
ABSTRACT

LEOPOLD, MICHAEL CHRISTOFI.  Interfacial Investigations of a Biological Electron
Transfer Model: Cytochrome c Adsorbed on Gold Electrodes Modified with Self-Assembled
Monolayers. (Advised by Professor Edmond F. Bowden)

Interfacial investigations of a protein monolayer electrochemical system, cytochrome

c (cyt c) adsorbed to a carboxylic acid (COOH) terminated self-assembled monolayer (SAM)

were undertaken.  Previous research suggested that anomalous peak broadening observed in

the voltammetry of cyt c may be the manifestation of surface effects at the SAM/solution

interface (heterogeneous adsorption sites).  To examine this matter further, research was

directed at 1) deciphering the role of the gold substrate’s topography in both SAM formation

and cyt c voltammetry; 2) understanding the protein binding interactions at the SAM/solution

interface that influence cyt c adsorption and electrochemical response, and 3) investigating

the microscopic properties of all the surfaces involved.

Electrochemical and scanning probe microscopy techniques were used to explore the

influence of gold topography in cyt c / COOH SAM / Au systems.  COOH SAMs (11-

mercaptoundecanoic acid and 14-mercaptotetradecanoic acid) were prepared and

characterized on a variety of gold surfaces including evaporated, bulk, single crystal, and

expitaxially grown on mica gold substrates.  Each type of gold surface exhibited specific

topographical features and characteristic roughness.  SAMs were found to have a decreasing

number of defects as the topography of the gold became smoother, as evidenced by an

increased ability to block solution probe molecules.  As the SAMs become less defective on

the smoother gold, the extent of adsorption and the magnitude of the electrochemical

response of adsorbed cyt c decreased significantly.  These results show cyt c adsorption and

electrochemistry to be intimately related to the density of defects in the SAM, which, in turn,

are heavily influenced by the gold topography.

Additionally, as the gold roughness decreased, the double layer capacitance of the

films was observed to increase.  A physical model was proposed in which the structure and

properties of COOH SAMs are dictated by significant endgroup interactions in addition to

chain-chain interactions.  The model illustrates how gold topography plays an intricate role in

determining the structure and application of COOH terminated SAMs.



Research was also performed on the SAM/solution interface by thermally healing

SAMs on gold and utilizing SAMs on Ag-UPD modified gold.  Thermal healing, by reducing

the number of defects in the SAMs, was also found to affect both SAM structural properties

and cyt c adsorption.  SAMs that had been thermally healed exhibited a lower density of

defects while, at the same time, supported lower electroactive cyt c coverage.  Ag UPD layers

were tested as a means of creating more stable, less defective COOH SAMs for cyt c

immobilization and possibly allowing for more ideal voltammetry of the proteins.

Preliminary research has shown that SAMs with Ag-UPD layers have fewer defects and

greater inherent stability.  Finally, scanning probe microscopy techniques were employed to

investigate the structure of the gold substrate, the SAM/solution interface, and adsorbed cyt c.

In addition to cyt c / SAM / Au research, results from the following investigations are

presented: electrochemistry of adsorbed cyt c at indium tin oxide electrodes and the electron

transfer (ET) properties of iron-sulfur metallodendrimers.  The metallodendrimers exhibited

attenuated ET properties with increasing generations of dendritic ligands in a solventless,

polymeric media.  The electrochemistry of Cu(II) in physiological pathways that may be

related to neurological and ocular diseases was also explored.  Research on these systems

revealed that the reduction of Cu(II) by certain peptides and catabolites may play a vital role

in the development of these diseases.
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PREFACE

As far as my life is concerned, this dissertation represents the culmination of six years of

hard work and a variety of invaluable learning experiences.  Hard work is something I believe in -

hard work and dedication.  Upon undertaking any endeavor, it is these two concepts that I apply in

the hope of making a difference.  A person trying to make a difference can accomplish great things.

For me, being a dedicated and hard working individual in everything that I do will always be more

valuable than shear intelligence or natural ability.  If something is worth doing, it's worth doing right.

I am not the smartest chemist or even the most gifted researcher -  I simply apply myself and work

hard with the understanding that anyone can learn to do anything if they simply dedicate themselves

to the objective and work at it.  This is the attitude and approach with which I came to North

Carolina State University - properties of my character that were instilled in my by my parents and in

them by their parents.  My ancestors were blue-collar workers and immigrants who started with very

little and gradually built good lives for themselves and their families.  Hard work and dedication of

this nature have now brought me to this point in my life - the culmination of the last six years of

work in the form of a research dissertation and a Doctorate of Philosophy in Chemistry.

Research of this magnitude and on this level is not only a substantial challenge, but is also an

invaluable experience for future endeavors.  The process of becoming an independent scientists

means, for me, that I can solve problems.  In my opinion, a Ph.D. is really an independent problem

solver - a person capable of dedicating themselves to a problem and adept at working toward logical

solutions to that problem.  The ability to do this process well is beneficial, not only for scientific

research, but also in many other aspects of life, from personal situations to society and government.

For this specific reason, I believe that Ph.D. scientists are well suited for numerous types of jobs.

What my fellow colleagues and I have been taught here at NCSU is the process of problem solving.

The research described in this dissertation addresses my experiences at learning how to solve

problems.  Unfortunately, a vast amount of my learning experience here at NCSU was independent of

the work presented in this dissertation.  Many other activities have helped me to this point in my life

- each with a unique importance to the overall knowledge I have gained from my time here at NCSU.

When I first entertained thoughts of joining a graduate program in chemistry, I was given the

opportunity to attend more prestigious institutions than NCSU.  Upon visiting other universities,

however, it became evident that NCSU Chemistry was different.  The chemistry department at NCSU

represented a dynamic, changing, atmosphere.  NCSU was a program on the rise with brilliant ideas

of intermixing the different disciplines of chemistry and unique research ideas.  For me, it was much

more exciting to be a part of that change rather than simply join an established program with the best
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apparent "reputation."  I viewed the chemistry department at NCSU as a team - an underdog - and I

always root for the underdog.  The opportunity to be part of something like that was appealing and so

I went for it.  After six years, I believe the decision to come to NCSU has been rewarding, with a

variety of experiences that would have never been available to me in other places.

My research experience and Ph.D. project, under the guidance of Professor Edmond

Bowden, was fruitful with learning experiences.  Along with my main Ph.D. project, I was allowed to

get involved with several other research collaborations, both with Dr. Chris Gorman of NCSU's

chemistry department, and with Dr. Ashley Bush's group at the Harvard Medical School and

Massachusetts General Hospital.  Cross discipline collaborations such as these really raised my level

of exposure to other areas of science.  Within my own group, I was able to serve as an REU

(Research Experience for Undergraduates) mentor and have further benefited from directing two

other undergraduate researchers in projects as well.  Another great opportunity for learning was Dr.

Bowden allowing me to contribute to the writing of a NSF research proposal, which was ultimately

accepted for funding.  All in all, the positive research experiences over the last few years have been

extremely beneficial toward my development as a scientist and as a person.

As far as the research, graduate school in the core sciences is a unique experience, one that is

not easily understood by people outside the field.  It’s hard and requires a level of dedication and

self-motivation that even medical and law graduate students cannot identify with.  Over the last

several years many people (family and friends) have asked about what I do, the difficulties of

graduate school in chemistry and what it is like to do basic, fundamental research.  I’ve always had

trouble with those sorts of questions, never really being able to convey to others the experience as it

really is.  Fortunately, an article in the New York Times Magazine summed up the experience as

accurately as I’ve ever seen and it bears mentioning here.

Graduate study in the sciences is a very unsentimental education.  It requires the
intellectual evolution from an undergraduate who can ace tests of textbook
knowledge to original thinker who can execute research about which the textbooks
have yet to be written…At this level of achievement, there are no more A’s for
effort.  As a sign in on lab had it ‘Don’t Try. Do.’…The life of a graduate student
is so uncertain…there’s no guarantee that you’re going to be able to find a job.
And then you add the self-imposed pressures of the students themselves…You’re
dealing with people during a very difficult transition in their lives…Once they
choose a research project, graduate students essentially fend for themselves –
there are no courses, no tests, no timecards, no guardrails.  In scientific, the
graduate student’s journey from ignorance to expertise is like a trip without a
compass…it’s completely self-motivated, and there are no landmarks in the
landscape…There are no rewards along the way, no stages when you get
evaluated.  It feels like there’s a long period where you don’t have any landmark
to see where you are.
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Strangely, it is this concept of graduate school that makes it so hard and, at the same time, so

rewarding and great.  It is that much sweeter when you accomplish your task, aware of how difficult

it was and knowing that only a small minority of the people in the world have done likewise.

Aside from the excellent research related experiences, I have also had an opportunity to

develop interpersonal and leadership skills during my NCSU years.  As a major officer in the

honorary chemical society in the department, Phi Lambda Upsilon, for three years, I gained valuable

experience with organizational skills, working with departmental personnel and faculty members,

generating substantial funding, assisting in the creation of a graduate student authored solutions

manual for a general chemistry textbook, initiating beneficial programs for fellow graduate students,

such as the thesis and travel funds that provides graduate students with financial assistance to

participate in conferences and in printing their dissertations.  Eventually, in my role with Phi Lambda

Upsilon, space was secured for the Joyce Weatherspoon Graduate Student Facility, a much needed

area where graduate students can meet, enjoy their lunch, and, most importantly, interact with other

graduate students, thereby establishing the vital bond between graduates students that is essential to

any successful graduate program.

On the university level, I represented the graduate students of the chemistry department as

their Graduate Student Association representative.  During my time with the GSA, I rewrote the

department's GSA constitution to allow chemistry graduate students, with their hectic schedules, to

maintain an equal representation at GSA meetings, thereby improving the chances of chemistry

graduate students getting GSA benefits.  As a teaching assistant at NCSU, I gained valuable

experience teaching chemistry laboratories, effectively communicating chemistry-related ideas to

large groups of people.  As an analytical teaching assistant, I was also involved in the creation and

writing of new experiments for the laboratory sessions.

Through personal initiation, I was able to develop my leadership skills.  Leadership, in my

opinion, is an important quality to have as a Ph.D., a person likely to lead fellow researchers, a

research group, meetings, a business or classes at a university.  NCSU's Student Leadership Center

was able to supplement my scientific education-taking place in the Chemistry Department with

courses in the Leadership Development Series.  Through attending many different seminars, I

achieved the Leadership Certificate and valuable training to assist me at being an effective leader.

The foundation of a good department is its students and graduate students.  I have always

believed it is important for graduate students to remain active in student organizations in order to

maintain a voice in departmental and university matters.  To this end, I have served as the graduate

student member of several departmental committees aimed at improving the department in a variety
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of ways.  All of this non-research-related experience were invaluable and have shaped the type of

Ph.D. I will be in the future.  They are as much a part of me as the research discussed in this

dissertation.

As far as this dissertation itself is concerned, I tried to have fun with it.  It is a serious

attempt at research but is written here in an original, somewhat entertaining format.  Science, after

all, should be somewhat fun and interesting.  Because I have this belief and based on some personal

experience with non-scientific people, like my family and friends, I have written this dissertation

with novice scientists in mind.  Professors might find this style of writing, with a great deal of

explanation and detail, to be too tedious and simplistic.  Graduate students and undergraduate

students may find it somewhat more informative and interesting.  This is the intent.  This dissertation

is intended to be a tool for future scientists doing research in this area of science.  Thus, some

sections have been written with a greater degree of detail than is completely necessary.  Additionally,

it is written in this manner because I was tired of coworkers responding to questions about our

research and why we do certain things with statements like, "I don't know, we just do it that way

because we've always done it that way."  For my dissertation, I chose to actually explain some of

these things.  Much of the detail included in these explanations was spurred on by questions and

discussions I frequently found myself having with undergraduate researchers, fellow graduate

students, friends and even members of my graduate committee during my preliminary report on this

research.  One such question is "why do this research?" or "why should the general public be

interested in this work?"  As an answer, the first chapter of this dissertation is dedicated to

addressing this point and placing the research in perspective with the world.  In fact, before

presenting the bulk of my results, the first two chapters first delve into the background information of

this research.  These chapters are useful for inexperienced researchers but may be quite boring for

people with a good understanding of the concepts involved.  In this case, the person should skim

these sections and begin focusing on Chapter 3.  In any event, this dissertation tells a story, as any

good research effort should.  There is a beginning, middle, end, and future to this research.  It is

intended to be useful and, for the most part, entertaining - I hope you find it that way.

One other thought on this dissertation that should be noted is that it is mine.  I tried to have

fun with it in my own way.  I realize that the traditional way for most graduate students to approach a

dissertation or thesis is to virtually copy the style and writing techniques of former graduate students.

For my dissertation, however, I did not do that.  I conceived of the organization and style of this

dissertation by myself using a mental outline created only by me.  Several quotes find themselves in

these pages.  Some of the quotes help summarize my entire experience in graduate school, some
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reflect my feelings on a particular moment during my time here at NCSU, some were inspiring during

long nights in the laboratory, and some are just for fun.  For now, I present you with one that

summarizes one of the more valuable lessons I have learned in graduate school:

ATTITUDE

The longer I live, the more I realize the impact of attitude in life.  Attitude, to me, is
more important than facts.  It is more important than education, than money, than
circumstances, than failures, than successes, than what people think, or say, or do.
It's more important than appearance, giftedness, or skill.  It will make or break a
company …a church…a home…I am convinced that life is 10 percent of what
happens to me and 90 percent how I react to it.   -- Charles Swindoll

When I first joined Dr. Bowden's group in the summer of 1995, he said to me, "I want you to

get what you want out of your education here at State…" - I believe I have.

As I stated earlier, I hold myself to a standard of hard work, dedication, and making a difference - it

is my hope and belief that I have indeed made a difference here at North Carolina State University.

Michael C. Leopold

June 2000
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OVERVIEW AND SIGNIFICANCE OF RESEARCH

CHAPTER ONE

“Some men see things as they are and say
why.  I dream things that never were and say
why not.” – Robert Kennedy
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1. OVERVIEW

One of the main objectives of recent bioanalytical research is the development of

versatile and clinically useful biosensors.  The medical and environmental communities view

the development of useful biosensors as an achievable and essential goal of the research

world.  Current interest in this type of bioanalytical research stems from the intriguing notion

that biosensors can be created, in theory, for almost any specific biological target molecule.1

The potential applications of such scientific advancement would be extremely useful,

especially the ability to monitor specific biological chemicals linked to pathogenesis.  As

biotechnology advances, it is conceivable that biosenors will evolve from being useful in

vitro devices that are connected to the body externally, to self-sufficient in vivo sensors that

are integrated into physiological systems (Figure 1.1).2 Although the research contained in

this thesis is related to biosensors only on a fundamental level, a discussion of biosensors and

their technological background is in order to provide the reader with an idea of how the

research evolved and the significance of the work that will be presented.

1.1  COMMERCIAL BIOSENSORS

Commercial biosensors presently available for clinical or industrial use are limited in

number and application.  Much of the biosensor “consumer” market revolves around glucose

sensors for diabetic patients.  Currently, devices for self-monitoring of glucose levels are

available as a type of biochemical sensor which utilizes blood samples drawn from diabetic

people.3  In spite of the dominance of glucose monitoring in the biosensor field, there has

also been substantial development of sensors based on lactate, pesticides, phenols, heavy

metals such as lead and copper, environmentally harmful gases like carbon monoxide and

nitrous oxide, and many others.4

Unfortunately, consumer need is not always the main consideration in the

development of biosensors.  Glucose oxidase, the primary component of glucose sensing

devices, is one of the most abundant enzymes available.  Thus, the preponderance of work on

glucose biosensors in the scientific literature is not surprising.  There exists, however a severe

lack of reports involving sensors for cholesterol related enzymes.
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Figure 1.1.  Depiction of potential in vivo biosensor with biospecific adsorption.  Integrated
devices such as this are desired to be completely bio-compatible, self-sufficient, and
miniscule in size. (adapted from a figure in Ref. 2).
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Figure 1.2 displays the common enzymes being used in biosensor research today.

Cholesterol biosensors have an arguably greater potential to benefit medicine and a huge

market of consumers, but are only represented in about 1% of the biosenor research activity.4

The high cost and difficulty of fabricating clinically useful biosensors is intimately

related to uncovering successful biomaterials.  The material is considered successful if it can

be used in the construction of a reliable biosensor that can accurately assess a specific

biological response while maintaining mechanical stability.  The material must have all of

these qualities and still be produced at a relatively low cost.  Biosensor research, in essence,

is basically about the science of biocompatibility.

Lactate 
Dehydrogenase 

2%
Glucose Oxidase

35%

Others
35%

Horseradish 
Peroxidase

6%

Lactate Oxidase
5% Glutamate Oxidase

3%

Tyrosinase
4%

Choline Oxidase
2%

Acetylcholine-
sterase

2%

Alcohol 
Dehydrogenase 

3%

Urease
3%

Figure 1.2.  Common enzymes utilized in biosensor related research.4

1.2  BIOCOMPATIBLE MATERIALS & SURFACES

Biosensor research really involves a scientific examination of how biological matter

interacts with man-made materials - the biocompatability of a material.  Interestingly,

interfacing synthetic substances into biological systems to restore, complement, or replace

some form of biofunction in the human body is already a common practice.  Medical science,

as well as the fundamental physical sciences, have already been utilizing somewhat

successful forms of biocompatible devices.  Each example, shown in Table 1-1, represents a

situation where materials science and biology are united.2,5
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The actual materials used for

implants include metals like stainless

steel and titanium, other substances like

synthetic polymers and silicone implants,

as well as, ceramics that are used to

replace bone.5  In all cases, the idea is to

mimic the biological entity being

replaced as closely as possible.

Historically, this technology has fallen

short because most of the biomaterials

being used were developed based on mechanical and physical properties, weighed with

financial considerations and little concern for the biological aspects of the implant.5  These

materials, when placed in a biological environment, are recognized by the body as foreign

objects and, in most cases, the body will react to try to destroy the implant through

phagocytosis.  If not destroyed, the body will reject the implant by other means, enveloping

the foreign body in a layer of fibrous,

denatured protein in an attempt to cut off

communication between the body and the

implant.5  The real key to biomaterial

research then, is to create materials that are

so completely compatible with the biological

systems that the living organism accepts the

object as its own.  Successfully achieving

this type of synergy between synthetic and natural materials is dependent on the surface

science involved.

The surface of a material comprising a biosensor will largely determine the body’s

reaction to it.  Whether or not the body rejects the substance, either declaring it a trespasser

and attacking it, or accepting it as compatible and integrating it, will be dictated based on

how the surface of the implant presents itself to the body.  When biological cells come into

contact with a foreign surface, the membranes of those cells actively search for surface

Table 1-1. Examples of Biological Implants
or Biocompatible Materials2,5

Medical Science Heart valves
Hip/knee replacements
Pacemakers
Dental implants
Intraocular lenses
Blood vessel prostheses
Drug delivery devices
Coatings for catheters
Contact lenses
Glucose sensors

Physical
Sciences

Protein storage

Chromatography

“…as far as the biology is
concerned, these materials
are all foreign objects, not
very different from a bullet,
or a splinter.”

-Dr. Buddy D. Ratner5

University of Washington (UWEB)
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characteristics or signals that communicate whether or not the surface chemistry of the

material is compatible with the cell’s surface chemistry.  Clearly, the surface of materials and

how specific biomolecules react and, in some cases, interact with it is of extreme importance

to the study of biocompatible materials and, in turn, biosensor development.

1.3  BIOSENSOR RESEARCH & DEVELOPMENT

What exactly is a biosensor?  Simply put, a biosensor is an analytical device that

utilizes biological molecules that have been immobilized on a surface.  The surface is

positioned near a transducer that can detect specific analyte interactions with the immobilized

biomolecules.  The interaction between the bio-substrate and the analyte results in some type

of chemical signal which can be harnessed and converted to an electronic signal (Figure 1.3).1

1.3.1.  Elements of a biosensor

In many cases, the elements of a biosensor are most easily described as the following:

a substrate housing a sensing element, a transducer, and a specific method of analysis.4  In

some instances, as in the research that will be presented in this dissertation, the substrate is

synthetically designed to mimic a desired biological surface rather than employing expensive

biomolecules for immobilization on the surface.2,6  Because biological entities interacting

with the sensor will never “feel” the bulk of the sensor itself, it is clearly evident that the

interface between the target macromolecule and the receptor surface is of utmost importance

in this type of work.  The mechanical and physical properties of the biosensor will reside

within the device and only the surface of the biosensor will be presented.  Thus, the way the

sensing element interacts with the analyte and how the mediator element communicates the

analyte’s chemical signal are extremely important aspects of this technology and take place in

much the same way that receptor-ligand interactions occur.
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Bio-specific Sensing Surface

Analyte
Material

Interferents

 Immobilized Bio-Molecules
Enzymes, Tissue, Cells,

Receptors,
or Antigen/Antibodies

chemical signal

Transducer
Electrochemical, Optical,

Calorimetric, Acoustic, Electronic

Amplification/Control Unit

Measured Analyte Output

Figure 1.3.  Illustration of basic biosensor design (adapted from a figure in Ref. 1).
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In an attempt to simplify the interactions between the elements of the biosensor,

methods of establishing direct communication with immobilized probe molecules have been

explored.  Effectively, this research is focused on sensors where the biomolecules of interest

adsorb to a surface and transmit a chemical signal that can be easily analyzed.  The ability to

design a surface that effectively mimics normal tissue but that can also be selective toward

specific analytes is a crucial challenge for biosensor researchers interested in creating new

biocompatible materials targeting specific drug interactions and studying cellular

communication.4,5  Much of the research into this technology involves trying to understand

biological events on surfaces that have been chemically designed and engineered for specific

biological recognition.

1.3.2.  Characteristics of an Ideal Biosensing Device

The main characteristics of an ideal biosensor are miniaturization for potential in vivo

applications, real time and selective monitoring of analyte signals, and cost efficient

production.  In addition, it is desired that the analytical signal generated by the device be

large enough to accurately measure and consistent enough to be stable over a long period of

time.  Real time measurements would truly benefit the current medical world which is

already highly dependent on time consuming, tedious, and very expensive laboratory

procedures that almost always involve multi-step spectroscopic and chromatographic

analyses.4  Having described what is desired and needed in bioanalytical research to this

point, it is now time to examine some of the complications that are involved with the

development of this type of biotechnology.

1.3.3.  Complications of Biosensor Related Research

In general, recent work in this area of bioanalytical chemistry displays a lack of

reproducibility and has generated concern over how the orientation of the macromolecule

affects results.  Mastering the ability to immobilize biomolecules to specific sites while

preserving stability and functionality may lead to more effective biosensor designs.  Clearly,

however, the most significant challenge, as well as the largest drawback of biosensors and

biocompatible implants, is their inadequate selectivity.

Overall, biosensor prototypes and models being used for fundamental research suffer

greatly from extremely poor selectivity.  More specifically, these devices are severely limited
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in their ability to quantitatively determine a specific analyte in an untreated biological matrix.

Molecular recognition and subsequent selectivity of target molecules over other molecules is

the ultimate goal of analytical scientists in this field.  For example, with sensors designed to

be biospecific for proteins, the surface must possess a selectivity for a particular protein while

simultaneously resisting the nonspecific adsorption of other, unwanted proteins.  An obvious

part of research into this type of system is the need to understand the protein adsorption

process.

1.4  PROTEINS

Of all the biomolecules that exist in a living organism, proteins are probably the most

important macromolecules.  Proteins perform a plethora of tasks for living organisms.

Numbering in the thousands, proteins play essential roles in the many different biological

processes from a cellular level to a direct functional role in vital life sustaining events.   Some

of the variety of tasks that proteins perform are summarized in Table 1-2.  Amazingly, all of

these proteins, with distinctive properties and functions, are formed from the same group of

twenty, naturally occurring amino acid residues.  Each specific protein is its own unique

sequence of these amino acids, differing only in the order that they are joined through peptide

bonds.8  Almost all cellular activity involves at least one or more proteins to properly operate.

Many biological processes of interest involve the use of many proteins performing specific

functions in a chain of events.

1.4.1.  Biological Electron Transfer & Proteins

Biological electron transfer (ET) reactions are an intrinsic part of certain biological

processes including photosynthesis, respiration, and intermediary metabolism.9  There are

two basic kinds of biological ET reactions.  The first involves the redox reactions of organic

metabolites and usually incorporates short range, multiple electron movements related to

chemical bond formation and dissipation.  This type of ET is sometimes referred to as inner

sphere ET because the electron donor and the electron acceptor, through altering their

coordination spheres, form a direct chemical bond between each other.  The second form of

ET reaction in biology, and the eventual focus of the research that will be discussed here,

takes place over longer distances, sometimes tens of Angstroms (Å), and involves the transfer
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of only a single electron.8  This ET is fittingly referred to as outer sphere ET, owing to the

fact that the donor and acceptor species only slightly change their coordination spheres during

the process.8  In these type of ET processes, certain proteins exist whose sole function is to

deliver or transport an electron from one cellular location to another.  These proteins are

referred to as ET proteins.

Table 1-2.  Protein Classification and Function7,8

Classification Function or Bio-role Examples
Enzymes Catalysts for organic

biomolecules
undergoing chemical reactions
in cells

Luciferin - part of the chemical
reaction to make fireflies glow

Transport / Carrier
proteins

Bind and carry specific
molecules, ions, or electrons
from one place to another in a
cell or blood plasma

Cytochrome c - ET transfer
reactions in respiration chain
Plastocyanin - ET transfer
reactions in photosynthesis
Hemoglobin- O2 transport

Nutrient / Storage
proteins

Store vital nutrients for living
organisms

Ferritin - storage of iron for
living organisms

Contractile proteins Enable cells to contract,
change shape, or move

Actin - skeletal muscles

Structural proteins Give biological structures
strength, stability, and
protection

Collagen - tendons; cartilage
Elastin - ligaments
Keratin - hair; fingernails
Fibroin - spider webs
Resilin - insect wings

Defense proteins Defend organisms against
attack and invasion of foreign
matter

Immunoglobins (antibodies):
-Fibrinogen
-Thrombin

Regulatory proteins Regulate cellular or
physiological activity

Hormones
Insulin - sugar metabolism
Cytochrome c - intracellular
communication

An example of where ET proteins contribute to an important biological function is

photosynthesis.  Green plants, algae, and some bacteria perform photosynthesis, making

carbohydrates needed for their survival.  In overly simplistic terms, the process of

photosynthesis is initiated by sunlight and involves a chain of events where inorganic

substances are converted to cellular energy in the form of ATP.  The chemistry involved with



11

this process takes place inside the chloroplasts of the plant and uses carbon dioxide, water,

and the aforementioned energy from sunlight, to create carbohydrates, water, and, most

importantly for human beings, oxygen.10,11  Inside the chloroplasts are tiny compartments

called thylakoids.  It is in these thylakoid compartments that the electron transport reactions

take place (Figure 1.4).   For the purpose of this thesis, the focus of this discussion about

photosynthesis, a rather complicated process in itself, will revolve around the ET proteins

involved in the chain.

Both plastocyanin and ferredoxin are proteins that bear the simple, but extremely

important responsibility of delivering an electron to various locations in the thylakoid.

Ferredoxin is an iron-sulfur protein with some form of an Fe-S cage as its redox center.  Its

function in the photosynthesis chain is to accept electrons from photosystem I and donate

them to another enzyme.   Plastocyanin is a “blue” protein, meaning it contains a copper atom

at its center that varies between the +2 and +1 oxidation states.  As shown in Figure 1.4,

plastocyanin is effectively a freely moving electron shuttle between the b6/f complex found

in the cell membrane, and photosystem I, also housed in the cell’s membrane.8,10  Through

some unknown mechanism, these freely moving proteins know where to deliver their

packages of electrons.  This type of protein/surface interaction is an example of the type of

selective recognition of a functional protein by a biocompatible surface.  To understand such

biological interfaces and derive useful information from them, it is of great interest for

biosensor and biomaterials research to focus on the specific interactions of proteins with

synthetic surfaces that attempt to imitate biological interfaces.

With each passing year, more and more genetic diseases are being linked to proteins

and enzymes.  More than 1400 human genetic diseases are now known to be directly related

to defective proteins (Table 1-3).7  Biosensors that can detect, monitor, or serve as models to

study the interactions of these proteins could be of immeasurable value in understanding the

physiological aspects of such diseases.  We next turn to some of the current fundamental

research aspects that underlie the development of biosensors and protein adsorption model

systems.
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a.

b.

Figure 1.4.  a) The membranes and compartments of chloroplasts.  Chloroplasts enable plant
cells to perform photosynthesis in the thylakoids; b) Photosystems and electron transport carriers
of the photosynthesis chain in the thylakoid membranes (Figures from Ref. 10).

1.4.2.  Protein Adsorption Processes

For over three decades, we have struggled to understand how proteins interact with

each other and with biocompatible man-made surfaces.2  Many of the biological processes of

interest involve or are dependent upon proteins adsorbing to surfaces in very particular ways.

The actual adsorption process of a protein onto a surface can be a very complicated

scenario2,6 (see Figure 1.5) - one which can either be beneficial or detrimental to the process
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at hand or the experiment being conducted.  In light of this, many researchers focus on trying

to decipher protein-surface interactions on a mechanistic level.  Accomplishing this means

gaining an understanding of the factors that govern the adsorption process, including the

complex nature of a protein’s outer shell chemistry and surface structure of the substrate or

biological interface.  After all, defining that chemistry and being able to predict the

interaction between the two components of the system is at the very heart of bioanalytical

research.

Figure 1.5.  The complexities of protein adsorption - Several equilibrium processes must be considered
upon (a) adsorption of a protein to a surface: (b) lateral mobility of the protein; (c) dissociation of the
protein from the surface; (d) reversible denaturation and changes in conformation of the protein; (e)
dissociation of the altered protein species; (f) irreversible denaturation coupled with permanent
adsorption; and (g) exchange of surface bound protein with protein from solution.  All of these
processes are further complicated by the many different conformations and chemical environments that
exist where the protein exists (Figure from Ref. 2).

A traditional method of studying protein adsorption processes is to create a model

system involving an actual protein and a specifically tailored synthetic surface that effectively

mimics the protein’s natural binding partner.  The use of a model system has the advantages

of simplicity and, in some cases, allowing for the study of the protein in its natural state.

Unfortunately, these experimental models are often highly dependent on solution conditions

(pH, temperature, solvents, etc.) and, as stated earlier, suffer from poor selectivity.6  Until

recently, another major disadvantage of these models was their lack of molecular or atomic

level detail of the interactions taking place.  Gradually, through technological developments

in instrumentation and innovative experimentation, research on protein adsorption models is

revealing the molecular level detail needed to provide a fundamental basis for understanding
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protein adsorption.  It is a model system of this nature that will eventually be the focus of the

research presented here.

1.5  ADDRESSING THE CHALLENGES OF BIOSENSOR RESEARCH

Having stated the desired needs and problems of this field, it is important to recognize

that plausible and fruitful techniques and scientific discoveries exist to meet each challenge.

In addition to the information presented below, fundamental research review articles on

biosensors and analytical electrochemistry are available.12

1.5.1.  Electrochemistry

Electrochemistry, for reasons that will be described, lends itself as an excellent

technique to be used in this type of bioanalytical research.  First of all, electrochemistry is

very inexpensive and relatively simple in practice.  These are important benefits when

dealing with such potentially expensive materials and complex biological processes to

understand.  Furthermore, within the realm of electrochemistry exists a technique, called

amperometry, that is capable of monitoring real time current signals.  Current signals, even of

very small magnitude, are relatively easy to detect, amplify, and measure.  Electrochemical

instrumentation used in amperometry is sensitive over a large range of concentrations and

would be useful in certain situations where spectroscopic techniques are ineffective.  In

addition, the usage of an electrode as the substrate material in a sensor, allows the

experimenter to control the energy applied to the system.  The predominance of electron

transfer reactions in biology and the demonstrated ability of electrochemistry to measure the

direct redox activity of an immobilized, electroactive enzyme are major benefits of using this
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Table 1-3.  Sampling of Genetic Diseases Linked to Proteins or Enzymes7

Disease Physiological Effects Related Enzyme / Protein
Sickle-cell anemia pain; swelling in hands;

severe bone and joint pain;
death

Hemoglobin

Tay-Sachs disease motor deficiency; mental
deterioration; death by age 3

Hexosaminidase

Familial
hypercholesterolemia

atherosclerosis; early death
from heart failure

Low density lipoprotein
receptor

Rickets
(Vit. D- dependent)

short stature; convulsions 25-Hydroxycholecalciferol-
1-hydroylase

Gout overproduction of uric acid;
acute arthritis

Phosphoribosyl
pyrophosphate synthetase

Gaucher’s disease erosion of bones, hips, joints;
brain damage

Glucocerebrosidase

Immunodeficiency
disease

severe loss of immune
system
(bubble children)

Adenosine deaminase

Immunodeficiency
disease

severe loss of immune
response

Purine nucleoside
phosphorylase

Lesch-Nyhan syndrome neurological defects; self-
mutilation; metal retardation

Hypoxanthine-guanine
phosphoribosyl transferase

Cystic fibrosis abnormal lung, pancreas,
sweat glands secretions;
chronic pulmonary disease;
death

Chloride channel

Cell apoptosis systematic cell death Cytochrome c †
† Research is ongoing but a direct link has not been identified.18

tool to perform research of this nature.  In the context of some type of bio-sensitive device,

electrochemistry is a powerful tool for evaluating the overall operation of a system by

divulging statistically averaged information about a population of sample molecules.  It is

important to keep in mind, however, that electrochemistry yields information strictly about

electroactive molecules and lacks the selectivity needed to learn about the specific adsorption

properties being considered when dealing with a protein/surface interface.

1.5.2.  Scanning Probe Microscopy

In recent years, scanning probe microscopy (SPM) has enjoyed a great deal of

research attention.13,14  Unlike electrochemistry, SPM provides the opportunity to gain a more

detailed understanding of protein/electrode interfaces on a molecular level.  For evaluating
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surface structure, SPM is ideal for probing localized electronic states as well as essential

topographical information.  Moreover, SPM offers some exciting possibilities in the realm of

in situ studies of individual biomolecules.  Through the molecular level information and

imaging, especially at solid/fluid interfaces, the potential of SPM is truly unparalleled.

1.5.3.  Nanotechnology

Electrochemistry and SPM have

prospered greatly from recent scientific

discoveries taking place in electronic

technology.  Electronics are being

miniaturized and nanotechnology research

is developing molecular scale, functional

electrical components like information storage units, capacitors, and wires.15,16  Not only is

hardware being made on the nanoscale, the ability of researchers to manipulate such

molecular devices is increasing.17  This type of microfabrication and control means faster

response times for transient signals, as well as, potentially very small biocompatible devices.

Size will be extremely vital if in vivo biological implants are to be realized.

1.5.4.  Self-Assembled Monolayers

When considering direct contact of biomolecules with a sensing element, the nature

of the surface becomes very important.  Depending on the surface characteristics, the protein

might denature or unfold upon its interaction with a substrate.  Controlling the properties of a

surface has been simplified with the use of self-assembled monolayers (SAMs).2,19  SAMs

(Figure 1.6), particularly of alkanethiolates, are ideally suited for the study of biointerfacial

chemistry and they will be discussed in depth later.  The advantages of SAMs in this type of

research reside in the fact that one can control the surface environment by manipulating the

components that comprise the monolayer and, thus, the surface characteristics exposed to the

incoming biomolecule.  Controlling the surface to this degree allows for the study of

molecular scale interactions between the protein and a specifically tailored surface.  Since the

structure and functionality of SAM can be easily manipulated, SAMs provide a marked

increase in our ability to design a surface for specific molecular recognition, a key aspect of

potential biosensing devices.20  Usually supported on coinage metals (Au, Ag, Cu) or

“Commercial success of any
sensor will depend on the
nature, size, and expense of
the device.”

-Dr. H. Vaughan4

University of Paisley, UK
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mercury substrates, SAM modification of electrodes is advantageous to bioanalytical research

for several reasons: 1) SAMs are optically transparent,  2) one can maintain electrical contact

to the system through the conductive metal supporting the SAM,  3) SAMs are highly

compatible with many analytical techniques, 4) SAMs are very stable over time 5) they are

resistant to chemical attack, and 5) SAMs offer a wide variety of chemical and functional

diversity at an interface.  At this point, SAMs represent the best known surface available for

the fundamental investigation into mechanistic aspects of the coupling between a biological

macromolecule and a surface created specifically to mimic a biological interface.2

�������������������������������������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������� gold e lec trode

thiols

a lkane chains

Figure 1.6. Generic model illustration of an ideal self-assembled monolayer
(SAM); alkanethiolates are highly organized with a common orientation  on the
surface of a gold substrate, anchored by a thiol-Au bond.

1.6  ELECTROCHEMICAL APPROACHES TO BIOSENSOR RESEARCH

 When considering electrochemical approaches to biosensor related research, it is

desirable to achieve reproducible electronic communication between immobilized

biomolecules and a bulk electrode material.  Four basic approaches to this problem have been

used and are depicted in Figure 1.7.  These sorts of designs are based either on the redox

chemistry of enzymatic products and/or reactants at the electrode surface or on the use of ET

mediators.  As will be briefly discussed in the following paragraphs, each method is burdened

with its share of problems, and all of the methods suffer from a relatively high limit of

detection for the targeted analytes.4
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1.6.1.  Basic Electrochemical Biosensor Designs

The simplest approach (Figure 1.7a) involves measuring the consumption of

molecular oxygen by the enzymes or immobilized biomolecules.  This process is beneficial in

that, for many enzymes, oxygen is a naturally occurring electron acceptor.  However, this

type of analysis suffers from several limitations including slow response times and a

dependence on oxygen content in the solution.  Oxygen dependence in any of the methods

presented here has the capability to drastically reduce the accuracy and reproducibility of a

device.4

An alternative to oxygen consumption methods is to measure the redox signal of the

byproduct hydrogen peroxide (Figure 1.7a).  This method addresses the problem of response

time, but is still too dependent on oxygen levels in the testing medium.  In addition, high

positive potentials are required to oxidize hydrogen peroxide.  In spite of this, peroxide

detection biosensor designs are very popular and common in recent literature reports.4  A

third method of analysis and the least common approach used by scientists is the use of

bienzymatic systems (Figure 1.7b).  In these set-ups, one couples the sensing enzyme with a

second enzyme.  Many enzymes are capable of catalyzing the oxidation of hydrogen peroxide

and, thus, accommodate the complications associated with direct oxidation of hydrogen

peroxide needed for the second method of analysis.  Research on this type of system is

progressing, especially with the use of horseradish peroxidase, and many scientists are

advancing into incorporating enzymes into exotic media such as carbon paste electrodes21

and polymeric media.3,22  In spite of this progress, the added complexity of bienzymatic

systems is still a major deterrent to using this type of biosensor design.4
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a.

b.

c.

Figure 1.7.  Popular approaches to electrochemical biosensor designs: a) oxygen
consumption (8%) and hydrogen peroxide generation (62.5%) techniques; b) bienzymatic
design (1.4%); and c) mediated enzyme techniques (28.1%).  Percentages reflect each
technique’s usage in biosensor related electrochemical research (Figure from Ref. 4).
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Using an artificial replacement, called an ET mediator, to substitute for an enzyme’s

natural electron acceptor is a fourth approach to biosensor models (Figure 1.7c).  The

mediator shuttles electrons between the electrode and the target enzymes.  In addition to

increasing the reproducibility and decreasing the dependence of oxygen on the system, the

use of a mediator also assists with interfering substances.  When oxidized at the electrode

surface, ascorbic and uric acids are common fouling agents for electrochemical biosensors.

Mediators, acting as electron shuttles, can eliminate this problem because they can be

selected by the researcher to have a redox potential where contaminant oxidation of

ascorbic/uric acid does not occur.  As seen in Figure 1.8, a wide variety of mediators is

available for research needs.

Other
11.8%

Ferrocene
24.8%

Polymer
11.8%

Osmium Complexes
10.6%

Quinones
10.6%

Ferrocyanide
8.7%

Phthalocyanines
6.2%

Bipryridyl Derivatives
2.5%

Ruthenium Complexes
3.7%

TTF Derivatives 
4.3%

Dyes
5.0%

Figure 1.8.  Mediating species used in mediator based electrochemical sensor designs.4

Unfortunately, the use of a mediating redox species complicates any potential use of this type

of system for in vivo studies although prototype DNA sensors of this sort are already in

development.23  Inside a living organism, the diffusing mediating element would have to be

controlled, most likely by immobilizing it along with the enzyme or protein onto the

electrode surface.  Scientists are attempting to incorporate the mediating component into a

polymer film that coats the electrode surface.  Metal complexes are already being

electrostatically entrapped within polymer films, such as ethylene glycols24 and

polypyrroles,3,4 but the research is still at a basic stage and is ongoing.
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“Direct electrical
communication between
unmodified biological

molecules and electrodes
does not normally occur,

because the redox active site
is surrounded by an

insulating protein shell.”
-Dr. H. Vaughan4

University of Paisley, UK

1.6.2.  Direct ET Designs

Directly linking enzymes to electrode assemblies is yet another approach that, until

recent technological advancements and innovative research, was not a major focus of

electrochemists studying biosensor designs.  Recent reports summarize the research activity

involving direct electrochemical

communication with enzymes.13,25  This

is an attractive methodology due to its

mechanistic simplicity - direct ET

connection between enzyme and

electrode.  With no diffusional elements

involved, the mass transport of charge

and other complications that arise with

such diffusing systems are eliminated.

As the result of this “direct wiring,”

there is maximum coupling between the components at the electrode/solution interface

making extremely fast response times achievable.1,13  It is this type of configuration that is

attractive for fundamental research into microamperometric biosensors and protein

adsorption models.

1.7  SUMMARY AND PERSPECTIVE OF THESIS RESEARCH

In summary, models of biological systems that are to be used for research purposes in

the bioanalytical field should incorporate three major components: 1) a protein or enzyme

whose properties, structure, and function are highly understood; 2) a surface with specific and

structurally well defined properties that can be easily altered and controlled to allow for

relevant biochemical interactions (electrostatic; hydrophobic, etc.); and 3) an analytical

technique that can measure protein adsorption in real time and potentially in situ.2  In light of

these requirements, the biological ET model that is the focus of the research presented within

this thesis is introduced.  Cytochrome c (cyt c), an important ET protein, is chosen based on

its unique and well documented structure and properties.  The protein will be directly

immobilized on a surface through the use of a specific kind of SAM.  Electrochemistry will
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be used to delineate thermodynamic, kinetic, and mechanistic information about proteins

adsorbed on self-assembled monolayers.  SPM will be used to complement this approach

with an overall motivation of gaining a molecular understanding of the electronic coupling at

the protein/electrode interface.  As alluded to earlier, understanding surface interactions in

biological systems is vitally important, not only to biosensor and biocompatibility research,

but also to delineating the basic process of how proteins adsorb to surfaces.  Therefore, the

specific focus of this research will be on the interfaces (surfaces) involved in this model.

With the direct coupling aspect of the protein adsorbed on the self-assembled monolayer,

careful attention must be given to the surface chemistry of the interfaces.  By examining the

ET kinetics and the adsorption properties of cyt c, as well as microscopic images of each

surface, this research seeks to provide a deeper understanding of how proteins bind to

surfaces and establish the interfacial electronic coupling.  Thus, this dissertation, entitled

“Interfacial Investigations of a Biological Electron Transfer Model: Cytochrome c Adsorbed

on Self-Assembled Monolayers” is presented.

To place this discussion in perspective, it is important to mention here that the

research in this thesis, while related to biosensors and biocompatible devices, is of a

fundamental nature.  The preceding discussions of this chapter serve only as a prelude to the

work presented here.  The research within this thesis is not aimed at developing an

operational biosensor.  As depicted in Figure 1.9, this research is completely fundamental,

with immediate goals of providing information about the biological processes of ET and

protein adsorption.

As with any research and development effort, fundamental studies, although not

immediately applicable to society, are a necessary and important part of scientific

advancements.  Moreover, with the

recent flux of new information about

biological systems, the time is ripe for

basic research to continue

investigating the junction of man-

made materials with biomolecules.  It

“Lacking the necessary biological
perspective, we have been
miserable failures in mimicking
the structure and function of
natural tissue.”-Dr. David Grainger5

      Colorado State University
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is the hope of this researcher that this work will one day benefit in the development of

operational and clinically useful biosensors or biocompatible materials.

Biosensor and
Bio-compatible Materials

Research

Fundamental /
Basic
R&D

Biocompatability
Studies

Biological
Electrochemistry

(PME)

Protein ET
Studies

Protein
 Interactions
with Surfaces

Application
Based
R&D

Human
Testing

Animal 
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Computer
Modeling

Biosensor
Prototype

Engineering

Commercial
Clinical

Biosensors &
Biocompatible 

Materials

Glucose 
Biosensors

for Diabetics
Cholesterol
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Figure 1.9.  Flowchart illustrating the span of research in the areas of biosensor and
biocompatible research.  The research comprising this dissertation is basic,
fundamental research – part of the early stages of the overall scheme.
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BACKGROUND, INTRODUCTION, AND OBJECTIVES OF RESEARCH

CHAPTER TWO

“Good judgement comes from
experience, and experience comes from
bad judgement.” – Barry LePatner
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2.  BACKGROUND, INTRODUCTION, AND OBJECTIVES OF RESEARCH

2.1  BIOLOGICAL ELECTRON TRANSFER OF PROTEINS

Biological electron transfer (ET) reactions and adsorption processes involving

proteins play a critical role in certain vital physiological functions.  For decades, chemical,

physical, and biological scientists have focused their attention on understanding these ET

reactions that are such a crucial part of life sustaining processes in living organisms, most

notably photosynthesis and mitochondrial respiration.  The rate and mechanistic aspects of

the ET known to occur between certain proteins, as well as, the need for an effective strategy

to study these complex reactions are at the heart of this type of research.1

During the 1980’s, research into biological ET reactions saw a significant and

unprecedented advancement in both the experimental and theoretical treatment of this

phenomenon.  Of these advancements, two of the most noteworthy were the improvement of

crystallographic methods concerning the structural characterization of biological molecules2

and the theories developed based on donor-acceptor (D-A) chemistry for describing ET

reactions.3  By designating each redox partner or protein in an ET scheme as either an

electron donor (D) or as an electron acceptor (A), the door was opened for the development

of various strategies to probe ET reactions.  The following sections, based on articles by

Bowden and coworkers,1,4 summarize this development and provide seminal examples of

each strategy.  Strategies for studying ET reactions can be divided into two types:

homogeneous ET, where the ET occurs between two species in solution, or heterogeneous

ET, where a single redox species undergoes ET at an electrode.

2.1.1.  Homogeneous Electron Transfer of Proteins

Before the 1980’s, homogeneous biomolecular strategies were the prevalent

methodology for studying ET reactions between proteins.  This strategy revolved around the

intermolecular ET reaction of two independently diffusing redox proteins or redox molecules.

The ET process, as depicted in the reaction below (Rxn. 2.1), involves the reduction of the

acceptor redox partner (A) and the simultaneous oxidation of the donor partner (D).

Assuming only simple one-electron transfers, the typical net reaction taking place is as

follows:
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D  +  A  ⇔  D+  +  A- [Rxn. 2.1]

Examining this type of reaction in greater detail, one can classify it as a diffusional ET

reaction.  That is, the reaction is dependent upon redox species diffusing up to one another

and undergoing an electron exchange.  Therefore, Rxn. 2.1 can be written more descriptively

as Rxn. 2.2 below, which includes several distinct steps: the association (±a) of D and A to

form the D-A complex, the ET within that complex that forms the D+A- complex, and the

subsequent dissociation (±d) of the D+A- complex:5

  ka      ket,f          kd

D  +  A  ⇔  DA  ⇔  D+A-  ⇔  D+  +  A- [Rxn. 2.2]
  k-a      ket,r          k-d
  (1)      (2)           (3)

Although this approach has been used to study the ET kinetics of the ET protein cytochrome

c (cyt c) with a variety of redox partners, including other biomolecules as well as inorganic

and organic redox species,6 this strategy is not without its complications.

Kinetic analysis of the ET step (step 2) of this type of reaction (Rxn. 2.2) can be

extremely complicated due to the complexity of this three step scheme.  In addition to the

forward and reverse rate constants (ket,f ; ket,r) relating to the fundamental ET, the rate of the

overall reaction can be controlled by the rate of association or dissociation (ka/-a ;

 kb/-b).5  With this in mind, researchers turned to the development of diffusionless strategies

as a means of simplifying the kinetic analysis of ET reactions.

The first diffusionless strategies incorporated stable D-A complexes or protein/protein

complexes.  By utilizing these kind of complexes, the complicated kinetics of Rxn. 2.2 are

dramatically simplified with the elimination of the diffusional aspects of the reaction scheme

(steps 1 & 3 in Rxn. 2.2).  Thus, the ET process is rendered completely intramolecular:

        ket,f

DA  ⇔  D+A- [Rxn. 2.3]
        ket,r

This significant change in approaching fundamental ET studies laid the foundation for many

successful research efforts.  Research into homogeneous intramolecular ET focused on

covalently altering proteins, metal substitutions into proteins, and stable protein/protein

complexes.3a,7  Respective examples of each endeavor include work with ruthenated cyt c and

cyt b5 ET proteins,8 Fe-Zn hybrids of hemoglobin,3a,7 and cyt c/cyt c peroxidase or cyt c/cyt
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b5 protein complexes.9  It was during this phase of protein ET research that a remarkable

level of understanding concerning the distance dependence of ET, the importance of the

orientation of D-A docking sites, and the role of thermodynamic driving force and

reorganization energies was ultimately achieved.3a,7,10

2.1.2.  Heterogeneous Electron Transfer of Proteins

Typical heterogeneous ET experiments are performed using a protein or enzyme as

either the electron acceptor (A) or as the electron donor (D), depending on the direction of the

reaction.  The other redox partner is an electrode, which contributes or receives the electron

in the reaction.  The ET of this reaction is direct, from protein to electrode, and does not

require the presence of a mediating species.11  Solid electrodes used to study heterogeneous

ET include metal oxides12a and pyrolytic graphite.12b  This strategy came into prominence

during the 1980’s but originated in the 1970’s through  research done in the laboratories of

Hill,13 Hawkridge,14 and Kuwana.12a  More recently, researchers have been successful using

heterogeneous techniques to perform direct electrochemistry on complex biological systems.4

Researchers in Armstrong’s group used electrochemistry to delineate mechanistic

aspects, previously unknown to the scientific community, of succinate dehydrogenase

(SDH).15  SDH is involved in the mitochondrial respiration chain and is a rather large

biomolecule with a molecular mass of approximately 97,000 Daltons which has several redox

centers.  Armstrong successfully immobilized SDH by adsorbing it onto a pyrolytic graphite

electrode.  The graphite surface facilitates the binding of the enzyme through adsorption sites

that maintain the electroactivity of the SDH enzyme, an important aspect of heterogeneous

ET studies.  SDH is part of an enzyme complex known as Complex II and is an important

part of the mitochondrial oxidative phophorylation chain.  Bound in a membrane, Complex II

functions by oxidizing succinate to fumarate and passing electrons on to quinones that are

also membrane-bound.  In the laboratory, the hydrophilic and functional portion of the

complex can be isolated and accessed on an electrode, allowing Armstrong to study the direct

catalysis of succinate oxidation, as well as, the reverse reaction.  Cyclic voltammetry on this

system allowed for an unprecedented understanding of the molecular role of SDH in this

complex biological process.4
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Another example of the potential of electrochemistry being used for the study intricate

biological events emerged from the Hawkridge research group.16  Researchers in this lab

immobilized cytochrome oxidase, another member of the respiration chain in the

mitochondrion, known as Complex IV, in a fabricated bilayer that was intended to simulate

the natural location of the complex in the cell membrane.  Being extremely large,

approaching 200,000 Daltons, and very complicated, housing multiple redox sites, the

functional immobilization of this biomolecule on an electrode surface was, in itself, a

formidable accomplishment.  Its biological function is to catalyze the reduction of dioxygen

and involves cytochrome oxidase exchanging electrons with its redox partner, cytochrome c.

Through his electrochemical experiments, Hawkridge was able to study the reversible ET

occurring between immobilized cyt c oxidase in this membrane and freely diffusing cyt c in

solution.  This experimental arrangement bears a remarkable resemblance to what actually

takes place inside the cell, and therefore may be an excellent model for studying the process.

These two examples serve to display the immense possibilities of electrochemistry as

a tool for scientists to learn about complex biological processes.  Electrochemistry, as will be

shown in this research, is especially effective on simpler ET proteins and systems.  In any

event, it is clearly evident that heterogeneous ET strategies are significant and effective

means for learning about the fundamental processes of protein adsorption and ET kinetics

and thermodynamics.

Analogous to the homogeneous ET reaction scheme, mechanistic aspects of

heterogeneous ET in proteins can be written in D-A terminology.  The overall net reaction

taking place during heterogeneous ET reactions is shown:

A  +  ne-
electrode  ⇔  D        [Rxn. 2.4]

More specifically, the reaction is best described by including the adsorption and desorption

processes of the protein on the electrode surface:

          kads           ket,f  kdes

Asoln  ⇔  Aads  +  ne-  ⇔  Dads  ⇔  Ddes [Rxn. 2.5]
          k-ads           ket,r  k-des
          (1)                  (2)         (3)

where the subscripts “soln,” “ads,” and “des” designate the status of the electroactive species

in solution, adsorbed to the electrode surface, or desorbed from the electrode’s surface,
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respectively.17  As with the homogeneous ET scheme, clear evaluation of the ET step in this

type of reaction is not easy due to the coexisting and complicating rates of protein adsorption

and desorption.  Again, the overall rate of reaction is subject to control by processes other

than the ET, rendering a fundamental ET study difficult to accomplish with any degree of

certainty.  A strategy that simplifies the reaction and isolates the ET step is needed.

2.2.  THE STRATEGY: PROTEIN MONOLAYER ELECTROCHEMISTRY

Over the years, various strategies have been developed to create a simplified model

for heterogeneous ET studies.  Early in the 1980’s, researchers such as Niki18 and

Armstrong19-22 concentrated their efforts into establishing an electrochemical model for this

process that would alleviate the complicated kinetic analysis involved with heterogeneous

ET.1  Their work resulted in an approach known as protein monolayer electrochemistry

(PME), a diffusionless heterogeneous technique where the protein is confined to the electrode

surface.  The direct adsorption of the protein to the electrode effectively eliminates the

previously competitive processes of adsorption and desorption, and provides the necessary

simplification to study fundamental ET.  Adjusting Rxn. 2.5 to this simplification results in a

reaction scheme similar to the diffusionless homogeneous reaction (Rxn. 2.3) and

synonymous to the second step of Rxn. 2.5:

       ket,f

Aads  +  ne-  ⇔  Dads [Rxn. 2.6]
       ket,r

Thus, the ET step is totally isolated, resulting in a diffusionless, heterogeneous reaction

mechanism governed by only one rate constant, the ET rate constant (ket, f&b).  The beneficial

simplification provided by the use of PME as a strategy for studying biological ET reactions

is depicted in Figure 2.1.  It is thought that these protein/electrode systems can be utilized to

simulate the important protein/protein complexes in living organisms.20  A key obstacle to

employing this strategy is the successful immobilization of a protein onto a solid metal

electrode.  Thus, much of the PME research being performed devotes attention to an effective

means of accomplishing the adsorption of the protein.  Through studying the direct electronic

interactions taking place between the metal electrode and the protein in this type of model, a
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deeper understanding of the biological ET process, as well as protein interfacing processes,

can be achieved.

++ +

Association Electron
Transfer

Dissociation

-

ka

k-a

ket,f kd

k-d

a.

D + A ⇔ DA ⇔ D+A- ⇔ D+ + A-

ket,r

ket,b

b. immobilized protein

modifier

solid electrode

e-

ket,f

DA ⇔ D+A-

-+

Figure 2.1. Illustrations and reaction schemes depicting the simplified strategy of protein
monolayer electrochemistry or PME (b) versus traditional bimolecular reactions (a).  Note that the
immobilized protein in PME, (b), can serve as either the electron donor or the electron acceptor,
with the electrode itself serving as the complementary redox partner.

PME has progressed through the years as an effective strategy for ET studies.  Most

notabley, Niki has used PME in conjunction with spectroscopy to study the ET and

conformations of cyt c and cyt c3.18  In Armstrong’s laboratory PME has been employed to

elucidate the inorganic chemistry of ferredoxin, a prominent member of the Fe-S family of

proteins.19-22  Bowden and coworkers successfully utilized PME as a means of gaining an
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unprecedented understanding of ET kinetics.  In summary, PME has become an established

technique for fundamental studies of biological ET in proteins.

2.2.1.  PME: Advantages & Disadvantages

What advantages does PME offer that make it so useful for studying biological ET?

Performing PME allows researchers to acquire thermodynamic and kinetic data that, when

used in conjunction with the crystal structure of the protein, prove to be extremely valuable in

efforts to understand protein ET and adsorption.  The advantages and limitations of PME as a

method are briefly described here.  Many advantages of this strategy have already been

mentioned and are summarized, along with additional benefits and limitations of PME, in

Table 2-1.  When using PME, redox thermodynamics are readily obtained from simple cyclic

voltammetry (CV) experiments, making the technique a popular tool for biochemists wishing

to determine formal potentials of biomolecules in a variety of environments.  In addition to

thermodynamic measurements, PME is also effective at illuminating a more detailed

understanding of interfacial interactions, such as the kinetics of ET and adsorption properties,

between electrodes and proteins.4

As discussed earlier, the predominant benefit PME offers in terms of kinetic analysis

is simplification.  The ET is both heterogeneous and diffusionless, thus simplifying the

kinetics by excluding any possible rate limitations arising from mass transfer (diffusion) and

adsorption processes.4,23  When PME is performed on simple ET proteins, as is the case in

this thesis, the kinetic analysis is further simplified by the existence of a single redox site.

This simplification allows the PME experiment to resemble self-exchange reactions which

also have only one redox center.  In self-exchange reactions, however, the electroactivity of

this redox site is traditionally difficult to measure, whereas the electrochemical determination

of heterogeneous ET rate constants are comparatively very easy.  Moreover, the rate at which

an electron travels from electrode to protein or vice versa is highly dependent on two

important variables: the distance between donor and acceptor sites and the nature of the

medium between the sites.24

PME addresses these two variables nicely, considering that in some instances, the

modifying species on the electrode surfaces, such as self-assembled monolayers (SAMs), can

act as an adjustable spacer that controls the distance between electrode (D/A #1) and protein
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(D/A #2).  Using a iterative series as a type of spacer, for which SAMs are an ideal example,

one can use distance to manipulate ET rates without altering the activation barrier of the

surface confined protein.1  This kind of control in PME experiments offers the potential to

study the distance dependence of ET.25

Table 2-1.  Scientific Advantages and Limitations of PME1

PME Characteristic Notes

Diffusionless ET
-Simpler kinetic analysis
-Isolation of ET step
-Diffusion is eliminated

Controllable ∆Grxn

-Free energy of reaction variable via potentiostat
control
-Provides basis for determining reorganization
energy

ket° at Zero Driving Force* -A key parameter difficult to measure in
homogeneous ET reactions

Advantages
Activationless Reaction

Partner

-Electrode is activationless
-Activation barrier is restricted to that of the
protein itself (single site activation)

Variable Distance /
Timescale of ET

-Electrodes can be modified with different sized
organic spacers (SAMs)
-Allows for kinetic control without altering
activation property of protein

Electric Field Effects -Enables investigation into the influence of electric
fields on ET

Non-ideal behaviors -Electrochemical properties

Signal to Noise Ratio
(Faradaic vs. Nonfaradaic)

-Signal limited to a monolayer or less of protein
-Background signals can be large
-SAM technology beneficial
-E/C techniques specifically designed to
discriminate against charging current (background)

Limitations

Structural Characteriz-ation

-Two dimensional dispersion of protein on
electrode
-Interfacial characterization on the molecular scale
is challenging
-Spectroscopy / Microscopy developments

Unknown Interfacial and
Electric Field Complications

-Interfacial nature of system raises questions:
     -charge compensation?
     -Potential profiles across
     interfaces?

