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ABSTRACT

C h em ica lly  modified electrodes have been, an intense a rea  of research in  the 

field of electroanalytical chemistry for the past 30  years. Since Lane and H ubbard 

first dem onstrated  that a platinum electrode could be chemically modified b y  the 

irreversib le  chemisorption of olefins, several diverse preparations of chemically 

modified electrodes have been described. Traditionally, there are four general 

methods which can be used to prepare chemically modified electrodes: 

1) derivatization of existing surface functional groups, 2) non-specific adsorption 

o f molecixles, 3) coating with a th in  polymer film , or 4) covalent attachment of 

chemical species. Electrode materials used in these preparations consist m ain ly  of 

carbon or graphitic substrates, noble metals, or th in  metal oxide films.

A no ther method, which has recently emerged, for th e  preparation of 

chem ically  modified gold electrodes is chemisorption of alkianethiols on  gold. 

This approach provides an easy, well-characterized method fo r  the preparation of 

self-assem bled thin organic films. Unfortunately, an analogous self-assembly 

method d o es  not exist for carbon/graphitic substrates. T he objective o f  this 

research is  to develop a method that takes advantage of gold/thiol chemistry in  the 

preparation of chemically modified glassy carbon electrodes. Through the u se  of 

electrochem ical metal deposition, a protocol fo r  the deposition of small, well- 

dispersed, gold particle arrays on glassy carbon electrodes v a s  established and
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characterized. Results from scanning electron microscopy analysis show that it is 

possible t o  control the size and number density of electrochemically deposited 

gold particles by careful selection of either the deposition solution concentration 

or overpotential. These properties are also very sensitive to  the electrode 

activation/pretreatment method employed. Gold deposits were then chemically 

modified using a variety of thiol molecules. Results from electrochemical and 

infrared studies show that it is possible to modify electrochemically deposited gold 

particles using self-assembly methods. A variety of functional groups have been 

attached to  glassy carbon electrodes using this approach. M ultiple deposition and 

modification steps have also been employed to attach more th an  one functional 

group to th e  glassy carbon surface. Thus, the self-assembly m ethod can be used  in 

the preparation of chemically modified carbon electrodes when coupled with gold 

deposition. It has also been demonstrated that it is possible to  employ sim ple 

organic reactions to derivatize existing functional groups on chemically modified 

particles. This method has shown good potential for the attachm ent of biological 

molecules, such as enzymes and proteins, to carbon substrates.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEGMENTS

At this point I would like to take the opportunity to thank the many people 

who have helped me throughout my graduate career at the University of Alberta, 

and helped to make my stay at the U  of A a pleasant one.

First of all, I would like to express my most sincere thanks and gratitude to 

my research advisor, Dr. Mark McDermott. Mark, regardless of what I write, I 

could never do justice to what a truly awesome boss, and great friend you have 

been to me. Thank you for providing me with an excellent opportunity to do 

research and learn from you. Thank you for your patience, as I am not always the 

easiest person to get along with, and thank you for the confidence you always 

displayed in me. It is an honor and a privilege for me to be your first grad student, 

and I will always be a proud member of the McDermott Group. Here’s to many 

years of good friendship ahead, with you, and your wonderful family.

I would also like to express my most sincere thanks to my fellow group 

members, thank you for your help, and making the time I spent in the lab a most 

enjoyable one. Especially James, Truong, and Gregory, we have been together a 

long time and I will always look back fondly upon the truly good times we spent 

together. I am very fortunate to have had friends like you. An extra special thanks 

to Gregory; thank you for all of the intense work outs, you were an awesome 

coach. It was truly a blast to be able to train with you.

Thank you to my examining committee and faculty members of the 

Division of Analytical Chemistry, Department of Chemistry, University of 

Alberta. It was a privilege for me to be able to study under, teach for, and learn 

from such a distinguished group of scientists. Thank you also for your friendship.

Thank you to the Department of Chemistry, University of Alberta, and the 

Natural Science and Engineering Research Council of Canada (NSERC) for 

funding my research, as well as our group.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Thank you to the Department of Chemistry staff, and all members of the 

Glass Shop, Electronics Shop, and Machine Shop who were always willing to help 

me, no matter how small, or ridiculous the request.

Special thanks to George Braybrook, Department of Earth and Atmospheric 

Sciences, for his great work in obtaining the SEM images of gold particles. To 

Glen Fitzpatrick of the Alberta Microelectronics Corporation for numerous gold 

substrates, and the multitude of other kind and generous favors he provided for 

me, as well as my fellow group members. Glen, thank you for your generosity and 

patience, you were always willing to help me out and I will always be grateful for 

that. To Marc Porter, Iowa State University, for the gold substrates used in the 

tapping-mode studies, and the 16-MHDA, ODT-<ij7, and FCUT adsorbates.

A special thank you also goes out to all of the wonderful friends I have 

made during my graduate career. Thanks for helping smooth out the bumps. I 

will not mention any names for fear o f forgetting somebody, but you guys 

certainly know who you all are, thanks! Also, this way nobody can be contacted 

in the future for details pertaining to some wild, and highly exaggerated drinking 

story.

To Brian and Corrina, thank you for your generous hospitality during my 

final days at the U of A. You guys could never imagine how much you helped me 

out and I am very appreciative of this.

To the Tamburrino family, thank you for the many wonderful meals we 

shared together. You made me feel like family, when I was away from mine.

None of this would have ever been possible without the generous love, 

encouragement and support provided to me by my family. To all of my aunts, 

uncles, and cousins, both here and abroad; thank you for always taking the time to 

inquire about me, ask me how things are going, and for your kind words of 

encouragement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To my loving Nonna and Nono, thank you for the generous love, 

encouragement, and support you have always shown me. Grazie delle vostre 

preghiere, il vostro affetto, la vostra generosita’ e i bes.

To my awesome brother Mark, thank you for always being there for me, 

and for your constant love, generosity, encouragement and support. Don’t ever 

doubt the fact that I am extremely proud of you, and how truly fortunate I feel to 

have a brother like you. Your personality is golden, and the personal qualities you 

possess could never be attained through any degree of schooling or university.

Finally, a very emotional thank you to my Mom and Dad. With out your 

endless love and support I would not be a fraction of the person I am today. It is 

because of you that I have been able to achieve the success I have enjoyed in my 

life. Thank you for the countless opportunities you have provided me with that 

have allowed me to become the person I am today, and will allow me to become 

tomorrow. And finally, thank you for your never-ending encouragement, 

especially you Mom. For all of the times I have freaked out, and been stressed 

out, you have always been there to listen to me and make me feel better. When I 

look to the sky but can’t see through the clouds, you show me the brightest star. 

When I think of giving up because I’m having my doubts, you tell me I have come 

so far; for this I will always be grateful. Mom and Dad, I love you very much, and 

thanks for everything you have ever done for me.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

CHAPTER I: GENERAL INTRODUCTION

Electrochemical Methods 1

Carbon Electrodes 16

Chemically Modified Electrodes 20

Research Objectives 36

References 39

CHAPTER H: CHARACTERIZATION OF ELECTROCHEMICALLY 

DEPOSITED GOLD PARTICLES ON GLASSY CARBON ELECTRODES

Introduction 48

Experimental 58

Results and Discussion 60

Conclusions 87

References 88

CHAPTER HI: EFFECTS OF SURFACE OXIDE GROUPS ON THE 

ELECTROCHEMICAL DEPOSITION OF GOLD PARTICLES ON 

GLASSY CARBON ELECTRODES

Introduction 93

Experimental 100

Results and Discussion 102

Conclusions 118

References 119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER IV: MODIFICATION OF SUPPORTED GOLD PARTICLES 

USING ALKANETHIOL SELF-ASSEMBLED MONOLAYERS

Introduction 123

Experimental 132

Results and Discussion 134

Conclusions 156

References 158

CHAPTER V: MODIFICATION OF SUPPORTED GOLD PARTICLES

u s i n g  cd-t e r m i n a t e d  a l k a n e t h i o l  s e l f -a s s e m b l e d

MONOLAYERS

Introduction 162

Experimental 167

Results and Discussion 170

Conclusions 194

References 195

CHAPTER VI: HIGH-RESOLUTION CHEMICAL MAPPING OF 

SURFACE BOUND FUNCTIONAL GROUPS WITH TAPPING-MODE 

SCANNING PROBE MICROSCOPY

Introduction 199

Experimental 202

Results and Discussion 203

Conclusions 209

References 210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER VII: SUMMARY, CONCLUSIONS AND FUTURE WORK

Summary and Conclusions 212

Suggestions for Future Work 215

References 215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 2.1 Surface area determination of electrochemically deposited 
gold particles on GC via oxide reduction analysis, effect of deposition 
solution concentration.

Table 2.2 Surface area determination of electrochemically deposited 
gold particles on GC via oxide reduction analysis, effect of deposition 
overpotential.

Table 2.3 Results from scanning electron micrograph analysis for 
electrochemically deposited gold particles, effect of deposition 
solution concentration.

Table 2.4 Results from scanning electron micrograph analysis for 
electrochemically deposited gold particles, effect of deposition 
overpotential.

Table 3.1: Effect of electrode pretreatment on gold particle deposition, 
[AuCLf] = 100 |iM, r| = -800 mV.

Table 3.2 Results from scanning electron micrograph analysis for 
electrochemically deposited gold particles, effect of electrode 
pretreatment, [AuCU ] = 100 |iM, T| = -800 mV.

Table 3.3: Effect of electrode pretreatment on gold particle deposition 
and adhesion, [AuCU ] = 100 pM, T| = -800 mV.

Table 4.1 Band positions and peak widths for the spectra shown in 
Figure 4.2. ODT on bulk gold film and chemically modified gold 
particles.

Table 4.2 AEp values for catechol voltammetry on various electrode 
materials.

Table 4.3 AEp values for catechol voltammetry on a single electrode, 
resulting from multiple gold particle deposition and modification steps.

Page

74

74

86

86

105

107

116

138

149

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Page

Figure 1.1 Schematic representations of (A) HOPG, and (B) GC. 18

Figure 1.2 Application of SAMs to GC electrodes. 37

Figure 1.3 Derivatizing GC with multiple functional groups. 38

Figure 2.1 Cyclic voltammetry of 200 pM AuCU' in 0-5 M H2S 0 4 at 
a polished GC electrode, v = 100 mV/s. 61

Figure 2.2 Current response to a potential step of 1100 to 0 mV for a 
polished GC electrode, 200 pM AuCU in 0.5 M H2S 0 4. 62

Figure 2.3 Representative current transients for gold deposition on GC 
from solutions of varying AuCU’ concentration, r\ = -800 mV. 64

Figure 2.4 Representative current transients for gold deposition on GC 
at varying overpotentials, [AuCU ] = 200 pM. 66

Figure 2.5 Effect of oxide reduction current on a polycrystalline gold 
electrode as a function of anodization potential in 0.5 M H2S04. 69

Figure 2.6 Effect of oxide reduction current on a polycrystalline gold 
electrode as a function of anodization time in 0.5 M H2S 0 4. 70

Figure 2.7 Linear sweep voltammograms for the reduction of gold 
surface oxides from electrochemically deposited gold particles.
Deposition solution concentration series for r\ = -800 mV, v = 200 mV/s. 72

Figure 2.8 Linear sweep voltammograms for the reduction of gold 
surface oxides from electrochemically deposited gold particles.
Overpotential series for [AuCU ] = lOOpM, v = 200 mV/s. 73

Figure 2.9 Linear sweep voltammograms for the stripping of 
underpotentially deposited lead from electrochemically deposited gold 
particles. Deposition solution concentration series for r| = -800 mV, 
v = 200 mV/s. 77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.10 Linear sweep voltammograms for the stripping of 
underpotentially deposited lead from electrochemically deposited gold 
particles. Overpotential series for [AuCU"] = 100 pM, v = 200 mV/s.

Figure 2.11 Scanning electron micrographs of electrochemically 
deposited gold particles on GC, t| = -800.

Figure 2.12 Scanning electron micrographs of electrochemically 
deposited gold particles on GC, [AuCU"] = 100 pM.

Figure 3.1: Schematic representation of a polishing layer, an EGO 
layer, and a surface oxide layer.

Figure 3.2 Cyclic voltammograms for electrochemically deposited 
gold on various GC substrates, v = 100 mV/s, [AuCU ] = 100 pM.

Figure 3.3 Scanning electron micrographs of electrochemically 
deposited gold particles on normal polished GC, T| = -800 mV, 
[AuCU"] = 100 pM.

Figure 3.4 Scanning electron micrographs of electrochemically 
deposited gold particles on oxide free GC, T| = -800 mV,
[AuCU'] = 100 pM.

Figure 3.5 Scanning electron micrographs of electrochemically 
deposited gold particles on 1.0 M NaOH ECP GC, T| = -800 mV, 
[AuCU"] = 100 pM.

Figure 3.6 Scanning electron micrographs of electrochemically 
deposited gold particles on 0.1 M H2S 0 4 ECP GC, T| = -800 mV, 
[AuCU'] = 100 pM.

Figure 4.1 Scanning electron micrographs of electrochemically 
deposited gold particles on GC, T| = -800 mV.

Figure 4.2 Infrared reflectance spectra of ODT on a bulk gold film 
and electrochemically deposited gold particles, T| = -800 mV,
[AuCU'] = 1 mM.

78

81

84

97

103

108

110

112

113

135

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.3 Linear sweep voltammograms for the reduction of gold 
surface oxides from chemically modified gold particles, r\ = -800 mV, 
[AuCLf] = 100 pM, v = 200 mV/s.

Figure 4.4 Linear sweep voltammograms for the reduction of gold 
surface oxides from chemically modified bulk gold films, v = 200 mV/s.

Figure 4.5 Cyclic voltammograms for catechol on various electrode 
materials, v = 200 mV/s.

Figure 4.6 Cyclic voltammograms for catechol on chemically modified 
gold particles gold particles on GC, v = 200 mV/s, T| = -800 mV, 
[AuCLf] = 100 fiM.

Figure 4.7 Cyclic voltammograms for catechol on electrochemically 
depositedon GC, T| = -800 mV, v = 200 mV/s.

Figure 4.8 Cyclic voltammograms for catechol on chemically modified 
gold particles, multiple deposition and modification steps, rj = -800 mV, 
[AuCLf] = 100 (iM, v = 200 mV/s.

Figure 5.1: Cyclic voltammogram of a NTP modified gold film 
electrode, initial reduction of the nitro group.

Figure 5.2: Cyclic voltammogram of a NTP modified gold film 
electrode, further oxidation of the amino group.

Figure 5.3: Cyclic voltammogram of NTP modified gold particles on 
GC.

Figure 5.4: ERJRAS spectra of (a) a NTP modified bulk gold film, and 
(b) NTP modified gold particles on GC.

Figure 5.5: Cyclic voltammograms of FCUT adsorbed to polished GC 
Electrodes, before and after benzene rinse.

Figure 5.6: Cyclic voltammogram of FCUT modified gold particles, 
and a polished GC electrode.

Figure 5.7: Scan rate dependence study for a FCUT modified bulk gold 
film and supported gold particles.

141

144

148

150

152

154

171

173

175

176

178

179 

181

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.8: Charge due to ferrocene oxidation as a function of [AuCU ] 
concentration.

Figure 5.9: Cyclic voltammogram of a FCUT modified gold film 
electrode.

Figure 5.10: Cyclic voltammograms of FCUT modified gold particles 
on GC. Before and after exposure to a potential step in 0.5 M H2S 04 
supporting electrolyte.

Figure 5.11: Cyclic voltammogram of FCUT modified gold particles 
On GC after exposure to a second gold deposition step.

Figure 5.12: Cyclic voltammetry of FCUT modified gold particles 
After exposure to a second gold deposition step and subsequent 
Modification with NTP.

Figure 5.13: ERRAS spectra of ODT modified gold particles and 
MUDA modified gold particles on GC.

Figure 5.14: ERRAS spectra of cytochrome c attached to MUDA 
modified gold particles on GC, and activated MUDA modified particles

Figure 6.1 Schematic diagram of partial bilayers formed at Au(l 11) for 
SA a HDDA top layers.

Figure 6.2 Topographic (A, z-scale =10 nm) and phase contrast 
(B, z-scale 20°) tapping-mode SFM images of a MHDA/SA partial 
bilayer.

Figure 6.3 Topographic (C, z-scale =15 nm) and phase contrast
(D, z-scale 20°) tapping-mode SFM images of a MHDA/HDDA partial
bilayer.

Figure 6.4 Topographic (A, z-scale = 30 nm) and phase contrast 
(B, z-scale 30°) tapping-mode SFM images of a MHDA/SA partial 
bilayer.

183

184

186

188

190

192

193 

201

204

206

208

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF SYMBOLS

Roman Symbols

A  area

C*j bulk concentration of electroactive species j

Dj diffusion coefficient of electroactive species j

E  potential

E° standard potential

E° formal potential

Epa anodic peak potential

Epc cathodic peak potential

AEp Epa -  Epc in cyclic voltammetry

F  Faraday constant, 96485 C/mol

f  F/RT

f 0 resonance frequency

i current

ia anodic component current

ic cathodic component current

id diffusion limited current

current maxium, potential step 

ip peak current

ipa anodic peak current

ipc cathodic peak current

j  current density

k rate constant for a homogeneous reaction

k° rate constant for a heterogeneous reaction

kb heterogeneous rate constant for oxidation

kf heterogeneous rate constant for reduction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



La intraplanar microcrystallite size

Lc interplaner microcrystallite size

N  number density, metal particles

n number of electrons

Q o b s  charge

R gas constant

r0 electrode radius

t  time

t c contact time

tnax time that corresponds to current maximum, potential step

Vb “backward” homogeneous reaction rate

Vf “forward” homogeneous reaction rate

x distance

Greek Symbols

a transfer coefficient

P 1 - a

A<> phase shift

V scan rate

r,- surface coverage of an electroactive adsorbate j

TSat saturation surface coverage

n overpotential

P density

'F dimensionless parameter in CV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF ABBREVIATIONS

AFM atomic force microscopy

CGA chlorogenic acid

CME chemically modified electrode

Cyc cytochrome c

DCC dicyclohexylcarbodiimide

DDT dodecanethiol

DHB dihydroxybenzaldehyde

DMF dimethylformamide

ECP electrochemical pretreatment

EDC 1 -ethyl-3-[(dimethylamino)propyl] carbodiimide

EGO electrochemical graphitic oxide

FCUT ll-ferrocene(carboxy) undecanethiol

FOA free oscillation amplitude

FTIR fourier transform infrared spectroscopy

FWHiM full width half maximum

GC glassy carbon

hCG human chorionic gonadotropin

HDDA hexadecanedioic acid

HDT hexadecane thiol

HOPG highly ordered pyrolytic graphite

HT hexanethiol

IA imaging amplitude

IRRAS infrared reflection absorption spectroscopy

MCT mercury-cadmium-telluride

MHDA 16-mercaptohexadecanoic acid

MPC monolayer protected cluster

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MSEF mean squared electric field

MUDA 11-mercaptoundecanoic acid

NADH nicotinamide adenine dinucleotide

NHS N-hydroxysuccinimide

NTP 4-nitrothiophenol

NTB napthoyl-Toluidine Blue O

ODT octadecanethiol

OTF organic thin film

PBS phosphate buffered saline solution

PEM proton exchange membrane

PG pyrolytic graphite

PQQ pyrroloquinolinequinone

SA stearic acid

SDS sodium dodeclysulfate

SEM scanning electron microscopy

SFM scanning force miscoscopy

SOD superoxide dismutase

SPM scanning probe microscopy

TM-SFM tapping-mode scanning force microscopy

UPD underpotential deposition

XPS x-ray photoelectron spectroscopy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1

CHAPTER I 

GENERAL INTRODUCTION

Electrochemical Methods.

Electroanalytical chemistry involves the use of an electrode to study an 

analyte in solution. Generally, the properties of the analyte induce a change in 

potential, the flow of current, or the accumulation of charge at the electrode 

surface. As the description implies, two important parameters in this process are 

potential and current, either of which can be held constant or varied during the 

course of an electrochemical experiment. Electrochemical behavior of such a 

species can be examined when the analyte is introduced into an electrochemical 

cell.

Two general types of electrochemical experiments can be performed; these 

are described as potentiometry or voltammetry. Potentiometry involves the 

measurement of cell potentials that develop between two electrodes in response to 

the concentration of the analytes. Measurements are made at currents that 

approach zero and in the complete absence of concentration polarization. 

Voltammetry, on the other hand, involves the measurement of current that arises 

as a result of the oxidation or reduction of an analyte by an applied potential. 

Also, measurements are made under the condition of complete concentration 

polarization. This is an important distinction that will be elaborated upon shortly. 

Use of voltammetric techniques is limited to the study of electroactive species, 

meaning that the analyte of interest must be able to take part in electron transfer 

reactions with the working electrode. Such species are often generically referred 

to as redox species. The main focus of this introduction is based on the discussion 

of voltammetric methods.
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In voltammetric experiments, electro«des are immersed into a dilute solution 

of the redox species in the presence of a relatively high concentration of inert 

supporting electrolyte. Supporting electrolyte, such as potassium chloride, is used 

to render the solution conductive, thus minimizing the effects o f solution 

resistance. If the solution possesses a relatively high resistance, then a significant 

voltage drop, also referred to as iR drop, w ill develop across the solution. This 

will result in errors in the applied potential a t  the working electrode. Furthermore, 

the effects of solution resistance may be nnistaken for kinetic effects, rendering 

misleading information about the electrode mechanism [1].

The most common type of electrochemical cell configuration used in 

voltammetry experiments is the three-electrode cell. Electrodes consist of a 

working electrode, an auxiliary electrode, amd a reference electrode. The working 

electrode is the electrode at which electron transfer with the redox species of 

interest occurs. The auxiliary electrode se=rves to conduct current between itself 

and the working electrode in order to maintlain a constant potential at the working 

electrode. The auxiliary electrode also seirves to eliminate current flow through 

the reference electrode and this prevents umdesirable fluctuations in the potential 

of the reference electrode. The reference eDectrode serves as a potential reference 

for the electrochemical cell and accompanying instrumentation. In order to 

discuss these electrochemical experimentss in a more quantitative manner, the 

concepts and nomenclature of Bard and FamLkner are employed [2].

A redox reaction may be represented using the following general 

expression.

O + ne~ <r-> R { 1.1 }

O represents the oxidized form of the redox  species and R the reduced form, n 

represents the number of electrons needed rto reduce one molecule of O to R, and
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vice versa. Reaction {1.1} has both forward and backward paths, as indicated by 

the double arrow, and in subsequent equations the subscripts /  and b will be used. 

Forward and reverse reactions proceed at specific, but not necessarily equal, rates 

that must be proportional to the concentration of O and R at the surface of the 

electrode. These concentrations are expressed in terms of a specific distance from 

the electrode surface at a specific point in time during the experiment using the 

convention Co(x,t), in units of mol/cm3, x  represents the distance from the 

electrode surface and t the elapsed time. To represent the concentration of O at the 

surface of the electrode x  is defined as zero. The rates of reaction of the forward 

and reverse process are also related to the concentrations of O and R at the surface 

of the electrode via the heterogeneous rate constants of the two reactions, kf and kb 

respectively. Heterogeneous refers to the fact that an analyte in solution 

participates in an electron transfer reaction with a solid electrode surface. These 

reaction rates can be expressed mathematically as,

vf = kjCo(.0,t) = - i -  {1.2}
nFA

vb = kbC M  {1.3}
nFA

2
where F  is Faraday’s constant and A is the area of the working electrode in cm . 

The forward reaction is a reduction and ic is the cathodic current proportional to vf. 

Conversely, the reverse process is an oxidation and ia is the anodic current 

proportional to vb. Currents are expressed in Amperes. It is important to 

recognize that if both O and R species are present at the electrode surface then 

both reactions will occur simultaneously. Therefore, the magnitude of the forward 

and reverse reaction rates will offset each other and a net current is observed.
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Employing equation {1.2} and {1.3} one can easily derive an expression for the 

net current.

i = ic -  ia = nFA [kjCo{0, t) -  kbCR(0, r)] {1.4}

From this expression it becomes obvious that the net current is proportional to the 

concentration of both O and R species at the electrode surface, in the absence of 

applied potentials.

In order to apply these concepts to a situation in which the potential of the 

working electrode is varied in a controlled manner, it is important to understand 

how the rate constants depend on the applied potential. The following equations 

represent the potential dependent rate constants of the forward and reverse 

reactions,

k ,  =  {1 .5}

K  = k oe M ( E ~ E ° )  { L 6 )

w here/=  F/RT, k° is the standard rate constant, a  and (3 ((3 = 1-a) are the cathodic 

and anodic transfer coefficients that represent the asymmetry of the energy barrier, 

and (E - E° ) is the overpotential, where E° refers to the standard potential of the 

reaction. These expressions can be simplified by employing rj in the place of 

{E - E° ) to represent the applied overpotential. Substitution of the potential 

dependent rate constants into equation {1.4} yields the complete current-potential 

characteristic.

i = nFAk°[Co(0,t) e-™*1 - CR(0,t) e~Pnfn ] { 1.7 }
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When the applied potential, E, is not the equilibrium potential, E° , there will be a 

net current flow. Net current will be either anodic or cathodic, depending on the 

magnitude of r|. Equation {1.7} is an important relationship, which can be used to 

mathematically treat any problem that requires heterogeneous electron transfer to 

be taken into account. However, such treatments are nearly always difficult.

Fortunately, in setting up an electrochemical experiment we are afforded 

the option of designing experiments such that the current-potential characteristic 

may be simplified to yield a more practical form. Several special cases have been 

identified [2, 3]: a) large-amplitude controlled-potential techniques, b) small- 

amplitude controlled-potential techniques, c) reversible (Nemstian) electrode 

processes, and d) totally irreversible electrode processes. In small-amplitude 

controlled potential techniques very small potential perturbations, typically on the 

order of 10 to 20 mV, are employed to induce small perturbations Ln the 

concentration profile of redox species at the electrode surface. Under these 

conditions the applied potential and resulting current are linearly related. This 

approach is based on the principle that a complex curve can be approximated by a 

series of small straight-line segments; the smaller the segments, the smaller the 

deviation from theoretical behavior. For reversible redox species, (i.e. k° —> the 

current-potential characteristic simplifies to the Nemst equation.

E = E°'+  —  ln C° (Q̂ -  {1.8}
nF CR{ 0 ,0

When electron transfer rates are very slow, as in irreversible systems, the anodic 

and cathodic terms of equation {1.7} are never simultaneously significant. That 

is, activation in one direction is so dominant (large overpotential) that the reverse 

reaction is totally inhibited. Such a system is said to display Tafel behavior and
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can be described using the Tafel equation. Further discussion is focused on large- 

amplitude controlled-potential techniques and electrochemical reversibility.

Electrochemical methods employed during the course of this research 

consisted exclusively of large-amplitude controlled-potential techniques. These 

methods differ from small-amplitude controlled-potential techniques in that the 

applied overpotential is so large that the concentration of the redox species at the 

surface of the working electrode becomes essentially zero. Under these 

conditions, the observed current at the working electrode is totally controlled by 

mass transfer or diffusional processes. This category can be further subdivided 

into two subcategories: potential step techniques and potential sweep techniques. 

The major difference between these two methods resides in the nature of the 

excitation waveform that is applied to the working electrode.

Potential Step Methods. In potential step experiments, the excitation 

waveform consists of a potential step from an initial potential at which no 

electrolysis occurs, £ /, to a final potential, Ez, at which the redox species cannot 

exist at the electrode surface without being oxidized or reduced. Considering 

expression {1.1}, application of a sufficiently negative potential step (£7 >E2) to 

the working electrode will cause all of O to be reduced to R. This induces 

concentration polarization at the electrode surface in which Co(0, t) = 0. Thus, a 

concentration gradient is established between a thin film of solution at the 

electrode surface and the bulk solution. This thin film is also referred to as the 

diffusion layer. The concentration gradient propagates outwards from the

electrode surface into the bulk solution as time lapses. Current, due to the

reduction of O to R, is monitored as a function of time for the duration of the

potential step. Hence, this type of experiment is called chronoamperometry.

Current is dictated by how efficiently O can diffuse from the bulk solution to the 

electrode surface, therefore, the observed current is defined as the mass transport 

limited current. As the diffusion layer becomes thicker with time it will take
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progressively longer for molecules of O to diffuse to the electrode surface. Thus, 

the current is observed to decay with time. Duration of any one experiment is 

typically on the order of a few seconds. At longer times, perturbations due to 

convection or mechanical vibration tend to disrupt the concentration gradient at 

the electrode surface. Also, at longer times, the diffusion layer thickness 

approaches dimensions on the order of the electrode diameter. At this point the 

assumption of planar diffusion is no longer valid and current becomes independent 

of time. Since only a very small volume of solution is actually employed for any 

one experiment, the solution can be stirred, such that the bulk concentration of O 

is restored at the electrode surface. Therefore, several experiments can be 

performed using the same experimental set up.

In potential step experiments, electrode kinetics no longer influence the 

current at the electrode surface and ironically equation {1.7} is not needed at all. 

Current is independent of potential, provided a sufficiently large overpotential is 

employed, ensuring that experiments are performed in the mass transport limited 

region. Therefore, calculation of the diffusion limited current, id, and the 

concentration gradient, C0(x,r), involves searching for solutions of the linear 

diffusion equation,

dt o
d2C0(x,t)

dx2
{1-9}

adhering to the following boundary conditions:

Co(x, 0) — C q 

r lim__ C 0 (x,t) =  C q 

) =  0 (for t > 0)

{ 1.1 0 }

{ 1. 1 1 }

{ 1. 12}
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Equation {1.10} simply states that the solution is homogeneous and only contains 

the oxidized form of the redox species. Equation {1.11} states that the 

concentration of the bulk solution far away from the electrode surface at any time 

during the course of the experiment remains unchanged; this is referred to as the 

semi-infinite condition. Equation {1.12} states that upon application of the 

potential step program to the electrode, the concentration of the oxidized form of 

the analyte at the electrode surface becomes essentially zero and all of O has been 

converted to the reduced form. Thus, the experiment is performed in the mass 

transport limited region. At this point, the observed current is dependent upon 

diffusional mass transport of O to the electrode surface. This is the crux of the 

potential step experiment. Solution of equation {1.9}, adhering to the given 

boundary conditions, yields the following current-time response,

nFADulC '
Kt) = U t ) =  TnTpH-  {1-13}

K ~t ~

known as the Cotrell equation, where C* is the bulk concentration of electroactive 

species in solution and D is the diffusion coefficient. The subscript i can be O or 

R to indicate whether the redox species is in its oxidized or reduced form. The 

mathematics of this transformation are beyond the scope of this introduction; for a 

more detailed description one should consult Bard and Faulkner [2]. However, it 

is important to note that the observed current will vary as a function of t I/z and this 

is characteristic of Cotrellian behavior.

The Cotrell equation is a very important equation in that it allows one to 

determine the geometric area of a working electrode provided that the diffusion 

coefficient of the redox species of interest is known. Similarly, one may 

determine the diffusion coefficient using an electrode of known area. The
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calculations require generation of a Cotrell plot, a plot of id as a function of t 1/2. 

Cotrell plots should be linear with a slope of:

nFADl/zC '
m =  —z  {1-14}

K

Determination of the slope allows one to calculate the area of the electrode or 

diffusion coefficient of the redox species.

Potential Sweep Methods. In a potential sweep experiment, the excitation 

waveform is initiated at a potential at which no electrolysis occurs, Eh The 

potential is then swept in linear fashion to a final potential, E2, at which the redox 

species cannot exist at the electrode surface without being oxidized or reduced. 

The rate of change of the applied potential is defined as the scan rate and is given 

the symbol v. Scan rates are typically expressed in units of mV/s. Once the final 

potential has been reached the direction of the potential scan is reversed and the 

potential is swept back toward Eh Due to the nature of the potential program this 

technique is known as cyclic voltammetry. Cyclic voltammetry is a reversal 

technique and E2 is referred to as the switching potential. Current is monitored as 

a function of potential, or time, and the resulting current transient is called a cyclic 

voltammogram. Experiments in which the potential scan is stopped at the 

switching potential are simply referred to as linear sweep voltammograms.

Due to the nature of the excitation waveform, interesting behavior is 

observed at the electrode/solution interface. Referring back to equation {1.1}; a 

cyclic voltammetry experiment is initiated at a potential at which reduction of O to 

R does not occur. As the potential is scanned negatively a cathodic peak current, 

ipc, is observed at a potential, Epc, between Ej and E2. At potentials positive of Epc, 

O is reduced, but not so effectively that its surface concentration becomes zero. 

Thus, the current continues to increase until a peak at Epc is observed. At all
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potentials negative of Epc the onset of diffusional mass transport is observed and 

the current decays as a function of t la, as in chronoamperometry. The switching 

potential should be chosen such that oxidation of R back to O does not occur. A 

useful guideline quoted in the literature states that provided the switching potential 

is not less than 35/n mV past the peak current, then all subsequent curves should 

have the same relative shape [4]. As the potential is scanned positively an anodic 

peak current, ipa is observed at a potential, Epa between E2 and E h At potentials 

negative of Epa, R is oxidized, but not so effectively that its concentration becomes 

zero, and again the current continues to increase until a peak at Epa is observed. At 

potentials positive of Epa diffusional mass transport of R to the electrode surface is 

observed and again the current decays as a function of t ia . Return of the potential 

to Ei signifies the end of the experiment or the start of another potential cycle. For 

a solution phase redox species, the peak current can be determined using the 

following expression, for a reversible system.

ip = (2.69 x 105)n3/2A D l0' 2v I/2C*0 {1.15}

From this relationship it is important to note that the peak current is proportional 

to the square root of scan rate.

