whole hair 

fibres dosed with copper ions for the following systems: (400 mM base, 2.5 mg mL-1 

whole hair fibres and 0.979 M H2O2 at pH 10 & 20 °C) ........................................... 107 

Figure 61: The level of hydroxyl radical flux in bleaching systems containing 20 mM 

MEA, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 1 mM NPDPA at pH 10 & 

20 °C. ........................................................................................................................ 112 

Figure 62: The relative rates of hydrogen peroxide decomposition for the following 

compositions: (400 mM base, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 &20 °C)

 .................................................................................................................................. 114 

Figure 63: The speciation plot for 400 mM NH3, 0.18 mM Cu(II) and 0.979 M H2O2 at 

pH 10. ....................................................................................................................... 115 

Figure 64: The speciation plot for 400 mM MEA, 0.18 mM Cu(II) and 0.979 M H2O2 

at pH 10. ................................................................................................................... 115 

Figure 65: The relative rates of hydrogen peroxide decomposition for the following 

systems: (400 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 

& 20 °C). Thanks to Kazim Naqvi for allowing the use of the ammonia data in this 

figure. ....................................................................................................................... 117 

Figure 66: The speciation plot for 400 mM NH3, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10. ............................................................................................ 118 

Figure 67: The speciation plot for 400 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10. ............................................................................................ 118 

Figure 68: The relative rates of hydrogen peroxide decomposition for the following 

systems: (20 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 

20 °C). Thanks to Kazim Naqvi for allowing the use of the ammonia data in this 

figure. ....................................................................................................................... 120 

Figure 69: The speciation plot for 20 mM NH3, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10. ............................................................................................ 121 

Figure 70: The speciation plot for 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10. ............................................................................................ 121 

Figure 71: pH profile during hydrogen peroxide decomposition for systems 

containing 20 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 

20 °C. ........................................................................................................................ 123 



xiii 
 

Figure 72: Speciation plot to show the copper complexes formed in a model hair 

system containing 400 mM MEA, 13.95 mM EDDS, 170 mM Ca2+ and 1.27 mM Cu2+60

 .................................................................................................................................. 124 

Figure 73: The structure of HEDP ............................................................................. 125 

Figure 74: 1H NMR spectrum of 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 for 0 minutes and for 120 minutes of reaction time. ....................... 126 

Figure 75: Normalised concentration of MEA and HEDP during the reaction of 20 

mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 0,979 M H2O2. ................................. 127 

Figure 76: UV spectrum of the molybdenum blue complex, showing the peak at 882 

nm that is used for phosphate analysis. .................................................................. 128 

Figure 77: The production of phosphate, as a result of HEDP degradation, for 

formulations containing 20 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M 

H2O2 at pH 10 & 20 °C. Thanks to Kazim Naqvi for allowing the use of the ammonia 

data in this figure. .................................................................................................... 129 

Figure 78: 1H NMR spectra of the ςCH2
 peaks of MEA. ............................................ 130 

Figure 79: The possible mechanistic pathways of MEA degradation by single 

electron oxidants182, 183. ........................................................................................... 132 

Figure 80: The experimental titrations and the predicted titrations of a 20 mL 

solution of 8.83 mM MEA, 4.21 mM acetic acid, 0.18 mM Cu(II) and 2.26 mM 

phosphate and 1.4 mM formic acid against 30 mM HCl, as well as the equivalence 

points of the titrations. ............................................................................................ 134 

Figure 81: The pH profile during hydrogen peroxide decomposition for systems 

containing 20 mM MEA, (1.3 mM ligand), 0.18 mM Cu(II) and 0.979 M H2O2 at 20 °C.

 .................................................................................................................................. 135 

Figure 82: The increasing absorbance at 365 nm observed during the reaction of 400 

mM MEA, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C. .............................. 136 

Figure 83: Chromatogram of a solution of 400 mM MEA, 0.18 mM Cu(II), 0.979 M 

H2O2. ......................................................................................................................... 137 

Figure 84: Mass spectrum (EI) of the peak at 6.022 minutes .................................. 138 

Figure 85: The proposed structure of the peak at 6.022 minutes in Figure 83. ...... 138 

Figure 86: The possible mechanism of HEI formation181, 183, 186. ............................. 139 

Figure 87: The rate of degradation of MEA in a solution containing 400 mM MEA, 

0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C. ............................................... 140 

Figure 88: Graph to show the rate of melanin bleaching in the following systems: 20 

mM MEA or 20 mM ammonia, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 

0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. .............................................................. 143 

Figure 89: Heterogeneous melanin bleaching for systems containing 400 mM base, 

2.5 mg mL-1 Sepia melanin & 1.63 M H2O2 at pH 10 & 20 °C. (a) ammonia, 0 h, (b) 

MEA, 0 h, (c) ammonia, 12 h & (d) MEA, 12 h. ........................................................ 144 



xiv 
 

Figure 90: The effect of changing the base on hydrogen peroxide decomposition for 

systems containing 400 mM base, 2.5 mg mL-1 pulverised hair and 0.979 M H2O2 at 

pH 10 & 20 °C. .......................................................................................................... 147 

Figure 91: The effect of pulverised and whole hair fibres on hydrogen peroxide 

decomposition for systems containing 400 mM NH3, 2.5 mg mL-1 hair and 0.979 M 

H2O2 at pH 10 & 20 °C. ............................................................................................. 149 

Figure 92: The effect of pulverised hair on the decomposition of hydrogen peroxide 

for systems containing 400 mM NH3, (n) mM Cu(II), 0.979 M H2O2 and (2.5 mg mL-1 

pulverised hair) at pH 10 & 20 °C. ............................................................................ 150 

Figure 93: Oxidation of the aromatic amine PPD to QDI ......................................... 157 

Figure 94: Mechanism to show the coupling of AHT to QDI to form indamine dye 

molecules ................................................................................................................. 158 

Figure 95: Graph to show the increase in dye coupling on addition of 0.1 mL catalase 

to the following composition: 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM 

H2O2, 1 mM PAP and 1 mM AHT at pH 10 and 20 °C. .............................................. 161 

Figure 96: (Above left) the structure of human erythrocyte catalase (The four 

porphyrin heme groups are shown in blue). (Above right) the structure of each 

heme group203, 204. .................................................................................................... 162 

Figure 97: Graph to show the increase in dye reagent coupling on addition of 0.1 mL 

catalase to the following system: 400 mM base, 1.3 mM EDDS, 0.18 mM Cu(II), 70 

mM H2O2, 1 mM primary and 1 mM coupler at pH 10 & 20 °C ............................... 165 

Figure 98: Graph to show the effect of 0.1 mL catalase on the coupling of PAP-AHT, 

with and without the hydrogen peroxide in the following system: 400 mM NH3, 1.3 

mM EDDS, 0.18 mM Cu(II), 0.07 M H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C.

