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Abstract

The demand for low-cost energy storage is a current issue. Existing batteries are
unable to meet this constraint due to the high raw material prices, in particular
the metal content. The risk of fluctuating metal prices and future availability will
not meet the market demand and therefore alternative materials need to be

considered.

The focus of this project was to develop a non-metal based battery electrode
specifically for stationary battery systems. This study presents fundamental
concepts required to form a rechargeable electrochemical storage device
utilising hydrogen peroxide as the electroactive species. This involved two key
aspects: immobilisation of hydrogen peroxide in order to prevent self-discharge
and catalytic regeneration of hydrogen peroxide from hydroxide ions. Although
the construction of the device was not within the scope of this project, the
chemical and electrochemical analysis of potential compounds were evaluated at
a molecular level. In particular, the synthesis and molecular behaviour of a urea-
based ’'binder’ that will immobilise hydrogen peroxide, and an oxoammonium
‘catalyst’ to reform hydrogen peroxide during recharge of the battery.
Additionally, the attachment of these compounds to a surface was also

evaluated.

Analysis of the interactions between substituted ureas (‘binder’) and hydrogen
peroxide proved challenging. Although these findings suggest that adduct
formation is occurring, the methods undertaken were not able to determine the
equilibrium constant or strength of binding. They did however give an indication
of the quantity of hydrogen peroxide in the synthesised adducts and this
methodology can be applied to the range of hydrogen peroxide adducts.
Additionally, functionalisation of surfaces with a diazonium-containing
substituted urea was achieved and is a viable method for attaching the ‘binder’

to the electrode substrate material.



The second key step is to incorporate a rechargeable aspect to the battery
system. An oxoammonium cation was proposed to act as a ‘catalyst’ to replenish
H20; during charging. Details regarding the synthetic methodology for synthesis
of nitroxide-containing compounds, incorporating diazonium functionalities for
attachment to a surface, were obtained. Of particular interest was the amido-
TEMPO structure that was electrochemically attached to a carbon surface
electrode. Evaluation of its ability to form H;0, was achieved using a
bi-potentiostat where a current density of 0.21 A m2 was observed. This novel
idea shows promise and demonstrates the ability for the catalyst to replenish

H20; in an aqueous battery system.

ii



Acknowledgements

[ would like to take the opportunity for thank a number of people of who have
assisted to my PhD research and thesis. First off [ would like to thank my
primary supervisor Professor Simon Hall for the support, encouragement and
perseverance over the course of this project. Your insightfulness and ability to
see potential in all this work has not only pushed me forward, but also
challenged me throughout. Thank you for allowing me to be a part of this great
adventure and all the time and effort required for this project. Thank you also to
Associate Professor Gareth Rowlands for the continual support, assistance and
most importantly, always being there when I needed help or advice. Your
outstanding knowledge and logical thinking are appreciated and are to be
greatly commended. Also, thank you to Associate Professor Mark Waterland for
his assistance in Raman, IR and his contributions to general discussions in this

project.

A special mention must go to my colleagues Dr Krishanthi Jayasundera and
Veronica Brown for their assistance in the synthesis and evaluation of a number
of compounds. Your efforts are appreciated and have greatly contributed
towards not only my thesis but towards the overall project. I must also
acknowledge Nessha Wise for her assistance with the electrochemistry
experiments, Luke Liu for the isotherm data, Ashley Way for performing
computational calculations, Haidee Dykstra for assistance with Raman and Jason

Hindmarsh for the ssNMR data.

In addition I would like to thank Dr Pat Edwards for his specialised assistance in
NMR spectroscopy and Associate Professor Paul Plieger for technical assistance
in X-ray analysis. Thank you to all the past and present lab/institute colleagues
who despite not knowing what my project entailed were always willing to assist
during my research and thesis writing, even if that involved non-chemistry

jargon.

iii



[ also must acknowledge the MacDiarmid Institute, Synthodics and the Institute
of Fundamental Sciences for financial support to allow me to undertake this

project.

Lastly, I would like to thank my fiancé James who was my biggest supporter.
Your love and support carried me through this journey and for that, I am very
grateful. You have a gift of always making me smile and the ability to pick me up
in times of need. I am excited to continue the journey with you afterwards. To
my family, thank you for the continual encouragement and the “your almost
there” pep talks. Mum and dad, I appreciate all that you have done for me and I

hope this makes you proud.

iv



Table of Contents

1] = Vot TP OO i
ACKNOWIEAZEIMENTS ..ottt s ses s s sss s ss s s s s as s iii
TaADIE Of CONTENES ....curereeeeeeeteesretees s sses et s s s es e s s A\
LIST Of FIGUIES ... ieueeieereeseeereeeceseesesseessessesssesssessessses s X
LIST Of SCREIMIES ..ottt s e XVi
LIST OFf TaDIES .t seesesse s sessses e XX
Abbreviations and SYMDOLS ... ssssss e sssesaeees xxi