*ket
o = standard electron transfer rate constant.
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As far as the nature of the medium between the two reaction sites is concerned, PME

experiments are usually performed in aqueous solutions with supporting electrolyte.

Therefore, the environment surrounding the adsorbed protein can be altered at will and made

to simulate physiological conditions.  This is especially important when attempting to study

biological molecules in their native forms.  Furthermore, results obtained in physiological

environments can be directly related to the overall goal of this research, bioanalytical devices.

An additional advantage of using PME is that the driving force behind the ET

reactions, the free energy of the reaction, is infinitely variable via potentiostatic control of the

electrode.  This type of experimental manipulation is not available with solution D-A

complexes, whose free energy only changes when the redox site is actually chemically

altered.26  The potentiostat controls the free energy of the electrons associated with the

working electrode, allowing the experimenter to simultaneously control the direction of the

ET reaction through an applied voltage and measure the current flow between the two

reactants (electrode and electroactive molecules).

With heterogeneous ET reactions, such as those taking place in PME, the electrode

exhibits no reorganization energy of its own and can be considered to be an activationless

(λelectrode = 0 ) entity. The only activation barrier to contend with in PME is that of the

proteins.  This feature of PME allows the experimental results obtained to be directly

attributable to a protein’s specific characteristics or adsorption state, analogous to self-

exchange reactions.1

The first of several limitations involved with PME deals with signal to noise issues.

The magnitude of the current response, the analytical signal of the adsorbed ET proteins, is

limited to the amount of material actually adsorbed on the surface, usually only a monolayer

or submonolayer.  The signal produced by this monolayer of proteins, sometimes called the

faradaic current, can be obscured by the non-faradaic or background signal, also called the

charging current (nonfaradaic current).  When experimenting with such small signals, a large

background current can render quantitative electrochemical measurements on the system very

difficult.18a,b,e,20e,27  To combat this problem, electrochemists sought electrode modifiers that

are not only compatible and successful in confining specific proteins to a surface, but that are

also effective at differentiating between faradaic and non-faradaic current, usually by
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attenuating the charging current.  One such modifier, which will be discussed in greater detail

in a later section, is alkanethiolate self-assembled monolayers (SAMs).  In addition to

altering the systems interfacial characteristics to battle this problem, techniques have been

developed that are specifically designed to address low signal to background current ratios.

Pulsed voltammetry28,29,30 and spectroelectrochemical techniques18a,b,e,31 are examples of

methods being used for this purpose.1

Another limitation found in PME is the lack of structural characterization of the

system on the molecular scale.  Being a surface bound model involving minute amounts of

protein, the interfacial structures involved with PME are difficult to define.  In comparison,

homogeneous solutions and solid crystals are readily characterized by a variety of techniques.

Therefore, most PME experiments are limited to proteins that have already been well

characterized and are structurally defined.  It is hopeful, however, that continuing

developments in spectroscopy and especially scanning probe microscopy (SPM) will offer a

promising outlook for this particular limitation of PME.

A related problem, and a major aspect of this research, is the inherent non-ideal

properties that exist in PME results.  Ideally, every protein on the surface would be adsorbed

in the exact same manner with identical orientation, stability, and binding interactions.

However, as will be discussed later, this is seldom the case.  As a result, the redox properties

of the proteins, such as formal potential and rate constants, are dispersed and classically non-

ideal.1,32  This broadened distribution of electrochemical properties is the focus of much

research and will be very important in future sections.

Two positive aspects of PME is that it is a very promising strategy for obtaining ET

data and that all of its limitations can be addressed, circumvented, or minimized.  Much of

the research done on PME revolves around controlling and/or understanding its limitations.

The future of the PME strategy to study biological ET will be largely dictated by how

successful the research is at overcoming these disadvantages.  Success will be primarily

rooted in fundamental thermodynamic and kinetic analysis of well understood proteins, an

example of which is the research presented in this dissertation.

2.2.2.  Modified Electrodes and PME
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A key component of PME is the successful development and prominent use of

modified electrodes.  Early biological measurements were performed using cyt c adsorbed on

indium oxide33 and tin oxide1,27b electrodes.  However, the electrochemical response on these

metal oxide films was difficult to interpret and was degenerative over time, a condition

induced by the semi-conducting properties of these substrates.  Non-biological kinetic testing

on diffusionless electrochemical systems was conducted by Weaver and coworkers.23a,27b

These systems displayed irreversible chemical behavior at the electrode surface.  By 1984,

researchers in Niki’s laboratory used electroreflectance (ER) techniques to show the

irreversible adsorption of cyt c on bare Au electrodes.18a  It became apparent from studies like

these that the irreversible adsorption of proteins onto bare metal electrodes would be

problematic.  Conventional electrodes typically generate poor responses from proteins which

adsorb strongly to the metal surface and subsequently suffer from a loss of native ET

function, commonly referred to as denaturation or protein unfolding.4,11,34  The goal then is to

modify the electrode surface in a way that can sustain the protein’s ET function and natural

structure.

Modified electrodes that permit PME without subsequent denaturation are of major

interest to studying protein adsorption and fundamental ET.  Gold electrodes have been

modified with numerous compounds; two examples of modifiers are methyl viologen14 and

4-4’-bipyridyl.13  However, probably the most significant advancement in modification of

electrodes for this purpose came from Taniguchi and coworkers.  In 1982, Taniguichi

introduced a novel technique involving the modification of gold electrodes with organosulfur

compounds.35  By maintaining the integrity and thus the native state of the protein while

adsorbed on the surface, organosulfur modifications of electrodes make the comparison of

these protein/electrode complexes to naturally occurring protein/protein complexes a more

viable analogy.  The use of self-assembled monolayers (SAMs) to modify electrodes has been

a successful part of the biological electron transfer model being studied in the Bowden

Research Group.

2.3.  THE CYT C / SAM / Au ELECTRODE SYSTEM
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During the past several years, research in the Bowden group has been primarily

focused on the PME of cytochrome c (cyt c) ET proteins adsorbed onto a gold electrode that

has been modified with a self-assembled monolayer (SAM).27d,36,37  A hypothetical depiction

of this system is shown in Figure 2.2.  Several years ago, researchers in the Bowden Group,

along with collaborator Mike Tarlov of the National Institute of Standards and Technology

(NIST), established that stable monolayers of equine (horse heart, HH) cyt c could be

strongly adsorbed to a certain type of SAM.36c  In this case, the SAM is terminated with an

carboxylate functional group, which extend out into solution and create a negatively charged

or acidic surface, ideal for the immobilization of such basic proteins as cyt c.  This protein’s

natural binding partners, cytochrome c oxidase and cytochrome b5, exhibit anionic surface

domains.37  Thus, a negatively charged modified electrode surface provides an excellent

model for studying the ET process between two such physiological partners.  Using this

system, fundamental knowledge of the electronic coupling between the electrode and the cyt

c protein is desired to be able to design and understand effective models for studying ET.

Figure 2.2.  Illustration showing a hypothetical structure for
cyt c molecules adsorbed at a gold electrode with a 16-
mercaptoheaxanoic acid (16-MHDA) SAM which is shown
ideally ordered and tilted approximately 30° from surface
normal.  Spacing and orientation of the cyt c molecules is
speculative (Figures from Refs. 1,4, and 27b)



40

The following two sections of this thesis involve a more detailed and in depth look at

the primary components that comprise this system: the protein, cyt c and the modifier or

SAMs.  A fundamental understanding of both components is critical to realizing how and

why this model system is composed and the way it functions.

2.4  EQUINE (HORSE HEART) CYTOCHROME C

2.4.1.  Physical and Structural Properties of Cyt c

Equine cytochrome c is an ideal prospect for use in PME.  This highly characterized,

water soluble protein, is one of the simplest and best understood proteins that exists.  The

crystal structure of horse heart (HH) cyt c has been known for quite some time and is

displayed in Figure 2.3.38  Cyt c is a globular protein, somewhat ellipsoidal in shape, with

approximate dimensions of 34Å x 34Å x 30Å, and a molecular weight of approximately

12,500 Daltons.  Within cyt c’s polypeptide shell is an off-centered and embedded heme

redox group whose edge (~ 5%) is exposed to solution (See Figure 2.3).39  It is believed that

this face of the protein is the functional end, where docking with redox partners occurs.4 The

heme’s electroactivity is comprised of a simple outer-sphere ET reaction:4,40

Fe3+ (cyt - heme)  +  e-  ⇔  Fe2+ (cyt - heme)        [Rxn. 2.7]

The heme group resides in the protein in a porphyrin core that is covalently linked to the

polypeptide backbone through bonds to cysteine resides at all four equitorial positions.  The

iron itself is low spin and six coordinate, possessing an octahedral geometry with axial

ligands to histidine and methionine (See Figure 2.3).  Additionally, cyt c possesses excellent

chromophoric properties, a useful commodity for physical characterization, quantification,

and spectroelectrochemical applications.27b,c  A theoretical UV-Vis spectrum of the oxidized

and reduced forms of cyt c is shown in Figure 2.4.

As is the case with many ET proteins, cyt c possesses an asymmetric charge

distribution on its surface.  The exposed heme edge is surrounded, predominantly, with

positively charged lysine and arginine amino acid residues. These residues are

uncompensated on this side of the protein, lacking negatively charged aspartate and glutamate

residues, thus giving the protein a net asymmetric charge across its surface.  This charge

distribution is depicted in Figure 2.3.  This phenomenon is believed to be biologically
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Figure 2.3. The ET protein equine (horse heart) cyt c (MW ~ 12,000 Da; Diameter ~ 3.0 - 3.5 nm).  A)
Crystal structure of cyt c depicting the asymmetric charge distribution around the heme group, an Fe
core embedded in a porphyrin ring (shown in red).  Positively charged amino acid groups (lysines and
arginines) are shown in blue; negatively charged amino acid groups (aspartates and glutamates) are
shown in yellow.  Axial ligands to the iron heme, histidine, and methionine are shown as aqua and green,
respectively.  B) Protein is rotated 90° about the z axis and space filled to show the predominant
uncompensated positive charge surrounding the embedded heme edge.
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Figure 2.4.  Simulated UV-VIS spectrum of the oxidized and reduced forms of HH cyt c;
characteristic α, β, and γ bands of the reduced are labeled (Figure from Ref. 42).
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relevant and purposeful by design, considering the protein binds to its natural redox partners

primarily through electrostatic interactions.41  It is this excess positive charge, in the form of

lysine and arginine residues around the heme crevice, that make cyt c an ideal candidate for

immobilization on a negatively charged surface, such as that of a carboxylic acid terminated

SAM.

2.4.2.  Physiological Function of Cyt c

Besides being structurally well suited for PME applications, cyt c is a vital part of

cellular respiration and therefore interesting on a physiological level as well.  Cellular

respiration or oxidative phosphorylation takes place in the mitochondrion of eukaryotic cells

(See Figure 2.5).  In aerobic cells, the mitochondrion is the principal producer of

smooth endoplasmic
reticulum

ribosomes

 pore complex

  nucleolus

rough endoplasmic
reticulum

 vesicle

 Golgi complex

 nucleus

 mitochondrion

 nuclear envelope

 plasma
 membrane

Figure 2.5.  Cross sectional 3-D diagram of a eukaryotic cell; oxidative phosphorylation (cellular
respiration) takes place in the mitochondria of eukaryotic cells (Figure from Ref. 42).

ATP, the chemical energy of living organisms, required for cellular functioning.

Mitochondria vary in size, but are typically about one micron in diameter, and can number

from several hundred to one thousand per plant or animal cell.  In general, the population of

mitochondria in a cell is dependent upon that particular cell’s function and metabolic activity.

Each mitochondrion is composed of two major membranes: an outer membrane, a smooth
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continuous covering which encases the entire structure but is permeable to small

ions/molecules, and an inner membrane, made up of numerous folds and projections called

cristae (Figure 2.6).  These cristae, which are largely impermeable to most ion/molecules,

possess a large surface area and house an inner compartment in the mitochondria called the

matrix.  The matrix is a concentrated solution of enzymes and chemicals involved in energy

synthesis reactions or energy metabolism.  Thus, the mitochondria are often referred to as the

cell’s “power plants.”42

Cyt c is located between the inner membrane and the outer membrane of the

mitochondrion.  Its primary function within these membranes is to act as an electron shuttle

between two locations in the mitochondrial electron transport system, shown in Figure 2.7.

As seen in this figure, the inner membrane is home to the four major complexes, known as

Complexes I-IV, which comprise the cell’s electron transport system.  Cyt c occupies a

position in this chain that is analogous to the previously mentioned role of plastocyanin in the

photosynthesis chain (Chapter 1).42  Cyt c, a mobile electron carrier, delivers an electron from

Complex III, also known as cyt c reductase, to Complex IV, or cytochrome oxidase.  It is

clear that the protein adsorption process and, of course, the ET process are major steps in this

cycle and warrant study, if for no other reason, than to expand our understanding of these

simple biological events.  Thus, cyt c is a not only a vital biological molecule, but is by its

very nature, an excellent selection for ET models.



44

DNA
Crista
Matrix
Ribosomes
Inner membrane
Outer membrane

5 µm

H+
H+

H+ H+

H+

H+
O2

intermembrane compartment

matrix

inner boundary membrane

Figure 2.7. The mitochondrial electron transport system with four major complexes imbedded in the cell
membrane and two smaller electron carrier species, ubiquinone and cytochrome c.  Electron flow is
shown as yellow arrows; hydrogen movement as dashed, black arrows.  Note that cyt c is the only mobile
electron carrier, freely moving in the intermembrane compartment (Figure from Ref. 42).

Figure 2.6. Mitochondrion structure.
The electron micrograph verifies the
smooth outer membrane and the
numerous infoldings of the inner
membrane, called cristae (Figure from
Ref. 42).
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2.5 SELF-ASSEMBLED MONOLAYERS (SAMs)

2.5.1.  General Characteristics

Alkane based SAMs are a type of spontaneously formed, highly organized molecular

adlayer whose singular members share a common orientation.  A generic picture of a SAM,

showing the four major components of the molecules involved in the self-assembly process

and their corresponding terminology, is shown in Figure 2.8.  Each component, the metal

substrate, the headgroup, the alkane chain, and the terminal group, plays a specific role in the

formation and subsequent structure of a SAM.  Therefore, this specific terminology is vital to

understanding the ensuing discussion of SAMs and their use in subsequent research studies.

The interplay of all these components give SAMs and the materials they modify certain

characteristics that make them attractive for many research purposes.  The structure and

properties of SAMs have been and continue to be well characterized with a variety techniques

including the following examples: electrochemistry,43 ellipsometry (wetting), contact angle

goniometry (CAG), infrared spectroscopy,44 x-ray photoelectron spectroscopy (XPS),45 and

mass spectrometry (MS).46  The following discussion attempts to convey the results of many

of these research studies and summarize some of their major conclusions about the structure

of SAMs in aqueous solution.  Here, we limit the discussion to SAMs where water serves as

the solvent, keeping in mind that any solvent, including water, can affect the properties of a

SAM.  As will be seen, SAMs essentially provide scientists will a well defined and

controllable surface, an extreme advantage for surface related research.  First, however, the

process of self-assembly and the roles of each component of the SAM will be examined,

starting with the interaction between the metal substrate and the headgroup.

2.5.2.  The Process of Self-Assembly

The high degree of organization that is inherent in SAMs is initiated by the affinity of

the headgroup for the substrate.  A major class of SAMs is derived from molecules with

sulfur based headgroups such as thiols, disulfides, and sulfides.  This family of headgroups

have a high affinity to form metal-S bonds with the coinage metals (Au, Ag, Cu)47 as well as

with other metals such as platinum and mercury.48  Gold, however, is the most effective

substrate for SAM formation, and is the predominant metal seen in SAM literature.43  Several
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literature reviews on Au-alkanethiolate based SAMs are available,43,49 but research involving

SAMs in recent years is rather expansive.
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Figure 2.8.  Schematics of a self-assembled monolayer highlighting important aspects of the system:
endgroups, headgroups, alkane chains, tilt angle, substrate, and lateral interactions between the
components that comprise the SAM.

Using Au as an example, the self-assembly process begins with the sulfur headgroups

being chemisorbed to the Au surface from a homogeneous thiol solution.  Subsequently, the

high density of Au-S bond formation brings the alkyl chains of the molecules into van der

Waals contact.  The tails of the anchored molecules then seek to maximize the intermolecular

van der Waals interactions.  If in aqueous solution, the alkanethiolates experience
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hydrophobic interactions among the alkane tails.  The chains, being predominantly

hydrophobic hydrocarbons, will try to achieve the most energetically favorable situation by

isolating themselves and minimizing their exposure to the aqueous or polar layer.50  To

accomplish this, the chains will actually bend, adopting a tilt angle of 28-40° from the surface

normal; the tilt angle variability being directly attributable to different terminal groups SAMs

can have, as well as, other specific experimental conditions.43,51  Ellipsometry of SAM

modified Au substrates has shown that the initial chemisorption of the headgroups occurs

very rapidly, covering the gold surface with thiolate material almost immediately.  Over a

longer period of time, however, the alkane chains undergo rearrangement as they maneuver to

maximize their lateral interactions with other chains.52  Therefore, a substantial degree of

order in the monolayer is achieved quickly but can increase if the self-assembly process is

allowed to continue over time.  The manifestation of the self-assembly process is an organic

film composed of a compact layer of hydrocarbon which creates a substantial barrier at the

metal/solution interface.  The properties of this barrier are influenced by two variables:  the

thickness of the SAM and the endgroup used at the SAM/solution interface.

2.5.3.  Alkane Chain Length

Depending on the number of methylene groups (-nCH2-) in the alkane chains of a

SAM, the nature of the packing density can vary from highly crystalline, extremely ordered

monolayers to less ordered, “liquid-like” films (See Figure 2.9).  This property of SAMs is

somewhat influenced by temperature and by the choice of terminal group employed, but is

generally considered to be a definitive trend.43,44,53  At room temperature, SAMs comprised

of longer chains (nCH2 > 6-8) tend to be extremely impermeable to both solvent and

electrolyte ions.43,54  Effectively, the strong lateral interactions previously discussed cause the

monolayer to be a virtually impenetrable layer, void of solvent molecules or ions from the

contact solution.  In fact, SAMs comprised of alkane chains of twelve or more methylene

units in contact with an aqueous solution, barring any other influences, is considered to be an

effective solid-liquid interface.54b
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Figure 2.9.  SAM structural property trends based only on alkane chain length in SAM.  Note: Figure is
designed to illustrate to the reader the general trends involved with SAMs as derived from literature reports43

and is not based on actual data collected in this research.  More accurately, the relationship shown is not
linear.  Also, the illustration ignores any effect from endgroups (discussed later).

The reasons for this phenomenon relate to the aforementioned lateral interactions

taking place within the SAM during the self-assembly process.  Longer alkane tails will have

a greater propensity to accommodate significant van der Waals interactions with other chains.

This is borne out with infrared spectroscopy (IR) studies which indicate that SAMs made of

longer alkanethiols are predominantly hydrocarbons in all-trans conformations,44a,51 meaning

that the alkane chains are all as close to possible, leaning into each other at an angle to

maximize their interaction.  This type of film is extremely ordered, an achievement only

possible if solvent and ionic species are energetically excluded from the alkane medium.  On

the other hand, IR results on shorter alkanethiolates reveal films with a higher density of

gauche defects,44a,55 an indication that random chain orientation exists.  This result is a

reflection of the shorter chains lack of an alkyl tail long enough to dictate the dominant lateral

interactions.  The inherent motion of the shorter SAMs results in a more mobile (“liquid-

like”) state on the surface and is a less effective barrier at the interface.

An important caveat of these films is that as they become thicker, their ability to

passivate the electrode surface is greater.  That is, if the film is substantially thick enough to

create a barrier at the interface, it can prevent redox species in the solution above the film

from making contact with the metal substrate.  This passivation has two effects: 1) it

decreases the current response of an electroactive species in solution by severely hampering

the rate of ET, allowing current to flow only at defect sites in the film or forcing it to tunnel
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through the hydrocarbon layer51 and 2) it decreases the background signal or charging current

of the electrode.43  The first effect is the reason that SAM research is at the heart of many

corrosion studies,56 effectively “protecting” metal surfaces from chemical attack.  Many

scientist use redox active molecules in solution to detect the presence of defect sites in the

SAMs.  This is a popular way of studying SAM structure and is called redox probing of

SAMs.57  The second effect, involving charging current, is brought into focus later in this

chapter.  While chain length provides a definite variable that controls SAM structure, the

endgroups of the SAM can be extremely influential on the overall properties of the SAM.

2.5.4.  SAM Endgroups (Terminal Groups)

The terminal group or endgroup of the SAM is probably the most important

component of a SAM, primarily because it is the component that is exposed on the surface.

Up to this point in the discussion, it has been assumed that the endgroups of the SAM were

simply methyl groups.  There are however, many other possibilities.  Numerous synthetic

manipulations of alkanethiolates allow for SAMs to be created with a variety of terminal

groups.  These functionalities can alter the packing order, as well as the hydrophobicity and,

in some cases, the charge density of the SAM/solution interface.  Thiols manipulated for

SAM purposes are often referred to as ω-substituted alkanethiolates.  Examples of common

ω-substituted alkanethiols include molecules that have been terminated with methyl, hydoxyl,

carboxyl, amine, fluoronated hydrocarbons and cyano functional groups.  SAMs with more

exotic endgroups, such as succinnate,54b or electroactive moieties, such as ferrocene,58 have

also been used.  Instead of composed of only ω-substituted alkanethiols, aromatic based

SAMs have also been explored.57a,b  The variety of ω-substituted alkanethiols utilized in

SAM studies is staggering, but for the purposes of this dissertation, this discussion will limit

itself to some of the more common, nonelectroactive functional groups just mentioned (-CH3,

CF3, -OH, -COOH, -CN, etc.).

There have been many research studies based on the characterization of SAMs with

different terminal functional groups.  Ellipsometry, CAG, IR spectroscopy, XPS, and

electrochemical redox probing and capacitance measurements have all been employed at one

time or another to delineate specific SAM properties related to different endgroups.43,51,59

The following discussion attempts to summarize the major conclusions from these various
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literature reports.  Figure 2.10 also displays the results of this work and the major trends

concerning SAMs with different endgroups.

CF3 -  CH3  -  OH  -  CN  -  COOH

Surface Energy

Crystallinity

Capacitance (B/G)

Defect Density

Permeability

Resistance to Au oxidation *

Figure 2.10. Endgroup related trends of SAM properties.43,51  ( * Resistance to
Au oxidation showed the specific trend of CF3 - CH3 - OH - COOH - CN.)51

Ion penetration into the SAM or SAM permeability has been extensively investigated

by many of the techniques mentioned in the preceding paragraph.  Normally, invasion of ions

into the film occurs at defect sites in the monolayer.  SAMs with larger defect densities tend

to be more permeable toward solvent and/or ions, and are not as effective as an interfacial

barrier.  Consequently, electrochemical current suppression at the metal electrode is more

difficult and the background signal for the modified Au substrate is larger.  Of the functional

groups tested as SAM endgroups in the specific literature examined, the permeability of the

films in aqueous solution were as follows:43,51

CF3  <  CH3  <  OH  <  CN  <  COOH (neutral species)

The same trend was found for background capacitance and defect density, adhering to the

previous discussion.  Ellipsometry measurements on these SAMs revealed that the surface

energy of these films also increased in the same order.  The opposite trend, however, was

seen for IR studies focusing on the crystalline nature of the different SAMs:

CF3  >  CH3  >  OH  >  CN  >  COOH (neutral species)
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From these trends one can derive that ion penetration is not highly dependent on the

wetting properties (hydrophobicity) of the SAMs.  Instead, it appears that the barrier

properties of the SAM are impacted more by the crystallinity and packing order of the

hydrocarbon portion of the film.  This conclusion is drawn because the hydrophobic cyano

terminated SAMs fall in the trends between the alcohol and carboxylic acid terminated

SAMs, whose wettabilities are both very hydrophillic.  Thus, these trends suggest that the

terminal can exert influence on the packing order and density of the SAM.43

A common procedure for testing the stability of a SAM modifying a Au substrate is to

electrochemically measure the film’s ability to inhibit Au oxidation.43,51  For the Au surface

to be oxidized, electrolyte solution must physically penetrate the SAM and contact the metal

surface.43  On a well formed SAM, this type of penetration usually occurs only at pinholes

and defect sites in the SAM.  Therefore, the extent to which a SAM passivates the Au

oxidation process can be used as a measure of SAM structure and stability.  The ability of the

different terminated SAMs to block the oxidation of Au was as follows:51

CF3  >  CH3  >  OH  >  COOH  >  CN

According to all of these observed trends, SAMs composed of fluorinated

alkanethiolates provide the best barrier properties and have superior overall stability.  This

observation is corroborated by both IR and contact angle results on fluorinated films which

show an extremely crystalline structure coupled with very little tilt angle.  Alcohol and

methyl terminated SAMs, in comparison, also have a high degree of crystallinity but possess

much more significant tilt angle in the packed chains.  Nitrile SAMs have crystalline packing

to a degree but suffer from several complications that alter these SAM’s stability.  The nitrile

terminated SAMs exhibited very sporadic wetting characteristics and very poor

electrochemical properties concerning the inhibition of Au oxidation and redox probing.  It is

believed that these cyano based SAMs may undergo significant rearrangement when in

contact with aqueous solution and that measurements made on these films are severely

impacted by variable chain conformations inherent in these particular SAMs.51

Clearly, the ω-substituted alkanethiol based SAM with the worst blocking

characteristics is the carboxylic acid terminated SAM.  All measurements made on the acid

terminated films revealed a very liquid-like structure and a very porous barrier property with
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regard to electrolyte ions and solvent.  Data collected for the COOH SAMs suggests that the

mere presence of the carboxyl group may actually disrupt the alkane packing of the SAM,

thereby severely hampering its ability to act as a barrier.  The acid group at the interface of

the SAM effectively negates the lateral interactions of several methylene units.  Therefore, to

achieve the same blocking characteristics as SAMs terminated with other functional groups,

carboxylic acid terminated SAMs require a significant increase in the number of methylene

units in their alkane chains.  It is believed that a with long enough chains, carboxylic acid

terminated SAMs can be created that are more impermeable.51

It should be noted that if the tail groups are charged species, the situation changes.

Introducing charged groups as endgroups will have the same effect as ions penetrating the

SAM interface and decrease the SAM’s effective hydrocarbon thickness.  Furthermore, the

influence of the endgroups can be altered by the solvent being used.  All of the previous

comparisons were done in aqueous solution where hydrophillic endgroups will be more

susceptible to invasion of both solvent and supporting electrolyte ions.51  Likewise,

hydrophobic terminated SAMs will provide a much greater barrier toward permeation in

aqueous solutions, but will be less effective at the task in organic, nonpolar solvents.  This

type of solvent can literally intermix with the hydrophobic SAM and loosen the chain

packing making it more vulnerable to ions in the solvent.60  Manipulating the compositions of

solvent mixtures by varying the percentages of organic and aqueous phases has been used to

study SAM structure.50

It has been proposed that the size of the endgroups plays a role in the spacing of the

alkane chains of a SAM.51,61  Consider, for example, the bulky functional group of a

carboxylic acid (COOH).  The analogy has been made that a carboxylic acid terminated SAM

is like having beach balls on a beach of pebbles, where the acid groups are represented by the

balls and the Au atoms of the substrate are the pebbles on the beach.54b  To a molecule in

solution, the surface of the SAM is dominated by the properties of the bulky endgroups.  The

idea is that the endgroup-endgroup interactions, which can range from steric/electrostatic

repulsions to hydrogen bonding, are vital to the packing structure of the SAM.  Even

SAM/solvent interactions, such as H-bonding between water molecules and the carboxylic

acid endgroups, can alter the properties of the SAM/solution interface.  These interactions
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can instigate different levels of order/disorder and, as previously mentioned, alter the inherent

tilt angle of the SAM chains.  Hydrogen bonding among both alcohol and acid terminated

SAMs has recently been reported as a stabilizing influence on SAMs.62,59b

The ability to alter both the terminal group of the SAM and the length of the alkane

chains, thereby changing the very structural nature and interfacial properties of the film,

allows for enormous versatility in designing SAMs with tailored surfaces and specific

purposes.  To summarize, the ability of molecules to form a compact and subsequently stable

SAM is dependent on three factors: 1) the strength of the binding between the headgroup and

substrate; 2) the interactive forces at work between adsorbed molecules forming the SAM

and; 3) the interaction of the molecules terminal groups with each other and with the

surrounding environment.  A stable SAM will maximize all of these interactions59b,c and, as a

result, create a useful surface for a wide range of chemical applications.

2.5.5. SAM Applications

SAMs have found widespread use in a variety of applications due to their unique

properties and the relative ease with which their structural and topographical characteristics

can by altered.  The insulating nature of alkanethiolates on metals make them resistive to

chemical attack, a protective coating on the surface they modify.  Thus, SAMs are a used in

many corrosion related studies.56  This property of SAMs has also encouraged their use in

electrochemistry where alkanethiolate modified electrodes have a drastically reduced

magnitude of charging current, allowing for an accentuation of the electroanalytical signal.43

Furthermore, SAMs have been applied to nanotechnology research, both as a coating for

molecular electrical components,63 and as a template for well defined scanning probe

microscopy (SPM) experiments.64  On a larger scale, the ability of a SAM to quickly and

effectively coat a large area of substrate in a very specific nature, has captured the interests of

scientists studying adhesion and lubrication.54a,65  Perhaps, however, the greatest application

of SAMs resides in their ability to provide a manageable surface that can easily withstand

physiological conditions, making them attractive surfaces for bioanalytical and

biocompatability research.66

Indeed, SAMs offer exciting possibilities for both chemical sensors and biological

studies.  The use of SAMs as a primary component in biosensors is already the target of many
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researchers.4,49a,b  The ability to alter the functionality at the SAM/solution interface

introduces a level of controlled selectivity to any potential sensing surface, a much desired

quality in such devices.  Additionally, SAM technology can be employed in biological

models to help simulate biological entities like the lipid bilayers of cell walls.67  Because

SAMs can be specifically functionalized at their outer surface, where electron

donor/acceptors can be directly attached, SAMs are used in the construction of novel ET

models4,51 and as platforms for specific interactions with proteins.68  It is in this capacity that

SAMs are a major part of the research effort in the Bowden Group.

2.5.6.  Cyt c / COOH SAM / Au System (Bowden Research)

As previously noted, carboxylic acid terminated SAMs are utilized in the biological

ET model being investigated.  Carboxylic acid terminated SAMs are anchored to the Au

surface via Au-S bonds with their alkyl chains and their acid terminus extending out into

solution.  As with other SAMs terminated with a single functionality, longer alkyl chains

yield more organized alkane packing and subsequent improved SAM stability.  However, as

alluded to previously, COOH terminated SAMs are one of the most permeable films in

aqueous solution, possessing a higher density of defects than other SAMs.43  Their use in this

case stems from the fact that the carboxylic acid groups, depending on the pH of the

environment, can be largely unprotonated, creating a negatively charged surface.  This acidic

surface is ideal for the immobilization and subsequent ET study of such basic proteins as cyt

c.

In the early 1990s, Bowden and researchers first reported the successful use of

carboxylic acid terminated SAMs on Au substrates as a binding partner for the cytochrome c

protein.36c  Since that time, extensive characterization of the cyt c / SAM (COOH) / Au

system has been performed using both electrochemical and spectroscopic (electrochemical

impedance spectroscopy (EIS) and XPS) methods.  Subsequent studies have employed the

same methodology on the system for specific kinetic and thermodynamic analysis of the

system’s biological ET.25-27d,36a,37,69  In recent years, research by the Bowden Group has

focused on defining specific interfacial aspects of the system, such as the electronic coupling

between the protein and SAM,36b and on examining the inherent surface effects observed in

electrochemical results.32,70
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The acid/base properties of the carboxylic acid SAMs obviously are a major factor in

the model.  Most of the electrochemistry performed on the cytochrome system is performed

at a physiological pH of 7.  At this pH value, the acid groups are largely unprotonated,

facilitating the electrostatic adsorption of positively charged species.  Research into the

acid/base properties of these SAMs has shown that the carboxylic acids, which normally have

a pKa value of 4-5, exhibit a considerably more basic surface pKa in the SAM.  Values from

these reports show the range of the surface pKa to be between 6-8.71  Results from

electrochemical experiments on acid terminated SAMs show their background signal is

noticeably higher when they are in a neutral or basic environment.51  This reiterates that

electrostatic repulsions between negatively charged headgroups may indeed play an important

role in the packing of the SAMs and reinforces the thought that, in acidic solutions, hydrogen

bonding may be a factor.  In any event, the cyt / SAM / Au electron transfer model represents

an excellent example of how SAMs interact favorably with certain proteins and, on a broader

scale, how SAMs can be tailored for specific scientific endeavors.

2.6  ELECTROCHEMISTRY – VOLTAMMETRY OF ADSORBED SPECIES

More relevant to the research in the Bowden research group and to the work presented

here, is the electrochemistry of adsorbed systems.  Cyclic voltammetry on adsorbed

molecules is an example of diffusionless electrochemistry.  An electroactive molecule is

considered adsorbed when it is immobilized on the electrode surface, either directly or

through some type of modifier such as a SAM.  Compared to diffusing voltammetry, the

voltammograms of adsorbed systems are distinctive because of their specific peak shape.

Since the diffusional aspect of the electrochemistry is eliminated from adsorbed systems, the

response is a curve where the current proceeds back to the baseline after peaking.  In an

ideally adsorbed system, both the oxidative and reductive peaks are usually symmetrical and

positioned directly on top of each other.  That is, for an ideal, reversible (Nernstian) adsorbed

response, Ep,a  =  Ep,c  =  Ep.  The cyclic voltammogram of an adsorbed molecule is illustrated

in Figure 2.11.

The adsorbed system, being fundamentally different than the typical diffusing

electrochemical situation, possesses its own set of equations pertaining to peak current and
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peak potential, as well as several other exclusive properties.  For an adsorbed cyclic

voltammogram, the peak current (ip) and the peak potential (Ep) are given by:

RT4
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i o
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Γ

=
υ

[Eqn. 2.1]
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where n = number of electrons transferred
ν = scan rate (V/sec)
A = area of the working electrode (cm2)
Γ = surface concentration of oxidized (Ox) or reduced (Red) species
(mol/cm2)
β = adsorption coefficient
T = temperature (K)
and R and F are the gas constant and Faraday constant respectively.
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Figure 2.11. Cyclic voltammogram for an ideally adsorbed, reversible electrochemical system.

An indication that the voltammetric response is truly adsorbed is the direct linear relationship

between peak current and sweep rate (ip α ν) as dictated by Eqn. 2.1.
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The formal potential of an adsorbed molecule is defined as the surface formal potential

(Eo’surf ) and is given by the following:

Eo’surf  =  
2

EE cp,ap, +
[Eqn. 2.3]

For the purposes of this dissertation Eo’surf  will be referred to as simply Eo’.

Another electrochemical parameter typically used in the analysis of adsorbed

voltammetry is the full width at half maximum (FWHM) value, essentially a measure of the

breadth of the cathodic and anodic voltammetric peaks (See Figure 2.11). For an ideal,

reversible adsorbed system, the FWHM value for either peak should be approximately 90.6/n

mV or 62.5/α mV for an irreversible process at 25°C (where α is the transfer coefficient).73

The FWHM parameter of adsorbed cyclic voltammograms will be of extreme importance to

understanding the reasoning for performing the research presented in future chapters.

The charge (Q) passed during a cathodic or anodic wave of a cyclic voltammetry

experiment is a useful parameter for an adsorbed system.  The area under a voltammetric

peak, once corrected for charging current, can be integrated to obtain a measurement of the

charge passed during an oxidation or reduction:

∫ (area under peak)  =  charge passed during redox process [Eqn. 2.4]

This charge, measured in coulombs, corresponds to the redox activity of a layer of adsorbed

electroactive molecules according to the following equation:

Q = nFAΓsurf [Eqn. 2.5]

where: n = number of electrons transferred,
F = Faraday constant
A = area of the working electrode
Γsurf = the surface coverage of electroactive molecules
(mol/cm2).

Therefore, by using the above expression, a measurement of the surface concentration or

surface coverage of electroactive molecules can be derived.

2.6.1.  Laviron’s Kinetics of Adsorbed Species

In general, the rate of ET for an adsorbed species is much greater than the rate of the

same species in solution.28  Moreover, because of the adsorbed nature of the analyte,

traditional kinetic analysis is unsatisfactory, requiring an alternative method for extracting

kinetic information.  To calculate the ET rate constant (ket
o) of adsorbed species, a model
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based on CV and Butler-Volmer kinetics was developed by Laviron.1,73  Using Laviron’s

simplest model for an adsorbed system, a mathematical expression is derived capable of

measuring ket
o at zero overpotential.  Laviron incorporated several important assumptions

into his model: 1) both the oxidized and reduced forms of the electroactive species are

inherently stable and are strongly adsorbed to the electrode; 2) the system under consideration

is completely diffusionless, and therefore diffusional aspects of the molecules can be

excluded from the mathematical expression; and 3) the system obeys a Langmuir adsorption

isotherm.  An adsorption isotherm is a predicted relationship that exists between the amount

of an adsorbed substance on a surface and its pressure or concentration at a constant

temperature.74  A chemical system adhering to a Langmuir isotherm assumes that there are no

lateral interactions between the adsorbed species, that the surface of the electrode is

completely homogeneous with no topographical structure (smooth), and that surface

saturation eventually occurs, resulting in a monolayer coverage of highly active, adsorbed

molecules.  Laviron’s mathematical representation of ket
o is based on peak splitting (∆Ep)

and, for irreversible CV responses (where ∆Ep ≥ 200 mV), is calculated with the following

expression:

log ket
o =  αlog(1-α)  +  (1-α)logα  -

RT3.2
EnF)1((

nF
RTlog p∆−

−




 αα

υ
 [Eqn. 2.6]

where: ket
o = electron transfer rate constant (sec-1),

α = transfer coefficient,
T = temperature (K),
ν = scan rate (mV/sec),
n = number of electrons transferred,
∆Ep = peak splitting between the anodic and
cathodic peak potentials (mV)
and R and F are the gas constant and Faraday constant, respectively.

To change the CV signal of a reversible adsorbed species so that its ∆Ep is ≥ 200 mV,

allowing the use of the above equation, the voltammetry is run at continually higher sweep

rates to increase the degree of peak splitting.  This type of ET rate constant is known as the

irreversible ET rate constant but, unless otherwise denoted, will be simply referred to as ket
o.

The transfer coefficient (α) may also be calculated with this method by creating a

Tafel plot of the data, a plot of peak potential (Ep) versus the log of the scan rate (log ν).73
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Theoretically, this plot should yield two straight lines with slopes equal to the following

expressions:

nF 
RT3.2

α
−   for the cathodic peak, [Eqn. 2.7]

)nF 1(
RT3.2

α−
−   for the anodic peak, [Eqn. 2.8]

allowing a value for α to be calculated.

As stated previously, the preceding kinetic analysis is only applicable to an

irreversible response (∆Ep ≥ 200 mV), but Laviron’s model can also be applied to quasi-

reversible voltammetry (∆Ep < 200 mV) via a curve fitting algorithm.31b  Unlike the

irreversible case, the quasi-reversible model does not provide for an independent

measurement of α.  Therefore, when this algorithm is employed to determine ket
o, α is

assumed to be a value close to 0.5.73  Unless specifically noted, the kinetic analysis of this

research was performed according to the irreversible model.  In situations where the quasi-

reversible model was used, the ET rate constant will be denoted as ko
et(Q/R).  Laviron’s models

can also be applied, under certain restrictions, to linear sweep voltammetry, thin-layer

voltammetry, and coulometry.75

2.7  DOUBLE LAYER THEORY AND CAPACITANCE

A substantial part of the research contained herein will deal with the concept of

double layer capacitance as it relates to electrochemical systems and therefore a somewhat

detailed discussion of this property is warranted.  Capacitance measurements are used in this

research as background quality checks, an experimental marker for the systematic progress of

an experiment, and also as an analytical measurement to learn about surface structure of the

system.

2.7.1.  The Double Layer

When an electrode is placed in a solution of electrolyte and a voltage is applied to it,

the electrode will bear either a positive or negative charge, depending on the polarization of

the voltage applied to the electrode.  For instance, if a negative potential is applied to the

electrode, it will have an excess negative charge at its surface.  To maintain electroneutrality
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at the electrode/solution interface, ions from solution (the supporting electrolyte) will

compensate the charge on the electrode with opposite charged ions.  When this occurs, the

region at the electrode surface is referred to as the electric double layer.  The current required

to charge the electrode and thus form this electric double layer is referred to as nonfaradaic or

charging current.  In voltammetry, this current flow commonly viewed as the background

signal and is sometimes subtracted off the analytical signal.  Many physical models have been

created to describe the double layer and excellent reviews of double layer theory exist in the

literature.28  Depicted in Figure 2.12 is a commonly accepted model of the double layer that

will be utilized for the purpose of this discussion.
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Figure 2.12.  A commonly accepted model for the electrode-solution interface known as
the electric double layer.  The plane going through the center of the directly adsorbed
species is called the inner Helmholtz plane (IHP); the plane passing through the layer of
nonspecifically adsorbed ions is called the outer Helmholtz plane (OHP).  The charge
build-up at the OHP along with the charge build-up at the surface of the metallic electrode
comprises the electric double layer which can be modeled as a parallel plate capacitor.

2.7.2.  Parallel Plate Capacitors

One double layer theory, the Helmholtz model, makes the comparison of the electric

double layer structure acting as a parallel plate capacitor in an electronic circuit.  A capacitor
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in a simple circuit is shown in Figure 2.13, where the plates on the capacitor represent planes

of opposite charges separated by a distance.  The analogous situation in

-
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+
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Figure 2.13. Parallel plate capacitor: a) electronic component and b) in a simple circuit
with a voltage source (battery) where the capacitor builds up charge (current flow is
indicated by arrows).

electrochemical systems is that the contact surface of the metal electrode with the solution is

one of the plates and the ions of opposite charge from solution, when rigidly linked to the

electrode through electrostatic attraction, represents the other parallel plate.  Thus, the

electrode/solution interface can be modeled with a basic circuit component, a simplification

used by many electrochemists to describe various physical aspects of electrochemical

systems.  Known as equivalent circuitry, electronic circuits are used to represent specific

electrochemical scenarios.

In electronics, a capacitor is basically two metal plates, separated by a dielectric

material, that functions as a charge storage device.  As shown in the equation below, the

charge (q) stored in a capacitor is dependent on two variables: the voltage (E) applied across

the capacitor, measured in volts (V) and the capacitance (C) of the capacitor, measured in

Farads:

q  =  C * Eapp [Eqn. 2.9]

With a certain applied potential or voltage across the capacitor, current will flow and charge

will accumulate on the metal plates until the equation above is satisfied.29  Excess charge

(electrons) will build up on one plate, while a deficiency of electrons will exist on the other

plate (See Figure 2.13).  The current that flows until the condition dictated by Eqn. 2.9 above

is met, when qmetal = -qsoln , is known as the charging current.
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In general, the capacitance of a capacitor is defined as the ratio of the amount of

charge on either plate to the magnitude of the potential applied:76

appliedE
QC ≡           [Eqn. 2.10]

where C is the capacitance measured in Farads (F) or charge per volt units (coul/V), Q is the

charge, measured in coulombs, and Eapp is the applied voltage in volts (V).  Capacitance, by

definition, is always a positive measurement and the quantity of Q/V is constant for a given

capacitor.

For a parallel plate capacitor with plates of similar geometry and dimensions, an

expression for capacitance can be derived as follows.  Consider σ to be the charge (Q) per

unit area of the parallel plate or σ = Q/A where A is the area of the parallel plates.  The

electric field (Ef) between the plates can then be described as follows:

A
QE
oo

f εε
σ ==

[Eqn. 2.11]

where εo is the permitivity of free space constant (8.854187817 x 10-12 C2/(N m2).76  The

potential difference (V) between the two plates of the capacitor will be a function of this

electric field and the distance it transpires:

V  =  Efd [Eqn. 2.12]

where d is the distance between the parallel plates.  If Eqn. 2.11 is substituted for Ef in Eqn.

2.12, the following expression is yielded:

A
QdV

oε
= [Eqn. 2.13]

where d is the distance between the parallel plates.  Furthermore, if this expression is used in

conjunction with the relationship of Eqn. 2.10, a general mathematical expression of

capacitance is derived for parallel plate capacitors:

d
A

A 
d Q

Q
V
QC o

o

ε

ε

=







== [Eqn. 2.14]

It is easily noted from this expression that the capacitance value for a system is highly

dependent on both the area of the plates or electrodes (directly proportional) and on the
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distance separating the plates of the capacitor (inversely proportional).  If the expression is

being applied to an electrochemical interface adhering to the Helmholtz double layer theory,

the capacitance is referred to as the double layer capacitance and, as will be seen, is usually

reported per unit area (C/A).

2.7.3.  Dielectric Materials

An important aspect of the parallel plate capacitor model is now added to this

discussion, the dielectric material.  As previously mentioned, a parallel plate capacitor

possesses two plates of charge separated by a distance.  Occupying the space between the

plates, is a dielectric material.  The dielectric material is usually an insulating

(nonconductive) material such as rubber, glass, or wax.  Placing an insulating material

between the two parallel plates of a capacitor results in an increase in the overall capacitance

value for that particular capacitor.  If the dielectric material completely fills the gap between

the two plates, the capacitance is increased by a factor of ε, the dielectric constant, a

dimensionless value dependent on the nature of the material in the gap.76a  A list of dielectric

constants for various materials is provided as Table 2-2.

Dielectric

C CadjQo Qo

Vo VDI

Figure 2.14.  Dielectric effect on voltage across a capacitor.  When a dielectric is inserted between the
plates of a capacitor, the charge on the plates remains unchanged (Qo), but the potential difference
with and without the dielectric (VDI vs. Vo) is effectively reduced by a factor equal to the dielectric
constant ( V=Vo/ε).  As a result, the capacitance of the system is increased by a factor equal to ε.76

(Figure from Ref. 76a).



64

Table 2-2.  Dielectric Constants and Dielectric Strengths for Various Materialsa, 43,76

Material Dielectric Constant, εεεε Dielectric Strengthb (V/m)
Vacuum 1.00000 ---
Air 1.000059 3 x 106

Bakelite 4.9 24 x 106

Fused Quartz 3.78 8 x 106

Pyrex Glass 5.6 14 x 106

Polystyrene 2.56 24 x 106

Teflon 2.1 60 x 106

Neoprene Rubber 6.7 12 x 106

Nylon 3.4 14 x 106

Paper 3.7 16 x 106

Strontium titanate 233 8 x 106

Water 80 ---
Silicone oil 2.5 15 x 106

Alkanethiol SAMc 2.6 – 6d ---
Carbon Disulfide 2.64 ---
Carbon Tetrachloride 2.24 ---
a Measurements made at room temperature (temperature can affect values).72

b Dielectric strength equals the maximum electric field that can be applied to the dielectric mater
electrical breakdown.72

c Methyl-terminated alkanethiolate SAMs - CH3(CH2)nS- where n > 8.43

d Value is based on the slope of a plot of SAM chain length, n, versus reciprocal capacitance, ass
trans chain conformations and a tilt angle of 30°, and is dependent on the nature of the substrate (
the solvent being used.43

The traditional increase of capacitance when an insulating material is used as a

dielectric (ε > 1) is easily explained by the fact that the capacitor possesses the same amount

of charge but with a lower value of effective potential across the capacitor.  As seen in Figure

2.14, the charge remains unchanged while the potential difference is reduced:

VDI  =  Vo/ε [Eqn. 2.15]

where VDI is the voltage considering the dielectric material, ε is the dielectric constant of the

material (ε > 1), and Vo is the original potential difference (ignoring the existence of the

dielectric material).  Referring back to the fundamental equation for capacitance (Eqn. 2.10)

and adjusting its variables for this particular discussion by noting Qo as the original amount of

charge on the capacitor, the expression becomes as follows:

V
Q

C o=   before considering the dielectric. [Eqn. 2.16]

Substituting Eqn. 2.15 into the above expression to account for the applied voltage adjusted

for the dielectric material:
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= [Eqn. 2.17]

for the capacitance of a capacitor containing a dielectric material.  Thus, the original

capacitance is effectively increased by a factor equivalent to the dielectric constant (Cadj =

Coε).  Therefore, considering Eqn. 2.15 in conjunction with Eqn. 2.13 and its transduction to

Eqn. 2.14, a more comprehensive expression for double layer capacitance that also

incorporates the influence of the dielectric material, can be achieved:29,76a

d
A

C oεε
= [Eqn. 2.18]

or per unit area as,

dA
CC oεε

== [Eqn. 2.19]

This is the equation that will be used throughout this work to describe the double layer

capacitance of the electric double layer at the electrode surface.29

From Eqn. 2.19, it would seem that the Cdl could be made very large by simply

decreasing the distance (d) between the plates of the capacitor.  In actuality, the lowest value

of d is limited by the dielectric material’s potential to electrically discharge.  That is, for a

certain distance between two plates of a capacitor, there is a maximum voltage that can be

applied to the capacitor before the dielectric material ceases to be insulating and begins to

conduct.  Once this voltage is surpassed, the dielectric witnesses electrical discharge across

the plates and the capacitor fails.  This voltage threshold is known as the dielectric strength of

the material.  Several examples of materials and their dielectric strengths are included as part

of Table 2-2.76

Why is the applied electric field reduced by a factor of ε (V = Vo/ε)?  To answer this

question, an in depth look at dielectric materials on a molecular level is necessary (See Figure

2.15).76  This phenomenon is most easily understood if one considers that the molecules

composing the dielectric material are polarizable.  That is, they can be made so that their

positive and negative charges or regions of electron density, can be separated and aligned in

even the slightest amount.  The degree to which the dielectric molecules align is dependent

on the dipole moment of the molecules, as well as, the temperature and magnitude of the
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Eo

Eo

Molecules within the dielectric material with a
dipole moment are randomly oriented in the
absence of an external dielectric field.

When an external electric field is applied (Eo),
a torque is exerted on the the dipoles, causing
them to partially align with this field and, as a
result, polarizing the dielectric material. The
degree of alignment experienced is dependent
on the polarity of the dielectric molecules, the
magnitude of Eo,and the temperature.

-σσσσ i +σσσσ i

The polarization  of the dielectric causes an
induced positive charge density (+σi) on one
side of the dielectric and an equal negative
induced charge density (-σi) on the opposite
side.  The net result of this process is that it
gives rise to an induced internal electric filed
(Ei) that opposes the external field, effectively
decreasing the overall electric field across the
dielectric ( E = Eo - Eii).

+σσσσ -σσσσ

+σσσσ i-σσσσ i

When inserted between the plates of a
capacitor, the induced charge of the dielectric
material works to compensate the charge
across the capacitor.  (Note that the σ on the
dielectric is less than the free σ on the plates of
the capacitor.)  Thus, highly polarizable
materials (high dielectric constants) will be
able to reduce the external field across the
capacitor to a greater extent.

Figure 2.15.  Dielectric materials on a molecular level (Figures from Ref. 76a).
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applied electric field.  Alignment and charge separation within the dielectric increases with

decreasing temperature and with increasing field strength. Most importantly, these partially

aligned dipoles produce an internal electric field that opposes the external electric field and

thus effectively reduces the applied potential felt by the capacitor (See Figure 2.15).  Thus, it

makes sense that more polariziable substances, such as water, will reduce the electric field to

a greater extent and possess a high dielectric constant.76

In summary, dielectric materials, when placed in a parallel plate capacitor can pose

several important advantages: 1) a dielectric increases the capacitance of a capacitor; 2) a

dielectric increases the maximum operating voltage of a capacitor; and 3) a dielectric may

provide mechanical support between the conducting plates.76

2.7.4.  SAMs, Dielectrics, and Double Layer Capacitance (Cdl)

A SAM modified electrode produces a profound effect in double layer capacitance

values.  The SAM serves two functions toward altering the Cdl:  1) the SAM acts as a spacer,

increasing the distance between the capacitor plates of opposite charge and 2) the SAM,

being composed of primarily organic alkane chains, changes the dielectric constant of the

capacitor to a very low value.  The alkane chains will fill the space between the parallel plates

and are the predominant dielectric material for the parallel plate capacitor model.

Considering Eqn. 2.19 and illustrated in Figure 2.16, both these effects serve to drastically

lower the Cdl of a SAM modified electrode.  Methyl terminated SAMs with ten or more

methylene units have shown Cdl values in the 1-5 uF/cm2 range.43  Moreover, research has

shown that reciprocal capacitance (Cdl
-1) varies linearly with SAM chain length (nCH2),

where n is the number of methylene units that comprise the chain.

Plots of n versus Cdl
-1 have yielded capacitance values per methylene unit on the order of

0.055 uF/cm2 per CH2 group and a dielectric constant value of 2-3 (unitless quantity) for

SAMs composed of methyl terminated alkane thiols with more than eight methylene units.43

Experimental determinations of these values are highly dependent on the specifics of the

physical system: the gold substrate, the electrolyte components, and especially on the

structure and properties of the SAM, including the specific tail group being used.  In any

event, the values of the Cdl reported for SAMs tend to be justified considering the crystalline

nature, low dielectric constant, and spacer properties of the alkane chains comprising the thin
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films.  The dielectric constant is made considerable lower by the fact that SAMs of this type

possess extremely low permeability for water molecules, which are very polar, and ions from

solution.  Penetration of the film by such species usually occurs only at pinhole sites and

defects in the SAM structure.  The greater the extent of this penetration, the larger the

degradation of the dielectric barrier.  As a result, the dielectric constant will be higher,

subsequently raising the value of the double layer capacitance.  In this manner, the double

layer capacitance of a system can be used to make a statement about the structure and packing

completeness (defect density) of the SAM.77
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Figure 2.16.  Comparison showing how a SAM modified electrode can be approximately modeled as a
simple parallel plate capacitor with a dielectric.  The Cdl of the SAM system is drastically lowered by
both the increased distance between the planes of charge that is created by the alkane chain spacers, and
by the low dielectric constant provided by the alkane chain density between the plates that acts as the
capacitor’s dielectric material (See Eqn. 2.32) (Adapted from a figure in Ref. 43).

Double layer capacitance theories exist that propose that certain types of SAMs may

induce two capacitances that contribute to the overall capacitance of the system, the total

capacitance (CT).  These two of sources of capacitance are the previously discussed double

layer capacitance (Cdl), and the capacitance of the monolayer itself (CM); equivalent to two

parallel plate capacitors in series.43  Using the electronic law for adding capacitors in series,

the result for CT is as follows:

)C(C
CC

Cor  
C
1

C
1

C
1

Mdl

Mdl
T

MdlT +
=+= [Eqn. 2.20]
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For simplicity, electrochemical systems with SAMs that adhere to this situation are usually

treated with Eqn. 2.19 for the overall capacitance, which is usually dominated by CM anyway

(∴ CM ≈ CT ).

2.7.5. Cyclic Voltammetry and Double Layer Capacitance

During CV experiments, Cdl is measured by performing a scan in a potential window

where the magnitude of the charging current is independent of the applied voltage and where

no redox activity is occurring (i.e. the CV is flat).  This is usually accomplished by running

the scan in only supporting electrolyte solution, with no redox species present, so that only

charging current can exist.  The thickness or total current of the cyclic voltammogram is then

measured at a potential that is specifically chosen for comparison purposes.  The following

equation is applied to calculate Cdl from CV scans:

6-
total2

dl 10 A)(2
I

)cm/F(C
×

=
ν

µ [Eqn. 2.21]

where Itotal =  ia  +  ic  in amps, ν is the sweep rate (V/s), and A is the area of the WE in cm2.

This measurement is demonstrated in Figure 2.17.  Being sensitive to the breakdown of the

parallel plate capacitor concept, Cdl measurements made with CV are advantageous in that

the technique is relatively slow allowing the detection of ion penetration to be observable for

a longer period of time.

For the experiments performed in the research presented here, Cdl is used as a

diagnostic check on the preparation of the cyt c/SAM/Au system and as an analytical tool for

measuring global information about the structure and stability of the SAM.  As a diagnostic

check, a voltammogram of the background is taken at each step of assembling the cyt

c/SAM/Au system.  Shown in Figure 2.18(red scan), the original scan of the Au gives a

certain background signal.  Once the Au is electrochemically cleaned, the charge

separation is minimal, existing right at the electrode surface and possessing a very high,

aqueous in nature, dielectric property.  Thus, the Cdl of the system is very high after a

cleaning procedure is applied to the Au surface (Figure 2.18 – blue scan).  Once the SAM is

adsorbed and allowed to self-assemble, the Cdl is lowered drastically (Fig. 2.18 – black scan)

due to the huge increase in the separation distance and the drastic decrease in the dielectric

constant value.  In this manner, the progress of assembling this system can be monitored.
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Figure 2.17. Double layer capacitance (Cdl) is determined from cyclic voltammograms by
measuring the total current at +250 mV and applying the value of that current measurement
in the equation shown (Eqn. 2.34).

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

50100150200250300350400450

E (mV vs. Ag/AgCl)

I (
uA

)

Figure 2.18. Background voltammograms taken for diagnostic Cdl measurements of an
evaporated Au substrate initially or as received (red), after electrochemical cleaning in 0.1
M H2SO4 and 0.01 M KCl (blue) and after being modified with a 11-MUDA or
HS(CH2)10COOH SAM (black).
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The drastic decrease in Cdl with the SAM actually represents a critical experimental

advantage for electrochemical experiments involving ET of adsorbates on SAMs.  Because

the magnitude of the charging current is so markedly lower with the SAM than with bare Au,

the signal to noise ratio of any faradaic current is significantly improved.  The SAM actually

helps to suppress the background signal and simultaneously provides a biocompatible surface

for protein adsorption and immobilization.  This is a substantial benefit of using SAM

modified electrodes in PME, considering the cyt c voltammetry is limited to a low

electroactive surface coverage, in this case, a single monolayer or less of adsorbed cyt c.

