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Abstract

Electrografting permits bonding of an organic film to a conductive substrate. It is

therefore important to control the formation of organic films as best as possible and to

understand the linkage between the organic film and the substrate as best as possible. This

work explores electrografting of diazonium salts using high reduction potentials to prepare

thick aryl films as substrates for SPR immunoassays. Film thickness was linear with respect

to applied reduction potential for the modification of gold electrodes with phenylacetic acid

and nitroazobenzene diazonium salts. Further, the presence of redox active functional groups

was determined to be unnecessary due to the large driving force of the reaction. Phenylacetic

acid films were shown to provide a suitable platform for antibody immobilization and antigen

binding, with LOD’s comparable to other SPR based biosensors. The immobilization of

antibodies and subsequent antigen binding was shown to be highly dependent on surface

morphology.
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1 Introduction

1.1 Organic Coatings

Improvements in materials can be closely linked to human development, with entire

stages of history being named after the critical materials of use. From the stone age to

the bronze and iron ages; advances in material science have coincided with great leaps

in civilization. Now, it seems to be the age of polymers with over 126 million metric

tons of polymer materials consumed a year.[1] Polymers can have unique combinations of

characteristics that cannot be met by traditional materials such as metals or ceramics. Many

applications of polymetric materials require them to be deposited on a surface to efficiently

impart desirable features to a substrate. Coatings are generally used for one or more of

three reasons: for decoration, for protection, and/or for functional purposes. The paint on

the exterior of a car is meant to look good, but it also provides protection against corrosion.

Electronic coatings protect against moisture and corrosion but can also increase dielectric

strength between conductors. Biomedical implant coatings can reduce platelet adhesion

within biological matrixes. In all applications coatings need to be stable under adverse

conditions, provide the required physical properties, and be safe for the users.[1] Therefore

it is important to control the formation of the coating on the substrate as best as possible

and to understand the linkage between the organic film and the substrate as best as possible.

Many different methods are commonly employed to form organic coatings on surfaces.

One of the most common methods being spin coating, used to prepare organic coatings

based on polymer solutions with thicknesses ranging from ten’s of nanometers to hundreds

of micrometers.[2] Spin coated films are ideal for temporary coatings, such as lithographic

resins, since the organic film is only physisorbed to the surface.[3] Another commonly used

method is plasma deposition in which strong chemical linkages are formed between the re-

active species produced and the substrate. This results in robust films generally thicker

than 1 µm that are routinely used for corrosion protection or anti-scratch coatings.[4, 5, 6]

Self-assembly is used to spontaneously form highly ordered films on oxides, metals, or sil-

icon and is the method of choice for forming films of molecular thicknesses. Self-assembly

is generally used under moderate conditions as it forms weak bonds between the coating

and substrate that can easily be broken under harsh conditions.[7, 8, 9] Electrodeposition

is used to deposit coatings on conductive surfaces by applying a potential, usually anodic,

to fuel a redox process that initials polymerization of a monomer. The polymer then de-
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posits on the surface via non-covalent interactions. Electrodeposition has been traditionally

used to coat surfaces with metals in the auto, petrochemical, and aerospace industries.

More recently electrodeposition has been used to form films of conducting organic polymers

with potential applications in solar cells, light-emitting diodes, and sensors.[10, 11, 12, 13]

Another technique to form organic coatings using an applied potential is electrografting.

Contrary to other deposition techniques electrografting allows the formation of thin organic

films (1-100 nm) with very strong film-substrate links, typically a covalent bond. Recently

electrografted films have been used to prepare functionalized surfaces for use in sensors,

electronics, corrosion protection, composite materials, and energy conversion.[13, 14]

1.2 Electrografting

Electrografting is a relatively new technique originally shown by Lecayon et al.[15] In

this work they demonstrated the formation of a thin homogeneous polyacrylonitrile films

on a metal cathode. Further work on this reaction showed that the polymer is not only

deposited but, more importantly, forms a bond between the polymer and the conductive

surface.[16, 17, 18, 19, 20] Since then the term electrografting has been used to characterize

any electrochemical reaction that permits bonding of an organic layer to a conductive sub-

strate. Both oxidation and reduction reactions can be performed electrochemically and used

to prepare electrografted films. Previously, oxidative electrografting has been demonstrated

for a variety of molecules, including amines,[21] alcohols,[22] and carboxylates.[23, 24] How-

ever, for these reactions to be effective a substrate not readily oxidized needs to be used.

This limits their applications as very few substrates (not metals) can be used. On the other

hand reductive electrografting has been demonstrated on a variety of different substrates

using various electroactive molecules.

Vinylic monomers were the first molecules to be electrografted on conductive surfaces

and have been the subject of extensive experimental work. A variety of vinylic monomers

have been deposited on a many different oxidiazble and non-oxidiazble materials: iron,[15]

nickel,[25] copper,[26] gold,[27] platinum,[28] stainless steel,[29] carbon,[30] silicon,[31] and

Teflon.[32] The resulting polymetric films have been characterized and the mechanism of

formation is well understood. The electrografting of vinylic molecules takes place through

a radical to radical coupling polymerization. Charge transfer from the electrode to an

adsorbed monomer molecule gives rise to a radical anion that binds to the surface, resulting

2



in a bonded anion. The bonded anion is stabilized by attack of a new monomer which results

in a dimer anion. The polymerization reaction continues along this anionic mechanism.[14]

Note that only the initial step is electrochemical, the growth of the films is a result of

chemical reactions. This makes it difficult to control the thickness of these polymetric fims.

Figure 1.1: Mechanism of the electroreductive grafting of vinylic compounds. Figure
adapted from Belanger et al.[14]

The choice of solvent during the electrografing of vinylic molecules is crucial. During the

electroreduction of the monomers a second route is possible where the bonded anion desorbs

3



from the surface and polymerizes in solution, if the polymer is not soluble in solution it can

deposit on the electrode non-covaltenly.[33] This results in a thick unbonded layer covering

the electrode surface. Additionally, the anionic reduction must be carried out in a glove

box without oxygen or water, limiting its use. Although, recently some specially designed

monomers have been electrografted in aqueous solutions.[34]

The electroreductive grafting of many other molecules has been extensively studied: alkyl

halides,[35] ammoniums,[36] sulfoniums,[37] iodoniums,[38] and diazoniums.[39, 40, 41, 42,

43] In recent years diazonium salts have attracted a lot of attention, with nearly 50% of the

work reported on electrografting involving diazonium salts.[14] This is likely due to there

relative ease of preparation and use, formation of stable films, and great degree of control

over film thickness and functionality.

1.3 Diazonium Salts

Aryl daizonium salts have been known for a long time and are often used in organic

chemistry for the production of dyes.[44] Commonly, diazonium salts are used in dedia-

zonation reactions to form aryl radicals or cations. In the mid-20th century the reaction

of diazonium salts with mercury electrodes was shown to result in phenylmercuric chloride

and diphenylmercury.[45] Also, diazonium salts were proposed as coupling agents for the

labeling of enzymes.[46] However, it wasn’t until more recently that the electrochemical

dediazonation of aryl diazonium salts to form aryl radicals was used to graft aryl films on

conductive surfaces. The first report of electrochemical reduction to form a blocking layer

come from Parker et al. in 1980.[47] It was determined that radicals generated blocked the

surface of the electrode; however, the nature of the blocking layer was not investigated. In

1992 Pinson and co-workers reported the mechanism of attachment of aryl diazonium salts

to glassy carbon electrodes.[48] Since then interest in diazonium derived layers has increased

significantly.

One reason aromatic diazonium salts are so attractive is there ease of preparation. Syn-

thesized in an acidic aqueous medium, usually HBF
4

, starting from an aromatic amine in

the presence of NaNO
2

the primary amine undergoes nitrosation to form a diazonium. As

many aromatic amines are commercially available, the preparation of a large number of

diazonium compounds can be easily carried out. Diazonium synthesis has also been carried

out in aprotic solvents with tert-butyl nitrite.[49] Aliphatic diazonium salts are extremely
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unstable, with only a few example of their grafting being demonstrated.[50]

Diazonium salts can be grafted to surfaces using various methods, on many substrates,

through a variety of experimental conditions. The most common method being electro-

grafting, which takes place through the electrochemical reduction of the diazonium cation

to form an aryl radical. The aryl radical then binds to the surface. Through simulations

this reaction has been shown to be concerted, which means there are no intermediates be-

tween the diazonium cation and the radical; this also means the radical is formed near the

surface, which is favorable for grafting. If the reduction potential is pushed too negative

the radical can be reduced to the aryl anion, which should be unfavorable for grafting.

The radicals produced either react to the surface or react with other grafted aryl groups,

causing the film to grow. The mechanism of diazonium cation electrochemical grafting can

be seen in Figure 1.2. Diazonium salts have been grafted to many different substrates, in-

cluding carbon,[48] semiconductors,[51] metals,[52, 53] oxides,[54] nitrides,[55] carbides,[55]

and polymers.[56] They have also been grafted to surfaces spontaneously[40] or through

the use of reducing agents,[57] ultrasonication,[55] heating,[58] mechanical grafting,[59] and

photochemistry. [60]
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Figure 1.2: Mechanism of the electroreductive grafting of aryl diazonium cations.

Unlike vinylic compounds, the reductive potential must be applied throughout the re-

action for film growth to occur; therefore, diazonium derived layers offer a high level of

control over film thickness. Films can range anywhere from sub-monolayer[61] to hundreds

of nanometers[52] depending on the deposition conditions. Due to the formation of a bond

between the organic layer and the surface diazonium derived layers show high stability under

various adverse conditions. Diazonium derived layers on carbon have shown stability under

ambient conditions for up to six months and under ultrasonic treatment in many different

organic solvents.[48] Additionally, 4-nitrobenzene layers have been shown to be stable on

carbon up to 200 �C,[62] with cleavage occurring between 300-500 �C, and during potential

cycling of 5.6 V. [63]

Diazonium salts provide a versatile and efficient starting material to functionalize a vari-

ety of substrates. The layers are robust and the thicknesses can be varied from monolayers
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to hundreds of nanometers. This is why they are now used to modify surfaces for a variety

of applications, including energy conversion, molecular electronics, and biosensors.

1.4 Surface-Based Biosensors

Any chemical sensor has two functional units. The receptor, which interacts with the

analyte and gives the sensor its selectivity. The transducer, which determines the amount

of interactions between the receptor and the analyte and converts it into a measurable

signal.[64] In biosensors the receptor is some biological molecule, such as an enzyme,[65]

peptide,[66] antibody,[67] or DNA sequence.[68] In most cases the receptor and transducer

are integrated into a surface-based device and exposed to a sample in either a liquid or gas

phase. Therefore, the reactions that take place in most sensors are interfacial and how the

interface is designed will play a huge role in the performance of the sensor.

Figure 1.3: Schematic diagram of a basic sensor.

The receptor molecule must be immobilized on the surface of the transducer. The

immobilization must be able to be performed reproducibly, allow the receptor able to interact

with the anaylte, and not change the activity of the receptor. Additionally, undesirable non-

specific interactions must be limited. These requirements become more difficult to fulfill

when the analyte is a large biological molecule, like a protein. Because of the large size

ensuring that the receptor is accessible to the analyte is more difficult. Protein analytes

can also bind to interfaces in many different ways; specifically to the receptor molecule or

non-specifically to other parts of the interface.[69] Additionally, there can be cross-reactivity

between similar types of molecules.

Immunoassays involve the use of an antibody as a receptor to quantitate the presence of

an antigen. An antibody, a class of protein called immunoglobulin (Ig), is a Y-shaped blood
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plasma protein produced by B-cells in the immune system and consist of IgA, IgD, IgE, IgG,

and IgM. Of these IgG is the most common and provides the majority of antibody-based

immunity against pathogens. It is composed of two 50 kDa heavy chains consisting of four

homologous domains and two 25 kDa light chains consisting of two homologous domains.

The base of the antibody, known as the fragment crystallizable (F
c

), is constant for all

antibodies of a given class. The arms of the antibody, called the fragment antigen binding

(F
ab

), are composed of one constant and one variable domain for each heavy and light chain

of the antibody. The variable fragments (F
v

) are the most important as they determine

antigenic specificity with antigen binding occurring at complementary determining regions

(CDR’s). More specifically, CDR’s are formed by three hypervariable loops on both the

variable heavy and light chains that form a single surface at the terminus of each arm.[70, 71]

Figure 1.4: Structure of Immunoglobulin G.

Strategies have been developed by scientists to produce reliable surface chemistry for

8



sensors that can monitor complex biological systems, like protein-protein interactions. Self-

assembled monolayers (SAM’s) are a common method, as they provide a high degree of

control over the sensing surface. More recently diazonium derived surfaces have been used

to control immobilization of bio-recognition moleclues.