Chapter One: Introduction

1.1  Background to thisS WOTK ... ssssssssnseens 1
1.2 Stationary Battery SYSLEIMS ... sesssssssssssssseases 3
1.3 The case for new stationary battery SyStems .......coeomeeneeeseenseeseesseeseesseens 8
1.4  The use of hydrogen peroxide as a cathode system .......cooueeereeneereenneeneenn. 12
1.5  The New Cathode CONCEPL.....ereercerreereereeseeeessessesseessssseessesssssesssessessesssessssans 13
1.6 ScOPE Of thiS WOTKu.. ettt s s 18
1.7 Structure of this thesSiS.... 20

Chapter Two: Structural Binder

2 B 051 oo T 15 ot 1) o L PN 23
2.1.1 BIiNAET DESIZN c.ccuueueecerrereesreereeseesseesesssessessesssesssssesssssssssssssesssssssssssssssssssssesseees 24

2.2 Synthesis of UnSymmetrical UrEas.....oeeereeneeneesseensesseesesseessesseessesssessessssssesssssanes 25
2.2.1 Isocyanate FOrmation ... sssssssssssssssssessssessesseens 26

2.2.2 Alternatives t0 [SOCYANALES ......cceceureenmeereererseesseseesseeseesessssssesssssssesssessesseees 31

2.3 PhySiCal PrOPETITIES ...ceieereeceeeeecteesesseesseseesse s sssessssssessssssssssssssessessssssssssssssessasssssssssssanes 34
0 0 U (T 34
2.3.1.1 Conformations Of Urea .......memenesnsssssssssssesssssssssssssssssesnns 34

2.3.1.2 Resonance forms and diamagnetic susceptibility of urea .35
2.3.2 Structure of Urea COMPLEXES......oreneureemerneesressesseesessessssssessssssessssssesseees 37

2.3.2.1 UHP COMPIEXES ....cuiereereenreeeenreeseesseessesssssessessssssessssssssssssssssssssssssssanes 37



2.3.2.2 Structure of Substituted Urea CompleXes......ccouneerrerneeerennn. 38

2.3.3 Equilibrium between urea + H202 and UHP ... 39

2.4 Project CONSITAINTS ..ot ses s sessss s ssssssssssesens 40
2.5 ReSUltS and DiSCUSSION ....cueureeceereereeeesseeeesseessessessssssssssssssssssssssssssssssssssssssssssssssssssessssas 40
2.5.1 Synthesis of Substituted Ureas.......coenmeeneneenmeeseeseessesseesesseessessessesnns 43

2.5.2 Alternatives t0 UT€a ... ercereerreeeesseesessesssessesssesssssssssssssessssssssssssssessssssesans 48

2.5.3 H202 AddUCt FOrmMation.......cceeereeeeuseeseeseesseseessessessesssessssssssssssessssssssssesnns 50

2.5.4 Synthesis for Attachment to a SUTface ... 55
2.5.4.1 Diazonium Attachmen ... 58

PS54 012 044 T=) oL =) SO OTR O T 61

Chapter Three: Synthesis of catalysts for regeneration of H202

1 700 I ' U (oY 6 Lot ) o FF0 T SO OT T TT 79
3.2 Background Of NitrOXiAES . ....coueereereesreeeesseesseseesssssessesssesssssssssessssssessssssssssssssssessssas 80
3.2.1 Structural characteristics of NItroXides........coneereenrerneesmerseeseeseesseenne 80

3.2.2 Redox properties of Nitroxides and Oxoammonium cations.......... 82

1 JUZ7/20 B 04 o £=1 0 10 ) o N0 OSSO 82
T =T 15 Uot U0} o 00 oSO OO 83

3.2.2.3 Redox of oxoammonium catalysts in the oxidation of

ALCONOIS .o ———————— 85

3.3 Objectives Of thiS WOTK ...t s s sssessens 86
3.4 NitroXide tEMPIAtES....cocereereeureeeesreereeseesseeees s s sses s s ssssse s ssssss s s neas 86
3.4.1 Spectroscopy Of NitrOXIiAES .....cccereeneeureeneesseeseeseesseessessessesseessesseessesssessesnns 87

RIS 06 U 1A o D 1Ty g o TSP OT 89
3.6 Results and DiSCUSSION ....irrresesissesssssssssssssssssssssssssssssssssssssssssssssessssssssssssssens 90
3.6.1 Oxidation of TEMPO.......ccoommeniisssssssssssssssssssssesssssssssssssssssnns 91

3.6.2 Alkylation of 4-hydroxy-TEMPO to give 4-(decyloxy)-2,2,6,6-

tetramethyl-piperidin-1-0Xyl ..o seeseeseesseees 94
3.7 SYNTNELIC TATGELS. .o riereereererreesseeeessesssesseessesees s s s sss s s s s s neas 95
3.7.1 Synthesis of amine-containing NitroxXides........eenmerseeseeseesreenns 96