As an analytical tool, Cdl values can elucidate properties about the structure of the

SAM.  Alluded to earlier, the effect of defects and pinholes on the structure of SAMs can be

profound and their effect is subsequently observed in the value of the SAM’s Cdl.43,49,50,59,78,79

Defects in the SAM allow aqueous solution and electrolyte components to “seep” into the

SAM, disrupting the packing of the alkane chains and decreasing the effective separation of

the charged planes.  Both effects, lowering the separation and increasing the dielectric

constant value, will cause the Cdl of the system to be higher than that of a system with an

intact, defect-free, stable SAM.  Cdl values for short chain SAMs, which have liquid-like

structural properties, are sporadic and are always comparatively higher than values for long

chain SAMs, which possess a more rigid, crystalline structure (See Figure 2.19).  Thus, by

making comparisons of Cdl measurements on different systems, conclusions can be derived

about the structure of the SAM.  This type of analysis will be used extensively throughout the

presented work.
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Figure 2.19. Reciprocal capacitance of alkanethiol modified gold electrodes as a function of
alkane chain length, n, and electrolyte.  Note the increase in the scatter of data points as the
chainlength gets smaller - a consequence of the inherent disorder and defect density of short
chain SAMs where solution can penetrate the SAM layer more easily and cause a
fundamental breakdown of the parallel plate capacitor model.  The slope of a plot such as the
one shown above represents the dielectric constant of the system. (Figure from Ref. 43).

2.8 ELECTROCHEMICAL BEHAVIOR OF CYT C / SAM / AU SYSTEM

It is now time to revisit the biological electron transfer model used in the Bowden

Research Group, cyt c adsorbed on carboxylic acid terminated SAMs (See Figure 2.20).  This

system is used as an electrochemical model for biological electron transfer within

protein/protein complexes, using the SAM modified electrode to simulate one of the proteins

in the redox reaction.16,18f,36a,c  Typical cyclic voltammetry of this system is shown in Figure

2.21.  During this type of experiment, the adsorbed cyt c is electrochemically oxidized and

reduced.  Upon reduction of the cyt c, an electron is transferred from the electrode, through

the alkyl chain layer of the SAM, across a SAM/protein interface, and finally through the

polypeptide shell of the protein to the redox center, a heme group centered in a porphyrin

ring.  The reverse process occurs when the cytochrome is oxidized.18a,36a
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Figure 2.20.  Side view of the cyt c / SAM / Au model system used in the Bowden Research
Laboratory to study biological ET (a); top view of the system illustrating the relative dimensions
of cyt c (red) to carboxylic acid terminal groups of the SAM (black).  Cyt c is expected to have
dimensions of 30Å x 35Å.
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ket,f

Fe3+  (Cyt cads)  +  e-   ⇔   Fe2+  (Cyt cads) [Rxn. 2.8]
ket,b

(Ferricytochrome c) (Ferrocytochrome c)

This system, in conjunction with the electrochemical technique of CV, allows for extensive

studies of the thermodynamic and kinetic electrochemical properties of cyt c in an adsorbed

state.

2.8.1.  Electrochemical Properties of Cyt c

Although the voltammetric response of cyt c, shown in Figure 2.21, is highly stable

and repeatable, it deviates significantly from the expected response of an ideally behaved

adsorbed system (Sect. 2.6).  The shape of the voltammogram itself differs from that of the

adsorbed voltammogram shown in Figure 2.11.  The peaks are not directly on top of each

other but are rather offset from each other.  This is a kinetic effect of the SAMs presence in

the system.  Because the ET must occur through the SAM, an extra kinetic variable is

introduced which slows the reaction down and causes the peaks to split apart.  The offset is

greater with SAMs composed of longer alkyl chains and less with SAMs of shorter chain

lengths.
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Figure 2.21. Cyclic voltammogram illustrating typical electrochemical behavior of cyt c
adsorbed onto a Au surface modified with a carboxylic acid terminated SAM (14-MTDA or
HS(CH2)13COOH ).  Peak broadening is seen with a deviation of the FWHM, which is typically
measured in this system to be ~120-150 mV instead of the ideal value for adsorbed behavior
(~90 mV).
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Of the deviations from an ideal behavior, the most notable is the anomalous peak

broadening seen with HH cyt c.  The broadening of the voltammetric peaks is most easily

illustrated by examining the full width at half maximum height (FWHM) measurements.

Ideal adsorbed behavior would result in a CV which has a FWHM of 90 mV.28,29  Commonly

observed values of FWHM for cyt c experiments, where the protein is adsorbed to SAM and

cyclic voltammetry is performed, are much larger in magnitude, sometimes ranging from 135

to 175 mV.  The reason for this peak broadening is thought to be a consequence of a

dispersion of electrochemical properties such as formal potential (E°′) and ET rate constants

(k°et) for the adsorbed cyt c coverage.32  Typical values of cyt c electrochemical properties,

including the FWHM measurements, at several different sized SAMs are provided as Table

2-3.  Understanding this voltammetric peak broadening is a fundamental research objective of

the Bowden Research Group.

2.8.2.  Previous Research - Testing the Heterogeneous Adsorption Site Hypothesis

It has been hypothesized that these inherently non-ideal electrochemical properties are

caused by the existence of a heterogeneous adsorption surface, which, in turn, gives rise to a

variation in cyt c adsorption energies.  Therefore, the voltammetric behavior displayed by cyt

c in this system can be thought of as the collective response of different subpopulations of

adsorbed proteins which, depending on their interfacial microenvironments, may exhibit non-

ideal electrochemical properties (E°′ and k°et) and culminate in broadened voltammetry

peaks.32

The heterogeneous adsorption site hypothesis was tested by a former researcher in the

Bowden group, Rose Clark.  Her research into the existence of heterogeneous adsorption sites

was based on the assumption that the surface was composed of “strong” and “weak”

adsorption sites only.  It was believed that this simplification would show the more strongly

retained cytochromes to exhibit specific electrochemical properties: more negative formal

potentials, faster ET rate constants, and narrow FWHM values.  All of these characteristics

are highly indicative of cytochrome c molecules with excellent electronic coupling to the

surface.  The weakly bound cytochromes, on the other hand, were expected to show the

opposite trend.  To separately examine the electrochemical properties of the cytochromes
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residing in each type of site, experiments had to be designed that could isolate and measure

each population separately.

Table 2-3. Electrochemical Properties of Cyt c Voltammetry

SAM  Property
Monolayer
Coveragea

Monolayer
Coverageb

Electroactive submonolayera

“Strong” sites         “Weak” sites
16-MHDA E°’(mV) -32(± 4)     ---      -52(± 3)                     -27(± 3)

Γ, pmol/cm2 13(± 3)     ---      4.0(± 1.7)                    6(± 1.5)
FWHM, V 0.17(± 0.01)     ---      0.14(± 0.01)                 0.16(± 0.01)

ket°, s-1 0.4(± 0.1)     ---      0.4(± 0.1)                    0.08(± 0.03)

14-MTDA E°’(mV)     --- -26(± 5)         ---                                 ---
Γ, pmol/cm2     --- 6.3(± 1.6)         ---                                 ---
FWHM, V     --- 0.12(± 0.01)         ---                                 ---
ket°, s-1     --- 0.9(± 0.1)         ---                                 ---

11-MUDA E°’(mV) -32(± 4) -17.6(±  9.2)      -58(± 2)                      -23
Γ, pmol/cm2 15.3(± 1) 13.1(± 5.2)       3(± 1)                          5
FWHM, V 0.135(± 0.004) 0.142(± 18)       0.115(± 0.005)            0.13
ket°, s-1     --- 5.7(± 6.6)

6-MHA E°’(mV) -23(± 1)     -37     -40                          -16(± 2)

Γ, pmol/cm2 17.5(± 1)      ---        6                             9(± 3)
FWHM, V 0.152(± 0.006)     0.10       0.125                    0.130(± 0.008)

a Data collection by Rose Clark.32   b Data collection by Michael Leopold.
E°’≡ Formal potenial of redox reaction.
Γ ≡ Surface concentration of adsorbed cyt c.
FWHM ≡ Full width at half maximum of a voltammetric peak.
ket° ≡ Electron transfer kinetic rate constant (calculated using Laviron's theorem )
16-MHDA = 16-mercaptohexadecanoic acid; 14-MTDA = 14-mercaptotetradecanoic acid;
11-MUDA = 11-mercaptoundecanoic acid; 6-MHA = 6-mercaptohexanoic acid.

The strongly bound cyt c molecules were investigated using a series of ionic strength

based desorption experiments.  By treating (rinsing) the monolayer of adsorbed cyt c with

successively higher ionic strength buffers than the original buffer that the protein was

adsorbed in, the electrostatic attraction between the SAM and the protein is gradually

diminished and the protein tends to desorb from the surface.  Thus, ionic strength

experiments, as shown in Figure 2.22, are designed to progressively remove the weakly

bound cyt c molecules, eventually leaving only the very strongly bound cytochromes on the

surface and available for electrochemical analysis.  Experimental results, shown in Figure

2.23, show the more strongly adsorbed cyt c subpopulation does indeed display a more

negative formal potential, faster ET rate constants, and narrower FWHM, with each

parameter converging toward nearly ideal voltammetric behavior for an adsorbed species.
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After Exposure to 1 M KCl

After Adsorption of Cyt c

After Exposure to 1 M KCl

Porphyrin Cyt c MonolayerCyt c Monolayer

Weak adsorption sites.

Strong adsorptions sites.
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a. b.
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Figure 2.22. Generalized schematic diagram depicting the experimental methods used to
separately investigate sub-populations of electroactive cyt c on a heterogeneous "two site"
surface: a) strongly adsorbed cyt c; b) weakly adsorbed cyt c (Adapted from a Figure in Ref. 32)

“Weaker” sites were then examined by excluding the cyt c adsorption from the

“stronger” sites.  To do this, porphyrin cyt c (Pcyt c) was utilized.  Pcyt c is structurally very

similar to native cyt c except for the fact that it has been rendered electroinactive by the

removal of its iron redox core.  Experiments involving Pcyt c were advantageous for this type

of study because the molecule possesses a larger affinity to bind to with the acid surface and

will quantitatively displace any bound cyt c.80  Once the Pcyt c had blocked all the adsorption

sites, the weaker sites were opened up for subsequent adsorption of the native HH cyt c by

exposing the adsorbed layer of Pcyt c to a high ionic strength buffer.  A schematic diagram of

this experimental phase of the testing is also shown in Figure 2.22.  With electroactive

protein now occupying the weak adsorption sites, and electroinactive Pcyt c adsorbed in all

the other adsorption sites, electrochemical
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Figure 2.23.  Desorption plots of a) formal potential (E°′), b) FWHM, and c) ET rate constant (ket°) as
a function of electroactive surface coverage (Γ) for a cyt c/16-MHDA SAM/Au.  The ionic strength of
the desorption buffers was increased (10→80 mM) from left to right across the plots, eventually only
exposing “strongly” bound cyt c (Figure from Ref. 32).



79

measurements accounting solely for the weakly bound cyt c could be performed.  A direct

comparison of the results from these experiments is included as part of Table 2-3.  The

results of these experiments support the hypothesis that heterogeneous adsorption sites exist

and may be a major reason for the observed peak broadening seen in cyt c voltammetry.

Furthermore, these results suggest that surface aspects of the cyt c adsorption process,

specifically the sources of the heterogeneity found in adsorption sites, require further

examination to better understand this system.

2.9.  FOCUS OF DISSERTATION RESEARCH

Previously obtained electrochemical results, discussed in the preceding section, have

suggested that surface related phenomena may play an intrinsic role in the ET and adsorption

properties of cyt c.32  The research composing this dissertation will focus on the notion that

the sources and reasons accounting for these surface effects lie in the physical characteristics

of the surfaces involved and can be specifically identified, controlled, and understood through

strategic experimentation.  Therefore, the basis of the research presented in this dissertation is

to characterize these effects and delineate their contributions to the electrochemical response

of cyt c.  By gaining a thorough comprehension of the surface structure involved with the cyt

c ET system, this research may, on a molecular level, begin to substantiate an accurate

physical model for the study of biological redox chemistry.

2.9.1. Surfaces and Objectives of Research

When presented with surface studies of a system such as the cyt/SAM/Au model,

three surfaces must be considered.  Depicted in Figure 2.24, these three surfaces consist of

the surface of the gold substrate itself, the surface presented by the terminal groups of the

SAM at the SAM/solution interface, and the surface of the overall system when a monolayer

of protein is adsorbed onto the SAM modified Au substrate.   Each of these surfaces must be

evaluated because they all can easily exert an influence on the adsorption behavior of cyt c.
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Figure 2.24. Illustration of the cyt c/SAM/Au system and the three major surfaces to be
investigated:  the gold substrate (Chapter 3), the SAM/solution interface (Chapter 4), and the
surface of the overall system  (Chapter 5).  Chapter 5 is primarily a SPM study of the system.

The objectives of the research presented here somewhat coincide with these three surfaces.

The specific objectives of this research are as follows:

1. Determine the role of the Au substrate in cyt c voltammetry;

A primary goal will be to gain a deeper understanding of how the surface

characteristics and topographical features of the gold substrate influence the formation and

structure of the SAM and, ultimately, the adsorption and subsequent ET properties of cyt c.

Correlating specific surface characteristics of Au to voltammetry is desired to fulfill this

objective.  Examining the influence of the Au substrate in the voltammetry of cyt c adsorbed

on carboxylic acid terminated SAMs is the focus of Chapter 3.

2.  Determine the specific nature of the SAM/cyt c interface;

The interaction between cyt c and the SAM is an integral aspect of this system.

Specific experiments will be used to elucidate the nature of the bonding between cyt c and

the acid terminated SAM.  Believed to be largely electrostatic, the interaction between the

two components needs to be better understood, especially on a molecular level.  Adjunct to

this objective is an assessment of defect density in the monolayer and an evaluation of their
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impact on protein adsorption.  SAM defect sites have the potential to play a major role in the

electrochemistry of this system.  This research objective is addressed in greater detail and is

the subject matter of Chapter 4.

3.  Physically characterize all of the interfaces between substrates, SAMs, and cytochrome

c on a molecular level;

Scanning probe microscopy (SPM) is used to explore the molecular aspects of the

surfaces of each component: the Au substrate topography, the SAM surface structure, and the

adsorbed cyt c molecules.  Specifically, the distribution of adsorbed cyt c molecules and a

more accurate physical picture of the cyt c coverage is sought.  Eventually, SPM will also be

used to explore the specific adsorption sites on the SAM.  This type of exploration would

possibly allow for the direct comparison of adsorption and electrochemical properties of cyt c

adsorbed on highly ordered regions of the SAM to those proteins localized at defect sites.

Moreover, it is hopeful that SPM will be utilized to identify or differentiate between

individually adsorbed, electroactive or electroinactive cytochrome molecules.  SPM and its

application to the cyt/SAM/Au system is the basis for Chapter 5.

While all three of these objectives have been addressed to some degree in this body of

work, all of them were not completely achieved.  However, certain aspects of these objectives

remain part of the projected research in the Bowden Group and will be addressed in this

dissertation with a discussion about possible experiments and research directions for the

future.  Accomplishing all three of these objectives to a substantial degree, should elucidate

important aspects of the surfaces involved; aspects which must be understood and applied to

PME strategies if the potential of these systems as a model for ET is to be realized.

2.9.2.  Methodology and Approach

Electrochemistry (E/C) and scanning probe microscopy (SPM) are the primary modes

of experimentation that are utilized for the surface studies to be discussed.  E/C is a powerful

tool for evaluating the overall operation of a system by divulging statistically averaged

information about a population of sample molecules.  However, E/C yields information

strictly about the electroactive molecules and lacks the sensitivity needed to learn about the

specific surface adsorption properties being considered.  SPM, on the other hand, provides

the opportunity to gain a more detailed understanding of such surface bound assemblies.
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SPM is ideal for probing localized electronic states as well as topographical information that

is imperative to any surface science.  With the recent advancements in the SPM field, one can

envision using SPM techniques to selectively probe the electrochemical behavior of

individual adsorbed molecules or, as in this case, specifically adsorbed proteins.  All of the

research contain herein is conducted using this complimentary dual approach.  Additionally,

other techniques are used to supplement the bulk E/C and SPM results.

A lengthy discussion about SPM and specific information about the electroanalytical

techniques is unnecessary at this point.  Within each chapter, however, the techniques

employed and the experiments performed are described as needed, usually as part of the

experimental details section found at the end of each chapter.

2.9.3.  Organization of Dissertation

The subsequent chapters of this dissertation focus on each of these surfaces.

Beginning with Chapter 3, where the role of the Au substrate in cyt c voltammetry is

examined in detail, there is essentially a chapter of work dedicated to each of the surfaces

involved: the Au substrate, the SAM/solution interface, and the overall system.  Each chapter

begins with an introduction, experimental data and results, a discussion of those results.

Each chapter ends with experimental details, author’s notes, and finally an offering of future

directions for the research.  More specifically, Chapter 3 contains two major sections: one

dedicated to preliminary results and a section devoted to more substantiated results.  Chapter

4 will focus on the SAM/solution interface, where experiments were designed to specifically

alter this interface with respect to controlling how the cyt c voltammetry will respond.

Finally, SPM and the molecular scale evaluation of all aspects of the cyt c/SAM/Au system

will be the directive of Chapter 5.  As alluded to earlier, not all of these surfaces and chapters

are developed to the same extent.  Largely due to time and money constraints, some topics

are covered in greater detail, and some require further investigations, perhaps an opportunity

for another aspiring scientist in the Bowden Research Group.

Two appendices are included as part of this dissertation.  The subject matter of the

appendices are based on research done as a collaborative effort between Professor Bowden’s

group and others.  Although, for the most part, these side projects are unrelated to surface

studies of the cyt c/SAM/Au system, they represent new avenues of discovery for the Bowden
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research group and an overall expansion of the application of electrochemistry into new areas

of research.  The first appendix focuses on a materials science/nanotechnology study done in

collaboration with Professor Chris Gorman (NCSU).  This project consisted of studying the

ET of dendritic polymer encapsulated molecules, precursors for viable molecular information

storage units.  The second appendix consists of experiments involving the substrate indium

tin oxide (ITO).  Related to the primary research system of the Bowden Group, cyt

c/SAM/Au, the electrochemistry of cyt c adorbed on these metal oxide films and the

electrochemical properties of these substrates was examined.  In conjunction with Dr. Ashley

Bush (Harvard Medical School/Massachusetts General Hospital), electrochemistry at ITO

electrodes was investigated with respect to its potential usefulness in delineating drug

pathways and neurological diseases.

In summary, the research presented in this dissertation addresses a specific adsorbed

protein system that can be used to understand fundamental aspects of protein adsorption and

ET processes.  The very nature of this work lends itself to being directly significant to the

advancement of protein monolayer electrochemistry as a means of simplifying complex ET

kinetic analysis.  This strategy allows for extensive investigations into normally complex

redox protein behavior.  Exploration of these types of processes, will not only assist in the

development of advanced ET theory, but will help lay the foundation of knowledge required

for the creation of useful bioanalytical technologies like real time amperiometric biosensors

and biocompatible implants.
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THE ROLE OF THE GOLD SUBSTRATE IN CYT C/SAM/GOLD
ELECTROCHEMICAL SYSTEMS

CHAPTER THREE

“It doesn’t matter what he does, he will
never amount to anything.” – Albert
Einstein’s teacher giving his opinion on
Einstein’s future to Einstein’s father.
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3.  THE ROLE OF THE GOLD SUBSTRATE IN CYT C/SAM/GOLD
ELECTROCHEMICAL SYSTEMS

3.1.  INTRODUCTION

The guiding objective of this research is to gain a detailed knowledge of the ET and

adsorption processes occurring in the cyt c/SAM/Au system.  One important requirement is

the identification and understanding of the specific interactions that occur between the

protein and modified electrode to best promote both cyt c adsorption and ET.  As previously

mentioned, the electrochemistry of cyt c molecules adsorbed on carboxylic acid terminated

SAMs is non-ideal, displaying broadened voltammetric peaks.  Based on previous research,

there is strong evidence suggesting that this phenomenon is the manifestation of specific

surface effects.1  Moreover, results support the hypothesis that adsorption sites on the surface

of the SAM exhibit a significant degree of heterogeneity arising from a distribution of

interfacial surface environments and resulting in a heterogeneous population of adsorbed cyt

c molecules.  Because of this, the adsorbed protein displays dispersed thermodynamic

properties, in particular its formal potential.  There is also a dispersion of electron transfer

rate constants for the system as well.10  It is believed that this dispersion of electrochemical

properties is the underlying basis for the observed non-ideal cyclic voltammetry.1

The specific causes of surface heterogeneity and the specific nature of the adsorption

sites remains elusive and unidentified.  Since surface effects are suspected as playing the

major role in creating these heterogeneous adsorption sites, fundamental research into the

surfaces involved in this system was undertaken to identify, understand, and minimize the

sources of the non ideal electrochemical behavior of cyt c.  Defining this ET system to a high

degree of detail should provide a means to optimize the protein’s voltammetric response, a

key aspect of the overall research goals.  Accordingly, the first surface to be examined is that

of the gold substrate itself.

A long standing goal of the Bowden Research Group is to establish a deeper

understanding of the role played by the gold substrate in the voltammetry of cyt c.2  Thus, the

first objective of this research effort was to define the influence of the gold substrate’s

topography and how it affects the structure and stability of the cyt c/SAM/Au system, as well

as, how it correlates with the voltammetric behavior of cyt c.  It is believed that the
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topography of the gold exerts a strong influence on the eventual structure of a SAM formed

on that surface.  Gold surface features are sometimes characteristic of the type of gold being

employed and have been known to dictate the defectiveness, consistency, and stability of a

SAM.3  Therefore, included in this objective is an assessment of different gold substrates and

their propensity for forming SAMs with defects.  The topographical features of the gold

surfaces and their impact on SAM formation, protein adsorption, and the electrochemical

response of cytochrome c is the primary focus of evaluating the surface effects on this

system.

To address this issue, experiments have been performed on the cyt c/SAM systems

with various types of gold substrates.  A previous researcher performed experiments to

generally characterize different types of gold substrates as a means of assessing their use in

electrochemical experiments involving cyt c.  The results of those experiments, however,

were never specifically correlated with cyt c electrochemical behavior and left the exact role

of the gold substrate largely undefined.4  Therefore, the experiments comprising this research

effort are more specifically aimed at relating specific gold surface structure to the observed

voltammetry of the cyt c.

This chapter consists of two major, independent research efforts into the role of the

gold substrate in cyt c voltammetry.  The first set of experiments focused entirely on

evaporated gold substrates whereas a subsequent investigation involved multiple types of

gold surfaces covering a wide range of topography.  Both endeavors produced consistent

results but are presented here as separate parts in the chapter.  As will be discussed later, the

second study involving multiple types of gold was undertaken because of potential

contamination complications issues that arose from pretreatment of evaporated gold

substrates.  The more recent work involving multiple substrate types and a wider range of

topography is presented first, followed by results from the earlier study of evaporated gold.

The gold substrates used in this study were specifically chosen or prepared to provide

a range of crystallinity, roughness, and topographical features, including gold with extremely

flat, plateau-like regions.  After modification with a carboxylic acid terminated SAMs, cyt c

was adsorbed to each of these modified gold substrates and the electrochemical response was

monitored.  Each of the gold substrate surfaces was also characterized with both
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electrochemistry and microscopy techniques.  The structure and defectiveness of the SAMs

formed on the different gold substrates were evaluated using electrochemical experiments.

At the time this work was undertaken, the prevailing view of the SAM community

was that atomically smooth surfaces make the most effective templates for creating very

ordered, low defect monolayers.5  Considering the widespread use of inherently rough

substrates in most of the cyt c electrochemistry performed in the Bowden Research Group,

the experiments discussed here were initially carried out with the idea that flat gold surfaces

that allow for the formation of low defect SAMs may minimize or eliminate the non-ideal

aspects of the voltammetry of cyt c.  Extremely flat gold surfaces could possibly lead to

decreased adsorption of cyt c molecules at defect sites, thereby minimizing the ubiquitous

peak broadening.  Therefore, a considerable effort was focused on the use of atomically flat

gold substrates or the alteration of existing rough gold to a smoother state.

3.1.1.  The Topography of Gold Substrates

Typical topographical features of gold surfaces can be categorized according to two

prominent properties: the overall roughness of the surface and the crystal grain composition

of the surface.  The roughness of a gold surface is largely influenced by how the substrate

was created and, in come cases, pretreated.  Many gold substrates are created by the

formation of a gold layer on a template material, whose roughness can largely dictate the

eventual roughness of the gold overlayer.  Some template materials are extremely smooth,

even atomically flat, over most of their surface, allowing for a flat gold surface to be created

whose roughness consists of only gold step edges.  A gold step edge is a topographical

feature of gold where the surface “steps up” one gold atom high and, on a larger scale, can

create atomically flat plateaus.  The opposite extreme of roughness occurs when the gold

surface is formed on an inherently rough template and results in a rougher terrain across the

surface, usually consisting of rolling hills and sharp peaks of gold.

The second property to consider when dealing with gold substrates is the crystallinity

of the gold at the surface.  Gold can exist with one of three low index crystal planes at a

surface: Au(111), Au(110), and Au(100).  The lowest energy, and therefore the most stable,

surface is the Au(111) orientation.  The Au(100) orientation, on the other hand, is very

unstable and usually exhibits a predisposition to undergo a structural reconstruction to

achieve a lower energy.6  Gold surfaces can be either single crystal in nature, where there is a
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predominant crystal grain across the majority of the surface, or polycrystalline, where the

gold surface is comprised of a combination of the different crystal grains.  Again, like the

roughness of the gold substrate, the type of crystal grains found on a gold surface is highly

influenced by the way the gold was deposited on the template material and pretreated prior to

experimentation.  The existence of two different crystal grains on a surface creates grain

boundaries in the gold’s surface architecture.  As will be seen, the existence and number of

these grain boundaries can have a substantial impact on the structure of a SAM.

SAMs formed on substrates can possess a variety of defects partially attributable to

the surface characteristics of the gold.  As shown in Figure 3.1, rough terrain, step edges, and

grain boundaries can all affect the defect density of a SAM.  Moreover, certain gold

substrates tend to form SAMs with pinhole defect sites.  In the SAM literature, the term

“pinhole defect” has been used with a variety of meanings.  In this dissertation, SAM

pinholes will be defined as defect sites where electrolyte can effectively penetrate the SAM

and contact the metal electrode.  Non-pinhole defect sites, on the other hand, will be defined

as any location in the film where ions or analyte molecules can approach the electrode

surface at a distance shorter than the thickness of the SAM5

1
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Figure 3.1.  Examples of SAM defects attributable to gold topography: 1) grain
boundaries, 2) pinholes, 3) step edges, 4) general regions of disorder in the SAM
structure.

Fortunately, techniques exist that allow researchers to gain a semi-quantitative

understanding of all of these surface characteristics.  Scanning probe microscopy (SPM)

provides a means to characterize gold surfaces and SAM modified gold substrates at the
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molecular level.  SPM techniques can assess specific topographical features such as step

edges and SAM pinholes as well as assist in delineating the overall terrain of a surface.

Likewise, specific electrochemical experiments can be designed to identify the crystallinity

of a gold surface, as well as the defectiveness of a SAM formed on a specific gold substrate.

As will be shown in subsequent sections of this chapter, the use of both electrochemistry and

microscopy techniques to substantiate the expected topographical and morphological features

of the different gold substrates is an effective approach to characterization.

3.1.2.  Previous Research Into Gold Topography

In spite of the availability of an array of powerful characterization techniques, in-

depth analyses dedicated to comparative studies of gold topography are rare.  Some SPM

reports do compare the microscopic features of a variety of different gold substrates and are

the subject of microscopy based reviews.7  SPM literature, however, usually addresses the

topography of gold substrates from a standpoint of what is most beneficial for microscopy

experiments.  Gold preparations resulting in flat surfaces with large atomically smooth

plateaus are typically sought for imaging the atomic level surface packing of the gold itself or

for adsorbates residing on the gold surface.  While research found in the literature involving

gold substrates often includes a substantial degree of surface characterization, it usually is

limited to only the specific type of gold substrate being used for that particular experiment.

A comparison of the same experiment on several different gold substrates to see if the

topography or pretreatment of the gold influences the results is rarely done.  The reasons for

this lack of comparison-based studies appears to be two fold: 1) the high cost of working

with many of the specialized types of gold and 2) the notion of experimental simplicity.

Researchers often tend to settle on a type of gold substrate and surface pretreatment that is

successful for their specific systems and experiments.

Several literature reports have focused on the assembly and structure of self-

assembled monolayers on different types of gold or on gold subjected to different types of

pretreatment procedures.5  Creager and coworkers utilized polycrystalline bulk gold that was

annealed and chemically etched with aqua regia solution.  Their research, which involved

studying the inhibition of interfacial ET from redox-active solute at SAMs on gold substrates

of varying roughness, lends support to the notion that SAMs with excellent blocking

characteristics can be formed on polycrystalline gold.  Polycrystalline gold, it was



98

determined, is a surface that is rough on the micron scale but is also composed of smoother

planes on a smaller scale. (macroscopically rough vs. microscopically smooth).  From this

work, Creager concluded that defectiveness in SAMs correlates strongly to the method used

to prepare the gold substrate for self-assembly and established the  importance of surface

roughness and grain boundaries to the quality of the SAMs.3a  Likewise, experiments

performed by Guo et al. with long chain methyl-terminated SAMs (HS(CH2)16CH3) on

evaporated gold on mica suggested that SAMs formed on rougher substrates had better

blocking characteristics than those on smoother gold.3b  Researchers in Golan’s laboratory,3g

as well as those with Crooks3d created apparent pinhole-free SAMs with superior blocking

behavior on sputtered and evaporated films on glass and mica.  Porter’s group traditionally

thermally anneals gold-on-mica films to create well ordered, low defect, SAMs and have

suggested that roughness may be less important for dictating SAM permeability than other

topographical features such as crystallinity.3c  Clearly the debate on the influence of gold

topography and morphology on SAM structure is ongoing.  Taking this one step further and

studying the effect that gold topography has on the SAM and subsequent adsorbates is a

unique and largely unexplored prospect for research.

3.1.3.  Gold Topography and the Cyt c / SAM / Au System

In the case of the cyt c/COOH-SAM/Au system, the Bowden Research Group

established two hypotheses for the role of gold topography in the non-ideal electrochemical

response of cyt c.  The first hypothesis was that grains with different crystal faces exposed

resulted in different types of adsorption sites in the SAM itself.  This thought is supported by

work of Creager and coworkers that showed in microscopy images that chemically etched

gold surfaces display roughly equal proportions of Au(111) and Au(110).3a  Similar results

were obtained for sputter deposited gold film electrodes used in our laboratory prior to

1994.2,4  Thus, the excessive broadness of the cyt c voltammetric peaks may represent the

collective signal of two or more unique populations of protein adsorbed on different crystal

planes.  If this hypothesis proved to be correct, more ideal cyt c voltammetry should result

from the use of single crystal gold substrates.

In the second hypothesis, defect sites in the SAM were proposed to give rise to

heterogeneous adsorption and subsequent dispersion of electrochemical properties.  The

source of the surface heterogeneity causing the broadened cyt c voltammetry peaks, may be



99

the manifestation of having some cyt c molecules adsorb at defects sites and others adsorb at

highly ordered, non-defective regions of the SAM.  Researchers in Chidsey’s laboratory

successfully minimized the non-ideal aspects of the voltammetry of ferrocene-terminated

SAMs by purportedly exchanging electroactive molecules at defect regions with

nonelectroactive methyl-terminated alkanethiols.8  This was done by immersing the

ferrocene-terminated SAM in a solution of methyl-terminated thiol and taking advantage of

the apparently favorable thiol exchange kinetics that exist at defect sites.8,9  This hypothesis

is related to the first in that polycrystalline gold will have a larger contingency of grain

boundaries at the surface and, therefore, a greater propensity for SAM defects.  It follows

then, that the defect density of a SAM may indeed have a profound effect on the

electrochemistry of adsorbed cyt c.

3.2  EXPERIMENTAL GOLD – GENERAL CHARACTERISTICS

The gold substrates selected for this study include evaporated gold films, bulk

polycrystalline gold, single crystal gold, and gold epitaxially grown on mica, each of which

is expected to possess unique surface characteristics.  Each substrate’s surface characteristics

(topography, crystallinity, etc.), as well as, the typical pretreatment methods applied to them

are described in subsequent sections.  Several techniques used to characterize the surfaces are

introduced in the following paragraph.

The overall roughness of each surface, a measurement describing a large area of the

surface, was characterized by an electrochemically determined roughness factor (Rf) and by a

more specific, small surface area, sampled measurement using SPM.  Lead underpotential

deposition (Pb - UPD) experiments were performed to evaluate the exposed surface

crystallinity of the gold substrates.  Further qualitative evidence for the crystallinity of the

substrates was obtained by evaluating the formation patterns of gold oxide during

voltammetry experiments.  Each type of gold surface was also investigated with SPM to

obtain a visual description of the surface.  These techniques and the results obtained will be

discussed in greater detail in future sections.  The major characteristics and properties of the

four gold substrates, ranging from the molecular level terrain on the surface, to the

mechanical stability and cost of the materials, are summarized in Table 3-1.
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The results from the SPM experiments are an important part of the description of the

gold substrate’s topography (see Table 3-1) but they are not specifically discussed in this

chapter.  SPM imaging of the gold surface and other explorations into the microscopy of the

cyt c/SAM/Au system are the subject of Chapter 5.

3.2.1.  Evaporated Gold Thin Films

Evaporated gold substrates have been the predominant electrode material used in the

Bowden Research Group and are used extensively throughout electrochemistry.

Polycrystalline in nature, they are manufactured by evaporating high purity gold onto a glass

mount covered by an adhesive layer of titanium or chromium.  Evaporated gold films, as well

as sputter deposited films, are known to have a strong Au(111) character when deposited on a

heated mount of glass, silicon, or mica.  Therefore, scientists wishing to perform “single

crystal” experiments sometimes use evaporated gold film substrates as a cheap alternative to

actual bulk Au(111) samples.5  In this lab, electrochemical pretreatment of these mirror

finished gold surfaces has been found to drastically improve the reproducibility of cyt

c/SAM/Au based experiments.10  Literature reports of SPM characterization have described

evaporated gold substrates as inherently rough with “sand-dune” topography prevalent over

most of the surface.7  This is a commonly accepted description of evaporated gold and,

because of this rough terrain, these substrates are seldom used for SPM applications, which

require large, flat areas for imaging.  Evaporated gold on glass is relatively inexpensive, but

possesses poor mechanical stability.  The thin layer of gold can be easily damaged with

abrasive pretreatment and can be chemically eroded away without much effort.  Therefore,

the number and nature of pretreatment methods applicable to these evaporated gold films is

limited.  Evaporated gold is usually employed for a single experiment and then discarded.

3.2.2.  Bulk Polycrystalline Gold.

This polycrystalline gold material is often referred to as simply bulk gold, gold foil,

or gold wire.  For this study, we limit the discussion to traditional gold foil substrates.  The

use of this type of bulk gold in both electrochemistry and microscopy is not unfounded,3a,11

but is a rather expensive substrate to purchase.  The most common pretreatments for bulk

gold foil found in the literature are polishing and/or abrasive chemical etching in a solution

such as aqua regia (HCl & HNO3 – see Experimental Details).  The roughness of these

etched substrates has been described as macroscopically rough and microscopically smooth.
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Table 3-1.  Summary of Experimental Gold Substrate Properties

Property
Evaporated
Gold Films

Bulk Gold
(Gold Foil)

Single Crystal
Gold - Au(111)

Au Epitaxially
Grown on Mica

Physical
Description

1000 Å Au /
50 Å Ti /

Glass

12 x 12 x 1 mm
solid gold

(99.9985%)

2 mm thick
gold discs

1.4 x 1.1 cm mica
w/ 1500 Å of Au

covering
1 x 1.1 cm

General
Topographical
Characteristicsa

"Sand-dune"
topography

"Partical board"
topography

-Macroscopically
rough

-Microscopically
smooth

"Plateau"
topography

-low degree
of rough
terrain

"Plateau"
topography

-Extremely flat Au
islands

-Lower density of
Au step edges

Crystallinityb Polycrystalline
Au(111) / Au(110)

Polycrystalline
Au(111) / Au(110)

Predominantly
Au(111)

Predominantly
Au(111)

Potential
Defect Surface

Structure a

-Crystal grain
boundaries

-Rough terrain

-Crystal grain
boundaries

-Rough terrain

High density of Au
step edges

Low density of Au
step edges

Annealing
Possibilities

Annealing can be
used to lower
overall
roughness and
create a
predominantly
Au(111) surface

Overall roughness
can be significantly

lowered using
chemical etching,

polishing, and
annealing
techniques

Usually pretreated
before use with a

light HFA to
revitalize the

surface structure of
the Au(111)

plateaus

Usually pretreated
before use with a

light HFA to
revitalize the surface

structure of the
Au(111) plateaus

Mechanical
Stability

Good Superior
Good -

delicate surface
structure

Poor

Cost Inexpensive Expensive Extremely
Expensive

Expensive

       Overall Roughness Trend

Rougher Smoother
Notes:
a Determined through SPM; b Determined thorough electrochemical experiments (Au oxidation & Pb-UPD)
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Both optical microscopy and scanning electron microscopy (SEM) show the surface of bulk

gold to be like “particle board,” in that the surface is made up of a number of different

patches or grains of gold.  Collectively, these grains present a very rough surface, but

individually, each grain exhibits a molecularly flat, possibly angled, facet of specific crystal

orientation.3a  Perhaps the greatest attribute of bulk gold, however, is its mechanical stability.

These substrates can withstand chemical etching and mechanical polishing, and are thus

reusable.  For this research, bulk gold substrates were usually etched in dilute aqua regia to

remove a few layers of gold, polished with alumina slurries, and either etched again or

pretreated electrochemically or by hydrogen flame annealing (See Experimental Details

Section).  Essentially, bulk gold presents a surface with a high density of crystal grain

boundaries and a roughness that can by systematically altered.  Thus, bulk gold substrates are

extremely attractive for research addressing topographical issues.

3.2.3.  Single Crystal Gold.

Quality gold substrates of single crystal orientations [ Au(111), Au(110) or Au(100) ]

that are acceptable for electrochemical experiments of this magnitude are expensive and thus,

there are fewer SAM studies found incorporating these substrates.5  The obvious benefit to

using a single crystal gold substrate is the fact that the substrate is devoid of crystal grain

boundaries.  With high quality Au(111) single crystal gold, SPM experiments have shown

the surface to be mostly flat with a high density of gold step edges.4,12  The primary single

crystal used in this research, Au(111), has excellent durability and can be polished and/or

annealed under a hydrogen flame to regenerate the gold step topography.  A common view is

that Au(111) samples promote the formation of highly ordered, pinhole free SAMs, whose

structure is not influenced by grain boundaries.  There is, however, no consistent evidence in

the literature that these type of SAMs require the use of Au(111) single crystals.5

3.2.4.  Au Epitaxially Grown on Mica.

Gold on mica substrates are known for their extremely smooth surfaces and are the

preeminent gold substrate for microscopy studies.  Mica is atomically smooth, providing an

excellent surface for the eventual gold structure.  The gold, when grown on heated mica,

tends to form extremely large, flat, plateau-like regions known as gold terraces that are

essentially 100% Au(111).  Au on mica usually possesses a lower density of step edges than

the single crystal substrates, especially when pretreated with a gentle hydrogen flame (See
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Experimental Details).  The “Achilles heal” of using Au on mica is its poor mechanical

stability.  Au/mica substrates are extremely fragile and can only be placed in the

electrochemical cell a single time.  The gold layer tends to crack and peel away from the

brittle mica backing if removed from the cell.  Thus, many comparisons of before/after

effects on Au on mica cannot be made.  Additionally, Au/mica is expensive when purchased

from a supplier and, as witnessed in our own SPM experiments, usually suffers from a

significant degree of substrate-to-substrate topographical reproducibility, an artifact of the

gold deposition procedure used.25  The following section summarizes the in-house

characterization and pretreatment methods performed on these substrates.

3.3.  EXP. GOLD CHARACTERIZATION - ROUGHNESS FACTORS

A general characteristic that can account for the broad spectrum of topographical and

morphological features possible on these gold surfaces is overall roughness.  In this case,

roughness is defined as the ratio of the real surface area to the geometric surface area13 and

can be used to relate these unique substrates to each other.  Even though the surface

geometry of an electrode, as visible to the naked eye, defines an electrode area, the actual or

real surface area may be greater due to specific topographical features (i.e. step edges, rough

terrain, etc.).  Only when the real surface is perfectly flat will its area correspond exactly to

the geometric area, a ratio of one.  In order to quantify the surface roughness of each type of

gold or the effect of a pretreatment, the roughness factors (Rf) of the substrates were

measured using an electrochemical technique (Rf, E/C).  The Rf-E/C is not a molecularly well-

defined property but is instead an averaged surface property useful for comparative studies.

Additionally, it should be noted that electrochemistry is a population technique, measuring a

specific property over an entire surface area.  Because this research is concerned with gold

topography as it relates to SAM formation and eventual cyt c adsorption and ET behavior,

the roughness of a smaller, sampled area of the surface is also of major interest.  To provide

this type of information, SPM based roughness factors (Rf-SPM) were also obtained.  Each

type of roughness factor and the experimental results of roughness experiments are described

in the following sections.
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3.3.1.  Basis and Background of Rf-E/C

Many different electrochemical methods exist for determining the Rf of a gold

substrate, including the use of diffusional electrochemistry,14 differential double layer

capacitance,15a,b,e,13a and measurement of charge density passed during the reduction of a

monolayer of a specific gold oxide (Au-oxide).13  All current electrochemical methods,

including these three, are subject to certain complications and pitfalls, including

interpretation.  Such considerations are not the focus of this research and are not discussed

here in detail; they are, however, clearly outlined, along with other electrochemical methods

for determining Rf, in a review by Trasatti and Petrii.16

In the present work, we have used the Au-oxide reduction charge density method to

determine Rf-E/C for the gold substrates.  Our implementation is derived from work by Oesch

and Janata13 and Arvia et al.,17 in which a monolayer of Au-oxide is electrochemically

formed and then reduced by cyclic voltammetry.  In spite of its shortcomings, this technique

has been broadly employed to obtain Rf-E/C, for which there is presently no clear, more

accurate, or better alternative method.3h,i,4,18  To obtain the Rf –E/C, the charge density passed

during the reduction of Au-oxide, as determined by integrating the voltammetric peak area of

the reduction wave, is ratioed to a theoretical value of charge density for the reduction of a

monolayer of Au-oxide on an atomically flat surface:

red(theor)

red(exp)
E/C-f Q

Q
R = [Eqn. 3.1]

where Q is the charge density (µC/cm2).  The charge passed is assumed to be proportional to

the actual area of the electrode.13a

Stable and reproducible Au-oxide formation and stripping peaks are indicative of a

clean, well defined gold surface.5  Figure 3.2 shows the voltammetry of what is referred to as

a “roughness scan” in dilute (0.1 M) H2SO4.  As indicated by this figure, the stripping peak,

with its well-defined baseline, can be easily integrated to obtain the experimental charge

density.  Before integrating the stripping peaks, their relative sizes can provide a good

indication of which surface is inherently smoother or rougher.  This technique can be applied

to any gold surface after any pretreatment as long as the system isn’t compromised by the

presence of chloride ions which can cause distortion of the baseline in the roughness scans.
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Figure 3.2.  Cyclic voltammetry “roughness scan” in 0.1 M H2SO4.  Note that the Au-oxide
reduction peak is well defined with a very flat background and is easily integrated for charge
passed.  The value of the charge passed can be used to determine an electrochemical roughness
factor.

Problems associated with this technique arise from the method’s dependence on

specific, controlled Au-oxide formation and on the assumptions and estimations that must be

made to predict a theoretical value for the reduction of a monolayer of Au-oxide.  Although a

large amount of research has been done on oxides of gold, their conclusions often disagree.13a

The following discussion attempts to summarize the pertinent considerations of these

arguments as they relate to electrochemically determined Rf and is largely based on the work

of Janata and coworkers.13

During the anodic polarization of a gold electrode, three types of gold oxides can

form: Oxide I, Oxide II, and Oxide III.  Oxide I is thought to be the primary surface oxide,

Au2O3, a compact, anhydrous layer that grows to a limiting amount of only a few molecular

layers.  At slightly higher oxidation potentials, Oxide II grows in, its specific nature largely

unknown.  Finally, at even more positive potentials, Oxide III forms, considered to be the

bulk oxide layer, a thicker film (≤ 100 monolayers) of Au(OH3) or hydrated Au2O3.  Both the

II and III oxide layers are thought to be porous, permitting the oxidation/reduction of the

inner gold oxide (I) without significant disruption to the outer oxides (II & III).  Of course,
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all of these oxides and the potential and extent at which they form are dependent on solution

conditions (pH, electrolyte, etc.).13  In general, an anodic sweep on a gold electrode will first

result in the formation of Au oxide (I).  The anodic current will reach a maximum and then

proceed to a minimum.  This minimum is believed to signal the completion of a monolayer

of gold oxide where the atomic ratio of gold to oxygen is one.  It is thought that at this

potential, just before the onset of the type II oxide, the type I oxide has not yet rearranged to

the Au2O3 structure.  The size and shape of these oxidation waves are not well defined,

largely because they are influenced by the composition of the supporting electrolyte,

particularly anions, and the specific condition of the gold surface structure.13  The shape of

the oxide reduction wave, however, is unaffected by these same factors and yields the well-

defined peak utilized for Rf determinations.  The charge density passed for the reduction of

this oxygen adatom layer has been used by several workers to estimate surface roughness.19

The relevance of this discussion of gold oxides to roughness factors is that the

presence of the different types of oxides complicates the measurement of Au-oxide

monolayer reduction during roughness scans.  Care must be taken to have the switching

potential occur at the minimum discussed earlier, before the onset of the type II oxide.  This

minimum is not always well expressed and sometimes must be estimated.  Oxidation of the

gold beyond this point may inflate the Au oxide reductive current on the reverse scan

because the Au-O ratio on the surface will no longer be one.  In this manner a degree of error

can be introduced into the experimental determination of Qred(exp).13

A second major source of possible error is the theoretical estimation of charge density

passed for an oxygen adlayer, Qred(theor).  As alluded to earlier, this theoretical determination

is dependent upon the nature of the Au oxide layer being reduced.  That is, the ratio of Au to

oxygen for a perfectly flat oxide monolayer must be estimated for a particular surface in

order to calculate the theoretical charge density (usually estimated to be 1:1).  The actual

composition of the Au-oxide layer at any point, however, depends on the extent of oxidation

and is difficult to analyze.

An additional complication to using this type of Rf-E/C is the fact that the surface

concentration of Au atoms varies with the exposed crystallographic planes of the surface.13a

Surfaces are not comprised of only perfect crystal planes.  It is unknown how the density of

topographical features, such as step edges, grain boundaries, etching pits, or regions of
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contamination would affect both the concentration of Au atoms available for oxidation and

the structure of the oxide adlayer.  Therefore, in calculating the theoretical charge density for

the reduction of a Au-oxide monolayer, these variables must also be somewhat approximated

with assumptions about the surface being used.  To this end, a variety of theories for Au-

oxide formation have been developed, and, as a result, a wide range of Qred-theor values appear

in the literature.  Table 3-2 is a sampling of some of these values, each derived with different

assumptions about the surface of the gold or about the nature of the oxide layer.

3.3.2. Experimental Results - Rf-E/C

For the proposed experiments in this dissertation, a value of Qred(theor) was developed

with the help of Dr. Tal Nahir.  Evidence presented later is consistent with the experimental

gold surfaces being mostly, if not completely, Au(111).  Therefore, using the atomic density

for Au(111),18b and an oxygen to gold ratio of one when the switching potential is set to +1.5

(vs. Ag/AgCl),13a the following calculation yields Qred(theor):

1.4E15 Au atoms/cm2  x   1 O atom/1 Au atom  x  2e-/1 O atom  x  1.6E-19 coul/1e-

=  448 µµµµCoul / cm.2

This value is in excellent agreement with literature values (See Table 3-2) and was used in

the determination of all the electrochemical roughness factors in this dissertation.

Table 3-2. Estimated Values - Charge Density Passed for the Reduction of an
Oxygen Ad-atom monolayer of Au-oxide (Qred (theor)):
Qred (theor) Estimations

(µC/cm2) References
482 Oesch and coworkers, 198313a

450 Oesch and coworkers, 198313b

400 Burshtein and coworkers, 197218a

420 Arvia and coworkers, 198917

400 Manne and coworkers199111

448 Leopold and Nahir, 1996a

 a Value is based on a theoretical surface with a predominantly Au(111) surface - a surface
estimated to have a mean thickness of 2.6 Å and a Au atomic density of 1.4 x 1015 Au atoms/cm.2
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-The Effect of Electrochemical Cleaning Pretreatment on Rf-E/C

In order to test the influence of gold topography on the cyt c / SAM / Au system, it

was imperative to first understand how specific gold pretreatments affected their overall

roughness.  The two primary pretreatments used in this research, electrochemical cycling

(EC) and hydrogen flame annealing (HFA), are presented next.

Electrochemical pretreatment of the gold substrate, developed by a previous

researcher in the Bowden Group, Dr. Tal Nahir (currently at California State University,

Chico), consists of potential cycling the potential in acidic chloride solution (0.1 M H2SO4

with 0.01 M KCl).  An example of this voltammetry is shown as Figure 3.3. Oxidative

potential excursions of Au in an acidic chloride environment causes the dissolution of the

gold surface via formation of chloro-aurate complexes.  The voltammetry clearly shows the

oxidation and reduction of these complexes (+1200 mV and +650mV, respectively), as well

as, the reduction of Au-oxide at 825 mV. The corresponding Au-oxide formation (Au

oxidation) peak is obscured by the large gold dissolution signal, the oxidation of the chloro-

aurate.  Eliminating the chloride source (KCl) from an otherwise identical scan results in a

well-defined Au-oxide cathodic stripping peak in a voltammogram that that is synonymous

with the “roughness scan” presented in Figure 3.2.  This type of electrochemical cycling

dissolves gold from the surface and effectively “cleans” by simply exposing new gold and

redepositing fresh gold.13  This type of chloride based etching is a permanent alteration of the

surface as opposed to more temporary surface changes such as that induced by oxide

layers.13,20  Thus, the effect of this electrochemical pretreatment on the roughness factor of

the gold was evaluated.

Figure 3.4 displays typical roughness scans of evaporated gold films before and after

electrochemical pretreatment.  As indicated by the size of the Au-oxide stripping peaks, the

Rf-E/C of this surface was not altered dramatically by the electrochemical pretreatment.

Statistical analysis showed a statistically insignificant difference in Rf-EC between as received

films and electrochemically cleaned films (Results and calculation not shown).  At first

glance, these results might suggest that evaporated gold substrates are not very rough (See

Table 3-1).  However, as revealed by SPM imaging (Chapter 5), they actually possess a very

rough surface on a smaller scale.
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Figure 3.3.  A) Cyclic voltammetry of the final electrochemical cleaning cycle (0.1 M H2SO4 and 0.01
M KCl); B) During the cleaning cycles, the peaks corresponding to the oxidation and reduction of the
chloro-aurate complex, at +1200 and +600 mV, respectively, continuously grow with each cycle.  This
peak growth is a sign that the gold surface is being consumed during the cleaning process, eventually
exposing new, clean gold.  The peak corresponding to Au-oxide reduction does not change substantially
during cycling (the Au-oxide formation peak is masked by the large chloro-aurate oxidation signal.
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Figure 3.4.  Cyclic voltammetry roughness scans of evaporated gold
substrates in 0.1 M H2SO4 and 0.01 M KCl.

For smoother gold surfaces, on the other hand, increases in Rf-EC were observed as a

result of electrochemical pretreatment.  For example, in Figure 3.5, the Au-oxide reduction

peak for HFA bulk gold (peak b) clearly grows following electrochemical cleaning (peak c).

In general, smoother gold substrates exhibited an increase in Rf of 24-38% after the

electrochemical pretreatment, a value consistent with literature reports of a 20-30%

increase.13a

Thus, it was concluded that the electrochemical cleaning pretreatment tends to

significantly roughen smoother surfaces but has little effect on the Rf-EC of evaporated gold.

In both cases, however, it is clear that electrochemical pretreatment effectively cleans the

surface as evidenced by a marked increase in double layer capacitance.  Furthermore the

electrochemical pretreatment seems to create a reproducible, albeit rough, surface.  This

phenomenon has been witnessed in our laboratory and has been reported in the literature as

well.10,13a
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Figure 3.5.  Cyclic voltammetry roughness scans in 0.1 M H2SO4 illustrating the gold surface
roughening effect of electrochemical cycling in 0.1 M H2SO4 and 0.01 M KCl: a) initial bulk gold,
b) bulk gold after HFA, and c) annealed bulk gold after electrochemical cleaning.

-Effect of Annealing on Rf-E/C

Annealing is a type of heat pretreatment employed to minimize strain and defects

from a metallic surface.  Annealing also restores a metal’s ductility, improves the metal’s

corrosive resistance, and allows the metal to adopt well defined crystal facets.21  The process

of annealing typically leads to a more stable and smoother surface.  Flames, ovens, and

plasma chambers are all common means for heating substrates.

Annealing is most effective when performed at high temperatures for a prolonged

amount of time.  Annealing progresses through three major stages: 1) recovery (R1), 2)

recrystallization (R2), and finally 3) grain growth (GG).  These three stages of annealing and

their effects on a metal surface are illustrated in Figure 3.6.  The first stage, R1, occurs at

lower temperature and is also known as the stress relief anneal stage.  At this temperature, the

additional thermal energy provided by the flame or other heat source allows

dislocations(defects) in the surface to move.  The dislocations move, but their density

remains unchanged, forming a surface structure known as polygonized subgrain structure

(Figure 3.6a→b).  As the temperature is raised, the R2 stage is initiated and the surface

experiences nucleation and growth of new crystal grains (Figure 3.6b→c).  During this

process, dislocation defects and stress sites are effectively eliminated.  At even higher
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temperatures the GG stage commences and the R1 and R2 stages occur simultaneously and

more rapidly, causing favored grains to consume smaller grains.  The culmination of the GG

stage is the creation of larger, more consistent, and less defective grains at the surface of the

metal (Figure 3.6c→d).21  A real example of the annealing process of a brass alloy,

exhibiting the result of each stage as a photomicrograph, is shown as Figure 3.7.

(a) (c)(b) (d)

Figure 3.6.  The three major stages of annealing.  During the recovery stage (R1) (a→b), thermal
energy causes dislocations in the material (shown as small dots) to move and form boundaries of a
polygonized subgrain structure (b).  At higher temperatures, the annealing proceeds to the
recrystallization stage (R2) where the surface experiences nucleation and growth of new grains with
fewer dislocation defects (b→c).  The final stage of annealing, called grain growth (GG), allows for
existing grains to grow and consume smaller grains (c→d). (Figure from Ref. 21)

(a) (b) (c)

Figure 3.7.  Photomicrographs showing the effect of annealing temperature on
grain size in brass: a) annealed at 400°C, b) annealed at 650°C, c) annealed at
800°C.  Imaged magnified 75X (Figure from Ref. 21).

Temperature is a key parameter when annealing for roughness and grain size

purposes.  As shown in the annealing graph, Figure 3.8, the grain size of the metal grows

substantially at higher temperatures.  Additionally, the total annealing time is critical for

effective results of the heat pretreatment.  If possible then, the substrate should be kept at an

elevated temperature for as long as possible, allowing it to progress through the three stages
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of annealing.  Reducing the annealing time will cause the resultant grain size of the anneal to

be smaller by minimizing the opportunity for grain growth.21

Figure 3.8.  Effect of annealing of several properties of Cu-Zn alloy.  Note the
substantial increase in grain size at higher annealing temperatures (right).  The
three stages of the annealing process are noted beneath the graph (Figure from
Ref. 21).

Flame annealing is a simple and effective heat treatment and has been utilized as a

capable method for preparing very smooth, single crystal, surfaces of high quality on Pt, Ir,

Ag, and Au.6a,23  Different types of flames have been utilized for annealing, ranging from

common Bunsen burner flames (gas-oxygen flames)22 to specialized hydrogen flames.24

The topographical effects of annealing gold surfaces are well known.  Annealing

creates atomically flat terraces, sometimes tens of nanometers in width and predominantly of

Au(111) orientation, separated by gold mono-atomic steps.6a  To investigate the role of

temperature, Mosher and coworkers3b recently used atomic force microscopy (AFM) to

measure the roughness of gold evaporated onto cleaved mica before and after annealing at

various temperatures.  As expected from prior work, the results results indicated that higher
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temperatures lead to smoother surfaces.3b  Also using microscopy techniques, Golan’s group

verified that large crystallites of gold occur when the metal is deposited via evaporation onto

mica or “cleaned” glass.  Furthermore, they reported an increase in grain size with prolonged

exposure (several hours) to elevated annealing temperatures.3g  Chailapakul and Crooks3d

reported that, on rougher gold, surface atom mobility increases drastically at temperatures

just below the melting point of gold, allowing surface defects on the gold to anneal.

The primary mode of annealing used for the present work is hydrogen flame

annealing (HFA).  HFA is used almost exclusively by microscopists to anneal gold and was

recommended for this work by Molecular Imaging, Inc.25  The exact procedure is fully

described in the Experimental Details section of this chapter.  HFA supplies a slow, clean,

high temperature flame, advantageous for the thermal pretreatment of annealing.

The effect of hydrogen flame annealing on the Rf of gold is shown in Figure 3.9.  The

decrease in Au-oxide stripping peak area, after the gold has been annealed, results in a

significantly lower roughness factor.  Similar results were achieved with the annealing of

other types of gold substrates as well.  The smoothing effect of annealing on the gold was

confirmed with SPM results (Chapter 5).

3.3.3. Rf-EC Results – Comparison of Various Types of Gold

Roughness scans were performed on the following substrates: evaporated gold films

that have been electrochemically cleaned, hydrogen flame annealed bulk gold samples,

Au(111) single crystal, and gold epitaxially grown on mica.  The roughness factors

determined for the various substrates, shown in Table 3-3, reveal a clear trend.  Examples of

the roughness scans on each type of substrate are shown in Figure 3.10.  It should be noted at

this point that the roughness factors are used for relative comparisons only.  Theoretically, Rf-

E/C values less than one are, by definition, impossible to achieve.  It is thought that Rf-E/C

values less than unity reflect the approximations made in calculating the theoretical value for

charge passed during the reduction of a monolayer of gold oxide, as previously discussed.

The higher values of Rf-E/C (>1) in Table 3-3 are in agreement with other reports.3I,4  In any

event, the overall roughness of these gold surfaces, from smoothest to roughest is as follows:

Au/mica < Au(111) < Bulk Au < evaporated Au.