Referring back to the discussion of concentration gradients, as in the 

potential step experiment, one can visualize the build up of a concentration 

gradient of R at the electrode surface as the potential is swept from Et to E2. 

Conversely, once the potential scan is reversed, and oxidation of R back to O is 

initiated, yet another concentration gradient begins to develop. In this instance, a 

concentration gradient of O begins to develop within the previously established 

concentration gradient of R. This behavior gives rise to a dynamic concentration 

profile for the two redox species during the course of a cyclic voltammetry
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experiment, close to the electrode surface. Illustrations of this behavior can be 

found in several textbooks [2, 3, 5].

Cyclic voltammetry possesses two major advantages over potential step 

techniques. First, it is possible to examine a fairly wide potential range in a 

relatively short period of time in order to identify the presence of redox species. A 

second advantage is the ability to vary the relative time scale of the experiment by 

changing the scan rate of the potential sweep. However, unlike 

chronoamperometry, cyclic voltammetry is used mainly as a qualitative or 

diagnostic tool [3]. Perhaps the most valuable aspect of cyclic voltammetry is 

realized in the study of heterogeneous electron transfer reactions that are coupled 

to homogeneous chemical reactions. From the qualitative description given above, 

it is emphasized that cyclic voltammetry is capable of generating a new species on 

the forward sweep, R , and then probing its fate on the reverse sweep.

As a simple example consider reaction {1.1}: now, suppose that R 

participates in a quick, chemically irreversible reaction, rendering an 

electrochemically inactive product, Z.

R ^ Z  {1-16}

As a result, if R is consumed in a coupled chemical reaction, before it can be 

oxidized back to O, then the magnitude of the anodic peak current will be 

decreased on the reverse sweep. Thus, monitoring the peak currents, ipa and ipc, 

can provide valuable information in the diagnosis and study of the mechanisms of 

electrode reactions. For an electrochemical reaction in which no coupled chemical 

reactions occur, the ratio of the peak currents, ipa/ipc should be equal to one. If R is 

consumed before it can be oxidized back to O, then the ratio ipc/ipC will be less than 

one. Deviation of this ratio from unity is dependent on the rate of conversion of R 

to its inactive form. At slower scan rates R will have more time to undergo
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conversion and ipa/ipc decreases as the scan rate is decreased. At sufficiently high 

scan rates however, conversion of R  to Z may have relatively little time to occur 

and the presence of the chemical reaction is not detected. Thus, when probing 

complex reaction mechanisms that involve coupled chemical reactions, it is 

important to employ a range of scan rates such that these processes are not 

overlooked. The mechanism described above is a simple example of a following 

chemical reaction. Several, more complicated, reaction mechanisms exist that can 

be probed using cyclic voltammetry [4]. Nicholson and Shain used cyclic 

voltammetry to probe the reduction of p-nitrosophenol, which involves a chemical 

reaction interposed between two-electron transfer reactions [6].

Cyclic voltammetry can also be very useful in the determination of 

electrochemical reversibility, electron transfer rate constants, and the physical 

state of a redox species. Systems that display electrochemical reversibility are 

defined as systems in which the electrode potential can be related to the 

concentrations of redox species in solution via the Nemst equation, {1.8}. Thus, 

the rate constant for electron transfer is so large that the concentrations of O and R 

at the electrode surface readily adjust to reflect any change in potential at the 

working electrode. It is important to realize that when the concentration of O is 

equal to the concentration of R, the electrode potential is equal to the formal 

potential of the redox system.

One can probe the reversibility of a redox system using cyclic voltammetry 

by examining the separation of the anodic and cathodic peak currents, or AEp. For 

a reversible system a AEp value of 57/n mV is observed and ipafipc = 1. These 

values are independent of scan rate. At this point it is important to keep in mind 

that reversibility is a relative term. As illustrated earlier, using the example of a 

following chemical reaction, it is possible to increase or decrease the time scale of 

a reaction depending on the choice of scan rate. Hence, a reaction may “appear” 

to be reversible, provided the electron transfer rate constant is relatively large

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

compared to the time scale of the experiment. However, if the scan rate is 

increased sufficientiy, a point may be reached at which the kinetics of electron 

transfer become competitive with the rate of potential change. At this point, 

anodic and cathodic peaks begin to broaden and peak separation, AEp, begins to 

increase.

Reactions in which AEp is observed to vary with scan rate are defined as 

quasi-reversible reactions. In 1965 Nicholson derived a useful method for 

estimating the rate constants or k° values of quasi-reversible reactions by 

examining the variation in AEp with scan rate [7], This method involves the 

measurement of AEp values of a particular redox system and using these to obtain 

suitable values of *P from a working curve of known 'P versus AEP values. Once a 

value of 'P has been determined, a value of k° can be obtained using the following 

expression.

VP = D

a /2
k°

[D07Uv(nF / RT  )P / 2 {1.17}

In this work Nicholson evaluated this method by studying the reduction of 

cadmium. A number of scan rates were investigated that resulted in increased AEp 

values with increased scan rate. However, similar k° values were obtained for 

each case that were in good agreement with those of other workers. It should be 

realized that this technique is only valid for AEp values smaller than -212 mV. At 

larger peak separations, determination of an accurate value of 'P  becomes more 

difficult and less practical. In most cases this expression can be simplified by 

making the approximation D0 = DR [5]. For irreversible systems the electron 

transfer rate is so slow that excessive AEp values are encountered. For example,
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AEp values as high as 1500 mV for Fe(CN)6 3A4 have been observed on highly 

ordered pyrolytic graphite electrodes at a scan rate of 1000 mV/s [8].

Discussion thus far has been confined to redox species in the solution 

phase; however, the electrochemical response can be significantly altered by 

adsorption of O or R to the electrode surface. Adsorption of a redox species to the 

electrode surface can occur via one of two broad classes of mechanisms, 

physisorption or chemisorption. While physisorption occurs mainly via 

nonspecific intermolecular forces, such as dipole-dipole interactions or k-k 

interactions, chemisorption involves the actual linkage of the adsorbing species to 

the substrate surface via chemical bonding [9]. Theoretical treatment of this 

scenario becomes more complicated as one must introduce adsorption isotherms 

that describe the adsorption behavior of the species of interest. This is typically 

accomplished by employing Langmuir or linearized Langmuir isotherms. For this 

reason only a simple case is considered in which only adsorbed O is initially 

present on the electrode surface, as in the experiments presented in the following 

chapters. A rigorous mathematical description is not presented. For this scenario 

the peak current can be obtained using the following expression.

2p2
ip = -  v A r ;  {1.18}
p 4 RT u

T*0 represents the surface coverage of oxidized species and this value is usually 

expressed in units of moles/cm2. From this expression it is important to note that 

the peak current for an adsorbed redox species is proportional to the scan rate. 

This is in contradiction to Equation {1.15} in which the peak current of a solvated 

redox species is proportional to the square root of scan rate. Thus, cyclic 

voltammetry can be used to differentiate between solution phase and adsorbed 

redox species via a scan rate dependence study.
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The appearance of adsorption waves differs from those o f  solution phase 

redox species. As one would expect, no effects of diffusion, or mass transport are 

observed in these cyclic voltammograms as the redox species is immobilized at the 

surface of the electrode. For a reversible system, the redox waves are symmetrical 

about the potential axis and display a peak width at half maximum, AEpJ/2, of 

90.6/n mV (not to be confused with peak separation, AEp). Also, when the sweep 

direction is reversed, the observed current is the mirror image o f  that observed on 

the forward sweep. Theory predicts a AEp value of zero millivolts for an ideal 

case in which electron transfer rate is very fast between the electrode surface and 

surface modifier. It is possible to determine surface concentration of the adsorbate 

by integrating the area under the redox waves [10, 11]. Integration yields the 

charge under the wave, and this value can be used to calculate the surface 

concentration using the following expression,

Q = nFAT0 {1.19}

where Q is the charge, in Coulombs. Similarly, if the surface coverage for a 

specific redox species is known, then the unknown surface area o f  an electrode can 

be determined using the same expression and solving for area. A  major difference 

between this method of surface area determination and that using the Cotrell 

equation, {1.13}, is that the Cotrell equation renders the geometric electrode area 

while this method yields the real electrode area, the difference being that 

geometric area takes no account of surface roughness. Adsorption methods are 

used largely in the study of chemically modified electrodes in which the 

electroactive species has been covalently bound to the electrode surface. Laviron 

has published several studies dealing with the voltammetric behavior of adsorbed 

redox species, including a method for the determination of electron transfer rate 

constants based on anodic and cathodic peak separation [12-14],
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Carbon Electrodes

Carbon made its debut as a working electrode in the work published by 

Lord and Rogers almost a half century ago [15]. In this work the authors 

compared the use of carbon to noble metal working electrodes of platinum and 

gold using polarographic techniques. Graphite electrodes were investigated 

because of their ability to easily render a fresh surface by cleaving with a razor 

blade. This feature was found to be particularly advantageous in the study of 

oxidations of organic molecules. Since this first investigation, carbon has found 

extensive use in a variety of electrochemical studies. More comprehensive 

reviews on carbon electrodes and carbon electrode materials can be found in the 

following references. [16-20]. The following discussion is based mainly on these 

reviews and the references therein.

Several “forms” of carbon are available for use as electrode materials; these 

materials have been grouped into one of two main categories; porous, and non- 

porous structures [16]. The major difference between these two categories resides 

in how the electrode material is employed. In porous carbon electrodes, 

electrochemical reaction occurs mainly in the pore structure of the electrode, and 

not at a prepared smooth interface, as for non-porous electrodes. The main 

advantage of porous electrodes over smooth, non-porous materials, is the high 

interfacial area that these materials possess. Porous carbon materials are generally 

used in the preparation of two main types of electrodes: flooded electrodes, and 

gas diffusion electrodes. The focus of this discussion will be based on non-porous 

structures.

Several types of non-porous carbon materials are available for use in the 

preparation of working electrodes. The most common types of these materials 

include: highly ordered pyrolytic graphite (HOPG), pyrolytic graphite (PG), glassy 

carbon (GC), carbon fibers, and various forms of carbon blacks or channel blacks 

[16-18]. A common characteristic of each of these materials is that they all
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display extensive sp2 hybridized structures. However, a difference in this sp2 

structure is the main factor that causes the bulk properties of these materials to 

vary so greatly from one another. Major differences in physical properties of these 

materials are manifested as a result of the microcrystal structure of these materials 

through the size and orientation of graphitic crystallites [17]. At this point, it is 

important to keep in mind that many forms of carbon mentioned above are all 

actually composed of microcrystalline single crystal graphite. Two main 

parameters used in describing the microcrystal structure of sp hybridized carbon 

materials are intraplanar microcrystallite size, La, and interplanar microcrystallite 

size, Lc. Figure 1.1 (A) is a schematic representation of a single crystal of 

graphite. La defines the extent of the crystal in the plane of sp2 hybridization, and, 

Lc defines the extent of the crystal in the plane perpendicular to sp hybridization. 

Simply put, Lc is a measure of the thickness of the stacked sp2 hybridized or 

hexagonal ring layers. These layers stack in an ABAB fashion. Values of La and 

Lc can vary between about 10 (im for HOPG to a few Angstroms for GC or carbon 

black [17].

The plane along the a-axis is commonly referred to as the basal plane while 

the plane perpendicular to the graphitic lattice is termed the edge plane. As the 

structure suggests, the physical properties of graphitic materials differ significantly 

depending along which axis the material is examined. Such materials are 

described as anisotropic. The most notable characteristic of graphitic material is 

the difference in resistivity along the a and c axes. Electrochemical behavior is 

also dependent on the crystallographic orientation of the electrode surface. For 

example, HOPG displays striking differences in the electron transfer behavior 

observed between basal plane, and edge plane orientations. McDermott and 

coworkers have investigated the kinetics of Fe(CN)6'3/'4 electron transfer on HOPG 

surfaces of varying defect density [8], Higher defect densities reflect a
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Figure 1.1: Schematic representations of (A) HOPG, and (B) GC.
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higher proportion of edge plane to basal plane orientation. In this work the 

electron transfer rate constant was observed to vary over six orders of magnitude 

(8.0 x 1 O'7 to 0.130 cm/s) for HOPG electrodes of varying surface defect density.

GC, often referred to as vitreous carbon, is a hard, glossy, ceramic-like 

solid carbon material. Due to its many desirable properties GC has gained 

extreme popularity as a carbon electrode material. These properties include: 

impermeability to gases, resistance to chemical attack, electrical conductivity, 

availability in high purity, and favorable mechanical properties in terms of 

stability and machinability. Yamada and Sato first prepared GC in 1962 [21]. 

However, the first demonstration of GC as an electrode for voltammetry was that 

of Zittel and Miller published in 1965 [22], In this work the authors revealed the 

wide potential range of GC in several electrolyte solutions. GC was also shown to 

be relatively insensitive to changes in pH, unlike PG. This observation was 

attributed to the isotropic nature of GC. More recently, van der Linden and Dieker 

have prepared a comprehensive literature review on the uses of GC electrodes in 

various electrochemical applications [19].

Preparation of GC is very different from that of other carbon materials such 

as carbon blacks, PG, and HOPG. GC is manufactured by employing a carefully 

controlled heating program under inert atmospheric conditions. The process 

involves slow thermal degradation of high molecular weight organic polymers 

such as phenol formaldehyde resins [19]. These polymers are first heated to 600 

to 800 °C such that the starting material is cured and carbonized. At this point 

most of the noncarbon elements are volatilized, but the polymer backbone remains 

intact. Regions of sp" hybridized carbon are formed during this stage. The 

structure of GC was first determined by Jenkins and Kawamura using X-ray 

diffraction studies [23], A schematic representation of the structure of GC is 

shown in Figure 1.1 (B). Due to the nature of the polymeric starting material, GC 

adopts an intertwined ribbon-like morphology that is composed of small
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microcrystalline graphitic domains [19]. Use of a slow thermal degradation 

process allows the polymers to be transformed directly into a form of carbon that 

retains its original morphology. This morphology causes GC to display isotropic 

rather than anisotropic behavior. Once the initial pretreatment stage is complete 

the material is heated slowly under pressure to elevated temperatures, typically in 

the range of 1000 to 3000 °C. Three grades of GC are generally available, based 

on this final temperature: GC-10 (1000°C), GC-20 (2000°C), and GC-30 (3000°C). 

Physical properties of the final GC product are dependent upon this final 

temperature. The specific consequences of this final heat treatment are still not 

fully understood, however, they are usually generalized to imply greater ordering 

of the GC at higher temperature due to more complete graphitization [17, 23].

Electrode preparation or activation is a critical step in any experiment 

involving the use of carbon electrodes as the activation method employed may 

have a profound effect on the observed electron transfer behavior of the electrode 

surface. A more detailed discussion of electrode activation methods is deferred to 

Chapter m , however, some general details are provided below. As received GC 

electrodes are initially ground on silicon carbide or diamond grit paper to remove 

gross surface defects and impurities that result from the manufacturing process. 

Electrodes are then typically polished in alumina/water slurries of successively 

smaller particle size until a mirror like finish is achieved. This type of activation 

procedure is usually sufficient for most types of electroanalytical applications.

Chemically Modified Electrodes.

Chemically modified electrodes, CMEs, have been the topic of intense 

research over the past twenty-five years. Their preparation typically involves the 

immobilization of specific molecules or functional groups on electrode surfaces. 

These groups are usually electroactive and/or possess electron transfer mediator 

properties, or are able to enhance the selectivity or preference of an electrode for
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one analyte over another. The motivation behind most CME studies stems from 

the desire to rationally design electrodes that display enhanced electrocatalytic 

properties, or electrochemical selectivity, for specific analytes. For example, 

oxidation of NADH at carbon electrodes has been the topic of numerous studies 

[24-32]. The main objectives of these studies have focused on the development of 

a surface modification procedure that serves to reduce the overpotential required 

to effect the electrochemical oxidation of NADH. Development of such a method 

would facilitate electrochemical detection and analysis of NADH, and contribute 

toward the development of a suitable biosensor. Another system that has been the 

focus of several CME and electrode activation studies is the detection of the 

neurotransmitter dopamine in the presence of large concentrations of ascorbic 

acid. Ascorbic acid becomes a particular problem in the biological analysis of 

dopamine as it possesses a similar redox potential, and is typically present in 

concentrations on the order of 1000 fold greater than that of dopamine [33]. The 

main focus behind these efforts has been the development of an electrode that 

displays enhanced selectivity for the analysis of dopamine in biological studies.

Perhaps the first demonstrations of CMEs were those of Lane and Hubbard 

[34, 35]. In this work the authors revealed the tendency of olefinic groups to 

chemisorb onto platinum electrodes. This phenomenon was exploited in an effort 

to attach a variety of reactive functional groups to the electrode surface. 

Furthermore, the attachment of chelating agents via olefinic side chains was 

employed in the selective adsorption of metals to the electrode surface. Elliott and 

Murray provided the first example of a chemically modified carbon electrode [36]. 

In these studies, organosilane chemistry was employed to immobilize amine, 

ethylenediamine, pyridine, and alkyl chloride groups to the surface of GC and 

graphite electrodes by silanization of surface oxide groups. Attachment to the 

electrode surface was confirmed by X-ray photoelectron spectroscopy and the 

modified electrodes displayed good electrochemical stability. Although Lane and
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Hubbard were the first to explore the idea of immobilized reactive groups on 

electrode surfaces, Murray is usually credited for pioneering studies on CMEs.

Traditionally, CMEs have been prepared using one of three general 

methods, adsorption, covalent attachment, or application of a thin polymer film. 

Extensive studies have been published and a number of reviews can be consulted 

to obtain a more detailed background of CMEs [16, 37-44]. In more recent 

studies, electrode modification schemes are becoming increasingly more complex. 

The advent of self-assembled thiol monolayers on gold has also created numerous 

new possibilities. The use of multiple modification methods has become more 

common in the fabrication of CMEs. Current efforts often involve multiple step 

modification procedures, and synthetic methods, that result in the immobilization 

of enzymes, proteins, DNA, or other biologically active molecules. Such methods 

may consist of adsorption followed by derivatization, or application of a thin 

polymer film. Several examples are considered during the course of this 

discussion.

Adsorption. The simplest method available for immobilizing chemical 

species on the surface of an electrode is adsorption. This procedure typically 

involves incubation of the electrode in a solution of the desired adsorbate for a set 

period o f time. Adsorbates may be either physisorbed, as in the case of 

anthraquinone 2,6-disulfonate on graphite, or chemisorbed, as in the case of 

oo-functionalized alkanethiols on gold. At this point it is important to make a 

distinction between chemisorption and covalent attachment. For the purpose of 

the discussions presented in this text, chemisorption will be used to describe 

scenarios in which bonding between a metal and nonmetal are implied, as in the 

self assembly of thiol monolayers on gold. Covalent attachment will be used to 

describe scenarios in which bonding between two non metal species is implied, 

such as an amide linkage or a carbon-carbon bond.
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Several examples of CMEs prepared by the physisorption of specific 

molecules to carbon electrodes are presented in the literature [10, 11, 26, 27, 45- 

49]. Collman and coworkers have investigated a series of dimeric 

metalloporphyrins adsorbed on graphite electrodes for catalysis of the four 

electron reduction of oxygen to water [46]. Catalysis of this reaction is of 

particular importance in the development of fuel cell technology. One molecule, a 

dicobalt cofacial porphyrins, produced a catalyzed reduction almost exclusively to 

water at exceptionally positive potentials. Ye and Baldwin [47] were able to 

produce CMEs that displayed electrocatalytic activity toward myoglobin and 

hemoglobin. The CMEs were prepared by adsorbing methylene blue onto 

spectroscopic graphite electrodes. Modification of graphite electrodes in this 

manner allows the reduction of the hemoprotein to take place at the reduction 

potential of the mediator molecule. Use of these CMEs was tested in flow 

injection analysis and liquid chromatography detection systems, and their 

performance compared to that of a UV detector. Persson and Gorton used 

derivatives of phenothiazine [26], and 3,7-diaminophenoxazine [27] adsorbed on 

graphite in the electrocatalytic oxidation of NADH. Use of a 3-P-napthoyl- 

Toluidine Blue O (3-NTB) modified graphite electrode resulted in a decrease of 

the overpotential required to oxidize NADH by about 500 mV compared with the 

direct oxidation of NADH at unmodified graphite electrodes. A 3-NTB modified 

electrode was tested in a flow through amperometric cell in a single channel, flow 

injection analysis system. The electrode response was shown to be linear over 

three decades of concentration and displayed good stability in alkaline (pH = 9) 

solutions. Finally, Chen and McCreery showed that adsorption of anthraquinone 

2,6-disulfonate is able to catalyze electron transfer of the innersphere Fe+2/+3 redox 

system at GC electrodes [48]. This system is very sensitive to the presence of 

surface oxide groups and the AEp value decreases upon adsorption of 

anthraquinone 2,6-disulfonate.
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Modification by adsorption is not exclusive to carbon electrodes however. 

Since it was first demonstrated that alkanethiol and disulfide molecules form well 

packed, self assembled monolayer films, organic thin films (OTFs), on gold 

substrates [50-58], these systems have been used extensively in the chemical 

modification of gold electrodes. Adsorbates usually consist of long chain 

alkanethiol molecules with a specific functional group, or molecule of interest, 

covalently attached at the terminal end of the alkane chain. Thus, one can easily 

control the surface chemistry of the monolayer by careful choice of the functional 

group present at the terminus or co-position of the adsorbate molecule. These 

functional groups may be comprised of specific electroactive groups, electron 

transfer mediators, or receptor molecules. Zhong and Porter have presented an 

excellent overview of the development and application of self assembled OTFs in 

analytical chemistry [59].

Electroactive self-assembled monolayer systems have recently emerged in a 

number of electrochemical studies [59-69]. Electroactive monolayers are 

produced by tethering electroactive groups, such as ferrocene or ruthenium 

pentaamine, to the surface of gold electrodes via long alkane chains. The main 

focus of these studies has been on the investigation of electron transfer at the 

metal/electrolyte interface through an impermeable monolayer structure of 

hydrocarbon chains. Determinations of rate constants, tunneling parameters, and 

reorganization energies have been presented for several systems.

Chidsey and coworkers have studied the rate constant for electron transfer 

between a gold electrode and bound ferrocene groups at different temperatures and 

reaction free energies [61], as well as the effects of mixed monolayer formation 

[60]. It was observed that by diluting the ferrocene terminated adsorbates with a 

normal alkanethiol of similar chain length, voltammograms that displayed nearly 

ideal electron transfer behavior were obtained. The voltammograms of non­

diluted ferrocene monolayers tended to be extremely broadened and not well
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defined. This behavior is attributed to repulsive interactions between closely 

packed ferrocene groups. It was also demonstrated that ferrocenyl adsorbate 

coverage decreases with increasing length of the diluent thiol. This behavior is 

attributed to the greater affinity of longer adsorbates for adsorption and self- 

assembly due to higher free energy and lower solubility in ethanol.

Finklea and coworkers used similar adsorbates in their studies of electron 

transfer. In these studies the adsorbates consisted of a long alkanethiol chain 

terminated with electroactive ruthenium pentaamine groups [64, 65, 69]. A 

significant difference between these adsorbates and the ferrocenyl adsorbate is that 

ideal electron transfer behavior is observed for the ruthenium pentaamine 

monolayers; diluent thiol is not needed in order to achieve ideal behavior. In a 

more recent study, diluent thiols have been used to influence the surrounding 

medium of the terminal electroactive group [69]. Employing adsorbates of 

varying chain lengths it was possible to create three different scenarios: a matched 

case in which the electroactive adsorbate was the same length as the diluent, an 

exposed case in which the electroactive adsorbate was longer than the diluent, and 

a buried case in which the electroactive adsorbate was shorter than the diluent. In 

each case, the position of the terminal electroactive group with respect to the 

supporting electrolyte is altered. As a result, it was demonstrated that the 

tunneling parameter is influenced by the position of the redox center with respect 

to its surrounding medium. The buried case displayed a much lower tunneling 

parameter than the exposed case, and the matched case displayed the highest 

tunneling parameter. Effects of the terminal group of the diluent thiol have also 

been considered [64].

Perhaps the earliest investigation of the use of self-assembled monolayers 

in the preparation of CMEs was that of Taniguchi and coworkers [70]. In this 

study the authors report the enhancement of electron transfer rates for the protein 

cytochrome c at gold electrodes modified by the chemisorption of
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bis(4-pyridyl)disulfide. Modified electrodes displayed well-defined voltammetry 

for cytochrome c while no redox waves were observed at bare gold electrodes. 

More recent studies have emerged that examine the effects of similar adsorbates 

on cytochrome c electron transfer [71, 72]. In each case, modification of gold 

electrodes with bis(4-pyridyl)disulfide and 4-mercaptopyridine yields quasi- 

reversible electron transfer of cytochrome c. Improvement in the observed 

voltammetry is attributed to a more favorable configuration of the adsorbed 

protein on the modified electrodes compared with a bare gold electrode [71]. 

Adsorbed pyridine derivatives display no apparent charge transfer mediation 

ability. Lisdat and Scheller recently demonstrated the use of oligonucleotide 

modified gold electrodes for fast electron transfer to cytochrome c [73]. Electrode 

modification was carried out using 11-mer oligonucleotides that were modified at 

the 3’ end with a -(CH2)3-SH group. When the oligonucleotide-modified electrode 

was exposed to a cytochrome c solution, quasi-reversible behavior for the redox 

protein was observed.

Malem and Mandler have demonstrated that modification of gold 

electrodes with o> me reap to carboxylic acid monolayers is able to induce 

electrochemical differentiation between dopamine and ascorbic acid [74]. The 

oxidation wave of dopamine is shifted to less positive potentials and that of 

ascorbic acid is shifted to more positive potentials, compared to a bare gold 

electrode, when electrodes were modified with HS(CH2)2C02H. The shift in peak 

potentials is attributed to more favorable electrostatic interactions between 

dopamine and the negatively charged monolayer surface. Ascorbic acid is 

essentially repelled from the electrode surface due to its negative charge at 

physiological pH. It is worth noting that no difference in the electron transfer rate 

for dopamine or ascorbic acid is observed at pH values at which the carboxylic 

acid monolayer is protonated, i.e. no longer charged. Also, a trade off is observed 

when adsorbates possessing longer alkane chains are used. While the terminal
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carboxylic acid group improves the electrode selectivity for dopamine, a decrease 

in the electron transfer rate is observed due to more effective blocking by the 

longer, better ordered monolayers. Aside from their utility as adsorbates, OTFs 

can also be used as a foundation for further chemical modification through 

derivatization of the terminal functional groups. This scenario is considered 

below.

Covalent Attachment. Covalent attachment results in the formation of a 

covalent bond between the electrode surface and the modifier of interest. Two 

methods of covalent attachment can be employed in the chemical modification of 

carbon electrodes: derivatization of existing functional groups, and covalent 

attachment directly to the carbon backbone via a carbon-carbon bond. 

Derivatization of existing functional groups is often employed in conjunction with 

electrochemical pretreatment procedures, such as oxidation, in an effort to 

augment the density of surface oxide groups available for derivatization. Several 

derivatization methods have been described for the modification of carbon 

electrode surfaces. These methods include amidation [24, 25, 31, 75-80], 

esterification [16, 37], silanization [36, 81], and ether bond formation [82, 83]. 

However, these methods are not exclusive to carbon electrodes, as the 

derivatization of tin oxide [84-90], titanium oxide [85], and ruthenium oxide [91] 

electrodes by silanization has also been investigated.

As described earlier, Elliott and Murray provided the first example of 

chemically modified carbon electrodes employing organosilane chemistry to 

attach specific chemical groups to the surfaces of GC electrodes [36]. Tse and 

Kuwana demonstrated that o-quinoidal structures, such as catechols, appear to be 

rather specific electron transfer mediators for the electrochemical oxidation of 

NADH [24]. Thus, immobilization of dopamine and 3,4-dihydroxybenzylamine 

was attempted via amidization of the amino groups and GC surface oxide groups 

in the presence of the coupling agent dicyclohexylcarbodiimide (DCC).
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3,4-dihydroxybenzylamine modified GC electrodes displayed the most effective 

catalytic activity toward NADH oxidation. However, the activity of these 

electrodes could not be maintained due to fouling by the products of NADH 

oxidation. The same modification procedure was employed in the electrocatalytic 

oxidation of ascorbic acid [25]. In contrast to NADH, the oxidation of ascorbic 

acid showed good reproducibility between scans and no appreciable deactivation 

with repeated cycling was observed. The overpotential for ascorbic acid oxidation 

was reduced by 200 — 300 mV through the use of surface bound redox: mediators. 

Bourdillon and coworkers have used similar methods to immobilize glucose 

oxidase on the surface of GC electrodes [92]. This procedure involves activation 

of surface carboxylic acid groups with an appropriate carbodiimide-coupling 

agent. The activated electrode is then exposed to a solution of glucose oxidase 

and the enzyme is covalently attached to the electrode surface via amide linkages 

to amino groups on the enzyme. Cass and coworkers have employed this method 

to immobilize glucose oxidase in the construction of a ferrocene mediated enzyme 

electrode for the amperometric determination of glucose [79], Hayes and Kuhr 

have used a similar, yet more complicated multistep procedure in the preparation 

of enzyme modified carbon fiber electrodes for NADH detection [31].

It has also been reported that reaction of a freshly polished GC surface with 

TV-hydroxysuccinimide (NHS) esters provides a facile method fo r covalent 

attachment to a GC electrode surface. Anne and coworkers have proposed a two 

step strategy for the covalent attachment of biomolecules at a short distance from 

the electrode surface [80]. The first step involves derivatization of an  electrode 

surface with a NHS ester of a molecule possessing a protected amino group at the 

co-position. This amino group can then be deprotected and reacted furttier with the 

NHS ester of a suitable biomolecule. However, this method may potentially lose 

its initial appeal as the electrode activation step requires polishing of the GC
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electrode in the presence of 1.0 M ammonia in an effort to augment the density of 

surface amino groups.

Surface derivatization can also be accomplished through direct covalent 

attachment to carbon electrodes. Mazur and coworkers first demonstrated that an 

olefinic addition reaction could be used in the preparation of derivatized oxide free 

graphite electrodes [93]. Acrylyl chloride was shown to react with the oxide free 

surface of carbon fibers in good yield. This procedure gives rise to reactive acid 

chloride groups on the electrode surface that can be used in further derivatization 

reactions. Nowak and coworkers demonstrated that mechanical abrasion of an 

oxide free GC surface under inert atmosphere and in the presence of olefinic 

reagents, such as vinyl ferrocene or vinyl pyridine, could also be used to introduce 

electroactive groups onto the surface of oxide free carbon substrates [94]. More 

recently, the electrochemical oxidation of amine containing compounds has been 

shown to be a useful method for the attachment of functional groups to carbon 

surfaces [95, 96]. This method involves the electrooxidation of amines to their 

analogous cation radicals to form a chemically stable covalent linkage between the 

nitrogen atom of the amine and a carbon surface.

Most of the derivatization methods described thus far require oxidation (or 

some other form of activation) of the carbon surface in an effort to augment the 

density of surface oxide groups available for derivatization. A drawback to this 

approach is that oxidation results in etching of the electrode surface accompanied 

by the observation of large background current [97], More recently, a new method 

for the covalent attachment of functional groups directly to carbon electrodes has 

been described. This method involves the attachment of functionalized aryl 

radicals, generated by the electrochemical reduction of diazonium salts. The first 

demonstration of this technique was reported by Delamar and coworkers [98]. In 

this work the authors used (4-nitrophenyl)diazonium tetrafluoroborate in the 

modification of various carbon electrodes. Attachment of 4-nitrophenyl groups
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was investigated by electrochemistry and X-ray photoelectron spectroscopy 

(XPS). Results from these experiments confirm the covalent attachment of the 

4-nitrophenyl groups on the carbon surface as opposed to adsorption.

Several investigations involving this new approach have recently been 

reported [99-105]. Bourdillon and coworkers have demonstrated that it is possible 

to use this method to graft functional groups onto a carbon surface for the purpose 

of further chemical derivatization [99]. In this work GC electrodes were prepared 

by the attachment of 4-phenylacetic acid groups by reduction of the corresponding 

diazonium salt. Glucose oxidase was then immobilized on the surface via 

amidization through activation of the 4-phenylacetic acid groups using a 

carbodiimide-coupling agent. Attachment of the protein was confirmed by XPS. 

Electron transfer properties of these films have also been investigated [101, 104]. 

GC electrodes modified with 4-nitrophenyl and 4-carboxyphenyl groups were 

studied in aqueous solutions of Fe(CN)6~3 and Ru(NH3)6+3 at pH = 7. The 

4-carboxyphenyl modified electrode showed good electron transfer kinetics for 

Ru(NH3)6+3 but completely blocked Fe(CN)6‘3. These observations are attributed 

to electrostatic interactions. While the negatively charged carboxylic acid layer is 

able to repel Fe(CN)6'3 from the electrode surface, it is also able to attract 

Ru(NH3)6+3, thus, reversible behavior is observed for Ru(NH3)6+3. The 

4-nitrophenyl modified electrode was able to completely block both Fe(CN)6'3 and 

Ru(NH3)6+3. These observations are attributed to the blocking properties of the 

film. Kariuki and McDermott have studied the nucleation and growth behavior of 

functionalized aryl films on graphite electrodes using electrochemistry, atomic 

force microscopy, and scanning tunneling microscopy [105]. The authors 

conclude that film growth initiates at cleavage steps and atomic scale defects on 

the basal plane of HOPG electrodes. Film growth then propagates in both two and 

three dimensions through the binding of aryl radicals to aryl groups already
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present on the surface. This description implies that multilayer formation is 

possible and this growth mechanism is under further investigation.