 .................................................................................................................................. 167 

Figure 99: Graph to show the effect of adding pulverised hair or whole hair to an 

aqueous system containing 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM 

H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C. ................................................. 169 

Figure 100: Graph to show the effect of pulverised hair and EDTA rinsed pulverised 

hair on the coupling of PAP-AHT in the following system: 400 mM NH3, 1.3 mM 

EDDS, 0.18 mM Cu(II), 0.07 M H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C. 173 

Figure 101: The rate of primary species oxidation in formulations containing 400 

mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PAP and 1 mM AHT at 

pH 10 & 20 °C when 10 mg pulverised hair (218.0 or 13.1 ppm Cu(II)) is added at 25 

minutes. ................................................................................................................... 175 

Figure 102: The effect of metal ion dosed pulverised hair fibres on primary oxidation 

in systems containing 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 

mM PAP and 1 mM AHT at pH 10 & 20 °C. .............................................................. 177 

Figure 103: Possible mechanisms for the formation of trinuclear dye species from 

PPD and from MAP. (a) nucleophilic attack of PPD on a binuclear dye (b) 

electrophilic attack of QDI on a leuco dye intermediate. ........................................ 184 



xv 
 

Figure 104: Examples of UV-vis spectra for the following dye formulations, 400 mM 

NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM primary and 1 mM coupler 

at pH 10 & 20 °C. ...................................................................................................... 189 

Figure 105: The relative rates of dye formation in aqueous dye baths containing 400 

mM base, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM primary and 1mM 

coupler at pH 10 & 20 °C. (The base used is MEA or ammonia, the primary used is 

PAP or PPD and the coupler used is MAP or AHT). .................................................. 190 

Figure 106: Chromatogram to show dye formation after 2 hours for the following 

system: 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PPD and 1 

mM MAP at pH 10 & 20 °C. ...................................................................................... 192 

Figure 107: The ESI mass spectrum of the peak at 31.2 minutes. ........................... 193 

Figure 108: UV-Ǿƛǎ ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǇŜŀƪ ŀǘ омΦн ƳƛƴǳǘŜǎ ό˂max = 506 nm). ............ 194 

Figure 109: The ESI mass spectrum of the peak at 42.2 minutes. ........................... 194 

Figure 110: UV-vis spectrum of the peak at 42.2 minutes. ..................................... 195 

Figure 111: Chromatogram to show dye formation after 30 minutes for the 

following system: 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM 

PPD and 1 mM AHT at pH 10 & 20 °C. ..................................................................... 196 

Figure 112: Calibration curve to show how the HPLC peak areas at ~11 minutes 

changes with concentration of the coupler MAP. ................................................... 197 

Figure 113: Calibration curve to show how the HPLC peak area at ~19 minutes 

changes with concentration of the coupler AHT. .................................................... 198 

Figure 114: Chart to show a relative estimate of the amount of non-specific dye 

formed after 30 minutes of the following reaction: 400 mM base, 1.3 mM EDDS, 

0.18 mM Cu(II), 70 mM H2O2, 1 mM primary and 1 mM coupler at pH 10 & 20 °C.198 

Figure 115: Chart to show a relative estimate of the amount of non-specific dye 

formed after 2 hours of the following reaction: 400 mM base, 1.3 mM EDDS, 0.18 

mM Cu(II), 70 mM H2O2, 1 mM primary and 1 mM coupler at pH 10 & 20 °C. ....... 199 

Figure 116: Chromatogram to show the dyes formed in the following system: 400 

mM MEA, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PAP and 1 mM MAP at 

pH 10 & 20 °C. .......................................................................................................... 202 

Figure 117: Mass spectrum of peak 1 from the chromatogram shown in Figure 116.

 .................................................................................................................................. 203 

Figure 118: The possible structure of the dye formed in the PAP-MAP dyeing 

reaction when MEA is used as a base. ..................................................................... 203 

Figure 119: 1H NMR spectrum for dye molecule 274 .............................................. 205 

Figure 120: The proposed structure of the dye molecule 274 ................................ 205 

Figure 121: 1H COSY spectrum for dye molecule 274 .............................................. 206 

Figure 122: HSQC spectrum for dye molecule 274 .................................................. 207 

Figure 123: The proposed structure for dye molecule 274 with labelled carbons . 208 

Figure 124: HMBC spectrum for dye molecule 274 ................................................. 209 

Figure 125: An alternative isomer for dye molecule 274 ........................................ 211 



xvi 
 

Figure 126: UV-vis spectrum for PAP-MAP dimer in H2O. ....................................... 214 

Figure 127: UV-vis spectrum of the MEA incorporated PAP-MAP dimer in H2O..... 214 

Figure 128: Mechanism to show the possible formation of dye molecule 274 by 

nucleophilic attack of MEA on PPD-MAP dimer. ..................................................... 216 

Figure 129: Mechanism to show the possible generation of a protonated imine 

electrophile from MEA that could then react with leuco dye to give an MEA 

incorporated dye ...................................................................................................... 216 

Figure 130: MS to show the formation of dyes in the following system: 400 mM NH3, 

1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PPD and 1 mM MAP at pH 10 & 

20 °C ......................................................................................................................... 217 

Figure 131: MS to show the formation of dyes in the following system: 400 mM NH3, 

1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PPD and 1 mM MAP at pH 10 & 

20 °C (+800 mM MEA) .............................................................................................. 218 

Figure 132: Diagram to show the experimental setup that was used to monitor 

hydrogen peroxide decomposition in Fenton(-like) reactions. ............................... 236 

Figure 133: Mass spectrum for the product of a reaction solution containing 400 

mM MEA, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM MBB and 1 mM MAP, 

at pH 10, after 2 h at 20 °C. ...................................................................................... 242 

Figure 134: Mass spectrum for a reaction solution containing 400 mM MEA, 1.3 mM 

EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PPD and 1 mM MAP, at pH 10, after 2 h 

at 20 °C. .................................................................................................................... 243 

Figure 135: MS/MS of the molecular ion peak at 273.1370 shown in the mass 

spectrum in Figure 134. ........................................................................................... 244 

Figure 136: Mass spectrum for a reaction solution containing 400 mM MEA, 1.3 mM 

EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PAP and 1 mM NAP, at pH 10, after 2 h at 