3.7.1.1 Synthesis of 4-amino-N-(1-oxyl-2,2,6,6-tetramethyl-
piperidin-4-yl)benzamide ........cenmeneerneeneeneenseeseeseeseesseeees 96

vi



3.7.1.2 Synthesis of 4-(4-aminophenoxy)-2,2,6,6-tetramethyl-

JO 21013 T 0 TR IR0 q 2 L O 101
3.7.1.3 Synthesis of 4-amino-2,2,6,6-tetramethyl-
JO 1 0131 T D03 B T} 74 OSSP 102
3.7.1.4 Synthesis of 5-amino-1,1,3,3-tetramethylisoindolin-
0474 O OSSR 103
3.7.2 Diazotisation Of AIMINES .......occorerereennerneeneeseessesseessesssesssesessesssssssesssssssssens 106

3.7.2.1 4-((1-Oxyl-2,2,6,6-tetramethylpiperidin-4-

yl)carbamoyl)benzenediazonium........oeoreenreereenneeseeeneenne 107
3.7.2.2 Attempted diazotisation 0f 45 ... 110
3.7.2.3 1,1,3,3 -tetramethyl-2,3-dihydroisoindol-2-yloxyl-5-
diazonium tetrafluoroborate ... 111
3.7.2.4 Attempted diazotisation Of 47 ... 112
3.7.3 Cycloaddition APProacCh......ceeneeeneeserseesseeseessessesssessessssssssseesssssseseens 113
3.7.3.1 Synthesis of 4-azido-2,2,6,6-tetramethyl-piperidin-
04 4 O OO 115
3.7.3.2 Synthesis of 2,2,6,6-tetramethyl-4-(4-phenyl-1H-1,2,3-
triazol-1-yl)piperidin-1-oxyl via ‘click’ chemistry.............. 115
3.7.3.3 Synthesis of 4-((trimethylsilyl)ethynyl)aniline .................. 117
3.7.3.4 Synthesis of 4-((Trimethylsilyl)ethynyl)benzenediazonium
tetrafluoroborate ... 118
3.8 EXPEIIMENTAL ..ottt sses s s s s s 119

Chapter Four: Molecular Behaviour

Physical attributes of urea-hydrogen peroxide adducts

4.1 Introduction of Urea-Hydrogen Peroxide AddUucts .......coccmeenreeneenrerseenreeseeerennne 135
4.1.1 Properties of Hydrogen Peroxide .......enneenseeseessesseesesseessennns 137

4.1.2 Properties of alternative peroxide-containing adducts.................. 139

4.2 Results and DiSCUSSION ... ssssssssssssssssssssssssssssens 141
4.2.1 Binding Constant Analysis of Urea-Hydrogen Peroxide.................. 141
4.2.1.1 NMR SPECLIOSCOPY weuereremenrerressesssssssssessessessessessssssssssssssssssessessesses 141

4.2.1.2 Isothermal Titration Calorimetry......eoeneeneeseensesseens 152

vii



4.2.1.3 Thermogravimetric ANAlYSis ......comenmeenmesneesmesseessesssessesnnees 155

4.2.2 Hydrogen peroxide identification in UHP ... 157
4.2.2.1 Quantitative titration and UV-Vis Spectroscopy ........cce... 159
4.2.2.2 Oxidation of Triphenylphosphine with UHP.........c.ccconueeece. 164

4.2.3 Determination of hydrogen peroxide content of substituted urea
16 (6 L 11 PPN 167
4.2.3.1 Quantitative titration, UV-Vis and NMR Spectroscopy.....169
4.2.3.2 X-ray Crystallography and Mass Spectrometry.........ccoo...... 173
4.2.3.3 IR analysis of addUCtS......cocomunereenreereereereesseesesseesesseesseseessesanees 174

4.2.4 Binding constant analysis in substituted ureas ..........ooseeeseereenn. 178
4.2.4.1 NMR SPECLTOSCOPY cervurirrrerereesessessessessessssssssssssssssssssessessessssssssssns 178
T 3 3 U AVAAVATSINY o Y=ol u g 0 11010 o) 20 192

Molecular interactions of the Regeneration Catalyst

TG 30 0010 oo o L1 (o m o) VOO OO 201
4.4 ReSUltS and DISCUSSION .....ceieereeceereenreeseesseesessessessesssessesssssssssessssssssssssssssssssssssssssssasees 207
4.4.1 Oxidation of compleX NItTOXidEs......ccoumenreereererreeserseessersesseesesseesseeseeens 207
4.4.2 Biphasic system to quantify hydrogen peroxide production........213
4.4.3 Nitroxide REACTIONS. ...ocueureeeerreereereereseessesseesseessessesssessssssessssssssssessesssssssesns 223