Covalent attachment has also been used in the modification of gold 

electrodes that have been previously modified using self-assembled monolayers. 

In this case, functional groups that have been introduced onto the gold surface are 

employed in further derivatization steps. Self-assembly methods permit 

introduction of a high density of surface functional groups to a gold surface in a 

controlled manner that can be made available for further derivatization. The most 

popular derivatization methods involve modification of a gold surface with 

carboxylic acid terminated thiol molecules. The carboxylic acid group is then 

activated using a suitable carbodiimide catalyst, such as dicyclohexylcarbodiimide 

(DCC) or l-ethyl-3-[(dimethylamino)propyl]carbodiimide (EDC). Exposure of 

the activated carboxylic acid groups to amino groups results in the formation of an 

amide linkage. This method has been used to attach a variety of biological 

molecules such as amino acids, proteins, and antibodies to gold electrode surfaces 

[106-111].

Duan and Meyerhoff have used self-assembled monolayers of thioctic acid 

on the surface of a gold-coated microporous nylon membrane in the development 

of a separation-free, electrochemical sandwich, enzyme immunoassay [107]. 

Capture antibodies toward model protein analytes were immobilized on a gold- 

coated membrane via amidization using EDC as the coupling agent. In this case, 

the solid phase on which the sandwich is formed also serves as the electrochemical 

detector, i.e. gold working electrode. Preparation of the separation-free 

immunoassay sandwich electrode requires incubation of an immobilized capture 

anti-hCG antibody in the presence of the model analyte protein, human chorionic 

gonadotropin, (hCG) and alkaline phosphatase labeled anti-hCG (ALP-Ab). The 

enzyme substrate, 4-aminophenyl phosphate, is then introduced through the 

backside of the porous membrane such that it first encounters bound ALP-Ab at
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the gold surface. Enzymatically generated product, aminophenol, is then 

immediately detected by oxidation at the gold electrode held at the appropriate 

potential. The magnitude of the anodic current is directly proportional to the 

concentration of hCG in the sample. A detection limit of 2.5 units/L hCG (in 

blood) was obtained, comparable to most heterogeneous enzyme immunoassays 

that require multiple washing steps.

Willner and Riklin have demonstrated that it is possible to use multiple 

modification steps in the preparation of an amperometric biosensor for malic acid 

[108]. Gold electrodes were first modified by immersion into an aqueous solution 

of cystamine dihydrochloride, resulting in a monolayer of surface amino groups. 

Exposure of the modified electrode to a solution of pyrroloquinolinequinone 

(PQQ) in the presence of EDC results in the covalent attachment of PQQ to the 

electrode surface. The resulting PQQ modified electrode provides a catalytic 

interface for the electrooxidation of NAD(P)H. Anodic currents that depend on 

the concentration of NADH added to solution were observed. A linear 

relationship between anodic current and NADH concentration was obtained in the 

range of 3.0 x 10‘4 to 1.0 x 10'2 M NADH. Therefore, the PQQ modified electrode 

could be used for quantitative analysis of NADH in aqueous solutions. PQQ 

possesses multiple carboxylic acid functional groups. Therefore, further chemical 

modification procedures may be attempted based on derivatization of these 

groups. In this case the authors attempted to attach malic enzyme; an enzyme that 

is able to oxidize malic acid in the presence of NAD(P)+, to the PQQ modified 

electrode surface via amidization. Further modification was accomplished by 

exposing a PQQ modified electrode to a solution of malic enzyme in the presence 

of EDC. Oxidation of malic acid by malic enzyme in the presence of NADP+ 

results in the generation of NADPH. In turn, NADPH can be regenerated by 

oxidation by immobilized PQQ functionalities. Thus, the concentration of malic 

acid present in the sample is proportional to the current that arises due to NADPH
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oxidation. In these studies a linear relationship over a broad range of malic acid 

concentration was observed (1CT7 to 10'3 M) using such an electrode. The authors 

have used a similar scheme in the preparation of a CME for the electrooxidation of 

glucose at an “unprecedentally high rate” [109].

More recent studies have examined the stepwise self-assembly of multiple 

layers of thionine and horseradish peroxidase in the development of a hydrogen 

peroxide biosensor [110]. In this system thionine serves as an electron transfer 

mediator; its responsibility is to regenerate the active form of the enzyme. 

Modified electrodes used in the quantification of superoxide dismutase (SOD) 

activity have also been prepared by immobilization of cytochrome c onto 

carboxylic acid terminated monolayers using similar amidization methods [111].

Polymer Coatings. Modification of electrode surfaces with thin polymer 

films can be achieved employing a number of different methods. These methods 

include: dip coating, spin coating, solution casting, electrochemical

polymerization, and electrochemical precipitation. Some advantages of this 

technique are realized over other immobilization methods. For example, greater 

stability of immobilized redox species is realized as these molecules tend to be 

trapped or covalently bound within the polymer matrix. The thickness of the 

deposited film can be controlled in a reliable and reproducible manner. Polymer 

films also display good chemical stability in contacting solvents; thus, loss of 

material from the electrode surface is not a problem. Finally, due to the thickness 

of the polymer film, a higher concentration of immobilized redox species can be 

achieved over covalent attachment or adsorption methods using thin polymer 

films. For example, consider a polymer film with a thickness of ten Angstroms 

that contains a particular redox species at a concentration of 2 x 10' mol/cm-. 

This value translates into a concentration of 2.0 mmol/L in an equivalent volume 

of solution [16].
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Three general types of polymer films have been identified in the 

modification of electrode surfaces [41]. A major distinction between these types 

of films has been made based on the mechanism of charge transport within the 

film. Polymer films that possess redox sites as part of the polymer backbone are 

known as redox polymers; for example, poly(vinylferrocene) [112] and 

poly(p-nitrostyrene) [113]. Charge transfer through redox polymers typically 

occurs via electron hopping between oxidized and reduced sites. The second type 

of polymer film includes the electronically conducting polymers. Electronically 

conducting polymers are able to conduct electricity more efficiently than redox 

polymers due to their delocalized, metal-like band structures [114]. These 

materials have also been referred to as organic metals [40, 114], Poly(pyrrole), an 

example of an electronically conducting polymer; is easily formed by 

electrochemical polymerization from solution, and is useful for the entrapment of 

electrocatalysts and redox mediators within the polymer matrix [41, 114-120]. 

The third type of polymer film is comprised of the ion exchange polymers. 

Examples of such polymers include Nafion®, a commercially available ion
TM

exchange polymer from Dupont , and pyridine based polymers such as 

poly(vinylpyridine) [121-125]. Ion exchange polymers themselves are not 

electroactive; however, they can be made electroactive by ion exchange of a 

suitable redox counter ion. Exchange of Ru(NH3)6+2/+3, Ru(bpy)3+2/+3, or 

methylviologen (MV+2) into Nafion films are such examples [126-129]. Physical 

diffusion of electroactive counter ions within the polymer matrix accounts for the 

main method of charge transport within these polymer films. Unlike electroactive 

and electronically conducting polymers that possess fixed or entrapped redox 

centers, ion exchange polymers have a tendency to lose their electroactivity when 

employed in solutions that are free of the electroactive counterion. An advantage 

of this behavior is that it is possible to exchange a number of electroactive 

counterions into the same film. Extensive work has been published on the use of
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polymer films as electrode modifiers, and some recent examples are considered 

below.

Pariente and coworkers have recently investigated the electrodeposition of a 

number of redox active films of dihydroxybenzaldehydes and related analogs [28- 

30]. Not only do these electropolymerized films display redox behavior that is 

consistent with that of an immobilized species, but some of them also display 

electrocatalytic activity toward NADH oxidation. Voltammetric behavior and 

electrocatalytic activity is attributed to the high density of o-quinone 

functionalities within the electrochemically polymerized film. NADH oxidation 

typically occurs at potentials close to the redox potential of the polymer film. 

Thus, the modifying film serves as an electron transfer mediator. GC electrodes 

modified with films of 2,3-dihydroxybenzaldehyde (2,3-DHB) and 3,4-DHB 

display the best catalytic activity for the electrooxidation of NADH [29]. A linear 

response for anodic current as a function of NADH concentration was obtained 

over a range of 0.01 to 1.2 mM and 0.01 to 0.9 mM for films derived from

3,4-DHB and 2,3-DHB respectively.

Zare and Golabi have studied the electrocatalytic oxidation of NADH [32] 

and hydrazine [130] at chlorogenic acid (CGA) modified GC electrodes. CGA 

also possesses an o-quinone functional group and is deposited onto GC electrodes 

by electrochemical polymerization. CGA films display voltammetry that is 

consistent with an immobilized redox couple and the redox waves are attributed to 

the voltammetry of the o-quinone group. Modification with CGA films was able 

to reduce the overpotential for NADH and hydrazine oxidation by 430 mV and 

600 mV respectively. Oxidation of NADH and hydrazine occurs at the redox 

potential of the immobilized film, indicative of electron transfer mediator 

behavior. For NADH analysis, a linear response in concentration from 0.1 to 

1.0 mM NADH was observed. Ciszewski and Milczarek have recently 

investigated the use of poly(eugenol) modified platinum electrodes for the
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selective analysis of dopamine in the presence of large concentrations of ascorbic 

acid [33]. Poly(eugenol) films were applied to platinum electrodes via 

electropolymerization. It was observed that the relative sensitivity of the electrode 

for dopamine over ascorbic acid is dependent upon polymerization potential. The 

high selectivity for dopamine was attributed to electrostatic repulsion of negatively 

charged ascorbate from the electrode surface by the poly(eugenol) film.

Research Objectives

Self assembled monolayer techniques possess several advantages over other 

electrode modification methods such as physisorption, covalent attachment or 

polymer films. These advantages include: stability and integrity of the monolayer 

structure, flexibility and control of surface chemistry, uniformity of surface 

coverage, and ease of preparation. Unfortunately, a similar modification method 

does not exist for carbon electrodes. The main objective of this research is to 

devise a method in which self-assembly methods can be extrapolated to include 

modification of GC electrodes.

The experiments employed during the course of this dissertation were 

designed and geared towards the exploration of a potentially new method for the 

preparation of chemically modified electrodes. This method entails the use of 

metal deposition and self-assembly techniques in an effort to introduce multiple 

functional groups onto carbon electrodes. This can be accomplished employing a 

two step approach as illustrated in Figure 1.2. The first step (a) is the production 

of an array of small, well-dispersed, supported gold particles on a GC substrate. 

This is achieved by potential step deposition of gold onto a polished GC electrode. 

In the second step of this process (b), the supported gold particles are chemically 

modified by taking advantage of the self-assembly of thiol molecules on gold. 

Coupling of multiple gold deposition and particle modification steps should permit
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a. Electrochemical Deposition of Gold Nanoparticles

Glassy 
Carbon: 
Tokai GC-20, 
Polished

KAuCI4 (0.5 M H2S 0 4) 
 ►

Electrochemical Reduction

b. Self Assembly of RSH

HS(CH2)„-R

c. Segregated Domains Next to Electron Transfer Sites

Figure 1.2: Application of SAMs to GC electrodes, (a) metal deposition,
(b) modification of gold particles by self-assembly of thiols, (c) segregated 
domains of specific surface chemistry situated next to electron transfer sites.
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Au Deposition

HS(CH2)n-X
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Au Deposition

HS(CH2)n-Y

Figure 1.3: Derivatizing GC with multiple functional groups.
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the introduction of multiple functional groups onto the surface of a GC electrode, 

as illustrated in Figure 1.3. This method can be extended to include the 

attachment of specific receptors or electron transfer mediators to the electrode 

surface as a means of preparing an electrode of analytical utility.

There are some perceived advantages to the development of such modified 

electrodes, these are illustrated in Figure 1.2 (c). Firstly, this method provides us 

with a means of producing segregated domains of specific surface chemistry 

situated on a conductive carbon support. Employing this method it may 

eventually be possible to produce an electrode that is selective to multiple 

analytes. Secondly, these segregated domains may be situated adjacent to electron 

transfer sites present on regions of the exposed carbon surface. This may provide 

for more facile electron transfer between the analyte and electrode, eliminating the 

need for tunneling through the monolayer. The work presented herein describes 

our efforts and progress toward achieving this goal.
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CHAPTER H 

CHARACTERIZATION OF ELECTROCHEMICALLY DEPOSITED 

GOLD PARTICLES ON GLASSY CARBON ELECTRODES 

Introduction

The work presented herein concentrates on the electrochemical deposition 

of small gold particles on glassy carbon (GC) electrodes. Our efforts are 

motivated by the potential utility of these supported gold particles as future 

modification sites in the preparation of chemically modified electrodes. 

Ultimately, our goal is to exploit gold-sulfur chemistry to modify the carbon 

electrode surface with electron transfer mediators in an effort to produce a 

customized carbon electrode surface with potentially useful analytical 

applications. However, before such modifications can be attempted, it is 

important to develop a procedure for introducing small gold particles onto the 

electrode surface. Ideally, the particles should be small, well dispersed, and 

present in large number densities. This has prompted us to study the nucleation 

and growth behaviour of gold on GC, and how this behaviour can be manipulated 

experimentally to produce gold particles of desired size and shape. In this work 

we have studied the effects of deposition solution concentration and overpotential 

on the nature o f the gold deposits obtained. We have also developed 

electrochemical methods to determine the surface area and probe the 

microcrystalline structure of the resulting gold particles through the use of surface 

oxidation and underpotential deposition of lead. Scanning electron microscopy 

was employed to gain a visual representation of the gold deposits and correlations 

are made between the information obtained from scanning electron micrographs 

and the observed electrochemical behaviour of the gold particles. Gold was
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employed because thiol molecules spontaneously self-assemble on gold substrates. 

We feel that this approach has promise as a new method for preparing chemically 

modified carbon electrodes and attaching functional groups to GC.

Interest in the study of small metal particles is due, in large part, to their 

valuable catalytic properties. An important modem day example of such an 

application is the use of small supported platinum particles as a catalyst in the 

membrane-electrode-assemblies of proton exchange membrane (PEM) fuel cells. 

Several other metals also display catalytic properties including: palladium, 

ruthenium, rhodium, iridium, and nickel. Often times the metal is supported on a 

solid substrate, such as carbon, as small particles. The reasons for employing 

small metal particles are two fold. Firstly, due to the high cost of most of these 

metals it not economically feasible to employ large quantities of metal in the 

preparation of, say, a fuel cell electrode. Secondly, heterogeneous catalysis 

involves specific surface phenomena and chemisorption of reactants to the catalyst 

usually plays an important role in this function [1], A dramatic increase in catalyst 

utilization is realized with smaller particles, as smaller particles result in a larger 

active surface area [2]. However, catalytic activity is usually dependent on 

particle size and smaller particles may not necessarily serve as better catalysts. 

Small metal particles can be prepared on solid substrates using a variety of 

methods; this is called loading. Such methods include impregnation, ion 

exchange, adsorption, the use of organic macrocycles, and electrochemical 

deposition [3]. Further discussion will focus on electrochemical deposition.

The electrochemical deposition of metal particles onto carbon electrodes 

has been the subject of a large number of investigations [4-21], Interest is 

sparked, in most cases, by the utility of this type of interface in electrocatalysis 

and as model systems for electroplating. The focus of many of these studies has 

been on the early stages of electrochemical deposition in an effort to elucidate the 

nucleation and growth mechanism of the metal phase on the substrate. Some
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common experimental procedures for studying these nucleation and growth 

mechanisms will now be discussed. This discussion is based largely on the work 

of Gunawardena and co-workers [4-9]. These studies are of particular relevance 

because they deal mainly with the electrochemical nucleation and growth of 

various metals on GC electrodes.

An advantage of studying electrochemical nucleation and growth, over 

other nucleation and growth methods, i.e. precipitation, is the ability to control the 

degree of supersaturation by controlling the potential applied to the working 

electrode [4], In order for nucleation and growth to proceed at an appreciable rate, 

an overpotential must be applied to the working electrode. This is known as the 

activation overpotential [22] because it is required to drive the heterogeneous 

process at a rate reflected by the current. As will be illustrated in these studies, 

overpotential has a profound effect on the nucleation and growth behaviour of 

gold particles on GC.

There are three main electrochemical methods that may be employed to 

study the nucleation and growth of electrochemically deposited metal particles [4]. 

The first of these is a linear potential sweep or cycle. This method is used mainly 

as a qualitative indicatior or diagnostic of nucleation and growth behaviour. 

Cyclic voltammograms for metal deposition display a characteristic cross-over of 

the current in the cathodic branch [5]. Cross-over is due to more facile metal 

deposition on the bulk metal than on the carbon substrate. Thus, once initial 

nucleation sites are established, greater current is observed due to further growth, 

and the increasing area of these nuclei. Successive potential cycles are not 

reproducible as metal deposition occurs more readily on the second and successive 

cycles, due to the presence of existing nuclei [5]. The second method is called the 

current step method. It is also a useful means for detecting the presence of 

nucleation behavior, but not used extensively enough in the literature to warrant a 

detailed discussion. The third, and most widely used technique is the potential
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step method. This method has been used by several authors to characterize the 

nucleation and growth of a variety of metals on a number of substrates [4-10, 12, 

21].
As alluded to previously, overpotential is analagous to the degree of 

supersaturation in the consideration of nucleation and growth from concentrated 

solutions. Thus, it is important to consider how changes in  overpotential can 

affect the nucleation and growth behavior of metal nuclei on an electrode surface. 

Previous studies have shown that an increase in number density is realized with 

increasing overpotential for a variety of metals on GC [4-9]. For instantaneous 

nucleation, the number of nuclei Nn can be related to the current density j  at time t 

using the following expression,

j  = XA(t)Nn {2.1}

where,

X = zFk exp (-olzFt\/RT)Cm {2.2}

and CM is the concentration of metal ions in solution. Substituting Equation {2.2} 

into Equation {2.1} for A, and rearranging, one may obtain an equation that relates 

number density to the applied overpotential. As overpotential is increased, an 

increase in number density is expected be observed.

When a potential step is applied to the working electrode, the resulting 

current transients can be evaluated to obtain information such as induction times, 

nucleation rate constants, nuclear number densities, and nucleation and growth 

mechanism. The two main features of these transients are a rising portion, which 

corresponds to the increase in electroactive area as established nuclei grow and 

new nuclei are formed, and the position of the current maximum in terms of the
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current and time maxima, and tmax. From these values it is possible to predict 

the nucleation and growth mechanism using the following equations,

i2matmax = 0.2598(nFC’)2D {2.3}

for progressive nucleation, and,

= 0.1629(nFC*)2D {2.4}

for instantaneous nucleation. The distinction between these two mechanisms is 

that in the case of instantaneous nucleation, all of the available sites for nucleation 

at a specific overpotential are readily exhausted. In progressive nucleation, new 

nucleation sites are formed continuously, as long as the diffusion layer 

immediately next to the electrode surface is not so depleted in metal ions that 

planar diffusion becomes predominant [4]. When the overpotential is sufficiently 

high, Cotrellian behaviour is observed, and it is possible to determine the diffusion 

coefficient of the aqueous metal ions/complexes in solution.

For systems that obey the instantaneous nucleation and growth model, 

current, i can be plotted as a function of tm  according to the following equation for 

the rising portion of the transient.

i(t) = nFiz(2DC*)3l2M inN tu2/  p 1/2 {2.5}

where nF  is the molar charge of the depositing species, D is the diffusion

coefficient, C* is the concentration (in mol/cm3), M  is the molecular weight, and p

is the density of the metal. A straight line results and thus it is possible to 

determine the number density, N  of particles growing by hemispherical diffusive
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flux, from the slope of this line. The limiting factor imposed on N  is mainly that 

of overlapping diffusion zones, i.e., when planar diffusion to the electrode surface 

becomes predominant [4],

In recent studies, Zoval and co-workers applied this method to the 

determination of the number density of silver [10] and platinum [12] nuclei on the 

basal plane of HOPG electrodes. The results obtained differ significantly for the 

two metals studied. For silver nuclei, number density values obtained using 

Equation {2.5} were compared to those estimated from noncontact atomic force 

microscopy images of the graphite electrode surface and were found to be in good 

agreement. For platinum nuclei, however, the current transients for platinum 

deposition do not display the initial rising portion and resemble Cotrellian 

behavior. Thus, it was not possible to predict the number density of this system
1 /9using the i vs. t method of Equation {2.5}. The reason for this, as stated by the 

authors, is that the number density values obtained from image analysis (3.0 x 109 

to 6.0 x 109 cm'2) translate into an average interparticle distance of 140 to 200 nm. 

Thus, due to the small interparticle spacing, hemispherical diffusion zones quickly 

coalesce, and a planar diffusion controlled response is observed. In principle, if 

the microsecond time domain were experimentally accessible, then a rising portion 

of the transient that is linear with tm would be observed at very short times as 

predicted by Equation {2.5} [4].

Comparing the results of these two studies, it should be pointed out that for
Q 9silver nuclei on HOPG, a number density of 2.7 x 10 cm'" was obtained [10]. 

Theoretically, this value should give rise to similar interparticle spacings as those 

determined for platinum, yet, a rising portion in the deposition current transients is 

still observed. This would suggest that the explanation is more complicated than a 

simple transition from hemispherical to planar diffusion. Perhaps this behaviour is 

due to a difference in the rate of growth of the particles upon their initial 

nucleation, with platinum particle growth proceeding at a larger rate than silver
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particle growth. From these studies, it has been determined that both systems 

obey the instantaneous nucleation and growth model. Thus, while these two 

systems may theoretically possess similar characteristics, the behaviour they 

actually exhibit in practice is strikingly different.

Studies examining the electrochemical deposition of gold onto various 

carbon substrates have recently emerged [23-27]. The main focus of these reports 

was to study the electrodeposition of gold with specific emphasis on electroplating 

applications. These reports suggest that electrochemical deposition of gold from a 

variety of electrolytes occurs via a nucleation and growth process on carbon, and 

results in three-dimensional gold particles. Because of our desire to spontaneously 

adsorb specific functional groups to supported gold particles, the size, structure, 

and distribution of these particles must be controlled. Ideally, small, well- 

dispersed gold particles are desired as precursors for chemical modification. The 

experiments presented herein are aimed at characterizing the overall gold surface 

area deposited, as well as the microcrystal structure, size, and spatial density of the 

resulting particles. Results of these experiments provide us with a standard 

procedure for preparing gold particles supported on GC of known size and number 

density for the purpose of further chemical modification.

Determination of gold surface area is important because it gives an 

indication of the fraction of the electrode surface that has been made available for 

further modification; however, it is not a simple matter. Since both gold and GC 

are active electrode materials it is not possible to perform a simple experiment 

such as chronoamperometry in K3Fe(CN)6 to obtain the electrode area. Such an 

experiment renders the geometric area of the gold and GC combined. Therefore, 

methods that are selective to the gold particles must be employed. An alternative 

method that can be used to determine electrode area is to examine the electron 

transfer behavior of an adsorbed redox species. As discussed in Chapter I, 

adsorbed redox species display significantly different electron transfer behavior
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than those in solution. The behavior of a redox species in solution is dictated by 

diffusional mass transport to the electrode surface. As adsorbed species are 

already present at the electrode surface, such mass transport effects are not 

observed. Brown and Anson showed that integration of the charge under a 

voltammetric wave is proportional to the amount of adsorbed material using 

Equation {1.19} [28, 29]. Therefore, one can experimentally obtain a value o f the 

saturation coverage, Tjar, for an adsorbate on an electrode of known area, and then 

this value may be used along with Equation {1.19} to obtain the unknown area of 

an electrode by integrating the charge under the adsorption wave. There is an 

important distinction to be made between this method and that of 

chronoamperometry using the Cotrell equation. Since this method involves redox 

species adsorbed/bound directly to the electrode surface, the real electrode area is 

obtained and the roughness factor of the electrode surface must be taken into 

account. Chronoamperometry renders the geometric electrode area, which is 

independent of surface roughness. The roughness factor of an electrode is defined 

as the ratio of its real area to its geometric area. In order to apply this method to 

gold particles a suitable adsorbate that is selective for gold is needed.

The use of hydrogen adsorption and surface oxidation has been investigated 

as a method for determining the surface area of noble metal electrodes such as 

platinum, palladium, rhodium, and gold [30, 31]. Rand and Woods derived a 

method for obtaining the real surface areas of rhodium, palladium, and gold 

electrodes by determination of the stoichiometry of chemisorbed oxygen on these 

metals. While rhodium displays both hydrogen and oxygen adsorption, no 

analagous hydrogen adsorption is observed for palladium or gold [30]. It was also 

demonstrated that oxygen adsorption approaches a limiting value on rhodium, 

even at high anodization potentials, however, this is not the case for platinum, 

palladium or gold. Beyond a brief plateau, anodization at higher potentials causes 

severe roughening of a gold electrode surface accompanied by the irreversible
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formation of “phase oxide” which causes permanent damage to the electrode 

surface [30, 32-35].

The electrochemical oxidation of gold electrodes has been the focus of 

many studies [30, 32-41], perhaps, in part, due to the fact that gold has no stable 

surface oxides at open circuit. When a gold electrode is cycled at sufficiently 

anodic potentials, anodic and cathodic waves due to oxidation and reduction of the 

gold surface appear. It has been shown that the exact position and appearance of 

these waves is dependent upon the supporting electrolyte used, due to the effects 

of adsorbed anions [35-37]. The magnitude of the reduction wave is also 

dependent upon the magnitude of the anodic potential limit, and anodization time 

[30, 32, 33]. Thus, in order to apply this method to the determination of gold 

surface area, anodization of the gold surface must be carefully controlled in order 

to ensure reproducible coverage. Ideally, monolayer coverage is desired. Several 

authors have attempted to derive the charge required for the reduction of a 

monolayer of gold surface oxide groups [32, 33, 35]. Agreement between these 

values is generally quite good with values ranging between 427 and 482 (iC/cm2. 

Thus, it seems reasonable to conclude that use of the gold oxide reduction peak 

would be an acceptable method for determination of the surface area of gold 

particles on GC.

Underpotential deposition (UPD) of lead is another electrochemical system 

that displays selectivity for gold, as UPD of lead on GC is not observed. It 

involves the deposition of a monolayer of metal adatoms at potentials more 

positive than the reduction potential for bulk deposition of the metal, i.e. at 

potentials more positive than those predicted by the Nemst equation [22]. The 

formation of UPD monolayers is related to the energetics of the foreign metal (M) 

and substrate (S) bonding. Underpotential deposition occurs when the M-S 

bonding is more favorable than M-M bonding in the bulk metal [42]. Some
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examples of systems that display this behaviour are lead on gold, copper on gold, 

lead on silver and copper on platinum.

UPD of lead on gold has been studied extensively by a number of 

researchers [43-51]. The majority of these studies have been performed using 

gold single crystal electrodes of specific crystallographic orientation, particularily 

A u (lll) , (110), and (100) faces. Cyclic and linear sweep voltammograms 

demonstrate that the desorption potential of UPD lead is dependent upon the 

crystallographic orientation of the underlying substrate. Hamelin and Lipkowski 

have determined the Gibbs free energy of adsorption (AGa) for the (111), (100), 

(100), faces and several monatomic steps on the gold surface [50]. This 

information has been employed to asses the crystallographic orientation of 

polycrystalline gold electrodes [43, 52]. Walczak and coworkers have 

demonstrated how the polycrystalline nature of a gold thin film is influenced based 

on the underlying substrate [43]. Evaporative deposition onto mica gives rise to 

larger Au( l l l )  terraces than either glass or silicon. We have also adopted this 

method as a tool to gauge the microcrystalline structure of the resulting gold 

particles.

Our interest in the rational design of chemically modified carbon electrodes 

has prompted us to consider supported metal particles as sites for future 

modification steps. The large body of recent literature on the modification of gold 

electrodes and colloids by the spontaneous chemisorption of alkanethiols 

(X(CH2)nSH) guided us to explore the electrochemical deposition of gold particles. 

The results presented in Chapter II concentrate on characterizations o f gold 

particles electrochemically deposited on GC substrates, and development of a 

standardized method for the preparation of supported gold particle arrays.
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Experimental

Chemicals. Potassium tetrachloroaurate(IH) (Aldrich), lead oxide 

(Certified, Fisher), sodium fluoride (Analytical Grade, BDH), potassium 

hexacyanoferrate(HI) (Certified, Caledon), potassium chloride (Anachemia), 

sulfuric acid (Fisher), perchloric acid (Caledon) were all used as received. All 

solutions were prepared using Nanopure water (18 MO/cm) and purged with 

prepurified argon prior to use.

Electrode Preparation. GC electrodes (Tokai GC-20, Electrosynthesis 

Company, NY) were prepared by polishing on Micropolish polishing cloth 

(Buehler) in alumina/water slurries. Two grades of polishing alumina were 

employed, 1.0 micron alpha alumina, and 0.3 micron alpha alumina (Buehler). 

Upon polishing, the electrodes were rinsed, sonicated for ten minutes, rinsed, 

sonicated further for ten minutes, rinsed, and stored in a beaker of water. This 

procedure was repeated after polishing with each size of alumina. Nanopure water 

was used throughout the polishing process and the electrodes were used 

immediately after being polished.

Polycrystalline gold electrodes consisted of 3 mm diameter gold wire 

embeded into a teflon electrode body. Electrical contact to the gold wire is made 

through a brass rod and silver epoxy. Gold electrodes were polished using the 

same procedure as GC electrodes.

Electrochemistry. All electrochemical experiments were performed in an 

inverted three-electrode cell or glass beaker. The electrodes were connected to a 

Pine Model AFCBP1 bipotentiostat with platinum auxiliary and Ag/AgCl (sat’d 

KC1) reference electrodes. All cyclic voltammograms were collected using 

PineChem version 2.5.2 software. The auxiliary electrode was separated from the 

bulk solution using a glass frit. All potentials in the text are referred to the 

Ag/AgCl reference electrode unless stated otherwise. The GC electrodes were 

mounted into the inverted cell between a viton o-ring and a metal plate and held in
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place by the use of a metal clip. The geometrical electrode area is defined by the 

circumference of the o-ring and forms the bottom of the inverted cell.

Determination of Electrode Area. Chronoamperometry of 1 mM 

Fe(CN)6‘3/'4 in 0.1 M KC1 yielded a working electrode area of 0.31 cm2 ±0.02 cm2 

for the viton o-ring in the inverted cell. A 5 second potential step from 0 mV to 

800 mV was employed. The geometric electrode area was then determined using 

the Cotrell equation {1.13} and the slope of i vs. r'1/2 plots. The first 200 ms of the 

experiment are disregarded due to charging of the double layer. A value of 

6.32 x 10'6 cm2/s was employed for the diffusion coefficient of Fe(CN)6'3/_4.

As the charge due to gold surface oxide reduction is dependent on time and 

potential, a value for the reduction of a monolayer of adsorbed oxygen was 

initially determined using polycrystalline gold electrodes of known surface area 

and roughness factor under standardized anodization conditions. Gold particle 

surface areas were then determined using this value in Equation {1.19} under 

identical conditions.

Capacitance Measurements. The capacitance of polycrystalline gold 

electrodes was measured in 0.1 M NaF. Differential capacitance was determined 

using a 63 Hz, 20 mV peak-to-peak triangle wave centered at -0 .6  V. The peak- 

to-peak current of the output waveform is proportional to the capacitance [53].

Metal deposition. Gold particles were electrochemically deposited on GC 

electrodes by potential step from 1100 mV to some final deposition potential for a 

period of 5 seconds. A series of AuCU" deposition solution concentrations and 

deposition overpotentials were investigated.

SEM Imaging. Scanning electron microscopy analysis of the gold deposits 

was carried out using a JEOL model 6301FXV scanning electron microscope at an 

acceleration voltage of 15 to 20 kV and a working distance of 4 to 5 mm. Image 

analysis was performed visually (i.e., manually counting particles) or with the aid
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of commercial software (Image Tool, version 2.00, University of Texas Health 

Science Center in San Antonio) for particle counting and diameter measurement.

Results and Discussion

The objectives of these studies were focused on controlling the size, density 

and structure of electrochemically deposited gold particles on GC. Once a 

protocol has been developed for producing well dispersed gold particle arrays, the 

gold particles can be subjected to further chemical modification by self-assembly. 

Toward this end, gold particles formed via potential step as a function of the initial 

bulk AuCLf concentration, and overpotential (Tj) at constant concentration, have 

been studied. It was desirable to produce arrays of well-dispersed, nanometer­

sized gold particles; thus, the deposition concentrations used here, 10 p.M to 

200 fiM, are significantly lower than those employed in previous studies [23-27], 

Characterization of the gold particles is aimed at elucidating the surface area and 

crystal structure of the electrochemically deposited gold, as well as the size and 

number density of the particles. Because both GC and gold are active electrode 

materials, methodologies which could distinguish between the two materials were 

employed.