Self-assembly on metal surfaces, more specifically the spontaneous adsorption of co-

terminated alkanethiols, has been the dominant method of surface modification for sensing

devices. SAM’s are commonly used in electrochemical and optical sensing devices, such as

surface plasmon resonance or surface enhanced Raman spectroscopy. Alkane thiol chem-

istry has also seen increased applications in modification of nanoparticle systems. Since

their discovery in the early 1980’s by Nuzzo and Allara,[72] thiol and dithiol SAM’s have

been the preeminent method for modifying metal surfaces. Due to the ease of preparation

and controllability of surface functionality SAM’s have been used extensively in molecular

electronics, biocompatible surfaces, chemical wettability, system fabrication, and biorecogni-

tion sensors.[73, 74, 9] This wide ranging usage is largely due to their ability to form tightly

packed highly ordered monolayers, which is largely due to the nature of the Au-S bond as

well as the interactions between the molecules themselves. The Au-S bond is semi-covalent

at ⇠50 kcal mol-1,[9] strong enough to produced a stable film but still with the lability

necessary to move on the surface and tightly pack together. Additionally, in alkanethiols

the van der Waals interactions between the hydrocarbon chains provide 1-2 kcal mol-1per

methylene unit further promoting a densely packed film. However, the nature of the bond-

ing is also the root of many of the problems associated with SAM’s. The lability of the

Au-S bond results in low thermal stability,[75] a narrow electrochemical window,[76] and is

susceptible to oxidation.[77]

The far greater stability of diazonium derived layers was the initial draw that led to their

increased usage in fabrication of sensing interfaces. Recently, there have been many advances

in diazonium chemistry that has broadened their utility for sensing applications. Diazonium

salts have been used to modify almost all types of conductive surfaces, including carbon,

metals, silicon, and indium tin oxide. It should be noted that the surface chemistry is not the

same on all surfaces. For example the rates of electron transfer through the film have been

shown to be much higher on metal surfaces, while the stability is much higher on carbon

surfaces.[69] The in situ formation of aryl diazonium cations allows more complex head

groups to be integrated into interfaces, as diazotization and purification steps can be difficult

with complicated molecule used in sensing.[78] The spontaneous adsorption of diazonium
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salts is much more compatible with bulk manufacturing and allows for simple patterning of

sensing substrates.[79] Additionally, mixed diazonium layers have been prepared, allowing

for the integration of multiple molecular components into the sensing layer.[80]

Aryl diazonium salts have been used to fabricate a wide range of sensor interfaces.

Many of these sensing interfaces involve the development of chemical sensors. Hall et al.

synthesized a hydroquinone derivative diazonium salt for electrochemical pH sensing. In

which the quinone/hydroquinone couple was used to monitor pH. Similar systems have

been used to prepare pH microelectrode for in vivo electrochemistry.[81] Diazonium derived

chemical sensors have also been developed for a range of metal ions and chemical species,

such as Cu2+, Cd2+, Pb2+, and NADH.[82, 83] Furthermore, diazonium salts have been

employed in a number of biosensing applications with the immobilization of enzymes,[84]

antibodies,[85] DNA,[86] and whole cells. [87]

1.5 Low-Fouling Films

Another critical aspect for the development and performance of bioassays is the ability to

suppress non-specific adsorption of biomolecules. In diagnostic testing for biological samples

analytes are usually present in complex biological matrixes such as blood, plasma, or urine.

These samples contain many other molecules that can potentially interfere with the assay.

It is possible to perform pre-analysis clean up steps; however, with each step you add time,

cost, and the possibility of changing the activity of the analyte. In order to reduce the

possibility of non-specific interactions, many biosensors employ some type of low-fouling

surface chemistry. The development of low-fouling surfaces is also of critical importance for

medical implants,[88] drug delivery carriers,[89] and marine coating.[90]

It has been hypothesized that the ability to resist non-specific adsorption is tightly

correlated to the hydration of the surface.[77] The the first step of any protein adsorption

is expulsion of water reducing the free energy barrier for forming an interaction between

the surface and the protein. In low-fouling materials the strength of surface hydration

is what mainly determines its low-fouling abilities by providing a physical and energetic

barrier to resist non-specific adsorption. Additionally, surface flexibility has been shown to

contribute to low-fouling properties.[91] There are two main classes of low-fouling materials,

polyzwitterionic[92] and polyhydrophilic.[93] Both of these materials obtain their low-fouling

abilities through the strength of surface hydration. Hydrophilic materials bind water to the
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surface through hydrogen bonding, whereas, zwitterionic materials use ionic solvation. For

both materials functional group distribution, film thickness, packing density, and molecular

chain conformation are of the utmost importance.[77]

The most commonly used material today for reducing non-specific interactions in biosen-

sors are hydrophilic polyethylene glycol (PEG) SAM’s. This system provides excellent re-

sistance to protein adsorption, however, they are also extremely susceptible to oxidation in

biochemically relevant solutions.[94] More recently, zwitterionic materials have seen growing

use as potential low-fouling materials. They have been shown to be highly resistant to non-

specific interactions and be very biocompatible.[95] Although, work still needs to be done

to optimize synthesis and surface coating of these types of films.

1.6 Surface Plasmon Resonance

The first immunoassays involved the use of radio-labeled antibodies[96], however, the

hazardous nature of these labels resulted in a shift to the use of enzymes,[97] fluorescent

tags,[98] or nanoparticles.[99] Still, the incorporation of labels is less convenient due to syn-

thetic challenges, multiple label issues, and potential of changing the activity. The label-free

format of surface plasmon resonance (SPR) has enjoyed significant growth as a monitoring

tool for biomolecular interactions occurring at a metal-dielectric interfaces.[100, 101, 102,

103] A surface plasmon is a quasi-free longitudinal electromagnetic wave the propagates

along a metal dielectric interface and decays exponentially into the adjacent medium. The

penetration depth of a surface plasmon into the dielectric is typically 100-500 nm.[100] In

SPR sensors a surface plasmon wave is excited by a photon of light and the effect of this

interaction on the characteristics of light is measured. This requires the photon of light to

satisfy the momentum-matching conditions. This can be achieved through prism coupling,

waveguide coupling, or grating coupling. Figure 1.5 shows the most common technique,

prism coupling. In which a thin metal film is placed in contact with a prism and p-polarized

light is directed through the prism an attenuated total reflection occurs at the prism-metal

interface. The wave vector for a photon of light (k
photon

), a surface plasmon wave (k
SP

),

and a photon of light totally internally reflected at a prism metal interface (k
ATR

) can be

expressed as:[104]

k
photon

=
!

c
(1.1)
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where ! is the angular frequency, c is the speed of light in a vacuum, ✓ is the angle of

incidence and "
m

, "
d

, and "
p

are dielectric constants of the metal, dielectric, and prism,

respectively.

Figure 1.5: Excitation of surface plamon by a light beam via prism coupling.

The wave vector equation of the totally internally reflected photon (k
ATR

) may be tuned

to match that of the surface plamon (k
SP

) by adjusting the wavelength or incident angle

of light. When k
ATR

= k
SP

they are in resonance, which may be observed as a minimum in

reflected intensity, known as the SPR angle. As mentioned above, the surface plasmons are

evanescent waves that decay exponentially into the dielectric. The surface plasmon waves

are extremely sensitive to changes in the refractive index of the dielectric which will alter

k
SP

and the conditions for resonance. Monitoring these changes in resonance is the basis of

SPR sensors. Numerous SPR biosensors have been developed to detect a host of different

analytes. Ranging from small molecules to bacterial pathogens. However, all SPR sensors

still suffer from two inherent limitations: specificity of detection and sensitivity to interfering

effects.[100] With this in mind it is critical to optimize the sensing surface to specifically
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bind the analyte of interest and to minimize non-specific interactions.

SAM’s are commonly used to control the interfacial surface chemistry in SPR bioassays.

Due to their ease of preparation and controllability of surface functionality.[105] Additionally,

Dextran layers have been used to control interfacial chemistry. Dextran is a hydrophilic

linear polymer based on a 1, 6-glucose unit. Each chain polymer has several binding points

to the surface. The flexible chain extends ⇠100 nm into solution forming a highly hydrophilic

surface with little tendancy for non-specific adsorption.[106, 107]

1.7 Objectives

Within the field of biosensors, diazonium derived layers have seen increasing use as

substrates for biomolecule immobilization. Their ease of preparation, surface stability, and

plethora of available functional groups makes them ideal for tailoring interfacial surface

chemistry. With this in mind, the main objective of this work was to study diazonium derived

layers for use as biosensing substrates. To further extend the applicability of diazonium

derived layers, Chapter 2 focused on control and understanding of diazonium electrografting

on gold. Using high reduction potentials various diazonium cations were grafted to gold

surfaces. The structure and stability of these films was then studied. To better understand

the effect of diazonium derived film structure on immunoassay performance, Chapter 3

concentrated on SPR immunoassay studies on various diazonium derived layers. Diazonium

derived films of varying thickness and surface roughness were used to immobilize antibodies

and monitor surface binding capacity of the antigen. Additionally, the use of diazonium

derived films as potential low-fouling materials was examined.
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2 Electrografting of Diazonium Derived Thick Films on

Gold Using High Reduction Potentials

2.1 Introduction

The applications of organic films on metal surfaces are extensive. From paints and var-

nishes in the auto industry to microelectronic chip packaging and biocompatible coatings.

The ability to construct robust organic films with the desired chemical and physical prop-

erties is highly valuable. With this varying degree of applications for organic films it’s

no wonder that there are so many methods used for their construction on metal surfaces.

Plasma deposition[1], spin coating[2], vapor deposition[3], electrochemical deposition[4], self-

assembly[5], and electrografting[6, 7] are all commonly used methods. Electrografting, which

is often confused with electrodeposition, is particularly useful as it allows the deposition of

thin organic films bonded to a surface. An electro-initiation step is required only for the

grafting step. The adsorbed radical then initiates polymerization and results in a propaga-

tion of the film.

Diazonated compounds were first described in the mid-19th century and are commonly

used in organic chemistry for the synthesis of many compounds, such as azo dyes.[8] It

wasn’t until more recently that the use of diazonium compounds to modify surfaces has

been utilized. First published by Pinson in 1992,[9] aryl diazonium salts can be used to

modify a variety of conductive surfaces, including: gold, carbon, copper, platinum, and

silicon.[10][11][12] Additionally, diazonium derived layers have been shown to out-perform

SAM’s in thermal stability,[13] potential cycling,[14] ultrasonication,[15] and storage in am-

bient conditions.[9] The versatility of diazonium surface modification has led to its employ-

ment in a number areas. Molecular electronics, biomedical applications, sensors, and energy

conversion have all seen growing use of diazonium modified surfaces.[16][17][13][10]

Diazonium Salt Reduction Potential, V vs. SCE
4-Nitrobenzenediazonium +0.20
4-Bromobenzenediazonium +0.02

Benzenediazonium -0.06
4-t-Butylbenzendiazonium -0.10
4-Methylbenzenediazonium -0.16

4-Diethylaminobenzendiazonium -0.56

Table 2.1: Literature reduction potentials of various diazonium salts on glassy carbon.

Diazonium cations have been shown to graft to surfaces through a variety of meth-
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ods, including the use of reducing agents[18], ultrasonication[19], heating[20], mechanical

grafting[21], photochemistry[22], or electrochemistry[6, 23, 24, 11]. The latter being the

most prevalent method; it has been used to deposit a number a diazonium salts. Table

2.1 shows a number of diazonium cations reduced using electrochemistry; the relatively low

reduction potentials exemplify the ease of reduction of these molecules.

Figure 2.1: Proposed mechanism of diazonium derived layer deposition. Diazonium salts
are reduced to form radical intermediates, which bond to the electrode surface capable of
multilayer formation.

Diazonium cations can be either spontaneously[25] or electrochemically reduced at the

surface of a conductor. In both cases it is believed that the aryl layer forms through a radical

intermediate. Free electrons from an electrode induce radical formation of a diazonium

cation. The radicals then bind to the substrate due to the proximity at which reduction

occurs, forming a covalent bond on the surface.[26, 7, 27] Figure 2.1 shows the mechanism

in which diazonium surface modification occurs. This mechanism results in a kind of radical

polymerization in which newly formed aryl radicals bind to the aryl rings of molecules

that previously bound to the surface. This results in multilayers that tend to be relatively

disordered. While diazonium salts are not in the strictest sense electrografted, as there is no

propagation of film growth without an applied potential, this attatchment mechanism allows

for a high degree of control over film thickness. The general structure of diazonium derived

layers is that of polyphenylene layers bonded together through either the 3, 4, or 5 position

of the aryl ring in relation to the diazonium group.[28] These films are easily characterized

through spectroscopic techniques as the aromatic ring or the substituent groups result in

distinct bands pertaining to their signature. IR spectroscopy, Raman spectroscopy, ToF-

SIMS and XPS are all commonly used in the structural determination of diazonium derived
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layers. An interesting feature of this process is the formation of a bond between a number

of different surfaces and the organic layer. This surface-layer bonding provides tremendous

stability as diazonium derived layers have shown high stability at ambient condition, thermal

stability, and electrochemical stability.