Chapter Five: Physical and Chemical Analysis of Surfaces

RST80T 16 Lot [0 ) o TP OSSPSR 225
5.2 INSEIUMENTATION coeveeieeeeeeereesreseesse s seesses s ee e sssessse s ss s s s s e nnaes 230
5.2.1 Potentiostatic EQUIPMENt ... seeeeesessesseesseesessssssesseeas 230
5.2.1.1 MiICTOEleCtrOdes ... emieeeereereereereeeesseeseesseesesssessesssssssssessssssesssanes 231

5.2.1.2 MaCrO€leCtrOdEsS....oeeureereereesrereessesseessesssessssssssssssssssessssssessssanes 232

5.2.1.3 Rotating Disk Electrode........oneneenreenseseeneeseessesseesesseenes 232

5.2.1.4 Carbon Felt EIeCtrodes .......oeneneenneeneeneeseessessesssessesseeanes 234

5.2.2 Analytical TEChNIQUES .....occriereereereereereeeesseeseeseesseseessessesseesssssssssssessssaes 236
5.2.2.1 Cyclic VOltammMetIY ....c.occuriereereereeeesreeeesseesessssssessesssessessssssessssses 236

5.3 ReSUlts and DiSCUSSION ....cueueeeeureeeesseenesseessessessssssessssssesesssesssssssssssssssssssssesssssssssesses 236
5.3.1 Grafting of Simple DIiaZoniums.....c.cenreneeneenseeseeseeseeseesesssesssesseenes 236

viii



5.3.2 Physical and Chemical Attachment on High Surface Area Carbon

MaAterialS. ..o 237
5.3.2.1 Carbon POWAETS.....ceniirissssesssesssssessssssssssssssssssssssssenns 238
5.3.2.2 Raman and FTIR analysis......eeeeeneesssesesssesseenees 241
5.3.2.3 Solid state-NMR SPECLTOSCOPY .veueueerrereemrereesseseesseessesssessesnees 244
5.3.2.4 Metal ion content — Fe ANalysis.....coenmeeneeneenseesseseennes 245
5.3.2.5 Scanning Electron MiCroSCOPY ....cceereenmerseessesseesseessesseessesnees 247
5.3.3 Electrochemistry of H202 on Low Surface Area Electrodes .......... 254
5.3.3.1 ChronoamperOmMELIY .....ooereemeeseessersessesssessesssessesssesssessssssesnees 254
5.3.4 Characteristics and Electrochemical Response of Carbon Felt....259
5.3.4.1 Surface Area Determination ... 260
5.3.4.2 Electrochemistry of Felt with H202...ocoeoeneeonenecrerereeeeenns 264
5.3.4.3 Functionalisation of Carbon Felt........ccconnenninnieinirnnennn. 269

5.3.5 Electrochemistry of Nitroxides on Low Surface Area
0 U= 0 (=N 271
5.3.5.1 Electrochemistry of solutions of TEMPO derivatives......271

5.3.5.2 Attachment of complex nitroxide derivatives to

LY BT g £ Lol <X 276
5.3.5.2.1 ‘Click’ ChemiStr...cocomeneereemeereesseeseesseessesseessessessennns 277
5.3.5.2.2 AMIAO-TEMPO et eeeee s seseesesnnes 283

5.3.5.3 Electrochemical production of H20; by a nitroxide
CALALY ST ettt ees e 285

Chapter Six: Conclusions

ST 000} 3 Tod 103 ) 4 OO T P SPPPON 295
6.2 FULUTE DIT@CLIONS ...oveiecrcececesesesses ettt sssssesenns 301
REFEIEIICES ... 303
APPEIUALX ...ttt see s s s s s s s bR 324

LiSt Of COMPOUNAS....cuiereerienreereesseeeesseesesesssessesssesssessessssssesssssssesssssse s sssssssssssasassssssssssses 329
General Experimental Details ... 334

ix






List of Figures

Number

1.1
1.2
1.3

2.1
2.2
2.3
2.4
2.5
2.6

2.7

2.8

2.9

2.10
211
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19

2.20
2.21
2.22
3.1
3.2

Description
Schematic representation for the New Cathode.
Extension of the New Cathode concept to include a catalyst.
Schematic representation of key stages for the overall project
in the development of a New Cathode.
Examples of urea-containing compounds.
Binder design.
Potential disconnections in a modified di-substituted urea.
Phosgene and Triphosgene.
Bippyphos ligand.
Hydrogen bond donors and acceptors in urea and
substituted urea.
Conformations of urea.
Conformations of diphenylurea.
Resonance structures of urea.
Resonance structures of DPU.
Resonance structures of DPU with additional delocalisation.

Structures of UHP from computational calculations.

1,3-Bis(m-nitrophenyl)urea THF complex and crystal structure.

Di-substituted urea.
Vertical and face-on stacking of phenyl rings.
Resonance forms of phenylisocyanate.

NOE of N-H and aryl proton in a substituted urea.

Representation of electron density in a substituted phenylurea.

Crystal structure of two tricyclohexylphosphine oxide compounds

bridging two H202 molecules.

Alternative non-urea binders.