Gold Particle Deposition. Gold particles were deposited on GC substrates 

from 0.5 M H2S 0 4 solutions of KAuC14 by employing a 5 second potential step 

from 1100 mV to some final potential. An overview of the electrochemical 

behavior of this system is provided in Figures 2.1 and 2.2. Figure 2.1 is a current- 

potential curve for a cyclic voltammetric experiment at a polished GC electrode in 

200 (iM AuC14‘. This wave exhibits an initial cathodic current at -800 mV and a 

sharp peak at -500 mV, corresponding to the reduction of solvated Au(III) to 

Au(0). The initial wave at 800 mV is attributed to the reduction of adsorbed 

AuCl4\  Voltammetric evidence for the adsorption of gold complexes to carbon 

electrodes similar to Figure 2.1 has been observed previously [23, 27]. Crossover
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Figure 2.1: Cyclic voltammetry of 200 jiM AuCLf in 0.5 M H2S 04 on a polished 
GC electrode, v = 100 mV/s.
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Figure 2.2: Current response to a potential step of 1100 to 0 mV on a polished 
GC electrode, 200 pM AuCL*' in 0.5 M H2S 0 4.
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of the cathodic branch, reflective of metal nucleation and growth, is not observed 

at the scan rate employed in Figure 2.1 [4, 5]. Voltammetry which more closely 

resembles reported current-potential curves for nucleation and growth is observed 

at scan rates slower than 5 mV/s [23]. Furthermore, no anodic current is observed 

on the reverse sweep indicating the irreversibility of the reduction of AuCLf. In 

0.5 M H2S 0 4, the electrochemical dissolution of deposited gold is not observed 

within the potential limits employed in these characterizations, 1500 to -400 mV. 

All overpotentials stated here are relative to the standard potential for AuCLf 

reduction to Au(0) which is 800 mV vs. Ag/AgCl (sat’d KC1). Note that from 

Figure 2.1, gold deposition on GC requires an overpotential of about -300 mV.

The first 50 ms of a representative current response to a potential step from 

1100 mV to 0 mV in 200 fiM AuCLf is shown in Figure 2.2. The initial sharp 

current spike is due to the charging of the double-layer. The curve then exhibits a 

humped shaped response following the charging current spike. The position and 

size of these humps varies with overpotential and thus is likely the tail of a current 

peak commonly observed for the electrochemical nucleation and three 

dimensional growth of metal crystallites [23]. Similar behavior is observed for the 

electrochemical deposition of platinum on GC [13]. After the second hump, a 

current decay is observed which is linear with f 1/2 reflecting a planar diffusion 

regime. This situation develops due to overlap of growing hemispherical diffusion 

layers which initially provide mass transport for particle growth [4]. The position 

of the hump in Figure 2.2 within the first 10 ms argues that the growth of the Au 

nuclei is relatively rapid. Because the rising portion of the peak is experimentally 

inaccessible under our conditions, an analysis of the nucleation mechanism (i.e., 

instantaneous vs. progressive) is not possible from current transients [4],

Figure 2.3 contains a series of current transients obtained from a deposition 

solution concentration study. The concentrations employed were 200, 100, 50 and 

10 |iM  AuCLf, shown in traces (a) to (d) respectively. Two important
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Figure 2.3: Representative current transients for gold dleposition on GC from 
solutions of varying AuCU concentration, T| = -800 mV . (a) 200 pM, (b) 100 pM, 
(c) 50 pM, (d) 10 pM, in 0.5 M H2S 0 4.
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observations can be made upon close examination of this set of current transients. 

Firstly, it is important to observe the presence of a rising portion in the current 

transients. This is most evident in traces (b) and (c). As discussed previously, this 

feature is indicative of nucleation and growth behavior. In most cases, it was very 

difficult to capture this behavior on the current transients obtained during these 

experiments; however, these examples clearly illustrate its presence. The elusive 

nature of this feature is attributed to fast nucleation and growth behavior on the 

experimental time scale. As observed in the figure, the rising portion is surpassed 

within the first 10 to 15 ms of the experiment, and often superimposed with double 

layer charging current. Zoval encountered similar difficulties while studying 

platinum deposition on graphite [12]. An interesting explanation of this behaviour 

may be attributed to the nature of the metal ions in solution. Simple metal ions 

such as Ag+ [4, 5, 10], Hg22+ [4, 6], Cu2+ [8], Cd2+ [9], Sn2+ [20], and In3+ [7], all 

display significant rising portions in their deposition transients. For complex 

metal ions such as AuC14' [55] and PtCl62' [12], observation of this behavior has 

proven to be more elusive. The second feature one may observe from this set of 

transients is that the charge under the current transient increases with increasing 

deposition solution concentration. As expected, this is indicative of increased gold 

deposition due to higher concentrations of AuCLf.

Figure 2.4 contains a series of current transients obtained from a deposition 

overpotential study. As observed in previous studies, nucleation and growth 

behavior is very sensitive to overpotential [4-10]. The overpotentials employed 

here were -1000, -800, -600, and -400 mV, for traces (a) to (d) respectively. 

Unfortunately, no rising portion is observed in any of these transients, hence it is 

difficult to locate the current maximum, imax, and tmax values. Regardless of this, it 

is still observed that the maximum shifts to longer times as the overpotential is 

decreased, and the transients become broadened. This behavior is consistent with 

results of previous studies for gold deposition on GC [23]. A possible explanation
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Figure 2.4: Representative current transients for gold deposition on GC at 
varying overpotentials, [Aud*'] = 200 (J.M. (a) -1000 mV, (b) -800 mV, 
(c) -600 mV, (d) -400 mV, in 0.5 M H2 S 0 4.
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for this behavior is that at lower overpotential fewer nucleation sites are accessed 

and hence smaller number densities are observed. This behavior gives rise to 

larger particles. With fewer growing nuclei on the electrode surface, it will take 

longer for the hemispherical diffusion layers of individual particles to overlap; 

thus, hemispherical diffusive flux of metal ions to the growing nuclei is sustained 

for a longer period of time before planar diffusion begins to predominate.

id(t) = nFAD0 C0
(jcD0 t) 1/2

{2 .6 }

Equation {2.4} can be used to describe the combined effects of planar and 

radial diffusion on current at a microelectrode [22]. When an array of 

microelectrodes, such as uniformly dispersed gold particles, is considered, three 

diffusion regimes can arise depending on the extent of electrolysis. Considering 

the case where electrolysis is exhaustive, as in metal deposition, the diffusion layer 

thickness, defined as (jiD0t)m , becomes much larger than the radius of the 

microelectrodes (rG) or metal particles in this case. Under these circumstances the 

diffusion layers of the gold particles begin to overlap, and Cotrell behavior, i.e. 

planar diffusion, is observed. For larger and fewer particles it will take a longer 

period of time for the individual diffusion layers to overlap due to the greater 

distance between the growing metal nuclei. Thus, it is possible that the humps 

observed in the gold deposition transients are a result of this hemispherical 

diffusive flux, and hence, indicative of growth of the gold nuclei.

Gold Oxide Reduction. The extent to which a GC electrode surface can 

be chemically modified will ultimately depend on the surface area of gold 

particles. Insights into this parameter are provided by the electrochemical 

reduction of gold surface oxides [30, 32-37]. Following the deposition of gold
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particles, the surface was oxidized by a potential step from 0 mV to 1400 mV in

0.5 M H2 S 0 4  for 5 seconds. Although it is likely that both the GC surface and 

gold particles are oxidized at this potential, the oxide film on the gold particles can 

be selectively reduced by a potential sweep [30, 32-37]. Before this system can be 

applied to surface area determinations, it is important to develop a standardized 

method to oxidize the gold particles, as gold oxidation is dependent on both 

anodization potential and anodization time. This is demonstrated in both the 

literature [30, 32, 35-37] and control experiments.

Figure 2.5 illustrates the effects of anodization potential on surface oxide 

coverage for a 5 second potential step on a polycrystalline gold electrode. As 

observed in this figure, the charge due to surface oxide reduction increases with 

larger anodization potentials. Figure 2.6 illustrates the effects of anodization time 

on surface oxide coverage for a potential step to 1400 mV on a polycrystalline 

gold electrode. Under these conditions, surface oxide coverage is not observed to 

change dramatically with increased anodization time. The charge due to oxide 

reduction remains essentially constant after 5 seconds of anodization, eventhough 

the logarithmic growth of a layer of surface oxides is observed. Based on the 

results of these experiments, suitable conditions were chosen such that monolayer 

coverage of surface oxides could be achieved. Thus, the potential program 

employed for gold surface area determination consisted of a potential step to 1400 

mV for 5 seconds, immediately followed by a linear potential sweep from 1400 to 

500 mV at a scan rate of 200 mV/s.

Gold oxidation conditions were assessed on polycrystalline gold electrodes 

and shown to achieve ~1 monolayer of gold surface oxides [33-36]. For example, 

integration of the cathodic stripping wave yields a charge of 930 p.C/cm“. The 

same electrode exhibits a double layer capacitance of 42 p.F/cm at -600 mV in 0.1 

M NaF. Assuming a capacitance of 22 |iF cm ' 2 for a metallic electrode with a 

roughness factor of 1 [33], a value of -1.9 was estimated as the roughness factor
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Figure 2.5: Effect of oxide reduction current on a poly crystalline gold electrode 
as a function of anodization potential in 0.5 M H2SO4 , anodization time = 5s. 
Electrode area = 0.1 cm2.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

100

80

o
=L
0 ) 
m 60
CO

J Z
O
■o
a>
< 0

O)
a>4-*

40

c

20

15 20 25 30 350 105

Time (s)

Figure 2.6: Effect of oxide reduction current on a polycrystalline gold electrode 
as a function of anodization time in 0.5 M H2SO4 , anodization potential equals 
1400 mV. Electrode area = 0.1 cm2.
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of the polycrystalline gold electrode. Thus, a roughness corrected value of 

489 pC cm ' 2 is obtained which agrees well with the theoretically determined value 

of 482 pC cm ' 2 for the reduction of a monolayer of gold surface oxides [33, 34].

Figure 2.7 contains the linear sweep voltammograms for oxide reduction on 

gold particles deposited from a series of AuCLf solutions of varying concentration 

at an overpotential of -800 mV. Figure 2.8 shows a similar study for oxide 

reduction on gold particles deposited at a series of overpotentials for a solution of 

100 pM AuCU . The sharp wave appearing at -935 mV in all the voltammograms 

is consistent with the reduction of an oxide film on gold. The observation of this 

wave confirms the deposition of metallic gold onto GC under the conditions 

employed. The area under the oxide reduction waves for repeated oxidation 

cycles varies by no more than 5%, implying that roughening of the gold particles 

is negligible [33].

An assessment of the amount of gold deposited by electroless means was 

made based upon the gold oxide reduction currents observed at GC electrodes 

exposed to AuCU' at open circuit. Specific chemical groups present on the GC 

surface may act as reducing agents resulting in the nucleation of small gold 

particles in the absence of an applied potential step. Shimazu and coworkers have 

observed that exposure of a polished GC electrode to a solution of 

hexachloroplatinate(IV) results in electrodes that become active toward hydrogen 

evolution [13]. This result is attributed to the electroless deposition of small 

platinum particles on the GC surface. It is important to understand to what extent 

electroless deposition contributes to overall gold particle deposition in order to 

gain control of this process. Electroless deposition of gold was found to constitute 

no more than 5% of the amount of gold deposited electrochemically. In addition, 

poising the GC electrode at 1100 mV prior to, and during its initial exposure to 

AuC14' has no effect on the amount of electrochemically deposited gold. Thus, the
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Figure 2.7: Linear sweep voltammograms for the reduction of gold surface 
oxides from electrochemically deposited gold particles in 0.5 M H2S 04. 
Deposition solution concentration series for T| = -800 mV, v = 200 mV/s, t = 5 s.
(a) 200 pM, (b) 100 pM, (c) 50 pM, (d) 10 pM, AuCU'.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20 [iA

iii

1.4 1 .2  1.0 0.8 0 .6  0 .4

Potential (V vs. Ag/AgCl)

Figure 2.8: Linear sweep voltammograms for the reduction of gold surface 
oxides from electrochemically deposited gold particles in 0.5 M H2S 0 4. 
Overpotential series for [AuCLf] = 100 jiM, v = 200 mV/s, t = 5 s. (a) -1000 mV, 
(b) -800 mV, (c) -600 mV, (d) -400 mV.
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Table 2.1: Surface area determination of electrochemically deposited gold 
particles on GC via oxide reduction analysis. Effect of deposition solution 
concentration.

[AuCLf]
(UM)

Qobs
(HC)

Gold Area 
(cm2)b

% Geometric 
Area

2 0 0 15.0 ±  1.6a 0.031 ±0.003 1 0 . 0  ± 1 . 1

1 0 0 1 1 . 8  ± 1 . 0 0.024 ± 0.002 8.1 ±0.7

50 8.9 ± 1.1 0.018 ± 0 . 0 0 2 6.0 ±0.7

1 0 2.9 ±0.8 0.006 ± 0 . 0 0 2 2.0 ±  0.5

a. Statistics based on six measurements for each concentration.
b. A value of 489 (iC/cm2 was used as the charge required to reduce a monolayer of surface 

oxides on a polycrystalline gold surface.

Table 2.2: Surface area determination of electrochemically deposited gold 
particles on GC via oxide reduction analysis. Effect of deposition overpotential.

“H
(mV)

Qobs
OiC)

Gold Area 
(cm2)b

% Geometric 
Area

- 1 0 0 0 16.6 ± 0 .6 a 0.034 ±0.001 10.9 ±0.3

-800 1 1 . 8  ± 1 . 0 0.024 ± 0.002 7.7 ±0.6

-600 9.7 ±0.7 0 . 0 2 0  ± 0 . 0 0 1 6.5 ±0.3

-400 7.4 ±0.2 0.015 ±0.0004 4.8 ±0.1

a. Statistics based on three measurements for each overpotential.
b. A value of 489 jtC/cm2 was used as the charge required to reduce a monolayer of divalent 

oxygen on a polycrystalline gold surface.

currents observed for the reduction of gold oxide reflects the surface area of 

electrochemically deposited gold particles.
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The trend in Figure 2.7 reveals higher peak currents for oxide reduction as 

the bulk AuC14' concentration increases. This result is not unexpected and implies 

that the surface area of deposited gold particles tracks solution concentration for a 

given deposition potential and time. A similar trend is observed as a function of 

overpotential, Figure 2.8, where greater overpotentials achieve higher gold surface 

area. Using the observed charge, <2obs, obtained by integrating the area under each 

of the waves in Figures 2.7 and 2.8, and the charge expected for complete 

monolayer coverage as described above, quantitative surface areas can be 

determined for each deposition condition. Tables 2.1 and 2.2 contain quantitative 

results from the analysis of the data in Figures 2.7 and 2.8. As illustrated in 

Tables 2.1 and 2.2, areas corresponding to 2% to 11% of the geometrical area of 

the GC electrode can be made available for future chemical modification by 

varying either the bulk AuCLf concentration, or the overpotential.

Sample Calculation. A sample calculation for the surface area of 

electrochemically deposited gold particles on GC from a 200 |iM AuC14‘ solution 

follows. First, the charge due to surface oxide reduction from a poly crystalline 

gold electrode was determined using an electrode of known area.

93 \lC / 0.1 cm2 = 930 pC cm’2

A roughness corrected value was then determined by dividing by the roughness 

factor. The roughness factor was derived with the use of capacitance 

measurements, as discussed above

930 pC cm ' 2 /  1.9 = 489 pC cm '2

This value was then used along with the charge for oxide reduction from gold 

particles on GC to determine the surface area of the gold particles.
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15.0 |iC / 489 pC cm'2  = 0.031 cm2

All calculations of gold surface area were performed in this manner.

Stripping UPD Lead. A monolayer of lead adatoms will form on gold 

surfaces at potentials slightly more positive than for bulk deposition of lead [43- 

52, 56]. This UPD lead monolayer can be subsequently stripped from the gold 

surface by oxidation. Similar to the case of the oxide reduction experiments, 

control experiments indicate that lead UPD occurs solely on the gold particles. 

Contrary to a recent report, we do not observe lead stripping currents from the 

unmodified GC substrate [57]. The stripping of UPD lead has been used by 

several authors to characterize the surface of gold substrates [43, 52, 56], and was 

employed here to assess the microcrystal structure of electrochemically deposited 

gold particles.

Lead was deposited onto supported gold particles by stepping the potential 

from open circuit to -400 mV for a period of 5 seconds. Figures 2.9 and 2.10 

contain lead stripping voltammograms from gold particles deposited under the 

various concentration and overpotential conditions. The sloping background 

current in these voltammograms is due mainly to the GC substrate. Two oxidative 

stripping waves are observed; a sharp wave at -200 mV which is diagnostic of lead 

stripping from the A u (lll)  crystal plane and a broader wave at 25 mV 

corresponding to lead stripping from the Au(110)/Au(100) crystal planes [44-51], 

Closer examination of the A u (lll)  wave for some of the voltammograms (i.e., 

Figure 2.9 , curves c and d; Figure 2.10, curves a, b, c) reveals the presence of a 

shoulder at a slightly more positive potential, -170 mV. This feature has been 

attributed to lead stripping from Au(l 11) terraces of extended lengths, greater than 

11 Au atoms [49-52], Close observation of all the voltammograms in these figures 

suggests that the gold particles deposited on GC under the present conditions are
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Figure 2.9: Linear sweep voltammograms for the stripping of underpotentially 
deposited lead from electrochemically deposited gold particles. Deposition 
solution concentration series for T| = -800 mV, v = 200 mV/s. (a) 10 p.M,
(b) 50 pM, (c) 100 pM, (d) 200 p.M, AuCLf.
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Figure 2.10: Linear sweep voltammograms for the stripping of underpotentially 
deposited lead from electrochemically deposited gold particles. Overpotential 
series for [AuCL*'] = 100 pM, v = 200 mV/s. (a) -400 mV, (b) -600 mV,
(c) -800 mV, (d) —1000 mV.
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polycrystaiiine with a combination of (111), (110) and (100) sites. Additionally, 

in some cases, particles are composed of Au(l 11) terraces of extended length.

Two trends are apparent in Figure 2.9 as the bulk concentration of AuCLf is 

increased (a to d). First, the observed current for each lead stripping wave tracks 

deposition solution concentration. This observation mirrors the oxide reduction in 

Figure 2.7 and confirms the increase in overall gold particle surface area resulting 

from depositions from higher concentration solutions. Gold surface area 

determination by lead stripping is risky due to the uncertainty associated with the 

integration and summation of several waves, and the variation in the values of 

charge associated with desorption of a monolayer of adsorbed lead atoms reported 

in the literature (225 to 362 (iC/cm2) [43, 46, 47, 51]. Secondly, the 

microstructure of the deposited particles evolves with bulk concentration as 

gauged by the shoulder on the A u (lll)  peak at -170 mV. This wave becomes 

more pronounced on nanocrystals deposited from 100 and 200 fiM solutions 

indicating the formation of larger A u (lll)  terraces. From rough integration of the 

waves, the percentage of the A u (lll)  crystal face area for the 200 jiM solution 

(28%) is similar to that of polycrystalline gold [43].

The dependence of overpotential on the microstructure of electrochemically 

deposited gold particles is deduced from Figure 2.10. Lead stripping currents 

increase as the deposition overpotential for gold deposition increases (a to d), 

reflecting the increase in gold surface area shown in Table 2.2. However, the 

stripping signature for particles deposited at low overpotential (e.g., curve a in 

Figure 2.10) includes a significant shoulder on the A u (lll)  wave arguing that, 

although a relatively small amount of gold is deposited at low overpotential (Table 

1), the resulting particles exhibit a significant (111) texture which is comprised of 

larger terraces. For higher overpotentials, although the total stripping current 

increases, the wave at -170 mV becomes less prominent, indicating smaller (111) 

planes. These observations taken together suggest that at low overpotentials, a
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small number of gold particles nucleate and grow to significant sizes during 

deposition. In this case, the applied overpotential provides sufficient driving force 

to activate only certain nucleation sites and gold particle growth is favored. 

Higher overpotentials access more nucleation sites and a larger density of smaller 

particles results. This model is confirmed by the scanning electron micrograph 

analysis presented in the next section.

Scanning Electron Microscopy. Oxide reduction and lead stripping 

indicate that the amount of gold deposited onto GC tracks both the bulk AuC14‘ 

concentration and the deposition overpotential. Although these analyses yield a 

quantitative perspective, they do not provide insights into the manner in which the 

change in gold surface area is manifested in terms of the interfacial architecture. 

That is, oxide reduction and lead stripping results cannot resolve whether the 

variation in surface area is due to changes in particle size, particle density, or a 

combination of these two scenarios. Stripping of UPD lead provides some 

insights, particularly for variations in overpotential. To build upon these insights a 

visual representation of the gold particles was obtained with scanning electron 

microscopy (SEM).

SEM was employed because it provides superior images to those obtained 

with scanning force microscopy (SFM). Imaging in contact mode SFM results in 

a large number of particles being dislodged from the surface. Also, convolution of 

tip shape with particle shape introduces large errors in particle size. Tapping- 

Mode, or intermittent contact SFM imaging is more delicate in that it does not 

dislodge the supported particles, but convolution of tip shape is still a major 

problem.

Figure 2.11 contains representative scanning electron micrographs 

illustrating the effect of bulk AuCLf concentration while Figure 2.12 contains 

representative scanning electron micrographs illustrating the effect of 

overpotential. Gold particles in the micrographs appear as circular bright spots
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Figure 2.11: Scanning electron micrographs of electrochemically deposited gold 
particles on GC, T| = -800 mV. (A) 200 pM, (B) 100 pM, (C) 50 pM, (D) 10 pM, 
AuC14\
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surrounded by a textured background of darker GC substrate. The difference in 

contrast between the two materials is due to the difference in atomic number 

between carbon and gold. The heavier gold atoms are more effective at 

reflecting/scattering the electron beam than carbon, and thus appear brighter. As 

shown in Figure 2.11-D, deposition at low concentration, 10 fiM, yields a low 

number of small particles. Figure 2.11-A illustrates that at higher concentrations, 

200 pM, a high density of relatively monodisperse particles are deposited. 

Quantitative results from SEM image analysis for particle number density, which 

reflects the number of nucleation sites on the GC electrode, and particle diameter, 

which represents particle growth, are listed in Tables 2.3 and 2.4.

Results presented in Table 2.3 show that both number density and diameter of 

electrochemically deposited gold particles on GC electrodes increase with bulk 

A11CI4  concentration. These trends are responsible for the increase in 

electrochemically deposited gold surface area indicated by gold oxide reduction 

(Figure 2.7 and Table 2.1). If the gold particles are modeled as hemispheres a 

value for gold surface area can be estimated using the diameters and number 

densities in Table 2.3. Comparison of surface area values calculated from SEM 

data with those determined by oxide reduction yields a range of correlation from a 

10% difference to a difference by a factor of 2. However, use of a hemisphere as a 

model for the shape of a particle may not be a valid assumption. As observed in 

the SEM micrographs gold particles may adopt a variety of complex shapes. In 

addition, we note that the scanning electron micrographs likely do not reveal gold 

particles of very small diameters < 5nm.

Figure 2.12 illustrates the effect of overpotential on gold particle 

distribution and size. At low overpotentials, Figure 2.12-D, a number of large (50 

to 80 nm) particles are observed coexisting with smaller ones. Higher 

overpotentials (Figure 2.12-A) yield an array of evenly distributed, relatively 

monodisperse particles.
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Figure 2.12: Scanning electron micrographs of electrochemically deposited gold 
particles on GC, [AuCLf] = 100 |iM. (A) -1000 mV, (B) -800 mV, (C) -600 mV, 
(D) -400 mV.
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Table 2.3: Results from scanning electron micrograph analysis for 
electrochemically deposited gold particles. Effect of deposition solution 
concentration.

[AuCUT
GiM)

Number Density 
(particles/pm2)

Diameter
(nm)

% Aread

200 135 ±  16b 2 0 ± 5 C 8.5 ±0.9

100 89 ± 7 18 ± 4 4.5 ±0.3

50 68 ± 7 13 ± 3 1.8 ±0.2

10 15 ± 3 10 ± 3 0.2 ±0.1

a. T[ = -800 mV.
b. Based on measurements of at least 20, I pm2 areas.
c. Based on measurements of at least 80 particles.
d. Calculated using hemisphere model, A= 27tr2.

Table 2.4: Results from scanning electron micrograph analysis for 
electrochemically deposited gold particles. Effect of deposition overpotential.

Tl2
(mV)

Number Density 
(particles/pm2)

Diameter
(nm)

% Aread 
(nm)

-1000 140 ±  15b 17 ± 4 C 6.4 ± 0.7

-800 89 ± 7 18 ± 4 4.6 ± 0.4

-600 54 ± 8 24 ± 5 4.9 ±0.7

-400 28 ± 6 34 ± 2 4 5.1 ± 1.1

a. [AuCUl = 100 pM.
b. Based on measurements of at least 20, lpm“ areas.
c. Based on measurements of at least 80 particles.
d. Calculated using hemisphere model, A= 2izr~.
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Table 2.4 quantitatively lists the values for gold pparticle number density 

and diameter as a function of overpotential. The increase in number density with 

overpotential implies that the number of active sites om GC for gold particle 

nucleation increases with overpotential. This observation is consistent with a 

recent report [23]. For lower overpotentials, the growtha of a small number of 

initial nuclei is favored over the establishment of new nuclleation sites as indicated 

by the large size of the particles apparent in Figure 2.12—D. This mechanism is 

also consistent with the lead stripping results which indicate a relatively low gold 

surface area comprised of larger Au( l l l )  terraces. T aken  together, the data in 

Tables 2.3 and 2.4 imply that the size, density, and structure of gold particles on 

GC electrodes can be systematically controlled via v^ariations in deposition 

solution concentration and overpotential. This control w ill  be exploited in future 

work aimed at the chemical modification of gold particles wia self-assembly.

The magnitude of the number density values ^observed here (109 to 

1010 cm'2) are larger than those reported for gold nucleatioon on polished GC from 

concentrated LiCl solutions [23] and agree well with the mumber density of other 

metals electrochemically deposited on GC [58]. Howev^er, a direct comparison 

with particle number densities from previous reports :is clouded because of 

inconsistencies in electrode handling and preparation procedures from lab-to-lab. 

Further studies indicate that the number of electrocheMnically deposited gold 

particles also depends strongly on the initial GC surface preparation. The results 

of these studies are discussed in Chapter HI.

Conclusions

Traditional gold electrochemistry and microscopic analysis have been 

applied to characterize gold particles electrochemically deposited on GC. Results 

show that the overall surface area of gold as well as the particle size, density, and 

surface texture, can be controlled by rational variation off deposition conditions.
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As stated above, we are interested in producing sites for attaching functional 

groups to GC surfaces using thiol self-assembly which exhibit analytical 

selectivity and are located adjacent to electron transfer sites. From the analyses 

presented here, high density arrangements of monodisperse, nanometer sized gold 

particles which will serve as foundations for the self-assembly of alkanethiolate 

monolayers can be deposited from solutions containing 100 to 200 |iM  AuCLf at 

overpotentials of -800 to -1000 mV. These conditions provide sufficient gold 

surface area, as well as the site segregation desired for our purpose.
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CHAPTER HI

EFFECTS OF SURFACE OXIDE GROUPS ON THE 

ELECTROCHEMICAL DEPOSITION OF GOLD PARTICLES ON 

GLASSY CARBON ELECTRODES

Introduction

In Chapter II, the interfacial properties of gold particles electrochemically 

deposited onto GC electrodes were characterized. Scanning electron microscopy 

(SEM) as well as electrochemical methods were employed to systematically 

examine the effects of deposition solution concentration and overpotential on the 

resulting gold particles. The results of these studies show that it is possible to 

control the gold surface area, particle number density, particle size, and 

microcrystal structure, by variation of the deposition conditions employed. In 

these studies gold was deposited on polished GC electrodes. The main focus of 

the following study was to examine the effects of different electrode pretreatment 

procedures on the deposition of gold particles on GC electrodes. Different 

pretreatment procedures may result in a difference in surface chemistry of the GC 

electrodes, thus influencing nucleation and growth behavior of the resulting gold 

particles. Surface chemistry may also influence the adhesion of gold particles to 

the GC surface.

The first step in any electrochemical procedure involving the use of solid 

electrodes is pretreatment of the electrode surface. In the case of carbon 

electrodes, a loss of activity upon exposure to a working solution or the ambient 

environment is generally observed. Pretreatment procedures that enhance the 

electron transfer rate between the electrode surface and electroactive species in 

solution are known as activation procedures. Following application of these
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methods electron transfer between the electrode and electroactive species becomes 

more facile resulting in increased electron transfer rates. Accelerated electron 

transfer rates give rise to more well-defined voltammetric behavior, resulting in 

better resolution of voltammetric waves. It has been proposed that improvement 

of electron transfer properties of carbon electrodes may be realized through a 

number of effects: (a) removal of contaminants from the electrode surface; (b) 

increasing the density of surface functional groups that may act as electron transfer 

catalysts or mediators; (c) increasing the electrode surface area by roughening; and

(d) exposure of fresh edge planes or surface defects that may act as preferred sites 

for electron transfer [1, 2]. These effects combined contribute to the preparation 

of a more reproducible electrode surface, and serve to enhance the electrocatalytic 

activity and selectivity of the electrode.

An important point, which should be stressed, is that the main objective of 

electrode pretreatment is the preparation of a reproducible electrode surface. 

Reproducibility is important because it allows one to gain a certain degree of 

control over electron transfer. Fast electron transfer is not necessarily as important 

as control. For example, one of the most desirable properties of carbon electrodes 

is that the reduction of H+ to H2 is very slow, resulting in a wide working potential 

window for these electrodes.

The most widely used method of pretreatment is mechanical polishing of 

the GC electrode surface. Several such procedures are described in the literature 

[2-6], A new electrode is initially ground on a piece of fine grain silicon carbide 

or diamond grit paper to remove gross surface defects and impurities that result 

from the manufacturing process. The electrode is then polished to a mirror-like 

finish using a series of successively smaller particle size abrasive powders, such as 

1.0, 0.3, and 0.05 jim alumina. Use of powders containing deagglomerating 

agents should be avoided, as they tend to deactivate the electrode. The use of 

latex gloves is also recommended to minimize contamination from the hand and
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fingers. Polishing is achieved by the use of repetitive circular motions of the 

electrode surface in an alumina/water slurry against polishing cloth or a glass 

plate. Extensive sonication and rinsing with nanopure water are employed 

between each particle size to remove polishing alumina and debris from the 

electrode surface. Although sonication is effective at removing excess polishing 

debris from the surface of the electrode [4], it has been shown that a thin layer of 

polishing debris comprised of finely divided carbon microparticles, alumina 

particles, and water remains on the electrode surface [5]. Figure 3.1 shows an 

artistic representation of the ubiquitous layer of finely divided polishing debris 

that remains on the electrode surface.

Conventional polishing procedures described herein are adequate for most 

electroanalytical work. Electrochemistry of the Fe(CN)6‘3/_4 redox system has been 

used extensively to gauge the effectiveness of polishing, and a range of electron 

transfer constants have been reported in the literature for various polishing 

procedures [2-4, 7, 8], Hu and coworkers were able to achieve a level of activity 

comparable to that of active platinum by careful polishing of a GC electrode on a 

glass plate [2]. Work by Thornton and coworkers also demonstrates how the rate 

constant for Fe(CN)6"3A4 progresses towards greater reversibility as finer abrasives 

are used in the preparation of the electrode surface [8], This work also 

demonstrates that the actual electrode area approaches the geometric area as 

polishing progresses to smaller particle sizes attributed to a decrease in the surface 

roughness. While polishing may be performed on either polishing cloth or a glass 

plate, some authors have debated the use of polishing cloth stating that it 

contributes to deactivation of the electrode surface [2].

Aside from polishing, several other methods of electrode pretreatment have 

been studied. These methods include thermal treatments [3, 4, 9-11], radio 

frequency plasma treatment [12, 13], laser activation [14-16], and electrochemical 

pretreatment [7, 17-28]. Although not as simple and inexpensive to implement as
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mechanical polishing, these methods offer the advantage of preparation of a 

cleaner, more reproducible surface. Some of these pretreatment methods are 

effective at removing the thin layer of finely divided carbon that remains upon 

polishing [5, 15, 20]. Further discussion will focus on electrochemical 

pretreatment (ECP) methods.

ECP of GC has been used extensively as an electrode pretreatment method. 

The first demonstration of ECP of carbon electrodes dates back to the work of 

Lord and Rogers [29]. In this work the authors report that the anodization of a 

graphite electrode, a pencil lead in this case, greatly changes the shape of a slow 

scan voltammetric curve for the reduction of Fe(DI) in 0.1M HC1. ECP methods 

can involve either anodization or cathodization of the electrode surface. It is not 

uncommon to come across procedures in which both anodization and 

cathodization are employed as a means of electrode activation. ECP can be 

performed in either acidic [9, 21, 22, 24], basic [19, 20], or buffered/salt solutions 

[3, 7, 22, 23, 25, 30]. Each of these methods has markedly different physical 

effects on the underlying GC substrate [20, 31]. However, the end result remains 

constant, as an increase in the density of surface oxide groups is realized. This has 

been demonstrated using X-ray photoelectron spectroscopy (XPS) [7, 22] and 

electrochemical techniques [20, 25]. It is postulated that the majority of these 

surface oxide groups are present as phenolic and quinonal functionalities [7, 13, 

25, 32].

Increased oxygen to carbon ratios of GC surfaces electrochemically 

pretreated in acidic or neutral media are attributed to the formation of 

electrochemical graphitic oxide (EGO) layers upon anodization of the GC surface. 

An artistic representation of the EGO layer that is generated upon ECP of a GC 

electrode in acidic media is illustrated in Figure 3.1. This EGO layer is generally 

thought of as an oxygen-rich, hydrated, porous, nonconducting, nonstoichiometric 

compound [33]. Work by Keply and coworkers has shown that EGO layers can
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a. Polished GC

b. 0.5 M H2S 0 4 ECP GC

c. 1.0 M NaOH ECP GC

Figure 3.1: Schematic representation o f (a) polishing layer, (b) EGO layer, and 
(c) surface oxide layer.
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continually grow thicker at increased anodization times [24]. In this study optical 

ellipsometry was used to monitor the in situ growth of EGO on a GC electrode. 