Previously it has been shown that diazonium derived layers can be constructed with

thicknesses ranging anywhere from sub-monolayer to hundreds of nanometers depending on

the deposition conditions, solvents, or substrates.[29, 30] It has been demonstrated that the

thickness of diazonium derived films can be controlled with a number of different electro-

chemical techniques. Cyclic voltammetry, potential steps, and pulsed wave voltammetry

have all been used to prepare a variety of different diazonium derived layers of various

thickness on a variety of substrates.[29, 23, 31]

The work presented in this chapter looks at the grafting of a number of different diazo-

nium derived films on gold and controlling film thickness of these layers using the applied

reduction potential. Thick diazonium derived layers will be facbricated using extremely

negative reduction potentials. Also the information on the structure and stability of di-

azonium derived films of various thicknesses will be presented. Molecular layers derived

from phenylacetic acid diazonium (dPAA) and nitroazobenzene diazonium (dNAB) were

formed via cyclic voltammetry and chronoamperometry using various reduction potentials.

Successful deposition of dPAA and dNAB was determined spectroscopically with infrared

reflection absorption spectroscopy (IRRAS) and X-ray photoelectron spectroscopy (XPS).

Film thickness measurements, extent of multilayer formation, and topographic information

were determined with atomic force microscopy (AFM).

2.2 Experimental

2.2.1 Diazonium Salt Synthesis

Diazonium salts were prepared according to a modified procedure from Starkey et al.[32]

One mole of appropriate aniline derivative was dissolved in a molar excess of fluoroboric

acid (Fischer Chemical) with a minimal amount of deionized (18MΩ) water at 0°C with

constant stirring. A chilled solution with 1.2 mole sodium nitrite (Sigma-Aldrich) in a min-

imal amount of water was added drop-wise until the reaction was complete, the presence

of excess sodium nitrite was tested for with potassium iodine starch paper. The product

was then filtered with a glass frit and washed successively with 5 mL portions of cold ether
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(Fischer Chemicals) and cold deionized (18MΩcm) water. The product was then recrys-

tallized using acetonitrile (Fischer Chemicals) and ether (Fischer Chemicals) and filtered,

the recrystallization procedure was repeated two more times. The product was dried under

vacuum and stored at -20°C over desiccant until needed.

2.2.2 Substrate Preparation

Glass microscope slides (Fischer Scientific) were cleaned in piranha solution, 3:1 H2SO4

and H2O2, for 10 min. After cleaning in piranha solution slides were rinsed with deionized

(18MΩ) water, blown dry with Ar(g), and placed in the thermal evaporator (Torr Interna-

tional). Metal films of 10 nm chromium and 300 nm gold were deposited at a pressure of

4 ⇥10-6 mbar. Following deposition slides were store under house vacuum until needed.

[Warning: Piranha solution should be handled with extreme care; it is a strong oxidant and

reacts violently with many organic materials. It also presents an explosion danger. All work

should be performed in a fume hood.]

2.2.3 Surface Modification

Prior to surface modification substrates were cleaned with either a 3:1 H2SO4 and H2O2hot

piranha solution for 10 min or with a UV ozone cleaner for 10 min. Following cleaning in

piranha slides were rinsed with deionized (18MΩ) water, blown dry with Ar(g), and placed

in a three-electrode cell. Substrates cleaned with ozone were placed directly in the three-

electrode cell. Various 1 mM diazonium salt solutions containing 0.1 M NBu4BF4supporting

electrolyte were electrochemically grafted by either cyclic voltammetry or chromoamperom-

etry. The cycling potentials and the potential steps depended on the particular diazonium

salt used. A Pine Bipotentiostat model AFCPI controlled by Aftermath software (version

1.2.4532) along with a Ag/AgNO3 reference electrode and platinum mesh counter electrode

were used. Note that for high potential experiments no supporting electrolyte was used.

2.2.4 Infrared Reflection Absorption Spectroscopy

Infrared reflection absorption spectroscopy (IRRAS) measurements were made with a Mat-

son Infinity FT-IR spectrometer set to a glancing angle of 80° equipped with a mercury-

cadmium-tellurium detector cooled to 77 K with liquid N2. Background spectra were col-

lected from deuterated octadecanethiol monolayers on gold. Samples were purged with
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N2(g)for 10 min and spectra were collected over 1000 scan with a resolution of 2 cm-1.

Spectra were analyzed with Essential FT-IR software.

2.2.5 X-ray Photoelectron Spectroscopy

Samples were analyzed using X-ray photoelectron spectroscopy (XPS) using a AXIS Ultra

spectrometer (Kratos Analytical) at the Alberta Centre for Surface Engineering and Sciences

(ACSES). Samples were measured at a base pressure below 10-7Pa using a monochromatic

Al Ka source (hn = 1486.7 eV). Survey spectra were taken from 1000 eV to 0 eV binding

energy using a analyzer pass energy of 160 eV at a resolution of 0.3 eV.

2.2.6 Atomic Force Microscopy and Film Thickness Measurements

Atomic force microscopy (AFM) imaging and film thickness measurements were performed

under ambient conditions using using a Nanoscope IIIa MultimodeTM (Digital Instruments).

Rectangular Si cantilevers with reflective Al coatings (Olympus) were used with a force

constant and oscillating frequency of 20 N/m and 300 ± 10 kHz, respectively. Film thickness

measurements were performed by “scratching” a 1 mm2area with high force in contact mode.

A 5 mm2area was then re-imaged in tapping mode, a cross-sectional profile was then taken.

Control “scratches” were preformed on bare substrates to ensure forces were not sufficient

to damage the substrate.

2.3 Results and Discussion

2.3.1 Deposition and Spectroscopic Characterization of Diazonium Derived

Films Using Cyclic Voltammetry

Voltammetry is an electrochemical technique in which the potential of a working electrode

is scanned linearly over a set range versus a reference electrode and the resulting current

is measured. This current can be either reductive or oxidative in nature and is typically

proportional to the concentration of the analyte. Cyclic voltammetry is commonly used

to graft diazonium derived films to conductive surfaces. Gold substrates were modified

with 1 mM phenylacetic acid diazonium salt (dPAA) and nitroazobenzene diazonium salt

(dNAB) solutions using a three electrode cell. The potential was cycled from 500 mV to -800

mV for solutions containing dPAA and from 400 mV to -800 mV for solutions containing

dNAB against a Ag/Ag+reference electrode at 10 mV/s. The successful attachment of these
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diazonium salts was qualitatively confirmed with infrared reflection absorption spectroscopy

(IRRAS) and X-ray photoelectron spectroscopy (XPS). Figure 2.2 (Top) shows a typical

cyclic voltammogram (CV) for dPAA electrografted on gold. A large cathodic peak is

present at Ep= -325 mV, indicating the reduction of dPAA. As the potential is swept back

the absence of an oxidative peak indicates the irreversibility of the reaction.[33] The typical

CV for dNAB (Figure 2.2, bottom) has a reduction peak at Ep= -274 mV, also lacking an

oxidation peak on the return sweep.

The magnitude of the reduction peak current can be described by a diffusion controlled

system. For diffusion controlled systems, assuming the reduction follows Nernstian condi-

tions and is a one electron reduction, the peak current, i
p

, is given by: [33]

i

p

= 0.4463
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Where, F is the Faraday constant, A is the electrode area, C⇤
o

is the bulk concentration,

D

⇤
o

is the diffusion coefficient, ⌫ is the sweep rate, R is the ideal gas constant, and T is

the absolute temperature, From equation 2.1 it can be seen that the peak current, i
p

, is

directly proportional to diffusion coefficient, all other variables between the two different

diazonium species should be identical. The smaller dPAA should have a larger diffusion

coefficient compared to that of dNAB, resulting in a higher peak current. This is observed

in the CV’s of the two species, as dPAA has a peak current approximately 3 times larger

than that of dNAB. Additionally, uncertainties in the concentrations of the bulk diazonium

salts could account for some of these differences. dPAA is prepared from a precursor with

97% purity where as dNAB’s precursor purity is 90%. Furthermore, slight differences in

electrode area could also effect the peak current. These differences in peak currents do not

necessarily mean that more dPAA was grafted to the gold surface but only an indication of

the efficiency of the reduction process in solution.
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Figure 2.2: Cyclic volammogram of 1 mM dPAA (Top) and dNAB (Bottom) grafted from
500 mV to -800mV at 10 mV/s on gold containing 0.1 M NBu4BF4supporting electrolyte.

Figure 2.3 presents the IRRAS spectrum of dPAA grafted on gold using cyclic voltamme-

try. The potential was cycled from 500 mV to -800 mV for 1 cycle against a Ag/Ag+reference

electrode. The spectrum shows many bands characteristic of carboxylic acids and aryl rings,
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strongly indicating the presence of dPAA on the surface. The strong peak at 1718 cm-1 has

been assigned to the C=O stretch. The benzene ring stretching modes have been assigned

to the peaks at 1603 cm-1 and 1509 cm-1. Furthermore, the peaks at 1269 cm-1and 821

cm-1 have been assigned to the C-O stretch and CH out of plane bending, respectively.

No significant peak is observed at the 2200-2300 cm-1 region (not shown in the spectrum),

which would correspond to the N⌘N+ stretching mode of the diazonium salt, confirming

the loss of dinitrogen during the electrografting reaction.

Figure 2.3: Infrared reflection absorption spectrum of 1 mM dPAA deposited with cyclic
voltammetry from 500 mV to -800mV at 10 mV/s on gold
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Figure 2.4: Infrared reflection absorption spectrum of 1 mM dNAB deposited with cyclic
voltammetry from 400 mV to -800mV at 10 mV/s on gold

Figure 2.4 presents the IRRAS spectrum of dNAB deposited on gold. Similarly to that

of dPAA, this spectrum has many characteristic of dNAB. Strong peaks at 1523 cm-1 and

1346 cm-1 have been assigned to the asymmetric and symmetric NO2 stretches, respectively.

Peaks at 1590 cm-1and the shoulder at 1501 cm-1represent the benzene ring stretching

modes and the peak at 858 cm-1 has been assigned to the CH out of plane bending mode.

Additionally, phenyl-N and phenyl-NO2 stretches can be seen at 1136 cm-1and 1106 cm-1,

respectively. Finally, N=N and N=N-ring stretching modes are present at 1450 cm-1and 1386

cm-1. Note the large negative peaks present at 2100 cm-1 and 2200 cm-1 which correspond

to the deuterated thiol layer of the background slide. Examination of the peak intensities

indicate that much more dNAB was deposited under these conditions compared to dPAA.

Comparing the peak intensities of the benzene ring stretching modes of dPAA and dNAB

at 1603 cm-1 and 1590 cm-1, respectively. dNAB has greater peak intensities, by nearly a

factor of 10, indicating a much thicker layer was grafted.

Additionally, the diazonium derived films were characterized with XPS. Figures 2.5 and

2.6 show high-resolution XPS spectra for the C1s, O1s, and N1s regions characteristic of
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dPAA and dNAB grafted on gold using cyclic voltammetry. Peaks were fit with CasaXPS

software. The C1s region of dPAA exhibits three distinct peaks. The strongest peak at

284.4 eV corresponds to the C=C/CH carbons of the aromatic ring. Two smaller peaks at

285.3 eV and 288.9 eV correspond to the C-O carbon and the C=O carbon, respectively.

Furthermore, the ratios between the large peak and the two smaller peaks is approximately

6:1, which is what would be expected from a layer of dPAA molecules. The O1s region of

dPAA shows two relatively strong peaks. The first for the C-O oxygen at 532.0 eV and

the second at 533.4 eV for the C=O oxygen. The N1s region of dPAA shows a small peak

representative of a -N=N- nitrogen at 399.9 eV. Indicating that the reduction dPAA results

in azo linkages within the film.
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Figure 2.5: High-resolution x-ray photoelectron spectra of 1 mM dPAA deposited on gold
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Figure 2.6: High-resolution x-ray photoelectron spectra of 1 mM dNAB deposited on gold
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Figure 2.7: Mechanism of azo linkage formation within a diazonium derived layer. Adapted
from reference [34].

The C1s region of dNAB has peaks at 284.5 eV and 285.4 eV representing the C=C/CH

carbons and C-N carbons, respectively. The O1s region has a peak for the -NO2 oxygens

at 532.5 eV. Finally, the N1s region of dNAB shows two strong peaks corresponding to the

-N=N- nitrogens at 399.9 eV and the -NO2 nitrogens at 405.8 eV. Based on the characteristic

peaks seen in the IRRAS and XPS spectra, as well at information attained from the CV’s,

it was determined that gold surfaces were successfully modified with dPAA and dNAB.

The effect of reduction potentials on diazonium derived layer formation was subsequently

studied.