Hydrogen bonding interactions of serine and glycine.
Crystal lattice structure of per-Glycine.

Organic oxidants.

Example of nitroxides.

Page

15
16

18
24
24
25
27
31

34
35
35
36
36
36
38
39
41
41
42
45
47

48
50
52
53
79
80



3.3
3.4
3.5
3.6
3.7

3.8

3.9

3.10
3.11
3.12

3.13
3.14
3.15

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
411
4.12

4.13
4.14
4.15

Orbital diagram representative of a nitroxide.

PROXYL, TEMPO and TMIO.

[llustration of the objective of the catalyst.

[llustration of the proposed catalyst design.

Proposed catalysts that vary with distance from the nitroxide
moiety to the surface.

Delocalisation of the positive charge in the oxoammonium cation
of azaphenalene by hyperconjugation.

Oxidation potentials of 3 representative nitroxide compounds.
TEMPO, TBAB and 4-methoxypyridine N-oxide.

Synthetic targets.

Possible degradation pathway of 4-((1-oxyl-2,2,6,6-tetramethyl
piperidine-4-yl)oxy)benzenediazonium.

Azo dye 66.

Resonance forms of an aryl diazonium.

Comparative NMR spectrum of click product 70 in the
hydroxylamine and radical species.

Gas and crystalline structure of H203.

31P NMR of BuzP=0 and the H20; adduct.

Example of NMR titration.

Hydrogen bond donors and acceptors in urea.

DMU and NMU.

Favoured and disfavoured dipole interactions.

Hydrogen bond formation effects on relative electron density.
Example of a capillary NMR tube.

NMR spectrum of solutions 1 and 4.

NMR spectrum of solutions in the presence of H,0 and H205.
Conformations of DMU.

ITC titration with EDTA and Ca?* and a schematic of the ITC
system.

ITC of the addition of 500 mM H202 to a 20 mM solution of urea.
TGA of UHP.

ATR of urea and UHP.

Xi

81
82
86
89

89

90
91
93
96

110
111
112

117
138
140
142
144
145
146
147
147
149
150
151

153
154
157
158



4.16
4.17

4.18
4.19
4.20
421

4.22

4.23

4.24
4.25

4.26

4.27

4.28

4.29
4.30
431
4.32

4.33
4.34
4.35
4.36
4.37
4.38
4.39

Representative hydrogen bonding of H202 with urea carbonyl.
Series of absorbance maxima of titanium complexes of known
H202 concentrations at 400 nm.

ATR of 2-hydroxybenzimidazole and its H20; adduct.

Initial 'H NMR studies of H202 with PBU.

15-110 mM of DPU with THF:H202 in dg-THF.

159

163
178
181
182

Change in chemical shift of the N-H proton in DPU with increasing

concentration of DPU.

Comparison of 15 mM 2 in the presence and absence of H20>
in dg-THF.

Comparison of 110 mM 2 in the presence and absence of H20>
in 1:1 THF:ds-THF.

15-110 mM of 2 with THF:H20: calibrated to capillary H20-.
Chemical shift of H20; in response to increasing ratio of
[2]/[H202].

Chemical shift of H20; in response to [2]/[H202] in the original
and diluted H20: series.

Change in chemical shift of H202 at 22 and 578 mM in response
to [2].

Representative illustration of NMR spectra for fast exchange of
complexation.

NOESY spectra of 2 with H202 in THF:dg-THF.

Possible binding scenario of H202 with ortho proton in ring.
UV-vis spectrum of 15 with H20; in THF.

UV-vis spectrum of 15 with excess H202 from 400-200 nm in
THF.

Photograph of azodye 15 with and without H20o.

UV-vis titration spectrum of 15 with aliquots of THF:H;0x.
Compound 77.

UV-vis of 77 in THF.

UV-vis of 77 in THF with aliquots of THF:H205.

UV-vis of 77 in THF with addition of NaOH and H:0..

Transitions structure for the hydrogen self exchange of TEMPO

xii

184

185

185
186

186

187

188

189
191
192
194

195
196
196
197
198
199
200



4.40
441
4.42
4.43
4.44
4.45
4.46

4.47
4.48

5.1
5.2
5.3

5.4
5.5
5.6
5.7

5.8

59

5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17

and the corresponding hydroxylamine.

Numbering system for oxoammonium 43.

'H NMR of 43 in ds-DMSO.

Possible species of one of the unknown oxidation product.
Tert-butylammonium hydroxide.

[llustrative representative of the biphasic set up.

UV-vis of titanium complex with H202 from aqueous phase.
Amount of H202 produced in biphasic set up using peroxide
test strips and UV-vis spectroscopy.

Biphasic disproportionation of H202 in water and 2 M NaOH.

Overview of the potential process of the nitroxide-based species

in the present system.

Glassy Carbon model.

Homolytic and heterolytic cleavage of an aryl diazonium.
Homolytic cleavage followed by addition of the aryl radical
onto a surface.