Roughness, however, is just one of the many important gold surface characteristics that must

be considered.
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Figure 3.9.  Cyclic voltammetry roughness scans of 0.1 M H2SO4 on A) electrochemically cleaned
versus HFA evaporated gold and B) electrochemically cleaned versus HFA bulk gold samples.  Note
the corresponding decrease in peak area (charge passed) for the Au-oxide reduction after the surfaces
have been annealed.
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Figure 3.10.  Cyclic voltammetry roughness scans in 0.1 M H2SO4 of various types of gold substrates
and pretreatments, shown with corresponding electrochemical roughness factors (Rf-E/C

*).  Repeated
Rf measurements generally varied < 3%.  Rf calculations are based on a predominantly Au(111) gold
surface to achieve Qred-theor and normalized to experimental Au/mica surfaces.  Rf estimations of
surfaces with a dominant exposed crystallinity other than Au(111), such as the  Au(110) shown in this
figure, are not justifiably comparable to other surfaces.  For this reason, the Rf is unusually low (<1)
and is included here for comparison but is not used again for the purposes of this research.

Table 3-3.  Electrochemical and SPM Roughness Factors
(Experimental Gold Substrates)

Gold Substrate Rf-E/C
a Rf-E/C

* RSPM
b(nm)

Evaporated Gold (E/C)     1.7(±0.02)    2.1(±0.02) 1.8
Bulk Gold (HFA)     1.2(±0.1)    1.5(±0.1) 1.3

Single Crystal Au(111)     0.9(±0.04)    1.1(±0.05) 0.9
Gold Grown on Mica     0.8(±0.1)    1.0(±0.1) 0.3

a Determined from electrochemical roughness scans using 448 µC/cm.2
b Determined from RMS roughness calculation performed by the Nanoscope software (Rq).
-Rf-E/C* normalized to the flattest experimental gold substrate (Au/mica) in the following manner:

Qred-theor / Qred-exp (Au/mica)  =  448 µC/cm2 / 358 µC/cm2 = 1.25
Therefore, each Rf-E/C value was multiplied by 1.25 to obtain an adjusted/normalized value.
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3.3.4.  SPM Roughness Factors (Rf-SPM)

Roughness factors based on microscopy images of the experimental gold surfaces are

derived from the actual current feedback of the SPM experiments.  For a designated area of

the surface, the Nanoscope software will calculate a root mean square (RMS) roughness

known as Rq.  RMS is a measure of the vertical standard deviation (z direction) of a plane

from the mean of that plane based on the values of each point’s z coordinate.  RMS

roughness is further described by an equation for Rq given in the Experimental Details of this

chapter.  For the purposes of this work, Rq is referred to as Rf-SPM.  Areas of approximately

200-400 square nanometers were selected for mean roughness calculations.  Examples of

some of the images and the selected areas of the surfaces used for the determination of Rf-SPM

can be found in Chapter 5.  The results of these SPM based roughness factors are shown in

Table 3-3 for various gold substrates and are in agreement with the trend found for Rf-E/C.

3.4  EXPERIMENTAL GOLD CHARACTERIZATION  -  CRYSTALLINITY

As previously mentioned, gold typically exists in crystalline grains of three low index

surface structures: Au(111), Au(110), and Au(100).  If the gold is polycrystalline, the surface

will have a significant population of grain boundaries.  Grain boundaries, in turn, can serve

as loci for potential defect sites in SAMs formed on the gold.  Therefore, experiments were

performed to characterize the crystallinity of the gold substrates.

3.4.1.  Gold Oxide Formation and Crystallinity

Roughness scans in dilute sulfuric acid can provide a qualitative assessment of the

exposed crystal planes on the gold surface.  Gold oxide forms distinctly on the three different

crystal faces of gold.17  Therefore, Au-oxide formation yields multiple peaks, it can be

inferred that the surface is polycrystalline.  On the other hand, if Au oxidation yields a single,

sharp oxidation peak, a single crystal orientation dominates the surface.  An example of this

behavior is shown in Figure 3.11 where multiple Au-oxide peaks appear for a polycrystalline

electrode but are replaced by a single sharp peak after annealing.  Annealing is a common

technique used to induce gold rearrangement to the Au(111) orientation  and, therefore, a

sharpening of the Au oxidation peak is expected.  One exception to this trend, however, was

the annealed bulk gold which was resistant to a complete rearrangement to Au(111) upon

annealing (compare the Au oxidation peaks in Figure 3.11 to those of Figure 3.9).    Extended
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exposure of annealed bulk gold to electrochemical cycling eventually removed the annealed

surface layers and re-exposed the bulk polycrystalline gold.

In contrast to thermal annealing, electrochemical cleaning tended to not alter the

crystallinity of the surface.  An example of this can be seen in figure 3.11 where the

roughness scan of evaporated gold after electrochemical pretreatment is shown.  Compared

to as received evaporated gold, shown in Figure 3.9A, the Au oxidation peaks undergo very

little change as a result of electrochemical pretreatment, indicating there is little effect on the

crystallinity of untreated gold surfaces.
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Figure 3.11.  During roughness scans in 0.1 M H2SO4, the voltammetry of the Au-oxide
formation (see arrow) can be characteristic of the gold's surface crystallinity.  Here, the Au-
oxide peaks reflect the changes in crystallinity of an evaporated Au substrate after
electrochemically cleaning (EC), after oven annealing (OA), and after hydrogen flame
annealing(HFA).  Notice the multiple Au-oxide peaks (Au oxidation) after electrochemically
cleaning, indicative of a polycrystalline surface.  The sharpening of the these peaks after
some type of annealing treatment is believed to be the result of a predominantly Au(111)
surface (Data collected by Joseph A. Black).
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3.4.2.  Lead Underpotential Deposition Experiments

A more quantitative technique for analyzing the crystallinity of gold surfaces is lead

underpotential deposition (Pb UPD).  A dissolved metal in solution will typically

electrodeposit in limiting monolayer and submonolayer amounts onto a foreign metal surface

when the electrochemical potential is moved to a value, sufficiently negative, yet still

positive of the reversible Nernst potential where bulk deposition occurs.  This region is

known as the underpotential region.27

The amount of deposited metal, which can be up to a monolayer in the underpotential

region, is dependent on the magnitude of the negative potential and the length of time that the

substrate (working electrode) is held at that potential.  The specific amount of metal in the

UPD layer can be determined by sweeping the potential back in the positive direction after

the deposition and oxidatively stripping the UPD layer off the surface.  The stripping peaks

can then be integrated for charge and subsequently converted to an amount.  For quantitative

determinations, it is essential to discriminate against the charging current by subtracting a

background signal of the same scan in only electrolyte.27

Whereas numerous metal combinations form UPD layers,27 of particular interest to

the characterization of gold surfaces is Pb UPD.  Pb UPD layers give rise to stripping

voltammetry that is sensitive to different crystal faces of gold.28  Prior Pb UPD experiments

on gold have revealed that oxidative stripping peaks at approximately -0.25 V and -0.07 V

(vs. Ag/AgCl RE) are indicative of Pb on Au(111) and Au(110) respectively.3a,4,29

Typical Pb UPD stripping voltammograms for some evaporated gold films are shown

in Figure 3.12.  The “blue” scan indicates that electrochemical cleaning maintains the

polycrystalline nature of this surface, with sizeable Pb stripping peaks at both ~ -0.25 V and -

0.07 V.  Thermal annealing causes gold surfaces to become smoother and to rearrange to the

Au(111) orientation.21  This expectation is clearly shown by the Pb UPD results (Figure 3.12

– red and green scans) where the oven annealed, as well as, the hydrogen flame annealed

evaporated gold substrate have significantly reduced Au(110) signals accompanied with an

accentuated Au(111) signal.  This result is an excellent example of how the relative

percentages of crystal grains on a gold surface can be highlighted.



120

-70

-60

-50

-40

-30

-20

-10

0

10
-600-400-2000200400600800

E (mV vs. Ag/AgCl)

I (
uA

)

E/C

Annealed (oven)

Annealed (hydrogen flame) Au(110) Au(111)

Figure 3.12.  Pb UPD stripping voltammetry designed to illuminate the crystallinity of the evaporated
gold surfaces that have been electrochemically cleaned, oven annealed, and HFA.  Stripping peaks at
approximately –0.070 V and –0.250 V are expected to be due to Au(110) and Au(111), respectively.
Notice the increase in the Au(111) based stripping peak and a simultaneous decrease in Au(110) after
annealing procedures have been performed.

Pb UPD also revealed, however, that polycrystalline bulk Au was resistant to

thermally induced surface reorientation.  Figure 3.13A shows Pb UPD stripping peaks for the

bulk Au immediately after chemical etching, when the freshest gold has just been exposed.

The multiple stripping peaks indicate an almost equal distribution of Au(111) and Au(110).

After annealing in a tube furnace at ~968°C for one hour, the crystal properties of the surface

show little change (Figure 3.13B).  In comparison, oven annealing of evaporated Au usually

resulted in a largely Au(111) character.  Only after treating the bulk gold with a hydrogen

flame, which possesses a much higher annealing temperature, does the Au(110) character of

the surface start to diminish (Figure 3.13C).

Pb UPD experiments were used to gain insight into the exposed crystal planes of all

four of the experimental gold substrates (not all results shown).  Roughness characterization

(both electrochemical and microscopic), analysis of the Au-oxide peak shape and pattern, and

SPM imaging were also used for characterization, as described earlier.  A summary of the

characterization of each type of Au surface is presented in Table 3-1.
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Figure 3.13.  Pb UPD stripping voltammetry of (A) bulk gold samples immediately after
chemical etching in aqua regia, (B) after oven annealing for one hour at ~968°C, and (C)
before and after HFA.  Peaks at –0.070 V and –0.250 V are indicative of Au(110) and
Au(111), respectively.
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PART I – MULTIPLE GOLD SUBSTRATE STUDY

3.5 CYT C ELECTROCHEMICAL RESPONSE ON MODIFIED GOLD

Considering that the original intent of this research was to elucidate the role of the Au

substrate’s topography in cyt c voltammetry, the different gold substrates were thus modified

with COOH terminated SAMs and cyt c was adsorbed.  It was expected that the flatter gold

substrates would support SAMs of substantially lower defect density compared to the

traditional evaporated Au films.  Furthermore, it was anticipated that a significant reduction

in FWHM might be observed for the cyt c voltammetry on these smoother surfaces.  Such a

result would support the hypothesis that peak broadening was due primarily to heterogeneous

protein adsorption sites on the surface arising from defects in the SAM.
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Figure 3.14.  Cyclic voltammetry of cyt c adsorbed at C14OOH SAMs on various gold substrates: A)
Cyt c/ C14OOH SAM / Evaporated Au (E/C); B) Cyt c/ C14OOH SAM / Bulk Au (HFA); C) Cyt c/
C14OOH SAM / Au(111); D) Cyt c/ C14OOH SAM / Au / mica.  Roughness factor trend of gold
topographies: A > B > C > D; {C14OOH = HOOC(CH2)13SH}.  Solution conditions: 4.4 mM KPB (µ =
10 mM, pH = 7, 100 mV/sec.



123

Interestingly, the cyt c response on these different SAM modified gold substrates

varied significantly and unexpectedly.  Examples of cyclic voltammograms of horse cyt c

adsorbed onto each of the four experimental substrates are shown in Figure 3.14.  There is a

definite trend that emerges, but it is not the expected narrowing of the cyt c voltammetric

peaks.  Instead, as the Au surface becomes smoother and the SAM presumably less defective,

as evidenced by the roughness and redox probe experiments, respectively, the faradaic

current response of cyt c disappears.  This surprising result was highly repeatable, and

comprehending the reasons behind it became the focus of this work.

The results just described clearly show that gold substrate topography plays a

significant role in the electrochemistry of adsorbed cyt c.  To account for the surprising

absence of electroactive cyt c on smoother Au substrates, two possibilities must be

considered: 1) cyt c is adsorbed on the SAM but in an electroinactive state, possibly from

improper orientation or denaturation; or 2) cyt c is not present on the surface, indicating that

the low defect SAM resists adsorption of the protein.  Furthermore, a combination of these

two effects cannot be ruled out.  To investigate this matter, a series of electrochemical and

spectroscopic experiments were undertaken, as described in the following sections.

3.6 X-RAY PHOTOELECTRON SPECTROSCOPY

A useful technique for determining the elemental composition of a surface and the

presence of adsorbates is x-ray photoelectron spectroscopy (XPS), which is briefly discussed

in this chapter’s Experimental Details section.  Previous research from this laboratory utilized

XPS to detect the presence of cyt c adsorbed on carboxylic acid SAMs on evaporated Au

substrates.  By monitoring the N(1s) signal from the amino acids comprising the

cytochrome’s protein shell, XPS revealed that a substantial amount of protein was present on

the surfaces of these SAMs.34  In that study, XPS was also used to compare the amount of

protein adsorbed to HOOC(CH2)nS- SAMs where n = 5, 10, and 15.  XPS results revealed

similar cyt c coverages on all three SAMs surfaces in spite of the fact that electrochemical

experiments indicated lower values for electroactive cyt c coverage on the SAMs with

smaller chainlengths.34  In much the same manner, XPS was used in this research to
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determine if the cyt c was indeed adsorbed to SAMs that had been formed on the smoother

gold substrates.

For these experiments, a series of SAMs, HS(CH2)13COOH, were formed using

identical deposition procedures on bulk Au samples whose surface roughness had been

systematically altered.  HFA was used to lower the surface roughness whereas

electrochemical cleaning was used to promote rougher topography.  As a blank, a modified

(C14OOH SAM), electrochemically cleaned gold substrate was used.
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Figure 3.15.  XPS spectra of the N(1s) region and corresponding cyclic voltammograms of
a) C14OOH SAM / evaporated Au (blank), b) cyt c / C14OOH SAM / bulk Au (smoothed
with HFA), and c) cyt c / C14OOH SAM / bulk Au (roughened with electrochemical
cleaning).  The N(1s) signal (@405 eV) directly corresponds to adsorbed protein on the
surfaces, measuring the N present in the amino acids of the protein shells.  The numbers to
the left of the figure correspond to the relative areas of the N(1s) XPS peaks shown and are
provided for a semi-quantitative comparison of adsorbed protein.
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Figure 3.15 illustrates the results of the XPS testing.  The XPS N(1s) signal of these

samples, when compared to the blank, clearly shows the existence of amino acids on both

surfaces.  However, there seems to be a substantially larger N(1s) signal and therefore higher

coverage for cyt c adsorbed on the SAMs on rougher substrates.  This result lends support to

the hypothesis that cyt c adsorption is intimately related to the density of defect sites in the

SAM.  In this case, the presence of cyt c was clearly diminished on the gold surfaces that had

been pretreated with HFA.

3.7  EFFECT OF INTENTIONAL GOLD ROUGHENING ON CYT C RESPONSE

To further define the role of surface topography, experiments were designed to assess

whether intentional roughening of smooth electrodes, which had consistently yielded poor cyt

c voltammetry, would give rise to an improved response.  If roughening the surface improved

the cyt c response, it would lend support to the idea that rough substrates are better suited for

protein adsorption and voltammetry.

Intentional roughening experiments were first performed on bulk Au due to its

mechanical stability and renewable surface.  Bulk gold samples were first smoothed using

HFA, and the Rf value was measured.  The surface was then modified with a COOH SAM

and tested for cyt c response.  Subsequent electrodes were smoothed in the same manner, the

Rf value was measured, and they were then subjected to electrochemical pretreatment, which

roughens the surface as described earlier.  The roughening effect was then verified by

remeasuring Rf.  The new surface was then modified with a SAM, exposed to a deposition

solution of cyt c, and subsequently tested for adsorbed cyt c response.  Similar experiments

were subsequently performed with other types of gold.

Figure 3.16 illustrates a typical example of how intentional roughening of a smoothed

Au surface substantially improves the adsorption and voltammetry of cyt c.  The

improvement in the cyt c response was substantial enough that all electrochemical

parameters, normally measured with cyclic voltammetry, were accessible.  This result was

highly repeatable and similar results were found for all of the other substrates, the results of

which are not shown for the sake of space.  These results thus provide further evidence that
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the topography of the Au is a critical component in the voltammetry of adsorbed cyt c and

indicate the preference of the system for rougher surfaces.
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Figure 3.16.  Cyclic voltammetry of cyt c / C14OOH SAM / bulk Au assemblies where the
gold surface was smoothed through HFA and roughened by electrochemical cycling.  The
increase in Rf correlates with the regeneration of a well-defined cyt c voltammetric response.
Similar results were obtained on other gold surfaces as well (results not shown).  Solution
conditions: 4.4 mM KPB (µ = 10 mM) at pH=7; 100 mV/sec.

3.8  SQUARE WAVE VOLTAMMETRY

Square wave voltammetry (SWV) was used in an effort to detect whether any

electroactive cyt c was present on the surfaces of the more “ideal” SAMs on flat Au/mica

substrates.  Recall from Figure 3.14 that the Au/mica system gave rise to large Cdl values and

weak to nonexistent faradaic current in cyclic voltammograms.  SWV is a pulsed

voltammetry technique that discriminates effectively against charging current.  The method

utilizes a staircase potential waveform with a superimposed square wave35,36 and has been

used successfully in prior work on adsorbed cyt c.36b

SWV was applied to the cyt c/C14OOH/Au/mica assembly and the results are shown

in Figure 3.17.  Based on prior work,36b the peak at 0-25 mV can be attributed to the presence
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of adsorbed cyt c.  Additionally, the SWV response after exposure to 1 M KCl solution is

shown.  A wash with high salt solution is known to desorb a significant portion of adsorbed

cyt c, which is primarily electrostatically adsorbed.1  The diminished SWV response after the

wash shows this to be the case and provides further support that the observed peak results

from adsorbed cyt c.  The signal in both of these cases, however, is much less than that

obtained using evaporated Au assemblies (result not shown).  This result offers further

voltammetric evidence for a very low electroactive cyt c coverage. which is consistent with

the notion that SAMs formed on smoother Au surfaces are more resistant to adsorption.

a

b

Figure 3.17.  Square wave voltammetry (SWV) of cyt c / C14OOH SAM / Au / mica assemblies
after initial protein adsorption (a) and after exposure to several rinses with 1 M KCl.  Independent
SWV experiments (results not shown) on cyt c / C6OOH SAMs / evaporated Au assemblies
supported that the peak at 0-25 mV was indeed from adsorbed cyt c.  Additionally, the cyt c signal
was larger on the evaporated gold surfaces with C6OOH.

3.9  PROPERTIES AND STRUCTURE OF COOH SAMS

The results described to this point indicate that the topography of the gold substrate

has a substantial effect on the electrochemical response of adsorbed cyt c.  We now turn to

results dealing with the structure and properties of the COOH SAM modifiers formed on the

different types of gold surfaces.  Eventually, a model for the structure of these SAMs will be

proposed to help explain some of the results.

A primary concern with the variety of different topographies displayed by these

unique gold substrates is how a SAM would form on the surface and the structure and
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stability the monolayer would ultimately possess.  The density of defects in the SAMs formed

on these gold substrates is of major interest.  Table 3-4 summarizes the types of defects

possible in SAMs formed on gold.  Each type of defect has been observed and described in

the literature using both SPM and electrochemical methods.5

Table 3-4. Categories of SAM Defects5

Defect Name Description
Point Individual missing thiols

Line Missing rows of thiols

Domain
Boundary

Areas bordering two domains differing in rotational
or translational symmetry

Grain Boundary Areas between two different crystal grains

Low Order Areas of loosely packed or disordered regions with
more liquid-like properties (reason for low order
defects range from contamination to insufficient
deposition times for self-assembly)

Step Edge Defects created at gold atomic step edges

Pinhole Areas of bare gold - electrolyte solution is allowed
to make contact with gold surface

Densely packed SAMs are capable of passivating the gold surface toward a variety of

electrochemical processes including: oxidation of the Au itself, the underpotential deposition

of metals, and the redox activity of electrochemically reversible solution species.  Since all of

these processes require solution species, in the form of redox molecules or the electrolyte

itself, being able to penetrate the SAM and approach the electrode surface, they all can be

used to qualitatively assess the defect site density in a SAM.  Of particular interest in this

study is the SAMs ability to inhibit a diffusing molecule’s electrochemistry, a technique

called redox probing.

3.9.1. Redox Probing of SAMs

The voltammetry of a redox probe that is reversible at a bare metal electrode and

suppressed by a SAM modified electrode can provide information about the SAM’s structure.

The degree of suppression is an indication of the defect and/or pinhole density in the SAM.
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For example, if a redox probe at a SAM modified electrode exhibits reversible, mass transfer

(MT) controlled behavior, the SAM is most likely riddled with pinhole defect sites, allowing

the probe ready access to the underlying metal.

On the other hand, if the SAM has a sufficiently low level of defects, it will obstruct

the approach of the probe to the electrode and the redox reaction will be significantly

inhibited.  The voltammetry, if any, will exhibit attenuated faradaic currents and slower

kinetics due to unfavorable energetics associated with polar molecules diffusing through a

layer of densely packed alkane chains.  Thus, the redox probe will only gain access to the

electrode at energetically favorable defects sites in the SAM.  Many experimental factors can

affect the results of redox probing experiments: solvent, electrolyte, and redox probe

hydrophobicity, charge, and mechanism of ET (inner vs. outer sphere ET).5

A major advantage of redox probing for evaluating defect density in SAMs is the

versatility provided by the method.  This versatility stems from the numerous redox

molecules, with a variety of properties, that can be employed as redox probes.  Redox probes

that have been utilized in SAM defect studies range from simple metal ions to more

complicated organometallic complexes.  Commonly used redox probes include: iron

(Fe2+/3+),30a ferricyanide (Fe(CN)6
4-),30e,f,g ruthenium hexamine (Ru(NH3)6

3+/2+,30a-c,e-g phenol

((C6H5)-OH),30b benzoquinone (O=(C6H4)=O),30f and ferrocene or derivatives of

ferrocene.30c,d

3.9.2.  Hydroxymethyl ferrocene Redox Probing of SAMs on Experimental Gold

Carboxylic acid SAMs were first probed with both ferricyanide and ruthenium

hexamine (results not shown), but these redox probes proved to be inadequate.  The

voltammetric response of the negatively charged ferricyanide ion was essentially nonexistent

on all SAM/Au substrates, most likely due to electrostatic repulsion.  Thus, ferricyanide is

not a very sensitive redox probe for COOH SAMs.  Likewise, electrostatic complications

with ruthenium hexamine (RuHex) rendered it useless as a redox probe for acid terminated

SAMs.  With a charge of +3, RuHex strongly adsorbed to the negatively charged surfaces

and, in fact, seemed to cause irreversible damage to the SAMs.

Of much greater usefulness is the redox probe hydroxymethyl ferrocene (HMFc), first

described in work by Creager and coworkers.3a  HMFc is a sensitive redox probe for
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detecting SAM defects.  It is a small, water soluble molecule that undergoes a rapid, outer

sphere, chemically reversible redox reaction.  Additionally, HMFc is neutral and possesses a

hydrophobicity that makes it extremely sensitive to defects in the SAM.  Creager observed

that the oxidation of HMFc:

HMFc   →   HMFc+  +  e- [Rxn. 3.1]

can be blocked by a low defect monolayer.  In this case, the cyclic voltammetry will exhibit a

severe attenuation of diffusion controlled current, usually apparent as a significantly smaller

and positively shifted oxidation wave that is sometimes accompanied with no corresponding

return signal (reduction wave).  This voltammetric behavior is indicative of a kinetically

challenged ET process.  On the other hand, as  SAMs become more defective, the reaction

proceeds more readily and a conventional, MT-controlled voltammogram results.  If the SAM

is very defective and cannot block the probe molecule at all (a poor barrier), the

voltammogram will reflect the redox activity of HMFc at a bare gold electrode.3a

For the HMFc probe experiments, carboxylic acid terminated SAMs of two

chainlengths, C14OOH and C11OOH, were formed on the various gold substrates, as

described in the Experimental Details section of this chapter.  All SAMs were allowed to

deposit for over three days to promote maximum packing.5  SAMs with alkane chains of 10

and especially 13 methylene (-CH2) units were chosen because thicker films are more likely

to exhibit a higher degree of crystallinity, presumably making the SAM structure more

sensitive to the surface topography of the gold substrates than SAMs composed of shorter

chain thiols.5

Figure 3.18 and Table 3-5 summarize the results of the HMFc redox probe

experiments with C14OOH SAMs.  As the overall roughness of the gold decreases, the

blocking characteristics of the SAMs are enhanced, as evidenced by a positive shift of the

oxidation peak (Ep,a) and a significant decrease in the anodic and especially cathodic currents

compared to HMFc at a bare Au surface.  These results support the conventional notion that

as the surface becomes smoother, with fewer grain boundaries, step edges, and the like, the

SAM formed on the surface appears to be more well ordered with fewer defects.
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Figure 3.18.  HMFc voltammetry at various gold substrates modified with HOOC(CH2)13SH (or
C14 acid SAM).  Note the positive shift in Ep,a of the voltammograms shown.  The shift is more
positive for the flatter gold substrates.  Solution conditions: 0.2 mM HMFc in 0.1 M HClO4;
scanned at 100 mV/sec.

Table 3-5. HMFc SAM Defect Redox Probe Voltammetry Results
( HOOC(CH2)14SH SAMs on Various Gold Substrates)

System Ep,a (mV) Eº´ (mV)
Evaporated Gold (ref.) 230 193
C14 SAM / Evap. Au (E/C) 348 n/a
C14 SAM / Bulk Au (HFA) 388 n/a
C14 SAM / Au(111) 384 n/a
C14 SAM / Au / mica 419 n/a
Note: n/a indicates that the voltmmetry lacked a HMFc reduction wave, making
an estimation of the formal potential impossible. The relative standard deviation
in Ep,a and Eº´ was approximately 2%.

3.10   Cdl OF THE CYT C / SAM / Au SYSTEMS

Upon closer inspection of the cyt c responses on each substrate, Figure 3.14, an

interesting trend in the double layer capacitance (Cdl) emerges.  The Cdl values for SAMs on

smoother gold are significantly higher than for SAMs on rougher gold surfaces.  This trend is
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confirmed by Figure 3.19 and Table 3-6, which collect capacitance results obtained using two

different methods, CV and EIS.
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Figure 3.19.  Plot of double layer capacitance (Cdl*) versus the overall roughness factor (Rf-E/C*) of the
various gold substrates.  Cdl measurements were made using EIS and CV and have been adjusted to
incorporate the real surface area of the electrodes.  Rf values are normalized to the flattest gold substrate
(Au/mica) as previously described.

Table 3-6.  Double Layer Capacitance Measurements of HOOC(CH2)13SH SAMs
on Various Gold Substrates
Gold Substrate /
C14OOH SAM

Rf-E/C
*a

(unitless)

Cdl (CV)b

(µF/cm2)
Cdl (EIS)c

(µF/cm2)
Cdl

* (CV)d

(µF/cm2)
Cdl

* (EIS)d

(µF/cm2)
Evap. Au (E/C) 2.1(±0.02) 2.8(±0.4) 1.9(±0.2) 1.3(±0.2) 0.90(±0.1)
Bulk Au (HFA) 1.5(±0.1) 5.4(±0.6) 3.9(±0.1) 3.6(±0.5) 2.6(±0.2)
Au(111) 1.1(±0.05) 7.6(±0.2) 5.5(±0.4) 6.9(±0.4) 5.0(±0.4)
Au / mica 1.0(±0.1) 15.0(±0.4) 13.5(±0.4) 15.0(±1.5) 13.5(±1.4)
a Rf measured electrochemically and verified using SPM; Rf have been normalized by
designating the flattest substrate (Au/mica) as having a Rf = 1.0 as previously described (Rf

*).
b Cdl was determined from CV as (icath + ianod)/2 = icharging = νCdlA at 100 mV/sec in KPB
 (4.4 mM; µ = 10 mM, pH = 7), where A is the geometric area of the working electrode (0.32 cm2).
c EIS was used as an alternative means of measuring Cdl by taking the central intersection of the
x-axis in Cole-Cole plot of the data.
d Cdl values were adjusted to reflect the real surface area (Cdl*)of the electrodes by dividing each
measurement by the Rf-E/C

* and propagating the error.
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The observation that Cdl increases as Rf decreases is a striking result, especially in

view of the HMFc probe results, which do not support increased Cdl as resulting from higher

pinhole defect density in the SAM.  Previous work by Chidsey and Loiacono30e examined the

effects of chainlength and functional groups on Cdl, but not in conjunction with Rf.  They

found that Cdl for alkythiol SAMs decreases with increasing chainlength, as would be

expected for a dielectric layer.  The dependence of Cdl on functional end group was found to

obey the following trend:

CF3 < CH3 < OH < CN < COOH

In light of the present study, it should be noted that all of Chidsey and Loiacono’s

experiments were performed on only one type of gold substrate, evaporated gold on silicon

wafers.30e  Considering this trend, higher relative values of Cdl with acid terminated SAMs, in

and of itself, is not surprising.  The apparent dependence of Cdl on Rf shown in Figure 3.19,

however, is a newfound aspect of COOH-terminated SAMs.

Additional Cdl measurements on COOH SAMs were taken during those experiments

involving intentional roughening of gold substrates (See Section 3.7).  Those results are

consistent with the Cdl-Rf trend just described, that is, rougher gold surfaces modified with

COOH SAMs consistently displayed lower Cdl values than those on smoother surfaces.

A proposed model to account for this result is introduced in Figure 3.20.  It is

proposed that when the carboxylic acid groups are forced into a more uniform plane as the

gold surface becomes smoother, increased interactions among the COOH groups, i.e.,

hydrogen bonding and/or electrostatic repulsion, will increasingly dictate the overall structure

of the SAM.  Thus, the alkyl chains could be restricted from dense crystalline packing if the

energy density associated with surface COOH interactions exceeded that due to chain-chain

van der Waals interactions.  The consequence of this would be an increase in the average

dielectric constant of the SAM film, thus increasing Cdl:

d
C o

dl
εε

= [Eqn. 3.2]

On rougher surfaces, the COOH groups would tend to be more offset from

each other normal to the surface, thus leading to decreased lateral interaction among the acid

headgroups and, for a number of the components, greater conformational freedom.  In this

case, the energy associated with COOH interactions would decrease, allowing the alkane
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chains to pack more densely in a lower energy state and subsequently lowering the dielectric

constant (ε).  A more detailed discussion of this model will be given later in this chapter

(Section 3.13) after first presenting some additional results on mixed SAMs and the original

evaporated gold study.

A.                Flat Au

COO-

B.                Rough Au

COO-COOH COO-

COO-

COO-COOH

COOH

COOH

COOH

d
C o

dl
εε

=

Figure 3.20.  Proposed model to explain the observed trend in Cdl for SAMs on the Au
substrates of varying roughness with smoother gold substrates supporting SAMs with
significantly higher Cdl values for SAMs that are less defective.  On smoother Au surfaces the
alkane packing is dictated by the bulky terminal groups (COOH) spacing/interaction (A)
whereas on rougher surfaces, the SAM will tend to have a higher degree of flexibility allowing
the packing to better compensate endgroup-endgroup interactions.  Thus, on rougher surfaces,
the SAMs tend to have a higher alkane chain density which, in turn, directly impacts (lowers) the
dielectric constant (ε) in the equation above and lowers the Cdl of the system.

3.11  MIXED SAMS

Mixed SAMs, or SAMs composed of ω-substituted alkanethiols of two different

chainlengths and/or terminal groups, have become an important part of the research effort in

this group.  In light of the cyt c results above, especially the positive effect of intentional gold

roughening and the emergence of the hypothesis that cyt c adsorption/ET may be a strong

function of the density of defects in the SAM, it was of interest to see how a mixed SAM on

a smooth surface would behave toward cyt c adsorption and ET.  The major motivation of

this type of experiment arises from the view that certain mixed SAMs exhibit surfaces

comprised essentially of molecular defects.  Mixed SAMs of this type may be able to mimic

the positive effect that roughening a smooth Au surface has on a pure COOH SAM, i.e.,

disruption of the COOH plane.  Before presenting these experiments, it is important to have
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an understanding of the general structure of mixed SAMs.  Therefore, a brief synopsis of

mixed SAMs and the structures they adopt is in order.

3.11.1.  The Structure of Mixed SAMs

The structure of mixed SAMs is a popular topic and the literature dealing with this

subject is extensive and varied.  From this literature, however, several major trends have

emerged, as described below.  A variety of techniques have been employed to characterize

the structure and composition of mixed SAMs including electrochemistry, ellipsometry,

CAG, EIS, IR spectroscopy, MS, SPM, and others.  Overall, this extensive characterization

has created reasonably detailed descriptions of the structure of a number of mixed SAMs.

The following discussion is limited to two-component mixed SAMs.

The literature on mixed SAMs, as well as the structures of mixed SAMs, can be

generally divided into two major categories: Type I and Type II.  Most literature reports deal

exclusively with either Type I37 or Type II38 mixed SAMs.  There are, however, articles that

discuss both types and offer useful comparative analyses.39

The major difference between Type I and Type II mixed SAMs is derived from the

different alkane chain lengths of the two thiol components, as depicted in Figure 3.21.  If the

chain length difference between the two components is small (< ~ (CH2)4 ), making the

length of the two components similar, the SAM is most likely to conform to the structural

characteristics of Type I mixed monolayers, which tend to exhibit a random distribution of

thiols across the gold surface (Fig. 3.21).  As the chain length difference becomes greater (> 4

CH2 units), the SAM is considered Type II and will possess a characteristic domain

segregation (Figure 3.21).  It is believed that this structural arrangement is primarily driven

by the van der Waals interactions of the alkane portions of the SAMs, resulting in the longer

components clustering together.  Thus, separate, nanometer-sized domains of both longer

chain and shorter chain component are a characteristic property of Type II mixed SAMs.

Another key aspect of mixed SAMs, both Type I and Type II, is the terminal group, which

can exert a significant influence on the overall structure.
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> (CH2)4

TYPE I SAM
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TYPE II SAM
STRUCTURE

a

b

Figure 3.21.  Illustration of the basic structure and distribution of a two component (red and blue)
mixed SAM on gold: a) side view cross section; b) view from below.  Note that as the difference
in chainlength becomes greater than 3-4 methylene units, the distribution of the two components is
expected to go from a random distribution (left) to a more phase segregated distribution with
nanometer sized domains (right).39

A major advantage of two-component mixed SAMs is the ability to engineer surface

chemistry by using different terminal groups.  Charged groups can be mixed with neutral

groups, hydrophobic termini can be mixed with hydrophilic termini, and numerous other

combinations of functionality, including electroactive endgroups, are possible.  It is important

to remember, however, that the types of terminal group can have a significant impact on the

structure of the mixed SAM.  This is especially true of the Type II mixed SAMs.  Figure 3.22

portrays how terminal groups can affect the structure of a Type II mixed SAM containing

methyl and hydroxyl termini. In general, hydrophilic end groups avoid contact with

hydrophobic entities, whether they be other endgroups or the hydrophobic alkane chains of

the other component.39
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a b

c d

Figure 3.22.  Two component mixed SAMs of both types (I & II) are sensitive to the influence of
endgroups and will always arrange themselves to maximize favorable interactions.  Hydrophobic/
hydrophilic interactions are expected to play a role in the mixed SAM structure.  Several examples of
how hydrophobic interactions may affect the structure of these mixed SAMs are illustrated above with a
two component SAM comprised of hydrophobic, methyl terminated thiols (red) and hydrophilic, hydroxy
terminated thiols (green).  Depending on which component is longer, it may be energetically favorable to
for the larger components to cluster together in an ordered fashion (a) avoiding unfavorable interactions
between hydrophobic methylene chains and the alcohol endgroups.  If, instead, the longer component is
hydrophilically terminated (c), the longer chains may still be phase segregated, but may also bend over to
maximize methylene chain interactions with the shorter methyl terminal groups.  If the distribution is
more random, there may be different types of bending in the components (b & d).39a

The crystallinity (degree of order) in the alkane portion of mixed SAMs can also vary.

Type I mixed SAMs tend to have alkane packing similar to uniform SAMs of similar length.

Again, however, the end groups can affect this property significantly.  Longer chain Type I

SAMs will usually be more ordered and crystalline in nature whereas shorter Type I SAMs

will be more liquid-like.  Both long and short Type I SAMs terminated with hydrophilic end

groups typically exhibit some degree of liquid-like structure at the SAM/solution interface.

Type II mixed SAMs, on the other hand, can have a range of crystalline order within

the film.  This concept is illustrated in Figure 3.23.  In fact, IR spectroscopy data suggest that

the presence of the longer chain components in the Type II mixed SAM sometimes causes the

inner crystalline region to be more ordered than if it were a uniform SAM composed only of

the shorter ω-substituted thiol.  The larger the difference between the lengths of the

components, the greater the effect appears to be.39  Type II mixed SAMs are largely

unexplored in the context of cyt c electrochemistry and are not the focus of the research at

hand.  Nonetheless, there are many intriguing aspects of using Type II SAMs in this work that

can be envisioned.
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Figure 3.23.  Crystallinity of Type II mixed SAMs.38a

3.11.2.  The Effect of Mixed SAMs on Smooth Au Topographies and Cyt c Response

A Type I mixed SAM comprised of shorter hydroxyl-terminated alkane thiols and

longer carboxylic acid terminated alkane thiols was employed for this research.  This choice

retains the electrostatic protein/surface attraction of the pure COOH SAM and, at the same

time, maintains a hydrophilic interface.  More importantly, the mixed SAM is an inherently

defective film and should provide an irregular molecular texture when formed on a smooth

gold surface which, according to the previously presented research, should be more

conducive toward cyt c adsorption and ET.  For these experiments, the annealed bulk Au was

again initially used, modified with the mixed SAM, and subsequently exposed to a solution

of cyt c.  The cyt c/mixed SAM/smooth Au system displayed excellent cyt c electrochemistry,

as shown in Figure 3.24, compared to the pure COOH SAM on this same substrate.  This

improvement is attributed to both the improved electronic coupling of the protein at the SAM

interface and to a seemingly larger overall amount of electroactive protein being adsorbed to

the surface.  Similar results were observed on all of the other types of “smooth” gold surfaces

as well.

HMFc redox probing experiments, the results of which are given in Table 3-7, reveal

that this type of mixed SAM appears to be somewhat more defective when compared to pure

acid SAMs, although testing was limited to only evaporated gold.  Furthermore, double layer

capacitance data, shown in Table 3-8, shows that the Cdl of these mixed SAMs falls

consistently lower than for pure COOH SAMs.
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Figure 3.24.  Cyclic voltammetry of cyt c adsorbed to a single component C14 acid SAM on annealed
bulk Au compared to a mixed SAM (C14 acid with C10 alcohol).  The mixed SAM clearly produces an
excellent cyt c response with well-resolved peaks, higher apparent electroactive coverage, and faster ET
kinetics.  The mixed SAM system also exhibits substantially lower double layer capacitance.

Table 3-7.  HMFc Redox Probing for SAM Defects -
Mixed SAM Experiments on Evaporated Gold

Systema Ep,a (mV) E°°°°′′′′ (mV)
Bare Evaporated Au (Ref.) 230(±2) 193(±1)
C14OOH SAM / Evap. Au 348(±9) ---c

Mixed SAMb / Evap. Au 322(±2) 161(±8)
a Evaporated Au substrates were electrochemically cleaned prior to experiments.
b Mixed SAM = C14OOH & C10OH.
c Result unavailable because voltammetry lacks a HMFc reduction wave and no estimation of
formal potential can be made.

These results create an interesting paradox that parallels the earlier topographical

results.  The mixed COOH/OH SAM seems more defective than pure COOH, and yet, its

capacitance is lower.  Conventionally, however, one would expect the more defective film

(the mixed SAM) to have a higher capacitance due to increased breakdown of the parallel

plate capacitor model.  This unique property of these SAMs, a lower capacitance in spite of a

higher density of defects, is key to establishing an accurate picture of these systems and will

be examined further in the Discussion Section.
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Table 3-8.  Double Layer Capacitance Results - Mixed SAMs
(Uniform SAMs vs. Mixed SAMs on Various Gold Substrates)a

System
∆∆∆∆Cdl (CV)b

µF/cm2
∆∆∆∆Cdl (EIS)b

µF/cm2

Mixed SAM / Evap. Au (E/C) 2.8→2.8 2.0→1.9
Mixed SAM / Bulk Au (HFA) 5.3→3.7 3.9→2.9

Mixed SAM / Au(111) 7.6→5.9 5.5→4.6
Mixed SAM / Au(110) 3.7→2.2 2.3→1.7

Note: Mixed SAM = C14OOH & C10OH.
a Cdl values based on geometric area of electrode but can be adjusted for real surface
area as previously shown.
b Cdl values show the change in capacitance of a uniform SAM vs. a mixed SAM:

{ C14OOH → C14OOH/C10OH }

In summary, the creation of an irregular binding surface appears to be essential for

obtaining cyt c adlayers with good electrochemical properties.  Either roughening the

underlying gold or using a mixed SAM on smoother gold appear to be suitable means for

achieving such surfaces.  Table 3-9 provides a summary of results obtained on bulk gold

systems to illustrate the dramatic nature of these effects on the electrochemical properties of

cyt c.  Smoother gold substrates, such as the HFA bulk gold substrate in this example,

support quality cyt c electrochemistry only when modified with a mixed SAM or when the

gold surface is roughened.

Table 3-9.  Effect of Roughening and Mixed SAMs on Cyt c Voltammetric Properties
(Bulk Au (HFA) Example)

SAM Rf
*

(unitless)

E°°°°′′′′
(mV)

ket°°°°
(s-1)

ket°°°° a
(s-1)

ΓΓΓΓ b
(pmol/cm2)

ΓΓΓΓ  a

(pmol/cm2)
FWHM

(mV)
∆∆∆∆Ep
(mV)

Cdl
*

(CV/EISa)
(µF/cm2)

C14OOH
(smooth)

1.5
(±0.1)

⊗ ⊗ ⊗ ⊗ ⊗ ⊗ ⊗ 3.5 / 2.6
(±0.3 / ±0.3)

C14OOH
(Roughened)

2.1
(±0.02)

-14
(±1)

2.0
(±0.2)

0.4
(±0.2)

14.2 / 15.4
(±0.4 / ±0.2)

18.3
(±0.5)

127
(±5)

104
(±3)

1.5 / 1.2
(±0.1 / ±0.1)

Mixed
SAM

(C14OOH /
C10OH)
(smooth)

1.5
(±0.1)

-20.0
(±1)

13.0
(±0.1)

16.2
(±0.2)

16.0 / 15.5
(±0.2 / ±0.4)

12.0
(±0.3)

122
(±4)

40
(±3)

2.5 / 1.9
(±0.2 / ±0.2)

⊗  = Poor voltammetry rendered these properties impossible to measure;
a Properties measured using EIS; bValues determined for both cathodic and anodic peaks (cath. / anod.).
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3.11.3.  XPS of the Mixed SAM/Cyt c System

XPS analysis was performed for cyt c adsorbed at HFA bulk gold that had been

modified with a Type I, two component mixed SAM (C10OH & C14OOH).  Voltammetry

results on such systems, as seen in Figure 3.24, show, not only the regeneration of cyt c

response, but a clearly superior voltammetric signal.  In most cases, the coverage of the

protein on the SAM appears to be greater when a mixed SAM of this type is used as the

modifier compared to the single component SAM on a smoothed surface.  Figure 3.25 repeats

the XPS results for pure COOH SAMs (Fig. 3.15) with the addition of the N(1s) spectrum for

the mixed SAM system.  The use of a mixed SAM (Fig. 3.25d) appears to substantially

increase total cyt c coverage relative to the pure SAM formed on a smooth gold surface (Fig.

3.25b), a result in agreement with the electrochemistry.

3.11.4. Kinetic Analysis of Cyt c Adlayers on Mixed SAMs

In parallel with this research, others in the Bowden Group were examining the impact

of mixed SAMs on the ET rate of adsorbed yeast cyt c (YCC).40  Those studies revealed a

substantial increase of ET rate for YCC on mixed COOH/OH SAMs relative to pure COOH

SAMs.  On a Type I mixed SAM of C10COOH and C7OH, a 2500 fold increase in the ET rate

constant was observed relative to a pure C10COOH SAM.  The Pelletier-Kraut (PK) model

for YCC binding to cyt c peroxidase was proposed as a possible explanation of the results.40

The PK model invokes the presence of a well-defined ET pathway between the two heme

groups when they are electrostatically bound together.  Using this model as a basis, El Kasmi

et al. proposed that direct contact of extended chain termini of the SAM with the YCC’s

exposed heme edge could account for the enhanced ET rate.  Thus, it seems clear that mixed

SAMs can provide the appropriate interfacial properties for optimal binding and electronic

coupling, whereas single component SAMs make this prospect a less likely possibility.40

Similar experiments on HH cyt c revealed the same general trend, although not as

substantial.40  HH cyt c ET rate constants show a 5-10 fold increase when adsorbed on a

COOH/OH SAM as compared to a similar pure COOH SAM.  An example of this

comparison is shown in Figure 3.26.  The change in ket° was consistent with that found in the

previous study40 and confirms that superior electronic coupling between SAM and protein

occurs when a mixed SAM (Type I) is used.  These results, coupled with the gold topography
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Figure 3.25.  XPS and cyclic voltammetry of a) C14OOH SAM / evap. Au (blank), b) cyt c /
C14OOH SAM / bulk Au (HFA), c) cyt c / C14OOH SAM / bulk Au (electrochemically cleaned), and
d) cyt c / C14OOH & C10OH - Mixed SAM / bulk Au (HFA).  The numbers to the left of the figure
represent the relative area of each XPS N(1s) peak (@450 eV) and is a unitless quantity provided
for semi-quantitative comparison of protein on each surface.
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results already presented, collectively support the idea that cyt c adsorption and ET are very

much dependent on the density of defects the SAM presents.
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Figure 3.26.  Cyclic voltammetry of cyt c adsorbed on a C14OOH SAM on evaporated
Au versus cyt c adsorbed on a mixed SAM (C14OOH & C10OH SAM) on evaporated
gold.  It is believed that the dramatic change in the voltammetry with cyt c on mixed
SAMs is the result of superior electronic coupling.40
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PART II – EVAPORATED GOLD STUDY

3.12  INITIAL RESEARCH – ROLE OF THE GOLD SUBSTRATE

The research described to this point represents the most recent results concerning the

role of the gold substrate topography.  Those results followed an initial study on evaporated

gold substrates that was possibly tainted by surface contamination artifacts.  Nonetheless, the

recent work has validated the earlier results, which are presented here in a consolidated

section.  The reader can skip ahead, if desired, to the Discussion (Section 3.13) without

losing continuity.  The present section describes annealing/roughening, SAM

characterization, and cyt c electrochemistry experiments similar to those described earlier,

but limited to evaporated films.  Furthermore, the result and conclusions mimic those

obtained using a variety of gold substrates.

3.12.1.  Roughness of Evaporated Gold Substrates

Figure 3.27 displays roughness scans of evaporated Au as received, after

electrochemical pretreatment, and after HFA.  Table 3-10 summarizes the roughness factors

determined electrochemically and by SPM for these gold surfaces.  As expected, the

annealing appears to have a smoothing effect, whereas after electrochemical cleaning, the

roughness of the gold is largely unchanged from the initial scan.  Another noteworthy aspect

of Figure 3.27 is the sharpening of the Au oxidation peaks after flame annealing which

indicates that this pretreatment drives the polycrystalline gold surface to a predominantly

single crystal state.  Similar roughness scans, shown previously in Figure 3.11, indicate that

the same topographical and crystallinity changes can be instigated by other annealing

techniques.  How lower levels of roughness affected the formation and structure of SAMs on

evaporated Au was evaluated using several types of experiments: SAM desorption

voltammetry, capacitance measurements, and HMFc redox probing.  These results are

described in the following sections.

3.12.2. SAM Desorption Linear Sweep Voltammetry

SAM desorption techniques developed by Porter et al.41 can be used to gain a semi-

quantitative assessment of thiolate concentration (Γmono) in the monolayer.  Application of a

linear voltage sweep toward negative potentials to a SAM-modified gold electrode in a basic

solution produces a cathodic wave with voltammetric peak(s) due to the reductive desorption
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Figure 3.27.  Roughness scan voltammetry in 0.1 M H2SO4 of evaporated Au as received
(initial), electrochemically cleaned, and hydrogen flame annealed.  In addition to the change
in the Au-oxide reduction peaks that correspond to changes in overall roughness, note the
sharpening of the Au-oxidation peaks upon annealing that correspond to the changing
crystallinity of the surface.

Table 3-10.  Electrochemical and SPM Roughness Factors
Evaporated Gold Film Substrates

Evap. Au Substrate Rf-E/C
a Rf-SPM

b(nm)
Initial     1.5(±0.1) 1.8

After E/C Cleaning     1.56(±0.1) 1.8
After HFA     1.02(±0.06) 0.9

a Determined from electrochemical roughness scans (not adjusted/normalized)
b Determined from RMS roughness calculation performed by the
Nanoscope software (Ra)

of the thiolate adlayer.  The following reaction has been proposed to account for this

reductive desorption of the SAM:41

AuS(CH2)nX  +  1e-  →  Au  +  X(CH2)nS- [Rxn. 3.2]

The potential at which this reaction becomes energetically possible depends upon at least

three factors: 1) the strength of the Au-S bonds in the SAM; 2) the extent of intermolecular

interactions among adjacent alkane thiol adsorbates; and 3) the terminal groups.  An

experimental example illustrating the second factor is shown in Figure 3.28, where C6OOH
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SAMs are seen to desorb at more positive potentials, requiring less energy than the longer

chain, more stable, C14OOH SAMs, which desorb at more negative potentials.
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Figure 3.28.  LSV – SAM desorption scans in 0.1 M KOH of A) electrochemically
cleaned and B) HFA evaporated Au substrates modified with HS(CH2)5COOH SAMs
(blue) and HS(CH2)13COOH (red).

Although only one reductive peak would be expected for a homogeneous SAM,

sometimes, as in Figure 3.28A, multiple peaks are observed.  Considering the polycrystalline
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nature of the evaporated Au films, it is believed that the multiple peaks represent desorption

of thiols from different crystal faces.  This view is supported by the results shown in Figure

3.28B for HFA-treated gold, which is expected to exhibit predominantly the Au(111) crystal

face.  Desorption follows the same trend with alkane chain length, but the peaks are now

singular and sharp.

The charge passed during reductive desorption of a SAM can be used in Faraday’s

Law:

Q  =  nFAΓmono [Eqn. 3.3]

to calculate a value for surface concentration (Γmono) of thiol.  Comparison to theoretical

determinations of Γmono  for a well ordered SAM on Au(111) can allow inferences to be

drawn about the SAM’s density, packing, order, and, in the case of this research, how the

results relate to the change in surface roughness.  This approach has been used successfully

for adsorbates on gold41 and platinum,42 including electrodes modified for the facilitation of

cyt c ET reactions.43

Examples of SAM desorption sweeps are shown in Figure 3.29 for C14OOH SAMs on

electrochemically cleaned evaporated Au and HFA evaporated Au.  Calculations of Γmono are

tabulated in Table 3-11.  The results are consistent with the surface of the gold becoming

flatter upon being pretreated with HFA.  In comparison to the theoretical value for a densely

packed monolayer of methyl terminated SAM, the experimental value of Γmono, 713

pmol/cm2, is slightly low (See Table 3-11).  However, considering that the terminal group

may influence monolayer packing,41 the lower number may simply reflect the bulkier nature

of the acid terminal groups and their inability to pack as densely as methyl terminated thiols.

In Figure 3.29, there is an additional point to be addressed regarding stability, namely,

SAMs formed on HFA treated gold desorb approximately 100-200 mV more positive than

those on electrochemically cleaned evaporated gold, an indication of a less stable film.  As

stated previously, the potential of desorption is dependent on lateral interactions among

adsorbates, including chain-to-chain interactions.  Earlier it was suggested that COOH SAMs

on flatter gold substrates are less dense, as evidenced by higher Cdl values, and presumably

possess a higher dielectric constant.  If this is indeed the case, COOH SAMs on flatter gold

should exhibit weaker chain-to-chain interactions.  These weaker interactions may originate
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Figure 3.29.  LSV-SAM desorption scans in 0.1 M KOH of HS(CH2)13COOH SAMs on
electrochemically cleaned (E/C) and hydrogen flame annealed (HFA) evaporated gold.

Table 3-11.  Linear Scan Voltammetry - SAM Desorption Results

Gold Substrate
ΓΓΓΓmono (pmol/cm2)

C6OOH SAM
ΓΓΓΓmono (pmol/cm2)

C14OOH SAM
Evaporated Gold (E/C) 1550 1050
Evaporated Gold (HFA) 1000 713

Highly ordered SAMa 760 - 870

a Values for Γmono for a highly ordered SAM are based on values reported in the literature
based on the following thiol desorption reaction at negative potentials:

AuS(CH2)nCH3  +  e-  → Auo  +  -S(CH2)nCH3
where n = 3-17 and is consistent with a Au(111) overlayer.41

-Note: variation in Γmono was approximately 10%.

from dominant terminal group influences.  More specifically, the highly basic environment

present during reductive desorption experiments will deprotonate all of the COOH

functionalities in the SAM and cause a destabilizing electrostatic repulsion between the

terminal groups.  On flatter gold, the carboxylates will find themselves more crowded than on
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a rougher surface, resulting in larger coulombic interactions.  Coulombic interactions of this

nature usually dominate weaker chemical interactions.

Flat baselines are necessary for accurate peak integration during LSV but can be

difficult to achieve in some SAM desorption experiments, preventing the technique from

being more quantitative.  Longer chain SAMs, such as those considered here, don’t desorb

from gold until very negative potentials are reached.  At these potentials, the LSV is often

obscured by the reduction of oxygen, even after extensive degassing, as well as solvent

reduction.  Because of these complications, the SAM desorption experiments were eventually

discontinued.  Nevertheless, the results for evaporated gold presented here do offer some

useful insight as well as impetus for future work.  Furthermore, this is a potentially useful

technique for mixed SAMs, which were found to exhibit distinct, yet not well resolved,

reductive desorption peaks for each separate component of the SAM (Results not shown).

3.12.3.  Capacitance of COOH SAMs on Evaporated Au Substrates

A Cdl-roughness trend was observed for COOH SAMs on evaporated gold films

subjected to various pretreatments.  The trend was similar to that obtained in the multi-

substrate study, i.e., the capacitance increases as surface roughness decreases.  COOH SAMs

were prepared using thiols of various chain lengths on both annealed and electrochemically

cleaned evaporated gold substrates.  The results of these experiments are shown in Table 3-12

and Figure 3.30.  Clearly, the capacitance is significantly higher for SAMs on the smoother,

annealed gold than on the rougher electrochemically treated gold.  The data of this graph

converges as the alkanethiolates become shorter because the SAMs impact on the Cdl is

significantly less at shorter chainlengths, i.e., smaller capacitors with higher dielectrics are

less effective at building up charge.

Table 3-12.  SAM Double Layer Capacitance - Evaporated Gold
(Chainlength and Pretreatment Dependence)a,b

Pretreatment
C6OOH
(µF/cm2)

C11OOH
(µF/cm2)

C14OOH
(µF/cm2)

Electrochemically Cleaned 10.6(±0.2) 3.8(±0.1) 2.9(±0.8)
Hydrogen Flame Annealed 21.4(±1.0) 18.9(±3.3) 15.3(±3.8)

Oven Annealed 20.0(±4.3) 14.5(±1.2) 10.2(±1.3)
a Data collected by Joe A. Black; b Cdl values based on geometric area of electrode but can be
adjusted to real surface area using Rf

* as previously described.
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Figure 3.30.  Plot of COOH SAM chainlength (total number of carbons in chain) versus Cdl
-1 for

electrochemically cleaned (E/C), oven annealed (OA), and hydrogen flame annealed (HFA) evaporated gold
substrates (Data collected by Joseph A. Black).  Note: Cdl values are based on geometric area of electrode but
can be adjusted to real surface area using Rf

* as previously described.

3.12.4.  Hydroxymethyl ferrocene Redox Probing

Figure 3.31 shows the results of HMFc probing for defects in COOH SAMs on

annealed and electrochemically treated Au films.  For comparison purposes, the voltammetric

responses of HMFc at a gold/mica based SAM, a low defect density film, and at bare Au are

included.  These results, while not as dramatic as those obtained in the multi-substrate study,

still indicate a lower permeability, perhaps due to lower defect density for the SAM on the

annealed gold.

3.12.5.  Cyt c Response for Evaporated Gold Substrates

Representative CVs for adsorbed cyt c on electrochemically cleaned and annealed

evaporated gold electrodes are shown as Figures 3.32.  The response in panel A is typical of

this substrate, revealing well-defined, stable voltammetry.  On the other hand, the

voltammetry of cyt c adsorbed on the SAM modified annealed gold surface is poor (Panel

B)..  The smoother surface gives rise to a higher capacitance and weaker voltammetric signal

from the protein.
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Figure 3.31.  HMFc redox probe voltammetry at HS(CH2)13COOH SAMs on electrochemically
cleaned evaporated Au (blue), HFA evaporated Au (red), and Au/mica (green).  For comparison,
figure inset (bottom right – black) displays HMFc voltammetry at an unmodified bare gold
electrode.
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These results are highly reproducible and compare favorably with those obtained in

the multi-substrate study.  Similarly, adsorbed cyt c behavior was examined for COOH

SAMs on intentionally roughened, pre-annealed evaporated gold and for mixed SAMs on

annealed evaporated gold.  These results are presented next.

3.12.6 Effect of Intentional Roughening of Evap. Au (HFA)

Normally, the HFA evaporated Au electrode, when modified with a COOH SAM,

yields a very poor cyt c response as seen in Figure 3.32B.  Upon electrochemical cleaning of

the HFA pretreated gold, which roughens the surface, an improved cyt c response was

obtained.  This result is shown in Figure 3.33, which also reveals a substantial drop in

capacitance after the treatement.  Table 3-13 summarizes the Cdl changes observed when

evaporated gold substrates are treated with a combination of annealing and electrochemical

cleaning compared to electrodes that have only been either annealed or electrochemically

cleaned.  Electrochemical roughening of the annealed gold decreases Cdl significantly but not

to the low values observed for as-received substrates that have been subjected to a single

electrochemical cleaning.  This result reinforces the vital role that surface roughness plays in

the attainment of cyt c adsorption and electrochemical signal.

3.12.7.  Mixed SAMs on Annealed Evaporated Au

Adsorbed cyt c was examined on smoothed HFA-treated evaporated gold surfaces

modified with Type I mixed SAMs.  A representative result is shown in Figure 3.34 where a

greatly improved cyt c response can be seen compared to that in Figure 3.32B.  In comparing

the two voltammograms, note the significant difference in peak resolution, as well as, the

apparent kinetic effect of using a mixed SAM of this nature.  This result reinforces the idea

that a highly irregular SAM, either originating from a rough gold substrate or a mixed SAM

on a smooth surface, is advantageous for cyt c adsorption and electrochemistry.