2.3.2 Deposition and Spectroscopic Characterization of Diazonium Derived

Films Using Highly Negative Reductive Potentials

The effect on film formation using a high reduction potential to graft diazonium salts was

studied and compared to the grafting of diazonium salts using more traditional reduction

potentials, from the previous section. Gold substrates were modified with 1 mM solutions

of dPAA and dNAB using a three electrode cell. The potentials were initially cycled from

positive to negative voltages with a switching potential of -5 V against a Ag/Ag+reference

electrode at 10 mV/s. The films were characterized with IRRAS, and XPS. Figure 2.8

presents the CV of dPAA with a switching potential of -5 V. Between 0 and -1 V this

CV of dPAA looks very similar to that presented in figure 2.2, as there is a large cathodic

peak present at Ep1= -325 mV with a similar peak current. As a more negative potential

is applied a second cathodic peak is observed at Ep2= -1678 mV, indicating the reduction

of some other species in solution. It’s possible that this is the reduction of the diazonium

radical to an anion,[34] although this would hinder film formation. The same situation is

evident in the CV of dNAB. A cathodic peak present at Ep1= -274 mV, identical to that
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of figure 2.2, and a second peak at Ep2= -1145 mV is present on the shoulder of the first

reductive peak. For both diazonium species a large current is maintained throughout the

reduction until the potential is swept back where no oxidative peaks are observed.

Figure 2.8: Cyclic volammogram of 1 mM dPAA (Top) and dNAB (Bottom) grafted from
100 mV to -5000mV at 10 mV/s on gold, no electrolyte was used.
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Upon examination of the IRRAS spectra of diazonium derived films using these high

reductive potentials many of the same peaks are observed as in their more traditional re-

duction potential counterparts. The intensities of certain peaks have changed. Giving some

indications towards the structure of the films. Figure 2.9 shows the IRRAS spectrum of

dPAA deposited using cyclic voltammerty with a switching potential of -5 V. The peak in-

tensities have increased by around a factor of 10, indicating much more dPAA was grafted.

The strong peak at 1703 cm-1 has been assigned to the C=O stretch. The benzene ring

stretching modes have been assigned to the peaks at 1604 cm-1and 1510 cm-1. The peak

at 1259 cm-1 has been assigned to the C-O stretch. Furthermore, peaks at 1153 cm-1and

831 cm-1 have been assigned to the CH in-plane bending and CH out of plane bending,

respectively. The peak at 1452 cm-1 has been assigned to a N=N stretch mode, indicating

the presence of some azo linkages within the film. Furthermore, notice the difference in ab-

sorbance intensities of the C=O stretch and the ring stretching modes between the spectra

of dPAA deposited with normal and high reduction potentials, seen in table 2.2. The films

deposited with high reduction potentials appear to have a much higher ratio of aryl rings

to carboxyl groups. Possibly indicating the reduction of the carboxyl group at these high

potentials or a change in surface orientation.

Figure 2.9: Infrared reflection absorption spectrum of 1 mM dPAA grafted with cyclic
voltammetry from 0 mV to -5000mV at 10 mV/s on gold
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dPAA -0.8 V Switching Potential
Bands (cm-1) Intensity (peak height ⇥ 10-3) Assignment

1718 1.34 C=O stretch
1603, 1509 0.652, 0.324 aromatic C=C stretch

1269 0.578 C-O stretch
821 0.552 C-H out-of-plane bend

dPAA -5 V Switching Potential
Bands (cm-1) Intensity (peak height ⇥ 10-3) Assignment

1703 9.28 C=O stretch
1604, 1510 15.2, 13.8 aromatic C=C stretch

1452 5.53 N=N stretch
1259 10.7 C-O stretch
1153 8.58 C-H in-plane bend
831 5.47 C-H out-of-plane bend

Table 2.2: Summery of IRRAS peak assignments and height for dPAA films using traditional
and high reductive potentials.

The IRRAS spectrum of dNAB deposited using cyclic voltammetry with a switching

potential of -5 V, shown in figure 2.10, also shows much larger peak intensities. Again,

indicating the deposition of much more aryl groups on the surface. Strong peaks at 1523

cm-1 and 1346 cm-1 have been assigned to the asymmetric and symmetric NO2 stretches,

respectively. Peaks at 1590 cm-1and the shoulder at 1499 cm-1represent the benzene ring

stretching modes and the peak at 858 cm-1 has been assigned to the CH out of plane

bending mode. Additionally, phenyl-NN and phenyl-NO2 stretches can be seen at 1137

cm-1and 1106 cm-1, respectively. Finally, N=N and N=N-ring stretching modes are present

at 1450 cm-1and 1386 cm-1.
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Figure 2.10: Infrared reflection absorption spectrum of 1 mM dNAB grafted with cyclic
voltammetry from 400 mV to -5000mV at 10 mV/s on gold

dNAB -0.8 V Switching Potential
Bands (cm-1) Intensity (peak height ⇥ 10-3) Assignment
1590, 1501 3.96, 3.04 aromatic C=C stretch
1523, 1346 6.02, 9.21 asymmetric, symmetric NO2 stretch
1450, 1386 1.18, 1.23 N=N, N=N-ring

1136 1.86 phenyl-N
1106 1.88 phenyl-NO2
858 2.54 C-H out-of-plane bend

dNAB -5 V Switching Potential
Bands (cm-1) Intensity (peak height ⇥ 10-3) Assignment
1590, 1499 14.9, 12.3 aromatic C=C stretch
1523, 1346 24.6, 36.2 asymmetric, symmetric NO2 stretch
1450, 1386 4.32, 4.43 N=N, N=N-ring

1137 5.89 phenyl-N
1106 6.04 phenyl-NO2
858 7.87 C-H out-of-plane bend

Table 2.3: Summery of IRRAS peak assignments for dNAB using traditional and high
reductive potentials.

The XPS spectra of high reduction potential diazonium derived layers were also used

to characterize these film. The results are summarized in table 2.4 comparing the films

grafted using high reduction potentials to those grafted using traditional reduction poten-
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tials, presented in the previous section. Many of the peaks are nearly identical to that of

the diazonium derived films grafted using normal reduction potentials. However, there are

a few key differences that provide information about the structure of the films. The Au

4f regions of the diazonium derived layers grafted at normal reduction potentials show two

strong peaks at 83 eV and 87 eV. In the Au 4f regions of the high reduction samples no peaks

are evidence, indicating an increased shielding from the thicker grafted layers. Additionally,

the N1s region of the dPAA film grafted with high potentials has a much stronger peak

at 400 eV compared to its traditional potential counterpart, which is evident of significant

azo linkages within the film. Based on the peak areas of the N1s region it was determined

that in dPAA films deposited with low reduction potentials the elemental composition of

azo groups within the film was 2.84 %; whereas, for dPAA grafted with high potentials the

composition was 14.14 %. The structure of dNAB films appears to be nearly identical based

on the elemental compositions.

Peak Assignment Binding Energy (eV), Elemental Composition (%)
dPAA -0.8 V dPAA -5 V dNAB -0.8 V dNAB -5 V

C1s C=C/CH 284.4, 46.67 284.7, 36.37 284.5, 33.70 284.5, 31.22
C-O or C-N 285.3, 10.74 285.3, 23.98 285.4, 18.89 285.4, 23.21

C=O 288.9, 3.01 289.2, 0.86
O1s C-O or NO2 532.0, 27.00 532.1, 16.46 532.5, 24.39 532.8, 23.51

C=O 533.4, 9.72 533.6, 8.16 534.7, 2.49 534.9, 2.33
N1s N=N 399.9, 2.84 400.3, 14.14 399.9, 13.55 400.2, 12.44

NO2 405.8, 6.98 405.9, 7.28
Au4f 83.6 no peak 83.8 no peak

87.5 87.5

Table 2.4: XPS spectral analysis of dPAA and dNAB grafted using normal and high reduc-
tion potentials. Note that for the elemental composition the gold peaks were excluded to
allow for direct comparison of diazonium derived film structure.

The effect of highly negative reduction potentials on diazonium derived layers was spec-

troscopically studied using IRRAS and XPS. Based on this data it appears that using higher

reduction potentials results in much thicker films. The mechanism by which this occurs will

be discussed in a subsequent section, as well as a characterization of the multilayer formation

of diazonium derived layers using high reduction potentials.
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2.3.3 Effect of Reduction Potentials on Multilayer Formation of Diazonium

Derived Films

The effect of high reduction potentials on the multilayer formation of diazonium derived

films was studied using chronoamperometry. Amperometry is an electrochemical technique

in which changes in current generated by oxidation or reduction are monitored directly with

time while the potential is held constant at the working electrode with respect to the ref-

erence. The current monitored is directly proportional to the concentration of electroactive

species in the sample. The lack of a scanning potential is what marks the key difference

between amperometry and voltammetry. For this work gold substrates were modified with

1 mM dPAA and dNAB solutions using a three electrode cell. The potential was stepped

to a specific potential against a Ag/Ag+reference electrode and held at that potential for

a desired amount of time. The amount of electroactive species reduced was monitored

electrochemically and the extent of multilayer formation was examined with atomic force

microscopy (AFM). Note that for these electrochemical experiments using high reduction

potentials no supporting electrolyte was used. The reasons for this will be discussed in this

section. Figures 2.11 and 2.12 show the current response of dNAB grafted with potential

steps of -1 V to -8 V and of dPAA grafted from -1 V to -5 V, respectively. In both samples

there is a large initial spike of current corresponding to reduction of all the electroactive

species near the electrode surface. After this the concentration of electroactive species near

the electrode is nearly zero and the current is totally controlled by mass transfer. The mag-

nitude of the current is proportional to the concentration of electroactive species. As the

reductive potential is made more negative the current increases, reducing more diazonium

in solution.
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Figure 2.11: Chronoamperometric responce for a 1 mM dNAB solution grafted at -1V to
-8V, with 1V intervals.

Figure 2.12: Chronoamperometric responce for a 1 mM dPAA solution grafted at -1V to
-5V, with 1V intervals.
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In most electrochemical systems an excess amount of nonelectroactive (in the electro-

chemical window) supporting electrolyte is added to eliminate the contribution of migration

in mass transfer of the electroactive species. However, when high reduction potentials are

applied this is not the case. Let us look at a situation using a solution containing 0.1 M

NBu4BF4 to electrochemically reduce 1 mM dPAA at high potentials. Figure 2.13 shows

the current response for dPAA containing electrolyte reduced with potential steps of -1 V

to -4 V. The curve exhibits a much greater magnitude of current compared to solutions

with no electrolyte. For example in the current responce curve of an applied potential of

-4 V without electrolyte an initial current spike of -3.5 mA is observed. The current quikly

levels off to around -0.5 mA. Whereas, in the current responce curve of an applied potential

of -4 V with electrolyte an initial current spike of -100 mA is observed. This current is

maintained throughout the entire experiment. As mentioned above the electrolyte should

be nonelectroactive. At these high applied potentials it’s likely that the electrolyte is being

reduced. Since the current is proportional to the amount of electroactive species this results

in the large currents observed. However, the large observed currents does not necessarily

mean that diazonium ions were grafted to the gold surface, which was investigated with

IRRAS.

Figure 2.13: Chronoamperometric responce for a 1 mM dPAA solution containing 0.1 M
NBu4BF4 deposited at -1V to -4V, with 1V intervals.
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Figure 2.14: IRRAS spectra of 1 mM dPAA reduced with a -4 V potential step in solutions
containing no electrolyte and 0.1 M NBu4BF4 electrolyte.

Figure 2.14 shows the IRRAS spectra of 1 mM dPAA electrochemically reduced using

a potential step of -4 V in solutions containing no electrolyte and 0.1 M electrolyte. The

reduction of dPAA in the solution without electrolyte resulted in intense peaks in the IRRAS

spectrum, indicating a thick layer of dPAA grafted to the gold surface. The strong peak

at 1710 cm-1 has been assigned to the C=O stretch. The benzene ring stretching modes

have been assigned to the peaks at 1603 cm-1and 1510 cm-1. The peak at 1255 cm-1 has

been assigned to the C-O stretch. Furthermore, peaks at 1148 cm-1and 839 cm-1 have been

assigned to the CH in-plane bending and CH out of plane bending, respectively. Whereas,

the electrolyte containing solution resulted in no grafting. In fact only the -1 V potential

step experiment resulted in any grafting for solutions containing supporting electrolyte.

Although, during the experiment a dark red precipitate was observed in the electrochemical

cell. To identify the precipitate some of the solution containing the precipitate was deposited

on a gold coated slide and allowed to dry, once dry an IRRAS spectrum was obtained. Figure

2.15 shows the IRRAS spectrum of this precipitate which displays many of the characteristic

peaks of a dPAA derived layer. However, there is a marked difference, a greatly reduced

peak is present for the C=O stretch. There are two possible causes of this. Such high applied
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potentials could result in the reduction of the carboxylic acid functional group, although this

is unlikely since this hasn’t been observed in any of the IRRAS spectra of grafted films. More

likely is the orientation of the molecule on the surface. If this precipitate is just a cluster of

PAA spotted on the surface then many of the molecules will be parallel with the surface. Due

to the surface selection rules of IRRAS this will greatly reduce the peak intensity from the

C=O stretch. During the electrochemical reduction of diazonium cations the radicals bind

to the electrode surface due to their proximity to the electrode surface. With the electrolyte

reducing in solution there will be many more reactive molecules in solution. The reduced

diazoniums and electrolyte can then react with each other, polymerize and precipitating out

of solution.