Schematic diagram of a RDE.

Polyacrylonitrile polymer.

Set up of carbon felt as the WE.

CV for the attachment of 4-nitrobenzene diazonium
tetrafluoroborate with a GC macroelectrode.
4-nitrobenzenediazonium and 4-(3-phenylureido)benzene
diazonium.

Raman spectra of solid DPU.

Raman spectra of PS1000 carbon.

Photograph of PS1000 with ca. 1 ml 30% H20-.

SEM images of PS1000.

SEM images of adsorbed DPU on PS1000.

SEM image of adsorbed hexadecylurea on PS1000.

SEM images of chemically attached 4-nitrobenzene to PS1000.

SEM images of chemically attached DPU to PS1000.
Transient current response for the reduction of H20;

(0-1.5mM) on a static GC electrode.

xiii

205
208
209
210
214
216
220

221
221

223
226
229

229
233
234
235

237

240
242
244
246
247
248
249
250
251

256



5.18

5.19

5.20
5.21
5.22

5.23
5.24

5.25
5.26
5.27

5.28

5.29
5.30

5.31
5.32

5.33
5.34

5.35
5.36

5.37
5.38
5.39
5.40

Transient current response for the reduction of H205.
(0-15mM) on a static GC electrode.

Steady state current response of PS1000 and adsorbed

DPU on PS1000 with H20,.

CV of 0.5 mM Fe(CN)e3- with a carbon felt electrode.
Chronoamperometry of carbon felt at -0.2 V against Fe(CN)e3-.
Chronoamperometry of carbon felt with substrated diffusion
limited current.

SEM images of carbon felt.

Chronopotentiometry of carbon felt with 1 M KOH before
and after treatment.

Process demonstrating the pyrolysis of polyacylonitrile.
Chronopotentiometry of carbon felt in 50 mM Hz0o.
Electrochemical attachment of 4-nitrobenzenediazonium

to carbon felt and the CV response before and after grafting.
CV of ferrocene before and after grafting with 4-nitrobenzene

diazonium.

CV response of TEMPO and TEMPO salt on a GC microelectrode.

Anodic sweep of TEMPO, 4-OH-TEMPO and Alk-TEMPO on a
GC microelectrode.

Amido-TEMPO and TMIO.

Anodic sweet of amido TEMPO and TMIO on a GC
microelectrode.

[llustration of TMS diazonium attachment to a surface.
‘Click’ chemistry of a terminal alkyne on a surface with
4-azido-TEMPO.

CV of TMS diazonium attachment on a GC macroelectrode.
CV in ferrocene of a GC macroelectrode before and after
grafting of TMS diazonium.

CV of ferrocene following deprotection of grafted electrode.
CV of 0.1 M NBu4PFs in MeCN before and after click chemistry.
CV of ferrocene following click chemistry.

CV of grafted amido-TEMPO in MeCN.

Xiv

257

258
261
262

263
264

266
267
268

270

271
273

274
275

276
277

277
278

279
280
282
283
284



5.41
5.42
5.43
5.44
5.45

5.46

5.47

Al

A2

A3

A4
A5
A6
A7
A8

Oxidation of grafted amido-TEMPO in 1M KOH.

Diagram of a RRDE.

Response of a Pt ring electrode to 1 M KOH and H:0:.

CV of amido-TEMPO modified electrode after work in 1 M KOH.
Bipotentiostat response at an amido-TEMPO GC disk electrode
(+600 mV) and the resulting response to the generated H;0>

at a Pt ring electrode (+600 mV) in 1 M KOH.

Bipotentiostat response of an amido-TEMPO GC disk electrode
and the resulting response to the generated H202 against a bare
disk electrode in 1 M KOH.

Bipotentiostat response at an amido-TEMPO GC disk electrode
(+600 mV) and the resulting response to the generated H;0>

at a Ptring electrode (+600 mV) in 1 M KOH at rotation rates
0-400 rpm.

Stacked 'H NMR spectra of 0.7 M DMU in D0 with additions of
H:0.

'H NMR spectra of DMU in D0 with additions of one equivalent
H202 and H:0.

'H NMR spectra of H20? in ds-THF with and without a capillary
of THF:H20:.

'H NMR, 13C NMR and COSY spectrum of 43.

Different species of the alkylated nitroxide catalyst.

CV of grafted 4-nitrophenyl in MeCN on a GC macroelectrode.
SEM of PS1000 pre-treated with H20; and HNOs.

Raman spectra of carbon felt.