EGO appears as a colored film on the electrode surface. Several different colors 

have been reported [20, 22, 26]. The intensity and shade of the color have been 

attributed to optical interference in the transparent EGO layer [24, 26]. Work by 

McDermott and coworkers has demonstrated that the presence of surface oxide 

groups generated by ECP serve as important electron transfer catalysts for certain 

inner sphere electrochemical systems [18]. The electron transfer rate constants for 

aquated metal ions on GC are shown to increase dramatically upon pretreatment in 

0.1 M H2 S04, compared to a fractured or oxide free GC surface.

Cabaniss and coworkers realized a two-fold increase in the surface oxygen 

content of a GC electrode upon electrochemical pretreatment in 0.1 M H2S 0 4  [22], 

This result produced a marked effect on the voltammetry of certain proton coupled 

electron transfer systems compared to their behavior on unactivated electrodes. 

Engstrom also observed a significant increase in the oxygen carbon ratio of GC 

electrodes anodized in 0.1 M KNO3 compared to polished electrodes, 0.22 versus 

0.084 respectively [7]. This ratio did not change upon cathodization of the 

electrode, indicating that while the surface oxides groups may be reduced 

electrochemically, they are not removed from the surface upon further 

cathodization. This result is consistent with the appearance of a surface bound 

redox couple upon electrochemical pretreatment [34].

ECP in basic solutions has significantly different effects than pretreatment 

in acidic or buffered/salt solutions [17, 20]. Results from a previous study support 

the idea of the formation of different chemical species on the electrode surface 

with changes in pH [17]. Electrochemical pretreatment in basic solution tends to 

dissolve away the products of anodization, making the appearance of polishing 

scratches more pronounced [20]. Figure 3.1 illustrates the results of ECP of a GC 

electrode in basic media. Unlike ECP in acid, EGO is dissolved in basic solution,
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resulting in a thin layer of surface oxides, as opposed to a relatively thick layer of 

EGO, as illustrated in Figure 3.1. Work by Kiema and coworkers has 

demonstrated that it is possible to selectively etch specific regions of a GC 

electrode [31]. In this work “wells” of varying depth were etched onto the surface 

of a GC electrode by first patterning the surface using lithography techniques. It 

was also shown that the depths of these wells could be controlled by varying the 

anodization time, longer anodization times giving rise to deeper wells. Also, work 

by Anjo and co workers has demonstrated that GC electrodes that have been 

electrochemically pretreated in basic solution demonstrate superior performance in 

the analysis of dopamine to those that have been electrochemically pretreated in 

acidic media [19]. Electrodes anodized in basic solution display lower capacitance 

values and significantly reduced dopamine adsorption compared to electrodes 

anodized in acidic solution. From these observations one may conclude that no 

accumulation or growth of EGO film occurs upon ECP in basic solution. The 

extent of the EGO layer is limited to the presence of a thin layer of surface oxide 

groups (Figure 3.1).

Some studies have been undertaken in an effort to determine the effects of 

surface chemistry on electrochemical metal deposition. Shimazu and coworkers 

have studied the effects of ECP of a GC electrode in 0.5 M H2 S 0 4  at 1800 mV for 

15 minutes [35]. Platinum particles electrochemically deposited on such a 

pretreated electrode surface exhibited lower catalytic activity toward hydrogen 

generation compared to unoxidized heat-treated electrodes. Milchev and 

coworkers have examined the effects on anodic pretreatment of GC on the 

nucleation and growth behavior of silver particles on GC electrodes [36]. SEM 

images show that an increase in silver particle number density is achieved when 

the electrode is subjected to anodic ECP at a potential of 900 mV for 30 minutes in 

silver nitrate solution. As anodic pretreatment procedures typically result in the 

formation of anionic surface oxide groups, or an EGO layer, on the surface of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

electrode, the increased number density m ay  result from favorable electrostatic 

interactions between positively charged Ag4* ions in solution and anionic surface 

oxide groups.

In this work, the deposition of gold o n  a variety of pretreated GC electrode 

surfaces was studied. Four different electrode activation methods were employed; 

these include polishing in a water/alumina, slurry, referred to as polished GC: 

polishing in a cyclohexane/alumina slurry, referred to as cyclohexane polished 

GC: electrochemical pretreatment in 1.*) M NaOH, and electrochemical 

pretreatment in 0.1 M H2S 04. A series- of samples were prepared by the 

electrochemical deposition of gold particles on a number of pretreated GC 

surfaces. These samples were then analyzed employing SEM and oxide stripping 

voltammetry. As stated previously, GC and gold are both active electrode 

materials, thus, it is important to em ploy electrochemical methods that are 

selective to gold only.

The purpose of these experiments wsas to study the effects of GC surface 

chemistry on the electrochemical deposition of gold particles. Variations in 

chemistry were induced by application of vsarious ECP and polishing procedures. 

Specific investigations are aimed at their efffect on number density, particle size, 

surface area, and adhesion.

Experimental Section
Reagents. Potassium tetrachloroaura«e(IEt) (Aldrich), lead oxide (Certified, 

Fisher), sodium hydroxide (Fisher), sulfiiric acid (Fisher), perchloric acid 

(Caledon), and cyclohexane (Certified A.C_S. Fisher) were all used as received. 

All solutions were prepared using Nano pure (18 MQ/cm) water and purged with 

prepurified argon prior to use.

Electrode Preparation. GC electraodes (Tokai GC-20, Electrosynthesis 

Company, NY) consisted of either 12mm x 112 mm x 3mm plates or 3 mm sections

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

of a 6  mm diameter GC rod heat pressed into a teflon electrode housing. Electrical 

contact to the GC is made through an aluminum rod and silver epoxy. These 

electrodes were polished on a glass plate following the procedure described in 

detail in Chapter II. For polishing in cyclohexane, a similar procedure was 

followed using cyclohexane instead of water. Polished electrodes were used in a 

normal three-electrode electrochemical cell configuration with a coiled platinum 

auxiliary electrode and a Ag/AgCl reference electrode. The geometrical electrode 

area was determined by chronoamperometry in 1 mM Fe(CN) 6"3/"4  and yielded a 

working electrode area of 0.30 cm-, as described in detail in Chapter II. 

Electrodes were used immediately after polishing, or were subjected to further 

ECP prior to gold deposition. Electrodes employed for SEM analysis consisted of 

GC plates and were prepared as described in Chapter II.

ECP procedures consisted of anodization of the GC electrode in either

0.1 M H2S 0 4  or 1.0 M NaOH employing a potential step for a set period of time. 

For pretreatment in acidic media the potential was stepped from 0 mV to 2000 mV 

for a period of 60 s. For pretreatment in basic media the potential was stepped 

from 0 mV to 1800 mV for a period of 30 s. Polishing of the electrodes in a series 

of alumina/water slurries always preceded any ECP steps.

Electrochemistry. Electrochemical deposition of gold particles and oxide 

stripping experiments were performed as described in detail in Chapter II.

Gold Particle Adhesion Studies. Gold particles were electrochemically 

deposited on a pretreated GC substrate. The surface area of the gold deposit was 

then immediately determined by oxide stripping voltammetry in 0.5 M H2S 0 4. At 

this point the electrode was removed from the cell, rinsed, and sonicated in a 

beaker of nanopure water for a period of 30 seconds. Once sonicated, the 

electrode was removed from the beaker of water, rinsed, dried under a stream of 

prepurified argon, and replaced within the electrochemical cell. Further oxide 

stripping voltammetry was then run to determine the remaining gold surface area.
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Adhesion was gauged by comparing the area of the gold deposit before and after 

sonication.

SEM Imaging. SEM analysis of the gold deposits and image analysis of 

the resulting scanning electron micrographs was performed as described in detail 

in Chapter II.

Results and Discussion

The objective of these experiments was to determine the effect of various 

electrode pretreatment methods on the nucleation and growth of gold particles on 

GC electrodes. Because of our desire to produce arrays of small gold particles for 

further chemical modification it is important to understand the effects of GC 

surface chemistry on the resulting gold deposits. This will ensure preparation of 

the most desirable gold deposits to be used in further chemical modification steps. 

Ideally, gold particles should be small (10 to 20 nm), well-dispersed, present in 

large numbers, and display good adhesion to the GC surface. Gold particles are 

evaluated in terms of their number density, particle size, surface area, and 

adhesion to the GC substrate.

Cyclic Voltammetry. To assess the effect of GC electrode pretreatment on 

gold deposition, a series of cyclic voltammograms in 100 jiM AuCLf were 

obtained on each substrate. These voltammograms are displayed in Figure 3.2 and 

the results of this study are summarized in Table 3.1. Voltammograms are for (a) 

polished GC, (b) cyclohexane polished GC, (c) base ECP GC, and (d) acid ECP 

GC (d), electrodes respectively. One concern was whether the various 

pretreatments employed would influence the overpotential and thus the electron 

transfer rate for gold deposition. The heterogeneous rate constant for the 

transition of AuCLf to the metallic state obeys the following equation for 

irreversible electron transfer [37] where (E - E? ) is the overpotential.
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50 jjA

1.0 0.8 0.6 0.4 0.2 0.0

Potential (V vs. Ag/AgCI)

Figure 3.2: Cyclic voltammograms for electrochemically deposited gold on 
various GC substrates, v = 100 mV/s, [AuCLf] = 100 jxM. (a) normal polished 
GC, (b) cyclohexane polished GC, (c) 1.0 M NaOH ECP GC, (d) 0.1 M H2SO4  

ECP GC.
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Figure 3.2: (continued)
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kc = k° exp cenF
RT

{3-1}

In the case of the voltammograms in Figure 3.2, the cathodic peak potential Epx 

was used as a measure of the overpotential. As noted in Table 3.1, Epc for gold 

deposition occurs at roughly the same potential on each of the substrates 

examined, within a range of about 16 mV. Thus, no significant differences in the 

electron transfer rate for gold deposition on GC is observed as a result of the 

various electrode pretreatment procedures used.

Table 3.1: Effect of electrode pretreatment on gold particle deposition, 
[AuCLf] = 100 |iM, r| = -800 mV.

Electrode
Pretreatment

Ep.cath
(mV)

Qob."
(nC)

Polish, water 504 ± 4a 10.0 -  10.4a

Polish, cyclohexane 502 ± 5 4 .5 -5 .6

ECP, 1.0 M NaOH 504 ± 5 4.1 -4 .5

ECP, 0.1 M H2SO4 518 ±  8 4 .7 -5 .3

a. Based on measurements of at least 5 samples.
b. For surface oxide reduction in 0.5 M H2SO4 .

Effects of electrode pretreatment are discerned by direct observation of the 

background capacitive currents in Figure 3.2. Both polished substrates display 

similar background currents. This is not unexpected due to the layer of fine 

polishing debris that remains on the electrode surface. Although not studied 

directly, polishing in cyclohexane may also result in a layer of polishing debris on 

the electrode surface. This is not an unreasonable assumption given the similarity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

in background current of a cyclohexane polished electrode to that of a polished 

electrode. Upon rinsing with water, these electrodes are also observed to be 

hydrophobic in nature, possibly due to the presence of cyclohexane on the GC 

surface that has been incorporated into the layer of polishing debris. As one of the 

electrodes is pretreated with an aqueous alumina/water suspension and the other 

with an organic solvent/alumina suspension one would expect a variation in the 

physical properties of the polishing layer. ECP in base (c) displays the lowest 

background current, as the layer of polishing debris is etched away in basic media, 

only a thin layer of surface oxide groups remain [31]. ECP in acid (d) displays the 

highest background current due to the anodic EGO layer [24]. In this case the 

current is observed to go offscale during a gold deposition experiment, due to the 

reduction of surface oxide groups generated during pretreatment.

Gold Oxide Reduction. The use of gold oxide reduction was employed in 

Chapter II to determine the surface area of electrochemically deposited gold 

particles. The integrated area of the gold oxide reduction wave was also used here 

to gauge gold deposition on the various pretreated GC substrates. The results are 

summarized in Table 3.1. Gold deposition onto a polished GC electrode resulted 

in a Qobs value for gold oxide reduction that is consistent with that observed for 

similar substrates under similar conditions in Chapter H. However, Qobs values for 

gold oxide reduction on cyclohexane polished, base ECP, and acid ECP GC 

electrodes were observed to be roughly half of that observed on polished GC. 

This result suggests that only half of the gold surface area obtained on polished 

electrodes is being generated via gold deposition onto the other pretreated 

electrodes. This decrease in surface area is likely a result of altered nucleation and 

growth behavior due to the pretreatment method employed. One method used to 

investigate this phenomenon is SEM. A possibility for the observed differences in 

gold surface area may be poor electrical contact of the gold particles with the GC
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surface, resulting from the pretreatment method employed. This will be addressed 

in the last section of this chapter on adhesion.

Scanning Electron Microscopy. The first step in this investigation was to 

obtain SEM micrographs of gold deposits on the various pretreated surfaces. This 

approach was taken because it allows a direct qualitative comparison to be made 

on the effects of electrode pretreatment on gold deposition. A series of gold 

deposits were prepared for SEM analysis, all depositions were performed using a 

deposition solution concentration of 100 (iM AuCLf and a deposition overpotential 

of -800 mV. Figures 3.3 to 3.6 contain SEM micrographs of gold particles 

electrochemically deposited on a variety of pretreated GC substrates. As expected 

for a polished GC substrate, an array of small, uniformly dispersed gold particles 

is obtained, Figure 3.3. Table 3.2 contains the values of number density and 

particle size derived from SEM image analysis. Observation of these images 

reveals that the electrode pretreatment method employed has a profound effect on 

the nucleation and growth behavior of gold particles on GC.

Table 3.2: Results from scanning electron micrograph analysis for 
electrochemically deposited gold particles, effect of electrode pretreatment, 
[AuCUl = 1 0 0  fiM, r\ = -800 mV.

Electrode
Pretreatment

Number Density 
(particles/|im2)

Diameter
(nm)c

Polish, water 89 ± 7 a 13 ± 3

Polish, cyclohexane 78 ± 7 a 20 ± 4

ECP, 1.0 M NaOH 2 2 ± 4 a 35 ± 8

ECP, 0.1 M H 2S 0 4 4 ± 2b 70 ± 28

a. Based on measurements o f at least 25, l|i.m2 areas.
b. Average values based on measurements of three, 12 (J.m2 areas.
c. Based on measurements of at least 40 particles.
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Figure 3.3: Scanning electron micrographs of electrochemically deposited gold 
particles on normal polished GC. T| = -800 mV, [AuCLf] = 100 |i.M. (A) 15000x, 
(B) 50000x, magnification.
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Polishing in cyclohexane renders an electrode surface that is considerably 

devoid of surface oxide groups compared to a GC electrode polished in water [38], 

Control experiments using the Fe+2/+3 redox system were employed to evaluate the 

effects of this pretreatment method. Cyclic voltammograms of the Fe+2/+3 system 

typically displayed a peak separation of 600 to 700 mV, indicative of a surface 

that is relatively free of surface oxide groups. Figure 3.4 contains SEM 

micrographs of gold particles deposited on a cyclohexane polished GC electrode. 

Again, an array of small, uniformly dispersed gold particles is obtained. Table 3.2 

shows that the values of number density and particle diameter obtained on a 

cyclohexane polished electrode are very similar to those obtained on a polished 

GC electrode. However, this observation is in contradiction with that expected 

from the results presented in Table 3.1.

Results from gold oxide reduction experiments suggest that roughly half of 

the gold surface area is obtained on a cyclohexane polished GC electrode relative 

to a polished GC electrode under similar deposition conditions. A possible 

explanation for the inconsistency in these two observations is that a fraction of the 

gold particles become dislodged or are in poor electrical contact with the 

underlying GC substrate, and cannot be addressed using gold oxide reduction 

experiments. At this point, judging from the scanning electron micrographs, it is 

concluded that the presence of surface oxide groups does not affect the nucleation 

and growth behavior of gold particles on GC. However, as the cyclohexane 

polished electrodes are observed to become hydrophobic upon pretreatment in 

cyclohexane/alumina slurries, physical differences in the nature of the polishing 

layer may cause these particles to loose electrical contact, or become detached 

from the underlying GC substrate. Another possible reason for the increased 

surface area may the presence of small (< 5 nm) gold particles on the polished GC 

surface. It is not possible to observe such small particles using SEM.
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Figure 3.4: Scanning electron micrographs of electrochemically deposited gold 
particles on cyclohexane polished GC. T| = -800 mV, [AuC14~] = 100 jiM.
(A) 15000x, (B) 50000x, magnification.
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Incorporation of cyclohexane into the polishing layer may prevent the deposition 

of such small particles on cyclohexane polished GC electrodes.

Figure 3.5 contains SEM micrographs of gold particles deposited on a GC 

electrode that has been electrochemically pretreated in 1.0 M NaOH. Worthy of 

note is the predominant appearance of enlarged polishing scratches that result 

from ECP and dissolution of EGO. In terms of the effects on nucleation and 

growth behavior, number density is observed to decrease while gold particle size 

increases. Quantitative values from image analysis contained in Table 3.2 confirm 

these observations. Distribution of the gold particles remains fairly uniform. A 

possible explanation for this behavior is that ECP of the electrode has served to 

reduce the number of nucleation sites available on the electrode surface for gold 

particle deposition. These sites are blocked by the presence of a thin layer of 

surface oxide groups. It has been demonstrated that the anodization of GC under 

basic conditions causes the polishing debris and EGO layer to be dissolved away 

[20, 31]. While most of the oxidized material is removed during this process a 

very thin layer of surface oxides remain on the GC surface. This thin layer serves 

to block most of the electrode surface toward gold deposition. When these 

electrodes are removed from the electrochemical cell the pretreated surface 

appears gray in color, and polishing scratches are somewhat visible when the 

electrode is tilted against direct light. This behavior may result from electrostatic 

interactions. Surface oxide groups are anionic in nature, and thus electrostatic 

repulsion of negatively charged AuCLf ions from the vicinity of the electrode 

surface serves to inhibit nucleation and growth. Since fewer nucleation sites 

become available, larger particles are obtained, as observed in Figure 3.5, because 

a greater proportion of gold in solution is directed toward particle growth.

Figure 3.6 contains SEM micrographs of gold particles deposited on a GC 

electrode that has been electrochemically pretreated in 0.1 M H2SO4 . As 

illustrated in Figure 3.1, ECP of GC in acidic media is accompanied by the
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Figure 3.5: Scanning electron micrographs of electrochemically deposited gold 
particles on 1.0 M NaOH ECP GC. T| = -800 mV, [AuCU’] = 100 jiM.
(A) 15000x, (B) 50000x, magnification.
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Figure 3.6: Scanning electron micrographs of electrochemically deposited gold 
particles on 0.1 M H2SO4  ECP GC. r\ = -800 mV, [AuCU‘] =  100 (iM.
(A) 15000x, (B) 50000x, magnification.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



114

formation of a thick EGO layer. [20, 22, 24, 26]. In these samples, the observed 

differences in particle size, number density and distribution are even more 

dramatic. Quantitative values from image analysis listed in Table 3.2 reflect the 

dramatic reduction in number density and increase in particle size observed on 

these electrodes. Larger and fewer particles are observed with a somewhat 

random distribution. Also, larger particles possess irregular as opposed to circular 

shapes, as seen in Figure 3.6 and Table 3.2. These results are attributed to the 

effects of ECP on the electrode surface and the presence of a thick EGO layer, 

which effectively blocks gold particle nucleation. Firstly, the EGO layer has been 

described as nonconducting except for the region immediately adjacent to the 

electrode surface [24]. Therefore EGO may serve to insulate or shield the GC 

surface from gold deposition. Secondly, due to the buildup of EGO in acidic 

media as opposed to basic media, the thick EGO layer may also electrostatically 

repel AuC14" from the electrode surface, further restricting particle nucleation.

Anodization under acidic conditions produces a stable EGO film on the 

surface of GC electrodes that continues to grow deeper with increased anodization 

times [24], It has also been demonstrated that this EGO layer is capable of 

blocking ferricyanide voltammetry [23, 25]. In Figure 3.6 polishing scratches 

remain relatively unchanged from those observed on a polished electrode. This is 

indicative of accumulation and growth of an EGO layer. When removed from the 

electrochemical cell the graphitic oxide layer appears blue in color, a result of 

optical interference due to the thickness of the transparent layer [24], For ECP in 

acidic media the resulting EGO layer is thicker in contrast to the layer of surface 

oxides generated in basic media (Figure 3.1) and hence more efficient at blocking 

gold deposition on GC electrodes, either by insulation or electrostatic repulsion. 

Thus, even fewer and larger particles are observed, due to the reduced number of 

available nucleation sites, as observed in Figure 3.6.
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In summary, the differences observed in the nucleation and growth 

behavior between the polished and electrochemically pretreated GC substrates are 

attributed mainly to the presence of surface oxides and EGO layers that form upon 

ECP of the GC substrates [20]. Thus, the presence of surface oxides or an EGO 

layer may block active sites for gold particle nucleation, limiting deposition to 

defects or discontinuities in these layers. Electrostatic considerations may also be 

partly responsible for inhibiting nucleation of gold particles on the electrode 

surface. As previously discussed, anodization in either acidic or basic media 

results in significantly different effects on the GC surface. Differences in the two 

anodization processes (Figure 3.1) can be used to explain the variations observed 

in gold particle deposition on these two electrodes. We propose that gold particle 

deposition occurs mainly on exposed regions of the carbon substrate, and, to a 

lesser extent, on surface oxide and EGO layers. Polishing serves to expose 

nucleation sites, while surface oxides and EGO block them.

Adhesion Studies. As already discussed, different electrode preparation 

methods have diverse impacts on the physical nature of the prepared electrode 

surface. Polishing procedures give rise to a thin layer of finely divided polishing 

debris on the electrode surface while ECP imparts layers of EGO or surface oxides 

onto the GC substrate. The adhesion of metal particles to carbon supports often 

arises as a major issue in catalysis studies. The sintering of platinum particles on 

fuel cell electrodes is one such example [1]. The ultimate goal of this research is 

to be able to use electrochemically deposited gold particles as sites for the 

attachment of specific functional groups to GC by taking advantage of well 

characterized self-assembly methods. If this method is to be successful, then the 

gold particles should display good adhesion to the carbon substrate such that they 

are not dislodged or rinsed from the surface, or lose electrical contact with the 

substrate during preparation and regular usage of the electrode. The following
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study was aimed at the determination of the effects of surface pretreatment on gold 

particle adhesion.

Gold particles were electrochemically deposited on a series of pretreated 

GC substrates. Adhesion of the gold particles was evaluated by determination of 

the total gold surface area, as determined by gold oxide reduction, before and after 

sonication in water for 30 seconds. Results from these experiments are tabulated 

in Table 3.3. Polishing in water renders a surface that favors the formation of high 

surface area gold deposits. Surface areas obtained on this electrode were a factor 

of two greater than those obtained for any of the other GC pretreatment methods. 

This is not surprising in the case of the ECP electrodes as the particle sizes are 

larger and the number densities are significantly reduced (Table 3.2). However, 

polished GC and cyclohexane polished GC display very similar number densities 

and particle sizes, yet, a large difference in surface area is observed. It is 

postulated that the difference in observed surface area might be due to poor 

electrical contact of the gold particles deposited on cyclohexane polished 

electrodes.

Table 3.3: Effect of electrode pretreatment on gold particle deposition and 
adhesion, [AuCLf] = 100 (iM, rj = -800 mV.

Electrode
Pretreatment

Qobs
0iC)a

Au Retained
(%)a

Polish, water 10 .0 -10 .4 45-91

Polish, cyclohexane 4 .5 -5 .6 2 4 -3 4

ECP, 1.0 M NaOH 4.1 -4 .5 5 - 1 4

ECP, 0.1 M H2S 0 4 4 .7 -5 .3 60 -97

a. Based on measurements of at least 5 samples.
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As observed in Table 3.3, the polished GC surface displays significantly 

better gold particle adhesion than cyclohexane polished GC. Cyclohexane 

polished electrodes maintain a maximum of 34 percent of their gold surface area 

upon sonication whereas polished electrodes maintain 45 to 91 percent. Whether 

the differences in adhesion are due to the presence of surface oxide groups or a 

thin film of polishing debris cannot be determined at this point. Gold particles are 

more easily dislodged during sonication on a cyclohexane polished electrode than 

on a polished electrode. The poor adhesion of gold particles to cyclohexane 

polished electrodes suggests that these particles may lose electrical contact with 

the GC substrate more readily that on a polished GC electrode; thus, a decrease in 

surface area is observed. The differences in adhesion may be due to physical 

differences in the nature of the thin layer of polishing debris. As one is generated 

from an aqueous alumina suspension and the other is generated from an organic 

solvent/alumina suspension their physical properties may differ, directly affecting 

adhesion and electronic connectivity to the electrode surface.

Electrochemically pretreated GC electrodes render similar gold surface 

areas; however, adhesion to these surfaces differs significantly as observed in 

Table 3.3. On a base pretreated surface, a large percentage of the original gold 

surface area is lost upon sonication, only 5 to 14 percent of the observed surface 

area is maintained upon sonication. For an acid pretreated surface a much larger 

percentage of the original gold surface area remains after sonication, in most 

cases, upwards of 80 percent of the original surface area is maintained. Since both 

surfaces possess surface oxide groups, it is difficult to attribute these differences in 

adhesion solely on the presence or absence of surface oxide groups. Differences 

in adhesion are attributed to the nature of the EGO layer present on the acid ECP 

electrode surface. As alluded to previously, it has been demonstrated that 

electrochemical pretreatment in basic media dissolves away most of the EGO 

layer that is generated during pretreatment [20, 31]. Thus, it is suspected that only
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a very thin film of surface oxides remains on these electrodes. Two scenarios may 

arise to account for the significant loss of gold surface area. Firstly, adhesion of 

gold particles to surface oxides is poor and the particles are readily dislodged from 

the GC surface upon sonication. Alternatively, adhesion of the gold particles to 

surface oxides may be good, but they are so loosely bound to the GC substrate that 

the particles are easily dislodged upon sonication.

Electrochemical pretreatment in acid results in a thick EGO layer on the 

GC electrode. This layer continues to form as long as a potential is applied to the 

GC substrate in acidic media [24], EGO is also hydrated, porous, anionic, and 

permits ion exchange and uptake of ions in solution to take place [25, 32]. Due to 

the porous nature of this layer, it may be better suited to trapping 

electrochemically deposited gold particles onto the GC surface, making them 

difficult to remove by sonication. The results of this investigation suggest that the 

best method of electrode pretreatment is polishing in an alumina/water slurry. 

Gold particles obtained are small, well dispersed, and display good adhesion to the 

GC surface.

Conclusions
From the results of these studies it is difficult to attribute the differences 

observed for gold deposition on the four different surfaces studied solely on the 

presence or absence of surface oxide groups. In fact, cyclic voltammetry suggests 

that the presence of surface oxide groups do not play an important role in terms of 

the kinetics of gold deposition. Major differences in gold deposition behavior are 

encountered when electrochemically pretreated substrates are employed. Thus, 

the differences observed are attributed mainly to the nature of the layer of surface 

oxide groups or EGO that accumulates on the electrode surface. As the EGO layer 

is much thicker than a layer of surface oxide groups it may be more efficient at 

electrostatically repelling AuCLf ions from the electrode surface and trapping the
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particles that do manage to nucleate. Differences observed in the two polished 

substrates may be attributed to the polishing media employed, polishing in water 

vs. cyclohexane, and the nature of the resulting layer of polishing debris. To 

attribute the observed differences solely to the presence of surface oxide groups 

would be risky at this point and further experimentation is needed. Some 

suggestions for future experiments include; SEM analysis as a function of 

pretreatment time, SEM analysis after sonication, and a study of the effect of the 

application of a cathodization step immediately following the anodization step. 

Use of metal cations, such as Ag+ or Cu2+, may also be used to test whether or not 

electrostatic repulsion plays an important role in nucleation and growth behavior. 

Recall from the introduction that an increase in number density is observed for 

silver particle nucleation on anodically pretreated GC electrodes.

From these results it was concluded that the best method of electrode 

preparation to employ for future work is polishing in an alumina/water slurry. The 

gold deposits obtained possess large surface areas and a large number of small, 

uniformly dispersed particles that generally display good adhesion to the GC 

substrate. Gold particle arrays prepared in this manner serve as desirable 

precursors for further chemical modification in the preparation of chemically 

modified electrodes.
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CHAPTER IV

MODIFICATION OF SUPPORTED GOLD PARTICLES TUSING 

ALKANETHIOL SELF ASSEMBLED MONOLAYERS

Introduction

In the preceding chapters, the electrochemical deposition of go ld  onto GC 

was studied. The main objective of these studies was to develop a  protocol for 

producing arrays of supported gold particles for future chemical modification 

using thiol molecules. In Chapter n, the effects of deposLtion solution 

concentration and deposition overpotential were investigated. It w^as found that 

the most desirable arrays of small, well dispersed, gold particles cam be prepared 

using dilute solutions, 100 to 200 |J.M AuC14\  and overpotentials of -800 to -1000 

mV. The number density, surface area, and microcrystal structure of" these particle 

arrays were also determined. In Chapter HI, the effects of electrode surface 

pretreatment on gold particle deposition were investigated. It was ffound that the 

various surface pretreatment methods employed in this study each hawe a profound 

effect on the nature of the gold particles obtained. Particle size, nu.mber density, 

and gold surface area were most notably affected. Some insight in to  the adhesive 

properties of the gold particles was also obtained. From the results of these 

studies it was determined that the most desirable gold deposits are= produced on 

surfaces that are prepared by polishing in water/alumina slurries. Thiese electrodes 

are referred to as normal polished surfaces.

From the results of Chapters II and m  combined, a suitable prrotocol for the 

preparation of small supported gold particle arrays was establi shed. Thus, 

subsequent experiments were performed employing gold particles prepared using
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these conditions, except where stated otherwise. The next generation of 

experiments was focused on the chemical modification o f these gold particles 

using self-assembled alkanethiolate monolayers. More specifically, in this chapter 

the properties of alkanethiolate monolayers on electrochemically deposited gold 

particles were investigated using electrochemical and spectroscopic techniques. 

Also, the feasibility of successive deposition and modification steps on a single 

electrode was explored. The purpose of these studies was to evaluate these 

supported gold particles as sites for chemical modification o f the GC surface. We 

feel that this technique has good potential as a method for the preparation of 

chemically modified electrodes.

Self-assembled monolayers of long-chain alkanethiols or disulfides on gold 

have been an area of intense research over the past fifteen years. The popularity of 

this system can be attributed to its numerous attractive properties. These 

properties include: the strength and stability of the gold-sulfur interaction which 

allows monolayer formation to proceed in the presence of many functional groups, 

the flexibility afforded with respect to surface chemistry obtained by simply 

changing the tail group on the disulfide or thiol molecule, well-defined structural 

order and integrity of self-assembled films due to favorable van der Waals 

interactions between the long alkane chains, the stability of the films in the 

presence of strongly acidic or basic electrolytes and applied potentials, and the 

ease of preparation and analysis of film samples. These model systems have been 

extensively studied and characterized using techniques such as optical 

ellipsometry, X-ray photoelectron spectroscopy, reflectance infrared spectroscopy, 

surface Raman scattering, contact angle measurements, surface plasmon 

resonance, scanning probe microscopy, and electrochemistry [1-15].

A more traditional method of preparing thin organic films has been the use 

of the Langmuir-Blodgett technique [16]. However, self-assembly offers 

significant advantages over this method. Unlike the labor-intensive Langmuir-
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Blodgett technique, preparation of these thin organic films involves the 

spontaneous solution adsorption of thiol or disulfide molecules onto gold 

substrates. Also, due to the nature of the Langmuir-Blodgett method, the types of 

bifunctional molecules that can be employed to produce thin organic films is 

restricted to those containing only one polar group. This limitation is not 

encountered when employing the self-assembly method, further expanding the 

number and types of films that may be prepared. These advantages are among the 

main reasons for the increasing popularity of this sample preparation technique.

Nuzzo and Allara were the first to demonstrate the ability of sulfur 

containing molecules to bind to gold substrates [1]. In this work they showed that 

it was possible to prepare supported, oriented monolayers of polyfunctional 

organic molecules with a variety of molecular structures. In particular, they 

demonstrated that it is possible to control the surface chemistry at the interface by 

simply varying the functional group at the opposite end, or terminus of the 

disulfide molecule. In this study a series of samples of disulfide monolayers were 

prepared and analyzed using optical ellipsometry, reflectance infrared 

spectroscopy, and contact angle measurements. Film thicknesses obtained by 

ellipsometry were slightly less than the estimated values obtained for an 

arrangement of molecules having bulk packing densities and full vertical chain 

extensions away from the substrate surface. This discrepancy may be attributed to 

the fact that the alkyl chains are not oriented normal to the substrate surface, and 

display some degree of tilt in their orientation. Results obtained from infrared 

reflection experiments indicate that the chains are at full extension with a planar 

zigzag conformation [17, 18]. In addition, the various contact angle measurements 

for water on the different samples studied display variation in a manner that is 

consistent with the polarity of the terminal functional group, i.e. not the disulfide 

group. This observation provides additional strong evidence for adsorption of the 

disulfide group at the gold substrate.
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Thiol molecules display similar self-assembly behavior to that of disulfides 

on gold [2, 5-7, 9-12] and other metals [9, 10, 19]. In fact, it has been observed 

that thiols and disulfides give rise to similar monolayer species even though their 

kinetics of adsorption and place exchange may differ [6 ]. Infrared spectroscopic 

and ellipsometric data show that long-chain thiols form a densely packed, 

crystalline-like assembly with fully extended alkyl chains exhibiting tilt angles of 

20 to 40 degrees vs. the surface normal [2, 6 , 7]. Scanning tunneling microscopy 

[ 1 1 ] and atomic force microscopy [ 1 2 ] studies confirm that for alkyl chain lengths 

of four carbon atoms or longer these adsorbates adopt a (V3xV3)R30° adlayer 

structure on Au(l 11) substrates. It is speculated that tilting of the chains occurs in 

order to maximize the van der Waals interactions between them.