Figure 2.15: IRRAS spectrum of polymerized dPAA deposited on gold surface.

The addition of a supporting electrolyte is to eliminate the contribution of migration in

mass transfer of the electroactive species. Most electrochemical theory assumes the addition

of a supporting electrolyte. At any point in solution during electrolysis, the current, i, is

made up of combinations of diffusion and migration of all species, j, given by:[33]
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where A is the area of a planar electrode, F is the Faraday constant, R is the resistance,

T is the absolute temperature, � is the potential gradient, z is the number of moles of

electrons transferred, D is the diffusion coefficient, and C is the bulk concentration. The

migrational component is the first term and the diffusion component is the second term.

Near an electrode the electroactive species are transported by both diffusion and migration.

The flux of an elctroactive species at the surface controls the rate of reaction and the current

recorded. For our purposes the expression for i can be reduced to:

i = i

m

+ i

d

where i
m

is the current due to migration and i

d

is the current due to diffusion that contribute

to the total flux of the elctroactive species. The direction of the two components depends

on the direction of the electric field and the charge of the electroactive species. In the case

of diazonium cations being reduced at a gold cathode i

m

and i

d

are in the same direction,

resulting in a increase in the total flux of the reaction. With no electrolyte the conductivity

of the solution is less, but the mass transfer of electroactive species will be higher. Increased

mass transfer of electroactive species, largely driven by migration, results in more diazonium

cations moving towards the electrode where they are reduced and bind to the electrodes

surface forming thick films.

The topography and thickness of diazonium derived aryl films grafted at different re-

duction potentials were obtained by atomic force microscopy (AFM). To determine the

thickness of deposited films, AFM “scratching” measurements were performed on modified

gold electrodes. This method involves repeatedly rastering the AFM tip over the surface

with enough force to remove the deposited aryl layer but not enough force to damage the

substrate below. The affected area (1 mm2) is re-imaged over a larger area (5 mm2) with

tapping mode AFM. From the images a cross sectional profile across the bare substrate and

the intact film provides information on layer thickness. To ensure that forces used were not

enough to damage the gold substrate, bare gold substrates were scratch with high forces

and re-imaged.

Figure 2.16 shows the image of an unmodified thermally evaporated gold substrate and

a substrate modified with dPAA. The unmodified surface is relatively rough (rms ⇠ 2 nm)

composed of many small gold crystallites. The re-image after scratching, figure 2.16b, shows

no modification to the surface from the forces applied. Figures 2.16c and d show the AFM
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images of a dPAA modified gold surface before and after scratching. A cross-sectional profile

is then taken, the data points averaged, and the height measured, figure 2.17.

Figure 2.16: AFM height images of a) bare gold substrate b) bare gold substrate after
scratching c) dPAA modified gold substrate d) dPAA modified gold substrate after scratch-
ing. Images are 5 mm2.

Figure 2.17: AFM cross-sectional profile of dPAA film.

The grafted layer thickness of dNAB and dPAA was monitored as a functional of elec-

trochemical reduction potential. From figure 2.18 the effect of reduction potential on film
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thickness is evident. Higher potentials result in thicker films and vice versa. The growth

of the layers as reduction potential is increased is linear, with dNAB and dPAA resulting

in layers of a similar maximum thickness. One noticeable difference between the plots is

the y-intercept. dNAB has a positive intercept, while dPAA’s intercept is negative. This is

expected as dNAB readily spontaneously grafts to gold surfaces, resulting in layer ⇠8 nm

thick. On the other hand dPAA does not reduce spontaneously on gold surfaces.
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Figure 2.18: AFM Film thickness measurements of 1 mM dPAA and dNAB grafted at
various reduction potentials using chronoamperometry.
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Figure 2.19: AFM Film thickness measurements of 1 mM dPAA deposited at -4V using
chronoamperometry for various times.

The magnitude of film growth with respect to time was also studied. A 1mM dPAA

solution was electrochemically grafted to gold using chronoamperometry with the potential

stepped to -4 V versus the reference electrode for different amounts of time. The thickness

of the grafted layers were determined with AFM. Evident from Figure 2.19 film growth

is initially quite quick and then begins to plateau. As the film grows thicker the barrier

to charge transfer increases. However, since at -4 V driving force remains constsant, film

growth is slowed at longer times. Applying a larger driving force by increasing the reduction

potential the barrier to charge transfer is overcome resulting in a thicker film. Theoretically

if the potential is continually increased the film should continue to grow thicker and thicker,

as long as the solvent is not reduced. However, this is also limited by the capabilities of the

potentiostat.

The effect of increasing reduction potentials on multilayer formation of electrochemically

grafted diazonium derived films on gold was studied with AFM and IRRAS. Increasing

reduction potentials seems to form thicker diazonium derived films. Additionally, migration

appears to play a key role in the creation of such films. Solutions that contained supporting

electrolyte, negating the effect of migration, resulted in no grafted organic layer.
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2.3.4 Mechanism Governing the Growth of Diazonium Derived Films Using

Highly Negative Reduction Potentials

Previous work in the literature has demonstrated the formation of diazonium derived thick

films through successive voltammetric cycles.[35, 6, 30] However, no work has demonstrated

the formation of thick diazonium films as a function of reduction potentials. For the prepa-

ration of electrochemically grafted thick films the transfer of electrons from the electrode

to the outer surface must take place. Several examples in the literature have achieved this

by inclusion of a redox system in the layer that permits electron transfer through the layer.

Work presented by Daasbjerg et al. showed the preparation of thick nitrobenzene diazonium

derived films using cyclic voltammetry by successive increasing of the potential window. If

the reductive potential window only allowed for the reduction of the diazonium group the

film thickness was limited to ⇠10 nm. If the potential range was increased to include the

reduction of the nitro group, the film thickness increased to a maximum of 86 nm. These

experiments were also performed on methylbenzene diazonium salt, which contains no redox

active species other than the diazonium group. In this case film thickness was limited to

⇠10 nm.[30] In previous sections of this chapter the preparation of thick diazonium derived

films has been presented using diazonium salts that contain electroactive R-groups, such as

nitro groups.

In an effort to determine if a highly negative reduction potential results in the formation

of thick diazonium derived films without the presence of a redox active species within the film

to mediate electron transfer, the successive electrochemical cycling of dNAB and benzene

diazonium (dB) were performed. In figure 2.20 the CV of dNAB grafted to a gold surface

using a switching potential of -3 V vs. the reference electrode is presented. A large reductive

peak (Ep1) corresponds to the reduction of the diazonium group to the radical, the smaller

peak (Ep2) corresponds to the reduction of the radical to the anion. The formation of the

anion should hinder film formation, although it is possible when such high potentials are

applied that any effect the anion would have is simply negated by large driving force of

the reaction. On the successive voltammetric scan the peak (Ep3) is believed to correspond

to the reduction of the nitro group of the grafter aryl molecules, with each scan the peak

increases in intensity as more molecules are bound to the surface.
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Figure 2.20: Cyclic voltammagram of 1mM dNAB in ACN deposited with a switching
potential of -3V for 5 cycles.

Figure 2.21 presents the CV of dB grafted to a gold surface using a switching poten-

tial of -3 V vs. the reference electrode. Similar to that of dNAB a large reductive peak

Ep1 corresponds to the reduction of the diazonium to the radical and the smaller peak

Ep2 corresponds to the reduction of the radical to the anion. On the successive voltammet-

ric scans a third peak Ep3 is observed, although in this case the peak cannot be due to the

reduction of redox active functional groups. It is unclear what this peak is due to although

the same results are observed for methylbenzene diazonium, which also lacks a redox active

functional group. Regardless of the identity of this third reduction peak applying a high re-

duction potential to these diazonium salts results in thick films. The maximum thickness of

a number of different diazonium derived aryl films were obtained by AFM. Some contained

redox active species and some did not. Films with thicknesses of ten’s of nanometers can

be obtained with a variety of substituents para to the diazonium functional group.

50



Figure 2.21: Cyclic voltammagram of 1mM dB in ACN deposited with a switching potential
of -3V for 5 cycles.

Name Structure Method Thickness

phenylacetic acid CA -5 V, 5 min 61 nm

nitroazobenzene CA -8 V, 5 min 56 nm

benzene CV 0.5 to -3 V, 5 cycles, 10 mV/s 42 nm

methylbenzene CA -3 V, 5 min 118 nm

bromobenzene CA -4 V, 5 min 87 nm

Table 2.5: Diazonium salts that have been deposited on gold using high negative reduction
potentials.

Table 2.5 presents the maximum thickness of a variety of different diazonium derived

layers. When high reduction potentials are used it appears that the presence of a redox

active probe within the film is not necessary for thick film growth. The use of these high

potentials is applying such a large driving force for the reaction. Electron tunneling can take

place over much larger distances then would be possible using lower reduction potential.

The effect of high reduction potentials on multilayer formation of electrochemically
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grafted diazonium derived films with and without redox active probes on gold was stud-

ied with electrochemistry and AFM. The presence of redox probes within the aryl film is

not necessary when high reduction potentials are used.

2.3.5 Stability of Thick Diazonium Derived Films

A key feature of diazonium derived films is the formation of a bond between the aryl layer

and the surface (carbon, Si, or metal). [26, 7] This bond results in results in high stability

of the organic layers in a number of adverse environments. Diazonium derived layers have

been shown to be stable under ambient conditions for up to six months.[9] They also show

high stability against ultrasonication, thermal treatments, potential cycling, and mechanical

forces. They have also been shown to outperform many other surface modification techniques

(SAM’s) under certain conditions.[13] [14] [15] Stability of diazonium derived layers has

previously been well studied. The goal of this work was simply to confirm that the thick

aryl films formed using high reduction potentials are indeed grafted to the surface and are

not merely physisorbed to the surface or are large polymerized units trapped in the film by

other aryl molecules.

Sonicate dPAA thin dPAA thick dNAB thin dNAB thick

before treatment 1.35 ± 0.12 ⇥ 10-3 1.13 ± 0.45 ⇥ 10-2 9.06 ± 0.98 ⇥ 10-3 3.71 ± 0.20 ⇥ 10-2

after treatment 8.69 ± 0.19 ⇥ 10-4 1.07 ± 056 ⇥ 10-2 7.46 ± 1.12 ⇥ 10-3 3.23 ± 0.46 ⇥ 10-2

% of Original 64.3 95.1 82.3 87.3

Reflux

before treatment 1.33 ± 0.15 ⇥ 10-3 1.37 ± 0.37 ⇥ 10-2 9.73 ± 0.59 ⇥ 10-3 3.65 ± 0.56 ⇥ 10-2

after treatment 6.68 ± 0.30 ⇥ 10-4 1.04 ± 0.87 ⇥ 10-2 6.48 ± 0.98 ⇥ 10-3 2.95 ± 0.67 ⇥ 10-2

% of Original 50.3 76.0 66.6 80.7

Table 2.6: IRRAS peak height measurements of C=O stretch band at 1703 cm-1for dPAA
and symmetric NO2stretch at 1346 cm-1for dNAB before and after sonication in acetonirile
for 1 hour or refluxing in acetonitrile for 1 hour. Films were prepared by chromoamperometry
using 1 mM precursor solutions. For thin film the potential was stepped to -1 V for 5 min,
and for thick films was stepped to -5 V for 5 min.

dPAA and dNAB films on gold were prepared by stepping the potential to either -1 V

for thin films or -5 V for thick films against a Ag/Ag+reference electrode and held for 5

minutes. IRRAS was used to monitor the stability of the films by collecting spectra before

and after exposing the film to either sonication or refluxing in acetonitrile.. The difference

in peak height was monitored and used as a qualitative measure of film stability. From table

2.6 it would seem that the films grafted using high reduction potentials are just as if not
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more stable than their lower potential counterparts. All the films appear to be more stable

under unltrasonication compared to refluxation. Between thin and thick films derived from

dPAA there is a significant difference in the stability. For dNAB the difference between thin

and thick films is not as great, but the thick films still show more resilience.

2.4 Conclusion

This work has shown the successful modification of gold electrodes using electrochemical

grafting of diazonium salts. dPAA and dNAB were used to modify gold surfaces using a

variety of electrochemical techniques. The effect of reduction potential on film formation

was studied. It was determined that using higher reduction potentials results in thicker films

and that this increase in thickness is linear with respect to the applied reduction potential.

The formation of thick films is largely driven by migration. To form diazonium derived

films using high reduction potentials the omittance of supporting electrolyte is preferred as

electrolyte leads to polymerization of the aryl radicals in solution preventing film formation.