20 °C. ........................................................................................................................ 245 

Figure 137: Mass spectrum for a reaction solution containing 400 mM NH3, 1.3 mM 

EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PPD and 1 mM MAP, at pH 10, after 2 h 

at 20 °C. .................................................................................................................... 246 

Figure 138: Mass spectrum for a reaction solution containing 400 mM NH3, 1.3 mM 

EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PAP and 1 mM NAP, at pH 10, after 2 h at 

20 °C. ........................................................................................................................ 246 



xvii 
 

List of tables  

 

Table 1: The mean levels of exogenous metal ions found on the surface of human 

hair samples from around the globe47 ....................................................................... 16 

Table 2: The binding constants of EDTA with the metal ions found in hair95. ........... 28 

Table 3: The binding constants of EDDS with the metal ions found in hair95. ........... 29 

Table 4: The measured stability constants of ammonia and MEA copper complexes 

compared with EDTA and EDDS copper complexes95, 130. ......................................... 45 

Table 5: Partial elemental analysis of Sepia melanin and of Sepia MFA, compared to 

literature values. ........................................................................................................ 70 

Table 6: The hyperfine (A) and g tensors for copper-EDTA and copper-MFA 

complexes. ................................................................................................................. 75 

Table 7: The stability constants of various Cu(II) complexes95, 130. ............................ 78 

Table 8: The extent of hydrogen peroxide decomposition after 2 hours for the 

general reaction, 20 mM base, (1.3 mM ligand), 0.18 mM Fe(III) and 0.979 M H2O2 

at pH 10 & 20 °C. ...................................................................................................... 110 

Table 9: The extent of hydrogen peroxide decomposition after 2 hours for the 

general reaction, 20/400 mM base, (1.3 mM ligand), 0.18 mM Cu(II) and 0.979 M 

H2O2 at pH 10 & 20 °C. ............................................................................................. 110 

Table 10: Retention times and peak identities for the chromatogram shown in 

Figure 83. .................................................................................................................. 137 

Table 11: The binding constants of some copper complexes95, 130 .......................... 188 

Table 12: The elution times and identities for the peaks of the chromatogram shown 

in Figure 106. ............................................................................................................ 192 

Table 13: The elution times and identities for the peaks of the chromatogram shown 

in Figure 111. ............................................................................................................ 197 

Table 14: The elution times and identities for the peaks of the chromatogram shown 

in Figure 116 ............................................................................................................. 202 

Table 15: The shifts for the carbons in dye molecule 274 as revealed by HSQC ..... 208 

Table 16: The HSQC and HMBC interactions with all proton environments for dye 

molecule 274 ............................................................................................................ 210 

Table 17: Proposed structures of dye products detected by MS on oxidation of dye 

systems containing MAP .......................................................................................... 212 

Table 18: Proposed dye products detected by MS on oxidation of the precursors 

PAP and NAP ............................................................................................................ 213 

Table 19: The conditions used to obtain chromatograms for solutions of degraded 

MEA. ......................................................................................................................... 239 



 

xviii 
 

Acknowledgements  

 

I would like to extend my gratitude to a number of people, without whom the 

production of this thesis would not have been possible. Thank you so much for 

going above and beyond for me. 

Firstly, my thanks go to my supervisor Victor Chechik, who supported me 

throughout this project. I am extremely grateful for all the help and encouragement 

he has given me over the past 4 years. I would also like to express my appreciation 

to Simon Godfrey, Jennifer Marsh and Procter & Gamble for providing funding, 

materials and many valuable discussions. I am also appreciative of the help from my 

IPM, Paul Walton with MATLAB and copper EPR. 

I am indebted to Kazim Naqvi for the help that he has given me throughout this 

project with the development of methods, the countless important discussions we 

have shared and for allowing me to use some of his data (Figure 45 and the data 

shown for ammonia systems in Figures 65, 68 & 77). I would also like to 

acknowledge Robert Thatcher for his help and expertise in the field of 2D NMR, 

Jamie Gould for his assistance in the lab, as well as Brendan Garrett for all his help 

and knowledge about melanin.  

Thanks also to the rest of the VC group (present and past), particularly Chiara 

Baldassarri, Zhou Lu, Thomas Newby and Sindhu Krishna for useful conversations 

and help in the lab. Thanks to the technicians and stores guys for all their support 

and the DKS group for providing shelter in their lab, after a small fire. The technical 

support staff at York have been invaluable. Thanks to Karl Heaton and Helen 

Robinson for their expertise and help with MS, HPLC-MS and GC-MS, Graeme 

McCallister for performing CHN analysis, Heather Fish and Pedro Aguiar for their 

help with 1D & 2D NMR and Jin Guo Wang for his help with EPR. 

Finally, thank you to all my family and friends, particularly my parents, sister and 

grandparents, for providing funding and support when times were hard. I would like 

to acknowledge Anthony Woodhead and Rob Mitchell, who made sure I had a roof 



 

xix 
 

over my head and also helped sink a few ales with me over the last 4 years. Lastly, 

ǘƘŀƴƪ ȅƻǳ [ŀǳǊŀ ŦƻǊ ȅƻǳǊ ǎǳǇǇƻǊǘ ǿƘƛƭŜ LΩǾŜ ōŜŜƴ ǿǊƛǘƛƴƎΦ ¸ƻǳ ƘŀǾŜ ŘƻƴŜ ŜȄǘǊŜƳŜƭȅ 

well to put up with me. 



 

xx 
 

Declaration  

 

Except where specific reference is made to other sources, the work presented in 

this thesis is the work of the author. It has not been submitted, in whole or part, for 

any other degree. 

 

Rob Smith



 

 
 

 

 

 

 

 

 

 

 

 

 

Chapter 1 
  



Chapter 1 

2 
 

Chapter 1 ɀ Introduction  

 

1.1 A brief history of hair colouring  

 

Humans are perhaps the vainest of all the mammals. For over 4000 years various 

techniques have been employed to alter the natural colour of human hair fibres. 

There is now evidence to suggest that hair colouring started with the ancient 

Egyptians, who went as far as using nanotechnology to cover up their grey hairs. 

This is the first documented use of hair dyes and it involves the uptake of black PdS 

nanoparticles by hair, which masks the natural colour1. Since then, different 

methods have been used to alter the colour of hair fibres, including the use of 

organic dyes from henna, marigolds and hibiscus.  

In approximately 1860, it was discovered that hydrogen peroxide could be used to 

lighten the natural colour of hair in a bleaching process. This started a prolonged 

period of hair loss and scalp burns, but also led to the development of permanent 

hair dyes, in the early 20th century, which use phenylenediamine and hydrogen 

peroxide2. 