An extensive study of the structural characterization of normal 

alkanethiolate monolayers on gold was first presented by Porter and co-workers 

[2]. In this study, monolayer assemblies of n-alkanethiols of varying chain length, 

CH3(CH2)nSH, were characterized by optical ellipsometry, reflectance infrared 

spectroscopy, and electrochemistry. The results of these studies reveal distinct 

differences in the properties between long and short-chain alkanethiolate 

monolayers. Transition from a densely packed, highly ordered, crystalline-like 

assembly for longer chains (n > 9) to an increasingly disordered, less densely 

packed structure is observed to occur for alkyl chains less than ten carbon atoms in 

length. Ellipsometric measurements of film thickness give rise to lower values 

than those theoretically predicted for the shorter chain lengths, (n < 8 ). This 

observation suggests that the alkyl chains are not fully extended or as densely 

packed and adopt a more disordered liquid-like orientation. It is generally 

accepted in the literature that this transition occurs for chain lengths less than ten 

carbon atoms long (n < 9).

Infrared spectroscopic data reveal that the asymmetric methylene stretching 

mode (va,CH2) absorption intensity is directly proportional to the number of
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methylene groups per alkyl chain [2]. This result suggests that the self-assembly 

process renders reasonably uniform quality monolayers for all alkyl chain lengths. 

However, upon closer examination, the spectra reveal subtle, but important effects 

of alkyl chain length on packing density, crystallinity, and orientation of the 

monolayer. Comparison of the position of the peak frequency for v a,CH2  in the 

monolayer spectra reveals a shift toward higher energy as the length of the alkyl 

chain is decreased. Thus, a shift to higher energy is indicative of decreased order 

in the monolayer structure. Peak broadening (FWHM) is also observed for less 

ordered samples. These analyses and conclusions are based on previous work by 

Snyder and coworkers on the infrared investigation of single crystal and liquid 

state polymethylene chains [17, 18].

The structure of self-assembled monolayers may also be probed using 

electrochemical methods. While ellipsometry and infrared spectroscopy provide a 

more general idea of the average structure of these assemblies, electrochemistry is 

highly sensitive to defects and imperfections in the monolayer structure. In their 

investigations, Porter and co-workers compared the blocking effects of 

monolayers of various chain lengths on the redox behavior of the Fe+2/+3 and 

Fe(CN ) 6 ~3A4 redox systems at gold electrodes [2]. At bare gold electrodes, both 

systems display nearly reversible electron transfer behavior. On electrodes 

modified with butanethiol (n = 3) the electron transfer kinetics become severely 

affected, giving rise to large peak separations. In fact, the anodic peak for the 

Fe+ 2/+ 3 system is no longer observed. However, the observed current is attributed 

to electron transfer at defects in the monolayer. Electrodes modified with 

octanethiol (n = 7) completely block electron transfer for both systems, indicative 

of a structure that is low in defects and impermeable to ions.

Capacitance measurements can also be used as a diagnostic of film 

thickness. If the electrode/monolayer/solution interface is modeled as a capacitor, 

then the monolayer can be thought of as the dielectric material between the two
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plates of the capacitor. As the separation between the plates is increased, 

capacitance decreases as a function of the distance between the plates. Hence, this 

method may also be employed to probe monolayer film thickness. For alkyl 

chains longer than nine carbon atoms the capacitance was found to be inversely 

proportional to the length of the alkyl chain [2]. This is also a good indication of 

the structural integrity of these monolayers. For monolayers consisting of nine 

carbon atom or less this behavior is not observed. This suggests that supporting 

electrolyte ions are participating in some manner in the charge redistribution 

process. This was attributed to either permeation of ions into the monolayer 

structure or a contribution from structural defects.

Further studies have emerged whose main focus has been on the effects of 

different functional groups, other than methyl, at the terminus of the alkane chain. 

As already mentioned, changing the tail group affords the ability to control the 

surface chemistry of the film. It has been shown that this will affect the properties 

of the thin film in terms of its wettability [5, 6 ], and may also induce changes in 

ordering or packing density depending on the size of the terminal group. Chidsey 

and coworkers have examined the effects of various tail groups on the 

defectiveness and permeability of long chain organic monolayers [8 ]. As long as 

the terminal group is relatively small, the structure of the monolayer is dominated 

by the van der Waals interactions between the methylene chains. Infrared studies 

reveal that monolayers terminated with -O H  and -CN groups have nearly 

crystalline packing and -COOH terminated monolayers more disordered or liquid 

like packing. This result was confirmed by observing the electrochemical 

blocking behavior of these films on the Fe(CN) 6 ' 3A4 and Ru(NH3 ) 6 +2/+3 redox 

systems. It has also been demonstrated that the capacitance of a modified gold 

electrode will change depending on the nature of the terminal functional group 

[13]. Since all monolayers in this study were formed from similar chain lengths 

(n = 11) and small terminal groups, (-CH3, -OH, -CN, and -Cl) the differences in
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capacitance of the samples were attributed to the difference in dielectric behavior 

of the terminal functional groups. Monolayers containing electroactive moieties 

as the tail group have also been prepared using the self-assembly method. 

Discussion of these types of monolayers will be deferred to Chapter V.

The large body of recent literature on the preparation of 5 0 Id colloids 

modified by the spontaneous chemisorption of alkanethiols has .guided us to 

explore the electrochemical deposition and modification of supported gold 

particles on GC [20-35]. Brust and coworkers were the first to demonstrate that it 

is possible to synthesize modified gold colloids by employing a two-phase liquid- 

liquid system [20, 21]. Tetrachloroaurate(III), (AuCLf) is transferred from 

aqueous solution into toluene using an appropriate phase transfer reagent. Gold is 

then reduced with aqueous sodium borohydride in the presence of the desired thiol 

molecule. This procedure results in thiol derivatized metal nanoparticles that can 

be handled and characterized as a simple chemical compound. Materials prepared 

in this manner are extremely stable and do not show any signs of decomposition 

such as particle growth or loss of solubility. Colloidal solutions of these particles 

are also very stable and show no signs of decomposition or aggregation over a 

period of several weeks [21]. Transmission electron microscopy shows that the 

modified metal particles have diameters in the range of 1 to 3 nm  and possess 

either cuboctahedral or icosahedral shapes. It is also possible to obtain infrared 

spectra of these materials by dropcasting a film of the modified colloids onto a 

NaCl or KBr disc. Transmission spectra of the modified particles look similar to 

those of the bulk thiol used for modification. This provides evidence that the 

colloids have indeed been modified with thiol monolayers. It is also possible to 

further react the modified colloids using simple organic reactions such as 

esterification of surface bound phenolic hydroxy groups [21]. The reaction was 

monitored using infrared spectroscopy which provides further evidence that the 

thiols are attached to the surface of the gold colloids.
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Several interesting studies have recently emerged which focus on the study 

of modified colloids. The majority of these studies are focused on the 

investigation of monolayer structure and properties. It is believed that the 

properties of the monolayers are affected mainly by the high radius of curvature of 

particles in the 1 to 5 nm range. The small gold core radius causes the attached 

hydrocarbon chains to fan out on average away from the gold core. Therefore, the 

average ligand packing density is necessarily higher near the gold core and 

becomes considerably less dense at the chain termini [30],

It has been demonstrated that core sizes can be finely adjusted by varying 

the goldrthiol ratio and the temperature at which the colloids are prepared [32]. 

The ability to vary the size of these colloids presents significant opportunities in 

chemistry, as catalytic, optical, magnetic, and electronic properties can be 

dimensionally sensitive. Due to their physical properties: small size, large surface 

area, and solubility, these modified colloids can be investigated using techniques 

that are not sufficiently sensitive for study of a monolayer on a flat surface [2 2 ]. 

This has prompted researchers to redefine these systems as “monolayers in three
I Idimensions”. Such techniques include H and C NMR spectroscopy, elemental 

analysis, differential scanning calorimetry, thermogravimetry, UV visible 

spectroscopy, and diffusion ordered NMR spectroscopy. More conventional 

techniques such as electrochemistry, scanning probe microscopy, small angle 

X-ray scattering, X-ray photoelectron spectroscopy, transmission electron 

microscopy, and contact angle measurements have also been employed. Some 

interesting results from these studies will now be discussed.

Infrared spectroscopic studies of modified colloids suspended in a KBr 

pellet show that the monolayers exhibit similar crystalline structure to those 

obtained on planar gold substrates [25, 28]. This is a surprising result since some 

disorder is expected due to the decreased packing density of alkane chains at the 

outermost region of the monolayer. However, the authors caution that this
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observation may be an artifact of sample preparation. Firstly, order may be 

induced in the alkane chains due to the applied pressure during pellet fabrication 

[32]. Also, interdigitation at the terminal regions of the alkane chains may 

contribute to ordering in the bulk sample [22, 26, 30-32], It has been shown by 

transmission electron microscopy that the distance between two modified particles 

can be considerably less than twice the length of the alkane chains used for 

modification. From this observation interdigitation is inferred [31]. Much of the 

observed disorder in these monolayers is attributed to gauche defects present at the 

chain termini [25, 32].

Results from NMR studies further support the idea that packing density 

decreases toward the outermost regions of the monolayer. Since these samples are 

prepared as dilute solutions of modified colloids, ordering should be minimal due 

to solvation of the chain termini [30]. Proton and 13C NMR linewidths tend to 

become broadened as the positions of the atoms become closer to the gold core 

[22, 26, 30, 32]. This observation is largely attributed to the fact that chain 

packing near the gold core is more dense. Therefore, methylene groups closest to
13the gold core experience faster spin relaxation from dipolar interactions [32]. C 

spectra of modified colloids reveal that linewidths vary systematically with carbon 

site position relative to the gold core surface [22, 26, 32].

The results presented in Chapter IV focus on the chemical modification of 

small supported gold particles with long chain alkanethiolate molecules. The 

modified particles have been studied by scanning electron microscopy (SEM), 

infrared reflection absorption spectroscopy (IRRAS) and electrochemistry. While 

this system differs significantly from that of chemically modified gold colloids, 

the results of studies performed on chemically modified gold colloids proved 

useful in the interpretation of the experimental data. Chemically modified gold 

particles present an intermediate scenario between those of monolayers on planar 

gold substrates and those on small gold colloids. While the supported particles are
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large enough in diameter to be considered “planar” substrates, some effects due to 

their small size and shape are reflected in the observed monolayer structure and 

properties. The results of these studies will now be presented.

Experimental Section

Chemicals. Potassium tetrachloroaurate (Aldrich), hexanethiol, HT, 

(Aldrich), dodecanethiol, DDT, (Aldrich), catechol (Aldrich), potassium 

ferricyanide (Certified, Caledon), potassium chloride (Anachemia), ethanol 

(punctilious grade, Millennium Petrochemicals), cyclohexane (Certified, Fisher) 

sulfuric acid, (Fisher), and perchloric acid, (Caledon) were all used as received. 

Octadecanethiol, ODT, (Aldrich) was recrystalized three times from ethanol, and 

octadecanethiol-J37 was a gift from Marc Porter (Iowa State University).

Electrode Preparation. GC electrodes (Tokai GC-20, Electrosynthesis 

Company, NY) consisted of either 12mm x 12 mm x 3 mm plates or 3 mm sections 

of a 6  mm diameter GC rod heat pressed into a teflon electrode housing. Electrical 

contact to the GC is made through an aluminum rod and silver epoxy. For infrared 

measurements, 3 cm x 6  cm x 1 mm GC plates were employed. The backside of 

these plates was coated with a thick film of poly(ethylene)/poly(vinylacetate) 

60:40 (Aldrich) to block electrochemical activity. Electrode surfaces were 

prepared by polishing on a glass plate in alumina/water or alumina/cyclohexane 

slurries. Two grades of polishing alumina were employed, 1.0 micron alpha 

alumina, and 0.3 micron alpha alumina (Buehler). Upon polishing, the electrodes 

were rinsed, sonicated for ten minutes, rinsed, sonicated for a further ten minutes, 

rinsed, and stored in a beaker of water or cyclohexane. This procedure was 

repeated after polishing with each size of alumina and electrodes were used 

immediately after being polished. Polycrystalline gold electrodes consisted of 

either a 1 mm diameter gold disk electrode (Bio-Analytical Systems) or glass
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slides sputter coated with 500 um of gold, primed with 30 nm of titanium for 

adhesion. Supported gold particles were prepared by potential step deposition 

from solutions of AuCLf in 0.5 M sulfuric acid, as described in Chapter II. 

Monolayer samples were prepared by immersion of the electrodes into millimolar 

solutions of the desired alkanethiol in ethanol for a set period of time.

Electrochemical Measurements. Electrochemical experiments were 

carried out using a Pine Model AFCBP1 bipotentiostat with a coiled platinum wire 

auxiliary electrode and Ag/AgCl (sat’d  KC1) reference electrode. The auxiliary 

electrode was separated from the bulk solution using a glass frit. All potentials in 

the text are referred to the Ag/AgCl reference electrode unless stated otherwise. 

All solutions were purged with prepurified argon prior to use.

SEM Imaging. Scanning electron microscopy analysis of the gold deposits 

was carried out by George Braybrook, Department of Earth and Atmospheric 

Sciences, using a JEOL model 6301FXV scanning electron microscope at an 

acceleration voltage of 15 to 20 kV and a working distance of 4 to 5 mm.

IRRAS Studies. IRRAS spectra were obtained on an ATI Mattson Infinity 

Series FTIR spectrometer equipped with an external sample module and liquid 

nitrogen cooled mercury-cadmium-telluride (MCT) detector. Spectra were taken 

at 2 cm ' 1 resolution with a mirror speed of 50 kHz. Typically, 1000 scans and 

5000 scans were averaged to yield spectra with acceptable signal-to-noise ratios 

for bulk gold films and supported gold particles respectively. The interferrograms 

were Fourier transformed using triangular apodization. Reference spectra were 

obtained with bulk gold films and supported gold particles modified with 

octadecanethiol-Jj7 under the same conditions.
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Results and Discussion

In Chapter II it was demonstrated that it is possible to control the size and 

number density of electrochemically deposited gold particles on GC by varying 

the deposition solution concentration or deposition overpotential. The result of 

this work is that we now have a reproducible method of producing arrays of well 

dispersed, nanometer sized supported gold particles. The results presented herein 

focus on the use of alkanethiols to chemically modify supported gold particles. 

The goals of these studies are two fold. Firstly, we wish to investigate the 

feasibility of modifying these supported gold particles using self-assembled 

monolayers. The ability to modify the existing particles by taking advantage of 

gold-sulfur chemistry provides a potentially new method for introducing 

functional groups onto the surface of GC electrodes in a controlled manner. 

Secondly, we wish to examine the monolayers formed, and draw some 

conclusions about their structure and physical properties.

Gold particles were electrochemically deposited onto polished GC 

electrodes via potential step, as described in Chapter II. The existing particles 

were then chemically modified by placing these electrodes into dilute solutions of 

the desired alkanethiol for a predetermined period of time. Various 

electrochemical and spectroscopic experiments were then employed to probe the 

properties of these modified particles.

SEM  Imaging. In Chapter EE scanning electron microscopy (SEM) was 

employed to obtain a visual perspective of gold particles electrochemically 

deposited onto GC substrates. From SEM image analysis it was possible to obtain 

values of number density and particle diameter for the various deposition 

conditions studied. In this chapter the range of deposition solution concentrations 

was expanded to include more concentrated AuCU' solutions. Concentrations as 

high as 1 mM AuC14' were used in the preparation of infrared samples in an effort 

to obtain better signal-to-noise ratios for the infrared spectra. SEM imaging was
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Figure 4.1: Scanning electron micrographs of electrochemically deposited gold 
particles on GC, T| = -800 mV, t = 5 s. (A) 500 fi.M, (B) 1 mM, AuCLf.
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employed to confirm that individual, well-dispersed gold particles are obtained at 

the higher deposition solution concentrations. Parts A and B of Figure 4.1 contain 

SEM images of gold particles electrochemically deposited on GC from solutions 

of 500 (iM, and 1 mM AuCLf. Gold particles appear as circular bright spots 

surrounded by a background of darker GC substrate. The SEM images confirm 

that it is still possible to obtain good distributions of individually supported gold 

particles from more concentrated deposition solutions.

IRRAS Studies. IRRAS has been used extensively to study and 

characterize self-assembled monolayers of various thiol molecules on bulk gold 

films [1, 2, 7, 8 ]. From these studies it is possible to gain information about 

monolayer order, packing density, coverage, surface chemistry, and orientation. 

In this investigation the focus was to obtain infrared reflectance spectra of 

supported octadecanethiol (ODT) modified gold particles. Several studies have 

shown that it is possible to obtain infrared spectra of chemically modified gold 

colloids [20, 21, 25, 28, 30, 32], However, the samples employed in these studies 

typically consist of modified colloids drop cast onto a salt plate or pressed into a 

KBr pellet. Spectra were obtained by transmission infrared spectroscopy. The 

primary goal of this study was to test the feasibility of modifying supported gold 

particles with alkanethiol molecules and to probe the structure of the resulting 

monolayer using IRRAS. Herein, the first infrared spectrum of chemically 

modified gold particles supported on a GC substrate is presented. This sample 

allows for spectroscopic interrogation of the modified gold particles without the 

possible consequences encountered from drop casting or pressing them into a KBr 

matrix. Such consequences may include alteration of the monolayer structure, 

such as induced ordering of the alkane chains due to the applied external pressure 

during pellet fabrication [32]. It is also possible for the long alkane chains to 

intercalate or interdigitate at their termini to produce well-ordered, crystalline,
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hydrocarbon domains [22, 26, 30-32], even when the sample is prepared by drop 

casting a film of modified colloids on a KBr plate.

A major stumbling block associated with this analysis is the inherent low 

infrared reflectivity of the GC substrate. This results in a very low mean-squared 

electric field (MSEF) for GC compared to that of metallic gold [36]. Also, the 

optimal angle of incidence for GC, that is, the angle of incidence at which the 

MSEF on GC is a maximum, is significantly different from that of gold. The 

respective values are -60° for GC and -79° for gold. At an angle of incidence of 

-75°, as used in our study, the MSEF on GC is approximately one seventh of that 

on gold [36]. An advantage of this is that interference from molecules adsorbed to 

the GC should be minimized. A major concern is whether these small gold 

particles can provide enough surface area to obtain a discemable infrared 

reflectance spectrum.

The particles in this study were electrochemically deposited by potential 

step from a solution of 1 mM AuCLf. Self-assembly of ODT was allowed to occur 

for at least 20 hours. Figure 4.2 contains two infrared reflectance spectra for ODT 

on gold. Trace (a) is representative of an ODT monolayer on a bulk gold film and 

is consistent with previous observations [1, 2, 4, 7, 8 ], as illustrated in Table 4.1. 

Trace (b) represents the reflectance spectrum of supported gold particles that have 

been chemically modified with ODT. Note that trace (b) has been plotted on a 

more sensitive scale compared to trace (a), thus, background noise becomes more 

pronounced. All of the characteristic symmetric and asymmetric methyl and 

methylene stretches are easily discerned for both modified gold particle and bulk 

gold film spectra (Table 4.1). This is an interesting result in itself as all of the 

electric field enhancement experienced by the ODT molecules is due to the small 

gold particles, and not the GC substrate. From these spectra it is possible to 

extract some detail about monolayer structure.
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Table 4.1: Band positions and peak widths for the spectra shown in Figure 4.2. 
ODT on bulk gold film, modified gold particles, and literature values, from ref [2].

IR Band 
Assignment

Gold Film Gold Particles 
on GC

Gold Film 
Lit. Values [2]

va(CH3,FR) 2964 cm '1 2970 cm '1 2965 cm '1

Va(CH2) 2918 cm '1 2924 cm '1 2917 cm '1

Av,/2 for va(CH2) 12.0 cm '1 15.2 cm '1 N/A

vs(CH3) 2877 cm '1 2881 cm '1 2878 cm"1

vs(CH2) 2850 cm '1 2852 cm '1 2850 cm '1

As observed in Table 4.1, comparison of the asymmetric methylene stretch 

for the bulk gold sample to that for supported gold particles reveals a shift to 

higher energy for ODT on gold particles by approximately 6  cm '1. Previous 

infrared studies have shown that the location of this peak is a sensitive indicator 

for lateral interactions between long n-alkane and polymethylene chains [2, 7, 17, 

18]. This peak is also broadened compared to that obtained on the bulk gold film. 

Taken together, a shift to higher energy and peak broadening, is indicative of a 

less ordered, more loosely packed ODT monolayer. Possible explanations for the 

observed disorder include disruption of the monolayer structure by a large number 

of surface defects such as step edges and grain boundaries, or surface roughness of 

the gold particles. Also, the effect of the radius of curvature of the particles on the 

packing of the alkane chains, particularly toward the chain termini, should be 

considered. These explanations are explored in more detail below.

Attempts to obtain reflectance spectra from particles deposited from less 

concentrated solutions, or adsorbates of shorter chain lengths, did not render as 

well defined spectra. This is most likely a consequence of the low surface area of 

electrochemically deposited gold. However, it is still possible to discern the
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Figure 4.2: Infrared reflectance spectra of ODT on, (a) bulk gold film,
(b) electrochemically deposited gold particles, r| = -800 mV, [AuCLf] = 1 mM.
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asymmetric methylene stretch (va, CH2) of ODT for modified gold particles 

deposited from less concentrated deposition solutions, as low as 100 jiM. This 

observation confirms the presence of modified gold particles supported on the GC 

surface. Further investigations are aimed at electrochemical characterization of 

the modified gold particles.

Oxide Blocking. Gold particles were deposited from a 100 jiM AuCLf 

solution onto polished GC electrodes by potential step. The gold particles were 

then modified using self assembled monolayers of alkanethiols of varying chain 

length, hexanethiol (HT), dodecanethiol (DDT), and octadecanethiol (ODT). 

Particle modification was then evaluated based on the ability of these monolayers 

to block surface oxidation of the gold particles. In Chapter II surface oxidation 

was used to probe the surface area of the gold deposits obtained. In these 

investigations the objective was to probe gold particle modification, and the 

stability of the resulting monolayers by examining their ability to block oxidation 

of the gold surface.

Figure 4.3 contains linear sweep voltammograms for gold oxide reduction 

on gold particles modified with alkanethiols of varying chain length: HT, DDT, 

and ODT. The reduction of a gold oxide film appears as a sharp wave at -935 mV 

on unmodified gold particles, as observed for trace (a) of Figure 4.3. This result 

also confirms the presence of gold particles on the GC surface. Integrating the 

area under the oxide wave gives the charge associated with reduction of the oxide 

film. From this value and using 489 (iC/cm2 for the reduction of a monolayer of 

chemisorbed divalent oxygen from a gold surface [37-39] an area of -0.025 cm 

was determined for the gold deposit. This constitutes approximately 8  percent of 

the macroscopic electrode area as determined by chronoamperometry. The area of 

the gold deposit obtained in each deposition step is reproducible and did not vary 

by more than 5 percent between successive experiments.
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Figure 4.3: Linear sweep voltammograms for the reduction of gold surface 
oxides from chemically modified gold particles in 0.5 M H2S 0 4, r\ = -800 mV, 
[AuCLf] = 100 pM, v = 200 mV/s: (a) unmodified particles, (b) HT, (c) DDT, 
(d) ODT.
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Traces (b), (c), and (d) of Figure 4.3 represent the blocking of surface 

oxidation of gold particles modified with HT, DDT, and ODT respectively. The 

first linear sweep for each experiment is displayed in the figure. For ODT 

modified particles, trace (d), virtually no oxide reduction wave is observed on the 

first potential sweep. As observed in Figure 4.3, the longer ODT chain most 

effectively blocked surface oxidation. As the alkanethiol chain length is 

decreased, the surface of the particles becomes more susceptible to surface 

oxidation. This is evident in Figure 4.3 for traces (b) and (c) by the increasing 

magnitude of the oxide reduction waves for particles modified with the shorter 

chain lengths. As expected, the observed trend reveals that longer alkane chains 

are more effective at blocking particle surface oxidation than shorter ones. It is 

also noted that the oxide stripping waves for modified particles are shifted to more 

negative potentials by -20 mV; this behavior was also observed by Malem and 

Mandler in their investigations of carboxylic acid terminated monolayers [40]. 

Upon repeated potential cycling, the ability of the monolayers to block surface 

oxidation is quickly disrupted. For ODT modified particles, significant oxide 

reduction current is observed after only three potential cycles. As expected, the 

magnitude of the oxide reduction wave increases more rapidly for particles 

modified with shorter chain lengths, as they are not as effective at blocking surface 

oxidation.

We attribute the decreasing blocking ability of the monolayers on gold 

particles to disruption and damage of the monolayer structure upon surface 

oxidation. Chidsey and coworkers observed similar degradation in the study of 

oxide blocking on bulk gold films [8]. Shorter chain lengths also experienced 

quicker, more pronounced degradation. Oxidation may result in the increased 

exposure of gold particle surface area via turn over and place exchange processes 

that are thought to occur upon gold surface oxidation [37, 41]. Oxidative 

desorption of thiol molecules should also be considered [42]. Similarly, one must
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also be aware of the consequences of reducing potentials on these monolayer 

assemblies as the reductive desorption of thiol molecules from gold electrodes has 

also been well documented [42-44], However, we believe that the first potential 

cycle serves as a good indicator for structural integrity of the monolayer, and can 

be useful in revealing subtle differences in monolayer structure that arise as a 

consequence of alkyl chain length.

The ability of self-assembled monolayers to block surface oxidation of gold 

particles was compared to their blocking ability on a two-dimensional 

polycrystalline gold film electrode. As illustrated in Figure 4.4, ODT and DDT 

monolayers, traces (c) and (b) respectively, are able to completely block surface 

oxidation of a polycrystalline gold film electrode. These monolayers are also very 

stable toward continuous potential cycling. For example, the third potential sweep 

for each electrode is shown in Figure 4.4 and further potential sweeps had little 

effect on the observed current. The small currents observed are attributed to small 

defects in the monolayer structure. For the HT monolayer however, trace (a), 

effective blocking was not observed and the surface of the electrode was readily 

oxidized. This result is not unexpected due to the poor packing and disordered or 

liquid-like nature of short chain monolayers, even for long assembly times. The 

results presented in Figure 4.4 are consistent with previous studies [3].

Insights into the structure of monolayers adsorbed on GC supported gold 

particles can be gained by comparing Figures 4.3 and 4.4. From these figures it is 

apparent that shorter chain length monolayers (HT) are not effective at blocking 

gold oxidation. Also, the blocking ability of long chains (ODT) is roughly 

equivalent on both substrates; however, a significant difference is observed 

between DDT monolayers on polycrystalline gold films and those on supported 

gold particles. Previous SEM studies reveal that bulk gold thin films that have 

been prepared by thermal evaporation posses rolling hill-like variations with 

relatively smooth topography [4, 45]. Based on models and analyses it is
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Figure 4.4: Linear sweep voltammograms for the reduction of gold surface 
oxides from chemically modified bulk gold films, v = 200 mV/s: (a) HT, (b) DDT,
(c) ODT. Third linear sweep in 0.5 M H2S 04.
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estimated that at least 80 to 90 percent of these samples exhibit the preferred 

A u (lll)  or flat terrace orientation [4]. Sputtered gold films used in this study 

exhibit similar properties based on SPM and UPD lead analysis. These 

observations are consistent with a surface that has a low density of surface defects. 

Therefore stable, resistant monolayers are readily formed on the bulk gold films 

and, as expected, no difference is observed between DDT and ODT samples.

The reduced ability of DDT to block the oxidation of gold particles likely 

stems from a disordered monolayer structure. Two properties of electrochemically 

deposited gold particles on GC may result in monolayers with a higher density of 

defects than monolayers on planar substrates. First, the radius of curvature of the 

gold particles may cause a decrease in packing density towards the outer regions 

of the monolayer. This result has been confirmed by NMR studies [22, 26, 30, 

32]. This will introduce some disorder into the monolayer, primarily in the form 

of gauche kinks at the terminus of the alkane chains. This may also be a 

contributing factor to the disordered monolayer structure inferred from the infrared 

spectra of ODT monolayers on gold particles and their inability to block gold 

particle surface oxidation. “Fanning out” of the alkane chains inhibits their ability 

to adopt a more crystalline orientation and renders the monolayer more permeable 

to electrolyte solution, and therefore gold surface oxidation. It is expected that 

fanning out of the alkane chains becomes a more pronounced problem for smaller 

gold particles, less than 5 nm in diameter, and longer alkane chains. However, 

given the size of electrochemically deposited gold particles, monolayer samples 

are thought to be more consistent with a two dimensional, i.e. planar system [23, 

32]. Thus, the radius of curvature of the gold particles is not expected to be a 

major contributor to the disordered monolayer structures observed in this study.

Another factor that may be responsible for monolayer disorder is the 

polycrystalline morphology, geometry, or topography of electrochemically 

deposited gold particles, hereupon generically referred to as surface defects.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



146

Creager and coworkers have demonstrated that the density of defects in monolayer 

structure is highly dependent on the morphology and degree of surface roughness 

of the underlying substrate [45]. Macroscopic roughness, even when quite 

prominent, appears to be less important. Harrison and coworkers have been able 

to form highly impermeable hexadecanethiol (HDT) monolayers on the surfaces of 

static mercury drop electrodes [19]. In these studies the capacitance of a HDT 

modified mercury drop electrode remains constant across a wide range of ionic 

strength. This result is indicative of an impermeable, pinhole free monolayer that 

protects the mercury surface. Since mercury is a liquid it is capable of forming 

homogeneous, defect free surfaces. The high quality of these monolayers is 

attributed to the essentially defect free mercury surface.

In Chapter II it was demonstrated that supported gold particles possess 

significant polycrystalline architecture. UPD and stripping of lead experiments 

reveal that a significant portion of the gold particle surface exists in the 

Au(110)/(100) orientation. The Au(llO) face itself is a stepped surface [46], and 

these results may account for a gold substrate that possesses particularly complex 

polycrystalline geometry, and hence, a high density of surface defects. Creager 

and coworkers used similar methods to evaluate the surface structure of the gold 

substrates used in their experiments [45]. The method of preparation and general 

shape and size of the gold particles themselves is conducive to an architecture that 

displays a particularly high density of surface defects. A high density of surface 

defects will surely dismpt monolayer packing and orientation, leading to a more 

disordered monolayer structure. This result is indeed observed in the infrared 

spectrum for ODT modified particles, Figure 4.2. It has also been observed for 

silver and copper substrates that monolayers appear to adopt a more disordered 

structure on substrates that have been exposed to air prior to derivatization [10]. 

This observation is partially attributed to roughening of the surface due to 

oxidation.
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In summary, the decreased blocking ability of monolayers on gold particles 

is attributed to the high density of surface defects of electrochemically deposited 

gold particles, and, to a lesser extent, the radius of curvature of these particles. It 

has been proposed that surface defects can be partially protected by collapse of the 

monolayer structure about these features [3, 15]. Octadecanethiol monolayers are 

more effective at blocking surface oxidation than DDT and HT due to their longer 

chain length, making them more effective and efficient at collapsing about surface 

defects. HT however, is not able to block surface oxidation due to its short chain 

length and disordered or liquid-like monolayer structure.

Catechol Blocking. Results of oxide blocking experiments presented 

above examine the ability of the monolayers to block the voltammetry of a 

surface-bound redox process. For completeness, the electrochemical blocking of a 

solution bound redox system was also studied. Since both gold and GC are active 

electrode materials, the choice of redox probe is crucial. Ideally, a redox probe 

that exhibits fast electron transfer at gold and slow electron transfer at GC is 

desired. Unfortunately, this prerequisite greatly limited the number of redox 

probes available for this study. A system that we found applicable for this 

investigation is the catechol redox system. However, it was necessary to modify 

the polishing procedure to obtain the desired behavior. As observed in Figure 4.5, 

trace (a), catechol displays quasi-reversible electron transfer kinetics on 

polycrystalline gold electrodes with AEP values in the range of 38 to 42 mV at a 

scan rate of 200 mV/s. However, catechol also displays quasi-reversible electron 

transfer on GC, as observed in trace (b), due to catalysis by surface bound oxide 

groups [47]. This behavior can be circumvented by polishing the electrode in 

cyclohexane. Polishing GC using cyclohexane/alumina slurries produces an 

electrode surface that is relatively free of surface oxide groups [48]. As discussed 

in Chapter EH, such treatment has been shown to produce GC surfaces with an 

oxygen/carbon (O/C) ratio similar to that obtained for vacuum heat treated GC
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Figure 4.5: Cyclic voltammograms for 1 mM catechol in 0.5 M H2S 04 on various 
electrode materials, v = 200 mV/s: (a) polycrystalline gold, (b) GC, (c) oxide 
free GC.
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[48]. As observed in trace (c) of Figure 4.5, cyclic voltammetry of catechol on GC 

electrodes polished in cyclohexane renders slow electron transfer kinetics. 

Typical AEp values in the range of 180 to 200 mV for successive experiments are 

observed. The difference in electron transfer between these two electrode 

materials, gold and oxide free GC, provides a sufficient difference in electron 

transfer behavior to be able to study the effects of monolayer blocking on catechol 

voltammetry; these results are summarized in Table 4.2.