XV

285
286
287
288

290

291

292

319

319

319
320
321
322
322
323



List of Schemes

Number

2.1
2.2

2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
211
2.12
2.13
2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

3.1
3.2

3.3

Description
Fenton reaction and Bosch-Meiser process.
Nucleophilic addition of an amine to isocyanate to form a
substituted urea.
Isocyanate formation from phosgene.
Formation of tetra-substituted urea using CDI.
Curtius Rearrangement mechanism.
Lossen rearrangement to form a substituted urea.
Isocyanate formation using iodosobenzene.
Nitrosation of 1,3-dimethylurea.
N-arylation of urea using heteroaryl chloride or bromide.
Substituted urea formation with potassium cyanate.
Ritter-like reaction with iron(III) to form unsymmetrical ureas.
Benzoic acid to phenylisocyanate.
Reaction scheme of phenylisocyanate with a variety of amines.
Arylamine formation using a protecting group or reduction of a
nitro moiety.
4-aminobenzoic acid to a Boc protected phenylisocyanate (31).
Deprotection of Boc protected aminophenylurea (32).
Two pathways to form aminophenylurea (22).
General scheme for diazotisation of urea aryl amine.
Heck-Matsuda reaction with diphenyldiazonium salt (35) and
methylacrylate.
General mechanism for coupling of an aryl diazonium with
phenoxide to form an azodye.
Azo coupling of diphenyldiazonium salt with phenol under basic
conditions, forming compound 37.
Delocalisation of nitroxide.
Disproportionation of an unprotected nitroxide to give a nitrone
and hydroxylamine species.

Delocalisation of nitroxide depicted by shaded area.

XVi

Page
23

26
27
28
28
29
30
30
32
32
33
43
44

55
56
57
57
58

59

60

60
80

81
82



3.4
3.5
3.6
3.7

3.8

3.9

3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19

3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33

Redox of nitroxide with oxoammonium cation. 83
Oxidation of an amine with mCPBA and O: to form a nitroxide. 83
Redox of nitroxides to hydroxylamine. 83
Reduction of TEMPO to the corresponding hydroxylamine with

ascorbic acid. 84
Combination of all the redox processes that connects these species.84
Oxidation of a primary alcohol with an oxoammonium catalyst. 85
Proposed scheme for oxidation of hydroxide ions. 87

Possible scheme for nitroxide reduction using phenylhydrazine. 88

Oxidation of TEMPO to TEMPO+ under new conditions. 92
Alkylation and oxidation of 4-hydroxy-TEMPO. 95
Multiple proposed pathways to synthesise nitroxide 44. 97
Alternative nitroxide oxidation conditions. 98

Formation of methyl radical by Fenton’s reagent, H,02 and DMSO. 99

Reversible alkylation of a nitroxide radical. 100
Methyl trap of 44. 100
Proposed scheme to synthesise a nitroxide-based catalyst with an

ether linkage. 101
Reduction of 56 with triphenylphosphine and ammonia. 103
Photoexcitation induced a-cleavage of TMIO. 103
Photodegradation of TEMPO. 103
Proposed synthetic route of 5-nitro-TMIO (61). 104
Reduction of 61. 105

Disproportionation and diazotisation of a nitroxide derivative. 106

TMIO nitroxide diazonium salt formation. 107
Diazotisation of 44. 108
Azo-coupling of diazonium 62 with phenol. 109
Proposed diazonium formation of nitroxide 45. 110
Diazotisation of nitroxide 48 under anhydrous conditions. 111
Proposed diazonium formation of nitroxide 47. 112
Possible elimination exhibited by diazonium product of 67. 113
Proposed ‘click’ reaction on a surface. 113

Xvii



3.34

3.35

3.36

3.37

3.38
3.39
4.1

4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
411
4.12

4.13
4.14
4.15
4.16

4.17
4.18

5.1

Possible catalytic cycle of the cycloaddition with a terminal alkyne

and 4-azido-TEMPO (56).

Mesylation and nucleophilic substitution of 4-hydroxy-TEMPO

to form 4-azido-TEMPO (56).

Copper catalysed azide-alkyne coupling of phenylacetylene with

4-azido-TEMPO (56).

Proposed attachment and cleavage of a trimethylsilyl protected

aryl alkyne.

Sonogashira coupling of 4-iodoaniline with TMS.
Diazotisation of TMS-protected ethynylaniline.
Production of H20; by hydrogenation and oxidation of
2-ethylanthraquinone.

Formation of tri-cyclic peroxide.

Oxidation of triphenylphosphine with UHP.

General reaction for adduct formation of 1a from 1.
Cleavage of H20; in UV light.

Acid-catalysed disproportionation of TEMPO.
Equilibrium of decomposition and comproportionation.
Oxidation of hydroxide ion with oxoammonium salt.

Alternative mechanism for the oxidation of hydroxide ion.

Oxidation of hydrogen peroxide by an oxoammonium cation.

Hydrogen abstraction by CEP.

Fast electron exchange between TEMPO and oxoammonium
cation.

Abstraction of hydrogen from TEMPO at high temperatures.

Ring-flipping equilibrium through a boat conformation.

Nucleophilic addition of 4-hydroxy-TEMPO to give nitroxide 76.

Oxidation of benzyl alcohol with an unidentified mixture of
oxoammonium salt 77.

Oxidation of benzyl alcohol with oxoammonium salt 43.