3.12.8.  The Titanium Experience - A Comment on Annealing and Contamination

At a certain point well into this study, concern arose over the possibility of thermally

induced titanium diffusion from the adhesion layer to the gold surface.  XPS experiments did

indeed reveal the presence of titanium on the surface of thermally annealed Au films.  The

XPS results, displayed as Figure 3.35, show that both flame and oven annealed films exhibit

a signal at ~ 450 eV binding energy, indicative of Ti.  The as-received and electrochemically
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Figure 3.33.  Cyclic voltammetry with background signals illustrating the effect of surface
roughening on the cyt c response: A) cyt c / C14 acid SAM / evaporated Au (HFA) and B) cyt c / C14
acid SAM / evaporated Au (HFA and subsequently roughened with electrochemical cycling in 0.1
M H2SO4 / 0.01 M KCl (Data collected by Joseph A. Black).

Table 3-13.  SAMs Double Layer Capacitance Results 
Cdl of SAMs on Evap. Au w/ various pretreatmentsa,b

Pretreatment of Gold in
C14OOH SAM / Evap. Au

System
Cdl

(µµµµF/cm2)
E/C Cleaned 2.9(±0.8)

HFA 15.3(±3.8)

HFA then E/C Cleaned 5.2(±0.7)
a Data collected by Joe A. Black; b Cdl values based on geometric
area of electrode but can be adjusted to real surface area using
Rf as previously described
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Figure 3.34.  Cyclic voltammetry of cyt c adsorbed onto a HFA evap. Au substrate modified with
a mixed SAM (C11OOH & C7OH). As seen in a previous figure (Figure 3.32) the HFA evap. Au
yields a poor cyt c response when modified with a single component SAM.  The mixed SAM,
however, regenerates a more defined response with lower Cdl and faster kinetics on the same HFA
surface.

Figure 3.35.  XPS survey scans of evaporated gold as received, electrochemically
cleaned, oven annealed, and hydrogen flame annealed.  Note the Ti (2p) signal at ~ 450
eV after the gold has been annealed.
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cleaned gold films did not yield a Ti signal.  Therefore, it was concluded that thermal

annealing caused Ti to migrate from the adhesion layer to the surface of the gold films.

A cross-section of the evaporated Au film electrodes used in this research is shown in

Figure 3.36.  Chromium and titanium are often used as adhesion layers to bond gold to glass

for improved mechanical stability of the gold film.  The results presented here indicate that Ti

will migrate through 2000 Å thick gold layers when subjected the flame annealing procedures

described in the Experimental Details section of this chapter.  It is believed that inorganic

contaminants, such as the oxides of adhesion metal contaminants, can serve as loci for

pinholes in SAMs on such substrates.5  This possibility raised the question of whether or not

the presence of Ti contamination seriously impacted the SAM and cyt c results that had been

obtained.
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 migrating Ti

Upon completing the multi-substrate study (Section 3.5), it was possible to compare

the results of these two studies, a process which concluded that the initial results obtained

with annealed evaporated gold films were most likely not an artifact of contaminated gold

surfaces.  Both studies basically yielded the same trends and phenomena.  The following

paragraph summarizes multiple reasons that rule out a significant role for Ti in the

experimental results obtained with annealed evaporated gold films.

The first reason that discredits detrimental Ti effects has already been stated, namely,

the similarity of results obtained for the separate study involving four different gold

Figure 3.36.  Cross-section diagrams of evaporated Au film substrates a) as received and b)
upon annealing.  It is hypothesized from the previous XPS data that the thermal energy
provided by annealing enables Ti atoms to migrate through the gold lattice and become
exposed on the surface.
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substrates.  The results were consistent among the four substrates as well as for individual

substrates subjected to annealing/roughening treatments.  The evaporated Au substrates

possess an extremely potent source for possible Ti contamination, an approximately 50 Å

thick layer directly beneath the gold film.  The other gold substrates, which can be safely

annealed, lack an adhesion layer of any kind.  Thus, these substrates have a drastically

reduced capacity for contamination because the source of potential contaminants is drastically

reduced.  Furthermore, all four types of gold substrates were of high purity (See Experimental

Details); annealing would be expected to cause negligible surface contamination by trace

metals.  Even if a minute amount of inorganic contamination did reside on the surface,

electrochemistry is a surface population technique, meaning that such minute amounts would

have to exert an unusually potent impact to be apparent.  Additionally, some metal oxides,

including TiO2 and Au2O3 are known to form thiol linkages and therefore may simply be

buried in the alkane layer.  Perhaps the best evidence against the contamination issue is some

of the experimental results themselves.  Redox probing with HMFc on annealed gold based

SAMs clearly suggested a resultant loss of defect density after the thermal annealing - a

finding inconsistent with inorganic contaminants causing pinhole defects in SAMs.

Furthermore, if surface contamination due to annealing was responsible for poor cyt c

response, then why does the cyt c response regenerate so well when the same contaminated

surface is modified with a mixed SAM?  A grossly contaminated surface should show ill

effects upon both uniform and mixed SAM formation, especially since the nature of the self-

assembly process is identical for both.  Considering the excellent cyt c response obtained

with mixed SAMs on annealed Au surfaces, along with the reasons above, it is concluded

that the Ti contamination has minor effect on the results obtained for annealed evaporated

gold films.

An interesting corollary to this discovery of Ti on annealed Au films is the potential

significance for SAM and SPM studies.  There are many examples in the literature for which

gold films are thermally annealed without mention of possible adhesion metal contamination

of the surface.7,38g,46  Most of these reports describe the annealing of Au films for use in SPM

experiments- a forum where even small amounts of surface contamination can be misleading

toward imaging.  The fact that one could be imaging contamination becomes a concern
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because SPM techniques are generally incapable of species identification.  One paper using

annealed evaporated Au substrates with adhesion layers even states the following: “Au films

that were coated onto a quartz slide with an underlayer of Cr were much more stable

following annealing.”7

3.13.  DISCUSSION
The major finding of the research can be summarized as follows: the topography of

gold electrodes plays a very significant role in the structural properties of COOH SAMs,

which, in turn, has a substantial impact on the adsorption and electrochemistry of cyt c.

Acidic SAMs having a significant degree of defect density, arising from either rough gold

topography or from a mixed SAM, exhibit a surface texture that appears more optimal for cyt

c adsorption and electrochemical response.  Additionally, the COOH SAMs with higher

defect density gave rise to consistently lower double-layer capacitance (Cdl) while at the same

time exhibiting greater permeability to diffusing redox probes.  In this discussion, we will

address the major conclusions by first considering SAM structure and properties before

turning to the cyt c electrochemistry.

3.13.1.  Carboxylic Acid SAM Structure and Gold Topography

A significant part of this study and a key aspect of SAM structure as a function of

gold topography is the redox probe results which define the permeability of the SAMs on

various types of gold.  Expectedly, the density of defects decreases as the topography

becomes smoother and increasingly void of physical surface features that typically cause

defects in SAMs.  The voltammetry of the probe molecule HMFc becomes increasingly more

restricted from access to the gold surface as the gold becomes smoother, a clear indication

that fewer defects exist in the films.  At the same time, however, the SAMs on these surfaces

exhibit increasingly higher Cdl values.  This paradoxical relationship is the first focus of this

discussion.

The redox probe voltammetry results and the Cdl measurements of the SAMs formed

on various gold substrates inspired the proposed model introduced in Figure 3.20 and Section

3.10.  The model explains the high Cdl values found for SAMs on flatter gold in terms of a

dielectric effect caused by the unique packing found with COOH SAMs.  It was proposed

that the acid termini are spatially restricted by the smoother topography to a more planar
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arrangement which, in turn, gives rise to surface interactions that increasingly influence the

packing structure of the SAM by decreasing the relative contribution of chain-chain van der

Waals interactions.  This scenario could lead to a SAM whose alkane region, while

positioned more uniformly and devoid of many major defects, is less dense, resulting in an

increased dielectric constant, which would elevate the Cdl.

Our SAM model is based on the concept that the acid termini interact attractively,

most likely through hydrogen bonding (H-bonding), to form a stabilized and more cohesive

interface that exerts substantial control over the structural properties of the SAM.  The

general importance of electrostatic and steric endgoup interactions in the packing structure of

SAMs has been noted in prior work by Chidsey and Loiacono.30e  Additionally, Poirier and

coworkers recently concluded that H-bonding amongst hydroxyl termini play a vital role in

determining the overall structural properties of mercaptohexanol SAMs on Au(111).49b,d

Also in support of this model, a lateral force microscopy (LFM) study of various ω-

substituted alkane thiol SAMs found acid terminated SAMs to be “stiffer” than methyl

terminated SAMs.33b  If the terminal groups are attractively interacting to a significant degree,

this is not a surprising result.

The major attractive interaction between COOH end groups is undoubtedly H-

bonding.  H-bonding appears to be strong enough to direct the packing and structure of the

SAM and alter its overall properties.  Using SIMS, Cooper and Leggett showed that COOH

SAMs were more stable toward displacement by methyl terminated thiols and were equally as

effective in displacing methyl terminated thiols at defect sites in existing SAMs.  These

tendencies were found to occur even when the methyl terminated thiols possessed

substantially longer alkane chains.  Their work predicted that for an alkylthiol on gold

(SAM), the methylene chain-to-chain interactions contributes about 0.8 kcal/mol for each

methylene group in the chain whereas the carboxylic acid endgroups contribute at least 7.2

kcal/mol, the equivalent of nine methylene groups, to the enthalpy of adsorption.49b  Cooper

and Leggett proposed interchain H-bonding as the primary cause of both phenomena.49b

From our results, we furthermore propose that on smoother gold, H-bonding interactions are

maximized whereas on rougher gold or with mixed SAMs, they are minimized due to

disruption of the “plane” of H-bonding.  With weaker H-bonding, the SAM components
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would have greater conformational freedom and would be expected to pack with greater

dependence on van der Waals interactions between alkane chains.  With stronger H-bonding

in the COOH “plane,” the surface will exhibit a cohesiveness or surface tension.  Because the

attractive energy between endgroups (H-bonding) must be overcome to disrupt or penetrate

the SAM, increased H-bonding should inhibit defect formation and minimize film

permeability.

The model proposed here may also help explain the inconsistency of pKa values that

have been reported in the literature for COOH terminated SAMs, which range from 5.2 to

11.5.57  It is proposed that the macroscopic pKa value of a COOH SAM is a gold substrate

dependent property.  The work described here has shown that the surface of the gold

substantially impacts the properties and the structure of a SAM including the

microenvironment associated with individual COOH groups.  COOH groups engaged in H-

bonding should be more difficult to deprotonate whereas less hindered groups that extend

further into solution should be easier to deprotonate.  Likewise, COOH groups more

imbedded within the film reside in a more hydrophobic environment and will be more

resistant to deprotonation, causing higher microscopic pKa values.  The latter phenomenon

has already been documented by Creager and coworkers in an investigation of mixed SAMs

composed of COOH and CH3 terminated thiols of different chainlengths.  As the length of

the methyl-terminated component was progressively increased from being shorter than the

acid-terminated thiol to longer, the pKa of the COOH groups increased from 6.2 to 11.5.57a

In summary, rougher gold is predicted to yield lower pKa values for COOH SAMs and

smoother surfaces should exhibit higher pKa values in accordance with the proposed model.

3.13.2.  Cyt c Adsorption/Electrochemistry and Gold Topography

The adsorption and electrochemistry of cyt c seems intimately related to the density of

defects in acidic SAMs.  Topographically smoother, flatter gold substrates with fewer defect

features such as grain boundaries and step edges, should give rise to more uniform SAMs

with a lower overall density of defects.  Such “ideal” surfaces have proven to be poor

platforms for cyt c adsorption and electrochemistry.  On the contrary, rougher, polycrystalline

gold surfaces, supporting SAMs with a higher degree of defectiveness and disorder, have

been found to be most suitable for cyt c adsorption and electrochemistry.  It is concluded that
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SAMs with significant defect density provide an irregularly textured, disordered surface,

offering greater interfacial flexibility and conformational freedom that subsequently is better

able to promote protein adsorption and electrochemistry.  Such a surface would be more

similar to that of a real protein.

Although not directly addressed by this research, it can be speculated that the cyt c

adsorption is more favorable at specific types of defect sites.  That is, non-pinhole defect sites

in the SAM, such as defects formed at grain boundaries and step edges in the gold, may serve

as more favorable sites for cyt c adsorption than other types of defects, at least from an

electrochemical standpoint.  Non-pinhole defects, it would seem, provide the protein with a

more optimal binding site - an irregularly textured surface that also maintains substantial

alkane density between the electrolytic solution and gold electrode, thereby lowering the

overall Cdl of the system.  This type of scenario is perhaps best exemplified by the mixed

SAMs and by those assemblies prepared on intentionally roughened substrates.  It may also

explain the small amounts of electroactive cyt c found on the flatter gold substrates modified

with COOH SAMs.  Whereas redox probing showed these films to have very few pinhole-

type defects, they most likely still possess step edge and/or grain boundary based defects

which would be difficult to completely eliminate.  Again, this concept has not yet been

specifically tested and is included here as a hypothesis to better explain the intricacies of

these systems.

One further issue to be kept in mind when visually assessing the quality of a

diffusionless protein voltammogram is the ability of these different COOH SAM modified

gold substrates to discriminate against charging current or Cdl.  Cyt c voltammetry appears

most well-defined when adsorption takes place on a SAM that has a high level of

defectiveness, which, at the same time, effectively discriminates against charging current.

This situation is most evident in experiments described earlier involving mixed SAMs

composed of COOH thiols and slightly shorter OH thiols.  Cyt c is most ill-defined on the

flatter SAM modified substrates which, as shown earlier, is primarily the result of lower

coverage of the protein.  In addition, however, the appearance of the voltammogram is

worsened by the SAM’s inability to effectively depress charging current.  Larger values of Cdl

observed for SAMs on flatter gold thus help to mask the electrochemical signal from already
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depleted amounts of adsorbed protein.  From both the XPS and SWV results, there is always

some protein adsorbed at these SAMs on flatter gold, albeit a much smaller amount than on

the higher defect density SAMs.  The large charging currents on these surfaces make peak

identification and analysis more difficult than would otherwise be the case.

The results of this study clearly invalidate the “ideal” ET model system - proteins

adsorbed on highly ordered, defect free, “perfect” SAMs, as commonly depicted in literature

schematics or cartoons.34,58  Protein desorption experiments performed in our laboratory

using evaporated gold substrates have shown that there is an ionic strength dependence of

protein adsorption indicative of a predominantly electrostatic adsorption.  The idea that a

highly ordered, charged, planar surface is not the optimal interface for the electrostatic

adsorption of an oppositely charged sphere has been supported on a very basic level by the

theoretical work of Stahlberg and Jonsson on a severely simplified system similar to the one

examined in this study.31  In light of the results presented here, however, other interfacial

interactions may contribute to the adsorption and ET processes as well.  For instance, Klein

and coworkers have proposed from modeling studies that cyt c may partially penetrate the

surface of the COOH SAMs upon adsorption, as depicted in Figure 3.37,32 giving rise to the

possibility of hydrophobic interactions.  Such an adsorption process may occur exclusively at

defects sites in the SAM and where the likelihood of additional interactive forces, such as

hydrophobic effects, may be substantial in certain microenvironments.  Considering the

results presented here, however, it is also feasible that the topography influenced structure of

COOH SAMs induces a significant change in the surface pKa of the acid endgroups, raising

it to 9-10 and subsequently creating an essentially uncharged surface at the pH of the working

buffer (physiological pH = 7).  Thus, the protein would have a decreased electrostatic

attraction to bind at the surface.
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Figure 3.37.  Computer simulation of a cyt c protein adsorbed onto SAMs as is believed to
happen if the immobilization process of the protein is predominantly electrostatically driven
(left).  Cyt c may, however, also penetrate the SAM upon adsorption, altering the SAM structure
and increasing the probability of significant hydrophobic interactions (right).32

The idea of disorder instigating beneficial effects on chemical systems is not

unprecedented.  Ringsdorf and coworkers,47 for example, introduced an element of disorder

into a biological system not completely dissimilar to that described here, namely, the binding

of streptavidin to a biotinylated SAM (HS(CH2)11[biotin]).  Normally, streptavidin engulfs its

biological partner, biotin, when they bind.  On a uniform biotinylated SAM, however, this

process cannot be easily duplicated because the streptavidin, due to steric hinderance and

limited mobility, has difficulty binding tightly to the immobilized biotin groups.  Ringsdorf

and coworkers remedied this situation by introducing a mixed SAM with hydrophilic spacers

(HS(CH2)11OH) that position the biotin moieties further from the surface in a less hindered

environment.  The result was a greater degree of streptavidin binding at the SAM surface.

They concluded the higher packing density and order of their initial model surface resulted in

less effective immobilization of target molecules (streptavidin).47b  This is one of the more

pertinent examples from scattered reports in which disorder in a SAM based assembly was

found to be beneficial to an adsorption process.47,48

In retrospect, it is probably not too terribly surprising that the rougher, defect-riddled

surface would be more effective at immobilizing cyt c, considering that the natural binding

partners of cyt c in biological systems are also irregularly textured both chemically and

topographically.  It follows then that the physiological binding partners of cyt c can be

mimicked by a uniform SAM only to a very limited degree.40  A more realistic model of a
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protein binding partner would require an irregular binding surface with more appropriate

interactive forces.  In any event, this research effort is viewed as having achieved its goal of

establishing a more defined role of the gold substrate in cyt c voltammetry.  Surface effects

directly attributable to the topography of the gold substrate and their impact on SAM

formation may indeed account for the distribution of electrochemical properties and inherent

peak broadening commonly seen in cyt c voltammetry.  In light of the research that has been

presented, the topography of the gold substrate must be carefully considered when comparing

SAM based experiments as it can substantially affect both the structure and application of a

SAM.

As a final observation, it is noted that the results of these gold topography

experiments were highly reproducible on a variety of gold substrates and by multiple

researchers in our laboratory.  In addition to the results on 14-mercaptotetradecanoic acid

SAMs, the same trends have also been observed for gold substrates that were modified with

11-mercaptoundecanoic acid.  The trends noted were more prominent, however, with longer

chainlengths, perhaps because the longer SAMs are more structurally sensitive, having

greater packing order than the C11OOH SAMs which, being shorter, have a greater

probability of having a more liquid-like structure, especially at the interface of the film.

3.14  FUTURE DIRECTIONS

To further elucidate the role of gold in the electrochemistry of cyt c/SAM/Au

assemblies, there is an obvious need to better define the structures and interfacial interactions

that result from different surfaces.  Several examples of these type of experiments are

presented here.

An investigation of the dependence of H-bonding in COOH SAMs on the roughness

of the Au substrate is needed.  As these Au surfaces become smoother, bringing carboxylate

groups into the same plane, does H-bonding between the endgroups become a significant

factor in the self-assembly process?  There are literature examples dedicated to this subject

that strongly suggest that there is significant H-bonding between headgroups of acid and

alcohol terminated SAMs.49  Also, it is unknown whether there is substantial H-bonding
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present within the mixed SAMs as well.  IR measurements are commonly used to detect H-

bonding in such systems.49c,d

IR spectroscopy can also be used to help delineate the internal structure of SAMs.

This is a common practice found in the literature.50  IR measurements can provide

information about the density and packing order of the alkane chains in the SAMs.  Since

results have suggested that smoother gold gives rise to better blocking SAMs but with higher

dielectric constants, it would be desirable to obtain specific chemical structural information

to further assess the model.

Another important goal is to better comprehend the structure of mixed SAMs, which

are playing an increasingly important role in this type of chemistry.  IR, CAG, and SPM

should all be used to gain a better understanding of the mixed SAM structure and

characterize the distribution of thiol components across the surface and within those films.

As previously mentioned, hydrophobic interfacial interactions may play a role in the

adsorption and ET properties of cyt c on SAMs.  It would be most interesting to assess the

hydrophobicity of each SAM interface as the gold surface roughness and topography are

varied.  CAG may make these types of measurements feasible as a step toward better defining

the nature of these different interfaces, although the changes may be too subtle for the method

and be effective only in microenvironments at the interface.
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3.16  EXPERIMENTAL DETAILS

3.16.1.  Experimental Gold Substrates

-Evaporated Gold Films.  Evaporated gold film electrodes were purchased from Evaporated

Metal Films, EMF (Ithaca, NY).  Each electrode is comprised of 1000 to 5000 Å of Au

evaporated on a glass slide over a 50 Å thick Ti adhesion layer.  Electrodes received were

individually wrapped and usually electrochemically cleaned via the procedure outlined

below.

-Bulk Polycrystalline Gold (Au Foil).  Bulk polycrystalline gold foil (Premion, 99.9985%)

was purchased from Alpha Aesar/Johnson Matthey (Ward Hill, MA).  Purchased as a 25 x 25

x 1 mm piece, the gold foil was machine cut into four square pieces with approximate

dimensions of 11-12 x 11-12 x 1 mm. The bulk gold samples were usually chemically etched

for ten minutes in dilute aqua regia, a solution of concentrated HCl, concentrated HNO3, and

H2O in a 3:1:6 ratio.3a,b  CAUTION:  Aqua regia is a strong acidic solution and should be

handled with extreme caution.  The chemical etching with dilute aqua regia acts to remove

surface gold.  The bulk gold samples were polished via a Minimet polisher/grinder by

Buehler (Lake Bluff, IL) using a polishing cloth (Buehler) and alumina pastes (Buehler) of 5,

1, 0.3, and 0.05 µm.  Each gold substrate was mechanically polished with successively

smaller alumina particles with the Minimet polisher (Instrument Settings: speed = 3; time =

7; half load).  After each polishing sequence, the sample and the polishing cloth were rinsed

with copious amounts of M/Q H20.  After the final polish with the smallest sized alumina

paste, the gold samples were rinsed thoroughly with M/Q H20 and sonicated in both Alconox

(Fisher Scientific) and M/Q H20 for 10 minutes before further treatment.  At this point the

samples were either electrochemically cleaned for rougher topography or annealed for a

lower degree of roughness.  After the completion of an experimental sequence with the bulk

gold samples, the samples were reused by chemical etching and repolishing.
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-Single Crystal Gold { Au(111), Au(110).  Single crystal gold samples were previously

purchased from Cornell University (Dept. of Materials Science and Engineering), Ithaca, NY.

These samples were used repeatedly in conjunction with repeated annealing in a hydrogen

flame.  According to sources, a gentle anneal of these substrates after being used in an

experiment causes the surface of these single crystals to completely regenerate.25  On

occasion, especially after extensive use, the annealing of the single crystal substrate was

preceded by the mechanical polishing procedure previously discussed.

-Gold Epitaxially Grown on Mica.  Gold grown on mica was purchased as Pico-Substrates

from Molecular Imaging Corporation (Phoenix, AZ).  They were specially ordered to be

without an adhesion layer of Ti or Cr.  The substrates has approximate dimensions of 1.4 cm

x 1.1 cm with about 1500 Å of high purity gold covering an area of about 1.0 cm x 1.1 cm.

Upon fabrication at Molecular Imaging, these substrates commonly showed atomically flat

terraces that were typically several hundred nanometers in diameter.  The recommended

pretreatment was HFA which should result in even larger, atomically flat, gold terraces on the

surface.  Each substrate was HFA’d at Molecular Imaging and then packed in nitrogen for

shipping.  These substrates were usually HFA’d before use.

3.16.2  General Materials - Solution Preparation

Several solutions were used throughout the research project for specific experiments

and measurements (most were prepared volumetrically using chemicals purchased from

Fisher Scientific):  1.0 M KCl for the reference electrode and for high ionic strength

desorption of protein; 0.5 M NaF was used for most early measurements of double layer

capacitance/background measurements (Note: this solution was ultimately eliminated in favor

of testing double layer capacitance in the potassium phosphate buffer - see below); dilute

(0.05 M) H2SO4 was prepared by dilution from 18 M H2SO4 and used for Rf voltammetry;

0.1 M H2SO4 with 0.01 M KCl served as the electrochemical cleaning solution and was

constantly remade.

Various concentrations of potassium phosphate buffers (KPBs) with a variety of ionic

strengths were prepared by combining calculated amounts of both monobasic (NaH2PO4) and

dibasic phosphate (Na2HPO4) buffers solutions according to the following equation:

Cph = 0.437µ [Eqn. 3.4]
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where Cph.is total phosphate concentration and µ is the ionic strength.  Thus, buffers of

specific ionic strength were prepared from solutions of individual phosphate components

(mono and di), each at a concentration of 0.437µ, by combining them to a pH of 7.51  The pH

was monitored as all of the dibasic phosphate is added to a mixing flask and the monobasic is

added until the pH is buffered at 7.  The amount of monobasic sodium phosphate remaining

(unmixed) was recorded for exact ionic strength calculations.  All KPBs were prepared in this

manner.

To calculate the exact µ of a buffer, the number of moles of each phosphate

component, determined experimentally, were used in the following equation:

µ = ½∑CiZi
2 [Eqn. 3.5]

3.16.3.  Electrochemistry (General - Equipment)

Voltammetry experiments were performed at room temperature (22±2°C) using an

EG&G PAR potentiostat, Model 273 or Model 263, controlled by M270 PAR Software.

Potentiostats were typically operated in Ramp Mode, generating a potential staircase

waveform with a 0.25 mV step height and, in most cases, a 1 mV scan increment.  Potential

windows varied with the particular experiment being conducted, with larger potential

windows sometimes warranting a 2 mV step increment.  When operated at low scan rates (<

200 mV/sec), the current response from the potentiostat was passed through a 5.3 Hz low

pass filter; at higher scan rates the low pass filter was turned off.  A minimum of three cycles

were collected for each scan, ensuring the stability of the electrochemical response.  The last

cycle of each experiment was saved for display.  Unless specifically stated, all

electrochemical experiments were performed at a sweep rate of 100 mV/sec.  All potential

and current peak values, peak splitting, as well as surface coverage, FWHM, and formal

potentials were measured using the PAR software.  Electron transfer rate constants were

calculated using other software discussed below (See Cyt c Electrochemistry Section).
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Figure 3.38.  Schematic illustration of the electrochemical cell used in this research: a) reference
electrode housing (glass barrel filled with 1 M KCl), b) Ag/AgCl reference wire, c) a Pt auxiliary
electrode wire, d) SAM modified gold working electrode, e) rubber stopper fitted to hold both the glass
reference barrel and the Pt counter electrode, f) glass cell body, g) brass electrical contact to gold
working electrode, h) buffered electrolyte solution, i) Viton o-ring, j) rubber gaskets, k) a glass frit
acting as a salt bridge, l) glass body’s arms for attachment to a water bath for temperature controlled
experiments, and m) Lucite retainer plates.  The entire cell is held together with threaded rods and wing
nuts (not shown).52

Gold WEs were assembled into the electrochemical cell shown in Figure 3.38.  The

basic design of this electrochemical cell was first described by Koller and Hawkridge and

was subsequently modified for this work.50  In addition to the gold working

electrode which has an electrochemically active area of 0.32 cm2, this cell also features a

platinum wire auxiliary electrode (AE), and a Ag/AgCl (1M KCl) reference electrode (RE)

(Microelectrodes Inc.).  Both the AE and the RE were positioned in close proximity to the

WE to reduce solution resistance.  The Ag/AgCl RE was periodically calibrated against a

saturated calomel electrode (SCE) and drift in the reference potential varied by only ±5 mV

(data not shown).

3.16.4.  Gold Substrate Pretreatments

-Electrochemical Cleaning

Cell mounted gold substrates were electrochemically cleaned by adding several

milliliters of a freshly prepared solution of 0.1 M H2SO4 and 0.01 M KCl and cycling the

potential for 5 cycles in each of the following potential windows: 0.2 → 0.75 V, 0.2 → 1.0 V,

0.2 → 1.25 V, and 0.2 → 1.5 V.10,13a  The cell was immediately rinsed with copious amounts
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of M/Q H2O before proceeding.  WARNING: The procedure actually etches the gold during

the potential cycling and can completely remove the gold film if not careful.  This is

especially a concern regarding the Au/mica and evaporated Au samples.

-Hydrogen Flame Annealing

Hydrogen flame annealing (HFA) was performed via the procedure suggested by

Molecular Imaging.  The Au sample was mounted on a quartz slide on a fire brick where an

additional quartz slide was sometimes required to anchor down one side of the gold substrate.

The hydrogen gas was connected with Teflon tubing directly to a quartz tube that had been

drawn to a small point and severed, i.e. a torch.  The direct connection is beneficial because

the hydrogen flame produced is very clean. The hydrogen gas flow through the quartz tube

was increased until barely audible.  The hydrogen torch was then ignited (usually making a

loud pop).  With the lights off, the hydrogen flame was adjusted so that it was burning mostly

blue and was approximately 4 cm long.  Care should be used when working with a hydrogen

flame as it can reach temperatures in the 2000-2100°C range and has a maximum burning

velocity of 300-440 cm/s.26  The quartz plate holding the gold substrate was gently heated

around the substrate to ensure even heating.  This process was continued until water vapor no

longer condensed on the quartz plate.  The tip of the flame was then brought into contact with

the gold surface at a 30° angle from surface normal and swept back and forth across the gold

substrate (at ~ 1 Hz) for 30 to 60 seconds.  The small flame spot on the gold was maintained

as a slightly orange color, although the brightness of this orange glow may vary depending on

the room light.  In a normally lit room, the spot may not appear to glow at all.  Care was

taken not to overheat the sample.25

-Oven Annealing

Samples were oven annealed in Lindberg Mini-Mite Tube Furnace (Watertown, WS)

using a quartz tube and a set point temperature of ~950°C, which resulted in a chamber

temperature between 980-1000°C and a tube temperature of ~968° C.  Care was taken to

control the temperature inside the tube, avoiding the melting point of gold (1064°C).

Samples were usually oven annealed for one to several hours.

3.16.5. Scanning Probe Microscopy Imaging
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The specific procedure and equipment of the SPM imaging of these gold substrates is

included as part of the Experimental Details section of Chapter 5.

3.16.6. Roughness Factor Experiments

-Electrochemical (Rf-E/C)

Electrochemical Rfs were determined with a single cyclic voltammetry scan in the

potential window of 0.2 to 1.5 V.  Cells were filled with dilute sulfuric acid solutions (0.05

M H2SO4) and scanned in this potential window at 100 mV/sec.  Once the gold surface was

in contact with the H2SO4, roughness scans were performed as quickly as possible because of

concern over chloride contamination from the Ag/AgCl (1 M KCl) RE.  Over time and

during continuous roughness scan potential cycling, chloride from the RE can infest the

experiment, allowing for chloroaurate complex voltammetry and obscuring the voltammetric

peak used for roughness determinations (the roughness voltammetry resembles the

electrochemical cleaning voltammetry after continuous cycling).  In the future, this

complication should be avoided by using a double junction or “S” shaped RE, where the flow

of chloride contamination toward the WE can be better controlled and minimized.

-Microscopy Roughness Factors (Rf-SPM)

Microscopically determined Rfs were a product of a RMS roughness calculation

determination that is part of the Digital Instrument’s software package for the Nanoscope III

Microscope.  Rf-SPM or Rq is calculated by the following equation:
2/12
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= ∑  [Eqn. 3.6]

where Zi is each individual point’s distance from the mean surface level (Zavg) and N is the

total number points in the population.

3.16.7.  Lead UPD Experiments

Lead UPD experiments to determine the crystallinity of the gold substrates were

performed via the following procedure.  The electrochemical cell was filled with 0.1-0.17

mM Pb(NO3)2 in an electrolyte solution of 0.10 M NaClO4 and 0.10 HClO4.  The potential of

the gold WE was held at -0.4 V or -0.44 V for 5 minutes, depositing Pb onto the gold surface,

and then swept positive at 5 or 50 mV/sec to 0.6 V to oxidize the Pb UPD layer off the

surface.
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3.16.8. SAM Deposition Procedure

Following the electrochemical cleaning cycle or other pretreatment, a background

scan was acquired in 4.4 mM potassium phosphate buffer (KPB) solution (pH = 7; µ= 10

mM).  Backgrounds were acquired in both the 0.1 to 0.4 V potential window and in the 0.2 to

-0.2 or similar potential window.  The double layer capacitance of the background scan was

measured at +250 mV for comparison purposes.  The Au substrates were prepared for SAM

modification by rinsing 10X with H2O and 10X with 95% ethanol and then repeated.

Immediately after the last rinse with EtOH, 200-250 µL of thiol in ethanol solution (~5 mM)

was added via microsyringe to the cell.  In most cases, the SAM solution remained in contact

with the gold for ~72 hours (3 days) to maximize self-assembly and thiol rearrangement on

the surface.  After modification, the cells were emptied and rinsed 10X with EtOH, 10X with

M/Q H2O, 10X with EtOH, and 10X with M/Q H2O again.  The cells were then subsequently

filled with KPB solution, and background scans, known as monolayer checks, were acquired

in the same potential window as the background signal for bare Au.

The thiols used were previously synthesized, purified, and characterized by

Linderman and co-workers53 (i.e. 14-mercaptotetradecanoic acid) or used as received from

Aldrich Chemical Company (St. Louis, MO) (i.e. 11-mercaptoundecanoic acid).  Solutions (4

mL) of 5 mM thiol were prepared volumetrically and mixed thoroughly using a vortex mixer.

3.16.9.  SAM Characterization Procedure - Redox Probing

Redox probing of the SAMs with hydroxymethyl ferrocene (HMFc) was based on a

procedure by Creager and coworkers.3a  A solution of 2.0 mM HMFc (Strem Chemical

Company) in acetone was prepared.  The assembled cell was filled with 0.75 mL of 0.1 M

HClO4 and after which 50 µL of the 2.0 mM HMFc/acetone solution was injected via

microsyringe.  The cell was capped and inverted several times to insure adequate mixing and

solubilization of the HMFc in the aqueous environment.  Note: It is important to do this step

quickly to avoid concentration gradients substantial enough to cause the HMFc precipitation

on the electrode.  After some initial failures, solubilization of HMFc was always achieved by

the procedure just described.
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The HMFc probe was examined using cyclic voltammetry in the nominal potential

window of 0.8 V to -0.4 V.  HMFc in HClO4 has an approximate formal potential of +0.15 V

vs. Ag/AgCl RE.  The scan rate used for HMFc redox probing was always 100 mV/sec.

Redox probing with potassium ferricyanide, the results of which are not presented in

this chapter, was performed with a solution of 2.5 mM K3Fe(CN)6 in 0.5 M KCl supporting

electrolyte.  The nominal potential window for ferricyanide redox probing was -0.4 V to 0.8

V and was also scanned at 100 mV/sec.  The approximate formal potential for ferricyanide in

this environment is at approximately 0.227 V vs. Ag/AgCl.

3.16.10. Cyt c Purification

Horse heart (HH) or equine cyt c (Type VI) was purchased from Sigma Chemical

Company and purified via column chromatography.  The procedure for this purification step

is presented here in detail for future use by researchers in the Bowden group.  The entire

procedure should take place in a refrigerator at ~4°C.  A listing of all the chemicals,

solutions, and equipment required for this purification procedure is provided as Table 3-14.

Beforehand, approximately 50g of “preswollen” carboxymethyl cellulose (CM52, Whatman,

Clifton, NJ) was hydrated over a 48 hour period in an excess (~200 mL) of potassium

phosphate buffer (KPB) { C = 40 mM; µ = 90mM; pH = 7 }.  Proteins are often separated

using ion-exchange gels, such as cellulose, because they contain very small pores which

cannot be infiltrated by the proteins.  The hydrated gel should be gently stirred on occasion.

Never use a glass stir bar to mix the gel, as this damages the gel beads and creates small

fragments called “fines.”  These small fragments must be removed because, if packed into the

column, they can slow down the flow rate of the column and decrease the efficiency of the

separation.  “Fines” should be removed by decanting the supernatant liquid and rehydrating

the gel several times.  If the gel is being regenerated after use in a column, any brownish

colored gel beads should be removed from the mixture.  This removal can be accomplished
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Table 3-14.  Chemicals, Solutions, and Equipment for Horse Heart Cyt c Purification

Chemicals
-HH Cyt c (Sigma C7752)
-K2HPO4  (MW = 174.18 g/mol)
-KH2PO4  (MW = 136.09 g/mol)
-Whatman CM-52 carboxymethyl cellulose cation exchange column gel
-Bio-Rad Biogel P6DG size exclusion column resin

Glassware /
Plasticware

-Multiple volumetric flasks: 1000 mLs (2) and 500 mLs (≤6)
-Beakers: 1000-2000 mL range (several)
-Plastic bottles: 1000 mLs (5); 250 mLs (2)
-Glass vial (~ 4 mL)
-Graduated cylinder (100 mL)
-Magnetic stir bar
-Teflon tubing and syringe for siphon system
-Glass pipettes

Solutions
(sample measurements

included - individual results
may vary)

70 mM Potassium Phosphate Buffer (KPB); pH 7; µµµµ ≅≅≅≅  160 mM
•12.19 g K2HPO4 (Dibasic or Di) dissolved in 1000 mL volumetric flask
•9.53 g KH2PO4 (Monobasic or Mono) dissolved in 1000 mL volumetric flask
•Pour all of Di into a 2000 mL beaker with a magnetic stir bar; while monitoring
the pH of this solution, add Mono until the pH reaches 7.0 (~600 mLs)
•Be sure to record the amount of mono left over (not added) for exact µ calcs.
•Store in two plastic 1000 mL plastic bottles and store in the refrigerator.

40 mM KPB; pH 7; µµµµ ≅≅≅≅  90 mM
•3.48 g K2HPO4 dissolved in 500 mL volumetric flask
•2.72 g KH2PO4 dissolved in 500 mL volumetric flask
•Prepare in the same manner as the 70 mM KPB (described above).

4.4 mM KPB; pH 7; µµµµ ≅≅≅≅  10 mM
•0.38 g K2HPO4 dissolved in 500 mL volumetric flask
•0.30 g KH2PO4 dissolved in 500 mL volumetric flask
•Prepare in the same manner as the 70 mM KPB (described above).

500 mM KPB with 0.04% NaN3 ; pH 7; µµµµ ≅≅≅≅  1140 mM
•43.55 g K2HPO4 dissolved in 500 mL volumetric flask
•34.02 g KH2PO4 dissolved in 500 mL volumetric flask
•Add 0.20 g NaN3 to each flask before mixing.
•Prepare in the same manner as the 70 mM KPB (described above).

0.2 mM HH Cyt c
•5 mg HH Cyt c dissolved in 2 mL of 40 mM KPB (pH 7) in a glass vial

Miscellaneous
Equipment

-pH meter
-UV-VIS spectrometer
-Amicon cell with YM-10 or YM-3 membrane
-Nitrogen tank

by decanting the supernatant liquid, or using a glass pipette attached to an aspirator as a

vacuum.  Once the gel is ready, approximately 10 mL of KPB (C = 40 mM; µ = 90mM; pH =
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7) should be added to a chromatographic column having a height of 30 cm and an internal

diameter of 1.5 cm.  The slurry of hydrated gel is then poured into the chromatographic

column.  If the total volume of the slurry is greater than the overall volume of the column

(~53 mL), add the slurry slowly while the bottom of the column is left open to drain.

Occasionally the sides of the column should be rinsed with buffer.  Once the entire slurry has

been added, the column should be allowed to settle.  A rubber hose may be used to gently tap

the sides of the column to produce better packing. The column should then be equilibrated by

passing approximately three bed volumes of 40 mM KPB or until the gel bed has reached a

constant height.  The height of the equilibrated gel bed should be at least 25 cm.  After

equilibration, the flow rate of the column should be calculated and recorded, as well as the

void volume of the column.  The void volume is the amount of space in the column not

occupied by gel material.  The total volume of the column is the summation of the void

volume and the gel volume.  Usually the void volume is approximately 35% of the total

volume.  The void volume can be determined using a 1 mL solution of approximately 1

mg/mL Blue Dextran (Chemical Company).  This is a highly visible molecule that should not

be retained by the gel at all.  The volume it takes to elute this compound is equivalent to the

void volume of the gel bed.

Chromatographic Procedure (Ion Exchange Chromatography):

-THE SIPHON

A siphon is used throughout this procedure as a means of delivering a constant flow

of mobile phase from the buffer reservoir (See Figure 3.39).  Teflon tubing is connected as

shown in this figure.  The siphon is established by placing the weighted end of the Teflon

tubing in the buffer reservoir above the apparatus.  The tubing is secured to the reservoir

bottle with a rubber band.  To initiate the siphon flow, the opposite end of the tubing is

removed from the top of the column and temporarily attached to a 10 mL syringe.  Using the

syringe, buffer is drawn through the tubing from the reservoir container and will start

dripping out of the end of the tubing.  Once flow is established through the column, the

tubing may be reattached to the top of the column.  The bottom of the column should also be

checked to make sure that the eluent is coming out of the column as a slow, steady drip.
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Figure 3.39.  Apparatus for protein purification illustrating the column/siphon system used for cyt
c purification.  The three elution bands of cyt c are shown to the left of the figure.

STEP 1- PREPARING THE COLUMN

The first step of the procedure is flush the column with several bed volumes of 40

mM KPB.  This cleanses the column, removing contaminants and storage solution, and

equilibrates it with the working buffer.  This should be done by continuously running the

column overnight.  Extra care should be taken to provide enough buffer in the reservoir so

that the column does not run dry during this step.

STEP 2- CHROMATOGRAHIC SEPARATION

 When ready to place the cyt c solution on the column, the siphon should first be

stopped and the level of buffer in the column, above the gel bed, should be allowed to drop to

approximately 1 mm above the bed.  It is best to do this step late in the day because the cyt c

will take approximately 15 or more hours to elute from the column.  Again, proper timing is

essential to prevent the column from running dry and to collect the cyt c band coming off the

column.  The cyt c solution (0.2 mM HH cyt c in 40 mM KPB) should be placed on the

column via a glass pipette, taking extra precaution to minimize disturbance of the column
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bed.  Gently adding the cyt c solution on the column is best done by allowing the solution to

drip down the sides of the column rather than dropping the solution from the pipette.  The cyt

c solution should be spread across the top of the gel bed as evenly as possible to create a plug

of cyt c that will move through the column.  Again, the column should be allowed to drip

until the cyt c band is well into the gel bed, with approximately 1 mm of solution above the

bed.  At this point, the pipette should be used to deliver several mLs of the buffer that will

carry the cyt c down through the column, also called the eluent buffer (70 mM KPB; µ= 160

mM; pH = 7).  Use care when pipetting solution onto the column bed.  The user should get as

close to the top of the bed with the pipette tip without disturbing the resin/gel itself.

Dropping solution from the pipette at any significant height tends to have a “dive bombing”

effect on the column bed.  After the liquid level is 2-3 cm above the bed, discontinue buffer

addition with a pipette and restart the siphon of the eluent buffer (70 mM KPB; µ= 160 mM;

pH = 7 ).  A dark red band of cyt c should be seen at the very top of the white gel bed, and the

solution above the bed should be clear and colorless.  Over the course of the next 15-24 hours

(older columns tend to take longer because of gel compression and a higher level of “fines”)

the protein will typically separate into three bands: 1) deaminated cyt c, 2) purified cyt c, and

3) cyt c dimer (Figure 3.39).  The deaminated protein elutes first, appearing as a very light red

band, and is followed by a dark red band which is comprised of purified cyt c.  The third

band, or dimer band, will not elute from the column and may not be readily visible to the

naked eye.  This band is removed during a later step with sodium azide in high ionic strength

buffer.

The separation process for cyt c is primarily ion-exchange chromatography.  The cyt c

separation proceeds because of the protein's partitioning between the solvent (mobile phase),

and the fixed charge sites on the gel (stationary phase).  In this case, the cellulose based

stationary phase is made up of derivatized polymers made from the sugar glucose.  The

derivitization of the stationary phase for this separation is a weak acid, a carboxymethyl

group (-OCH2CO2H), prompting the gel to be called CM-52.54  For this particular gel,

cationic solute material in the mobile phase will have an affinity for the anionic sites of the

stationary phase.  This separation process is allowed to proceed because of the molecular

exclusion of cyt c from the gel.  The pores of the gel are too small for the cationic cyt c to
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penetrate and will elute from the column faster than molecules that are able to penetrate the

gel.  Being positively charged, if the protein could penetrate the gel pores, it would be held

too tightly and not proceed down the column.  This separation process is depicted in Figure

3.40.  Care should be taken to make sure this part of the purification proceeds without

interruption.  Capping the bottom of the column and stopping the siphon can be done in an

emergency, but the risk of detrimental band broadening increases if the column is left in this

state for a significant amount of time.
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Figure 3.40.  Separation mechanism of the CM-52 column during the ion-exchange chromatographic
purification procedure for cyt c (Figure adapted from a figure in Ref. 54).

When the purified band begins to come off the column, begin collecting the eluate in

a 250 mL bottle.  Continue collecting eluate until most of the cyt c band has been removed

from the column.  This should take several hours and the bottom of the column can be capped

during this step if necessary.  Once the cyt c is collected, stop the siphon and change the

buffer reservoir to the cleaning and storage buffer, 500mM KPB {µ= 1140 mM; pH = 7}with

0.04% NaN3.  Allow this solution to run through the column at least overnight.  After running

this buffer, laced with sodium azide, through the column, the column may be capped until the

next usage.
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STEP 3 - AMICON FILTRATION

The collected cyt c eluate must now be concentrated by reducing the volume.  This is

done with an Amicon filtration cell and a membrane filter, shown in Figure 3.41.  The

concept of the Amicon cell is that gas pressure supplied by a N2 tank will pressurize the

chamber holding the cyt c solution and force solution through the pores in the membrane at

the bottom of the cell.  The membrane is size selective, allowing solvent and electrolyte to

pass through the pores, while retaining the large proteins from.  Two sizes of membranes

have been used for this part of the procedure, the YM-10 membrane and the YM-3 membrane

(Diaflo - Ultrafiltration Membranes, Amicon Inc., Beverly, MA).  Both are equally

successful, but the YM-3, having smaller pores takes significantly longer to filter cyt c

solutions.

The membranes are stored in 10% EtOH solutions with their “glossy side” down.  The

“glossy side” of the membrane is identifiable by its glossy or wet appearance and by the

observation that the filter usually curls toward the glossy side.  Care should be taken not to

handle the membrane too much.  Gloves should be worn while handling the filter by its

edges.  If the filter is brand new, the filter should be soaked for three successive, 20 minute

cycles in Milli-Q (M/Q) ultrapure water with the glossy side down.  If it is a previously used

filter, it can be removed from its storage solution and simply rinsed off with M/Q H20.  In any

event, the filter is then placed in the Amicon cell with its glossy side up.  Note that this is the

only point where the filter’s glossy membrane is up.  The o-rings used to seal the Amicon cell

assembly should also be wetted or soaked in M/Q H2O before use.

The cyt c eluate should be quantitatively transferred to the assembled Amicon cell,

which is then enclosed in a protective metal casing positioned on a magnetic stir plate in the

refrigerator.  The stir bar should be rotated slowly to prevent frothing and bubbling of the

solution.  The gas line should be connected to the top of the cell, and a clear glass container

should be set up to receive the waste.  Before engaging the gas tank, the small lever at the top
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Figure 3.41.  Schematic diagram of the Amicon filtration
cell: a) cell top with gas intake valve, b) pressure lever –
(up position (1) – system is sealed and pressurized; down
(2) system open and not pressurized), c) larger rubber o-
ring, d) plastic cell body, e) magnetic stir bar, f) cyt c
solution being filtered (buffer exchanged), g) smaller
rubber o-ring, h) YM-3 or YM-10 membrane (glossy side
up), i) membrane holder with draining ridges and waste
outlet, and j) base of assembly.  Note: the entire assembly
is placed in a protective metal casing (not shown) to
prevent pressure explosions and is used on a magnetic
stirrer in a refrigerator at 4-10° C.

of the cell should be checked to make sure it is in the “down” position (See Figure 3.41).

The N2 pressure should be increased gradually until the regulator reads approximately 55 psi.

Prior to reaching 55 psi, a hissing sound will be heard, at which time the small lever should

be moved to the “up” position, which closes off the system and prevents anymore gas from

escaping.  If the hissing sound persists while the system is sealed, it means that there is a leak

in the cell and it must be reassembled.  The threshold pressure to maintain the cell’s

structural integrity is 75 psi; therefore, never pressurize above 70 psi.  NOTE: The Amicon

cell is a pressurized system and eye protection should be worn at all times.  Continue the

filtration process until the volume of the cyt c solution being concentrated in the cell is less

than 2 mL.

One potential pitfall of this concentrating procedure is noteworthy.  If the filtration

process proceeds very quickly and/or the waste solution becomes colored (a white piece of

paper under the waste flask is useful here), then the filter may be upside down.  Should this

occur, reassemble the cell with the glossy side of the filter facing up.  If the problem persists,

there is most likely a tear in the membrane and it must be discarded.

STEP 4A - EXCHANGING THE BUFFER VIA THE AMICON CELL
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If the Amicon cell is being used to exchange the cyt c buffer to 4.4 mM KPB (µ=10

mM; pH = 7), add approximately 60 mL of the new buffer to the concentrated cyt c solution

in the cell.  Following the procedure described in step 3, reduce the volume to concentrate the

cyt c again.  Repeat this process three more times to ensure that the buffer has been

effectively exchanged.  Using great care, remove the cyt c solution from the Amicon cell

using a hand held glass pipet and rubber bulb.  Tilt the cell, using the glass pipet to draw the

solution out while taking care not to puncture the membrane.  When finished, disassemble

the cell and remove the filter ( the plate holding the membrane with an o-ring may have to be

soaked in a large beaker of M/Q H2O and “floated” out).  Avoid grabbing or pinching the

filter to get it out.  Rinse the removed filter with M/Q H2O and soak it, glossy side down, in

M/Q H2O for at least an hour before placing it in storage solution (10% EtOH in M/Q H2O).

[Go to Step 5]

STEP 4B - EXCHANGING THE BUFFER VIA A DESALTING COLUMN

If a desalting column is used to exchange the buffer, transfer the 2 mL of concentrated

cyt c solution from the Amicon cell to the desalting column as described in step 2.  The

desalting column (ht. = 50 cm; i.d.= 1 cm; bed ht.= 34 cm) should contain a approximately 40

mL of BioRad P6DG desalting gel (BioRad, Richmond, CA).  The column is packed via the

procedure described above, starting with about 7 grams of the dry gel (7 mLs/g).  In removing

the cyt c solution from the Amicon cell use great care not to damage the membrane.  The cell

may be tilted and a glass pipette can be used to remove the cyt c solution out of the cell.

The desalting column is relatively quick compared to the CM-52 column.  Once the

cyt band has been collected from the column, it will again have to be concentrated down in

the Amicon cell. When finished, disassemble the cell and remove the filter ( the plate holding

the membrane with an o-ring may have to be soaked in a large beaker of M/Q H2O and

“floated” out).  Avoid grabbing or pinching the filter to get it out.  Rinse the removed filter

with M/Q H2O and soak it, glossy side down, in M/Q H2O for at least an hour before placing

it in storage solution (10% EtOH in M/Q H2O). [Go to Step 5]

STEP 5 - UV-VIS SPECTROSCOPIC DETERMINATION OF  CYT C CONC.

To measure the concentration of the cyt c solution, UV-Vis spectroscopy is used.

Allow the instrument’s light source to warm up for approximately 20 minutes before
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commencing with measurements.  Using a 1 mm cuvette, being careful not to touch the sides

of the cuvette with ungloved hands, measure a background scan in the 4.4 mM KPB.  Empty

the cuvette and refill it with the cyt c solution.  An example of an experimental adsorption

spectrum is given in Figure 3.42.  To calculate the concentration of cyt c, the Soret band at

approximately 410 nm can be used in conjunction with the Beer-Lambert law:

A  =  εbc [Eqn. 3.7]

where c is the unknown concentration (M), b is the cuvette’s path length of 0.1 cm, and ε is

the molar absorptivity or extinction coefficient of cyt c (106,100 M-1 cm-1).55  After the UV-

Vis measurement, the cuvette should be sonicated in M/Q H2O to remove the protein from its

walls.  Once the concentration of this stock cyt c solution is known, it may be diluted to make

working solutions of varying concentrations.

Wavelength, nm
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Figure 3.42.  Experimental UV-VIS spectrum of HH cyt c.

3.16.11.  Cyt c Adsorption and Electrochemistry

After a carboxylic SAM is formed on a Au substrate, the thiol solution is removed

from the cell followed by copious rinsing with EtOH and H2O (10X EtOH; 10X H2O; 10X

EtOH; and 10X H2O).  The cell is then filled with KPB (4.4 mM; µ=10 mM; pH = 7) and

background voltammograms are acquired.  The cell is then rinsed 3X with 4.4 mM KPB and

refilled with a solution of 10-25 µM HH cyt c solution in KPB (4.4 mM; µ=10 mM; pH = 7).

The cyt c is allowed to adsorb to the SAM for 45 minutes to 1 hour.  The cytochrome

adsorption was performed at room temperature and in a 5-8°C refrigerator, with no noticeable

difference in the behavior observed.  After adsorption, the cell is rinsed 5X with KPB (4.4



182

mM; µ=10 mM; pH = 7) and refilled with the same buffer.  At this point the solution was

sometimes purged for 5-10 minutes with H2O-saturated Ar to remove oxygen.  Cyt c cyclic

voltammetry experiments were typically performed using the following potential windows:

+0.2 V to -0.2 V, +0.25 V to -0.25 V, and +0.3 V to -0.3 V.  Formal potentials and cyt c

surface coverage were usually determined from CVs collected at slower scan rates 1-100

mV/sec; FWHM values were determined using 100 mV/sec scans, and the ET rate constants

were primarily determined from CVs acquired at scan rates giving rise to peak splitting ≥ 200

mV.  ET rate constants were calculated according to Laviron’s simplest theory for adsorbed

species using software written by former Bowden Group research Jim Willit, “CV3091.”50

Cyt c signals were stable, if the cells were refrigerated, for several days, but data were usually

collected on the same day as the cyt c was adsorbed.

3.16.12.  XPS Testing Analysis

X-ray photoelectron spectroscopy (XPS) is a form of photoelectron spectroscopy

(PES) which, in general, is focused on electronic transitions involving the ejection of a single

electron out of a molecular state to a vacuum level.  In PES, a sample is struck with photons

of high enough energy to displace electrons out of molecular or atomic orbitals:

Molecular/Atomic Species  +  hν  →  Molecular/Atomic Species+  +  e-  [Rxn. 3.3]

The energy used to eject the electron from the species is known as the binding energy of the

electron or its ionization potential (IP).  During this process the system obeys a conservation

of energy known as the photoelectric effect.  That is, after some of the energy of the photon is

used to displace an electron from the species, the rest of the energy becomes kinetic energy

(KE) of the ejected electron:

KE  =  hν  -  IP(e-)       [Eqn. 3.8]

The KE of these ejected electrons, when measured, can be directly correlated to specific

atomic and molecular species.  Each specific type of atom will require a signature amount of

energy to release an electron from its orbitals.  In this manner, PES can be used to identify

and verify materials.  More tightly held electrons, those in lower orbitals, will require more

energy to eject and therefore result in ejected electrons with less KE.

More specifically, XPS involves bombarding a sample with x-ray photons energetic

enough to eject core electrons, whose kinetic energies are then measured.  Because
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photoelectrons can only transverse several angstroms of material, XPS is predominantly a

surface analysis technique.56

For this research XPS testing was performed by either Mike Tarlov of NIST or by

John Phillips, the residential microscopist at the Analytical Instrumentation Facility at the

Engineering Graduate Research Center at North Carolina State University’s Centennial

Campus.  Both Mr. Phillips and Dr. Tarlov performed survey scans of the surfaces being

tested.  Additionally, Mr. Phillips also ran high resolution scans for N(1s), C(1s), and O(1s)

evaluation.  Dr. Tarlov’s testing was aimed at determining if Ti contamination existed on the

thermally annealed gold surfaces whereas the main focus of the testing by Mr. Phillips was

the presence of nitrogen, an indication of adsorbed protein.

3.16.13.  Square Wave Voltammetry

Square wave voltammetry (SWV) was performed between +0.2 V and -0.4 V with a

pulse height of 10 mV, a frequency of 5 Hz, and a scan increment of 2 mV.  SWV was

performed on monolayers of cyt c as well as submonolayers that persisted following

treatment with 1 M KCl.

3.16.14.  Intentional Roughening Procedures and Mixed SAM Usage

Some gold substrates were intentionally roughened by electrochemical cycling in

0.1M H2SO4 and 0.01 M KCl.  Roughness scans in dilute H2SO4 were performed both before

and after the intentional roughening to verify the change in roughness factor.

Mixed SAMs were applied to the gold surfaces in the same manner as uniform SAMs.

Deposition time and concentration of the thiol solution was the same as when uniform SAMs

were utilized.

3.16.15.  SAM Desorption LSV Procedure

SAM desorption experiments were performed in 0.5 M KOH according to procedures

described by Porter and coworkers.41  Typically a SAM desorption scan employed LSV

initiated at -0.2 or -0.4 V and scanned negatively until either solvent reduction current or

SAM desorption peaks were observed.  The scans were run at 100 mV/sec.  Care should be

taken to select a current range adequate for scaling the expected current since LSV SAM

desorption scans can only be performed once on each sample.
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4.  PRELIMINARY INVESTIGATIONS OF SAM HEALING AND SILVER UPD

The next surface to address in the cyt c/SAM/Au system is the interface of the SAM

and the protein.  More specifically, this chapter deals with the surface of the SAM and how it

relates to the adsorption and ET properties of cyt c.  In contrast to the previous chapter, the

research described or proposed in this chapter will explore this interface while maintaining

the initial gold surface topography as a constant.  There are numerous options for

manipulating the SAM/solution interface.  In light of the results of the experiments on the

influence of the gold substrate and the conclusions made about the importance of SAM defect

density on the adsorption and ET properties of cyt c, the research in this chapter primarily

involves alternative testing of the same concepts addressed in Chapter 3.  Here however,

experiments are designed to affect the density of defects in the SAM by means other than

altering the Au surface topography.  Instead, physical manipulation of the SAM is

incorporated as a way of varying SAM structure by either blocking or minimizing the

occurrence of defect sites in the SAM.  The SAMs are then subsequently characterized by

many of the same techniques previously described, including their responsiveness to cyt c

adsorption and ET.

Two types of experiments, in particular, comprise the bulk of this chapter.  Both of

these experimental concepts involve interesting SAM manipulations, as well as, address the

need for altering the defect density of the SAM structure.  Thermal healing of SAMs and

SAMs assembled on Ag UPD layers on Au both seem to serve this project well and are

included here because it is believed they would benefit the understanding of this system

greatly if pursued further.  The research on these subjects in the following sections are simply

examples of the potential that these concept hold for delineating information about the cyt

c/SAM/Au ET system.