Table 4.2: AEp values for catechol voltammetry on various electrode materials.

Electrode
Material

AEp (mV)

Oxide free GC 184

GC 95

Gold 40

Figure 4.6 displays cyclic voltammograms for catechol blocking at modified gold 

particles, The particles have been modified with HT, DDT, and ODT, traces (a), 

(b), and (c) respectively. Modification o f  the gold particles with alkanethiolate 

monolayers causes the voltammetry to revert back to that observed on oxide free 

GC, and AEP values in the range of 180 to 220 mV are observed. This is an 

interesting result in that while oxide blocking was observed to decrease with 

decreasing alkane chain length, all chain lengths are able to block catechol 

voltammetry with equal effectiveness. One possible explanation is that the 

catechol molecule may be sterically hindered from approaching defects in the 

monolayer structure by the alkyl chains, and thus is prevented from undergoing 

efficient electron transfer. Modification o f  the gold particles may serve to inhibit 

this proton transfer step. Control experiments show that HT, DDT, and ODT all
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Figure 4.6: Cyclic voltammograms for 1 mM catechol in 0.5 M H2S 0 4 on 
chemically modified gold particles, r\ = -800 mV, [AuC14‘] = 100 (J.M, 
v = 200 mV/s: (a) HT, (b) DDT, (c) ODT.
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completely block catechol on polycrystalline gold. This result confirms that the 

observed voltammetry for the modified particles is due to catechol voltammetry at 

the carbon surface. Given this observation, it may be possible to employ the 

catechol redox system to study the effects of multiple deposition and modification 

steps as described below.

A single wave is usually observed for catechol voltammetry upon gold 

particle deposition on oxide free GC electrodes. In some cases, quasi-reversible 

waves from catechol voltammetry at the gold particles are superimposed on the 

irreversible waves of catechol voltammetry at oxide free GC. Figure 4.7 illustrates 

two such scenarios. Trace (a) represents catechol voltammetry on gold particles 

that have been prepared from a 500 [iM AuCfi' deposition solution; similarly, 

trace (b) represents particles that have been prepared from a 100 (iM AuCLf 

deposition solution. Note that the quasi-reversible waves obtained in trace (a) are 

of greater magnitude than the reversible waves obtained in trace (b) due to larger 

surface area of gold obtained from the more concentrated deposition solution. In 

some instances, we fail to observe two sets of waves. Supported gold particles 

may be considered as an array of gold microelectrodes. However, when the 

distance between the gold particles is sufficiently small, and scan rates are 

relatively slow, as those employed in these studies, then hemispherical diffusion 

zones are quick to overlap and macroelectrode behavior is observed

Multiple Deposition and Modification. The results presented thus far 

demonstrate our ability to successfully modify supported gold particles by taking 

advantage of the strength and stability of thiol adsorption to gold particles. From 

these experiments we wish to extend our capabilities to be able to perform 

multiple deposition and modification steps on a single GC substrate. It has been 

demonstrated that modification of an electrode surface with gold colloids alone is 

sufficient to improve electron transfer kinetics and selectivity [49, 50]. As seen in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



152

100 \xA

■ 1 ■ ■ *j  .■ . ■ ■■ ■

1.1 0.9 0.7 0.5 0.3 0.1 -0.1

Potential (V vs. Ag/AgCI)

Figure 4.7: Cyclic voltammograms for 1 mM catechol in 0.5 M H2S 04 on 
electrochemically deposited gold particles on GC, T| = -800 mV, v = 200 mV/s: 
(a) 500 pM, (b) 100 pM, AuCLf.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

Figure 4.7 the electron transfer behavior of catechol readily improves upon 

deposition of gold particles onto cyclohexane polished GC, rendering AEp values 

in the range of 45 to 55 mV. Thus, deposition of gold particles alone is sufficient 

to activate oxide free GC toward catechol voltammetry.

Our first objective was to study the stability of the modified particles 

toward further gold deposition steps. Electrodes were prepared by polishing in 

cyclohexane, followed by deposition of gold particles and modification with ODT; 

catechol voltammetry was monitored after each step. Modified particles were then 

exposed to multiple blank deposition steps in order to test monolayer stability on 

the modified particles. Blank potential step experiments in 0.5 M H2S 0 4 had no 

effect on catechol electron transfer. This result confirms that the modified 

particles are stable toward further potential step programs employed in further 

gold particle deposition steps. Further experiments were designed to study the 

feasibility of multiple deposition and modification steps.

T able 4.3: AEp values for catechol voltammetry on a single electrode, resulting 
from multiple gold particle deposition and modification steps.

Electrode
Modification

AEp, (mV)

Oxide free GC 184

1st gold deposition 47

Modification, ODT 174

2nd gold deposition 53

Modification, ODT 188

3rd gold deposition 52
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Figure 4.8: Cyclic voltammograms for 1 mM catechol (0.5 M H2S 0 4) on 
chemically modified gold particles, multiple deposition and modification steps,
T| = -800 mV, [AuCLf] = 100 jxM, v = 200 mV/s: (a) oxide free GC, (b) first 
deposition, (c) first modification, (d) second deposition, (e) second modification, 
(f) third deposition.
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A series of gold particle deposition and modification steps were performed, 

again using catechol voltammetry as a diagnostic. Gold particles were modified 

with ODT. Figure 4.8 illustrates the results obtained from these experiments on a 

single GC electrode and the results are summarized in Table 4.3. As illustrated in 

Figure 4.8, voltammograms are for (a) oxide free GC, (b) first particle deposition 

step, (c) particles modified with ODT for 30 min, (d) second particle deposition 

step, (e) second particles modified with ODT for 30, and (f) third particle 

deposition step. Three successive deposition and modification steps were 

performed on a single GC electrode. Each successive gold deposition step was 

able to activate the GC electrode toward catechol voltammetry. Note that only one 

set of redox waves is observed after each gold deposition step, unlike Figure 4.7. 

Each time the gold particles were modified with ODT the voltammetry reverted 

back to that observed on oxide free GC, indicative of blocking of the gold 

particles, Table 4.3. This sequence of experiments resulted in cyclic 

voltammograms that oscillate between quasi-reversible and irreversible catechol 

electron transfer kinetics. This result demonstrates that it may be possible to 

employ multiple deposition and modification steps to introduce different 

functional groups onto GC substrates using a series of deposition and modification 

steps.

A major disadvantage of this system is that it is not possible to discern 

whether further gold deposition occurs on the existing modified particles or 

whether new gold particles are able to nucleate and grow on the GC substrate. 

Since ODT modified particles are able to block surface oxidation, gold deposition 

is not expected on ODT modified particles. Because the redox probe we are 

employing is in solution, an improvement in catechol voltammetry will be 

observed irrespective of whether further gold deposition proceeds on the ODT 

modified particles or GC substrate. Ideally, use of a surface bound redox system 

that can be attached to the supported gold particles is desired. This should be able
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to provide more insight into the nature of further gold deposition steps and to 

determine whether further gold deposition does indeed occur on the modified 

particles.

Conclusions

Results presented herein demonstrate our ability to employ electrochemical 

metal deposition and self-assembly methods for the purpose of obtaining 

supported gold particles that have been chemically modified with alkanethiolate 

monolayers. The main focus of this research is to be able to employ this method 

as a means for introducing functional groups onto the surface of carbon electrodes. 

Modified particles have been studied using ERRAS and electrochemistry. The 

results of these studies confirm the presence of modified particles supported on a 

GC substrate.

Herein, the first ERRAS spectrum obtained for self-assembled monolayers 

on supported gold particles was presented. This result provides spectroscopic 

evidence that we are able to modify these gold particles by taking advantage of 

self-assembly methods. It was also demonstrated that these small gold particles 

provide sufficient surface area to obtain spectra on a relatively nonreflective 

background substrate such as GC. Examination of the infrared spectrum reveals 

that the monolayer adopts a relatively disordered structure compared to similar 

samples prepared on polycrystalline gold films. This observation is attributed to 

the high density of surface defects or surface roughness of the gold particles. 

These surface imperfections inhibit the ability of the long alkyl chains to adopt a 

well packed crystalline geometry.

Electrochemical investigations were also used to evaluate modified gold 

particles. A series of oxide blocking experiments reveal that self assembled 

monolayers on gold particles are not able to inhibit surface oxidation as effectively 

as those formed on polycrystalline gold films. No difference was observed
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between the blocking behavior of DDT and ODT, both completely block surface 

oxidation and the monolayers are stable toward continuous potential cycling. 

Similar experiments on gold particles show that initially, ODT monolayers display 

better resistance to gold surface oxidation than DDT or HT. However, upon 

continuous potential cycling, the ability of these monolayers to block surface 

oxidation becomes significantly reduced. This result becomes more pronounced 

for shorter DDT and HT alkyl chains. These observations are attributed to the 

limited ability of the shorter alkane chains to collapse about surface defects. 

However, investigation of the blocking of a solution bound redox species reveals 

that all of the monolayers are able to block voltammetry with equal effectiveness.

Results of multiple deposition and modification steps are also presented. It 

was demonstrated that it is possible to sequentially activate and deactivate a GC 

electrode toward catechol voltammetry. Multiple deposition and modification 

steps were employed on the same electrode to obtain a series of cyclic 

voltammograms that oscillate between quasi-reversible and irreversible electron 

transfer kinetics. The significance of this result is that it demonstrates that it may 

now be possible to employ different adsorbates in a series of deposition and 

modification steps in an effort to introduce more than one functional group onto a 

GC substrate. Ideally, we wish to employ adsorbates that will improve the 

electroanalytical selectivity of the electrode for multiple analytes in solution. 

However, such a modification scheme must be carefully planned. Monolayer 

formation is a dynamic process and adsorbates have a tendency to displace one 

another when in solution, especially when one ligand adsorbs more strongly than 

another. Modification procedures must be planned such that the strongest 

adsorbate is adsorbed first. This will prevent the exchange of adsorbates from 

previously modified particles in further gold particle modification steps.

To better understand the effects of multiple metal deposition steps, 

modification with electroactive adsorbates may be more suitable. Catechol
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voltammetry is not able to reveal whether further gold deposition is occurring on 

the modified particles. Modifying particles with adsorbates that possess different 

electroactive groups, it may be possible to address the particles electrochemically 

once all of the deposition and modification steps have been performed. Electrodes 

possessing particles that have been modified using different electroactive 

adsorbates should give rise to voltammograms that display multiple redox waves. 

Particle modification using electroactive monolayers is investigated in Chapter V.
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CHAPTER V

MODIFICATION OF SUPPORTED GOLD PARTICLES USING 

co-FUNCTIONALIZED ALKANETHIOL SELF ASSEMBLED

MONOLAYERS

Introduction

The results presented in Chapter IV demonstrated that it is possible to 

modify electrochemically deposited gold particles employing self-assembly 

methods. In these initial studies gold particles were modified using n-alkanethiol 

adsorbates of varying chain length. Work presented in this chapter concentrates 

specifically on the attachment of a variety of functional groups directly to 

electrochemically deposited gold particles. The feasibility of multiple deposition 

and modification steps is also revisited using electroactive adsorbates. 

Furthermore, the possibility of performing chemical reactions, such as 

esterification and amidization, with modified particles is explored. Modified gold 

particles were evaluated using electrochemical and IRRAS methods.

Electroactive self-assembled monolayer systems have recently emerged in a 

number of electrochemical studies [1-10]. These studies have focused mainly on 

the investigation of electron transfer through a barrier provided by the monolayer 

structure of hydrocarbon chains. Determinations of rate constants, tunneling 

parameters, and reorganization energies have been presented for several diverse 

systems. Analyses of the data are presented in terms of Butler-Volmer kinetics 

and Marcus theory to account for reorganization energy in an attempt to relate the 

observed rate constants to the applied overpotential. Self-assembled monolayer 

systems have also been used to systematically probe the dependence of electron
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transfer rates on distance of the redox center from the electrode surface, and nature 

of the surrounding medium [1, 3, 10]. It was observed that by diluting the 

ferrocene terminated adsorbates with n-alkanethiols of similar chain length, 

voltammograms displayed nearly ideal electron transfer behavior. The 

voltammograms of non-diluted ferrocene monolayers tended to be extremely 

broadened and not well defined. This behavior is attributed to repulsive 

interactions between closely packed ferrocenium groups. It was also demonstrated 

that ferrocene coverage decreases with increasing length of the diluent thiol. This 

behavior is attributed to the longer adsorbates greater affinity for adsorption and 

self-assembly due to higher free energy and lower solubility in ethanol.

Electroactive adsorbates have also been used in the modification of gold 

colloids such that the resulting colloids are rendered electroactive [11-13]. In 

these preparations, gold colloids are first prepared as monolayer protected clusters 

(MPCs) of n-alkanethiols using the method of Brust and coworkers [14]. 

Adsorbates containing a ©-terminated functional group are then substituted onto 

the MPCs by the use of place-exchange reactions [11-13, 15]. Using this method 

MPCs are exposed to a solution of a co-terminated alkanethiol that will place- 

exchange with alkanethiolates already present on the surface of gold colloids. The 

concentration of the ©-terminated alkanethiol solution can be varied to obtain 

different “feed ratios”. Higher feed ratios give rise to more efficient place- 

exchange and thus a greater density of functional groups is realized on the colloid 

surface. This method has been used in the preparation of bromo, nitrile, vinyl, and 

ferrocene modified gold colloids. These are also referred to as poly-homo-©- 

functionalized MPCs [11, 12]. This method has also been used in the preparation 

of poly-hetero-co-functionalized MPCs, i.e. clusters that possess multiple 

functional groups substituted onto their surface [13]. Two approaches have been 

investigated in the preparation of such MPCs: a simultaneous approach, in which 

the MPCs are exposed to a mixture of thiols, and a stepwise approach, in which
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individual thiols are exchanged onto MPCs employing a series of individual steps. 

Different degrees of substitution or ratios of functional groups exchanged onto the 

MPC surface are observed depending on the approach used. The stepwise 

approach reveals that short bulky adsorbates are more easily displaced than long 

linear ones. A more comprehensive investigation of the dynamics and mechanism 

of place-exchange reactions on MPCs has been reported [15].

Colloids modified with ferrocene and anthraquinone redox groups display 

interesting electroactive behavior [11-13]. Rotating disk voltammograms for these 

colloids exhibit ferrocene redox waves that are consistent with a system that is 

under hydrodynamic mass transport control. Clusters that each contain 9 

ferrocene groups (on average) display a rotating disk voltammogram wave shape 

that is consistent with an n = 1 reaction [11]. This observation suggests that the 

ferrocene sites are not electronically coupled, and react more or less independently 

of each other. It has also been shown that it is possible to calculate diffusion 

coefficients and hydrodynamic radii for the modified colloids from the limiting 

current of the rotating disk voltammograms. These voltammograms display 

sloped regions at potentials that both precede and follow the ferrocene redox 

wave. The slopes of these regions are proportional to the square root of the 

electrode rotation rate and thus are also under hydrodynamic control. The sloped 

regions have been attributed to charging of the electrical double layers of the 

modified gold colloids. Thus, the authors refer to these colloids as “molecule­

sized nanoelectrodes” [11].

Porter was one of the first to take advantage of self-assembled monolayer 

systems and apply them to specific interfaces designed to improve 

electroanalytical selectivity [16]. The main advantage of the gold-sulfur system is 

that an analogous system for the self-assembly of molecules onto a carbon surface 

does not exist. The long term objective of our work is to exploit and combine 

electrochemical metal deposition with self assembled monolayer systems in an
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attempt to develop a new method of preparing chemically modified electrodes. 

Ideally, we are interested in producing sites for attaching functional groups to GC, 

which exhibit analytical selectivity and are located adjacent to electron transfer 

sites, as illustrated in Figure 1.2.

As previously alluded to in Chapter I, several attempts have been made to 

control the chemistry of carbon electrodes via attachment of specific functional 

groups or adsorbates to the carbon surface. These methods include covalent 

attachment, reduction of diazonium salts, and derivatization of existing functional 

groups. ECP is often used in conjunction with derivatization in an effort to 

augment the density of surface funtional groups available for derivatization. 

Kuwana and coworkers have demonstrated that o-quinoidal structures, such as 

catechols, could be attached to GC electrodes via the amidization of dopamine and 

3,4-dihydroxybenzylamine with carboxylic acid groups on the GC surface [17, 

18]. These groups appear to be rather specific electron transfer mediators for the 

electrochemical oxidation of NADH. Koval and Anson have also presented a 

procedure for attaching electroactive pyridine-pentaamineruthenium complexes to 

graphite electrodes via amidization of surface carboxylic acid groups [19]. 

Yacynych and Kuwana have used cyanuric chloride as a general linking agent for 

the attachment of electroactive hydroxy-methylferrocene groups to PG electrodes 

[20, 21]. Cyanuric chloride attaches to hydroxyl groups on the surface of PG 

electrodes. These groups are maximized by radiofrequency oxygen plasma 

treatment followed by reduction with lithium hydride. Hydroxy-methylferrocene 

is then attached to the electrode surface via an ether linkage.

Derivatization of existing functional groups is not the only method 

available for the attachment of electroactive groups to carbon electrodes. 

Recently, Saveant and coworkers have demonstrated that it is possible to attach 

electroactive 4-nitrophenyl groups to the surface of carbon electrodes by 

electrochemical reduction of a solution of the corresponding diazonium salt [22,
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23]. Belanger and coworkers have also studied the behavior of these 

4-nitrophenyl groups attached to GC electrodes using this method [24, 25].

Bourdillon and coworkers have exploited both the methods of covalent 

attachment and reduction of diazonium salts in an effort to attach biologically 

important molecules to the electrode surface [26, 27]. ECP of the GC surface, or 

electrochemical reduction of a solution of 4-phenylacetic acid diazonium 

fluoroborate can be used to augment the density of carboxylic acid groups on the 

electrode surface. Glucose oxidase was then immobilized on the surface of these 

electrodes by amidation using a suitable carbodiimide coupling agent to activate 

the surface carboxylic acid groups. Similar methods have been used to attach 

biomolecules to the surface of gold electrodes that have been modified with a 

monolayer of carboxylic acid terminated adsorbates. Duan and Meyerhoff have 

used self-assembled monolayers of thioctic acid on the surface of a gold-coated 

microporous nylon membrane in the development of a separation-free, 

electrochemical sandwich, enzyme immunoassay [28]. Capture antibodies toward 

model protein analytes were immobilized on a gold-coated membrane via 

amidization using EDC as the coupling agent. More recent studies have examined 

the stepwise self-assembly of multiple layers of thionine and horseradish 

peroxidase in the development of a hydrogen peroxide biosensor [29]. Modified 

electrodes used in the quantification of superoxide dismutase (SOD) activity have 

also been prepared by immobilization of cytochrome c onto carboxylic acid 

terminated monolayers using similar amidization methods [30].

Our efforts are concentrated on the electrochemical deposition of small 

gold particles on polished GC substrates. Gold particles are then used as 

foundations for specific functional group attachment via the self-assembly of thiol 

molecules. The main advantage of this technique is that it may be possible to 

employ multiple deposition and modification steps to prepare an electrode that 

displays improved selectivity for multiple analytes via the attachment of multiple
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functional groups. The work presented herein demonstrates that it is possible to 

attach a number of different functional groups to GC employing this method. We 

have also demonstrated that it is possible to employ a sequence of deposition and 

modification steps in the preparation of a chemically modified electrode that 

possesses more than one electroactive group. It is also possible to subject 

modified particles to further chemical reactions, such as esterification and 

amidization, in  view of attaching biomolecules to the supported gold particles. 

These results are significant accomplishments toward achieving our main 

objective o f demonstrating a novel approach toward the preparation of chemically 

modified electrodes.

Experimental

Chemicals. Potassium tetrachloroaurate, (Aldrich) 4-nitrothiophenol, NTP, 

(Aldrich), potassium chloride (Anachemia), potassium phosphate di-basic 

(Caledon), sodium hydroxide (Fisher), sodium dodecylsulfate, SDS (Serva), 

ethanol (punctilious grade, Millennium Petrochemicals), dimethylformamide, 

DMF (Caledon), benzene (Fisher), sulfuric acid, (Fisher), perchloric acid, 

(Caledon) l-ethyl-3-[(dimethylamino)propyl] carbodiimide, EDC, (Aldrich), 

cytochrome c (Horse Heart, type IV, Aldrich), and bovine IgG, lyphilized, (ICN) 

were all used as received. Octadecanethiol, ODT, (Aldrich) was recrystalized three 

times from ethanol. 11-mercaptoundecanoic acid, MUD A, ll-(ferrocenecarboxy) 

undecanethiol, FCUT and octadecanethiol-^ were gifts from Marc Porter (Iowa 

State University).

Electrode Preparation. GC electrodes (Tokai GC-20, Electrosynthesis 

Company, NY) consisted of 12 mm x 12 mm x 3 mm plates. For infrared 

measurements, 3 cm x 6 cm x 1 mm GC plates were employed. The backside of 

these plates was coated with a thick film of poly(ethylene)/poly(vinylacetate)
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60:40 (Aldrich) copolymer to block electrochemical activity. Electrode surfaces 

were prepared by polishing on a glass plate or Micropolish cloth (Buehler) in 

alumina/water slurries as described in Chapter II. Gold film electrodes consisted 

of glass slides sputter coated with 500 nm of gold, primed with 30 nm of titanium 

for adhesion. Supported gold particles were prepared by potential step deposition 

from solutions of AuCLf in 0.5 M sulfuric acid, as described in Chapter II. 

Monolayer samples were prepared by immersion of the electrodes into millimolar 

solutions of the desired thiol in ethanol for a set period of time.

Electrochemical Measurements. Electrochemical experiments were 

carried out using a Pine Model AFCBP1 bipotentiostat with a coiled platinum wire 

auxiliary electrode and Ag/AgCl (sat’d KC1) reference electrode. The auxiliary 

electrode was separated from the bulk solution using a glass frit. All potentials in 

the text are referred to the Ag/AgCl reference electrode unless stated otherwise. 

All electrochemical experiments were performed in an inverted three-electrode 

cell. GC electrodes were mounted into the cell between a viton o-ring and a metal 

plate and held in place by the use of a metal clip. The geometrical electrode area 

is defined by the circumference of the o-ring and forms the bottom of the cell. All 

solutions were purged with prepurified argon prior to use.

Multiple Deposition and Modification. For attachment of electroactive 

groups: gold particles were first deposited via potential step. Attachment of the 

first electroactive adsorbate (ferrocene) was then performed in the electrochemical 

cell by first emptying the inverted three-electrode cell, rinsing with water, rinsing 

with ethanol, and finally filling the electrochemical cell with a 1 mM solution 

FCUT in ethanol. All rinsing steps in this procedure were performed in triplicate. 

Self-assembly was then allowed to proceed for a period of one hour. The cell was 

then emptied, rinsed with ethanol, rinsed with benzene to remove physisorbed 

ferrocene, rinsed with ethanol, rinsed with water, and filled with either HC104 

supporting electrolyte for the purpose of running diagnostic voltammetry, or
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AuCLf for further particle deposition. Upon completion of the second particle 

deposition step the cell was again emptied, rinsed with water, and: either filled 

with supporting electrolyte for tfcie purposes of running diagnostic voltammetry, or 

rinsed with ethanol, and filled w ith a 1 mM solution of NTP for modification of 

the newly deposited gold particles. Again, self-assembly was allowed to proceed 

for one hour. The cell was then  emptied, rinsed with ethanol, rinsed with water, 

and filled with supporting electrolyte for the purpose of running diagnostic 

voltammetry.

IRRAS Studies. Infrared reflectance spectra were obtained on an ATI 

Mattson Infinity Series Fi'IR spectrometer equipped with an external sample 

module and liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. 

Spectra were taken at 2 cm'1 resolution with a mirror speed of 40 kHz. Typically, 

500 scans and 2000 scans were averaged to yield spectra with acceptable signal- 

to-noise ratios for bulk gold film s and supported gold particles respectively. The 

interferrograms were Fourier transformed using triangular apodization. Reference 

spectra were obtained on bulk gold  films and supported gold particles modified 

with octadecanethiol-^/ under tbe same conditions.

Attachment of Cytochrome c and IgG. Attachment of cytochrome c and 

IgG to carboxylic acid modified gold films and particles was accomplished by 

amidation through the use of an appropriate carbodiimide-coupling agent, such as 

EDC. Gold substrates were firs t modified by self-assembly of a carboxylic acid 

monolayer. The carboxylic acid groups were then activated by exposing them to a 

1% solution of EDC in DMF fo r 4 hours. Upon activation, the substrates were 

rinsed thoroughly with deionized water, and exposed to a dilute solution of 

cytochrome c or IgG in 10 m M  phosphate buffered saline solution (PBS), 

pH = 7.0, for 24 hours. These substrates were then rinsed thoroughly with 1% 

SDS solution before ERRAS analysis.
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Results and Discussion

Modification by 4-Nitrothiophenol. In an effort to further probe the use 

of self-assembly methods as applied to carbon substrates, modification of gold 

particles with the electroactive adsorbate 4-nitrothiophenol (NTP) was attempted. 

As both gold and GC are active electrode materials, this approach provides yet 

another method for distinguishing between the two materials, provided that 

adsorption of NTP to GC is not a major issue. Voltammetric behavior of NTP 

modified gold electrodes has previously been studied [31]. The voltammetry of 

4-nitrophenyl groups attached to carbon electrodes via reduction of the 

corresponding diazonium salt [22, 25, 32], and nitrobenzene [33] and 

p-nitrosophenol [34] in aqueous solution has also been studied. The nitro group 

displays similar voltammetry in each of these cases.

A major drawback of this system is that the voltammetry of NTP is coupled 

with chemically irreversible reactions. NTP (Ar-N02) must be initially reduced to 

the hydroxylamine species (Ar-NHOH), a four-electron process, before the 

reversible waves at 400 mV are observed [31]. This behavior is illustrated in 

Figure 5.1 for NTP on a polycrystalline gold electrode. On the first forward sweep 

(IF), no current due to reduction of Ar-NHOH to the nitroso species (Ar-NO) is 

observed. The large cathodic current observed at -100 mV is attributed to the 

reduction of A r-N 02 to Ar-NHOH and the amine species (Ar-NH2). This reaction 

scheme is illustrated below.

4 /7 + ,4<T 2H+,2e~

Ar-N02 ~2Hl° ----> Ar-NHOH ~Hl° ----- > Ar-NH2 {5.1}

On the reverse sweep (1R), an anodic current is observed at -450 mV, attributed 

to the oxidation of Ar-NHOH to Ar-NO. On the second, and subsequent potential
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Figure 5.1: Cyclic voltammogram of a NTP modified gold film electrode 
showing the initial reduction of the nitro group. First two potential cycles, 
v = 200 mV/s in 0.5 M HC104.
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cycles (2F), a cathodic wave is observed due to the reduction of Ar-NO to 

Ar-NHOH. A stable wave corresponding to the following redox reaction results.

Ar-NO <- -±2tf+’±2e~ > Ar-NHOH {5.2}

Excursion to more negative potentials during this initial potential scan results in 

complete reduction of the nitro group to an amino group, and the voltammetric 

behavior of interest is not observed. Therefore, careful partial reduction of the 

nitro group permits brief observation of the reversible two-electron transfer 

attributed to the hydroxylamine and nitroso redox couple [31].

When NTP is fully reduced to the corresponding amine in acidic aqueous 

solution, reoxidation back to the nitro group is not observed. Instead, the amino 

group is oxidized to produce an NH2+ radical cation species which participates in 

further chemical and electrochemical reactions [32, 35], This behavior leads to  a 

coupling reaction between two adjacent adsorbate molecules [35]. The resulting 

surface becomes modified with a 4’-mercapto-4-aminodiphenylamine species, 

basically a dimer of the original adsorbate. This adsobate remains unstable and 

further electrochemical and chemical reactions result in a surface bound quinone 

species. The exact nature of this new redox species is still debated [32, 35]. 

Figure 5.2 illustrates the complex voltammetric behavior associated with reduction 

of the amino group on a polycrystalline gold electrode. The second and fourth 

potential cycles are shown. The redox waves at -450 mV are attributed to the 

voltammetry of the nitro group. The redox wave at -950 mV is attributed to 

oxidation of the amino group to the radical cation species, a chemically 

irreversible process. As a result, the redox waves that emerge at -650 mV are 

attributed to the resulting quinone species [35]. The redox waves at -450 mV (due 

to voltammetry of the nitro group) disappear with time due to coupling of N 0 2 

adsorbates with the radical cation species.
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t— L ll —i—&l j__I ■ ■ ■■■ ■■ ■ ■

1 0.8 0.6 0.4 0.2

Potential (V vs. Ag/AgCl)

Figure 5.2: Cyclic voltammogram of a NTP modified gold film electrode, further 
reduction of the amino group. Second and fourth potential cycles, v = 200 mV/s 
in 0.5 M HC104.
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Figure 5.3 displays a background subtracted cyclic voltammogram of gold 

particles modified with NTP. The second potential cycle is shown, obtained after 

the potential was initially swept to the foot of the wave for N 02 reduction, similar 

to that shown in Figure 5.1 Due to the small peak currents observed, background 

subtraction was employed to eliminate the large double layer charging current and 

make the redox waves more observable. Control experiments confirm that 

adsorption of NTP to the GC substrate is negligible. Gold particles were 

electrochemically deposited from a 500 pM AuCLf solution using an overpotential 

of -800 mV. Characteristic behavior of a surface bound redox species is observed 

and the redox waves centered at -400 mV are attributed to the voltammetry that 

arises due to reduction of the nitro group: a two-electron transfer between the 

hydroxylamine and nitroso redox couple. This result confirms that the 

electroactive adsorbates are bound to the gold particles. Also, gold particles are in 

good electrical contact with the GC substrate and the adsorbed electroactive 

groups are easily addressed by application of a potential program.

Further evidence that shows that the gold particles have been modified by 

self-assembly was obtained by IRRAS. Figure 5.4 displays two reflectance 

spectra for NTP monolayers on a bulk gold film (Trace a) and on supported gold 

particles (Trace b). All absorbance bands are attributed to IR active modes of the 

nitrophenyl group, particularly the N-O stretch at 1362 cm'1 and C-N stretch at 

869 cm '1 [36]. A direct comparison of the two spectra confirms that Trace (b) can 

be attributed to NTP modified gold particles supported on GC. These 

observations are consistent with the results of voltammetric studies using NTP as 

an electroactive probe. Thus, the results of these ERRAS and electrochemical 

investigations provide confirmation that it is possible to attach functional groups 

to a GC substrate using electrochemical metal deposition coupled with monolayer 

self-assembly.
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Figure 5.3: Cyclic voltammogram of NTP modified gold particles on GC, 
background subtracted. [AuCLf] = 500 pM, T| = -800 mV, v = 200 mV/s in 0.5 M 
H C IO 4 .
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Figure 5.4: IRRAS spectra of (a) a NTP modified bulk gold film, and (b) NTP 
modified gold particles on GC. [AuCLf] = 500 p.M, T| = -800 mV.
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Given the complex electrochemical behavior of NTP it was concluded that 

this is not the most desirable electrochemical system to employ in such a study. 

Any attempts to gain quantitative results would be risky due to the chemical 

irreversibility of the system. Therefore, a chemically reversible redox system is 

required before any efforts to gain quantitative results may be attempted. It would 

be interesting to compare the surface areas of the gold particles obtained by 

surface oxidation to those obtained using the self-assembly method. Thiol 

molecules containing a ferrocene or ruthenium pentaamine terminal group would 

be well suited for such a study as these systems display reversible electrochemical 

behavior and have been used extensively in previous studies on gold electrodes [1- 

3, 5-10].

Modification by ll-(Ferrocenecarboxy)undecanethiol (FCUT). Our

initial attempts at employing FCUT for particle modification were frustrated by 

adsorption of the ferrocene group to the GC substrate. Control experiments 

revealed no difference in the cyclic voltammetry of bare GC substrates and those 

subjected to gold particle deposition. However, it was discovered that rinsing the 

modified electrodes in benzene prior to electrochemical investigation is an 

effective method for removing physisorbed ferrocene from the GC substrate. 

Figure 5.5 contains cyclic voltammograms for polished GC electrodes (i.e. no gold 

particles) exposed to a solution of FCUT before and after rinsing in benzene. 

From these experiments it is reasonable to conclude that rinsing in benzene is 

effective at removing most of the physisorbed ferrocene.

Figure 5.6 contains cyclic voltammograms for two GC substrates that have 

been exposed to a solution of FCUT and subsequently rinsed with benzene. The 

solid trace is for a GC electrode modified with gold particles deposited from a 

500 fiM AuCU' solution and an overpotential of -800 mV; the dashed trace is for a 

bare GC electrode. The redox waves centered at 540 mV are attributed to the 

reversible one electron transfer behavior of the ferrocene-ferrocenium+ ion redox
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Figure 5.5: Cyclic voltammograms of FCUT adsorbed to polished GC electrodes. 
Before benzene rinse (solid trace), and after benzene rinse (broken trace), 
v = 200 mV/s in 0.5 M HC104.
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Figure 5.6: Cyclic voltammograms of FCUT modified gold particles, (solid 
trace), and polished GC, (broken trace), [AuCLf] = 500 (J.M, r\ = -800 mV, 
v = 200 mV/s in 0.5 M HC104.
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couple and are consistent with those observed for sim ila r adsorbates on gold 

electrodes [1-3, 8]. Only a small residual current, attributed to adsorbed ferrocene, 

is observed for the bare GC substrate rinsed in benzene. Therefore, the observed 

voltammetry is attributed mainly to gold particles that have been modified with 

FCUT. This result provides further evidence that electrochemically deposited 

gold particles can be modified using the self-assembled monolayer technique

Unlike NTP, FCUT monolayers are stable toward continuous potential 

cycling; thus, further evaluation can be attempted using this system. Equation 

{1.17} can be used to describe the peak current of surface bound redox species

Taking the log of both sides of this equation yields an equation of a straight line 

with a slope equal to one, Equation {5.3}. Different intercepts are observed due to 

differences in electrode area, and possibly, different values of surface coverage on 

the gold particles compared to a polycrystalline gold substrate.