From the time that these colouring systems containing hydrogen peroxide were 

introduced and marketed, there has been a host of research dedicated to their 

improvement. This thesis contributes to this research. 

 

1.1.1 Modern hair colouring  

  

Today millions of people worldwide use hair colouring products, which can be 

separated into 2 major categories, besides bleaching. 
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1. Semi-permanent dyes 

Semi-permanent dyes, as the name suggests, alter the colour of the hair fibre but 

these dyes can be eventually washed off the hair fibre. The hair will at this point 

return to its natural colour as the treatment does not chemically alter the natural 

shade of the hair fibre. Generally, temporary colouring of hair is achieved by the use 

of pre-formed dyes, based on aromatic nitro compounds that are relatively low in 

molecular weight, compared to those formed in permanent dye systems3. An 

example of the structure that these semi-permanent dyes are based on is shown in 

Figure 1. The R groups are changed between hydrogen atoms, alkyl groups and 

hydroxyethyl groups to achieve a range of colours across the entire visible 

spectrum3, 4. 

 

 

Figure 1: The general structure of some semi-permanent hair dyes3, 4. 

 

2. Permanent dyes  

In contrast to semi-permanent dyes, permanent dyes involve the formation of dye 

molecules within the hair fibre, where they are trapped and prevented from being 

washed out. As mentioned earlier they are based on systems that use precursors, 

such as p-phenylenediamine, and hydrogen peroxide to generate dye molecules 

that have a relatively high molecular weight, when compared with the semi-

permanent dyes. Some examples of the structures of the dyes produced during this 

treatment are shown in Figure 94 and Figure 103. Again, by varying functional 
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groups on the precursors, a range of colours across the entire visible spectrum can 

be produced. 

This work focuses on systems that make use of hydrogen peroxide to alter hair 

colour permanently either through bleaching and/or permanent oxidative dyeing. 

The chemistry of these processes will be discussed in more detail later. Before the 

chemistry behind hair colouring can be discussed, it is important to appreciate the 

structure and function of hair fibres and also to understand what is responsible for 

the natural colour of such fibres. 

 

1.2 Human Hair  

 

1.2.1 The function of human hair  

 

The two major functions of hair in non-human primates are camouflage and 

thermoregulation. Undoubtedly, these are important factors for the survival of 

primates in the wild. However, for humans, changing selection pressures over time 

has generally led to a decrease in hair cover, due to the change in the structure of 

hairs. Generally, less of a change has been observed for human head hair. It is 

thought that this is due to the role scalp hair plays in the thermoregulation of the 

brain. Human hair can also serve many other purposes including, protecting the 

body from harmful UV rays, helping with touch and sense and excreting toxic 

substances, such as arsenic5, 6. 

 

1.2.2 The structure of human hair  

 

The structure of a human head hair fibre is shown in Figure 2. The sheath that 

surrounds the whole hair structure forms part of the hair follicle. This is where hair 

cells are originally made and then die as they are pushed upwards by newly formed 
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hair cells, to form the hair shaft. The outer layer of the hair shaft is formally 

considered to be the cuticle. 

 

 

Figure 2: Cross-section of a human hair fibre7 

 

The cells in the cuticle layer are flat, square sheets that overlap each other 

extensively, as shown in Figure 3. This arrangement of these cells protects the hair 

from mechanical stress and ensures that as the hair fibre grows, any dirt and old 

cells are removed8. In addition to this, the hydrophobic molecule 18-

methyleicosanoic acid is bound to surface proteins of the cuticle9. This is thought to 

provide a water repellent layer that assists with the drying of the hair fibre8. In 

short, this layer is essentially designed to protect the inner layers of the hair shaft. 
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Figure 3: SEM image of a human hair fibre8 

 

The cuticle cells are firmly attached to the cortex. This layer is made up of elongated 

cells that are orientated along the fibre, to provide further mechanical strength8. It 

is here where melanin granules can be found within the hair shaft10. It is thought 

that melanin produced by the melanocytes in the hair follicle is ingested into 

cortical cells by phagocytosis11. It is the melanin pigment in the hair cortex that is 

responsible for the natural colour of hair fibres12, 13. The function of the final part of 

the hair shaft, the medulla, is currently unknown. 

 

1.3 Melanin Pigments  

 

As mentioned above, it is the pigment melanin that is responsible for the natural 

shade of human hair. Melanin predominantly exists in two forms in human hair, 

eumelanin is brownish black and pheomelanin is reddish yellow14, 15. The exact 

colour of hair fibres depends on the exact ratios of these melanins within the hair 

fibre. 

 



Chapter 1 

7 
 

1.3.1 Melanogenesis 

 

As mentioned earlier, melanin is made in the melanocytes before it is transferred to 

the hair cortex. The biosynthesis of melanin is referred to as melanogenesis. 

The primary building block of both pheomelanin and eumelanin is the amino acid 

tyrosine. Inside the melanosome, the enzyme tyrosinase converts the tyrosine to 

dopaquinone, through dopa. At this stage the incorporation of cysteine into the 

biosynthetic pathway can lead to the formation of pheomelanin. However, if 

cysteine is not included, the dopaquinone is cyclised to form cyclodopa. Cyclodopa 

can also be converted to dopachrome, with the simultaneous transformation of 

dopaquinone to dopa. Finally, the tautomerisation of dopachrome by dopachrome 

tautomerase leads to the formation of DHI (5,6-dihydroxyindole) and DHICA (5,6-

dihydroxyindole-2-carboxylic acid). Eumelanin is a complex mixture of oligomers, of 

varying chain length and branching, which are comprised of cyclodopa, 

dopachrome, DHI and DHICA. This synthetic pathway is outlined in Figure 416, 17. 
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Figure 4: Scheme to show the biosynthesis of eumelanin and pheomelanin17 

 

When cysteine is incorporated into the melanogenesis, this leads to the production 

of pheomelanin by melanocytes. This occurs because of a mutation of the 

melanocortin 1 receptor (MC1R) gene, which is responsible for the variation of skin 

and hair colour in humans18. The biosynthetic pathway for the production of 

pheomelanin is outlined in Figure 5. As is shown, cysteine reacts rapidly with 

dopaquinone to form 5-S-cysteinyldopa predominantly with a small amount of 2-S-

cysteinyldopa being formed. These cysteinyldopas are then oxidised by 

dopaquinone to form cysteinylquinones and dopa. The cysteinylquinones are then 

cyclised to form benzothiazine intermediates, which are further oxidised to make 

up pheomelanin19. 
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Figure 5: The biosynthetic pathway for the production of pheomelanin from 

dopaquinone 

 

These biosynthetic pathways result in the monomers that make up eumelanin and 

pheomelanin oligomeric chains. The main monomers associated with each melanin 

are shown in Figure 6 and Figure 7, whilst the tentative structures of eumelanin and 

pheomelanin oligomers are represented in Figure 8. However, in reality, melanin 

oligomers that are produced are a complex mixture of pheomelanin and eumelanin 

units16. This results in a wide variation of human hair colours.  
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Figure 6: The main monomer building blocks of eumelanin16, 19. 