Additionally, the presence of a redox active functional group does not appear to be necessary

to mediate thick film growth, as has been stated previously in the literature. When such

high potentials are applied the driving force of the reaction is large enough to overcome

the charge transfer barrier from the film deposited on the electrode surface allowing films

thickness to increase with potential. Finally, the stability of films deposited using high

reduction potentials was compared to films prepared with lower more traditional potentials.

Under the conditions used it appears that films grafted with high reduction potentials are

more stable than their low potential counterparts. Highly controllable stable organic films,

like the ones presented here, have potential applications in electronic, portective coatings,

energy conversion, and sensors.
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3 Controlling the Thickness of Diazonium Derived Films

for Surface Plasmon Resonance (SPR) Immunoassays

3.1 Introduction

Diagnostic testing is largely concerned with the recognition and confirmation of the

presence of disease, the control of that disease, and gauging the prognosis. This can be very

difficult as it involves accurately detecting and quantifying a wide range of analytes. Simple

species such as ions, to more complex molecules; drugs, metabolites, hormones, or proteins

to whole cells such as viruses or bacterium have diagnostic interests.

Another important factor in the development of diagnostic testing for biological samples

is the fact that these analytes are present in a complex biological matrix: blood, plasma,

sweat, urine, or tissue biopsies. Therefore interferences from similar molecules and nonspe-

cific interactions are a prevalent concern in bioassay development.

A critical step in bioassay development is the construction of a stable film to which

biomolecules can be immobilized; furthermore, the ability to control structure and function-

ality of such films is extremely advantageous. Using a variety of microscopic and spectro-

scopic techniques the properties of such surfaces have been accurately obtained for a number

of film derivation methods and employed in many different immunoassays.[1][2]

Since their discovery in the early 1980’s by Nuzzo and Allara,[3] thiol and dithiol self

assembled monolayers (SAM’s) have been the preeminent method for modifying metal sur-

faces. Due to the relatively strong thiol-gold interaction as well as the ease of preparation and

controllability of surface functionality SAM’s have been used extensively in molecular elec-

tronics, biocompatible surfaces, chemical wettability, system fabrication, and biorecognition

sensors.[4, 5, 6] However, the nature of the bonding is also the root of many of the problems

associated with SAM’s. The lability of the Au-S bond results in low thermal stability,[7] a

narrow electrochemical window,[8] and is susceptible to oxidation.[9] Furthermore, a tightly

packed monolayer is not ideal for all surface based applications.

Unlike SAM’s, diazonium derived aryl layers form a covalent bond with the surface.[10,

11] This results in diazonium derived layers out-performing SAM’s in thermal stability,[12]

potential cycling,[13] ultrasonication,[14] and storage in ambient conditions.[15] Further-

more, their propensity for multilayer formation makes them ideal substrates for biorecogni-

tion based immunosensors as multilayers will result in surfaces with more sites available for
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biomolecule immobilization, potentially resulting in higher sensitivity.

Figure 3.1: Potential immobilization sites of diazonium derived layer compared to SAM.

The wide range of para-substituted diazonium salts provided a pathway to tailor in-

terfacial surface chemistry. The covalent attachment of glucose oxidase to a carbodiimide

activated phenylacetic acid layer was one of the first reported biosensor applications using

diazonium derived layers.[15] Since then other common methods of biomolecule immobi-

lization have been demonstrated on diazonium derived surfaces; such as the generation of

amine, maleimide, and nitriliotriacetic.[16] These surfaces have been used to facilitate the

attachment of DNA, peptides, and proteins.[17][18][19]

Many analytical techniques have been used for the detection of binding events between

biological entities. Probably the most common methods involve electrochemical detection, as

it provides a highly sensitive robust platform for sensing.[19, 20, 16] However, there are also

many other commonly used techniques, including fluorescence or chemiluminescence.[21][22]

One drawback to these techniques is that they require modification of the analyte molecule

prior to the assay, as the addition of either an electroactive, fluorescent, or luminescent

probe is required to detect any binding events. Since labeling molecules involves chemical

modification there is a risk the function may be impacted by the label.[23] Therefore, label-

free techniques offer a particular advantage when it comes to the functional analysis of

biological molecules. Surface plasmon resonance (SPR) allows for the simply label-free

detection of analyte molecules and easy analysis of binding affinities.

Another important factor in the development of diagnostic testing for biological samples

is that the analytes are present in a complex biological matrix such as blood, plasma, sweat,

urine, or tissue biopsies. Therefore interferences from similar molecules and nonspecific
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interactions are a prevalent concern in bioassay development. To this end, two main classes

of low-fouling materials exist: polyhydrophilic and polyzwitterionic.[24, 25] Both have been

prepared using a number of different film derivation methods including: spin-coating, self-

assembly, atom transfer radical polymerization, plasma treatments.[9] One universal aspect

of low-fouling materials is that they require a high degree of control over functionality and

structure during preparation.

The work presented in this chapter looks at using functionalized diazonium derived

films on gold for surface plasmon resonance immunoassays. In this work phenylacetic acid

diazonium salt (dPAA) was used to electrochemically modify a gold electrode using various

electrochemical techniques. The ability to control surface converge was evaluated using

infrared reflection absorption spectroscopy (IRRAS) and atomic force microscopy (AFM).

The application of these surfaces as substrates for immunoassays was achieved through

covalent attachment of antibodies to the activated surface. The attachment of protein to

the surface was evaluated with IRRAS and SPR. Antibody-antigen binding was monitored

using SPR and the impact of multilayer formation and surface roughness on immunoassay

performance was studied. Diazonium salts were also used to electrochemically modify gold

with potential low-fouling films. These films were characterized with IRRAS and the low-

fouling abilities of these films were compared to poly-ethyleneglycol containing SAM’s, a

common film used to reduce non-specific adsorption, with surface based bioassays.

3.2 Experimental

3.2.1 Diazonium Synthesis

Diazonium salts were prepared according to a modified procedure from Starkey et al.[26]

One mole of appropriate aniline derivative was dissolved in a molar excess of fluoroboric

acid (Fischer Chemical) with a minimal amount of deionized (18MΩ) water at 0°C with

constant stirring. A chilled solution with 1.2 mole sodium nitrite (Sigma-Aldrich) in a min-

imal amount of water was added drop-wise until the reaction was complete, the presence

of excess sodium nitrite was tested for with potassium iodine starch paper. The product

was then filtered with a glass frit and washed successively with 5 mL portions of cold ether

(Fischer Chemicals) and cold deionized (18MΩ) water. The product was then recrystallized

using acetonitrile (Fischer Chemicals) and ether (Fischer Chemicals) and filtered, the recrys-

tallization procedure was repeated two more times. The product was dried under vacuum
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and stored at -20°C over desiccant until needed.

3.2.2 IRRAS Substrate Preparation

Glass microscope slides (Fischer Scientific) were cleaned in piranha solution, 3:1 H
2

SO
4

and H
2

O
2

, for 10 min. After cleaning in piranha solution slides were rinsed with deionized

(18MΩ) water, blown dry with Ar
(g)

, and placed in the thermal evaporator (Torr Interna-

tional). Metal films of 10 nm chromium and 300 nm gold were deposited at a pressure of

4 ⇥10-6mbar. Following deposition slides were stored under house vacuum until needed.

[Warning: Piranha solution should be handled with extreme care; it is a strong oxidant and

reacts violently with many organic materials. It also presents an explosion danger. All work

should be performed under a fume hood.]

3.2.3 Electrochemical Surface Modification

Prior to surface modification substrates were cleaned with either a 3:1 H
2

SO
4

and H
2

O
2

hot piranha solution for 10 min or with a UV ozone cleaner for 10 min. Following clean-

ing in piranha slides were rinsed with deionized (18MΩ) water, blown dry with Ar
(g)

, and

placed in a three-electrode cell. Substrates cleaned with ozone were placed directly in the

three-electrode cell. 1 mM phenylacetic acid diazonium salt solutions were electrochem-

ically grafted by either cyclic voltammetry or chromoamperometry. The cycling poten-

tials and the potential steps depended on the particular diazonium used. A Pine Bipo-

tentiostat model AFCPI controlled by Aftermath software (version 1.2.4532) along with a

Ag/AgNO
3

reference electrode and platinum mesh counter electrode were used.

3.2.4 Surface Activation and Protein Immobilization

After electrochemical surface modification, substrates were activated with a solution

of 0.4 M N-(3-dimethylaminopropyl)-N’-ethylcarbodmiimide hydrochloride (EDC) (Sigma)

and 0.1 M N-hydroxysuccinimide (NHS) (Sigma). The activated surfaces were then modified

with polyclonal rabbit immunoglobulinG antibody goat host (a-rIgG) (MP Biomedicals),

any unreacted NHS groups were reacted with 1 M ethanolamine (Sigma). The substrates

were backfilled with a 0.01 % solution of bovine serum albumen (BSA) (Sigma) for 30

minutes.
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3.2.5 Infrared Reflection Absorption Spectroscopy

Infrared reflection absorption spectroscopy (IRRAS) measurements were made with a

Matson Infinity FT-IR spectrometer set to a glancing angle of 80° equipped with a mercury-

cadmium-tellurium detector cooled to 77K with liquid N
2

. Background spectra were col-

lected from deuterated octadecanethiol monolayers on gold. Samples were purged with

N
2(g)

for 10 min and spectra were collected over 1000 scan with a resolution of 2 cm-1.

Spectra were analyzed with Essential Ft-IR software.

3.2.6 Atomic Force Microscopy and Film Thickness Measurements

Atomic force microscopy (AFM) imaging and film thickness measurements were per-

formed under ambient conditions using a Nanoscope IIIa MultimodeTM (Digital Instru-

ments). Rectangular Si cantilevers with reflective Al coatings (Olympus) were used with a

force constant and oscillating frequency of 20 N/m and 300 ± 10 kHz, respectively. Film

thickness measurements were performed by “scratching” a 1 mm2area with high force in con-

tact mode. A 5 mm2area was then re-imaged in tapping mode, a cross-sectional profile was

then taken. Control “scratches” were preformed on bare substrates to ensure forces were not

sufficient to damage the substrate.

3.2.7 Surface Plasmon Resonance Measurements

Substrates were 1.8 cm ⇥ 1.8 cm squares of SF-10 glass (Schott) modified with 1 nm

chromium and 45 nm gold films. Following surface modification surface plasmon resonance

(SPR) measurements were made with a SPR Imager II (GWC Technologies). The substrates

were place in the iflow cell and rinsed with 10 mM PBS buffer. Polyclonal rabbit IgG

(goat host) solutions were prepared by dilution of the stock solution and were introduced

continuously to the surface for 5 minutes at 0.1 mL/min followed by rinsing with buffer.

3.3 Results and Discussion

3.3.1 Preparation of Electrografted Diazonium Derived films for Immunoassays

Gold substrates were modified with 1 mM phenylacetic acid diazonium salt (dPAA) so-

lutions using either cyclic voltammerty or chronoamperometry in a three electrode cell. For

cyclic voltammetry the potential was cycled from 500 mV to -800 mV against a Ag/Ag+reference

electrode at 10 mV/s for one to five cycles of the potential window. For chronoamperometry
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the potential was stepped from 0 V to the desired voltage and maintained for five minutes.

The successful deposition of the organic layer was qualitatively confirmed with infrared re-

flection absorption spectroscopy (IRRAS). The thickness of the grafted films was measured

with atomic force microscopy (AFM). Note that for this work no supporting electrolyte

was used in any of the electrochemical grafting, even at low reduction potentials. It was

determined that the electrolyte made no difference in the formation of the grafted layer at

low potentials and hindered it at higher potential. Since for this work the monitoring of

current was of no concern the electrolyte was left out of the experiments.
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Figure 3.2: Cyclic voltammogram (Top) and current response curve (Bottom) of 1 mM
dPAA grafted to gold under various conditions.

Figure 3.2 presents the cyclic voltammogram and current response curves of dPAA elec-

trografted on gold. On the first potential cycle a large cathodic peak is present at E
p

= -400
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mV, indicating the reduction of dPAA at the electrode surface. As the potential is swept

back the absence of an oxidative peak indicates the irreversibility of the reaction.[27] Addi-

tional potential cycles show a significant reduction in current, indicating the passivation of

the electrode surface by grafting of aryl molecules. However, the reduction in overall current

due to surface passivation does not indicate inhibition of further layer growth. In the current

response curves there is a large initial spike of current corresponding to reduction of all the

electroactive species near the electrode surface. Again the decrease in current corresponds

to the passivation of the electrode surface.
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Figure 3.3: IRRAS spectra of dPAA derived films grafted with cyclic voltammetry (Top)
and chronoamperometry (Bottom).

IRRAS was used to confirm surface attachment of dPAA to the gold surface and to help

probe the growth of the grafted layers. Figure 3.3 contains IRRAS spectra for dPAA derived
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films grafted with CV (Top) and chronoamperometry (Bottom). The spectra shows many

peaks characteristic of carboxylic acids and aryl rings, strongly indicating the presence of

dPAA on the surface. The strong peak at 1718 cm-1 has been assigned to the C=O stretch.