Figure 5.7 contains a plot of log(ip) vs. log(v) with slopes equal to ~1. This 

behavior is characteristic of a surface bound redox species. This result provides 

further evidence that the redox centers are attached to the gold particles.

Due to its well-defined redox behavior an attempt was made to quantitify 

gold surface area employing ferrocene voltammetry. A series of substrates were

[37].

{1.17}

log(ip) = log(v) + log
ART

{5.3}
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Figure 5.7: Scan rate dependence study for a FCUT modified bulk gold film 
(solid trace),and supported gold particles (broken trace) in 0.5 M H C IO 4 .
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prepared in which gold particles were deposited from A11CI4 '  solutions iranging in 

concentration from 100 jiM to 1 mM. The area under the redox waves: was then 

integrated to obtain the charge due to ferrocene oxidation. Charge iis directly 

proportional to area, via equation {1.15}. A plot of Q vs. AuCLf concentration in 

the deposition solution is shown in Figure 5.8. From this plot it is obserwed that as 

the AuCLf concentration is increased, charge, and therefore gold surface: area also 

increase, as expected. These results are in agreement with the results oibtained in 

Chapter II for gold oxide reduction and provide compelling evidence that the 

ferrocene groups are indeed bound to the gold particles.

Observing the shape of the ferrocene redox waves, further conclusions 

about monolayer structure can be made. Chidsey and coworkers observed 

broadened voltammetric waves for full monolayers of the ferrocene adsorbate [1 ]. 

A cyclic voltammogram of FCUT on a polycrystalline gold substrate is shown in 

Figure 5.9. Broadening of the waves is attributed to repulsive electrostatic 

interactions between the closely packed ferrocene groups. T h e  authors 

demonstrated that upon dilution of the FCUT monolayer with decanLethiol the 

waves become less broadened. The redox waves for FCUT on gold particles in 

Figures 5.6 are not broadened, suggesting a more loosely packed, less-ordered 

monolayer structure. This result is consistent with the infrared reflection data 

presented in Chapter IV that suggests that monolayers formed on supported 

particles are less ordered than monolayers formed on bulk gold films. Hence, this 

result provides further evidence that monolayers on particles are less ordered than 

those obtained on planar gold substrates.

Multiple Deposition and Modification Methods. In o rder for an 

adsorbate to be beneficial to our investigations it must be stable tow ard further 

gold deposition steps and potential cycling. Thus, the stability of FCUT" modified 

particles was investigated by subjecting these particles to potential step 

experiments that resemble those used for gold particle deposition. Gold g)articles

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ch
ar

ge
 

(ji
C)

183

14

13

12

1

10

9

8

7
1.20.2 0.4 0.6 0.8 10

[AuCI4" ] mM

Figure 5.8: Charge due to ferrocene oxidation as a function of AuCLt 
concentration. r\ = -800 mV, v = 200 mV/s, in 0.5 M HCIO4.
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Figure 5.9: Cyclic voltammogram of a FCUT modified gold film electrode, 
v = 200 mV/s, in 0.5 M HC104.
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were deposited from a 500 pM A11CI4' solution at an overpotential of -800 mV, 

modified with FCUT in the usual manner, and subjected to potential step programs 

in 0.5 M H2S 0 4 supporting electrolyte. Figure 5.10 displays cyclic 

voltammograms for FCUT modified gold particles before (Trace a) and after 

(Trace b) exposure to a blank gold deposition step. Results of these control 

experiments confirm that modified particles display no ill effects or degradation as 

a result of exposure to potential step programs in supporting electrolyte. 

Voltammograms obtained before and after exposure to the blank deposition step 

closely resemble one another and display no significant differences. Thus, it is 

reasonable to conclude that FCUT modified gold particles are stable upon 

exposure to potential step programs employed to effect further gold particle 

deposition.

Another issue which must be addressed is whether the modified particles 

are able to block further gold deposition. Will new particles nucleate and grow on 

the exposed GC, or will gold deposition proceed on the modified particles? In 

Chapter IV we showed that it is possible to employ multiple deposition and 

modification steps to repeatedly activate and deactivate a GC electrode toward 

catechol voltammetry. However, from these experiments it is not possible to 

determine whether gold deposition proceeds on the modified particles, on regions 

of bare GC substrate, or both. An improvement in catechol voltammetry is 

observed irrespective of whether gold deposition occurs on GC or not, as long as 

the newly exposed gold surface area is not passivated by thiol adsorption. A 

perceived advantage of using a surface bound redox group is that particles 

modified with electroactive groups may be helpful in determining the result of 

further gold deposition steps. One would expect to observe a disruption in the 

voltammetry of the surface bound ferrocene redox group in the event that further 

gold deposition takes place on the modified particles.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20JLXA

j I _i I  I Lj__L AA X X X

0.8 0.6 0.4 0.2 0

Potential (V vs. Ag/AgCI)

Figure 5.10: Cyclic voltammograms of FCUT modified gold particles on GC. 
Before (a) and after (b) exposure to a potential step in 0.5 M H2S 0 4  supporting 
electrolyte, v = 200 mV/s, in 0.5 M HC104.
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Figure 5.11 contains a cyclic voltammogram of FCUT modified gold 

particles that have been exposed to a second gold deposition step in 500 pM 

AuCLf at an overpotential of -800 mV. Comparing this voltammogram to the ones 

in Figure 5.10 it is readily observed that something has occurred to the FCUT 

modified particles as the magnitude of the ferrocene redox waves above the 

background has been greatly attenuated. Results from control experiments have 

already established that the modified particles are stable when exposed to the 

potential program employed for gold deposition in the presence of supporting 

electrolyte. The only parameter which has been altered in these experiments is the 

presence of 500 pM AuCLf in the deposition solution. Thus, it is concluded that 

gold deposition is occurring on the FCUT modified particles, to a certain extent.

A possible explanation of this behavior is that the FCUT monolayer on 

modified particles is not able to completely block gold deposition. In this 

experiment both deposition steps were performed at an overpotential of -800 mV. 

Thus, all nucleation sites on the GC substrate may have been exhausted in the first 

deposition step; therefore, no nucleation sites remain for the second deposition 

step, and deposition is constrained to the modified particles. Further control 

experiments were performed such that the overpotential of the first deposition step 

was set 200 to 400 mV less negative than the second deposition step in an effort to 

access new nucleation sites. However, no significant differences from previously 

observed behavior were discerned.

Electrochemical blocking studies presented in Chapter II show that similar 

alkane chain length adsorbates (DDT) were not able to completely block gold 

surface oxidation. This suggests that a small fraction of gold surface area remains 

exposed to the bulk solution. Moreover, as observed in Figure 5.6, the 

voltammogram suggests that the FCUT adsorbates are not as tightly packed on 

gold particles as on planar gold substrates. Given these observations, and the fact 

that ferrocene terminated adsorbates are not able to pack as densely as their non-
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Figure 5.11: Cyclic voltammogram of FCUT modified gold particles on GC after 
exposure to a second gold deposition step in 500 jiM AuCLf. T| = -800 mV, 
v = 200 mV/s, in 0.5 M HC104.
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substituted alkanethiol analogs [1], it is possible that FCUT modified particles are 

not able to block further gold deposition from occurring. Consider the fact that a 

significant overpotential is required for gold deposition on GC compared to that 

for gold deposition on bulk gold. Then deposition onto modified particles would 

readily occur if regions of exposed gold surface area were available for further 

deposition. Other possible explanations for gold deposition onto modified 

particles include electron tunneling through the monolayer or electron transfer 

mediation by the ferrocene groups.

Regardless of the fact that gold deposition is occurring on the modified 

particles, an attempt was made to further modify the newly exposed gold surface 

area with a different electroactive group. The longstanding goal of this work has 

been to perform multiple depositions and modifications with different functional 

groups. Use of electroactive adsorbates allows specific particles to be tagged with 

electroactive groups that display redox waves at different potentials. Thus, the 

fate of modified particles generated during earlier modification steps can be 

monitored by running a cyclic voltammogram and observing the resulting redox 

waves. Figure 5.12 illustrates a cyclic voltammogram run on the same electrode 

as Figure 5.11. However, the difference in this case is that the newly deposited 

gold has been modified using NTP. The redox waves that emerge at 375 mV are 

attributed to the voltammetry of the hydroxylamine-nitroso redox couple, similar 

to that in Figure 5.3. Ferrocene voltammetry is not affected by further exposure of 

these particles to a solution of NTP. This result is expected since an adsorbate 

such as NTP should not be able to displace or exchange with a long alkane chain 

adsorbate [13]. In spite of the fact that further gold deposition is occurring on the 

modified particles, this result demonstrates that it is possible to introduce multiple 

functional groups onto a GC electrode surface using this method as two sets of 

redox waves are observed, one for each adsorbate. Although this result is not 

representative of the ideal result initially sought, the appearance of two sets of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



190

10 [iA

0.8 0.6 0.4 0.2 0

Potential (V vs. Ag/AgCI)

Figure 5.12: Cyclic voltammetry of FCUT modified gold particles after exposure 
to a second gold deposition step, and subsequent modification with NTP.
[AuCLf] = 500 fiM, T| = -800 mV, v = 200 mV/s, in 0.5 M HC104.
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redox waves in Figure 5.12 confirms that the attachment of two electroactive 

groups to the GC electrode surface via self-assembly methods is possible, and has 

been achieved.

IRRAS Studies. As discussed in Chapter IV, it is possible to obtain 

IRRAS spectra of chemically modified gold particles supported on a GC substrate. 

Figure 5.13 displays IRRAS spectra of octadecanethiol (ODT, Trace a) and 

11-mercaptoundecanoic acid (MUDA, Trace b) modified gold particles on GC. 

The ODT modified particle spectrum is similar to that shown in Chapter IV. As 

expected, characteristic symmetric and asymmetric methyl and methylene 

stretches are observed for the ODT modified gold particles. This observation is 

consistent with long chain alkanethiolate monolayers on polycrystalline gold films 

[38-41]. Absorbance peaks are shifted to slightly higher wavenumbers, indicative 

of a disorder in the monolayer structure, as discussed in Chapter IV. The negative 

absorbance bands observed between 2000 to 2300 cm"1 are representative of the 

symmetric and asymmetric methyl and methylene stretches of the per-deuterated 

ODT sample employed for obtaining background spectra. Trace (b) displays an 

IRRAS spectra of MUDA modified gold particles supported on GC. Symmetric 

and asymmetric methylene stretches are observed at 2923 and 2854 cm '1, as well 

as sharp bands at 1742 cm ' 1 and 1598 cm '1, attributed to carbonyl and carboxylate 

ion absorbance modes [36]. This spectrum is consistent with that of a MUDA 

monolayer obtained on a polycrystalline gold film.

As an extension of the IRRAS studies, derivatization of carboxylic acid 

groups with biomolecules was attempted. Figure 5.14 displays IRRAS spectra of 

cytochrome c modified gold particles (Trace a) and the corresponding MUDA 

monolayer, activated with EDC (Trace b). A control sample was prepared in the 

same manner, with the exception of activating the carboxylic acid groups with 

EDC. A sample containing MUDA modified gold particles was exposed to a one 

percent solution of 1-ethyl-3-[(dimethylamino)propyl] carbodiimide (EDC) in
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Figure 5.13:: IRRAS spectra of (a) ODT modified gold particles and (b) MUDA 
modified goLd particles on GC. [AuCLf] = ImM, rj = -800 mV/s.
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Figure 5.14: IRRAS spectra of (a) cytochrome c attached to MUDA modified 
gold particles on GC, and (b) activated MUDA monolayer. [AuCLf] = ImM, 
tj = 800 mV/s.
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DMF to activate the carboxylic acid groups [42], Trace (b) shows that the 

carboxylic acid groups of the MUDA monolayer have been activated. This is 

indicated by a shift of the C=0 band to higher energy, -1825 cm '1. Exposure of 

the activated particles to a solution of cytochrome c results in covalent linkage of 

these molecules to the GC surface via the modified gold particles. Both samples 

were thoroughly rinsed with a one percent SDS solution to remove any 

nonspecifically adsorbed protein. Trace (a) displays bands at 1670 cm ' 1 and 

1545 cm '1, which are indicative of the Amide I and Amide II bands characteristic 

of adsorbed proteins [43]. This result is indicative of the immobilization of 

cytochrome c on modified particles. The control experiment, which consisted of 

exposing carboxylic acid modified gold particles that had not been activated with 

EDC, displays very weak absorbance in these regions, due to the presence of 

nonspecifically adsorbed protein. The band at 1742 cm ' 1 is due to unreacted 

carboxylic acid groups. These results are consistent with those obtained in 

similar experiments performed using bulk gold slides, which confirm that 

immobilization of proteins to activated carboxylic acid monolayers is possible. 

Hence, this method provides a potentially new route for the attachment of 

biomolecules to GC substrates.

Conclusions

The results presented herein demonstrate our ability to attach a number of 

functional groups to GC using metal deposition and self-assembly techniques. 

This approach has been evaluated using electrochemical and IRRAS methods. 

The results of these studies indicate that it is possible to attach electroactive 

groups as well as other functional groups to GC using this approach. 

Electrochemical investigations reveal that adsorbates display behavior which is 

characteristic of a surface bound redox group, confirming modification of the gold
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particles. This also indicates that supported gold particles are in good electrical 

contact with the GC substrate. When it has not been possible to use 

electrochemistry, IRRAS has been successfully employed to evaluate particle 

modification and the results obtained using these two methods complement one 

another.

Use of electroactive adsorbates reveal that it is possible to employ multiple 

deposition and modification steps in an effort to immobilize more than one 

functional group on the GC surface. While the results indicate that further gold 

deposition appears to be occurring on particles modified in a previous step, it is 

possible to modify the newly deposited gold with an electroactive adsorbate that 

displays a different redox potential than the first. Thus, a cyclic voltammogram 

displaying two sets of redox waves is obtained.

Derivatization of chemically modified gold particles using simple organic 

reactions is also possible. It has also been demonstrated using IRRAS that it is 

possible to attach biomolecules such as cytochrome c to MUDA modified gold 

particles via amidization using a suitable carbodiimide-coupling agent. This 

approach provides a potentially new route for the attachment of enzymes and other 

biologically important molecules to carbon electrode surfaces.
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CHAPTER VI

HIGH-RESOLUTION CHEMICAL MAPPING OF SURFACE-BOUND 

FUNCTIONAL GROUPS WITH TAPPING-MODE SCANNING PROBE

MICROSCOPY

Introduction

The work presented in this chapter was performed in my first summer as a 

graduate student at the University of Alberta, and is not necessarily related to the 

work presented in Chapters I through V.

One of the recent, exciting advancements in scanning probe microscopy 

(SPM) is the development of contrast mechanisms which yield surface 

compositional information. Efforts toward this goal are driven by fundamental 

and technological interests in mapping interfaces chemically with nanometer scale 

lateral resolution. Recently, several groups have demonstrated the chemical 

sensitivity of scanning force microscopy (SFM) in both a single-point contact 

mode [1-5] and in an imaging mode [6-13]. Studies concerned with chemical 

imaging have mainly involved the use of contact mode SFM imaging with 

frictional force contrast [6 - 1 1 ], although contrast mechanisms based on adhesion 

[12, 13] and elastic compliance [7, 9] have been successfully employed. We 

report here our initial results which demonstrate for the first time the ability of 

tapping-mode SFM (TM-SFM) [14] to distinguish between segregated domains of 

functional groups. We show that the phase shift of an oscillating cantilever is 

sensitive to the surface functional groups that are interacting with the tip. The 

efforts here are motivated by our interest in the compositional mapping of 

chemically modified electrodes and polymer interfaces, a challenging prospect in 

contact mode SFM (i.e., friction contrast) because of tip-induced sample
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deformation and topographic convolution in frictional signals. The advantages of 

phase contrast TM-SFM are discussed in this context.

The ability of TM-SFM to distinguish between regions of varying chemical 

composition was assessed by imaging surfaces composed of spatially segregated 

domains of methyl (-CH3) and carboxylic acid (-C 0 2H) groups. The samples 

utilized can be described as partial bilayer structures formed by exposing gold 

substrates to an ethanolic solution containing both mercaptohexadecanoic acid 

(MHDA, HS(CH2)i6C02H) and steric acid (SA, CH3 (CH2) 16C 0 2H) as previously 

described [11]. A schematic of the bilayer formed from MHDA and SA is shown 

in Figure 6.1. As shown by friction force imaging, a surface exposing segregated 

domains of -CH3 and -C 0 2H groups to the interface can be formed by allowing 

the second layer to only partially assemble [11]. This provides us with a test 

sample where the regions of differing functionality also exhibit a difference in 

height which allows for direct comparison between chemical imaging and 

topography.

In these studies we demonstrate that TM-SFM can distinguish between 

regions of varying chemical composition. Phase contrast TM-SFM is used to map 

chemically a partially formed bilayer structure composed of segregated -CH3 and 

- C 0 2H moieties. The contrast derived from these samples is shown to be due 

solely to chemical differences, with negligible contribution from variations in 

surface mechanical properties. We also demonstrate that the chemical contrast in 

TM-SFM is unaffected by significant topographic variations, which illustrates the 

utility of phase contrast imaging for the compositional mapping of rough surfaces. 

This result, combined with reduced sample deformation as a consequence of the 

intermittent contact between the tip and sample, leads us to believe that phase 

contrast TM-SFM will be more applicable than contact mode SFM for the 

chemical imaging of technologically relevant materials. Our results are presented 

in this context.
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Figure 6.1: Schematic diagram of partial bilayers formed at Au(l 11). SA partial 
bilayer (A), and a HDD A partial bilayer (B).
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Experimental

Chemicals. Ethanol (punctilious grade, Millennium Petrochemicals), 

stearic acid (SA), and hexadecanedioic acid (HDDA) were used as received, 

(Aldrich), 16-mercaptohexadecanoic acid, MHDA, was a gift from Marc Porter 

(Iowa State University).

Gold Substrates. Gold substrates were prepared by the resistive 

evaporation of 300 nm of gold onto Tempax glass. These gold films were then 

annealed in a H2 flame.

Bilayer Sample Preparation. Bilayer samples were prepared by 

immersing annealed gold samples into dilute solutions of MHDA and SA or 

HDDA in ethanol. The degree of formation of the second layer can be 

manipulated by controlling the SA or HDDA concentration and immersion time. 

Typical formation conditions were as follows, [MHA] = 10 pM, [SA], 

[HDDA] = 1 mM, immersion time =  16 to 20 hrs.

TM-SPM Imaging. All images in this work were collected with a 

Nanoscope HI MultiMode SPM (Digital Instruments, Santa Barbara, CA) operated 

in the ambient. Microfabricated silicon tapping-mode cantilevers were also 

provided by Digital Instruments. Images were collected with the cantilever 

oscillating slightly below the its resonance frequency (fa) at an amplitude of 50 to 

70 nm. In Figures 6.2, 6.3, and 6.4 the imaging amplitude (IA) corresponds to a 

60% damping of the free oscillation amplitude (FOA). The FOA was determined 

from force-distance plots (i.e., force curves) in which the oscillation amplitude is 

plotted as a function of tip-sample distance. From these plots, the distance the 

sample is translated to completely damp the cantilever relative to the point of 

initial contact represents one-half the FOA. Typical FOAs used in this work 

ranged between 1 0 0  and 1 2 0  nm.
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Results and Discussion

The ability of TM-SFM to distinguish between regions of varying chemical 

composition was assessed by imaging surfaces composed of spatially segregated 

domains of methyl (-CH3) and carboxylic acid (-C0 2H) groups. The samples 

utilized can be described as partial bilayer structures formed by exposing gold 

substrates to an ethanolic solution containing both MHDA and SA as previously 

described [11]. A schematic of the bilayer formed from MHDA and SA is shown 

in Figure 6.1 A. As shown by friction force imaging, a surface exposing 

segregated domains of -CH3 and -C 0 2H groups to the interface can be formed by 

allowing the second layer to only partially assemble [11]. This provides us with a 

test sample where the regions of differing functionality also exhibit a height 

difference which allows for direct comparison between chemical imaging and 

topography.

Several different samples of partially formed bilayers of MHDA and SA at 

A u ( l l l )  were characterized with TM-SFM. Figures 6.2 presents 600 x  600 nm 

constant amplitude topographic (Image A) and phase contrast (Image B) TM-SFM 

images that are representative of >100 images from 5 different samples. The 

images in Figure 6.2 were collected simultaneously at a location on top of a flat 

A u ( l l l)  terrace. As illustrated in the image and in the cross-sectional profile of 

Image A, the topography of these samples is comprised of segregated domains 

exhibiting heights that range from 1.5 to 2.0 nm consistent with the height 

expected for a fully extended layer of SA [15, 16].

Image B provides the initial evidence for chemical sensitivity in phase 

contrast TM-SFM of partial bilayer interfaces. With regard to image 

interpretation, the contrast observed in Image B reflects phase angle differences 

(A<{)) of the oscillating cantilever as the tip interacts with the surface relative to its 

phase while oscillating freely. As shown in both the image and the cross sectional 

profile in Image B, a significant change in A<j) is detected between the different
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Figure 6.2: Topographic (A, z-scale = 10 nm) and phase contrast (B, z-scale 20°) 
tapping-mode SFM images of a MHDA/SA partial bilayer.
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domains of the partial bilayer samples. Quantitatively, A(j) at the top of the SA 

layer is typically 2 to 5 degrees higher than that at th e  top of the MHDA layer for 

imaging amplitudes (IA) of 50 to 60% of the FOA. While the magnitude of the 

contrast increases to 20 degrees for low LA (e.g., 710% of FOA), its direction 

remains constant. We estimate a lateral resolution off 15 nm in terms of both the 

smallest domain resolved and the distance clearly separating two regions of 

different phase. It is tempting, because of the controlled design of our samples, to 

correlate the contrast in Image B with differences in tine functional groups exposed 

at each region (i.e., -CH3 and -C 0 2H). However, fcecause a number of recent 

reports have linked contrast in phase images to surfao e mechanical properties [16- 

18], the observations in Image B alone are insufficitent to associate the contrast 

solely with chemical composition.

Recent experimental [19-23] and theoretical [16] investigations have 

demonstrated the dependence of phase shifts in TM-S-FM on sample elasticity and 

viscoelasticity. We thus designed control samples in order to ensure the contrast 

observed in Image B was not based on variations in tthe mechanical properties of 

the bilayer as a result of, for example, differences in packing between the first and 

second layers. In these samples a partial secomd layer was formed at a 

M H D A /A u(lll) monolayer from hexadecamedioic acid (HDDA, 

H0 2C(CH2 )i4C 0 2 H). A s depicted in Figure 6 . IB, thiis type of surface consists of 

segregated regions of different heights but idemtical interfacial chemistry. 

Figure 6.3, Images C and D respectively, presents 60*) x  600 nm topographic and 

phase contrast images of a partial MHDA/HDDA bilayer. Similar to the 

MHDA/SA system, the topographic profile reveals domains differing in height by

1.8 to 2.2 nm. However, relative to Image B, Image= D exhibits negligible phase 

contrast between the top of the second layer relative to  the top of the first. A small 

variation in A(j> is apparent at the edges of the HDDA xlomains, likely as a result of 

torsional bending of the cantilever at the step between layers. Importantly, the
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Figure 6.3: Topographic (C, z-scale = 15 nm) and phase contrast (D, z-scale 20°) 
tapping-mode SFM images of a MHDA/HDDA partial bilayer.
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lack of contrast in Image D argues that any variations in mechanical properties 

between the top and bottom layers in our partial bilayers is negligible in terms of 

generating phase differences. Thus, the images of our control sample in Images C 

and D provide compelling evidence that the phase contrast observed at the 

MHDA/SA system (Image B) is predominantly due to differences in surface 

chemistry.

Confining the image areas in Figures 6.2 and 6.3 to atomically flat Au(l 11) 

terraces permits the assessment of chemical mapping without the influence of 

substrate topography. However, we believe the real utility of chemically sensitive 

SPM techniques will be demonstrated by their ability to probe technologically 

relevant materials (e.g., polymers and electrodes) which often exhibit surfaces 

with rough, ill-defined topography. The influence of topographic variations on 

SFM frictional signals has been demonstrated [24, 25], and may ultimately limit 

the applicability of chemical mapping with contact mode SFM. Our results show 

that compositional contrast can easily be obtained with phase imaging in the 

presence of significant variations in topography. Figure 6.4 is a 5 x 5 (im TM- 

SFM topographic image of a partial bilayer sample assembled on a gold film 

sputter coated onto mica at room temperature. The observed topographic 

variations arise from the randomly sized gold crystallites in the substrate resulting 

from the deposition process. At this lateral length scale, the topography of bilayer 

domains cannot be observed. The phase image in Figure 6.4, Image B, reveals 

contrast apparently unrelated to gross substrate topography. Images at lower 

lateral scales indicate that the regions in Image B exhibit an increased A<|) 

correspond to areas covered by the SA layer (i.e., -CH3 groups) and that the 

regions of lower Atj) correspond to -C 0 2H moieties. Note that this is the expected 

contrast based on the results in Figure 6.2. Figure 6.4 thus demonstrates that 

significant topographic variations contribute little to chemical contrast in
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Figure 6.4: Topographic (A, z-scale = 30 nm) and phase contrast (B, z-scale 30°) 
tapping-mode SFM images of a MHDA/SA partial bilayer.
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TM-SFM and illustrates the applicability of phase contrast TM-SFM for the 

chemical imaging of relatively rough surfaces.

We believe the ability of phase contrast imaging to discriminate between 

the functional groups of our samples involves a mechanism based on adhesive 

differences between the Si tip and each functional group [16]. Considering 

surface free energy arguments and recent reports, the adhesion between the 

hydrophilic Si-OH groups on the tip and -C 0 2H groups is expected to be higher 

than that between the tip and -CH3 groups [3, 5, 8 , 10]. Studies which treat a 

tapping tip/cantilever assembly as a damped oscillator predict that adhesive 

interactions will result in lower phase shifts and darker contrast in phase images 

[16, 23, 26]. An adhesion mechanism is further supported by our observed 

dependence of A(j) on IA stated above. The tip-sample contact time (fc) is directly 

related to the IA where lower amplitudes correspond to higher tc . In the limit of 

the short contact times involved in TM-SFM ((is range) the number of adhesive 

interactions between the tip and sample is expected to increase the longer the tip is 

in contact. Consistent with the proposed adhesion mechanism, we observe an 

increase in the magnitude of A((> between -CH3 and -C 0 2H groups as tc is 

increased.

Conclusions
Our continuing efforts are focused on further elucidating the mechanism of 

chemically sensitive phase contrast and in developing quantitative descriptions by 

manipulating adhesive interactions via the use of chemically modified probe tips. 

In addition, we are applying this methodology to the study of modified electrodes 

and polymer surfaces. Preliminary results indicate that dp induced surface 

perturbations limit the use of frictional force imaging for the chemical mapping of 

electrochemically pretreated GC electrodes. However, the intermittent contact of 

TM-SFM overcomes such difficulties [27].
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CHAPTER VII 

SUMMARY, CONCLUSIONS, AND FUTURE WORK

Summary and Conclusions

The purpose of this research focused on the investigation of a new method 

for the preparation of chemically modified electrodes. This approach makes use 

of metal deposition and self-assembly techniques as a method for attaching 

specific functional groups to GC electrodes. Self-assembly of sulfur-containing 

molecules onto gold substrates has become a popular method for controlling 

surface chemistry. Unfortunately, an analogous method which could be applied to 

carbon substrates does not exist. The preparation of arrays of small, well- 

dispersed gold particles on GC substrates via electrochemical metal deposition 

was investigated as a means of attaching functional groups to GC electrodes using 

self-assembly methods, as illustrated in Figure 1.1. The work presented herein 

discusses the preparation of gold particle arrays, and their modification with a 

variety of thiol molecules possessing different terminal functional groups.

The focus of this research can be divided into two phases. The first phase 

concentrated on the development of a standard method for the production of small, 

well dispersed, supported gold particle arrays on GC. Gold particles were 

electrochemically deposited on GC substrates by taking advantage of the 

nucleation and growth behavior of gold on GC. This behavior is highly dependent 

on deposition solution concentration and deposition overpotential. We have 

demonstrated that it is possible to control the size and number density of gold 

particles by careful choice of these two parameters. The resulting gold deposits 

were characterized by scanning electron microscopy and electrochemical 

techniques, such as oxide stripping voltammetry and underpotential deposition of
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lead. A method for the determination of gold surface area was developed by 

integrating the charge under the oxide stripping waves. During the course of these 

studies it was also discovered that different electrode pretreatment/activation 

methods have a profound effect on the nucleation and growth behavior of gold on 

GC, as well as the adhesion of these small metal particles to the underlying GC 

substrate.

The second phase of this research focused on chemical modification of 

electrochemically deposited gold particles using self-assembly methods. Initial 

experiments concentrated on modification of gold particles using long chain 

alkanethiol adsorbates. A series of alkanethiols of varying chain length were 

employed. The initial objective of these experiments was to confirm that it is 

feasible to modify supported gold particles using this method. Modification of 

gold particles was confirmed using infrared reflection absorption spectroscopy 

(IRRAS) and electrochemistry. Further studies were aimed at probing the 

structure of the obtained monolayers. Oxide and catechol blocking experiments 

were among the methods used to probe the ability of these monolayers to block 

electrochemical activity at gold particles. It was observed that monolayers formed 

from longer alkanethiols are more effective at blocking electron transfer at gold 

particles. The blocking behavior of these monolayers was compared to that of 

similar monolayers on planar gold films. Finally, multiple deposition and 

modification steps were attempted in order to assess their feasibility.

The success of these experiments prompted us to extend these studies to 

include modification using co-terminated alkanethiols. A variety of functional 

groups were used including carboxylic acid (-C 0 2H), ethylester (-CO2CH2CH3), 

nitro (-N 02), and ferrocene (-Fc). As ferrocene and nitro groups are electroactive 

this provides additional evidence that confirms chemical modification of the gold 

particles. Cyclic voltammetry experiments demonstrate that it is possible to use 

this method to attach multiple functional groups to the GC surface by employing
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multiple deposition and modification steps. IRRAS was also used to confirm 

successful attachment of the various functional groups to GC. The results 

obtained from these experiments complement the results of cyclic voltammetry 

studies. The significance of these results is that we now have a method for 

attaching a variety of functional groups to GC substrates. Finally, it was 

demonstrated that it is possible to subject modified particles to further 

modification steps such as covalent attachment of a protein or antibody. This 

method may be used in future experiments for the attachment of enzymes or 

electron transfer mediators to previously modified particles in the preparation of 

novel sensor elements.

The results presented herein demonstrate that it is possible to attach 

functional groups to GC using electrochemical metal deposition and self-assembly 

methods. However, this method may not be ideal or practical for preparing 

chemically modified electrodes to be used in routine electroanalysis. One 

shortcoming of this approach is the adhesion of the gold particles to the GC 

substrate. Adhesion studies demonstrate that it is difficult to obtain gold particles 

that display good adhesion to the GC electrode. As a consequence, modified 

particles may be lost or dislodged from the electrode surface during normal use of 

the modified electrode. Regardless, this method may still be useful for attaching 

functional groups to GC surfaces in an effort to evaluate their use as electron 

transfer mediators or receptors. An advantage of this approach is that it may be 

possible to prepare segregated domains of specific surface chemistry are created 

on a conductive electrode substrate. These domains may be located adjacent to 

electron transfer sites on the GC substrate. A consequence of using self-assembly 

methods on polycrystalline gold films is that some important electron transfer 

features or characteristics of the functional group of interest may be missed or 

overlooked due to blocking of the gold electrode surface by alkane chains used to 

tether functional groups to the electrode surface. Electron tunneling through the
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monolayer may not become an issue when using supported gold particles. 

Another shortcoming of this technique is that the fate of multiple gold deposition 

steps remains unresolved. Results indicate that gold deposition on existing 

modified particles appears to disrupt the existing monolayer.

Suggestions for Future Work

Suggestions for future experiments that can be pursued as a continuation o f  

this research will now be discussed. As previously alluded to in Chapter EH, 

several experiments have been suggested for further investigation of the effects o f  

electrochemical pretreatment (ECP) on the nucleation and growth behavior of" 

electrochemically deposited metals. These suggestions include SEM analysis as a . 

function of pretreatment time, and the effects of employing a cathodization step 

immediately following ECP. Such investigations may reveal gold particles that. 

display superior adhesion to gold particles on polished GC.

Another avenue that may be explored is the attachment of biomolecules, 

such as enzymes and proteins, and other suitable electron transfer mediators to GC 

electrode surfaces by covalent attachment to chemically modified gold particles. 

Kuwana and coworkers have shown that covalent attachment of dopamine to 

carbon electrodes produces an electrode that is useful for NADH analysis [1,2]. It. 

should be possible to immobilize dopamine on the surface o f  

11-mercaptoundecanoic acid (MUDA) modified gold particles via amidization. It. 

would be interesting to observe the properties of such an electrode as applied to- 

the electrochemical analysis of NADH.
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