 

 

Figure 7: The benzothiazine monomer units that are the basis of the formation of 

pheomelanin oligomers16, 19. 

 

 

Figure 8: The tentative structures of the eumelanin and pheomelanin oligomers16. 
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1.3.2 Structural studies of eumelanin from both human hair and cuttlefish 

ink  

 

The tentative structure of eumelanin is shown in Figure 8. It is worth noting that 

linkages between monomeric units may also be present between the 2 and 3 

positions of the indole ring, if carboxylate groups are not present in these positions. 

This leads to complex mixtures of randomly organised oligomeric chains, coupled 

with the fact that these are relatively insoluble in practically all solvents, the 

structures are very difficult to ascertain20. 

Various studies have been attempted, with the intention of clarifying the structure 

of eumelanin in more detail. For several years the oxidative degradation of melanin 

was studied using various methods, including acidic permanganate oxidation and 

alkaline hydrogen peroxide oxidation21-23. Using these methods the degradation 

products can be separated and quantified using HPLC. Under these conditions, 

eumelanin breaks down to form pyrrolic acids24. Pyrrole-2,3,5-tricarboxylic acid 

(PTCA) and pyrrole-2,3-dicarboxylic acid (PDCA) can be used as specific markers for 

the detection of dihydroxyindole carboxylic acid (DHICA) and dihydroxyindole (DHI) 

monomeric units (Figure 6) of eumelanin, respectively25. Although these methods 

serve to give an indication of the quantities and types of units present, they do not 

give any indication as to how they are linked together. 

NMR is generally a powerful tool for determining the structure of complex 

molecules. However, the low solubility and irregular arrangement of oligomeric 

chains leads to broad lines in the NMR spectra of melanins26. Nevertheless, various 

types of NMR experiments have been employed in order to gain more insight into 

how the monomeric units of melanin are bound together, including solid-state 

cross-polarization magic angle spinning (for 13C and 15N NMR)27, water suppression 

experiments for 2S homo-nuclear decoupled 1H NMR experiments26 as well as 2D 

INEPT solid state (1H-13C) NMR28. 

The studies yield spectra that are still rather broad, however some useful 

information has been determined from the data acquired, including the amount of 
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protons per structural unit and estimations of unit molecular weight. Attempts have 

also been made to determine the relative DHI and DHICA content of melanins, as 

well as the preferred positions of substituents on the indole ring. The linkages 

between DHI units are still unresolved even with these results. However, it is 

proposed that DHICA units are mainly aligned in a linear manner, due to the 

carboxylate substituent on the 2 position of the indole ring, which prevents linkages 

at this position (Figure 9)29. If DHICA units are adjacent to each other in the melanin 

oligomer then this could be the preferred linkage of the monomers. However, the 

presence of DHI units in melanin will disrupt the sequence of DHICA units 

connected together. 

 

 

Figure 9: The proposed alignment of DHICA units of eumelanin from NMR studies29. 

 

Linkages between DHI units have been visualised using STM and molecular 

modelling. The structure in Figure 10 was determined to be viable for synthetic, 

tyrosinase-based melanin (DHI units only)30. The presence of DHICA units would 

interrupt this arrangement of DHI monomers. However, the study showed that DHI 

can form linkages between the 2,3,4 and 7 positions of the indole ring. 
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Figure 10: The proposed structure for tyrosinase-based melanin 

 

Unfortunately, the structures shown in Figure 9 and Figure 10 cannot exist 

exclusively for biosynthesised eumelanin, as it contains mixtures of DHICA and DHI 

units. Therefore, the tentative structure in Figure 8 is currently the most accepted 

picture of the possible linkages between monomers. 

In addition to providing the natural pigmentation of hair, melanin also plays a vital 

role in mammalian skin. Again it provides the pigment, but eumelanin can also act 

as a powerful antioxidant in order to protect cells from damage by reactive oxygen 

species (ROS), such as hydroxyl radicals and superoxide anions, formed on exposure 

to UV radiation17. The reaction of melanin with the superoxide anion is outlined on 

page 60. By contrast, pheomelanin has been the subject of multiple studies that 

suggest it behaves as a prooxidant, leading to cell damage in the skin that results in 

sun burn and melanoma31-33. The antioxidant activity of eumelanin means it is also 

suited to a protective role in the retina34. Additionally, structurally similar 

neuromelanin is present in the human brain, the biological role of which is not fully 

understood35-37Φ IƻǿŜǾŜǊΣ ŀ ƭƛƴƪ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ōŜǘǿŜŜƴ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ 

lower neuromelanin levels, demonstrating the potential importance of 

neuromelanin in the prevention of cell death38. 
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1.4 The chemistry of hair c olouring  

 

By studying the structure of hair and how natural colour arises, the process of hair 

colouring can be understood in greater detail. This thesis focuses on άpermanentέ 

hair colour changes, including bleaching and oxidative dyeing. 

 

1.4.1 Hair Bleaching  

 

As mentioned earlier, hydrogen peroxide has been used to lighten the natural shade 

of hair for almost 150 years. In order for this chemically induced hair bleaching to 

occur it is necessary to break down the melanin granules in the hair cortex that are 

responsible for the natural colour of the hair39. This poses a significant challenge 

when the structure of hair fibres is considered.  

Firstly, the cuticle is protected by the hydrophobic layer consisting of lipids, 

including 18-methyleicosanoic acid. This may help to prevent the diffusion of 

oxidants within aqueous dye baths into the hair cortex. Additionally, the structure 

of the cuticle itself forms a barrier, which also helps prevent the diffusion of 

substances into the hair cortex8. It is therefore important to discuss how the 

diffusion of aqueous solutions of hydrogen peroxide into the hair cortex can be 

facilitated. 