The benzene ring stretching modes have been assigned to the peaks at 1603 cm-1and 1509

cm-1. Furthermore, the peaks at 1269 cm-1and 821 cm-1 have been assigned to the C-O

stretch and CH out-of-plane bending, respectively. Additionally, the IRRAS spectra give

an indication to the thickness of the grafted layers as the absorbance is proportional to

the amount of material present. With each successive voltammic cycle or as the reduction

potentials are increased the intensities of the IRRAS peaks increases, indicating the presence

of a thicker film.

Grafting Method Thickness (nm) # of Molecular Layers
1 cycle 2.4 ± 0.2 5.4
2 cycles 4.6 ± 0.3 10.2
5 cycles 6.6 ± 0.1 14.6

-1 V 4.4 ± 0.2 9.6
-2 V 14.4 ± 0.3 31.7
-3 V 27.8 ± 0.8 61.5

Table 3.1: Film thickness measurements determined by AFM scratching. The uncertainty of
the thickness is the standard deviation of the mean of 3 measurements. The # of molecular
layers are estimated assuming a PAA molecule is 0.459 nm in length.

To determine the thickness of deposited films, AFM “scratching” measurements were

performed on modified gold electrodes. The height of the aryl film was used to estimate

the number of aryl layers grafted to the surface. The height of a phenylacetic acid molecule

orientated perpendicular to the surface was estimated to be 0.459 nm, using PyMOL soft-

ware. Table 3.1 shows that aryl film thickness increases with electrochemical cycles and

reduction potential (from chapter 2). These thicker layers potentially have more sites avail-

able for surface activation and biomolecule immobilization. Which should result in a larger

response in an immunoassay. The effect of layer thickness on surface activation and protein

immobilization will be examined in the next section.

3.3.2 Modification of Electrografted dPAA Derived Films for Immunoassays

A critical step in construction of any surface based immunoassay is the immobilization

of a receptor molecules on the surface. Maximizing the number of receptor molecules should

result in a larger response when detecting the analyte of interest, as more target molecules

can be captured per unit area, increasing sensitivity. After electrochemical surface modifi-
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cation, dPAA derived films were activated with a solution of 0.4 M EDC and 0.1 M NHS

for 30 minutes. The activated surfaces were then modified with polyclonal anti-rabbit IgG

(goat host), any unreacted NHS groups were deactivated with 1 M ethanolamine. The pres-

ence of characteristic functional groups was monitored with IRRAS throughout the surface

modification process.

Figure 3.4: IRRAS spectra of dPAA derived layer during NHS activation and protein im-
mobilization.

Figure 3.4 presents the IRRAS spectra of dPAA derived films at various stages of the

surface modification process. The dPAA derived films have a strong peak at 1718 cm-1

characteristic of the C=O stretch of phenylacetic acid. Upon activation with EDC/NHS for

30 minutes the peak shifts to 1745 cm-1 arising form the C=O stretch of the succinimidyl

ester. Also the strong bands at 1218 cm-1 (C-N-C stretch) and 1077 cm-1(N-C-O stretch)

confirm the activation with the succinimidyl group. After surface activation, substrates

were immersed in a 667 nM solution of rabbit IgG to monitor the covalent attachment of

protein to the surface. The spectra of samples immersed in protein solution for 10 and 30

minutes are shown. The growth of the amide I band at 1685 cm-1 can be used to monitor

protein binding. After 30 minutes immersed in protein solution the IRRAS spectra showed
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no significant change in the amide band indicating that 30 minutes is enough time to reach

saruration. Not all the succinimidyl ester groups react with protein evident by the band

at 1745 cm-1 remaining after protein immobilization. Therefore, after immersion in protein

slides were reacted with 1 M ethanolamine to deactivate any unreacted NHS groups and

prevent non-specific binding.

The differences in surface activation and protein binding of the dPAA derived films

prepared using different electrochemical methods was also evaluated with IRRAS. Table 3.2

displays the peak intensities of the characteristic bands after surface activation and protein

binding of dPAA derived films grafted with cyclic voltammetry and chronoamperpmetry.

For both grafting methods it is clear that that as thicker films are grafted to the surface that

more acid groups are being activated with NHS and more protein is binding to the activated

surfaces. Using cyclic voltammetry to graft films the intensity of the protein amide band

increased 1.44⇥ from 1 cycle to 5 cycles. Using chronoamperometry the band intensity

increased 3.85⇥ from -1 V to -3 V, indicating much more protein was bound to the thicker

films. Plotting these peak intensities as a function of thickness, Figure 3.5, shows that the

increase in amide band intensities is not particularily linear with respect to film thickness.

Indicating that as layer thickness increases not all of the activatible (-COOH) groups within

the film are having protein immobilized. This is not unexpected as a normal IgG molecule

has a diameter of approximately 15 nm in solution and 20-40 nm on a surface.[28] With this

large size it is unlikely that proteins will penetrate very far into the surface of the dPAA

derived layers. Therefore, the increased protein binding capacity of thicker films likely comes

from the surface morphology of the films.

Grafting Method 1715 cm-1 1745 cm-1 1685 cm-1

1 cycle 1.696 3.964 2.319
2 cycles 1.971 4.135 2.719
5 cycles 2.964 4.962 3.332

-1 V 2.058 4.224 2.154
-2 V 5.261 6.567 4.012
-3 V 10.49 11.23 8.921

Table 3.2: IRRAS peak intensities (⇥ 10-3) of dPAA carboxyl group (1715 cm-1) NHS ester
(1745 cm-1) and protein amide (1685 cm-1) of dPAA derived films.
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Figure 3.5: IRRAS peak intensities (⇥ 10-3) of protein amide (1685 cm-1) bands plotted
against film thickness.

The overall film morphology is likely to play a role in the number of antibodies immobi-

lized. AFM was used to probe film morphology as measured by surface roughness. The effect

of surface roughness on protein binding capacity of dPAA derived films grafted using various

electrochemical methods was then examined. Figure 3.6 shows the AFM images of dPAA

derived films grafted with cyclic voltammetry (1 and 5 cycles) and chronoamperometry (-3

V for 5 minutes). The 1 cycle image appears to be quite uniform with many small clusters of

dPAA covering the surface. The film grafted with 5 cycles appears to be much less uniform

(i.e. rougher) with large peaks and valleys. This is also observed for films deposited at -3

V for 5 minutes, but to an even greater degree. The rms roughness values of films grafted

with cyclic voltammetry and chronoamperometry can be seen in Table 3.3. The roughness

of dPAA derived films increases with successive voltammetric cycling or increased reduction

potential (i.e. thicker films).
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Figure 3.6: AFM height images of dPAA derived films grafted with 1 cycle, 5 cycles, and -3
V on thermally evaporated gold. Images are 5 mm2.

Grafting Method RMS Roughness (nm)
1 cycle 2.0 ± 0.1
2 cycle 2.5 ± 0.1
5 cycle 3.2 ± 0.2
-1 V 2.5 ± 0.3
-2 V 3.0 ± 0.3
-3 V 3.7 ± 0.4

Table 3.3: AFM rms roughness measurements of dPAA derived films grafted on gold with
cyclic voltammetry and chronoamperometry. The uncertainty in the roughness is the stan-
dard deviation of the mean of 3 measurements.

To further characterize and control protein immobilization, the binding of rabbit a-IgG

on dPAA derived surfaces was measured at various concentrations of protein solutions using

SPR. Prior to immobilization of the antibodies, the dPAA derived surface was activated

with 0.4 M EDC and 0.1 M NHS for 30 minutes. The SPR chip was allowed to equilibrate

in PBS buffer for 10 minutes then was exposed to a series of a-rIgG solutions from low to

high concentrations. The surface was then rinsed with PBS buffer for 10 minutes to remove

any unbound protein. Figure 3.7 plots the fractional coverage (✓) versus the concentration

of the antibody. The values for ✓ were determined from %4R values and normalized to

✓
max

by fitting to a langmuir model. It is evident from Figure 3.7 that the amount of

adsorbed protein increases sharply at low concentrations and reaches a plateau at higher

concentrations, were the dPAA derived surface may be completely saturated with antibody.

The immobilization of antibodies to the surface of dPAA derived films grafted with different

electrochemical parameters was also examined with SPR.
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Figure 3.7: Isotherm describing the immobilization of a-rIgG to a NHS-activated dPAA
layer. dPAA was deposited using chronoamperometry with a potential step of -1 V for 5
minutes.

Figure 3.8 presents the maximum response of the antibody immobilization to surfaces

grafted with different electrochemical methods. Comparing these values to Table 3.3 it is

clear that the amount of immobilized antibody increases with surface roughness and thick-

ness. Since the %4R values are high (over 20%) the values are not linear with the number

of proteins immobilized on the surface. It has been shown for constant angle SPRimaging

theat the %4R is linear with surface coverage up to 10-15 %.[29] However, these %4R

values can still be used to compare the coverage of protein on the different surfaces. An

increase in antibody immobilization should lead to a larger response in the antibody-antigen

immunoassays.
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Figure 3.8: SPR %4R values of 667 nM rabbit a-IgG binding to NHS activated dPAA
derived surfaces.

3.3.3 Surface Plasmon Resonance Immunoassays Using dPAA Derived Films

The goal of this project was to develop and evaluate the usefulness of a surface formed by

the electrochemical reduction of dPAA as a support for SPR immunoassays. Gold surfaces

were electrografted with dPAA derived layers of varying thicknesses and surface roughness

using cyclic voltammetry and chronoamperometry and used for further functionalization.

The surface functionalization is shown in Figure 3.9 and involved the activation of the

carboxylic acid groups with EDC/NHS chemistry. The NHS-activated surfaces were then

used to covalently immobilize antibodies to the surface. Any unreacted NHS groups were

deactivated with 1 M ethanolamine and the surface was backfilled with a 0.1 % solution of

BSA, to help prevent nonspecific adsorption.
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Figure 3.9: Surface preparation of dPAA derived layers for SPR immunoassays.

The performance of the antibody chips were evaluated by incubating them with solutions

of increasing concentration of antigen (rabbit IgG) and monitoring the response with SPR.

Binding curves were constructed to investigate the impact of electrochemical grafting con-

ditions employed to pre-functionalize the chip surface. The curves were fit with a one-site
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saturation ligand binding model:

%4R =
%4R

max

[C]

K
d

+ [C]
(3.1)

where %4R
max

is an asymptotic value obtained from the regression analysis, [C] is the

concentration of antigen in solution, and K
d

is the dissociation constant. In this study the

reciprocal of the K
d

value obtained from the regression analysis will be reported as K
ADS

(where K
ADS

= 1/K
d

). Antigen binding curves, and the accompanying fitting parameters,

for the biochips derived from dPAA layers grafted using cyclic voltammetry are shown in

Figure 3.10 and Table 3.4. Comparison of the K
ADS

values, a measure of the antibody-

antigen interaction strength, show no significant differences with values all in the low 107

M-1range. These values are comparable to those previously reported in the literature.[30]

Examination of the %4R
max

values, a measure of the amount of antigen bound, does

show a dependence on the underlying dPAA derived layer. The films grafted using 1 or

2 voltammetric cycles showed nearly identical results, with both surfaces resulting in a

%4R
max

value of 9.2. Whereas the films deposited with 5 voltammetric cycles resulted in a

%4R
max

value nearly 21 % higher at 11.1, indicating more antigen was bound. Also shown

in Figure 3.10 is the non-specific binding due to goat IgG. It is not surprising that there is

some cross reactivity between the IgG molecules from different species. They are polyclonal

antibodies and have identical fragment crystallizable regions. The point of this was to show

that any signal due to non-specific adsorption will be low at these concentrations and not

have much effect on the assay.

The antigen binding results are closely related to the amount of antibody immobilized

on the surface. Figure 3.8 in the previous section shows the amount of immobilized antibody

for various dPAA derived films. Films grafted with 1 and 2 voltammetric cycles were nearly

identical while the 5 cycles immobilized ⇠ 20 % more antibody. A high antibody surface

density leads to a larger observed signal as more antigens are captured from solution.
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Figure 3.10: SPR antibody-antigen binding response curve for dPAA derived films grafted
using cyclic voltammetry.

Grafting Method R2 K
ADS

(M-1) %4R
max

1 cycle 0.9869 1.0 ± 0.2 ⇥ 107 9.2 ± 0.4
2 cycles 0.9842 1.2 ± 0.3 ⇥ 107 9.2 ± 0.4
5 cycles 0.9881 3.1 ± 0.9 ⇥ 107 11.1 ± 1.1

Table 3.4: Curve fitting parameters using a one site saturation ligand binding model for
antigen binding curves obtained on modified dPAA derived surfaces grafted with cyclic
voltammetry.