4.1  THERMAL HEALING OF SELF-ASSEMBLED MONOLAYERS

In the literature are examples of the use of temperature to dramatically reduce the

density of defects in thiol SAMs.1-3  Elevated temperatures are typically applied during the

self-assembly process, allowing for a form of thermal annealing referred to as thermal

healing.  During this heat treatment, the adsorbates comprising the SAM are energetically
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activated to rearrange and diffuse laterally across the surface for optimal positioning,

effectively “healing” many defects sites.  In light of the results presented in Chapter 3, a

decrease in SAM defect density should a negative effect on cyt c’s adsorption and/or its

electrochemical response.  In addition to its obvious application to the cyt c system, low

defect monolayers are of interest to many researchers involved in corrosion studies,

nanolithography, and high quality dielectric materials for microelectronics.2

4.1.1.  Mechanistic Aspects of Thermal Healing of SAMs

From the detailed work of Weiss, Allara and coworkers in a recent publication and

references within that paper,2 some of the mechanistic aspects of the thermal healing process

have been elucidated.  The overall effect of thermal healing of SAMs is the manifestation of

several processes that occur while the SAM is kept immersed in the self-assembly solution at

an elevated temperature for an extended amount of time.  The temperature where the thermal

healing of methyl-terminated SAMs of chain lengths of 10 and 12 occurs is suggested to be

approximately 78° C.2  However, increasing the temperature to this level causes several other

events to take place.  Initially, the temperature rises above room temperature where IR

spectroscopy has revealed that alkyl chain gauche defects increase substantially.  At 60° C,

thiolate desorption becomes significant and X-ray diffraction studies have shown that a

melting transition occurs in the film at 50 to 70°C.  Therefore, at 70° C the degree of

thermally induced disorder in the SAM is expected to be quite high. This disorder in the film

allows for greater access of the solution to the gold surface through thermally induced defect

sites.2

Because the self-assembly process is taking place during the thermal healing process,

the exchange of thiols from solution at these defect sites is presumably enhanced.

Organothiol exchange kinetics at defect regions are known to be much faster than at ordered

domains of SAMs.4  It is expected that the desorption of alkanethiols at defect sites is

accelerated by the elevated temperatures and the increased solvation of the thiolates and

thiolate-Au complexes.  Chemical analysis of the thiol/ethanol solution during thermal

healing revealed a continuously increasing gold content with assembly time.1  It is

hypothesized in the article by Weiss et al. that the desorption of alkanethiolates from the

surface occurs primarily at the edges of ordered SAM domains and at other lower coverage
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regions and is not favored at highly ordered domains.2  Futhermore, the higher temperatures

encourage increased lateral diffusion of achored thiols as well as the Au itself.  All of these

processes result in for Ostwald ripening, where the size of highly ordered SAM terraces are

ultimately limited only by the properties of the underlying substrate.

The effects of thermal healing on SAMs is most evident in SPM imaging of these

surfaces.2  Most SPM images of SAMs contain topographical depressions in the self-

assembled films, or dark pits.5  There is some controversy about the exact nature of these pits

as they have been attributed to being caused by the accumulation of gauche defects in the

thiol layer, a ramification of the topography of the Au substrate, or by the chemical erosion of

gold atoms during the self-assembly process.1,5  These pits are usually circular in nature, 2-6

nm in diameter, and tend to be 0.2-1.1 nm deep.  In many instances the depth of the pits

corresponds to the height of a Au step edge, approximately 0.29 nm.  Depending on the

experimental conditions of self-assembly, the pits can comprise 5-30% of the surface5d and

are often lined with thiolate material rather than exposing bare gold.  Pitting is considered to

be a sign of significant defect density in SAMs.

An example of a SAM with this type of pitting from Weiss and coworkers is shown in

Figure 4.1(top).2  Dark pits are evident throughout this STM image of a n-mercaptododecane

(C12) SAM formed on Au(111) grown on mica.  The contrast within the SAM domains in

this image is indicative of defects in the SAM.  In an identical manner, separate SAMs were

formed on gold by immersing the thiol deposition solution of approximately 1 mM in a water

bath held at 78°C for 1 hour during the self-assembly process.  The image of this thermally

healed SAM is shown as Figure 4.1 (bottom).  The dark depressions are no longer present in

the image, suggesting that areas of disorder and defect density has have been drastically

minimized.  Similar experiments performed at various time increments during the thermal

healing process revealed that the pits seem to mobilize and coalesce, moving to the edge of

ordered domains or to step edges and grain boundaries.1  These examples, while subject to

certain criticisms inherent to the imaging process itself, suggest that thermal healing of SAMs

may be a legitimate method to be considered for controlling the defect density of the SAMs

used in cyt c electrochemistry.
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Figure 4.1.  Example of SAM thermal healing effects: (top) STM image of n-dodecane
thiol (H3C(CH2)11SH) SAM on gold; (bottom) STM image of the same type of SAM
after thermal healing at 78°C for 1 hour in 1 mM n-dodecanethiol/ethanol solution.
Images were obtained with a tip bias of +1.0 V and a tunneling current of 10 pA [axis
marked in Angstroms] (Figure from Ref. 2).
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4.2  RESULTS AND DISCUSSION   --  THERMAL HEALING OF SAMs

Single component COOH SAMs were prepared on electrochemically cleaned Au

substrates and subjected to thermal healing as described in the Experimental Details section

of this chapter.  Temperature was controlled using a water bath and jacketed electrochemical

cell, an experimental set-up that seems to be superior to those described in the literature1-3

because it minimizes many of the SAM and solution manipulations.  Plus, one is able to

monitor the film’s electrochemical properties during the actual thermal healing process.  The

temperature of the thiol/ethanol deposition solution was carefully elevated to 77°C and held

at that temperature for approximately one hour.  The thermally healed SAMs were then

compared to control SAMs formed using traditional preparation procedures involving a three

day deposition period at room temperature.  Characterization by redox probing and reductive

SAM desorption were performed along with cyt c adsorption and voltammetry.

4.2.1.  Cyt c Response  --  Thermal Healing of SAMs

Figure 4.2 displays typical cyclic voltammetry of cyt c adsorbed on COOH SAMs

prepared both traditionally and with thermal healing.  Background subtracted voltammetry is

included for further comparison.  The thermally healed SAMs appear to have lower

electroactive surface concentrations of adsorbed cyt c molecules.  Table 4-1 summarizes the

electrochemical properties of cyt c adsorbed on both thermally healed and control SAMs.

Most notably, there seems to be significant changes in the aforementioned surface coverage

(Γ) as well as in the peak width (FWHM).  On the other hand, there appears to be no

significant change in ET kinetics as evidenced by the ∆Ep and ket
° parameters.  The decrease

in Γ and FWHM values for C11OOH SAMs due to thermal healing was present, but not as

pronounced at longer chain lengths (C14OOH) (Results not shown).
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Figure 4.2.  Cyclic voltammetry (A) and background subtracted cyclic voltammetry cyclic
voltammetry (B) of cyt c on C11 acid terminated SAMs that have been traditionally prepared (a)
with electrochemically cleaned evaporated gold and normal SAM deposition procedures versus
evaporated Au electrodes that have been electrochemically cleaned, modified with a C11 acid SAM
and subsequently thermally healed for 1 hour at 78°C in thiol/ethanolic solutions (b) prior to cyt c
adsorption.
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Table 4-1. Cyt c / C11OOH Voltammetry - SAM Thermal Healing Results

System SAM Prep.
E°°°°′′′′

(mV)a
∆∆∆∆Ep

(mV) b,c
ΓΓΓΓ*

(pmol/cm2) b
FWHM
(mV) b,c

k°°°°et
(s-1)d

Cyt c /
C11OOH

Traditionale -35.6
(±3.1)

26
(±5)

12.8 / 11.9
(±2.1 / ±2.6)

134 / 130
(±7 / ±3)

3.1
(±0.6)

Cyt c /
C11OOH

thermally
healedf

-36.8
(±2.8)

32
(±9)

6.9 / 7.5
(±1.8 / ±2.0)

116 / 119
(±2 / ±1)

2.5
(±0.7)

a E°′ values were calculated using the average of Ep,a and Ep,c.
b Measured at 100 mV/sec scan rate.
c Cathodic and anodic measurements shown, respectively.
d Determined using Laviron's theory for irreversible peak splitting (>200 mV) – (See Ch. 2);
e Traditional preparation involves electrochemically cleaning of evaporated gold electrodes, a 72 hour SAM
deposition time, and a 1 hour cyt c adsorption, f thermal healing involves the same traditional preparation,
but the SAM is immersed for 1 hour at ~78°C in a ~5 mM thiol/ethanolic solution (See Experimental
Details section).

4.2.2.  HMFc Redox Probing of Thermally Healed SAMs

HMFc was used as a redox probe for comparing the permeability of thermally healed

SAMs and control SAMs.  Although there was no trademark anodic peak potential (Ep,a) shift

indicating a drastic reduction in the density of defects, there was a substantial decrease in

faradaic current for the probe molecule.  HMFc results are shown in Figure 4.3.  The decrease

of current on the thermally healed SAMs suggests that some defects have, in fact, been

eliminated, although the peak shape clearly indicates that some defects persist.

a

b

E  (mV vs. Ag/AgCl)

I (uA)

Figure 4.3.  Cyclic voltammetry of the 2 mM HMFc redox probe at (a) C11OOH
SAM traditionally prepared and at (b) a thermally healed C11OOH SAM.
Solution conditions: 0.1 M HClO4 ; scan rate = 100 mV/sec.



199

Because examples in the literature used only methyl-terminated SAMs, questions

arose over the use of acid terminated SAMs for this study.  Acid terminated SAMs inherently

possess a higher density of defects than methyl terminated SAMs.6  Therefore, identical

experiments were performed on SAMs of dodecanethiol to better assess the results obtained

with COOH SAMs.  An example is shown in Figure 4.4.  As was seen with the acid

terminated SAMs, the current from HMFc is also attenuated upon healing of the methyl

terminated film.  The peak shape indicates greater inhibition for the cathodic process,

ostensibly because it is more difficult for HMFc+ to penetrate this hydrophobic layer.  Results

with both types of SAMs on electrochemically pretreated evaporated gold suggest that

thermal healing lessens the defect density, but that a significant degree of defects remain.
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Figure 4.4.  Cyclic voltammetry of 2 mM HMFc at (a) n-dodecanethiolate SAM,
traditionally prepared versus at (b) n-dodecanethiolate SAM, thermally healed (experiments
performed with electrochemically cleaned evaporated Au substrates).

4.2.3.  SAM Desorption Studies of Thermally Healed SAMs

Thermally healed SAMs were reductively desorbed in basic solution using LSV and

compared to controls.  Figure 4.5 shows some representative results.  The broadened,

multiple peak response for the control SAM (Figure 4.5) is typical for COOH SAMs prepared

on electrochemically pretreated evaporated Au.  This complex response is attributed to the

polycrystalline nature of the Au surface as well as the variety of defects found on rougher Au.

Upon thermal healing, however, the desorption voltammogram changes significantly.

Although multiple peaks are still present, a significant sharpening of one peak occurs at the
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expense of another peak and is accompanied by a slight positive shift in potential.  The exact

meaning of these results is not totally understood but it is thought that they could signify an

increase in the ordering of the SAM after thermal healing.
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Figure 4.5.  Linear sweep voltammetry scans of traditionally prepared and thermally
healed 11-mercaptoundecanoic acid SAMs.  Solution conditions: 0.5 M KOH; Scan rate =
100 mV/sec.

4.2.4.  Conclusions and Future Directions for Thermal Healing

Although the results of the thermal healing experiments are somewhat ambiguous,

they seem to support the density of defects concept formulated in Chapter 3.  Here again, cyt

c adsorption seems to be favored on more defective surfaces.  When the density of defects is

reduced by thermal healing treatment, as confirmed by the redox probing and desorption

experiments, the cyt c response is subsequently reduced as well.  The attenuation in the

electrochemical response of the protein apparently results from a lower concentration of cyt c

on the surface, although this has not been independently confirmed, e.g., by XPS.

Why was the thermal healing treatment not more effective at eliminating the defects

and why is the cyt c response only somewhat decreased?  Several possibilities exist to

account for these observations.  First of all, the acid SAMs on evaporated Au may simply be

inherently defective structures, beyond the repair capability of this treatement.  If so, the

permanent defectiveness of these SAMs can be largely attributed to the rough terrain of the

evaporated Au surface in combination with the carboxylic acid headgroups.  A more specific
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hypothesis is that thermal healing is effective only on gauche conformational defects in the

alkyl layer and has a very limited effect on SAM defects whose origins stem from more

permanent topographical features (i.e. Au step edges and grain boundaries).  Therefore, the

ability to reduce defect density in SAMs using thermal healing may very well be more

successful on SAMs that modify flatter, single crystal Au.  It is recommended, therefore, that

future experiments focus on Au substrates whose SAMs present predominantly gauche

defects.  In any event, the results of this study, while not definitive, are still supportive of the

density of defects dependence of cyt c adsorption.

4.3  SILVER UNDERPOTENTIAL DEPOSITION BASED SAMs (Ag - UPD)

In searching for methods to improve the stability and properties of Au/SAM

structures for protein electrochemistry, the intriguing possibility of utilizing silver and copper

UPD layers on the gold surfaces, prior to modification with ω-substituted alkanethiols, was

considered.  Literature reports of describe several improved structural and functional

characteristics for SAMs deposited on the Ag and Cu UPD modified Au.8-12  The immediate

goal of this project was assess the performance of COOH SAM/Ag-UPD/gold a cyt c

adsorption platform.  Unfortunately, research priorities, time constraints, and unexpected

experimental difficulties truncated this research at a relatively early stage.  Still, the initial

groundwork has been completed for future pursuit of this worthy objective.

4.3.1.  Underpotential Deposition  - General Discussion

The electrochemical deposition of a metal adlayer onto a foreign metal substrate can

occur in one of two ways depending on the Gibbs free energy of interaction between the

adsorbate and the substrate.  If this interaction is weaker than the adsorbate-adsorbate

interaction, the deposition will occur at electrochemical potentials lower, or more negative,

than the equilibrium potential for bulk deposition.  In this case, the adsorbate material will

immediately begin to form three dimensional crystal structure as deposition commences.  If,

on the other hand, the adsorbate-substrate interaction is stronger than the adsorbate-adsorbate

interaction, deposition will commence at a higher, or more positive potential, than that for

bulk deposition.  This process is known as underpotential deposition (UPD) and results in a

single monolayer or less of deposited metal on the surface of the foreign substrate.



202

UPD metallic adlayers can be observed using voltammetry with slow scan rates that

start at potentials sufficiently positive, where no deposition takes place, and sweep negatively

toward deposition potentials before sweeping back again.  Current spikes in the voltammetry

represent the cathodic deposition and the subsequent oxidative stripping of the UPD layer.

These spikes can be integrated for charge to determine amount of UPD coverage on the

surface.  UPD layers can be inserted into a variety of chemical systems, including SAM

technology research.7

4.3.2.  Silver and Copper UPD Based SAMs on Gold

Although UPD layers of many combinations of metals can be created, Ag and Cu

UPD layers on gold are of particular interest in SAM research.  It has been reported that Ag

and Cu UPD modified Au substrates support the formation of highly ordered and densely

packed alkanethiol SAMs.8,9  As shown in Figure 4.6, the UPD layer is a stable interlayer

between the gold surface and the adsorbed thiolates.8,9  The UPD layer is not etched away

during the self assembly process and does not destroy the underlying gold texture.9  Since

these initial reports, a substantial amount of research has focused on studying the unique

properties of these SAMs formed on both Ag8-10 and Cu UPD layers.11  A brief discussion of

these research findings on these specific characteristics of Ag and Cu UPD based SAMs

follows.

Figure 4.6.  Schematic illustration of a gold / silver or copper UPD layer / alkanethiolate SAM
assembly (Figure from Ref. 8).

The first significant property of UPD based SAMs we consider is their unique

structure.  The structure of Ag UPD based SAMs is markedly different from the structure of

normal Au supported SAMs.  The hydrocarbon chains of the UPD-SAM systems, which are
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still primarily trans zig-zag in conformation, reside at a tilt angle of approximately 20° from

surface normal, in contrast to 30° for alkanethiols on Au , or 10° for those formed on bulk

Ag.  Thus, the Ag-UPD based SAMs exhibit structural properties intermediate between those

of the two parent metals, forming a hybrid SAM of sorts.

Ag and Cu UPD based SAMs have several other intriguing properties that make them

attractive for potential cyt c/SAM interface applications.  Ag UPD alkanethiol SAMs are

extremely resistant to desorption at elevated temperatures and they exhibit much slower

kinetics for solution-thiol exchange.8,9  Considering that exchange kinetics have been linked

to the density of defects in a film,4 this observation suggests that the addition of the Ag-UPD

layer may result in less defective SAMs.  Along the same lines, addition of a Ag-UPD layer

significantly extends the potential window for SAM-coated electrodes.8  This characteristic

results from a more effective electrode passivation by the SAM, a scenario best achieved by

the formation of a very low defect, highly ordered SAM.  Thus, it appears that these UPD

anchored SAMs are more effective at preventing electrolyte solution from penetrating the

SAM and accessing the Au surface.

Analogous properties have been discovered for Cu-UPD based SAMs.11  SAMs

formed on Au that is first modified with an adlayer of Cu tend to be extremely resistant

toward electrochemical desorption and offer better protection against corrosive chemical

attacks.  An example from the work of Crooks and coworkers, shown in Figure 4.7,

illustrates this enhanced property of Cu-UPD based SAMs.  In Figure 4.7, both Au oxidation

and Cu oxidation (the oxidation of the Cu UPD layer) have been effectively passivated by the

modification with a sufficiently thick alkyl thiol.  Furthermore, it is evident from Figure 4.7,

that the effective potential window has been expanded by the presence of the Cu UPD layer.

The stability and structure of Ag and Cu UPD based SAMs has been largely attributed

to the heightened interaction between the sulfur headgroups of the alkanethiols with the

UPD-modified substrates, as well as, a larger degree of van der Waals alkane interactions.9

However, it has been pointed out that the UPD process is highly dependent upon other

experimental factors, most notably the anions present during the electrolyte.  As will be seen,

this is just one of the many nontrivial concerns to be considered when attempting to deposit

UPD layers on metallic surfaces.
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Figure 4.7.  LSV of (A) Au, (B) Au / Cu-UPD, (C) Au / Cu-UPD / SAM – CH3(CH2)4SH, (D) Au /
Cu-UPD / SAM - CH3(CH2)7SH, (E) Au / Cu-UPD / SAM - CH3(CH2)11SH and Au / Cu-UPD / SAM
- CH3(CH2)15SH.  Solution conditions: 0.1 M HClO4 ; ν = 10 mV/sec.  Anodic peaks (*) in scans B-D
results from the oxidation of the Cu-UPD adlayer.  Note that the oxidation potential of the Cu-UPD
increases with increasing SAM thickness.  On even thicker SAMs (scans E &F) neither Cu or Au
oxidation is observed (Figure from Ref. 11c).

4.3.3.  Methods of Depositing UPD Layers

A variety of methods exist for the UPD of Ag on Au and each type was explored

before even attempting to involve cyt c in the system.  Laibinis and coworkers used a simple

cyclic voltammetry technique where the potential of the gold working electrode was scanned

from 200 to 650 mV (vs. Ag0/+ RE) and held for some time at a potential just negative (~50

mV) of the UPD peak.8,9  In examining a survey voltammogram of a similar system, the

choice of the parameters is justified (See Figure 4.8).  The potential range is chosen to avoid

any significant oxidation of Au (@ > 700 mV) and before the reduction of bulk Ag (@ < -50

mV).  By restraining this experiment to this potential window (+0.200 ↔ +0.650) the activity

of these reactions is minimized, allowing smaller backgrounds to help elucidate the small,

sharp UPD peaks (not shown in Figure 4.8).  Work by Gewirth and coworkers demonstrated

that scanning the potential beyond these limits results in the loss of sharp UPD features and

possible shifts in the UPD peak position, making the UPD peaks much more difficult to

identify.7a
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Figure 4.8.  Survey cyclic voltammetry: 0.6 mM Ag2SO4 in 0.1 M H2SO4; 20 mV/sec.  Potential
window for Ag UPD layer redox processes is expected to be between +0.2 and +0.6 V – before
bulk Ag redox activity and out of the region where Au-oxide (Au-oxidation) occurs.7-9

Researchers in Hawkridge’s laboratory,10 developed a chonocoulometry method for

depositing UPD layers on gold in conjunction with a quartz crystal microbalance (QCM).

The general waveform, shown in Figure 4.9, involves initially stepping the potential to a

point much more negative than the UPD potential, but still positive of the bulk Ag deposition

potential, so that the UPD process proceeds extremely fast.  The potential is held at this point

for some time until the UPD layer is completely formed and then stepped back to an

intermediate potential that effectively shuts down the UPD process.  This technique is

significantly aided with the use of the QCM, which can independently signal the completion

of a Ag UPD layer on the Au surface.  Without a QCM, it is much more difficult to evaluate

the progress of UPD layer formation.

4.3.4.  Results and Discussion  --  Ag UPD Layers

Experiments were first carried out with the objective of depositing a reproducible Ag

UPD layer on the evaporated Au substrates.  Unfortunately, many of these experiments were

unsuccessful, producing results that were hard to interpret and nearly as difficult to

reproduce.  The first attempts at producing a Ag UPD layer on Au involved the use of

electrochemically cleaned evaporated Au films and a Ag/AgCl reference electrode, but this

led to problems with chloride contamination.  Based on these results and on literature

reports,8,9 it was decided to utilize a Ag+/0 reference electrode, a Au wire counter electrode,
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Figure 4.9.  Waveform of the chronocoulometry experiment depositing Ag-UPD layers on gold.10

For the experiments in this research, this waveform was used by stepping the potential to a value low
enough to induce the UPD process (deposition) at approximately +300 mV, holding the potential at
that magnitude for a set amount of time (tupd-deposition = 10-180 sec.), and then stepping back to an
intermediate or the initial potential, +400 mV or +500 mV, respectively.

and an alternative cleaning procedure, namely piranha cleaning.  The use of a Ag+/0 RE

eliminates a source of chloride contamination and the piranha cleaning provides a surface that

is free of organic contaminants, as well as choloride.  Further experimental aspects are laid

out in the Experimental Details Section of this chapter.

Ag UPD is expected to appear in the 500-550 mV (vs. Ag+/0) range as sharp singular peaks,

similar to those shown in the literature example in Figure 4.10.  In this project, however, the

cyclic voltammetry method of depositing Ag UPD layer produced results such as that shown

in Figure 4.11.  Although cathodic and anodic peaks did appear in approximately the correct

potential range, they were inferior to those reported in the literature (Figure 4.10).

Less-than-spectacular results were also achieved using the chronocoulometry method

described by Hawkridge and coworkers.10  To deposit the UPD layer, a potential step to +500

mV was applied for 10 seconds, followed by a potential step to +300 mV for 30 seconds.

Afterward, a linear scan toward positive potentials was commenced to oxidatively remove the

Ag UPD layer.  An anodic spike of current during this type of scan would support the

existence of the Ag UPD layer on the Au surface.  In many instances, an anodic spike of

current was recorded and, based on its size and nature, attributed to Ag UPD oxidation

(Results not shown).  However, these results were also difficult to repeat and lacked

consistency and clarity.  Furthermore, the charge passed during the chronocoulometry was

noticeably lower than expected, a result also obtained by other researchers.7a,12
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Figure 4.10.  Example of cyclic voltammetry showing the characteristically sharp peaks of
the UPD layer deposition and oxidative stripping (Figure from Ref. 12).
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Figure 4.11.  Cyclic voltammetry of Ag-UPD experiment on piranha cleaned evaporated gold.  Peaks
centered around +550 mV are suspected to be the result of the Ag-UPD layer being deposited by
reduction and oxidized (stripped) off the surface.  The peaks, however, appear to be uncharacteristic
of UPD voltammetry seen in the literature.12

In spite of the difficulties encountered with depositing a reproducible UPD layer,

some experiments with SAMs were undertaken and yielded interesting results.  The first

SAM experiments focused on UPD modified gold, which have previously been described in

the literature.7-10  After repeated application of a chronocoulometric waveform to strip and

deposit a Ag UPD layer on the gold, a final UPD layer was deposited with a step to +300 mV

for 180 seconds.  Afterward, an octanethiol SAM was immediately formed on the UPD
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modified surface.  Likewise, SAMs without UPD layers were also prepared as a control

group.  These SAMs were then characterized with redox probe voltammetry and reductive

desorption voltammetry.  The results of HMFc probing are shown in Figure 4.12.  From these

results, the SAM atop the Ag-UPD layer exhibits vastly improved blocking ability toward the

redox probe than the control SAM.
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Figure 4.12.  HMFc (0.2 mM) redox probe voltammetry at a n-octanethiol SAM on evaporated Au (a) and
at a n-octanethiol SAM on Ag-UPD modified evaporated Au (piranha cleaned) (b) – Solution conditiions:
0.1 M HClO4 ; 100 mV/sec.

A reductive desorption sweep for octane thiol/Ag-UPD/gold is shown in Figure 4.13.

No significant desorption peaks were detected in contrast to control SAM experiments, which

exhibit multiple peaks at -1.0 to -1.2 V (See Figure 4.5).  The lack of a desorption wave

suggests that the SAM has been stabilized considerably by the presence of the UPD layer.

These results seem consistent with the HMFc probe results, and together they indicate that a

pure alkyl SAM on a Ag-UPD layer are more ordered with fewer defects than SAMs on Au.

Nonetheless, because these UPD experiments were difficult to reproduce, any firm

conclusions should wait until additional experiments are performed.

Why were these results so difficult to manufacture, reproduce, and understand?

Several reasons for these difficulties became elucidated during this research.  First of all, Ag

UPD deposition is expected almost 500 mV positive of the bulk Ag reduction (see Figure

4.8).  In the case of sulfate electrolytes, which are usually advantageous for Ag-UPD layer

formation, it is known that unpredictable anionic discharge can occur.7a  As a result, the
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Figure 4.13.  LSV SAM desorption sweep of an octane thiol SAM on Ag-UPD modified evaporated Au.

charge passed during deposition can be indiscriminate and non-quantitative.  The anion

discharge phenomenon, which is not well understood, renders the chronocoulometry method

of depositing UPD layers much more difficult because the charge passed cannot be correlated

to surface coverage.  The choice of Au substrate also plays a critical role in forming quality

UPD modified Au for supporting SAMs.  It has been suggested by Jennings and coworkers

that piranha-cleaned Au performs poorly in both UPD and self-assembly experiments.

Conversely, freshly evaporated Au, used soon after creation, seems to have a much better

reputation in UPD experiments.12

Experiments were performed with Au freshly evaporated onto clean glass mounts.

The experiments were run only hours after the Au had been evaporated.  Using CV, a Ag-

UPD layer was deposited on the fresh gold surface and subsequently stripped off, as shown in

Figure 4.14.  The voltammetry is still not first rate but does come closer to resembling the

UPD voltammetry shown in Figure 4.10.  This result could not be reproduced after the Au

substrate had aged 48 hours, indicating that ambient contamination impacts the Ag-UPD on

gold quite significantly.
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Figure 4.14.  Stripping / depositing voltammetry of Ag-UPD layer on a freshly prepared
evaporated Au film on a glass substrate.  Solution conditions: 0.6 mM Ag2SO4 in 0.1 M H2SO4; ν
= 20 mV/sec.  This figure can be directly compared with Figure 4.10.

4.3.5. Piranha Cleaning vs. Electrochemical Cleaning  -- The Cyt c Response

One offshoot of this UPD venture was the implementation of piranha cleaning for Au

electrodes.  Piranha cleaning is quick, simple, and involves immersing the Au substrate in a

solution comprised of concentrated sulfuric acid and hydrogen peroxide (30%) in a ratio of

4:1 for approximately 30 seconds while stirring.  Further experimental details for piranha

cleaning can be found at the end of this chapter.  Piranha cleaning has the additional

advantage of not exposing the gold surface to chloride ions.  It was of interest to investigate

how piranha cleaning of gold alone affected the cyt c response on SAM as compared to the

traditional electrochemically cleaned electrodes (Note: there are no UPD layers involved in

these experiments).  Typical CVs of cyt c adsorbed on C11OOH SAMs modifying both

electrochemically and piranha cleaned Au surfaces are shown in Figure 4.15.  The

electrochemical properties are summarized in Table 4-2.  From these results, it seems that

there is little difference between the two techniques.  The only apparent differences noted are

the slightly higher values for FWHM and ∆Ep of the piranha cleaned systems.  In addition,

there appears to be a two-fold increase in ket
° of the cyt c on electrochemically cleaned

evaporated gold, a result perhaps due to the roughening effect of this pretreatment.  These
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results suggest that piranha cleaning, because of its ease and nondestructive nature, should be

given serious consideration as an alternative method for cleaning evaporated Au surfaces for

cyt c experiments.
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Figure 4.15.  Cyclic voltammetry of cyt c adsorbed on a C11OOH SAM formed on (A)
piranha cleaned evaporated gold and on (B) electrochemically cleaned evaporated gold.
Voltammetry collected at 100 mV/sec in 4.4 mM KPB (pH=7) and is shown with
corresponding SAM background signals, taken in the absence of adsorbed cyt c.
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Table 4-2. Voltammetry Cyt c / C11OOH SAM  - Electrochemical Properties
(Piranha  vs. Electrochemically Cleaned Evaporated Gold)a

System Au Prep.
E°°°°′′′′

(mV)b
∆∆∆∆Ep

(mV)b
ΓΓΓΓ*

(pmol/cm2)b,d
FWHMc

(mV)b,d
k°°°°et
(s-1)c

Cyt c /
C11OOH

EC -27.2
(±3.3)

36
(±8)

9.1 / 10.0
(±2.3 / ±2.6)

117 / 131
(±14 / ±22)

9.6
(±1.9)

Cyt c /
C11OOH

PR -23.2
(±4.1)

60
(±3)

6.8 / 7.9
(±1.3 / ±1.2)

130 / 153
(±6 / ±11)

5.1
(±0.6)

a Results based on a minimum of three experiments (cells) each.
b Measured at ≤100 mV/sec scan rate.
c Measured using Laviron's theory for irreversible peak splitting (>200 mV) – see Ch. 2.
d Cathodic and anodic measurements shown, respectively.

4.3.6. Future Directions - Ag/Cu UPD Layers on Au

Unfortunately, this portion of the research never progressed to the point where Ag-

UPD layers on gold were consistently produced with any degree of confidence.  Therefore,

the effect of these UPD layers on the structure of the SAM, as it relates to the eventual

response of adsorbed cyt c on that SAM, remains largely unexplored.  A logical next step in

this project would be to produce these UPD layers on freshly evaporated Au films, or

otherwise identify conditions leading to reproducible results.  Many UPD researchers utilize

silicon wafers as substrates for evaporated gold films.8,9,13  To ensure mechanical stability of

this type of substrate for UPD experiments, several pretreatments of the silicon wafer have

been suggested, especially if the gold is evaporated onto the silicon without co-depositing an

adhesion layer.   Coating the Si wafer with (3-Mercaptopropyl) trimethoxysilane to act as an

adhesive for the Au14 and electroplating Ni onto freshly evaporated Au on mica and then

electrochemically stripping the mica away are both ways of preparing “fresh” gold with

stabilized Au(111) character.15  From the results that have been presented here, it appears that

using “fresh” gold provides the best chance at forming successful UPD layers.

Based on the encouraging preliminary results obtained on methyl-terminated SAMs,

which indicate more stable and less defective SAMs result from using UPD layers, it would

naturally be of interest to extend this work the COOH-type SAMs used for cyt c

electrochemistry.  The Ag-UPD/Au substrate could prove to be a most worthwhile platform

for further exploration of the role of SAM defects on protein electrochemistry.
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4.4.  FUTURE DIRECTIONS FOR THE SAM/CYT C INTERFACE

The possibilities for experiments that alter the SAM/solution interface are endless.

Basically, developing SAM innovations in the literature can be applied to the cyt c/SAM

interface in this research.  Numerous experiments can be designed to specifically manipulate

the density of defects in SAMs or to probe specific interactions between the protein and the

surface.  One of the more interesting concepts in the SAM literature dealing with defect sites

involves blocking a significant amount of the defects in the SAM with a polymer.16  This type

of experiment, when applied to the cyt c system here, may help to divulge further information

about the role of defect density in the cyt c electrochemistry.  Other defect oriented future

experiments may involve the incorporation of electroactive moieties such as ferrocene

terminated alkanethiols into SAMs at defect sites.8,17

As far as the actual SAM being employed in these studies, SAMs of multiple

combinations of chain lengths and endgroups can be employed to emphasize different

degrees of hydrophobic, electrostatic, or other surface related intermolecular forces.  Mixed

SAMs of both Type I and Type II structure can be used to elucidate both defect site effects

and interfacial interactions.  More specifically, Type II SAMs can be formulated to create

nano-sized adsorption sites in the SAM to test cyt c behavior in highly hydrophobic

environments, thus elucidating the influence of hydrophobic forces in the system.  A similar

study involving ferrocene molecules on SAMs where they are encapsulated in hydrophobic

environments has already been performed.18  Additionally, a cyt c study designed to link the

protein’s adsorption to defect density can be achieved by systematically introducing defects

into a uniform SAM as described in an article by Crooks and coworkers.19

Along the lines of manipulating defects in the SAM to see how cyt c adsorption is

affected, it is proposed that SAMs formed on mercury films should be pursued in the future.

SAMs formed on mercury have already been explored by Harrison and coworkers20 and are

of interest in this type of research because they are liquid-like and have no inherent surface

structure.  Therefore, as a substrate for a SAM, there would be no surface features (step

edges, grain boundaries, etc.) to cause defects in the SAM.  The electrochemical response of

cyt c at these “ideal” Hg based SAMs would be interesting.  Considering the results presented

throughout this work, the response of cyt c such a platform is expected to be nonexistent, and
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preliminary experiments have already supported this expectation.21  It is further speculated

that mixed SAMs on the same mercury films can be introduced to see if cyt c response is

regenerated upon the installation of a new, rougher, molecularly textured surface.  The

interface of the SAM with the solution and how the surface of the SAM interacts with the cyt

c remains a lucrative and largely untapped area of research for the future.
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4.6  EXPERIMENTAL DETAILS

Electrochemistry was performed as previously described in Chapter 3, using the same

potentiostat, cell, solutions, and SAM deposition procedures.  Specific differences in

procedures and equipment that pertain to this chapter are highlighted below.

4.6.1.  Thermal Healing Experiments

Thermal healing experiments were performed on evaporated Au substrates that were

electrochemically cleaned as previously described in a cleaning solution of 0.1 M H2SO4 and

0.01 M KCl.  Both 11-mercaptoundecanoic acid and 14-tetradecanoic acid SAMs were

prepared as outlined in the Experimental Details section of Chapter 3 for a fixed number of

cells.  After the normal deposition period of 72 hours, half of the cells were immediately

rinsed, exposed to cyt c/KPB (10-25 µM) solution for 1 hour, and subsequently rinsed and

tested for cyt c response.  These cells were used as controls.  The remaining cells were

allowed to retain their thiol deposition solution ( 5mM thiol in ethanol) for the thermal
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healing process.  The cells were connected via their water jackets to a temperature controlled

water bath (see Figure 4.16), and a thermometer was used to monitor the solution temperature

just above the SAM layer.  Prior to being connected to the experimental cells, the water bath

was calibrated using a dummy cell equipped with a thermometer.

H2O
from
bath

H2O
to

bath

Au

 Thiol/ethanolic solution

Figure 4.17.  Experimental apparatus for thermal healing of SAMs in the electrochemical cell.  A
water bath is connected to the glass jacket of the cell and is allowed to circulate temperature
controlled water continuously.  By controlling the temperature of the water bath, the temperature
within the cell, and subsequently around the SAM, can be manipulated and controlled as seen in Table
4-3.  In this manner, the electrochemical cell can be used for temperature controlled (both heating and
cooling experiments on electrochemical systems.

The actual thermal healing process involved heating the deposition solution to 77-

78°C and holding the cell at that temperature for one hour.  CAUTION: Care is required

because the deposition solution tends to evaporate and must be replenished from time to time

during the 1 hour procedure.  After completion of the thermal healing, the cell was removed

from the water bath, rinsed in the usual way (with EtOH and M/Q H2O), exposed to cyt c

solution in buffer for 1 hour, and tested for cyt c electroactivity.

4.6.2.  Ag UPD Experiments

Based on recent literature accounts,7a initial Ag UPD experiments were performed as

cyclic voltammetry in a 0.6 mM Ag2SO4 in 0.1 M H2SO4 verses an in-house built Ag+/0

reference electrode and utilized a piranha cleaned evaporated Au substrates.  Survey scans

were performed in a potential window spanning from 1.0 V to -0.200 V.  UPD deposition

voltammetry involved a much smaller window (+200 to +400 mV) that avoids both bulk Ag

redox processes and precedes the Au oxidation region at higher positive potentials.

The second stage of Ag-UPD experiments involved the asymmetric double potential

step, chronocoulometry technique described in literature by Hawkridge’s laboratory.10  The

actual waveform of this technique is the focus of Figure 4.9.  These experiments, like the
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previous UPD experiments, all took place on piranha cleaned evaporated Au substrates,

utilized the same Ag+/0 reference as before, as well as, the same Ag solution.  The potential

was stepped to +300 mV and held there for 90-180 seconds.  In some instances, voltammetry

was performed immediately after the potential step and step time to voltammetrically strip off

the deposited UPD layer.  This was largely done to verify the chronocoulometry was

successful.  Control SAMs and the experimental UPD SAMs were then probed with HMFc

and desorbed with LSV as described in Chapter 3.

The last round of Ag-UPD involved voltammetry scans in 0.6 mM Ag2SO4 and 0.1 M

H2SO4 at freshly evaporated gold on glass substrates.  Scanned from +0.200 to +0.650 V, all

of the successful UPD experiments on these substrates were performed on the same day as

the gold was evaporated.
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THE CYT C/SAM/GOLD SYSTEM ON A MOLECULAR LEVEL:

A SCANNING PROBE MICROSCOPY STUDY

CHAPTER FIVE

“God made the solid state, He left the surface
to the Devil.” – Enrico Fermi

Au substrate

SAM

Cyt c

SPM
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5.  THE CYT C/SAM/Au SYSTEM ON A MOLECULAR LEVEL:
A SCANNING PROBE MICROSCOPY STUDY

The final chapter of this dissertation describes efforts direct toward imaging and

characterizing cyt c/SAM/Au interfaces with scanning probe microscopy (SPM).  SPM

techniques such as scanning tunneling microscopy (STM) and atomic force microscopy

(AFM) are used to describe the surfaces of the gold substrates, SAMs, and proteins involved

with this type of research.  SPM provides the unparalleled opportunity to probe these

interfaces at a molecular level, illuminating a degree of detail crucial to the overall

understanding of this ET model system.  Unlike a population experiment, like

electrochemistry, SPM is capable of exploring the specific electronic states and topographical

features of a surface or interface.  Understanding these types of properties in a chemical

system is essential to any successful surface science.  With SPM, a more detailed molecular

understanding of the cyt c/SAM/Au system can be achieved, further defining the ET system

and promoting PME as an effective tool for studying ET.

Although SPM has enjoyed a rich amount of research attention in recent years,1 it is a

relatively new direction in the Bowden Research Group.  Because of its unprecedented use in

the Bowden Laboratory, progress toward established goals has been slow but has made some

significant strides.  Much of this chapter is dedicated to the research that has been completed

to date on this subject, while other major parts of this chapter discuss the reasons for failed

results, as well as, prospective experiments for the future.  Discussion about how the

individual SPM techniques operate is reserved for the Experimental Details Section of this

chapter (Section 5.6).

To fully grasp the potential application of SPM to the cyt c/SAM/Au system, a review

of some of the specific goals set forth in the Bowden Research Group is appropriate at this

time.  Beyond the successful imaging of each major surface involved with this system, other

research goals involved the accurate determination of cyt c coverage and their spatial

distribution on the SAM surface.  Much of the proposed work revolves around exploring the

adsorption sites of the SAM.  SPM imaging of the gold surface, as well as, the surface of the

SAM interface with solution provide a means of evaluating the microscopic characteristics of

different defect/adsorption sites and will greatly benefit the ultimate determination of their
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structure-function relationship.2  Delineating the microinterfacial environments at specific cyt

c adsorption sites, such as those localized at defect sites versus sites in highly ordered, defect-

free portions of the SAM, is of extreme interest.  Eventually, it is foreseen that SPM

techniques could be utilized on this system to identify or differentiate between individually

adsorbed, electroactive or electroinactive cyt c molecules on the surface.  SPM experiments

are envisioned involving the use of Pcyt c in the same capacity as described in Chapter 2,

where the microscopy techniques can be used to differentiate between the two adsorbed

species, cyt c and Pcyt c, thereby allowing an assessment of the type of adsorption sites on

surface.  Achieving these goals has not been a trivial task, as the experimental pitfalls and

complications of SPM are numerous.  The results of SPM experiments completed on this part

of the project are described in subsequent sections, along with corresponding discussion

about the problems that were encountered.

5.1.  SPM: THE GOLD SUBSTRATE

SPM was performed on several types of Au substrates as part of an effort to define the

role of gold topography in cyt c voltammetry (Chapter 3).  SPM provided microscopic

evaluation of surface topography that could be used to supplement electrochemical data.  The

following paragraphs present SPM imaging of each substrate with a brief description of what

each image portrays.  Some of the results from this chapter have been incorporated into the

structure of the research described in Chapter 3.

STM and AFM experiments were performed on evaporated Au surfaces after being

electrochemically cleaned.  The resulting images, shown in Figure 5.1, exhibit excellent

agreement with literature reports and display what is commonly referred to as “sand dune”

topography.3  Figure 5.2 shows a similar STM image and denotes an area (bottom left of

image) for which a mean roughness has been calculated.

In Section 3.3 of Chapter 3, hydrogen flame annealing was explored as a method for

altering the gold topography of evaporated gold by reducing the roughness.  Evaporated Au

films that had been annealed for approximately 30 seconds were imaged with the STM.  A

representative image, shown in Figure 5.3, may be compared to images of electrochemically

cleaned gold (Figure 5.1 & 5.2).  The surface has not become overwhelmingly smooth upon
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Figure 5.1.  Contact mode AFM image (1µm x 1 µm) of an evaporated Au film electrode
(top).  Contact mode AFM image (1µm x 1 µm) of an evaporated Au film electrode after being
“cleaned” by an electrochemical cycling procedure using 0.1 M H2SO4 and 0.1 M KCl
(bottom).
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Figure 5.2.  Roughness analysis of an STM image of evaporated gold that has been
electrochemically cleaned.  Note the “box statistics” for the outlined part of the image (bottom left
corner).  The instrument automatically calculates several roughness factors for the surface, including
RMS roughness or Rq as previously described in Chapter 3.

annealing, but does feature significant changes including a difference in the images

themselves where the grains are less defined and somewhat larger and a reduction in the

calculated mean roughness.  In examining these images, however, it is important to

remember that, based on reason described in Chapter 3, the annealing of these type of

evaporated Au films was discontinued.

SPM images were not obtained for bulk Au samples.  Instead, literature reports,4

especially from Creager’s group,4a were used to gain insight into the topography of bulk gold.

Optical photomicrographs, shown in Figure 5.4, depict a “splotchy” pattern for aqua regia

etched bulk gold, with regions of bright, shiny gold, as well as, regions of yellow and dull

orange colored gold.  This “particle board” surface structure can be destroyed through

abrasive polishing and reinstated through chemical etching (i.e. aqua regia exposure).  The

different regions of this surface were attributed to single grains of Au in this polycrystalline

material.4a
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Figure 5.3.  Roughness analysis of an STM image (Vb = 2.0 V; It = 2.0 pA; scan rate = 1 Hz) of
evaporated Au that has been electrochemically cleaned and then subsequently hydrogen flame annealed.
The mean roughness calculated for the lower left hand corner of the image can be compared to the
roughness data on the previous image (Fig. 5.2) – unannealed, electrochemically cleaned evaporated
gold.  After a smoothing pretreatment like HFA, the surface of the evaporated gold, while exhibiting a
lower roughness factor, is still grainy and rough overall.

In spite of the roughness of the aqua regia etched bulk gold surfaces, as displayed in

the SEM images of Figure 5.5, the roughness is considered a macroscopic characteristic of

the topography.  It was suggested by Creager and coworkers that the triangular and

rectangular pits, seen in the figure, are the different crystal facets of gold which cause the

material to have the “splotchy” appearance that is observed.  Furthermore, it was proposed

that the crystal planes that comprise the angular facets are themselves atomically smooth and

single crystalline in nature.  Therefore, the aqua regia etched bulk Au surface can be

summarized as macroscopically rough, but microscopically smooth.4a  Unfortunately, this

type of surface does not allow for ready imaging via STM/AFM.  The large variation in

roughness across the area make a SPM experiment prone to crashed tips and obscured image

collection.  STM imaging, shown in Figure 5.6, compares the surface topography and

microscopic roughness of these bulk Au samples to that of evaporated Au films.  The bulk
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gold sample is clearly rough, but, as shown in Chapter 3, can be thermally annealed to be less

rough, especially when compared to evaporated gold substrates.  Also, bulk gold contains a

high density of grain boundaries due to its polycrystalline nature.

Figure 5.4.  Optical photomicrograph of bulk gold substrates after etching in dilute aqua
regia (top) and after repolishing and re-etching in aqua regia (bottom) – white lines to the
left of the image are each 1 mm apart (Figure from Ref. 4a).
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Figure 5.5.  Scanning electron microscope images of bulk gold electrodes after being etched in aqua
regia: A) at low magnification showing etch pits on one crystal face and nominally flat areas on other
faces, B) at higher magnification from the center of image (A), and C) at higher magnification from
the right side of image (A) – (Figure from Ref. 4a).
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Figure 5.6.  STM images of evaporated gold substrates (top) compared to bulk gold after chemical etching
in aqua regia (bottom).  Corresponding cross-sectional analyses are included on the right side of the figure
(Figures from Ref. 4a).

SPM imaging of the Au(111) single crystal used in this work was performed by Mike

Tarlov and Greg Poirier of NIST prior to the start of this research.  The STM imaging is

shown in Figure 5.7 and reveals the expected topography of Au(111) - a plateau-laden terrain

with a high density of gold step edges (see figure insets), although the number of step edges

for a Au(111) can be far fewer.  The surface can be “refreshed” by annealing which reforms

well defined terraces and step edges and maintains an exclusively Au(111) crystal

orientation.5  Single crystal gold can be summed up as a flat, single crystal material, with a

surface comprised of gold terraces and a high density of step edges.
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Figure 5.7.  STM images and cross-sectional analyses of a Au(111) substrate.  The central image’s
dimensions are 3500 Å x 3500 Å.  Images taken by Greg Poirer (NIST) – Figure from Rose Clark,
Ph.D. Thesis, 1995).
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Figure 5.8.  STM image of gold epitaxially grown on mica substrates.  Gold step edges are visible
throughout the image and indicate that the surface is extremely flat on these plateau-like areas (Vb
= 1.0 V; It = 5.0 pA; scan rate = 1.0 Hz).  These large flat areas are beneficial when attempting to
use gold/mica substrates as a backdrop for imaging adsorbates on a surface.

Because Au epitaxially grown on mica provides the most superior surface for SPM

experiments, a great deal of time was devoted to characterizing these surfaces with SPM.  A

topographical survey, or wide scan, of a Au/mica surface is shown as Figure 5.8 and is in

excellent agreement with similar SPM imaging of Au/mica found in the literature.3a,6  At this

image size, plateaus of flat Au are just barely discernible.  The flat plateaus are separated, as

will be shown, by single Au atomic steps.  These rather large, gold atom terraces, combined

with a lower density of step edges than the Au(111) single crystal, are the overriding reasons

for this substrate’s widespread use by SPM scientists.  Figure 5.9 shows the same scan with
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an area designated for a mean roughness calculation by the instrument.  Assuming this

sampled area is representative of the entire surface, the mean roughness reflects, especially

when compared to evaporated gold, the inherently smooth surface of Au on mica.  With flat

Au terraces of this size, adsorbates of small dimensions can be imaged with excellent

resolution on these surfaces.

Figure 5.9.  Roughness analysis of a STM image of Au on mica.  The RMS roughness (Rq) of
the designated area (top left) may be compared to the SPM based roughness factors calculated
for Figures 5.2 and 5.3.

STM imaging aimed at characterizing the gold step edges of the Au/mica substrates

was carried out.  Figures 5.10 and 5.11 show smaller scan size images of two well defined Au

step edges.  From literature accounts, gold step edges are expected to have an approximate

height of 0.2 nm.  Accompanying the images in these figures are cross-sectional analyses.

The cross section analyzed from each image is marked with a solid black line on the image

and displayed in the upper left section of the figure.  Colored arrowheads indicate markers for

distance measurements, which are listed on the right side of each figure.  As shown by the red

arrowheads, the height of the step edges of each cross sectional analysis are 0.192 nm and

0.211 nm, respectively.  Also of note from these images is the “pitting” seen in some of the

images.  Au/mica substrates were frequently pretreated with hydrogen flame annealing as

recommended by the manufacturer.7  Some of the substrates were quenched in methanol or

exposed at some point to chloride based solutions.  The pitting, which was not always present
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in the imaging here but is often seen in the literature, is thought to be the result of chemical

etching or a natural artifact of the annealing process.8

Figure 5.10.  Sectional analysis of a gold step edge – a prominent surface feature of the gold on mica
topography.  The cross-section outlined in the top portion of the figure is shown in the STM image
(below) with a black horizontal line.  Red arrowheads are positioned on both the image and the cross-
sectional outline to measure the height of the gold step edge (displayed numerically to the right of the
figure).

Step edges are a prevalent feature of the Au/mica topography.  The step edges of

Au/mica usually separate large, flat plateaus of gold.  An example of a gold plateau is shown

in Figure 5.12 with corresponding cross sectional analysis.  This gold plateau is

approximately 50 nm across and is bordered by step edges of about 0.191 nm in height (see

figure).  This result was one of the first images taken during this research and is nicknamed

“Russ’ Island” (see Special Acknowledgments section of this chapter).  Plateau topography

such as that displayed in Figure 5.12, makes Au/mica a popular choice of substrate for SPM

experiments of all kinds.

The low surface roughness of these surfaces originates from the atomically flat mica

template on which the gold is grown.  In fact it is possible to peel deposited gold off of mica

and use the underside (gold surface that was in direct contact with the mica) as an extremely

flat substrate for SPM imaging of adsorbates.9  In summary, Au/mica substrates provide the
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flattest gold topography generally available, possessing predominantly Au(111) single crystal

character and having a relatively low density of step edges.

Figure 5.11.  Sectional analysis of another gold step edge from a STM image of gold epitaxially grown
on mica.  Gold step edges separating flat, atomic terraces of gold are common to Au/mica topographies.

Figure 5.12.  STM image and cross-sectional analysis illustrating the atomic step plateau
topography of gold on mica.
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5.2  SPM: SAM/SOLUTION INTERFACE

Obviously these is a substantial need to characterize the SAM/solution interface with

SPM.  Unfortunately, all attempts at imaging gold surfaces modified with carboxylic acid

terminated alkane thiols failed.  In some cases, the images (not shown) were unable to be

interpreted with confidence and, in other cases, experiments often ended with “crashed”

probe tips.  The difficulties encountered with imaging acid terminated SAMs, however, are

not unprecedented in the literature.  Methyl terminated SAMs are routinely imaged with

molecular resolution by many scientists in the SPM field.10  This type of surface

(hydrophobic/hydrophilic), however, presents a much different imaging interface than the

surface of a carboxylic acid SAM (hydrophilic vs. hydrophobic).  Although few in number,

reports do exist of SPM imaging of hydrophilic, alcohol and acid terminated, SAMs.11  The

huge research effort directed at methyl terminated SAMs has led to improved comprehension

of the self-assembly process, as well as atomic resolution images of surface lattice

structures.12  However, since the focus of this research is essentially on COOH terminated

SAMs, a lengthy discussion about surface lattice arrangements of methyl terminated SAMs is

not warranted.

SPM images of hydrophilic SAMs are much less well-defined in terms of structure

and surface lattice.  The prevailing rationale is that the difficulty in imaging these interfaces,

primarily hydroxy, carboxylic acid, or amine terminated SAM interfaces, originates from the

hydrophilic character of the interface itself.  Surface hydrophilicity introduces two

complicating factors related to SPM imaging: 1) a decrease in the crystallinity which causes

the SAM to be less rigid and more fluid-like, especially at the interface and 2) an affinity for

the surface to pick up a layer of moisture or other hydrophilic adsorbates.  The first factor

renders the imaging of such surfaces extremely difficult, especially with the acid terminated

SAMs, which have been described as having a liquid-like, dynamic surface state.  Methyl

terminated SAMs, in comparison, are nearly solid at this same interface, exhibiting highly

crystalline, close packed structures, especially noteworthy with SAMs comprised of longer

chain length SAMs.

The other factor, foreign hydrophilic materials adhering to the surface, is also a

concern.  Very low set point currents must be employed in order to successfully image the
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SAM/solution interface of carboxylic acid terminated SAMs.  The low current is necessary in

order to increase the gap resistance, keeping the tip of the STM close enough to the surface to

maintain a tunneling current, yet far enough above the surface to prevent it from being

dragged through the SAM itself.   A common mistake made in trying to image hydrophilic

SAMs is using a set point current that is too high, causing the tip to maintain a gap distance

that is too small, resulting in tip penetration of the SAM.  Under these conditions the sulfur

headgroups of the thiol based films are sometimes mistakenly imaged instead of the SAM

interface.  At low set point currents that place the STM probe tip just at the endgroups of the

SAM, there is a risk of tip-adsorbate interactions interfering with the imaging process.  This

risk is increased if a layer of hydrophilic, foreign material is present on the surface being

imaged.  This hydrophilic layer, which is sometimes simply a layer of water from the humid

atmosphere, can interfere with non-conductive methods of SPM as well.  During SFM

(AFM) imaging of surfaces covered by an aqueous layer, the cantilevers (probes) can be

“snagged” by this water layer or experience shear forces disruptive to successful

imaging.11a,e,13  These complications can be combated by obtaining images in ultra high

vacuum (UHV) chambers.  Unfortunately, the option of UHV is unavailable for SPM

experiments being performed in the NCSU Chemistry Department.  Nevertheless, imaging of

hydrophilic SAMs, a delicate experiment requiring the experimenter to strike a balance

between set point current and gap resistance, has been accomplished in the literature with

somewhat controversial results.

-Future Directions for SPM of the COOH SAM/Solution Interface

Both -OH and NH2 SAMs have been imaged with more success than COOH

terminated SAMs, possibly because of their superior packing order.  This task may best be

accomplished by first investigating methods of creating more stable acid surfaces.  For

instance, perhaps the incorporation of mixed SAMs rather than uniform SAMs or the use of

Ag or Cu UPD layers beneath the SAM, as described in Chapter 4, will improve the stability

of the SAM structure to a point where the SAM interface can be reliably imaged by a SPM

technique.  Once reproducible and reliable imaging of acid SAMs has been achieved, the

SPM aspect of this project can expand toward more of the cyt c/SAM/Au system related
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goals.  The future of SPM as it relates to that system will be further discussed in a subsequent

section.

SPM of mixed SAMs figures to be an important part of future experiments in this

area.  With increased usage of mixed SAMs in cytochrome electrochemistry, the elucidation

of thiol distribution across the gold surface becomes an important goal.  Are they phase

segregated into domains or are they randomly distributed throughout the film?  SPM of

mixed films can provide the level of detail necessary to answer these types of questions, as

has already been demonstrated.14  Mixed SAMs can be homogeneously mixed or phase

segregated depending on the nature of the two components comprising the SAM.  The mixed

SAMs of immediate interest here, usually consisting of components separated in length by

less then 4 methylene units (Type I structure), are thought to be randomly distributed.

5.3.  SPM: PROTEINS (CYTOCHROME C)

During the past decade significant progress has been made with SPM imaging of

proteins, enzymes, and other biological entities.1a  In spite of this intense effort, controversy

regarding the exact mechanism of STM imaging of proteins remains vibrant.1  AFM, an

alternative form of SPM with a better understood imaging mechanism, presents other

challenges for imaging biological structures.  Some AFM methods require a greater degree of

probe-adsorbate interaction than STM, risking damage and/or translocation of adsorbates.

Furthermore, all SPM techniques require a well defined substrate where the target biological

molecule(s) can be adequately immobilized.  In light of these complications, successful

imaging of proteins by SPM techniques is a nontrivial task.

Most of the published work concerning SPM imaging of proteins has addressed large

biomolecule systems1a,15 such as ferritin.  The larger size provides a greater chance of

discerning some characteristic internal structure or the overall shape of the biomolecule.

More often than not, however, proteins that have appeared in SPM images resemble “fuzzy

blobs” accompanied by unrealistic dimensions and little or no scientific analysis.  As seen in

some of the better biological imaging reports, an image supported by supplemental

characterization such as IR spectroscopy or XPS usually carries much greater value.
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Known dimensions of biomolecules, often determined by crystallography, are usually

used as a means to identify masses in images.  However, extreme care should be used when

using dimensions to analyze images in this manner.  Images of biomolecules are usually

skewed to a certain extent.  Imaged biomolecules usually appear larger laterally and smaller

in height.  An example of this effect is shown in Figure 5.13.  It has been speculated that this

apparent alteration in size is the manifestation of several tip effects including one or more of

the following: physical compression of the biomolecule, tip enhanced current (STM only),

H2O layer effects, or dielectric constant changes.  Because of the skewed dimensions, cross

sectional analysis of imaged proteins is strongly encouraged.  Additionally, spatial volume,

rather than strict diameter and height measurements, can sometimes be a useful measurement

to compensate for the skewed dimensions.  It is believed that the spatial volume of the

imaged entity does not change dramatically, even if the dimensions of the mass are skewed.16

5.3.1.  SPM: Cytochrome c on Gold  - Experimental Results

Examples of using STM and AFM to study cyt c and similar small proteins are not

plentiful16-19 and quality images of cyt c are even more scarce.19a,d,e  Table 5-1 lists some

examples along with known dimensions and imaged dimensions.  In several instances, spatial

volumes have been calculated for comparison as well.  Cyt c is known from crystallographic

Figure 5.13.  Illustration depicting how SPM techniques can potentially skew the apparent
dimensions of an adsorbate being imaged.  In this example, the imaged protein, von Willebrand
factor (vWf) is made up of globular domains (GG) that are flanked by fibrillar domains (RR)
which surround a central nodule.  The SPM profile of this system (top) illustrates that the image of
the protein possesses clearly expanded dimensions for the globular domains.  If the probe tip is too
large, it may even be incapable of imaging the fibrillar domains at all.  This phenomenon is a
general manifestation of SPM imaging (Figure from Ref. 16).
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reports, to be globular in nature with an ellipsoidal shape and an approximate diameter of

3.0-3.4 nm.