On immersion in water, hair fibres are known to swell. This is due to the disruption 

of hydrogen bonds within proteins inside the hair40. However, Wolfram has shown a 

relationship exists between the pH and the extent of swelling that occurs41. This 

could be rationalised by the deprotonation of protein side-chains at high pH, 

leading to a build-up of negative charges that repel each other. Additionally, the 

cleavage of disulphide bonds may contribute to the expansion of fibres10, 42. 

Swelling of hair fibres facilitates the diffusion of hydrogen peroxide through the 

cuticle layers. Therefore, ammonia can be used to assist diffusion, as it will result in 

an alkaline pH that leads to significant hair swelling43, 44. A combination of ammonia 
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and hydrogen peroxide has also been shown to break up and solubilise 

heterogeneous melanin granules effectively. This occurs as melanin is converted 

into melanin free acid (MFA), which is a more soluble form of melanin. Conversion 

of melanin into MFA is accompanied by a slight structural change, discussed in 

chapter 2. It does not result in substantial colour change of the hair. However, 

solubilisation of the pigment is sometimes a prerequisite for bleaching to occur. The 

oxidative breakdown of melanin that follows during bleaching has been proposed to 

lead to voids within the hair fibre, which also contribute to hair fibre swelling41. 

As well as facilitating diffusion, the alkaline pH (usually this is approximately pH 10) 

results in the deprotonation of hydrogen peroxide (pKa = 11.65) to generate the 

perhydroxyl anion45. This is a critical function of ammonia in bleaching systems, as 

the perhydroxyl anion is thought to be an active oxidant in the melanin bleaching 

process46. 

Unfortunately, the combination of ammonia and hydrogen peroxide on the human 

hair leads to complications with the bleaching procedure, that lead to the hair fibres 

becoming damaged due to the presence of metals on hair fibres. 

 

1.4.1.1 Hair Damage 

 

Hair fibres naturally contain an abundance of endogenous metal ions, within the 

hair fibre and exogenous metal ions bound to the surface of hair fibres. Endogenous 

metal ions enter the hair when it is made in the follicle. Exogenous metal ions are 

present when hair comes into contact with the local environment, for example 

when the hair is washed. Water is the biggest factor that influences the type and 

quantity of exogenous metal ions found on the surface of hair. Obviously the types 

and amounts of metal ions that are transferred from water to hair fibres varies 

greatly depending on geographical location, as the global distribution of metal ions 

in water itself differs47. Other factors that influence the amounts of metal ions 

found both within hair fibres and on the surface of fibres include, age, ethnicity, 
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condition of the hair and any pretreatments that the hair has been exposed to. 

Table 1 shows the results from a recent global study by Godfrey, which determined 

the mean amounts of some metal ions found on hair fibres.  

 

Metal ions 
Mean concentration / 

ppm 

Ca2+ 4625 

Mg2+ 302 

Cu2+ 45 

Fe3+ 27 

Table 1: The mean levels of exogenous metal ions found on the surface of human 

hair samples from around the globe47 

 

The study also compared metal levels on hair fibres of both colourant and non-

colourant users. It was seen that the amounts of Mg2+ and Ca2+ rise for individuals 

that colour their hair. However, the amounts of Cu2+ and Fe3+ remained similar. The 

authors concede that these results may underestimate the actual amounts present 

during the colouring process, as it is thought metal ions may be complexed by 

components within the formulations and rinsed out after application. The greater 

metal ion contents on the hair fibres of hair colourant users may be attributed to 

the formation of carboxylate anions and sulfonic acids during protein oxidation 

(discussed on page 22). These acids can also bind metal ions upon washing, thus 

increasing the amounts found on hair fibres that have been damaged by colouring10, 

48-50. 

Whilst the literature shows a correlation between copper levels and the level of hair 

damage caused by UV radiation51, it is also known that the presence of copper and 

iron cause complications in the presence of alkaline hydrogen peroxide, as this 

leads to Fenton(-like) chemistry52. 
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1.4.1.2 Fenton chemistry 

 

In 1894 Fenton discovered that a mixture of an iron salt with hydrogen peroxide 

resulted in the oxidation of tartaric acid52. It was later proposed that iron salts lead 

to the decomposition of hydrogen peroxide to form reactive intermediates that are 

responsible for the oxidation53. To this day the exact mechanism by which hydrogen 

peroxide is decomposed by metal ions, such as Cu2+ and Fe3+ is not fully understood, 

despite knowledge of the chemistry dating back to 1894. There are currently two 

proposed mechanisms by which the hydrogen peroxide is suggested to decompose, 

the radical pathways and the non-radical pathways. 

 

1.4.1.3 The radical pathway  of hydrogen peroxide decomposition  

 

The radical pathway of hydrogen peroxide decomposition was the first mechanism 

suggested by Haber and Willstätter in 193154. Since then continuous publications 

have arisen, suggesting different or additional steps to the mechanism53. The key 

steps are outlined in the scheme below55, 56. 

 

H2O2 + Fe3+ ĄFe2+ + -ωO2 + 2H+ (1) 

H2O2 + Fe2+ Ą Fe3+ + HO- + HOω (2) 

HOO- + Fe3+ Ą Fe2+ + HOOω Ą -ωO2 + H+ (3) 

Fe3+ + O2
ω- Ą O2 + Fe2+ (4) 

O2
ω- + H2O2 Ą HOω + HO- + O2 (5) 

 

Step 1 is responsible for the production of the superoxide anion. However, it also 

gives Fe(II), which reacts very quickly with hydrogen peroxide to give the hydroxyl 
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radical (HOω) in step 2. Generation of the superoxide anion is also possible under 

basic conditions, when hydrogen peroxide is deprotonated to give the perhydroxyl 

anion. Electron transfer between redox metal ions and the perhydroxyl anion gives 

the perhydroxyl radical, which is deprotonated to give superoxide anion (step 3). 

Superoxide anions can either react with hydrogen peroxide to generate hydroxyl 

radicals (step 5), or they can react with metal ions to regenerate Fe(II) (step 4), 

allowing for the efficient redox cycling of the metal ions. 

The hydroxyl radical is highly reactive and known to react with biomolecules, such 

as proteins, at diffusion-controlled rates57, 58. Oxidation of proteins in this manner is 

thought to result in aging and loss of cellular function59.  

As a result of Fenton chemistry therefore, vulnerable hair colouring treatments lead 

to the generation of hydroxyl radicals. The hydroxyl radical has been linked with 

protein loss in hair fibres and may be a cause of hair damage60. This is discussed in 

more detail from page 21.  