Oxidation of hydroxide ions with oxoammonium cation followed

by dimerisation to form H20-.

Diazonium coupling with a surface.

xviii

114

115

116

117
118
119

137
139
165
168
193
201
202
202
203
203
204

205
206
209
211

212
213

215
228



5.2

5.3
5.4

5.5

Two-stage model representing the mechanism for grafting of an
aryldiazonium to a surface.

Oxidation of TEMPO with bromine in solution.

Potential dimerisation of TEMPO and oxidation of
hydroxylamine.

Potential reaction of TEMPO with a hydroxyl radical.

Xix

253
272

272
293



List of Tables

Number Description Page
1.1 Summary of performance metrics for a selection of types of 7

rechargeable batteries.

2.1 'H NMR of compounds 1-24 in ds-DMSO (N-H protons). 46
3.1 Oxidation of TEMPO conditions. 92
4.1 Chemical shifts of the N-H protons before and after addition of

H20o. 144
4.2 Solutions with varying concentrations of DMU, H202 and H;0. 148
4.3 IR frequencies of Urea and UHP. 158
4.4 Hydrogen peroxide determination by various methods of a

THF:H202 solution made from UHP. 164
4.5 Calculated mole ratios of 1:H:0:. 172
4.6 Analysis of the O-H stretch in IR of synthesised adducts. 175
4.7 Chemical shift of the N-H proton in 2 in the presence and absence

of H202. 183
4.8 Test strip determination of H202 concentration in biphasic system

with 43 as the oxidant. 218
5.1 Percentage of atoms in carbon powder samples. 252

XX



Abbreviations and Symbols

6 chemical shift

AAS atomic absorption spectroscopy
AcOH acetic acid

Ah ampere hours

aq aqueous

Ar aromatic

ATR attenuated total reflectance

ax axial

BDMS bromodimethylsulfonium bromide
BET Brunauer-Emmett-Theory

Boc tert-butyloxycarbonyl

CA chronoamperometry

CDCl3 deuterated chloroform

CDI N,N’-carbonyldiimidazole

CE counter electrode

CEP concerted electron transfer process
conc. concentrated

COSY correlation spectroscopy

Ccv cyclic voltammetry

DCC N,N’-dicyclohexylcarbodiimide
DCE dichloroethane

dba dibenzylideneacetone

DFT density functional theory
DMDQ 2,5-dimethoxy-1,4-benzoquinone
DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DPU diphenylurea

eq. equivalent

Eq. equatorial

ESI electrospray ionisation

EtOAc ethyl acetate

XXi



EtOH
EDG
EDTA
EPR
eV
EWG
Fc

Fc*
Fmoc
FT

GC
HOBt
HOMO
HR-MS
IR

ITC

K]

kW
kWh
LUMO
(m)
mAh/g
mCPBA
MAS
ME
MeCN
MeOH
mV/s
MW
MS
mp

MP2

ethanol

electron donating group
ethylenediaminetetaacetic acid
electron paramagnetic resonance
electron volts

electron withdrawing group
Ferrocene

Ferrocenium
fluorenylmethyloxycarbonate
fourier transform

glassy carbon
hydroxybenzotriazole

highest occupied molecular orbital
high resolution mass spectrometry
infra-red spectroscopy
isothermal titration calorimetry
kilojoules

kilowatts

kilowatt hour

lowest unoccupied molecular orbital
medium

milliampere hours per gram
meta-chloroperoxybenzoic acid
magic angle spin

microelectrode

acetonitrile

methanol

millivolts per second

megawatts

mass spectrometry

melting point

Mgiller-Plesset

mass/charge

xxii



NEt3
NMM
NMR
nOe
NOESY
PAN
Ph

PG
ppm
PTC
RE
RDE
RF
RRDE
RT/rt

(s)

sec

Ss

SEM
TBAH
TEMPO
TFA
TGA
THF
TMIO
TMS
TLC
UHP
UV-Vis
SN

(w)

triethylamine
N-methylmorpholine

nuclear magnetic resonance
nuclear Overhauser effect
nuclear Overhauser effect spectroscopy
polyacrylonitrile

phenyl

protecting group

parts per million

phase transfer catalyst
reference electrode

rotating disk electrode

radio frequency

rotating ring disk electrode
room temperature

solid

strong

seconds

solid-state

scanning electron microscope
tetrabutylammonium hydroxide
2,2,6,6-tetramethylpiperidin-1-yloxyl
trifluoroacetic acid
thermogravimetric analysis
tetrahydrofuran
1,1,3,3-tetramethyl-2,3-dihydroisoindol-2-yloxyl
trimethylsilylacetylene

thin layer chromatography

urea hydrogen peroxide
ultraviolet-visible spectroscopy
United States

volts

weak

xxiii



WE
Wh/kg
Wh/L
W/kg
W/L

working electrode

watt hours per kilogram
watt hours per litre
watts per kilogram

watts per litre

XXiv



XXV