Table 5.1.  Comparison of Known Protein Dimensions to Experimental
SPM Determined Dimensions

Protein System
(protein / surface)

Known
Dimensionsa

SPM
Dimensionsb,c

Cyt c551 / Au /
mica19d

a = 2.9 nm ; b = c = 4.9 nm
diameter = 3 nm
Vs = 14 x 103 Å3

6.9 x 4.4 x 0.9 nm3

diameter = 4.0-4.4 nm
height = 1.0-1.2 nm
Vs = 14(±2) x 103 Å3

Cyt c3 / Au / mica19d
a = 5.3 nm ; b = 6.8 nm ;
c = 3.5 nm ; d = 3.4nm

Vs = 2 x 104 Å3

diameter = 6-7 nm
height = 1.0-1.2 nm

Vs = 1.8(±2.2) x 104 Å3

Ferritin / Au foil15d diameter = 12 nm diameter = 11.5(±1.5) nm
height = 10.1(±1.3) nm

Hemoglobin /
HOPG17b

6.4 x 5.5 x 5.0 nm3 6.4 x 5.4 x 6.8 nm3

Lysozime / mica18e 3.5 x 3.5 x 5.0 nm3 diameter = 20 nm
height = 6-8 nm

G-Actin / mica18e diameter = 5.5 nm
 height = 6 nm

diameter = 15 nm
height = 10-14 nm

Cyt c / Evap. Au19a diameter = 3.0-3.4 nm diameter = 3.3(±0.5) nm
height = 0.5(±0.1) nm

a Known dimensions designated by letters were determined using crystallography; others were
determined using a variety of techniques including computer modeling and simulations
(see individual literature reports for more details).
b Experimental dimensions determined by some form of SPM including both STM and AFM
techniques.
c Spatial volume (Vs) is sometimes used to compensate for the skewed dimensions that SPM
may present.



238

Figure 5.14.  STM image (survey scan) of cyt c proteins on gold on mica – imaged in air (See
Experimental Details Section for more details).  Note the small dots representing individual
proteins on this surface compared to the surface shown in the image in Figure 5.8.
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Figure 5.15.  STM image of apparent single molecules of cyt c protein adsorbed onto a gold on
mica surface.  Notice that both the adsorbed cyt c molecules and the gold step edges are discernable
in the image (Vb = 1.0 V; It = 1.0 pA; scan rate = 2.0 Hz).

Cyt c molecules were dispersed on a previously annealed Au/mica substrate according

to the procedure laid out in the Experimental Details section of this chapter.  Figure 5.14

shows a survey STM image of the surface following protein deposition.  Small globular

bodies are discernible and are suspected to be cyt c molecules since they are conspicuously

absent from the image of bare Au/mica (Figure 5.8).  Ideally, SPM images should show a

clearly defined adsorbate and, at the same time, some discernible feature of the surface that is

characteristic to that particular type of surface (i.e. step edges, lattice pattern, etc.).  The

image of cyt c/Au/mica, shown in Figure 5.15, captures both of these topographical features:

individual cyt c molecules and step edges of the Au/mica surface.  Dimensional analysis,

performed by taking cross sections of the image, is given in Figure 5.16.  The lateral



240

Figure 5.16.  Sectional-analysis of two apparent cyt c from the image in Figure 5.15.  Red and green
arrrowheads mark diameter measurements while the black arrowheads are for height determinations.
Cyt c is expected to have a diameter of 3.0 nm.19a

dimensions of the imaged cyt c molecules in this study are in excellent agreement with values

found in the literature for other imaged cyt c diameters (See Table 5-1).19a,d,e  In all of these

reports and as expected, the lateral dimensions are slightly enlarged from crystallographic

measurements, most likely due to the imaging process itself (STM) and the hydrated nature

of the protein.  Another possibility for the larger than normal dimensions may be that the

protein is slightly denatured, having spent a significant amount of time (≥0.5 hrs) on a bare

gold surface.  The image in Figure 5.17 shows four individual cyt c molecules, of which one

appears to be damaged, perhaps from the motion of the STM tip being dragged across that

particular protein.  In any event, the quality of these STM images of individual cyt c

molecules equals or exceeds the best known images that have been published.2,19a,d,e  While

quality imaging of proteins, especially of small size, is still a novel accomplishment, it is

much more interesting to use SPM as a scientific tool to learn about the cyt c/SAM/Au

system on a molecular level.  The remainder of this chapter will focus on the presentation of

future experiments/projects that are designed to unlock the potential of SPM by applying it to

the cyt c/SAM/Au ET system, using it in a more significant manner to map out topographical

information and relate protein adsorption to specific characteristics of SAM structure.
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Figure 5.17.  STM image (top) of individual cyt c molecules adsorbed onto a gold on mica substrate
(Vb = 1.0 V; It=0.2 pA).  The image shows four individual cyt c molecules with the upper left protein
seemingly having been damaged by tip-adsorbate interaction.  Three dimensional view (below) of the
same four cyt c molecules at 40 nm x 40 nm.
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5.4.  SPM: THE CYT C/SAM/Au SYSTEM - CONCLUSIONS AND
FUTURE DIRECTIONS

SPM imaging of the complete cyt c/SAM/Au system has not been achieved yet due

largely to the difficulties associated with well resolved imaging the SAM itself.  There is

much, however, that could be done using this technique.  This section is devoted to possible

future experiments, including a fairly detailed description of a possible resonant tunneling

study.  Of major interest is an assessment of whether cyt c adsorption sites can be correlated

with specific defect features of the SAM that could arise at step edges, crystal grain

boundaries, or etch pits.2  Based on results in Chapter 3, SPM could be a good approach to

determine whether cyt c adsorbs on atomically flat terraces.  Accomplishing these tasks

would involve being able to routinely and effectively image gold substrates, SAM modified

gold substrates, and cyt c monolayers adsorbed to those gold substrates.  This type of imaging

would have to be performed in careful stages and is envisioned as a primarily ex situ project.

-Electrochemical SPM (ECSPM)

In situ SPM experiments performed under potential control, also known as

electrochemical scanning probe microscopy (ECSPM),1c,20 should also be pursued because of

its potential usefulness in gaining insight into surface electrochemistry.   Successful imaging

using ECSPM is expected to be challenging, but feasible.  In situ ECSPM is potentially a

powerful method of identifying specific cyt c adsorption sites at active interfaces and may

possibly allow for single molecule characterization and manipulation.  In situ ECSPM

experiments of this nature present several formidable obstacles that will have to be addressed,

including the need for specialized probes.  For electrochemical scanning tunneling

microscopy (ECSTM), for example, high quality insulated tips are required to minimize

extraneous currents and to increase the probability that current flow arises from electron

tunneling to or from the surface bound cyt c molecules.  Several procedures for preparing

coated tips of this nature are available in the literature.21

-Advanced ECSPM Experiments (Resonant Tunneling)

Successful ECSPM imaging of the cyt c/SAM/Au system would serve as the basis for

more advanced experiments that more fully utilize the potential of SPM as a scientific tool.

Even the most impressive protein images are usually subject to severe criticism due to the

nature of the imaging process.  As stated previously, many SPM images show proteins simply
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as “fuzzy blobs” with little or no supporting evidence to support interpretations.  More

credible SPM papers include supplemental evidence from other techniques to bolster

interpretations made with regard to the protein images.  Unfortunately, this approach usually

involves manipulating a single substrate with bioadsorbates through multiple characterization

techniques, a nontrivial task when one of the techniques is ex situ SPM which increases the

probability of natural degradation of the protein unless the environment is rigorously

controlled.  One criticism of this approach is that it involves the assumption that the entire

experimental substrate is realistically portrayed by the small area imaged by SPM.  It must be

assumed that the image is characteristic of the surface of the entire substrate, as well as,

nearly identical to the substrates being tested by other techniques.  Considering the substrate

to substrate variation witnessed with gold surfaces, the propensity for defects in SAMs, the

variation of SAM structure that can exist, and the sensitivity of the cyt c/SAM/Au system to

different preparation and pretreatment procedures, this is not always a safe assumption to

make.  When faced with this situation, a SPM technique or experiment that can perform the

imaging process while simultaneously and unambiguously distinguishing chemical identity is

an extremely attractive idea.  To this end, an exciting set of experiments are proposed that not

only address this exact dilemma, but also encompass most of the objectives of this research.

Recently, the phenomenon of resonant tunneling (RT) has been used in STM

experiments to chemically identify single types of molecules adsorbed onto surfaces.20a,22

Resonant tunneling experiments are performed by having a redox species adsorbed onto a

substrate that is under potential control.  Traditionally, a bipotentiostat, capable of

independently controlling the potential of two electrodes, is used for RT experiments.  As a

form of ECSPM, one of the two working electrodes is the substrate, while the other is the

STM tip itself.  The substrate’s Fermi level, via the bipotentiostat, is “tuned” to the reaction

potential of the adsorbed molecules.  Thus, this “tuning” effectively aligns the energy levels

of the substrate with the LUMO energy levels (redox orbitals) of the adsorbed molecules.22b,d

This is most easily accomplished by adjusting the substrate’s potential to formal potential of

the adsorbed redox species as determined from electrochemistry.  When this alignment is

scanned with the STM tip with a fixed tip-substrate voltage bias, the energy levels of the tip,

adsorbate, and substrate are aligned or brought into resonance with each other.  This overlap
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Figure 5.18.  (A) Schematic of a resonant
tunneling ECSTM experiment experiment
showing sample molecules and reference
molecules on a susbstrate being probed by a
STM tip. Vsub and Vbias are the substrate
potential (with respect to the reference
electrode) and the tip-substrate bias volatage,
respectively - both of which are controlled via
a biopotentiostat. (B) Energy diagram of the
resonant tunneling experiment showing the
Fermi level of Fe(III) - protoporphyrin IX in
relation to the Fermi levels of the substrate and
tip.  Note the alignment of the energy levels of
the tip and substrate with the LUMO of the
Fe(III) - protoporphyrin.22a

of redox orbitals results in a sudden and slight increase in orbital-mediated tunneling

current.22b  With a fixed tip-substrate bias, the increase in tunneling current is a manifestation

of the unoccupied orbital pathway that has been created by aligning the energy levels of the

tip, adsorbate’s redox orbitals and the substrate.  This pathway only exists when the

substrate/adsorbate has been effectively tuned to align the energy levels of the three

components.  Tunneling current usually exists anyway between the tip and substrate and, with

resonant tunneling, is simply mediated with a orbital pathway.  To compensate for this

sudden change in current, the STM will react to change the tunneling current back to its set-

point magnitude.  This is most easily accomplished by STM tip movement until the set point

current is again achieved.  Thus, resonant tunneling is perceived by the STM as an apparent

increase in height of the imaged molecules, thereby causing the molecules to “light up” in the

actual image.

The phenomenon of resonant tunneling is best illustrated by experiments by Tao and

coworkers.22a  Tao successfully performed resonant tunneling on Fe-protoporphyrins IX.  His

experimental apparatus and an example of resonant tunneling are shown as Figures 5.18 and

5.19 , respectively.  Fe-protoporphyrin IX is an ideal choice for resonant tunneling,

considering it can be readily immobilized on a flat graphite surface, undergoes fast ET

reactions, and has an excellent reference molecule to serve as its electroinactive compliment.
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Figure 5.19.  STM images of a Fe-protoporphyrin IX embedded in an ordered array of protoporphyrin
(reference) molecules while the potential of the substrate is held at a A) –0.15, B) –0.30, C) –0.42, D) –
0.55, and E) –0.65 V, respectively.  Corresponding cross-sectional analyses are shown for each image
(Figure from Ref. 22a).

Fe-protoporphyrin IX can be imaged along with protoporphyrin IX, a molecule with the same

structure but lacking the redox active Fe core (shown in Figure 5.20).  In this manner,

mixtures of different ratios of the two molecules could be used in resonant tunneling

experiments, allowing for the electroactive molecules to light up while the electroinactive

molecules remained dormant.  This type of experiment would allow the Fe-protoporphyrin IX

/ protoporphyrin IX ratios to be visualized in the resonant tunneling experiment by observing

the molecules that are lit up and those that are not.  This result is borne out by Tao’s research

in Figure 5.21 along with corresponding cyclic voltammograms that are supplied as further

evidence of the system being imaged.  Figure 5.22 illustrates the apparent height increase

found for molecules in the resonant tunneling condition.  The height increase is shown in this



246

Figure 5.20.  Sample (left) and reference molecule (right) studied by Tao’s resonant tunneling
experiments (Figure from Ref. 22a).

Figure 5.21.  STM images and corresponding cyclic voltammetry of Fe-protoporphyrin (sample
molecules) and protoporphyrin (reference molecules) adsorbed at a graphite substrate in 0.05 M
Na2B4O7 solutions at a ratio of A) 0:1, B) 1:4, C) 4:1, and D) 1:0.  All of the images were taken with the
substrate potential set to –0.41 V (the redox potential for Fe-protoporphyrin), a tunneling current of 30
pA, and a tip-substrate bias of –0.1 V.  The voltammetry shown was collected at 200 mV/sec (Figure
from Ref. 22a).
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Figure 5.22.  Apparent height, as measured by the STM resonant tunneling experiments, of the
imaged Fe-protoporphyrin relative to the protoporphyrin.  Data is shown for two different types
of STM probes (W and Pt/Ir STM probe tips) – (Figure from Ref. 22a).

figure as a function of applied potential to the substrate, further substantiating that the

resonant tunneling phenomenon occurs at the formal (redox) potential of the adsorbate, in

this case -0.48 V vs. SCE.22a  For the cyt c system being studied here, it is proposed that an

analogous experiment to the one just described may prove successful.

The cyt c system has several advantageous aspects that increase the probability that

resonant tunneling experiments would be possible.  In order to achieve similar resonant

tunneling results for cyt c, the protein must first be imaged to molecular resolution.  As

shown earlier in this chapter, this first obstacle is already being overcome (see Figure 5.17).

Resonant tunneling also requires an adequate reference molecule.  In the work by Tao,

protoporphyrin IX served this purpose.  For the cyt c system, porphyrin cyt c (Pcyt), as

produced by Vanderkooi and Erecinska23 and previously described by Rose Clark for

research efforts in our group (see Chapter 2), is an obvious reference molecule in the context

of resonant tunneling.  Pcyt c is cyt c which has had the electroactive iron atom has been

removed.  Thus, Pcyt c has no metal center to provide unoccupied orbitals for tunneling

current.  In all probability, its molecular orbitals are at very different energy levels than the

Fermi levels of the tip and substrate.22a  Therefore, even when the substrate is “tuned” to the

redox potential of cyt c, the energy levels of the Pcyt will still be effectively unaligned and

unavailable for resonant tunneling activity.  Pcyt c, therefore, essentially plays the same role

in these proposed experiments as the protoporphyrin played in Tao’s experiments.
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Another encouraging aspect of the proposed resonant tunneling of cyt c molecules is

that the porphyrin core of HH cyt c is identical to the Fe-protoporphyrin used by Tao.  Thus,

the protein environment may simply hinge on gaining access to this same porphyrin ring

inside the cytochrome’s protein shell.  The redox orbitals of adsorbed cyt c

are already routinely accessed during traditional voltammetry experiments performed with the

cyt c/SAM/Au system:

Cyt c (Fe3+)  +  e-  ⇔  Cyt c (Fe2+)       [Rxn. 5.1]

Thus it seems possible that, by setting the applied voltage of the substrate to the formal redox

potential of adsorbed cyt c, the probability of accessing these redox orbitals during a resonant

tunneling STM experiment may be significant.  With this in mind, a possible experimental

set-up of the proposed experiment is shown in Figure 5.23.  Upon examination of this

experimental apparatus, it bears a striking resemblance to the peak broadening experiments

described in Chapter 2, making the resonant tunneling form of the experiment highly

applicable and potentially very fruitful for understanding this system.  It is hopeful that this

experiment can show the same phenomena Tao showed with the porphyrin system.  Resonant

tunneling of cyt c, therefore, should be a major long term goal of the Bowden research effort.

The proposed cyt c resonant tunneling experiments are not without some major

hurdles.  Experimentally, resonant tunneling of cyt c will require highly insulated STM tips

with extremely low leak currents (< 1 pA).21,22a  Additionally, the resonant tunneling

experiment is best performed with a bipotentiostat as a three electrode experiment, including

a reference electrode.  Resonant tunneling experiments can, however, be conducted in a more

modest manner, with a two electrode set up, lacking a reference electrode. This type of

experiment is accomplished by simply ramping the voltage and monitoring the current

output.22c  If resonant tunneling occurs in this type of experiment, the corresponding current

response to the ramped potential change should also contain an additional spike of current

from the resonant tunneling affect.  A hypothetical example of such a result is shown in

Figure 5.24.  Unlike the four electrode experiment, however, the positioning (potential) at

which this current spike occurs will be arbitrary and undefined from the lack of a reference

electrode in the experiment.  Still, the experiment is valid, if at least to illustrate the viability

of more advanced experiments into resonant tunneling.
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Figure 5.23.  A) Hypothetical ECSTM experiment on cyt c molecules adsorbed at both defect sites and
ordered domains of a SAM on gold and B) a proposed resonant tunneling experiment for cyt c and
porphyrin cyt c.  SPM experiments under potential control figure to be a major aspect of future
experiments on this project.

Figure 5.24.  Hypothetical  sketches of
potential - current plots for a two electrode
resonant tunneling experiment where the
potential is ramped and the current response
is measured: black - reference molecules
(electroinactive) and red - sample molecules
(electroactive).

I
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Perhaps the most substantial obstacle to achieving resonant tunneling of cyt c

molecules is the fact the STM imaging mechanism of proteins is not well established and it is

not clear that an experiment of this nature would, in fact, work.  It is believed that the

cytochrome’s protein shell will defeat the resonant tunneling process by inducing metal

center-solvent separation, providing a fluctuating barrier to tunneling current, or altering the

accessibility of the current to the heme group.20a  Clearly, the answers to such speculation is

to perform actual experiments.  Considering that resonant tunneling is theoretically possible

on material up to 100 Å thick, a range which cyt c falls well within, the experiments seem

justified.22  All in all, the resonant tunneling of cyt c, while a difficult project, is viewed by

this researcher as having a definite probability, albeit possibly small, of being successful.

If initial experimentation on the resonant tunneling of cyt c fails, poor access of the

tunneling current to the insulated heme may be the reason for the unsuccessful results.  If this

is the case, some alternative steps can be taken.  The overall idea of these alternative

experiments is still to achieve the first known example of resonant tunneling on a protein

system.  This may be best accomplished by simply increasing the probability that the

tunneling current can access the redox core.  This probability, it is proposed, can be increased

by three different means: altering the position of the protein’s redox active sites, altering the

number of redox active sites per protein, or decreasing the extent of the protein shell around

the porphyrin redox core.  All three of these alternatives seek to simply allow greater access

to the redox center of the protein, increasing the probability of a resonant tunneling effect

taking place.

To alter the number of redox sites, multi-heme cytochromes such as cytochrome c3,

which has three heme groups could be used.  To alter the position of the heme group, yeast

cyt c may be employed as seen in Saavedra’s work,24 where the protein is immobilized on a

gold surface by a covalent bond at the cysteine 102 position.  Being anchored at this position

effectively reverses the natural binding orientation, which normally places the heme crevice

directly against the substrate surface.  Thus, with covalent attachment, the heme crevice will

be situated in a more exposed position, facing out towards the solution, as depicted in Figure

5.25.  It is conceivable that this type of orientation may provide the STM tip with greater

access to the protein’s electroactive core.  To decrease the extent of the protein shell, very
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Figure 5.25.  Yeast cyt c (wild type) may be covalently bonded via a disulfide bond between the
SAM and a cysteine amino acid group in position 102.  The porphyrin (Fe heme group) and the
relevant cysteine residue at position 102 are shown in bold (Figure from Ref. 24).

Figure 5.26.  Microperoxidase may be used in future experiments for initial tests of resonant
tunneling of proteins (Figure from Ref. 25).

small heme proteins such as microperoxidase, shown in Figure 5.26, could be used.

Microperoxidase is a cyt c protein whose protein shell has been enzymatically digested until

only eight amino acids remain attached to the porphyrin center.25  If the protein shell was

interfering with the resonant tunneling process on normal cyt c molecules, microperoxidase

offers an improved chance of observing the phenomenon.  If resonant tunneling is successful

with microperoxidase and not with cyt c, it would strongly suggest that the protein shell is

acting as the main barrier to the process.  In summary, resonant tunneling of proteins is
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clearly a risky venture, but one well worth consideration because of the valuable information

that can be gained from such research.

Resonant tunneling serves the ultimate objectives of this research well.  Resonant

tunneling of cyt c, if successful, would provide the unprecedented ability to image cyt c

adsorbed to electrode surfaces, as well as, differentiate between native/denatured or

electroactive/electroinactive forms of the cytochrome molecules, all while maintaining

potential control at the interface.  Combinations of Pcyt c and cyt c could be used to identify

strong and weak adsorption sites and correlate them with surface structure.  Once molecular

comprehension of the surface aspects of protein monolayer electrochemistry become

available through research such as that described here, applied research in bioanalytical

chemistry will benefit.  The availability of accurate molecular adsorption models and well-

defined ET mechanisms should lead to practical and clinically useful biosensors with

performance that is currently unattainable.
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5.6.  EXPERIMENTAL DETAILS

5.6.1.  STM Experiments

STM experiments were conducted with a Digital Instruments Nanoscope III

Multimode Scanning Probe Microscope operating in a low current STM mode.  Images were

collected at a constant current, using Pt/Ir mechanically cut STM tips (Digital Instruments).

Tip shape is an extremely important aspect of imaging as it can distort reality by obscuring
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the dimensions of imaged adsorbates, the number of molecules in the images, and the pattern

of imaged materials (“ghost images”).  To this end, many STM scientists systematically etch

W tips.  For this research, however, mechanically cut Pt/Ir tips, whose tip-to-tip quality

varied significantly, were predominantly used.   All measurements were carried out in a dry

atmosphere of pre-purified helium with a relative humidity of < 1% as measured by a digital

hygrometer (Fisher Scientific).  Set point currents and voltage biases during imaging were

usually in the range of 1-10 pA and 1-2 V, respectively.  Wherever possible, these parameters

have been included in the figures of the images or in their captions.

Gold substrates were pretreated and used as described in Chapter 3.  All materials and

equipment was handled with lint-free clean room gloves and/or stainless steel forceps to

minimize contamination.  Cyt c/gold samples were prepared by first hydrogen flame

annealing gold on mica (Molecular Imaging, Inc.) as described by technical support from

both Molecular Imaging and Digital Instruments.5,7  Cyt c solution (0.25 µM Horse Heart cyt

c in 4.4 mM KPB) was then dispersed in the form of several drops via a disposable glass

pipette, onto the cooled, dry gold surface.  The cyt c was allowed to adsorb before the

solution was very gently blown off the surface with a steady stream of dry Ar.  The substrates

were then imaged immediately over the next few hours.

5.6.2.  AFM Experiments

All AFM imaging was performed with a Digital Instruments Nanoscope III

Multimode Scanning Probe Microscope.  Cantilever deflections were detected optically a

typical photodiode array detections system common to AFM instrumentation.  In such an

apparatus , a laser is deflected off the back of the cantilever and onto a position-sensitive

photodetector.  Images of gold surfaces were collected using contact mode AFM with an

equiforce setting.  This type of experiment was selected based on the stable structure of the

Au substrate.  Cantilevers of silicon nitride were used as received from Digital Instruments as

100 or 200 µm isosceles triangular probes with both narrow and wide legs.  The spring

constants for the 100 µm narrow and wide legs were 0.38 and 0.58 N/m, respectively, and

0.06 and 0.12 N/m for the 200 µm cantilevers.
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A. SOLVENTLESS ELECTROCHEMISTRY OF METALLODENDRIMERS

A.1.  INTRODUCTION  --  NANOTECHNOLOGY

As technology becomes more and more integrated into people’s everyday lives, the

demand for faster computers, capable of storing enormous amounts of information, is

becoming greater.  Coupled with this concept is the continuing need and desire of society to

make computing and communication circuitry as small as possible while still maintaining the

device’s operational function or its ability to successfully encode information (Figure A.1).1

Chemists are focusing on developing materials that can serve as ultra-miniature electrical

components, commonly referred to as molecular electronics.  Indeed, with the advent of

scanning probe microscopy, as well as recent advances in synthetic, characterization, and

self-assembly techniques, the idea of single molecules acting as nanoscale electronic devices

is starting to be realized.  Over the years, many researchers have proposed or created

molecular structures supposedly capable of serving as electrical components such as wires,

capacitors, switches, or diodes.2  However, few of these materials were presented with

evidence of functional behavior,3 and researchers are only now beginning to provide true

molecular devices with demonstrated functionality.  Research into molecular electronics and

the development of nanotechnology remains at the forefront of engineering, as well as,

chemical, physical, and materials research.

A.2.  THE INFORMATION BEARING UNIT (IBU)

One aspect of molecular electronics is the development of a molecular switch or

information bearing unit (IBU).  Essentially, a molecule acting as an IBU would behave as a

nanoscale sized computer bit.  After all, information storage in computers is simply made up

of many series of bits or bytes (a collection of switches representing ones and zeros).  Like

Figure A.1.  Miniaturization of
electronic devices – past, present, and
future (Figure from Ref. 1).
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the traditional bit, a successful IBU molecule would be capable of existing in two stable

states or positions: an “on” position and an “off” position, a one or zero, respectively.

Additionally, the IBUs would need to be spatially controlled on a surface and easily

accessible or readable with respect to their information states.  Spatial manipulation on the

molecular and atomic scale is already a commonplace phenomenon in the research lab,

advanced greatly in recent years by the proliferation of superior scanning probe microscopy

(SPM) technologies.4  It is then conceivable that arrays of these molecular switches, each

bearing an independent unit of binary information, could potentially exist in a computer

system capable of storing immense amounts of data in a minute amount of space relative to

today’s standards.  To this end, researchers are now focused on creating, isolating, and

characterizing molecules that are promising candidates to act as molecular switches.

One approach to developing a functional IBU molecule is to utilize a stable redox

molecule, employing its inherent oxidation states as a form of binary information.  Encoding

information in the form of molecular oxidation states is a promising but formidable task, one

that has yet to be demonstrated and is not without significant complications.  For instance,

stable redox molecules must be controllably immobilized and positioned on a surface without

disrupting their ability to undergo redox reactions.  More importantly, each IBU must be

sufficiently isolated from one another in order to prevent intermolecular electron transfer

(ET) processes from altering assigned oxidation states.  If it occurs, intermolecular ET

between two IBUs in close proximity is, in effect, a loss of encoded information.  This is an

unacceptable side effect of molecular IBUs and therefore, molecules designed to hold

information must account for this possibility.  Therefore, the most realistic aspirations of

advancing this type of technology start with researchers developing stable redox species that

have the appropriate characteristics and behavior to act as an IBU.

A.3.  THE GORMAN RESEARCH PROJECT – METALLODENDRIMERS

Research in the Gorman Group at NCSU revolves around the development of IBUs

using electroactive inorganic cores that are systematically encapsulated by dendritic ligands.

Taken literally, the term dendritic or dendrimer is derived from the Greek word dendro-,

meaning treelike or branching.  In terms of chemistry, a dendrimer possesses a specific type
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of structure, illustrated in Figure A.2.5  Dendrimers are compounds with a hyperbranching

molecular architecture that can create very unique three dimensional molecular structures.

Metal core based dendrimers, called metallodendrimers, represent the creation of interesting

inorganic/organic hybrid molecules and have recently become the subject of much interest in

both the dendrimer and nanoelectronic research communities.  In fact, several excellent

review articles are available with in depth discussions of the synthesis, characterization,

structural diversity, and potential applications of this unique class of supramolecules.6

Figure A.2.  Main classes of macromolecular architecture - dendrimers (lower right) have a
specifically ordered branched structure (Fig. from Ref. 5).

The hyperbranching structure of metallodendrimers is what makes these compounds

especially attractive as potential IBUs.  Given the right type of synthetic design, a dendrimer

can act as an encapsulating shell around smaller molecules or even around its own core.7

Effectively, this encapsulating dendritic material should act as a type of electrical insulator,

creating a unique microenvironment within the molecule and attenuating the reactivity of the

electroactive core.  Thus, it is hopeful that the encapsulated redox moiety can act as a charge

storage device.  As shown in Figure A.3,8 the dendritic encapsulation of a redox center is

expected to prevent facile intermolecular ET and, in the case of an IBU, reduce the possibility

of losing stored information.  With this in mind, the general objective of the Gorman

Research Group is to develop metallodendrimers with a molecular structure - property
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relationship where the degree of hyperbranching in the dendritic ligands can be related to the

attenuation of the ET properties of the core.
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Figure A.3.  Dendritic encapsulation should prevent facile ET between redox centers M+

and M2+  (Fig. from Ref. 8).

A.3.1  Fe - S Based Dendrimers

Researchers in the Gorman group have been successful at synthesizing and

characterizing potential IBU dendrimers based on the modification of an iron-sulfur core.9

The tertiary butyl thiolated iron sulfur core, shown in Figure A.4, is an excellent redox center

for a metallodendrimer functioning as an IBU for several reasons.  Not only does the core

exist in two primary oxidation states, an essential requirement for a potential molecular

switch, but it also is the same redox center that is found in many redox active proteins, some

of which function as ET and charge storage entities in biological systems.10  Additionally, the

core is synthetically accessible and it undergoes facile ligand exchange with macromolecules

such as dendrons, making it an easily tailored redox center.7  The thiol based ligating points

bound to the iron corners of the cluster allow for the use of well documented synthetic

processes, and the tetrahedral nature of the core is more conducive to global encapsulation of

dendritic ligands around the core than some other spatial arrangements.  The electrochemical

behavior of this Fe-S core has been well characterized and establishes a standard to which the

electroactivity of any derivatives of this cluster can be compared.4
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Figure A.4.  The tertiary butyl thiolated iron-sulfur core [Fe4S4(S-t-Bu)4]-2 – the redox
center of the metallodendrimers synthesized in the Gorman Research Group.  This Fe-S
core is readily accessible to potential ligands, undergoing facile exchange with
macromolecules, making it ideal for dendritic encapsulation.  Similar redox centers, or
Fe-S “cubes” can be found in certain proteins, ferredoxins and rubredoxins for example,
that function as ET and storage sites in biological systems.10 (Fig. from Ref. 8)

Depending on the type of ligand attached to the Fe-S core, two main families of

metallodendrimers have been synthesized in the Gorman research group: flexible IBUs,

utilizing valerate based ligands, and rigid IBUs, consisting of phenylacetylene ligands.  The

designation of the flexibility of the structures is derived from the degrees of torsional rotation

that exist in the flexible dendrimers as compared to the lack of conformational freedom found

in the rigid structure.  Molecular modeling studies done by the Gorman Group show that the

overall disposition of the flexible dendrimers is globular, although not completely

symmetrical about the core.  On the other hand, the more rigid structure was found to adhere

to a disk-like shape.  These two types of dendrimers and their hyperbranching are illustrated

as Figure A.5 and A.6 respectively.8

These two types of metallodendrimers are designed with one to four branching points

in their dendritic ligands.  In describing these compounds, the number of branching points

creating the periphery is considered the molecule’s generation.  For example, a flexible

dendrimer with three branching points is referred to as a third generation flexible dendrimer

or, in an abbreviated fashion, as “G3 flex.”  This type of structural based nomenclature is

portrayed with the flexible dendrimers in Figure A.5.  For both the flexible and rigid

molecules, the generations of hyperbranching are radially distributed throughout the interior

of the macromolecule.  Thus, a mental image of these molecules with the branches

intertwined and folded in on each other can be visualized.11,12a  As far as the core’s

electroactivity is concerned, it was hypothesized that as the number of branches in the
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dendron ligands around the core increased there would be a substantial and systematic change

in the kinetics of ET.

Figure A.5.  Flexible IBU metallodendrimers; each type (generation) of dendritic ligand (G1-
G4) that can be connected to the redox core is shown.  The counter ions of these molecules are
two tetrabutyl ammonium ions [(CH3CH2CH2CH2-)4N+] (Fig. from Ref. 8).
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Figure A.6.  An example of a fourth generation (G4 - rigid) rigid-type metallodendrimer with
phenylacetylene ligands (Fig. from Ref. 8).

In general, previously performed electrochemical research on the dendrimers in

organic solvent supported the hypothesis, showing an attenuation of ET properties with

increasing generations of hyperbranching.12b  All of the solution electrochemistry on these

systems was performed in an inert atmosphere (glove box) because of the core’s inherent

instability in the presence of oxygen and/or water.  As shown in Figure A.7, and summarized

in Table A-1, the results of cyclic voltammetry and chronoamperometry experiments confirm

the expected trend with increased branching and encapsulation of the redox center.  Most of

the dendrimers tested displayed ideally shaped voltammograms indicative of a freely

diffusing species with quasi-reversible kinetics for a one electron transfer redox reaction.

The results are consistent with the idea that as the size and number of branching points in the

ligands are increased, both kinetics and thermodynamics are affected, as evidenced by the

change in the separation of oxidizing and reducing peak potentials (∆Ep) and by the shift in

the reduction potential (E1/2)values, respectively.  Thus, with increasing generations of

hyperbranching, the molecules became more difficult to oxidize and reduce, clear evidence
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Table A-1. Electrochemical Data Previously Obtaineda for Metallodendrimers7,9,12b

Generation
(Ligand Branching) Structure

E1/2
b

(mV)
∆∆∆∆Epc

(mV)
Dcoeff

f,g

(cm2/s) x 10-6
ket

h

(cm/s) x10-3

0 flex -1352 (3) 76 (6) 4.14(0.12) 8.63(0.83)

1 flex -1360 (6) 80 (6) 3.47(0.16) 8.36(0.89)

2 flex -1366 (10) 101 (11) 2.51(0.38) 3.59(0.33)

3 flex -1371 (19) 148 (69)
c 2.02(0.49) 0.51(0.22)

4 flex --d --d -- --i

0 rigid -1354 (4) 80 (5) 4.75(0.42) 8.95(0.96)

1 rigid -1323 (16) 80 (6) 2.17(0.46) 5.13(1.11)

2 rigid -1329 (13) 111 (7) 1.89(0.37) 2.13(0.36)

3 rigid --e --e --e --e

4 rigid --e --e --e --e

a Data collected by Jennifer Smith, Gorman Research Group.
b From cyclic voltammetry experiments of 1mM dendrimer in dimethyl formamide (DMF) at 100mV/sec,
with 100mM nBu4NPF6 as the supporting electrolyte; measured versus a Ag+/0 reference electrode at a
platinum working electrode.
cAll values of ∆Ep were measured at 100mV/sec with the exception of G4 flex which was only measurable
at extremely slow scan rates (≤ 5 mV/sec).
d Value undetermined due to poor voltammetric response (irreversible).
e DMF solubility problems existed with the higher generation rigid dendrimers.
f Values measured via chronoamperometry experiments.12b

g Similar results were obtaind with pulsed field gradient NMR experiments (results not shown).
h Kinetic analysis using Nicholsen cyclic voltammetry method (α = 0.5).
i Quantitative data eventually obtained using Osteryoung Square Wave Voltammetry fit to an irreversible
model.12b

Note: Values in parentheses denote the 90% confidence intervals of each result.

Figure A.7. Data illustrating the effective encapsulation of the metallodendrimers and its
effect on the ET rate constant.  Experiments were performed in solution at Pt
macroelectrodes.  Note that data was unattainable under these experimental conditions
higher generation molecules (Data collected by Jennifer Smith; Figure from Ref. 12b).
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supporting the hypothesis that the dendritic periphery effectively encapsulates and insulates

the electroactive core.  The highest generation flexible dendrimer (G4-flex), however,

showed very poor voltammetric behavior, with no clear reoxidation wave present in the

cyclic voltammetry (See Table A-1 for more details).  While this result suggests that the

electroactive core may be completely insulated in the G4-flex molecule, it is unfortunate from

a quantitative analysis and comparison standpoint.  Quantitative determination of redox

potential, ET rate constants, diffusion coefficients, and peak separation was unattainable,

leaving an incomplete set of data for the flexible IBUs.  Likewise, a complete data set could

not be collected for some of the rigid molecules because the higher generation forms of this

dendrimer were not very soluble in most solvents (See Table A-1).  In spite of these

problems, the collected data provide promise that this type of dendritic encapsulation is an

effective means to kinetically “trap” a molecule in a specific redox state and, in doing so,

create a legitimate model for an IBU.

A.3.2.  Gorman / Bowden Collaboration Project

In an effort to more fully characterize the ET properties of these molecules and

advance progress on this project, a research collaboration was formed between the Gorman

Research Group and the Bowden Research Group.  The collaboration is a naturally

synergistic relationship considering research in the Bowden Group is primarily directed at

studying the ET properties of the charge carrier protein, cytochrome c.  As alluded to earlier,

the dendritic IBU molecules synthesized by the Gorman Group are not only models for

information/charge storage, but have many features comparable to actual proteins.1,11

Therefore, in addition to being potential molecular switches, the dendrimers may also serve

as synthetic models for certain biomolecules.

As will be explained, the parallel between the research of these two groups includes a

mutual interest in self-assembled monolayers (SAMs).  In the Bowden Group, the ET

properties of surface confined cyt c molecules are studied by electrostatically immobilizing

the protein on carboxylic acid terminated SAMs (See Figure A.8a).11  In a similar fashion, the

Gorman group hopes to physisorb their metallodendrimers to alkanethiol based SAMs and

demonstrate adsorbed molecular behavior in these compounds similar to that seen in solution

(Figure A.8b).  This type of experiment represents a significant step toward their overall
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research goal, a surface bound IBU.  The analogous chemical systems allow for both groups

to work together toward project goals with mutual interest.  The research presented here is

due to a collaborative effort with Dr. Jennifer Smith in the Gorman Research Laboratory.
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Figure A.8.  Illustrative models showing the similarities of the ET systems being
researched in the a) Bowden Research Group (cyt c/SAM/Au) and b) the Gorman
Research Group (metallodendrimer/SAM/Au). (Fig. 8b from Ref. 11)
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A.3.3.  Research Objectives

Eventually, any macromolecules being considered as potential IBUs or molecular

switches will have to be specifically tailored to render the molecules switchable, addressable,

and able to be organized on a surface.  A large challenge of reaching this goal is to simply

immobilize the molecule on any surface and gain the ability to control the IBU/surface

interaction.  Furthermore, each IBU must be confined to a designated space and position on

that surface while maintaining the ability to effectively store charge.  SAM technology, in

conjunction with lithographic techniques, seems to hold great promise with regard to

achieving this type of control over this chemical system.  SAMs can be created with a variety

of structures and properties, enlisting both hybrid combinations of mixed monolayers with

different chain lengths and functional groups, as well as, micro-contact printing of patterned

SAMs.  Examples of using mixed monolayers to effectively immobilize dendritic molecules

on surfaces have already been seen in the literature.13 Scanning tunneling microscopy (STM)

based lithography is not only capable of designing specifically tailored SAM surfaces, but can

also accommodate the nanometer resolution spatial manipulation required for eventually

addressing individual IBUs.4  Both SAMs and SPM allow for unprecedented order and

localized spatial definition on the molecular level, clearly beneficial for the proposed type of

work.

Most scientific research progresses in very small increments; the Gorman/Bowden

collaboration on the metallodendrimer project is no different.  Before attempting work on the

advanced goals depicted in the previous paragraph, the collaborative effort of the two groups

focused on first simply finding an experimental medium conducive to testing the

electrochemical behavior of all of the dendrimers.  Therefore, quantifying the electrochemical

properties of all eight IBUs is the first objective of this research.  Secondly, and possibly in

conjunction with the first objective, it was desired to successfully immobilize the IBU on a

SAM and begin characterizing the ET of surface bound dendrimer assemblies.

A.4.  PRELIMINARY EXPERIMENTS

Upon inspection of the properties of the dendrimers, it appears that, by taking

advantage of their relatively hydrophobic nature, they could be reasonably adsorbed to methyl
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terminated SAMs in polar solutions.  How polar the solvent had to be to facilitate this

interaction remained a focal point of the search for an adequate experimental environment.

In addition to all the dendrimers being soluble in it, the solvent used for this electrochemistry

must also be able to dissolve the supporting electrolyte and possess an adequate polarity.

Finding a solvent with all of these properties is not a minor task, especially when dealing

with organic solvents.  Although aqueous experiments have been performed on the

dendrimers (data not shown or discussed in detail) and was beneficial toward the formation

and stability of the SAMs, the dendrimers used in these aqueous environments ultimately

suffered from oxygen exposure, which induced degradation of the molecules in only a brief

amount of time.  Additionally, dendrimers exposed to oxygen usually showed poor

voltammetric behavior and sporadic results.  All previous electrochemistry was performed in

dimethyformamide (DMF) with ammonium-borate based supporting electrolyte, usually

tetrabutylammonium hexafluoroborate (nBu4NPF6).4,9,12b  With the success of this system

already established, it seemed like a logical place to begin experimentation and simply tweak

the system to find an appropriate combination of experimental conditions.  One of the more

important aspects of this testing, considering the very negative redox potentials of the

dendrimers (∼  -1300 mV vs. Ag+/0 ), was to choose a solvent with a potential window far

enough negative to accommodate the redox reactions.  Some solvents showed adequate

solubility toward the dendrimers and the electrolytes, but simply did not have “clean”

background electrochemistry that far into the negative potential window (CH2Cl2, toluene,

pyridine).  Thus, yet another restriction had to be considered when choosing a

solvent/electrolyte combination.  If, eventually, a maximum of a monolayer of physisorbed

dendrimer occupies the SAM, the background signal or noise of the system must be

sufficiently low enough to resolve the dendrimer signal.  Table A-2 summarizes many of the

tested solvents and lists each solvent’s inherent problem in the proposed experimental

scheme.  With all of the restrictions imposed by the desired system including the solubility of

the dendrimers and electrolyte in the solvent, the solvent’s potential window, the signal to

noise ratio, the negative thermodynamic reduction potentials of the metallodendrimers, and

their air sensitivity (See Experimental Details section), a formidable task emerged to simply

establish the experimental conditions.
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Table A-2. Summary of Solvent / Electrolyte / Potential Window Testing

Solvent
Potential Window

(V)a
Polarityb

(Dielectric constant) Problem(s)

Water ~1.0 to –1.0c
78.4 -Dendrimer degradation

(solvent would have to be
degassed)
-Potential Window

DMF 1.3 to -2.4 36.7

-Clean B/G signal
-High generation solubility
(Rigids)
-Low generation too soluble
(not adequate non-solvent)

ACN 1.3 to -2.5 37.5
-High generation solubility
(Rigids and Flexibles)
-Clean B/G signal

THF 7.6 -Electrolyte solubility
-Polarity - not a non-solvent

CH2Cl2 8.9 -Clean B/G signal

Pyridine 12.4

PC 1.5 to -2.3 64.4 -High generation solubility
(Rigids)

Note: DMF = Dimethyl formamide; ACN = Acetonitrile; THF = tetrahydrofuran; CH2Cl2 = Methylene
chloride; PC = Propylene carbonate.
a Measured versus a Ag+/0 reference electrode; b Dielectric constants taken from Ref. 14.
c Potential widow may vary based on electrolyte, RE (shown vs. SCE), and working electrode material.

A.4.1. Exploratory Electrochemistry in Propylene Carbonate

In spite of some dendrimer solubility problems, propylene carbonate (PC) seemed to

be an excellent candidate for this type of experimentation, especially with regard to

immobilizing the dendrimer on the SAM.  PC displays a relatively flat background

throughout most of its very wide potential window (1.5V ↔-2.3V vs. Ag+/0 ).  Sometimes

referred to as “organic water” because of its extremely high polarity for an organic solvent,

PC also appeared to be an excellent solvent for inducing a hydrophobic interaction between

dendrimer and SAM.  Additionally, the use of PC in conjunction with alkanethiolate SAMs is

precedented in literature reports by Creager and coworkers.15  Although experiments done in

PC successfully formed SAMs on gold, the use of PC as a solvent for the desired system

ultimately failed, exposing a dramatic realization that affected the entire outlook of this

project.



273

Evidence for the SAM’s formation and existence in PC was readily available, and the

process of allowing for hydrophobic interaction between dendrimer and SAM could have

been carried out.  However, actual physisorption of the dendrimer onto the SAM may or may

not have occurred.  No electrochemical data gathered using cyclic voltammetry supported the

existence of any surface-confined dendrimers on the SAM.  Instead, the cyclic voltammetry

seemed to break down during the scanning in the negative potential region where the

reduction/oxidation waves for the dendrimers were expected to occur.  The result of these

negative sweeps was the electrochemical desorption of the SAM from the Au substrate.

Linear sweep voltammetry (LSV) was performed to specifically illustrate this phenomenon.

Figure A.9 and Table A-3 both summarize the results of the LSV experiments, where

eventually the reductive potential applied to the working electrode (WE) facilitated a

breakdown in the covalently bonded thiols (reductive desorption).  Upon further examination,

this phenomenon was also supported by capacitance measurements done on SAMs in PC by

Creager and coworkers.15

The ramification of these results was that electrochemistry on these particular

metallodendrimers bound to a SAM, because of their extremely negative redox potentials,

would be extremely difficult without completely destroying the SAM or severely altering the

experiment to accommodate for reductive desorption.  One option for altering the experiment

is an in depth investigation into the creation of more stable SAMs.  SAMs with higher

stability can better withstand negative potentials, resisting desorption until much more

negative potentials.  The SAMs tested, mercaptohexane, mercaptodecane,

mercaptotetradecane, and a mixture of mercaptotetradecane and mercaptodecane, did, after

all, behave according to convention, with the more stable long chain SAM and the mixed

SAMs desorbing at progressively more negative potentials.16  Altering solution conditions,

like pH, and changing SAM terminal groups might have offered more SAM stability and, in

turn, expanded the working potential window.  At this point in the project, however, the fact

that one would have to extend the window several hundred millivolts more negative was a

major deterrent to this proposal.  Both researchers agreed that, based on the results, the

development of a new method for analyzing the dendrimers was a much more appropriate

course of action.
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Figure A.9.  LSV desorption scan of a tetradecane thiol (CH3(CH2)13SH) SAM on Au
in propylene carbonate with 100 mM tetraethylammonium tetrafluoroborate (TEABF4).
SAM desorbs as current peaks at approximately -0.85 V (vs. Ag+/0 RE).

Table A-3. Linear Scan Voltammetry - SAM Desorption Results
SAM Cdl (µµµµF/cm2)a Edesorp (mV)b

Bare Evaporated Auc 43.3 ---
-S(CH2)5CH3 5.6 -645
-S(CH2)9CH3 4.3 -785
-S(CH2)13CH3 2.7 -855

-S(CH2)13CH3 &
-S(CH2)9CH3

3.1 -854

Solution conditions: 100 mM tetraethyl ammonium tetrafluoro borate in
propylene carbonate.  Experimental conditions: XX mV/sec sweep rate from
0 to -1300 mV vs. Ag+/0.
a Double layer capacitance determined using cyclic voltammetry and measured
at 50mV vs. Ag+/0.
b Edesorp assumed to be where ip,c of reductive desorption redox activity occured.
C Gold substrate tested after being electrochemically cleaned.
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A.5. SOLVENTLESS ELECTROCHEMISTRY

Since the primary objective of this research project is to obtain electrochemical data

for all of the generations of rigid and flexible dendrimers, a new experimental medium had to

be chosen.  Based on the previous experimental results and the observed solubility

complications with the dendrimers, an attractive option is to eliminate the solvent from the

entire system and, thus, completely alleviate any solubility concerns.  While this doesn’t

seem practical experimentally, it was this line of thinking that led to the possibility of using

“solventless” electrochemistry to achieve the research goals.

Professor Royce Murray at the University of North Carolina, Chapel Hill, routinely

performs solventless electrochemistry, also known as solid state voltammetry.  Dr. Murray

uses the technique to measure rates of diffusion of solute molecules.  The coined names of

his techniques, solventless electrochemistry and solid-state voltammetry, are actually

misnomers and do not accurately depict the entire picture.  Solventless electrochemistry

essentially utilizes a polymeric medium, laden with a lithium based salt, as its “solvent” and

electrolyte, respectively.  The polymer, officially referred to as being in the “solid-state,”

houses not only the supporting electrolyte, but also the electroactive species under

investigation.  The Li electrolyte dissolved in the polymer allows for ionic conductivity

throughout the material, enabling electrochemistry to be performed on the electroactive solute

dispersed in the polymer.  In a more practical sense, electrochemistry on this type of a system

is better described as a study of electron transport in an undiluted polymer melt.

A.5.1. Polymer Salts

The effectiveness of solventless electrochemistry stems from the fact that certain

polymers readily dissolve particular electrolytic salts via the following reaction:

mMX  +  ( -RY- )n   →   (MX)m •  ( -RY- )n [Rxn. A.1]

where MX is the metal salt and -RY- is the polymer’s repeat unit.17  More specifically,

polyether based polymers are known to effectively complex with alkali metal salts, their

dominant interaction being between the oxygen atoms of the ethers and the alkali metal

cations.  The reaction between these two components is thermodynamically favored because

the Gibbs solvation energy of the salt by the polymers exceeds the lattice energy of the solid
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salt.17  The result is a homogeneous polymer-salt blend (polymer electrolyte) that is

conductive enough to promote both ion and electron transport through the polymer.

The conductivity of the polymer melt is greatly enhanced by the excellent ion

mobility throughout the material.  The ion mobility in the polymer is a consequence of the

internal movement of the poly-ether chains which, because of their inherent flexibility, are

know to undergo large amplitude motions.  Increased motion in the polymer induces mobile

ions which either “hop” between energetically favorable sites in the polymer lattice or

promote the ions to experience a diffusional fluidity through the polymer.17  In both cases, the

consequences of the activity is a conductive polymer melt and a potential system for unique

electrochemical experiments.

Accordingly, as the length of the polymer chain increases, the properties of the melt

are altered.  Polymeric electrolytes based on longer polymer chains tend to be more

crystalline in nature and thus have attenuated ion mobility.  Subsequently, as the morphology

of the polymer changes, the formation of the cation-polymer complex is more energetically

disfavored and the resulting melts are less conductive overall.  Because of this phenomenon,

short chain poly-ethers are the most common polymer used in these materials.  Short chain

polymers have a greater degree of inherent motion and, therefore, have more satisfactory

conductance properties.  The extent of the polymer branch motion and a high concentration

of polar or basic functional groups along the polymer chain are the two basic criteria for

creating highly conductive polymer melts.17  The most popular method to make these

polymeric electrolytes is to 1) dissolve the salt in a solvent, typically methanol (MeOH) or

acetonitrile(ACN), 2) add the selected polymer, 3) stir, and 4) remove the solvent via vacuum

evaporation to create a “solventless” mixture.  These polymer electrolytes are used both as

bulk materials or as thin films placed on an electrode.  Thin polymer films coated on

electrode platforms are employed for the research presented here.

Electrolytic polymers are of great interest as a component of a high energy density

battery where the electrolyte is capable of conforming to any solid electrode.  Other

applications for polymer electrolytes are for the development of electrochemical devices such

as electrochromic displays or windows, solid-state photoelectrochemical cells, and

electrochemical sensors.17  In this study, however, the polymer electrolytes will be employed
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on a much more basic level as a convenient media for novel electrochemical experiments on

the metallodendrimers.

A.5.2. Solventless Electrochemistry at Microelectrodes – Royce Murray Research

Research on these undiluted redox melts is ongoing and has already resulted in a

plethora of publications.18  Solventless electrochemistry is performed primarily with

microelectrodes.18a  Microelectrodes exhibit unique advantages including favorable

background current and compatibility with highly resistive environments that would be

unsuitable for traditional macroelectrodes.  With normal macroelectrodes under resistive

conditions, the uncompensated resistance effects (iR effects) are problematic for any potential

experiments.  These same iR effects are effectively minimized or eliminated by using

microelectrodes, whose dimensions are minute enough to diminish the iR effects.  Therefore,

microelectrodes are routinely used for varied cyclic voltammetry experiments designed to

study ET kinetics and electrode reaction mechanisms,19 including in vivo measurements in rat

brains20and in single nerve cells.21  Considering the modest conductivity of the polymeric

melts, microelectrodes, with their ability to minimize the iR effects, are a perfect tool for

solventless electrochemistry experiments.

The basic concept of the Murray experiment is to use the microelectrode as a platform

for a polymer electrolyte film.  A common experimental apparatus is shown in Figure

A.10.18p  A large number of experiments by Murray and coworkers use polyethylene oxide

(PEO) or polyethylene glycol (PEG) polymers with dissolved lithium perchlorate as the

electrolyte.   Within this type of medium, a variety of redox species, usually some type of

ferrocene or viologen derivative, have been tested.18  As mentioned above, the supporting

electrolyte material, LiClO4, is first dissolved in MeOH and the polymer and redox species

are added afterward.  This slurry of material is deposited as a thin, visible film on the

microelectrode platform which is then sealed in a vacuum cell where the MeOH can be

pumped out of the polymer (See Figure A.10).

The technique is advertised as a means of voltammetrically measuring ultraslow

diffusion coefficients (Dcoeff).  Literature reports show diffusional rate coefficients on the

order of 10-12 cm2/sec being routinely measured for species in a polymeric media.18a  This
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technique rivals other methods of measuring very small diffusional parameters as shown in

Table A-4.

Figure A.10.  Experimental apparatus used by the Royce Murray Research Group for
performing solventless electrochemistry at a platform microelectrode.  A similar vacuum
cell and microelectrode assembly, encased in a Faraday cage, were used for performing
solventless electrochemistry on the metallodendrimers (Fig. from Ref. 18p).

Table A-4. Methods Capable of Measuring Very Slow Diffusion Rates18a

Method
Limit of Diffusional Measurement

(cm2/sec)
NMR Relaxation ≥ 10-15

Radiotracer Techniques ≥ 10-10

Pulsed Field Gradient NMR ≥ 10-7

Photobleaching Relaxation ≥ 10-10

Low Frequency AC Impedance <10-10

Voltage Relaxation <10-10

DC Polarization <10-10

Solid State Voltammetry ~ 10-12

A.5.3. Apparent Diffusion Coefficients (Dapp)

Cyclic voltammetry (CV) and chronoamperometry (CA) are usually performed to

extract diffusion coefficients (D) for a chemical species.  The former method is used to learn

about the overall processes taking place at the electrode surface whereas the latter method is

used for quantitative determinations of D.18a  The current response observed with both of

these techniques is dependent on several factors, one of which is the diffusion geometry at the
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electrode.  Within these polymer films several factors can affect the diffusion geometry

including the following: temperature, type of polymer (presence of ordered regions,

homogeneity, crystallinity, etc.), use of a plasticizing agent, and presence of electron hopping.

When physical diffusion rates are slow, as is the case with solute molecules dispersed in

these polymers, electron exchange (electron hopping) between the electroactive molecules

becomes more significant.  Larger D values are found in polymer systems with low molecular

weights, elevated temperatures, or when the film is plasticized with a solvent saturated gas.

In these cases, electron hopping is most likely a minimal contributor to overall diffusional

rates.  However, with dry films composed of higher molecular weight polymers, which are

partially crystalline in nature at room temperature, electron hopping becomes much more

significant.  Both physical diffusion and electron exchange contribute to the overall diffusion

rates.  The coefficient describing that rate is known as the “apparent” diffusion coefficient

(Dapp).22  In normal diffusing electrochemical systems, physical diffusion (Dphys) dominates

and the effect of electron exchange between the molecules is negligible.  In the polymer

films, however, both factors are significant and are accounted for in the Dahms-Ruff equation

describing Dapp:18c,23

Dapp  =  Dphys  +  
6

Ck exξ [Eqn. A.1]

where kex is the electron exchange rate constant between solute molecules, ξ is the average

redox center to center distance, and C is the total concentration of analyte in the film.

A.5.4.  Dapp and Diffusion Geometry

Cyclic voltammetry (CV) on redox molecules dispersed throughout the polymer

electrolyte will reveal one of three diffusion geometries:  radial, linear, or mixed radial-linear

diffusion.  In the first case, the voltammetry may show a steady-state response in the form of

a sigmoidal wave shape, a clear sign that radial diffusion is present at the microelectrode.  If

that is the case, Dapp may be directly derived from the equation for limiting current at a disk-

shapted microelectrode:24

I  =  4nFrDC [Eqn. A.2.]
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where I is the total steady state current, n is the number of electrons being transferred in the

electrochemical reaction, F is the Faraday constant, r is the radius of the electrode, D is the

diffusion coefficient (in this case Dapp), and C is the bulk concentration of redox species.

In the second case, cyclic voltammetry showing semi-infinite linear diffusion may be

observed.  This type of voltammetric behavior can be harnessed in two ways to extract a

measurement of Dapp.  A series of CVs acquired at varying scan rates allows for a plot of the

peak current (ip) versus the square root of the scan rate (ν1/2).  The relationship between these

two variables is linear for a reversible redox couple according to the Randles-Sevcik

equation:24

Ip,c  =  -2.69 x 105n3/2ADo
1/2Coxν1/2 [Eqn. A.3]

where Ip,c is the peak current of the cathodic wave, n is the number of electrons transferred, A

is the area of the electrode, Do is the diffusion coefficeint (Dapp in this case), Cox is the bulk

concentration of the oxidant species, and ν is the sweep rate of the experiment.  From the

slope of this plot, Dapp can be calculated.

The second approach to the semi-infinite linear diffusion case uses

chronoamperometry (CA) to step the potential far beyond the redox potential of the

electroactive species and then measure the decaying current response.  If the response is

diffusion controlled, known as a Cottrellian response, the current is described by the Cottrell

equation:24

1/2

1/2

t)(
CnFAD

I(t)
π

∞= [Eqn. A.4]

where n is the number of electrons transferred, F is the Faraday constant, A is the area of the

electrode, D is the diffusion coefficient (in this case referred to as Dapp), C∞ is the bulk

concentration of the electroactive species, and t is time.  Using this relationship, a Cottrell

plot of current versus the inverse square root of time can be constructed and a value of Dapp

can be obtained from the slope of the curve.  When in the polymeric media, the CA approach

for calculating Dapp is favored because it is less prone to iR effects.18a

The preceding two cases represent limiting diffusional behaviors, both of which

extremely simplify any data analysis involved with determining Dapp values.  Diffusion,

however, may occur via a combination of radial and linear diffusion geometries.  The
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analysis required for a mixed diffusion geometry is complicated and the subject of ongoing

studies in many research groups.  Although it is beyond the scope of this discussion, it is

worth mentioning that the solution to the mixed diffusion geometry involves modeling the

total current at a microelectrode.  Solutions presented for this purpose involve digital

simulations based on “hopscotch” algorithms25 and equations derived through a process

called convolutive forecasting.26  In spite of these efforts, most researchers using the polymer

film systems usually adjust their experimental parameters until the electrode behavior is

represented by one of the limiting cases.

A.5.5.  Relevant Experimental Results from the Murray Group

 Over the years, many different polymers and a vast number of redox species have

been tested and examined by Murray and coworkers.  What will be discussed here, however,

are the results obtained that are relevant to the metallodendrimer project at hand.  In 1992, a

paper by Murray’s group outlined some practical experimental aspects of solid state

voltammetry performed with polymeric electrolytes.18d  Different polymers were tested with

respect to their molecular weight, structure, and morphology.  Also considered were the

electrochemical effects of temperature and plasticization with solvent saturated vapor.  For

each polymeric electrolyte, cyclic voltammetry was used to test the background signal and

establish a signature potential window.  The results of these experiments, background

voltammograms of several polymer-electrolyte combinations, are presented in Figure A.11.

Of particular interest, with respect to the dendrimer research being discussed, are the first

three background scans of poly(ethylene glycol) dimethyl ethers (MePEG) with dissolved

LiClO4 (Figure A.11a-c).  These scans are noteworthy because of their large negative

potential limit and low background signal, which led us to believe that these polymers might

provide adequate signal-to-noise ratios at extremely negative potentials to accommodate

electrochemistry on the metallodendrimers.