 

1.4.1.4 The non-radical pathway  of hydrogen peroxide decomposition  

 

The non-radical pathway was postulated later as an alternative to the radical 

mechanism61. Highly reactive hypervalent metal intermediates, such as Fe(IV) and 

Cu(III) have been proposed to form instead of radical species, such as hydroxyl 

radicals62-64. These hypervalent intermediates show similar reactivity to that of the 

hydroxyl radical, meaning that distinguishing between the two pathways is difficult. 

However, regardless of the pathway, the formation of either intermediate during 

Fenton(-like) reactions leads to the potential oxidation of hair proteins65. A scheme 

representing the possible reaction pathways and reaction intermediates for the 

Fe(II)-catalysed Fenton reaction is summarised below66. 
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Figure 11: The formation of possible hypervalent iron complexes as intermediates of 

Fenton chemistry66. 

 

It can be seen in the above pathways that radical generation may occur from the 

non-radical complexes formed; particularly in pathway 4 there are two outcomes. 

Production of either the non-radical ferryl ion (FeIV) (4b) or the hydroxyl radical (4a) 

is possible. In fact the reaction pathway and intermediates involved have long been 

the subject of intense debate.  

The chemistry is affected by the presence of oxygen, pH and any chelating ligands 

that are present in the system63, 67, 68. At low pH, it is thought that the reduction of 

hydrogen peroxide results in the production of hydroxyl radicals69. Attempts to 

determine the reduction potential of the metal species involved in the reaction 

have been made, in order to establish whether or not the ferryl ion is involved65. 

There are many variables associated with the determination of reduction potentials, 

for instance, effective charge and pH. This makes identification of the species 

involved very difficult63, 64. 
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Studies of reaction kinetics have also been used in order to determine whether or 

not the intermediate involved is the ferryl ion or the hydroxyl radical under certain 

reaction conditions. This is again dependent upon many variables such as, hydrogen 

peroxide concentration, pH and ligands present. Due to all these variables there is 

discrepancy amongst the literature over values of rate constants. Many 

assumptions have to be made with regards to which reactions are occurring when 

the conditions are changed68. 

Efforts have also been made to discount the non-radical pathway by incorporating 

17O labelled H2O2 into a Fenton system. The idea was to try and trap the resulting 

HOω using DMPO and detecting by EPR70. However, the non-radical iron-peroxide 

complex is capable of producing similar results71. Experimentally it has been proven 

to be very difficult to distinguish between the possible intermediates. However, a 

recent DFT study proposed that the ferryl ion intermediate was most likely to be 

formed in aqueous solutions, when water was the only ligand. This finding was 

based on the activation energies of oxygen-oxygen bond breaking, for both 

hydrogen peroxide bound to iron ions and free hydrogen peroxide. It was then 

proposed that there exists a very small energy barrier for the transformation of the 

intermediate iron complexes formed, into the ferryl ion, in the presence of a non-

coordinated water molecule72. 

Several enzymes in mammals, including catalases, peroxidises and cytochrome c 

make use of ferryl ion intermediates to break down hydrogen peroxide, without 

generating highly damaging radical species73, 74. In the case of catalase, multiple 

studies have confirmed that the breakdown of hydrogen peroxide proceeds via the 

formation of a ferryl ion intermediate75, 76. The catalytic pathway of hydrogen 

peroxide decomposition by catalase is shown in Figure 12. Catalase is discussed in 

further detail in Chapter 4. 
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Figure 12: Scheme to show the catalytic pathway of hydrogen peroxide 

decomposition by catalase74. 

 

Regardless of which intermediates exist in Fenton chemistry, they are likely to be 

highly reactive. Indeed both the ferryl ion and the hydroxyl radical have the 

potential to damage proteins77.  

 

1.4.1.5 Mechanism of hair fibre damage  

 

As mentioned earlier, reactive oxygen species (ROS) from the metal ion catalysed 

decomposition of hydrogen peroxide are prone to oxidise biomolecules such as 

lipids and proteins. This is thought to be one of the mechanisms of the aging 

process. Therefore, in hair colouring processes if ROS, such as the hydroxyl radical, 

are produced, they can react with lipids and proteins in the hair. This reaction can 

occur if formulations do not contain radical scavengers or anti-oxidants. As the 

hydroxyl radical is so reactive, its reaction with proteins occurs when metal ions are 

bound to the proteins directly. Decomposition of the hydrogen peroxide by these 

ions then generates hydroxyl radical directly at the site of the proteins. 

Figure 13 shows how protein oxidation and peptide bond cleavage is possible78. In 

this example the major species responsible for protein oxidation is the hydroxyl 

radical, which forms a carbon centred radical. Oxygen can then react to form the 

peroxyl radical, followed by further oxidation by either redox metals or ROS to give 

an alkoxyl radical. This then leads to peptide bond cleavage, which ultimately 

results in the breakdown of proteins. 
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Figure 13: A possible mechanism of protein oxidation by hydroxyl radical and by 

redox metals.78 

 

Cleavage and formation of disulphide bonds is another problem associated with 

protein damage. ROS are capable of cleaving disulphide bonds, as well as oxidising 

cysteine and methionine units in proteins, leading to the formation of these bonds. 

This leads to structural modifications of the proteins78. Figure 14 shows how the 

cleavage of disulphide bonds can also occur under alkaline conditions used for hair 

bleaching79. The oxidation and hydrolysis of disulphides leads to the production of 

sulfonates, such as cysteic acid, as shown in Figure 1510, 80. These sulfonates assist in 

the binding of metals, which in turn contributes to further protein damage of the 

hair48. 

 



Chapter 1 

23 
 

 

Figure 14: One of the possible mechanisms of disulphide bond cleavage in alkaline 

media81 

 

It is worth noting that this is not the only postulated mechanism of disulphide bond 

ŎƭŜŀǾŀƎŜ ŀǘ ŀƭƪŀƭƛƴŜ ǇIΦ IȅŘǊƻƎŜƴ ŜƭƛƳƛƴŀǘƛƻƴ ŦǊƻƳ ōƻǘƘ ǘƘŜ ʰ ƻǊ ʲ ŎŀǊōƻƴ ƛǎ 

plausible, followed by the subsequent cleavage of a sulphur-sulphur or carbon-

sulphur bond81, 82. However during hair bleaching, it is thought that S-S bond fission 

is the predominant mechanism of disulphide bond cleavage10, 83. 

 

 

Figure 15: Scheme to show the possible routes of disulphide bond cleavage to form 

sulfonic acid, via cystine oxide intermediates10, 80. 

 

The oxidation of proteins within hair fibres in these ways leads to hair damage. 

Several studies have examined hair samples after various treatments to observe 

and/or quantify the extent of damage that may occur. 
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1.4.1.6 The effect of reactive oxygen species on hair fibres 

 

In the hair, protein oxidation leads to increased hair fibre damage and a feeling of 

dryness, due to cuticles lifting from the hair shaft. After several bleaching or dyeing 

cycles, holes may form in the outer layer of the cuticle and eventually the complete 

removal of some layers is observable84. The SEM images in Figure 16 show this 

clearly85. 

 

 

Figure 16: SEM images of (a) an untreated hair fibre, (b) & (c) hair fibres treated 

with 6% H2O2 at pH 10.2 (21 °C) or (d) a hair fibre treated with a bleach crème 

treatment of 9% H2O2 at pH 8.6 (21 °C)85. 

 

Although this damage appears extensive, it has been shown that this does not 

affect the tensile properties of the hair fibre, probably because the cortex is 

primarily responsible for the mechanical strength of hair10, 86. It does however, lead 
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to a decline in the appearance and feel of the hair, which is not ideal for a cosmetic 

treatment. As a result, a large amount of research has gone into attempting to 

prevent damage to hair fibres that can occur during permanent hair colouring 

procedures. 

 

1.4.1.7 Preventing hair fi bre damage 

 

Ordinarily the Fenton reaction relies on a transition metal ion to catalyse the 

decomposition of hydrogen peroxide. For decomposition to occur spontaneously, 

the metal ion needs to cycle between two oxidation states, as shown by reactions 

(1) ς (4) on page 17. In the Fenton reaction the metal ion centre would be expected 

to have a redox potential that fits between the values -0.33 ς 0.46 V87, that 

correspond to the half-equations (6) & (7) at pH 788. This allows the metal to cycle 

between oxidation states, whilst hydrogen peroxide is decomposed through 

reactions, (2) & (4) on page 17. It should be noted that this redox window is based 

on standard oxidation potentials that have been acquired at pH 7. These oxidation 

potentials may vary for Fenton reactions that occur at alkaline pH. 

 

H2O2 + e- Ą -OH + ωOH (0.46 V89) (6) 

O2  + e- Ą -ωO2  (-0.33 V90) (7) 

 

The redox potential of Cu2+/Cu+ is 0.161 V, shown in half equation (8). This makes it 

able to catalyse the decomposition reaction. Moreover, as this value is in the middle 

of the redox window it allows for fast decomposition of the peroxide. If the 

oxidation potential lies towards the edge of this window it will lead to slower 

decomposition, as the rate of either reaction (2) or (4) will decrease88. 
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Cu2+ + e- Ą Cu+  (0.161V89)  (8) 

Fe3+ + e- Ą Fe2+  (0.771V89) (9) 

 

The situation is more complex for iron ions. The oxidation potential of Fe3+/Fe2+ 

(half equation (9)) is 0.771 V, which lies outside the redox window. However, pH 

plays an important role in the Fenton reaction. It has been suggested that, at pH 10, 

Fe(II) could exist as the [Fe(OH)]+ complex, whilst Fe(III) is generally insoluble and 

exists as Fe2O3
91, 92. The redox potential associated with these species (half-equation 

(10)) lies in the redox window and could explain the catalytic behaviour of iron89. On 

the other hand, it is more likely that Fe(III) is bound to substances within the hair 

fibre, which could alter redox potentials sufficiently to allow iron ions to catalyse 

the Fenton reaction. 

 

Fe2O3 + 4H+ + 2e- Ą 2FeOH+ + H2O (0.16 V89) (10) 

 

Understanding the redox potentials behind Fenton chemistry has enabled the 

development of technology to stabilise hydrogen peroxide and hence prevent 

decomposition. One of the more effective ways to achieve this is by the use of 

chelating ligands to sequester the metals88. Ligands can alter the redox potential of 

the metal centre to a value that lies outside (or closer to the edge) of the redox 

window. Hence, they reduce the rate of either reaction (2) or (4) substantially 

enough to prevent decomposition. Additionally, ligands coordinatively saturate the 

metal centre, preventing hydrogen peroxide from binding and thus decomposing93. 

This has been applied successfully to hair colouring systems. Chelating ligands are 

now commonly used in formulations to prevent the damage of hair fibres by 

hydroxyl radicals, as a result of hydrogen peroxide decomposition50. 
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One of the more effective chelants for inhibiting hydrogen peroxide decomposition 

by copper is ethylenediaminetetraacetic acid (EDTA) (Figure 17)94. However, as 

mentioned on page 16, hair fibres contain significant levels of other metals. 

 

 

Figure 17: The structure of the chelating ligand EDTA. 

 

The presence of such a high concentration of calcium ions causes problems that are 

associated with the use of EDTA. Despite the much lower stability constant of the 

Ca(EDTA) complex, when compared with those of the Cu(EDTA) or Fe(EDTA) 

complexes (Table 2), the large excess of calcium results in the majority of EDTA 

being complexed to the calcium ion at pH 10. This leaves the redox active metal ions 

unbound, leading to Fenton(-like) chemistry and hence hair fibre damage. Chapter 7 

describes how speciation plots could be predicted based on the stability constants 

of the metal complexes. The speciation plot in Figure 18 shows the possible copper 

complexes that form in an aqueous model system containing 400 mM NH3, 13.95 

mM EDTA, 170 mM Ca2+ and 1.27 mM Cu2+. These simplified conditions represent 

the environment found on the surface of hair fibres during bleaching60. Under 

realistic bleaching conditions, the relatively low concentration of EDTA means that 

copper does not bind to the ligand, resulting in the formation of copper-ammonia 

complexes. However, in real hair systems proteins are likely to compete with 

ammonia to bind the copper. 
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Metal LogK 

Ca2+ 10.81 

Mg2+ 8.96 

Cu2+ 18.78 

Fe3+ 25.10 

Table 2: The binding constants of EDTA with the metal ions found in hair95. 

 

 

Figure 18: Speciation plot to show the copper complexes formed in a model hair 

system containing 400 mM NH3, 13.95 mM EDTA, 170 mM Ca2+ and 1.27 mM Cu2+60. 

 

Chelating the calcium ions is not desired as it does not catalyse the Fenton reaction. 

Chelation of this ion essentially uses up the chelating agent, so that iron ions and 

copper ions remain unbound. Thus, the transition metal ions are free to catalyse the 

decomposition of hydrogen peroxide, generating hydroxyl radicals. 

This observation led to the use of the ligand ethylenediamine-bΣbΩ-disuccinic acid 

(EDDS), which has a much higher specificity for the copper ion over the calcium ion 






































































































































































































































































































































































































































