Polyethylene glycol with methyl terminated end groups (MePEG) is described based
on the following formula:18d

X - O -(-CH2CH-O-)n - X [Eqn. A.5]
          |
         Y
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where X=CH3, Y=H and the repeat unit of the polymer is defined as -CH2CH2O-.  This

hygroscopic polymer is commercially available in several molecular weights (MW) [250,

400, 1000, 2000] which span a wide range of bulk structure at room temperature from

viscous liquids (low MWs) to solid waxes (higher MWs).  The MePEGs dissolve LiClO4 and

have been extensively studied by the Murray researchers as potential candidates for

solventless electrochemical experiments.

Figure A.11.  Solventless electrochemistry at microelectrodes - background cyclic
voltammograms of various polymer melts: (A) Me2PEG-400/LiClO4 (16:1); (B) Me2PEG-
1000/LiClO4(16:1); (C) Me2PEG-2000/LiClO4; (D) PPO-4000/LiClO4 (25:1); (E) PEO-
600,000/LiCF3SO3 (15:1); (F) network PEO/LiClO4 (50:1); (G) MEEP/LiCF3SO3 (4:1); (H)
PEUU/LiClO4 (55:1).  Ratios represent the O:Li status of each polymer melt.  Backgrounds A-
F and H were collected at 25ºC with G collected at 60ºC.  Most of the voltammetry was run
with the vacuum cell filled with dry N2 (D was collected in air; E with acetonitrile saturated
N2). (Figure from Ref. 18d)

In addition to studying the potential window limitations and the background currents

of the polymers, Murray also used each of the polymers in a solventless electrochemical

experiment where each polymer electrolyte was intermixed with a simple redox species and

solid state voltammetry was performed to determine the apparent diffusion coefficients.  The



283

relevant experiment to this discussion involved carboxylic acid ferrocene dispersed

throughout the MePEG polymers.18d  Thin films of the material were placed on the

microelectrode platform and voltammetry was performed.  Figure A.12 displays the

voltammetric responses obtained from the ferrocene derivative in three different MWs.  From

this figure, one can easily ascertain the influence of the different diffusion geometries,

previously discussed, that can exist.  The shortest chain polymer, the MePEG(400), is a

viscous liquid with the greatest degree of internal mobility.  The ion movement within the

MePEG(400) causes the film to have a high conductivity which, in turn, culminates in a

sigmoidal shaped current response with steady state characteristics (Fig. A.12c).  Thus, the

Dapp of carboxylic acid ferrocene in this medium can be determined using the steady state

current approach (Eqn. A.2), discussed in the previous section.

Also shown in Figure A.12a and b,  are CVs obtained with higher MW MePEGs.  The

results reveal very differently shaped voltammograms.  With the MePEG(1000) and

especially the MePEG(2000), both of which are solid waxes at room temperature, the

voltammetry takes on a diffusional or Cotrellian shaped response.  These experiments require

a Cottrellian analysis based on linear diffusion to extrapolate the Dapp values.  In these cases,

electron hopping is a significant contributor to the overall diffusion of the ferrocene.  The

shape of the voltammograms, due to very unique diffusion geometry at the microelectrode, is

drastically altered by changing the specific polymer that houses the electroactive species.

Although it is not shown here, it should be noted that similar effects can be seen by altering

Figure A.12.  Cyclic voltammetry of 5
mM carboxylic acid ferrocene films at the
microelectrode assembly in A) Me2PEG-
2000/LiClO4; B) Me2PEG-1000/ LiClO4;
C) Me2PEG-400/ LiClO4. Experimental
conditions: O:Li = 16 at 25°C in dry N2

and a sweep rate of 10 mV/sec (Figure
from Ref. 18d).
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the melt’s temperature, varying the scan rate of the experiment, or introducing a solvent

saturated gas.18d

A.6.  SOLVENTLESS ELECTROCHEMISTRY – METALLODENDRIMERS

At this point in the discussion, it may be advantageous to review the benefits of

solventless electrochemistry that endeared it as a potential technique for testing the

metallodendrimers.  Using the MePEG/LiClO4 polymeric media as a medium for the

metallodendrimers, not only are the concerns over solvent solubility quenched but the

potential window is expanded far enough negative to easily accommodate the expected

reduction potentials of the dendrimers.  Furthermore, considering the low background current

for MePEG in this negative region, only a few nanoamps of faradaic current generated by the

metallodendrimers would suffice for a measurable signal.  Noting the excellent

electrochemical behavior of most of the dendrimers in solution,12b several nanoamps of

current would seem to be easily achievable.  If successful, solventless electrochemistry of the

dendrimers would provide several pertinent results: 1) electrochemical data on all the

dendrimers, rigid and flexible, as well as the higher generations without regard to solubility;

2) a series of Dapp values for increasing generations; 3) the first documented data of surface-

confined metallodendrimers of this type, a key element to the development of the overall IBU

behavior for these structures, and 4) an indirect measure of the electron exchange rate

constant (k°ex) or electron hopping between dendrimers, the very intermolecular property

these macromolecules were designed to inhibit at high generations.

The most serious problem anticipated was that the MePEG is hygroscopic.  This is

usually not a problem, but when taken in conjunction with the metallodendrimer’s air

sensitivity, a polymer that readily absorbs moisture represents a nontrivial complication to the

solventless electrochemistry approach.  The water absorbed into the polymer most likely will

have dissolved air in it as well and will require further degassing.  The presence of both water

and/or air in the polymer film is a significant detriment to the background signal of the

negative window, with both contaminants expected to have redox activity in the -1.0 V (vs.

Ag+/0 ) region.  Additionally, if the polymer itself adsorbs enough water or is exposed to the

atmosphere too long, the dendrimers immersed in the film will also be exposed to the

contaminants.  To this end, a great deal of time was devoted to simply reproducing the
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background signals seen in Figure A.11.  Related to that goal, time was also spent finding a

suitable polymer film preparation procedure (see Section A.10) both that minimizes air/H2O

exposure and protects the structural integrity and functionality of the dendrimers.  Most of the

results from these endeavors are not included in this report, but an example of a satisfactory

background voltammogram, with an extremely small background current, is shown in Figure

A.13.
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Figure A.13. Cyclic voltammogram of background signal of Me2PEG(250)/LiClO4 after
extensive pretreatment to remove H2O, O2, and other contaminants (See Experimental
Details Section).  {10 mV/sec; 25ºC}  Flat backgrounds such as those obtained by the
Murray researchers were extremely difficult to reproduce and were never achieved
during the research project, although backgrounds like this example were
deemed sufficient if enough faradaic current from the analyte (dendrimers) could be
generated (data smoothed by a 13 point sliding average).

A.6.1.  N.C. State Versus UNC

It should be noted and is described in detail in the experimental section of the chapter

(Section A.10), that these polymers, when used for this particular application, require such an

extensive preparation procedure that these experiments are rendered extremely challenging.

Even though Murray advertises solventless electrochemistry as a method conducive to

operating at large negative potentials, his own research seems to avoid the negative potential

regime altogether.  Only very recently has Professor Murray tested a solute in this range.27

However, this report shows no background of the system and includes no details of the

preparation procedure with regard to water and air contamination.  Traditionally, Murray
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performs his experiments on the benchtop without regard to contamination.  Other

differences in the experimental protocols used by our group, as opposed to the procedures

used by Murray, are pointed out in subsequent paragraphs.

A.6.2. Preliminary Results - Carboxylic Acid Ferrocene / MePEG(250)

To test the behavior of the microelectrode assembly and ensure the viability of this

technique, the carboxylic acid ferrocene experiment was repeated.  A polymer melt of

MePEG(250), a viscous liquid at room temperature, with dissolved LiClO4 was prepared via

the procedure described in the Experimental Details (Section A.10).  An important difference

between the preparation procedure used in the Gorman/Bowden research collaboration and

the Murray experiments was that no solvent, either to aid in the dissolution of the Li salt or

for use as a plasitcizing agent, was ever introduced into the system.  Because of this, no

solvent had to be removed from the melt after it was prepared.  This experiment was

successful and results are presented as Figure A.14.  Scans at different sweep rates revealed

that the electrode behaves as a microelectrode, showing a steady state response at low scan

rates and diffusion controlled response at higher scan rates.24  These results are consistent

with the results shown in Figure A.12 and validated our execution of this type of solventless

electrochemistry.  The next experiments incorporated metallodendrimers into the MePEG

electrolyte films.



287

-10

-8

-6

-4

-2

0

2

4

6

020040060080010001200

E (mV vs. Ag+/0 RE)

I (
nA

)

Figure A.14.  Cyclic voltammetry of carboxylic acid ferrocene (5 mM) in Me2PEG(250) with
LiClO4.  Voltammograms shown were collected at 2 mV/sec (green), 10 mV/sec (red), and 100
mV/sec (blue) and illustrate typical scan rate dependent behavior at microelectrodes, simoidal
shaped voltammetry at low scan rates and diffusional shaped voltammetry at higher scan rates.

A.6.3.  Flexible IBUs / MePEG(250) Results

The first solventless electrochemistry experiments on the metallodendrimers were

performed on the low generation (G0, G1, & G2), flexible series of molecules in

MePEG(250).  Both the G0 flexible dendrimer and the low MW polymer, MePEG(250),

were chosen for the initial experiments because they offered the greatest chance of success.

The dendrimers, it was feared, would be too bulky and insulating to undergo facile ET of any

kind in the higher MW, long chain polymers.  Although the results are not shown here,

experiments with dendrimers in higher MW polymer were attempted and showed very poor

results in accordance with this line of thought.  Additionally, the longer chain polymers were

much more difficult to prepare clean and anhydrous.  After a tremendous amount of effort

and repeated trials, experiments with GO were eventually successful.

Electrochemistry on the flexible IBUs required both an extensive preparation

procedure for the polymer and a specific polishing procedure for the microelectrode

assembly.  Both of these procedures are outlined in the Experimental Details section at the
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end of this appendix.  Cyclic voltammetry on the first three flexible generations of dendrimer

afforded the voltammograms shown in Figure A.15.  Background scans of the polymer

electrolyte alone were devoid of the peaks.  Data collected from both CV and CA

experiments are summarized in Table A-5.  The only significant trends shown in Table A-5

involve the peak separations (∆Ep) and the peculiar FWHM values.  Because of the dramatic

decrease in the peak currents (ip,c & ip,a) from the G1(flex) to the G2(flex) scans (Figures

A.15b & A.15c), experiments with higher generations were not attempted.

Table A-5. Solventless Electrochemical Properties of Metallodendrimers

IBU
E°°°°′′′′

(mV)a
∆∆∆∆Ep

(mV) b
ΓΓΓΓ*

(fmol/cm2) b
FWHMc

(mV) b
k°°°°et
(s-1)d

k°°°°et
(s-1) b

Dappe

(cm2/sec)
GO -1100 475 102/94 334/372 3.8 E-3 6.9 E-3 3.0 E-7
G1 -1200 588 62/63 409/405 3.6 E-3 3.0 E-3 2.0 E-7
G2 -1000 672 104/87 400/521 4.1 E-5 5.0 E-3 6.6 E-8

a E°′ values are calculated using the average of Ep,a and Ep,c.
b Measured at 50 mV/sec scan rate versus a Ag+/0 pseudo reference electrode.
c Anodic and cathodic measurements shown, respectively.
d Measured at several scan rates: ≤ 100 mV/sec that significantly increased ∆Ep.
e Measured via a Cottrellian analysis (Chronoamperometry- PW=400sec; Step E= -1.8V).
Note: Only measurements from electrode assembly #6 shown; variation in data not shown but exceeded
100% in some cases.

A.7.  DISCUSSION

The most pertinent information that can be ascertained from the voltammetry of the

flexible dendrimers, reiterated in Figure A.16, is the distinct kinetic effect displayed in the

voltammograms.  A clear qualitative trend in the kinetics can be inferred from the peak

splitting and peak shape of each successive generation.  Indicative of the ET attenuation for

which these molecules were designed, the results show each generation insulating the redox

core and hampering the intermolecular electron exchange.  With each added generation, the

peak splitting, a function of the kinetics, increased significantly.  Moreover, the attenuation

present in the ET function of the G2(flex) is so severe that the signal is poorly resolved and

barely discernible from the background.  Peak splitting of this nature in CV is most often

seen as a sign of highly irreversible ET kinetics. Normal, diffusional voltammetry in solution

of irreversible kinetics usually has a peak splitting of at least 200 mV.
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Figure A.15.  Cyclic voltammograms of first three generations of the flexible IBU
molecules (5 mM) in Me2PEG(250) with LiClO4: a) GO; b) G1, and c) G2.
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Figure A.16.  Cyclic voltammetry results comparison between GO-flex(black), G1-
flex(blue), and G2-flex(red).  Note the decrease in current and increase in peak splitting
with increasing generations of metallodendrimers.

Unfortunately, the quantitative analysis of these experiments is not as definitive.  All

measurements of ET rate constants (kapp°) and diffusion coefficients (Dapp) on the dendrimer

systems resulted in inconsistent values showing no trend and a large degree of variability.

The results of these calculations are shown in Table A-5.  It is believed that the quantitative

measurements ultimately failed because all of the calculations required the application of an

accurate model describing the nature of the dendrimer-polymer films.  All of the models

applied to this system thus far are believed to be inaccurate or lacking in some dimension.

These films are difficult to define.  The peak shapes of the voltammetry appear to be

diffusionless in nature, especially the oxidative waves.  The voltammetry seems to return to

baseline after the dendrimer redox activity, devoid of any diffusion limited current.  This type

of peak shape contrasts sharply with the solventless electrochemistry performed by Murray,

which is clearly diffusional.
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To evaluate the idea that the dendrimer electrochemistry is surface confined, the

impact scan rate was probed for GO.  If the molecule’s behavior is adsorbed in nature, the

peak currents should be linearly related to the scan rate of the experiments according to

equation A.3.  Voltammograms at varying scan rates for GO(flex) are shown in Figure A.17.

The corresponding plots of ipa and ipc versus scan rate are presented in Figure A.18 Attempts

to fit the same data to a diffusing system model (Eqn. A.3: ip vs. ν1/2) were not successful.

Clearly, these result support the notion that the dendrimers in the polymer melt behave

similarly to surface confined molecules.
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Figure A.17.  Cyclic voltammograms at varying scan rates of GO-flex in
Me2PEG(250)/ LiClO4.
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Figure A.18.  Scan rate (ν) dependence plots of GO-flex in Me2PEG(250)/ LiClO4:
a) anodic current vs. ν and b) cathodic/anodic current (±i vs. ν).  Correlation
coefficients (R2) values are provided to show the degree of linearity inherent in the
data; high R2 values indicate the strong adsorbed behavior of the system.
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One particulary interesting property of the dendrimers’ solid-state voltammetry is the

unusually large FWHM values.  Ranging from 300 to 500 mV, these FWHM values are

exceptionally large and indicative of the complex nature of this system.  The reasons for the

broadened peaks are unknown, although non-diffusional broadened peaks of this magnitude

have been seen in conjunction with surface effects28 and in thin-layer voltammetry.24

If thin-layer behavior is indeed taking place, the charge passed during the scans would

be inclusive of all the electroactive molecules in the entire film.  By integrating the area

under the voltammetric curves, the charge passed during the actual experiment can be directly

compared to the theoretical charge passed if the films is completely electrolyzed.  To

calculate the theoretical charge passed, several assumptions about the system have to be

made.  The first assumption is that the polymer electrolyte-dendrimer films are evenly

distributed across the microelectrode platform.  Secondly, it is accepted that the hard sphere,

molecular radii of the dendrimers (See Table A.6a) is accurately approximated by

independent molecular modeling computer simulations.  Third, it is assumed that only

dendrimers above the working electrode were able to be electrolyzed.  Thus, any radial

derived current in these experiments is essentially neglected.  Finally, as displayed in Figure

A.19, it is assumed that the IBU molecules are in close contact within the polymer film,

adopting a simple cubic packing order.  Because both dispersion and aggregation of the

dendrimers in these films remain viable and equally plausible possibilities, this last

assumption suggests that the theoretical value calculated will be a an estimation of the upper

limit of dendrimers that may be electrolyzed.  In any event, these assumptions, along with the

information in Table A-6a, Table A-6b, and the model depicted in Figure A.19, were used to

determine the theoretical upper limit of electrolyzed molecules.
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Figure A.19.  a) Hypothetical model used for charge calculations aimed at determining the
number of IBUs being electrolyzed; b) "edge effects" were assumed to be negligible for all of
the calculations

Table A-6a. IBU Parameters and Properties
IBU Radius (Å)a X (Å)b Unit Area (Å2) Unit Area (cm2)

GO (flex) 6 10.4 124.8 1.25 x 10-14

G1 (flex) 8 13.9 222.4 2.22 x 10-14

G2 (flex) 11 19.1 420.2 4.20 x 10-14

a Determined by molecular computer simulations performed by Jennifer Smith, Gorman Research Group.
b Parameter of length defined by the model depicted in Figure A.19.

Table A-6b. Microelectrode Assembly Parameters and Properties

Electrode
WE radiusc

(µµµµm)
WE area

(cm2)
Platform Area

(cm2)d

E6 14.24 6.4 x 10-6 0.196
EB 14.49 6.5 x 10-6 0.283
EA 19.29 1.1 x 10-5 0.196

c Radius of working electrode determined by Royce Murray Research Group using an
inverted optical microscope.
d Platform area calculated from platform diameter and radius (A=πr2) as measured with
calipers.



295

To determine the corresponding experimental values, knowledge of the total number

of molecules deposited on the entire electrode platform is required.  This amount also

requires a few significant assumptions.  Considering that the film is placed on the electrode

via the inefficient and imprecise method of dropcoating from a microsyringe, the volume of

material deposited is not accurately known.  Therefore, it is estimated that

the volume of material placed on the microelectrode platform was approximately 1-2 µL of

polymer.  In this manner, theoretical values are reported with high and low calculations to

designate a range of possible values.  The results of these calculations are shown in Tables A-

7.  While not totally complete, the experimental data that can be compared to theoretical

numbers shows that, in almost all the cases, only a maximum of 33% of the dendrimer films

is being electrolyzed during the voltammetry.  This result contradicts typical thin layer

behavior and leaves the specific nature of these films and their electrochemistry largely a

mystery.

A.8.  CONCLUSIONS AND FUTURE DIRECTIONS

Even though the results shown here are significant, the future of solventless

electrochemistry on these metallodendrimers is uncertain at best.  A positive aspect of these

results is their support, at least on a qualitative level, of the dendritic encapsulation property

of the metallodendrimers.  The changing kinetics of the different generation dendrimers is the

exact structure-function relationship being sought in this project.  Unfortunately, this

technique apparently can not elucidate these properties in higher order generations and has

failed to yield useful quantitative data in the lower generation molecules.  There is definitely

science to be wrought here, however, as solventless electrochemistry remains a largely

untapped and potentially useful technique with many applications.  In fact, it might serve as

an excellent method of recording previously unachieved data on the rigid IBUs, which were

never tested in this medium.

Solventless electrochemistry is not a side project.  The extreme difficulty of the

measurements involved, as well as the time consuming nature of the required preparation

procedures, render electrochemistry of metallodendrimers a clear candidate for a full doctoral

project.  Before proceeding with a full solventless electrochemistry project
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Table A-7. Dendrimer - Polymer Film – Number of Molecules Electrolyzed
(Based on Theoretical and Experimental Charge Passed on Three Different Electrode Assemblies)

Electrode Parameter GO G1 G2

E6

Nexp →
anodic/cathodic

±σNexp

Ntheor range →

%Nelec.range→

1.40x1010 / 1.59x1010

(3.96x109)/(2.99x109)

2.04x1012 - 1.02x1012

1.6% to 0.7%

1.29x1010 / 1.22x1010

(3.26x109)/(3.44x109)

1.97x1011 - 9.85x1010

13.1% to 6.2%

1.19x1010 / 9.63x109

(6.19x109)/(6.33x109)

1.96x1011 - 9.85x1010

12.1% to 4.9%

EB

Nexp →
anodic/cathodic

±σNexp

Ntheor range →

%Nelec.range→

--- / ---

--- / ---

1.41x1011 - 7.02x1010

---

--- / ---

--- / ---

1.41x1011 - 7.04x1010

---

1.30x1010 / 2.34x1010

(6.18x109)/(6.98x109)

1.40x1011 -7.02x1010

33.4% to 9.2%

EA

Nexp →
anodic/cathodic

±σNexp

Ntheor range →

%Nelec.range→

--- / 7.49x109

--- / (1.35x109)

3.59x1011 - 1.79x1011

4.2% to 2.1%

5.62x109 / ---

(1.15x109)/(---)

3.60x1011 - 1.80x1011

3.1% to 1.6%

--- / ---

--- / ---

3.60x1011 - 1.80x1011

---

•  Nexp is the number of molecules electrolyzed as determined from the charge passed.
•  σNexp is the standard deviation of the Nexp.
•  Number of measurements in most cases was 4-12.
•  Ntheor is the number of molecules electrolyzed as determined theoretically by model in
   Figure A.19 and the geometry characteristics of the microelectrode.
•  %Nelec. is the percentage of the dendrimers in the film that are electrolyzed:

%Nelec  =  Nexp/Ntheor x 100
-where the high % = larger experimental number / low theoretical number and,
the low % = smaller experimental value / highest theoretical value.

however, it is advisable to first pursue the research objectives of the Gorman group by other

means.  Both interdigitated arrays and specifically designed synthesis of new dendrimer

species offer excellent alternatives to this approach.29  Synthetically creating more robost

dendrimers with qualities more conducive to experimental measurements, such as water and

air stable molecules capable of aqueous electrochemical treatment, is an interesting prospect.

Research in the Gorman group is already underway to design dendrimers with a charged

periphery, allowing for possible electrostatic immobilization of the dendrimers on the SAMs,

a process already extensively studied in bioanalytical research.30  Additionally, Gorman and

coworkers have implemented the synthesis of polymer ligand based IBUs.  Molecules of this

nature are even more analogous to compounds Murray has used recently for solventless
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electrochemistry experiments.29b  Thus, any of these advancements in the dendrimer project

could easily resurrect solventless electrochemistry as a potential experimental technique for

elucidating ET properties of metallodendrimers.  The work that has been presented here

represents the pioneering effort into the realm of solventless electrochemistry on

metallodendrimers and has been made available for possible future collaborations with the

Gorman Research Group.
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A.10. EXPERIMENTAL DETAILS

A.10.1. Equipment / Materials / Procedures

-General

Cyclic voltammetry (CV), chronoamperometry(CA), and linear sweep

voltammetry(LSV) were performed using either an EG&G PAR 263 potentiostat or a

Bioanalytical BAS-50W voltammetric analyzer.  Each instrument was used with its
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accompanying software, the PAR 270 software being operated in Ramp Mode, generating a

staircase applied voltage waveform with a 0.5 mV step height.  The current response of all

scans under 100 mV/sec were filtered with a built-in 5.3 Hz. low pass filter.  To ensure

reproducibility, a minimum of 3 CV cycles were collected at any given scan rate with the

final scan being saved.  CA experiments were run in duplicate for repeatability.

The metallodendrimers used for each experiment were all previously synthesized and

physically characterized with elemental analysis by members of the Gorman Research

Group.9  Atmospheric control around these molecules was maintained with a N2 purged glove

box, as well as, a variety of Schlenck flasks and vacuum lines.  Exposure of the dendrimers to

the atmosphere was minimal if at all throughout the experiments.

A.10.2.  SAM Experiments & LSV Desorption

-Equipment/Materials

An electrochemical cell previously described was used for all the aqueous or wet

electrochemistry.  The working electrode(WE) and substrate for the SAMs was an evaporated

Au mirror electrode, 1000-4000Å Au / 50Å Ti / glass (Evaporated Metal Films, Ithaca, NY).

The predominant RE used throughout these experiments was an in house built, non-aqueous,

silver (Ag+/0) wire, pseudo reference.14  The silver wire was housed in a glass sheath that was

filled with solvent containing a small amount of dissolved AgNO3.  A platinum wire was

used as the AE and wrapped around the outside of the glass barrel of the RE.  The entire

apparatus was then placed in the cell as close to the gold WE as possible to minimize solution

resistance.  Since organic solvents were employed with these electrochemical cells, Kalrez

o-rings were used in place of the traditional Viton  o-rings.  The Kalrez  o-rings are more

resistant to chemical attack and degradation.

The thiols used to form the SAM on the gold surface were previously synthesized,

purified, and characterized by Linderman and co-workers31 or used as received from Aldrich

Chemical Company (11-mercaptoundecanoic acid).  The thiols were generally used as 5 mM

solutions in ethanol (EtOH).  The ammonium-borate salts were purchased in anhydrous form

from Aldrich Chemical Company(St. Louis, MO) and used as received after drying and

occasionally recrystallizing by standard procedures.32   All solvents were purchased

anhydrous or used directly from a still with air sensitive techniques (i.e. cantellation;
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Schlenck flasks).  Freeze-pump-thaw (F-P-T) cycles using liquid nitrogen and a heat gun

were applied as needed to the organic solvents,  The small percentage of aqueous

experiments were done with Milli-Q filtered deionized water.  All open transfers of materials

or chemicals took place inside the glove box under inert atmosphere.

-Procedure

Gold electrodes were cleaned with fresh Piranha solution (1:4 H2O2(30%) /

H2SO4(conc.)) by immersing the electrode into the solution and stirring for 30 seconds.  After

the 30 second exposure, the Piranha solution was removed and the electrodes were rinsed

thoroughly with copious amounts of Milli-Q water.  CAUTION: Piranha solution is

extremely dangerous and can react violently with organic compounds; extreme care should be

used when handling or using Piranha solution!  The electrodes were then rinsed several times

with EtOH before being exposed to 900 µL of the 5 mM alkanethiol ethanolic solutions.

After several minutes, the electrodes were rinsed with pure EtOH, dried under a dry Ar gas

stream, and packed in jars with dry Ar.  These jars were then pumped into the glove box

where they were assembled into the electrochemical cells.

For the actual experiments, the cells were filled with propylene carbonate (PC)

containing 100 mM tetraethylammonium tetrafluoroborate.  CV scans were made for Cdl

measurements and LSV was performed from 0.0V to –1.3V to facilitate the reductive

desorption of the SAM.

A.10.3. Solventless Electrochemistry

-Materials/Equipment

Microelectrode assemblies were borrowed from Royce Murray’s Research Group and

were used in conjunction with a vacuum cell designed in this lab and built by the NCSU

glassblower.  The experimental apparatus, shown in Figure A.20, was housed in a homemade

faraday cage.  The microelectrodes were polished on a wheel with successively smaller grain

alumina paste micropolish (Buehler Inc.).  The microelectrode was polished two times each

with each size alumina paste (1.0, 0.3, & 0.05 µm).  The final polishing step was to polish the

electrode by hand using the 0.05 µm sized alumina, forming a “figure 8” with both hands.



300

WE

REAE

Polymer
 film

Polymer film

Electrode leads

Glass Vacuum
Cell Body

O - ring
seal

To vacuum (Schlenck line)

Faraday cage Faraday cage

Faraday cage Faraday cage

Connected to PAR p’stat

Figure A.20.  In-house built experimental apparatus used for solventless
electrochemisty of the metallodendrimers.

The polymers were purchased from either Aldrich Chemical Company or

Polysciences Inc..  The starting polymer material was measured out in the glove box and

transferred to a Schlenck flask.  All glassware was kept in the oven for at least 48 hours prior

to use and was flame dried with a methane Bunsen burner before use.  The polymer was

treated with several F-P-T cycles until bubbles ceased to form during the process.  The flask

with the polymer was then kept under vacuum and stirred with an internal magnetic stir bar.

The flask was heated to 60-70°C via an oil bath.  The polymer was kept under these

conditions for at least 48 hours.  At the end of this treatment, activated 3Å molecular sieves

were added to the polymer while it was under a jet stream of dry N2.  [Note:  the sieves were

activated by heating in a vacuum oven (-90 psi.) at 150°C.]  This slurry of material was then

heated at 60-70°C and slowly stirred overnight.  [Note: the slurry was stirred extremely

slowly so as to not damage the molecular sieves.]
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Simultaneously, the LiClO4 solid was purchased as an anhydrous salt and was further

dried in a vacuum oven at >100°C for at least 3 days prior to initial use.  The LiClO4 was

kept in the vacuum oven at this temperature for the duration of the solventless

electrochemistry project and used as needed.  [Note: It is imperative to dry the salt before

using it since the Li salts readily adsorb moisture.17

The dried LiClO4 and the dry MePEG, which was cantilated away from the molecular sieves

into another vacuum flask, were both pumped into the glove box where they were combined.

The Li salt was quantitatively added the polymer by measuring out enough to maintain a ratio

of ether oxygen to Li of 16:1.18d  The combination of these two materials, contrary to

literature reports,18 were not readily miscible.  Instead the mixture required being returned to

the vacuum pump for at least overnight stirring and heating (60-70oC).

Finally, for the solventless electrochemistry experiments themselves, the polymer

electrolyte was transferred back to the glove box and mixed with the dendrimer in an

approximate concentration of 5mM IBU.  Several drops of this material were placed, via a

glass microsyringe, on the microelectrode platform.  The entire microelectrode tip was then

sealed into a vacuum cell and returned to the vacuum line.  The thin film of material was

pumped on in this manner for at least 3 days before any testing was attempted.  After the

third day of pumping, the films were tested daily until the voltammetry became consistent.  It

was believed that the consistent signal was a sign that moisture had been completely removed

from the film and stabilized the signal.   The films, which were very thin and uniform but

visible to the naked eye, were watched closely for any signs of “cracking,” an indication that

they were excessively dry.  Overly dry films have a greater propensity for iR effects to be

present in the electrochemistry.  CV experiments were performed first, followed by CA

testing.  CV scans were performed from 0.0V to -2.0V (vs. Ag+/0) at varying scan rates,

typically less than 100 mV/sec.  CA experiments were performed with step potentials of -1.5

to -2.0V and a pulse width of 10, 400, or 1000 seconds.
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INTERESTING ELECTROCHEMISTRY AT INDIUM OXIDE ELECTRODES

APPENDIX B

“There is no crisis to which academics will
not respond with a seminar.” - Anonymous
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B.1.  INTRODUCTION

This appendix describes research performed as part of a collaboration with Dr. Ashley

Bush and coworkers in the Laboratory of Oxidation Biology in the Department of Psychiatry

and Neurology - Genetics and Aging Unit at the Harvard Medical School and Massachusetts

General Hospital.  The research is focused on using electrochemistry as a complementary

technique to explore drug pathways and delineate the pathology behind age related

degradation of function and neurological disease.  Although this research collaboration is in

its early stages, it appears as though electrochemistry may be useful in understanding  some

of these disorders.  What follows is a brief synopsis of the electrochemistry performed as part

of this research collaboration.  The following discussion is not intended to be a detailed

description of the current state of neurological disease and age related illnesses.  Instead, the

discussion attempts to provide a glimpse of how electrochemistry has been and can be

utilized to assist in biomedical research of this nature.  The accounts of this research effort

discuss recent successful ventures using electrochemistry in biomedical studies as well as

specific complications that clearly warrant future electrochemical experiments in this area.

This appendix is provided as part of this dissertation, not only to register an account of the

research activity, but to hopefully inspire future researchers to consider work in this exciting,

new collaboration.

B.2.  NEUROLOGICAL DISEASE1

Age related illnesses and neurological diseases are some of the worst ailments

affecting human beings today.  Alzeimer’s disease (AD), for example, causes a progressive

loss of memory and mental capabilities in elderly people, eventually leaving people afflicted

with this disease confused and incompetent to care for themselves.  The disease can render its

victims helpless to recognize and remember even their closest loved ones and friends.  AD

affects 5-10% of all people over the age of 65, some 4 million persons in North America.

Other examples of the more prominent neurological diseases affecting the elderly are

Huntington’s disease (HD) and Parkinson’s Disease (PD).  Huntington’s disease affects one

in ten thousand individuals, about 30,000 people in North America alone, and caused its

victims to make involuntary movements, become cognitively impaired, and eventually



308

mentally disturbed.  One million people in North America suffer from PD, a condition which

eventually results in serious dementia.  Not very well understood, these diseases continue to

affect people around the world and are met with non-optimal medical treatments that are only

able to slow, not halt, the degenerative process of the disease.  Thus, scientists aim research

efforts at understanding the pathology of these diseases in order to develop more successful

and effective means of treating and preventing the onset of the diseases.  Several hypothetical

mechanisms for these diseases have been proposed including oxidative stress, free radical

activity, excitotoxicity, accumulation of intracellular aggregates, mitochondrial dysfunction,

and apoptosis.  These ideas and more are being pursued throughout the biomedical field in

search of a better understanding of how these diseases occur and, more importantly, how they

can be treated or prevented.

B.3. METAL OXIDE ELECTRODES

For this research, the pathology of several age related illnesses, neurological diseases,

and drug pathways, were investigated using voltammetry, at metal oxide electrodes.  Metal

oxide electrodes have been used previously for electrochemical experiments both in the

general literature2 and in this research group.3  Metal oxides such as tin oxide and indium tin

oxide (ITO) provide stable (unreactive), conductive surfaces for electrochemical experiments.

These semi-metallic electrodes are comprised of a conductive, transparent film of tin-doped

indium oxide on a glass substrate.  Their transparent nature renders these substrates useful in

spectroscopic studies and their acid/base surfaces allow for control of surface ionization with

solution pH.  Although their interfacial properties are not completely understood, ITO

electrodes have been used exclusively for this research effort.  ITO electrodes exhibit a very

wide potential window in aqueous solution and are less prone to fouling due to material

irreversibly adsorbing on their surface.  Metal electrodes such as gold, while superior in other

electrochemical experiments, are extremely reactive toward foreign material and therefore

have a tendency to promote surface adsorption/contamination.  If the material is biological in

nature, such as the case in some of this work, the materials may irreversibly adsorb to the

gold and subsequently become denatured on the surface.  Most of the research involving ITO

electrodes also utilized copper solutions whose redox activity occurs at positive potentials
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which are easily accommodated by the ITO.  For these reasons, ITO was chosen to act as the

working electrode in all of the following studies.

B.4.  THE KYNURENINE PATHWAY - A CATARACT STUDY

A major portion of this research focused on the amino acid tryptophan’s catabolic

reaction, or kynurenine pathway.  This pathway is found throughout most of the tissue in the

human body and is illustrated in Figure B.1.  In this pathway, a number of toxic intermediates

including 3-hydroxykynurenine (3HK) and 3-hydroxyanthranillic acid are produced.

Multiple research efforts have implicated the kynurenine pathway and its toxic intermediates

as playing a role in a number of neurological, inflammatory, and age related diseases

including: HD, PD, HIV infection, bladder cancer, cerebral malaria, poliomyelitis,

fetomaternal tolerance, and animal multiple sclerosis and viral pneumonia.4,5  The toxic

intermediates 3HK and 3HAA cause neuronal cell death with apoptotic features in cultures.4

The kynurenine pathway and the subsequent derivatives of the reaction are also active

in the epithelial cells of the ocular lens.  In the lens, 3HK interacts with lysyl residues of the

lens proteins, such as α-crystallin, and may function as a short wavelength ultraviolet light

filter for the eye.6  Recent work performed on the kynurenine pathway component 3HK has

shown that the amount of 3HK bound to lenticular proteins increases with age and eventually

fosters protein aggregation.  This aggregation is speculated to contribute to the opaque nature

of cataractous lens.4,6

Protein aggregation leading to cataract formation is also characterized by oxidative

stress damage.  Numerous studies4 have shown that the process is accompanied by both a

decrease in antioxidant defense enzymes and an increase in hydrogen peroxide.  Additionally,

there have been accounts of a raised level of Cu(II) in the cataractous lens, which has been

implicated as a cofactor in generating potentially damaging reactive oxygen species, such as

peroxide and superoxide, which may also foster protein aggregation.4  Taken together, these

findings suggest that oxidative stress, initiated by the combination/reaction of 3HK and other

related kynurenine catabolites with redox active copper and other metals may participate in

age related cataract formation.



310

Figure B.1.  Tryptophan metabolism through the kynurenine pathway.  Enzymes catalyzing
reactions are indicated in italics.  The phenolic hydroxyl group is noted by a box on the
compounds that reduce Cu(II) to Cu(I) and generate hydrogen peroxide (3HK, 3HAA, and XA).4

In this research, the possibility is considered that the interactions between the two

phenolic kynurenine derivatives, 3HK and 3HAA, and redox active Cu(II) contribute to the

generation of reactive oxygen species, ultimately oxidative stress, and the aggregation of

crystallins.  This interaction initially involves the reduction of the Cu(II) through Fenton

chemistry before the ultimate generation of hydroxyl radicals, peroxides, and superoxides.7

Research on the kynurenine catabolites, performed by Bush and coworkers, involving metal

reduction, hydrogen peroxide, and superoxide assays (results not shown) suggest that the

ortho-aminophenol kynurenine derivatives, 3HK and 3HAA, but not their nonhydroxylated

precursors, kynurenine (KYN) and anthranilic acid (ANA), effectively reduce Cu(II) and

Fe(III) at physiological pH, subsequently setting the stage for the generation of hydrogen

peroxide and, in the case of 3HAA, superoxide.  To further explore this proposal, cyclic

voltammetry was employed for further characterization.  Electrochemistry has been
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performed previously on kynurenine catabolites,8 but their electrochemistry in the presence of

metal species is largely unexplored.

Data from the Bush laboratory indicated that 3HK and 3HAA were the strongest

Cu(II) reducing agents in the kynurenine pathway.  Therefore, as a means of confirming this

apparent redox activity of 3HK and 3HAA, cyclic voltammetry was used to study the

interaction of these catabolites with Cu(II).  This study, illustrated in Figure B.2,

compared 3HK and 3HAA to their non-phenolic analogs, KYN and ANA, in aqueous

solutions of Cu(II) at pH 7.41.  Cyclic voltammetry of the four catabolite compounds in

the absence of Cu(II) (data not shown) revealed no significant redox activity in the +0.15 to -

0.4 V potential window compared to the phosphate buffer solution (PBS) background (scan

a).  At potentials above +0.15 V, the catabolites undergo direct irreversible oxidation, a

reaction that is not considered further at this point.  Cyclic voltammetry of Cu(II) in PBS

yielded a current response at approximately 100 mV due to the reduction of the metal ion

(scan b).  In the presence of either KYN or ANA, the Cu(II) reduction wave remained largely

unaffected (scan c) although KYN appears to show some slight reactivity.  This result

suggests that most of the Cu(II) remains uncomplexed and available for reduction in the

presence of the two catabolites.  The Cu(II) reduction wave was nearly abolished (scan c) in

the presence of 3HK, and markedly decreased in the presence of 3HAA.  These results

indicate that, for the experimental conditions used (see Experimental Details), loss of

electrochemically active Cu(II) by complexation and/or reduction occurs readily in the

presence of 3HK and 3HAA, but not in the presence of KYN or ANA.  These findings are

consistent with the proposed reduction of Cu(II) by 3HK and 3HAA, supporting the scenario

laid out by the Bush research.

While supporting the hypothesis of the Bush laboratory, these results are not without

their own complications and clearly require further investigation to fully understand the

situation.  As can be noted from Figure B.2, the scans of the catabolites KYN, 3HK, and

3HAA with copper (scan c of Figure B.2), all show an apparent rise in background cathodic

current starting at approximately -0.225 V, which may be residual dioxygen reduction or an

initial sign of a solvent related redox process.  Since Bush’s group showed that the reaction

of copper with reactive metabolites in the presence of dioxygen led to hydrogen peroxide
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Figure B.2.  Electrochemical analysis by cyclic voltammetry of kynurenine pathway catabolites in the
presence of Cu(II).  Cyclic voltammetry was conducted on phosphate buffered saline solutions (PBS) at
pH = 7.4 of copper (II) chloride (25 µM) in the presence and absence of 100 µM L-kynurenine (KYN), 3-
hydroxykynurenine (3-HK), anthranilic acid (ANA), and 3-hydroxyanthranilic acid (3-HAA).  In each
panel, voltammograms are shown of (a) background current in PBS, (b) Cu(II) in PBS, and (c) Cu(II) in
the presence of the designated catabolite.
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production, it was speculated that the rise in background current was the result of peroxide

formation and its subsequent reduction.  To test this hypothesis, a blank scan of PBS in this

same potential window was compared with PBS with added H2O2 and is shown in Figure

B.3.  It appears from these results that the rise in background current is the result of peroxide

reduction.

The results in Figure B.2 were obtained using ITO electrodes that were “activated” by

an electrochemical pretreatment.  Activation of ITO electrodes, in this case, involved cycling

the electrode potential scan range to high values (+1.2 to -0.4 V).  The results obtained on

ITO electrodes depended significantly on this activation step, as first discovered during some

of the catabolite system voltammetry where there seemed to be an unusual potential window

dependence in the results.  An example of this phenomenon is shown as Figure B.4 with

3HAA in the presence of copper ion.  Voltammetry of Cu(II) in the presence of 3HAA at an

activated ITO electrode has already been shown (Figure B.2C) and depicts only weak copper

redox activity when the ITO at an activated surface.  This is the result consistent with the

proposed hypothesis of complexation and/or metal reduction processes taking place.

However, without activation, i.e. when the same system is scanned in a small potential

window, the initial scan (Fig. B.2A) clearly shows a copper signal largely unaffected by the

presence of 3HAA.  When the potential is cycled to more positive potentials, the Cu signal

disappears, consistent with the proposed reaction mechanism with 3HAA.  It also appears

from this figure that there exists a threshold potential, possibly where the catabolite begins to

be forcibly oxidized by the applied potential, where a substantial, yet unknown, effect occurs

to change the voltammetry.  Similar potential window anomalies were witnessed with some

of the other kynurenine based systems as well.  It is believed that this effect is a property of

the ITO surface itself, but at this early stage in the research the influence of concentration and

reaction mechanisms involving the oxidized forms of these catabolites that are generated at

these higher positive potentials cannot be unambiguously ruled out as contributing factors.

Furthermore, all of the kynurenine pathway catabolites readily autooxidize.  For these

reasons, voltammetry experiments dedicated to this current study focusing on copper

reactivity were isolated to a narrow potential window, performed as quickly as possible, on

ITO electrodes that had previously been activated.
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Figure B.4.  Cyclic voltammetry of
copper (II) chloride (25 µM) in the
presence of 3HAA (100µM) at an ITO
electrode: A) initial potential window
of +0.15 V ↔ -0.4 V; B) a larger
potential window of +0.4 V ↔ -0.4 V;
C) an extended potential window of
+1.0 V ↔ -0.4 V; and subsequently
returning to the original potential
window of +0.15 ↔ -0.4 V.  Notice
that the copper signal at -100 mV is
substantial until the electrode is
"activated by scanning to potentials of
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Some of the strongest evidence for this potential window dependence being a function

of the ITO electrode itself and independent of the presence of specific catabolites is the

voltammetry collected for the copper standard.  Figure B.5 shows several voltammetric scans

of Cu(II) in PBS in various potential windows.  The potential window dependence of the

system is very evident.  With each expansion of the potential window, the copper signal is

enhanced.  This trend was observed regardless of degassing, although higher copper currents

did result from degassed samples.  Even though the activation mechanism and the potential

cycling mechanism are not known, activation did lead to reproducible results for

experiments.  This is not an unusual situation in electrochemistry for the early stages of a

solid electrode investigation.  In light of these results, however, further investigation of the

ITO “activation” mechanism is clearly needed.  Additionally, the future of this particular

project could entail electrochemical analysis on the ocular protein, α-crystallin, to see how its

electroactivity is affected by the presence of these kynurenine pathway catabolites.

Figure B.5.  Cyclic voltammetry of 25 µM copper (II) chloride in PBS (pH 7.3) scanned
sequentially in the following potential windows: (a) +0.15 ↔ -0.4 V; (b) +0.4 ↔ -0.4 V;
(c) +1.0 ↔ -0.4 V.  Note the apparent increase in the Cu signal at -100 mV with each
enlargement of the scanned potential window toward more positive potentials.  Scanned
at 100 mV/sec ; Ag/AgCl (1M KCl) reference electrode.
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B.5.  THE Aββββ PEPTIDE AND ALZHEIMER’S DISEASE

Redox metal based oxidative stress mechanisms have been targeted as playing a vital

role in the pathogenesis of Alzheimer’s disease (AD).  Early biological events that signal the

start of AD involve enzymes attacking a neuron based protein called APP (see Figure B.6).

Figure B.6.  Illustration of how Alzheimer’s attacks the brain (Figure from Ref. 1e).

Normally APP functions as a growth and maintenance protein.  However, at the onset of

Alzheimer’s, the APP proteins are attacked by secretase enzymes (both beta and gamma) that

dice the protein into shorter pieces, including a protein fragment called A-beta (Aβ).  Most of

the Aβ peptides dissolve quickly in the fluid surrounding the neuron cells.  Some of the Aβ,

however, drifts away from the cell membrane and forms clusters with other Aβ strands,

called fibrils.  The fibrils eventually enlarge into masses called toxic plaques which

subsequently displace brain cells, sometimes destroying them and sometimes triggering an

inflammation reaction.  In response to the inflammation, the human body will release toxic

agents in the form of free radicals which attack the infection.  This response usually ends up
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destroying the neurons in an attempt to rid the organism of the fibrils and plaques. Eventually

the neuron cell’s interior is severely damaged and no longer can function.  Victims of AD

have an increased concentration of these Aβ peptides in their brains, which are literally

littered with sticky plaque lesions.  Thus, much AD research has focused on studying the Aβ

peptides and their role in this process in order to understand the pathology of this disease and

possibly learn of a possible intervention treatment.1

Specific Aβ peptides have been shown to have a neurotoxicity linked to metal

reduction and subsequent hydrogen peroxide generation, although the mechanism is

unknown.  Evidence has recently been reported that supports a proposed mechanism in which

specific Aβ peptides react with redox metals to produce a Fenton-like reaction, the by-

product of which is hydrogen peroxide.9  This reaction scheme is displayed as Figure B.7.

This finding is interesting in that abnormally high concentrations of Cu(II) and Fe(II) have

been found in the amyloid plaques and AD-infected neuropile.  Additionally, there is

evidence in the literature that suggests that copper binds to the Aβ peptides.1,10  Copper

selective chelators have been shown to dissolve Aβ deposits from AD inflicted brain tissue,

increasing  suspicion that the presence of local redox metals may play an important role in

this disease.1,11  Consequently, copper chelating and antioxidant chemical treatments on

patients with AD have significantly slowed both the onset and progression of AD and other

neurological diseases.

Figure B.7.  Model for the
generation of reduced metal
ions, O2

-, H2O2, and OH•  by
Aβ peptides.  Note that Aβ
facilitates two consecutive
steps in the pathway: the
reduction of metal ions and
the reaction of O2 with
reduced metal ions.9,11
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Figure B.8.  Electrochemical characterization of a complex formed between Aβ1-42 and copper.
Electrochemical analysis by cyclic voltammetry of Aβ1-42 with and without added Cu(II).  Response
obtained from (a) Dulbecco’s PBS, pH=7.3; (b) Cu(II) (17 µM) in buffer; (c) Aβ1-42 (100 µM) in buffer,
and (d) Aβ1-42 (100 µM) with added Cu(II) (17 µM) in buffer.  All cyclic voltammograms were obtained
at an ITO electrode with a scan rate of 100 mV/sec.11

In this study, electron paramagnetic resonance (EPR) and metal reduction assays

performed by Bush and coworkers indicated that the Aβ peptide, known as Aβ1-42, had a

strong tendency to bind and reduce Cu(II).9,11  To help corroborate this finding, cyclic

voltammetry was performed by researchers in the Bowden laboratory.  Again, the

electrochemical behavior of Cu(II) was assessed in the presence and absence of the Aβ

peptide in question.  The results of these experiments are displayed in Figure B.8.  Included

in this figure are scans of PBS alone and with Cu(II) (scans a & b).  The PBS was found to

routinely possess approximately 0.1 µM Cu background contamination.  Scan c of Figure B.8

shows the voltammetry of Aβ1-42 in the Cu contaminated buffer.  The peak seen in scan c at

~ +500-550 mV is thought to be the redox activity of a Cu- Aβ complex.  The high positive

potential displayed by the complex suggests that the copper is in a +1 oxidation state that is

stabilized by the peptide binding.  To support this hypothesis and determine whether Aβ



319

interaction with Cu metal in the PBS is responsible for the electrochemical response

observed, Cu(II) in the form of CuCl2 was added to the mixture.  Adding Cu(II) to the

solution increased the magnitude of the response at +500-550 mV (scan d in Figure B.8), a

response consistent with the electrochemical response being characteristic of a copper- Aβ

complex.  As noted from the figure, the Cu(II) response at -80 mV (scan b) is completely

abolished in the presence of the Aβ peptide, an indication that no free copper is available

when the Aβ is present.  Thus, the cyclic voltammetry results support the hypothesis that the

Aβ1-42 peptide binds and reduces Cu(II) and may be an integral part of the Fenton chemistry

that eventually leads to the production of hydrogen peroxide and ultimately to oxidative

stress, a proposed mechanism of AD.

A complete understanding of the pathology of AD remains elusive.  One current focus

is a mutant form of the Aβ peptide, called the Dutch type or Q22, which has been targeted as

playing a significant role in amyloidgenic disease.12  Similar metal reduction/peroxide

formation mechanisms are thought to be responsible in this case and, thus, a key need for

exploring these possibilities is monitoring the reduction of Cu(II).  A popular method of

monitoring Cu(II) reduction is through the use of a specific colorimetric ligand for Cu(I),

bathocuproine disulfonate (BC).  BC’s ability to complex both Cu(II) and Cu(I), however, is

the subject of debate in the literature and welcomes future experiments aimed at delineating

the processes involved with BC-copper interactions.  Perhaps, electrochemistry, having

shown promising results in these projects, can be used to clarify the exact relationship

between BC and copper species.13  In any event, applying electrochemistry to study

neurological diseases and age related illness appears to be a challenging, yet potentially

rewarding, emerging field of study.

B.6.  CYTOCHROME C AT ITO ELECTRODES

As noted in a previous section, the surface ionization of ITO, due to its inherent

number of acid/base surface sites, can be adjusted via solution pH manipulation.  The fact

that the surface can be made negative at near neutral pH encouraged the use of the ITO

substrate as an electrostatic binding partner for cyt c molecules.  If successful, the ET of cyt c

adsorbed on ITO may be studied without the use of a surface modifier or SAM.  Thus, a
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project arose with the objective of basic electrochemical characterization of cyt c adsorbed at

ITO electrodes.

Considerable work has been performed with cytochrome monolayers on SnO2

electrodes,3 but the adsorption of cyt c at ITO electrodes, whose conductivity is higher than

SnO2, is relatively uncharted territory.15  In this current study, cyt c molecules were

successfully adsorbed to the ITO.  An example of a cyclic voltammogram of adsorbed cyt c at

ITO is shown as Figure B.9.  The electrochemical response of cyt c, shown in the figure, is

stable for several days and the native form of the adsorbed protein seems to persist, unlike at

bare metal electrodes.  As with tin-oxide electrodes, the hydrophilic and negatively charged,

ionic surface of the ITO causes the hindered denaturation of the protein.  Both HH cyt c and

yeast C102T cyt c were successively immobilized and electrochemically characterized on the

ITO.  Table B.1 shows the results of these experiments.  The data were collected solely from

voltammetry experiments because all attempts to duplicate the data with electrochemical

impedance spectroscopy (EIS) have been, up to this point, unsuccessful.  The reasons for the

failure of EIS are unknown and require additional investigation.

In the evaluation of these systems, a curious and somewhat familiar trend emerged

concerning a scan rate dependent rate constant.  Theoretically, the electron transfer rate

constant should show no dependence on the scan rate.  A plot of scan rate versus ET rate

constant, shown as Figure B.10, indicates otherwise.  From the plot, it is clear that at low

sweep rates, the ET rate constant undergoes a dramatic change.  A

nonlinear trend for this system is also noted, as shown in Figure B.11, for the peak splitting

(∆Ep) versus the scan rate.  Previous work with HH cyt c adsorbed at tin oxide electrodes

showed similar phenomena.3c  The reasons behind these results are still being investigated.

Research on this project is now geared toward understanding these trend

and establishing an adsorption model, possibly a square scheme mechanism, which

effectively describes the cyt c/ITO system.



321

-1 .5

-1.0

-0.5

0.0

0.5

1.0

1.5

-250-200-150-100-50050100150200250
E (mV vs. Ag/AgCl)

I (
uA

)

Table B-1.  Cyt c / ITO Voltammetrya

System
E°°°°′′′′

(mV)
ΓΓΓΓ*

(pmol/cm2)d
FWHM
(mV)d

k°°°°et
(s-1)e

HH
Cyt cb

-6.2
(±4.0)

14.5
(±2.1)

108.3
(±1.1)

15.9
(±4.6)

Yeast
C102T
Cyt cc

-9.7
(±4.9)

8.7
(±1.3)

103.4
(±1.3)

7.3
(±8.5)

a Data collected by Ryan Gallagan.
b Values calculated from 10 different cells; cValues calculated from 5 cells.
d Measured using voltammetry at 100 mV/sec.
e Rate constants determined by Laviron's Theory for quasi -reversibility
(500 mV/sec ≤ ν ≤ 2000 mV/sec for the HH cyt c and 10 mV/sec ≤ ν ≤ 1000 mV/sec
for the Yeast cyt c) – See Ch. 2.

Figure B.9.  Cyclic voltammetry of HH cyt c adsorbed to ITO.  Shown with
background (Data collected by Ryan Gallagan).
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Figure B.10.  Plot of scan rate versus electron transfer rate constant for the HH cyt c /
ITO system showing data from three different cells (Data collected by Ryan Gallagan).
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Figure B.11.  Plot of scan rate versus peak splitting for the HH cyt c / ITO system
showing data from 3 different cells (Data collected by Ryan Gallagan).
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B.8. EXPERIMENTAL DETAILS

B.8.1.  Kynurenine Pathway Experiments

Cyclic voltammetry was performed at room temperature (22±2° C) on ambient

solutions using an EG&G PAR potentiostat, Model 273.  The potentiostat was operated in

Ramp Mode, generating a potential staircase waveform with a 0.25 mV step height.  The

potential window of +0.15 to -0.4 V, in which Cu(II) is electroactive but the catabolites are

not, was scanned in both directions at a rate of 100 mV/sec.  The current response was passed

through a 5.3 Hz low pass filter.  A minimum of three cycles were collected for each scan,

ensuring the stability of the electrochemical response.  The electrochemical cell consisted of

an indium/tin oxide working electrode (Delta Technologies) with an active area of 0.32 cm2,

a Pt wire auxiliary electrode and a Ag/AgCl (1 M KCl) reference electrode (Microelectrodes

Inc.).  Both the auxiliary and reference electrodes were positioned in the cell in close

proximity to the working electrode.  The working electodes were pretreated with successive

10 minute sonications in Alconox (~ 8 g/L), 95% ethanol, Milli-Q purified H2O (2X), and

PBS (Sigma - Dulbecco’s Phosphate Buffer; pH=7.41), followed by an overnight soak in
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PBS (pH=7.41).  The ITO electrodes were subsequently “activated” immediately prior to use

by successive cycling in PBS for three cycles in each of the following potential windows:

+0.15↔-0.4 V, +0.4↔-0.4 V, and +1.0↔-0.4 V.  Cupric chloride (25µM) (Allied Chemical)

was used as the Cu(II) source.  Background voltammograms were obtained on each new

electrode before testing the kynurenine pathway cataoblites, 100 µM KYN, 3HK, ANA, and

3HAA (Sigma Chemical Company), by themselves in PBS, and in the presence of Cu(II)

(25µM) in PBS.  Each experiment also included a scan of Cu(II) (25µM) in PBS without

added test compound.  All solutions were tested within minutes of being prepared.  Each test

was repeated to ensure the reproducibility of the results.

B.8.2. Aββββ Experiments

Cyclic voltammograms were obtained at room temperature (22±2° C) on air

equilibrated solutions using an EG&G PARC potentiostat, Model 263A.  The

electrochemical cell incorporated an indium/tin oxide (ITO) working electrode (Donnelly

Corporation) of 0.32 cm2 area, a platinum auxiliary electrode, and a Ag/AgCl (1 KCl)

reference electrode.  The working electodes were pretreated with successive 30 minute

sonications in Alconox (~ 8 g/L), 95% ethanol, Milli-Q purified H2O, and PBS (Sigma -

Dulbecco’s Phosphate Buffer; pH=7.3), followed by an overnight soak in PBS (pH=7.3).

The peptide solution was prepared by first dissolving Aβ1-42 with sonication in deionized

water to 300 µM, after which the peptide solution was added to Dulbecco’s phosphate

buffered saline without Ca or Mg (Sigma) to a final concentration of 100 µM.  Background

voltammograms were first acquired in buffer on each new electrode used, followed by

examination of Aβ1-42 (100 µM) in buffer, CuCl2 (17 µM) in buffer, and Aβ1-42 (100 µM)

with CuCl2 (17 µM) in buffer.  The possibility that the formal potentials measured were for

surface adsorbed complexes cannot be excluded, and, in fact, the wave shapes (Figure B.8

lines c & d) of the copper signals are suggestive of involvement by adsorbed species.  Further

investigation is warranted to resolve this issue.

B.8.3.  Cyt c / ITO Experiments

Cyclic voltammetry was performed at room temperature (22±2° C) on ambient

solutions using an EG&G PAR potentiostat, Model 273.  The potentiostat was operated in

Ramp Mode, generating a potential staircase waveform with a 0.25 mV step height. The
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current response was passed through a 5.3 Hz low pass filter.  A minimum of three cycles

were collected for each scan, ensuring the stability of the electrochemical response.  The

electrochemical cell consisted of an indium/tin oxide working electrode (Delta Technologies)

with an active area of 0.32 cm2, a Pt wire auxiliary electrode and a Ag/AgCl (1 M KCl)

reference electrode (Microelectrodes Inc.).  Both the auxiliary and reference electrodes were

positioned in the cell in close proximity to the working electrode.  The working electodes

were pretreated with successive 10 minute sonications in Alconox (~ 8 g/L), 95% ethanol,

Milli-Q purified H2O (2X), and PBS (pH=7), followed by an overnight soak in PBS (pH=7).

The PBS was made (as described in Chapter 3 - Experimental Details) from mono and

dibasic potassium phosphate salts and Mill-Q purified H2O.  Pre-prepared ITO electrodes

were often stored for several days at the Milli-Q water step prior to use.  The storage time of

the ITO electrodes in the water seemed to have a negligible effect on the results of the

experiments.  To avoid contamination of the ITO surfaces, new surface were used for each

surface and used ITO substrates were discarded.

HH Cyt c was purified based on the procedure given in the Experimental Details

section of Chapter 3 and C102T yeast cyt c was purfied via the procedure described in

reference 14.  Deposition procedures and voltammetric testing was carried out as described in

Chapter 3 (Experimental Details) and were, for the most part, identical to the deposition and

testing of cyt c on SAM modified gold.
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