Studies were also performed on electrografted dPAA derived layers using chromoamper-

ometry. The antigen binding curves and fitting parameter are shown in Figure 3.11 and

Table 3.5. As in the previous example, comparisons of the K
ADS

values suggest that the

strength of the antibody-antigen interactions are similar on all surfaces. The amount of

bound antigen (%4R
max

) again showed a dependence on the grafting conditions of the

dPAA derived layers. The films grafted using a potential step of -1 V had a %4R
max

value

of 8.5. Whereas films grafted at -2 V or -3 V had %4R
max

values of 10.4 or 13.2, respec-

tively. This corresponds to an increase of 22 % for the films grafted at -2 V and 55 % for

films grafted at -3 V. Again these values are closely related to the amount of immobilized
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antibody on the surface.

Comparing the %4R
max

values for dPAA films grafted with cyclic voltammetry and

chronoamperomtry suggests that the roughness of the films, not the thickness, plays a large

role in the antigen binding response as the films deposited using CV and CA had very similar

%4R
max

values and very similar roughness measurements, whereas their thicknesses were

quite different. If we examine the two films which had the highest antigen binding, either

5 cycle CV or -3 V CA. We can see that films deposited with 5 cycles had a roughness of

3.2 nm and a thickness of 6.6 nm which resulted in a %4R
max

value of 11.1; whereas, films

deposited using -3 V had a roughness of 3.7 nm and a thickness of 27.8 nm with a %4R
max

value of 13.2. Clearly surface morphology is playing a major role in antigen binding capacity.

Figure 3.11: SPR antibody-antigen binding response curve for dPAA derived films grafted
using chronoamperometry.

Grafting Method R2 K
ADS

(M-1) %4R
max

-1 V 0.9967 1.7 ± 0.1 ⇥ 107 8.5 ± 0.2
-2 V 0.9878 1.3 ± 0.3 ⇥ 107 10.4 ± 0.4
-3 V 0.9919 2.0 ± 0.2 ⇥ 107 13.2 ± 0.4

Table 3.5: Curve fitting parameters using a one site saturation ligand binding model for
antigen binding curves obtained on modified dPAA derived surfaces grafted with chronoam-
perometry.
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The %4R values obtained following incubation with the lowest concentration of antigen

were used to determine the limit of detection (LOD) for the various surfaces used for the

binding assays.

LOD = 3�
blank

+ blank (3.2)

The values obtained from equation 3.2 were converted to a concentration using the linear

fit obtained from the least squares analysis shown in Figure 3.12.

Figure 3.12: SPR response following incubation with low concentration of rIgG.
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Grafting Method LOD (nM)
1 cycle 44.6
2 cycle 40.4
5 cycle 24.4
-1 V 22.6
-2 V 21.1
-3 V 12.4

Table 3.6: LOD of dPAA derived films used for antibody-antigen immunoassay.

Table 3.6 presents the LOD’s of dPAA derived films using cyclic voltammetry and

chronoamperometry. The LOD’s ranged from 44.6 nM for the thinnest film (grafted using

cyclic voltammetry for 1 cycle) to 12.4 nM for the thickest film (grafted using chronoam-

perometry with a potential step of -3 V), an improvement of ⇠3.6⇥. While these may not

be the lowest LOD’s reported for surface based immunoassays (low nM) they are consistent

with other substrates used for SPR based immunoassays monitoring the label-free binding

of an anti-IgG IgG system.[31] By optimizing NHS activation and antibody immobilization

the LOD’s can be easily increased by an order of magnitude. Further evidence of the differ-

ence between the layers is witnessed when examining the slope of the linear fits in Figure

3.12. The slope of the fits for the dPAA derived layers increases form 0.034 to 0.170 for the

different grafting conditions used. A higher slope reflects more sensitive antigen detection.

This increase in sensitivity is probably due to a combination of increased antibody density

and proper surface orientation of the immobilized antibodies.

3.3.4 Low-Fouling Diazonium Derived Films

Another critical aspect in bioassay development is the prevention of non-specific inter-

actions. In the previous section the non-specific binding of a goat IgG to rabbit a-IgG was

shown to be relatively low when compared to the binding of the analyte of interest. However,

this was an idealized sample containing only one possible interference in a buffer solution. In

diagnostic testing for biological samples analytes are usually present in complex biological

matrixes such as blood, plasma, or urine, that contain thousands of different molecules that

could interfere with the assay. In order to reduce the possibility of non-specific interactions

occurring many immunoassays employ some type of low-fouling surface. In the immunoas-

say performed in the previous section this was done by backfilling the substrate with BSA.

Backfilling with another protein is a common method for reducing non-specific adsorption,

as it is relatively quick and simple. Although, the backfilling protein may also cover many
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of the possible binding sites for the analyte of interest, reducing the response of the assay.

Other common methods for reducing non-specific adsorption involve the incorporation of

low-fouling materials into the substrate of the assay. A common material used to reduce

non-specific adsorption are polyethylene glycol (PEG) SAM’s; however, these materials are

subject to oxidation in most biochemically relevant solutions.[9] Therefore the development

of diazonium derived low-fouling films was investigated in order to utilize the covalent nature

of diazonium derived films.

There are two main classes of low-fouling materials, polyzwitterionic and polyhydrophilic.

For both materials it is believed that the low-fouling ability is tightly correlated to the

formation of a hydration layer near the surface, which provides a physical and energetic

barrier to resist non-specific adsorption.[32, 9] In this work we developed a zwitterionic

diazonium derived layer and a hydrophilic diazonium derived layer for use as potential non-

fouling substrates. Diagrams of these diazonium derived surfaces can be seen in Figures

3.13 and 3.14.

Figure 3.13: Preparation of zwitterionic diazonium derived films with potential low-fouling
properties.

The polyzwitterionic films were prepared by synthesizing the phenylalanine diazonium

(dPA) from the appropriate aniline precursor. The films were then grafted to gold using

chronoamperometry and their low-fouling abilities tested.
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Figure 3.14: Preparation of hydrophilic diazonium derived films with potential low-fouling
properties.

The polyhydrophillic films were prepared by synthesizing aminophenyl diazoniumsalt

from its aniline precursor and grafting it to gold surface using chronoamperometry. The

dAP derived surface was then modified with Bis(NHS)PEG
5

. For the purposes of testing

the low-fouling abilities of these films the unreacted NHS groups were deactivated with

1 M ethanolamine, although a receptor molecule could easily be attached for use in an

immunoassay.

Gold substrates were modified with 1 mM phenylalanine diazonium salt (dPA) or 1 mM

aminophenyl diazonium salt (dAP) solutions using chronoamperometry in a three electrode

cell. The potential was stepped to -1 V against a Ag/Ag+reference electrode. The success-

ful deposition of this diazonium salts was qualitatively confirmed with infrared reflection

absorption spectroscopy (IRRAS). Figure 3.15 (Top) presents the IRRAS spectrum of dPA,
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with many bands characteristic to dPA. The peak at 1735 cm-1 has been assigned to the

C=O stretch. The intense peak at 1629 cm-1has been assigned to a combination of NH

deformation and C=C stretching modes. The peak at 1510 cm-1 has also been assigned

to a C=C stretching mode. Furthermore, the peaks at 1387 cm-1and 826 cm-1 have been

assigned to the COO- symmetric stretch and CH out of plane bending, respectively. Figure

3.15 (Bottom) presents the IRRAS spectrum of dAP (before PEG-linker modification) also

with many characteristic bands. The peak at 1674 cm-1 has been assigned to the NH defor-

mation mode. The strong peaks at 1629 cm-1and 1514 cm-1 have been assigned to the C=C

aromatic stretching modes. The peak at 1282 cm-1 has been assigned to the NH stretch.

The peak at 831 cm-1 has been assigned to the CH out of plane bending. The inset shows

the dAP derived surface after PEG-linker modification, the band at 1742 cm-1 has been

assigned to the C=O stretch of PEG.
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Figure 3.15: IRRAS spectra of dPA and dAP grafted to gold. Grafted with chronoamper-
ometry with a potential step of -2 V for 5 minutes.

After modification of the gold surfaces the low-fouling abilities of these films were tested

with SPR. Modified SPR chips were allowed to equilibrate in PBS buffer (pH 7.4) for

5 minutes. The chips were then exposed to 1 mg/mL solutions of bovine serum albumin
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(BSA), lysozyme, or fibrinogen for 5 minutes. The chips were then rinsed with PBS buffer for

5 minutes. The %4R was measured and used to calculate the amount of irreversibly bound

non-specifically adsorbed protein (Nonspecific protein adsorption (ng/cm2) = 15.75⇥%4R

+ 0.05). An example SPR sensorgram can be seen in Figure 3.16.

Figure 3.16: SPR sensorgram measuring non-specific adsorption.

Figure 3.17: Irreversibly bound protein concentration determined by SPR of diazonium
derived films and SAM’s (HS-C

11

-EG
6

-R).
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The low-fouling abilities of the diazonium derived films were tested and compared to that

of various thiol-derived PEG-SAM films, a commonly used surface for reducing non-specific

adsorption. Films of nitroazobenzene (dNAB) were also tested and used as a baseline for a

standard diazonium derived film. Figure 3.17 shows the concentration of irreversibly bound

protein on diazonium derived and PEG-SAM’s surfaces exposed to 1 mg/mL solutions of

BSA, lysozyme, or fibrinogen. These proteins were chosen because they are relatively com-

mon in biological samples and have varying physical properties. Additionally, fibrinogen is

a key protein involve in the process of clotting, which makes it especially “sticky”. From this

data it appears that the diazonium derived films had significantly more non-specific protein

adsorption then the PEG-SAM’s. The diazonium films had an average protein adsorption of

137 ng/mm2 for BSA, 88 ng/mm2 for lysozyme, and 304 ng/mm2 for fibrinogen. Whereas

the PEG-SAM films had average adsorption values of 11 ng/mm2, 34 ng/mm2, and 102

ng/mm2, respectively. Ironically it seems the dNAB derived layers had the best overall abil-

ity to resist non-specific adsorption out of the diazonium derived layers. The adsorption of

the proteins appears to be highly dependent on the charge of the surface. Lysozyme has an

isoelectric point of 11.4, at pH = 7.4, this will results in a net positive charge. Whereas, BSA

and fibrinogen have net negative charges with isoelectric points of 4.7 and 5.5, respectively.

Examination of the SAM layers shows that surfaces with the same charge as the protein

had less nonspecific adsorption compared to surfaces where the charges were opposing. The

reason the diazonium derived films were less successful in resisting nonspecific adsorption is

likely due to the general structure of diazonium layers. Relatively disordered polyphenylene

layers results in a random distribution of the functional groups throughout the layer. For

a film to have good low-fouling abilities a polydispersity of functional groups is key as any

defect within the layer can result in protein adhesion. The diazonium derived layers appear

to be too highly disordered, resulting in many defects throughout the films to which proteins

can adsorb. However, the high control and stability of diazonium derived films still makes

them an attractive method for controlling non-specific adsorption. Although more work

needs to be performed to optimize these surfaces. Using different deposition conditions or

different precursor moleules could lead to better control of non-specific interactions. This

will be a subject of the future work section.
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3.4 Conclusion

This work has shown the successful modification of gold substrates using electrografting

of diazonium salts for use as supports for antibody immobilization in immunoassays. dPAA

was used to modify gold substrates using cyclic voltammmetry and chronoamperometry to

prepare films of varying thickness and surface roughness. These films were used for antibody

immobilization and to monitor antibody-antigen binding. The effect of film thickness and

roughness on antibody immobilization and antigen binding was studied. The immobilization

of capture agents (antibodies) and the subsequent analyte binders (antigens) binding were

shown to be highly dependent on surface roughness. As the roughness of the layers increases

the binding capacity of antigen showed a 55% increase. The LOD’s of these immunoassays

was calculated to be in the low nM range, which is comparable with other surface based

bioassays. Additionally, the use of diazonium derived films as potential low-fouling materials

was studied. The non-specific adsorption of diazonium derived films was shown to be ⇠4⇥

that of PEG SAM’s. However, backfilling with BSA was shown to be a suitable method for

contolling non-specific adsorption in certain situations with dPAA derived films.
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4 Conclusions and Future Work

4.1 Conclusions

Polymers have unique characteristics not met by traditional materials. With the ability

to be deposited on a surface and impart these characteristics to the desired substrate the

work on organic coatings over the last 20 years has been extensive. With this in mind it is

important to control the formation of the coating on the substrate as best as possible and to

understand the linkage between the organic film and the substrate as best as possible. The

work presented has detailed the use of diazonium salts to prepare thick aryl films on gold

surfaces by the application of high reduction potentials. The mechanism of formation and

stability of these films was investigated. Additionally, diazonium derived films were studied

as substrates for SPR immunoassays and potential low-fouling surfaces.

Chapter 2 presented the modification of gold electrodes using the electrochemical grafting

of phenylacetic acid and nitroazobenzene diazonium salts. The effect of reduction potential

on film formation was studied. It was determined that using higher reduction potentials

results in thicker films and that this increase in thickness is linear with respect to the applied

reduction potential. The formation of thick films appears to be largely driven by migration.

To form diazonium derived films using high reduction potentials the omittance of supporting

electrolyte is preferred as electrolyte leads to polymerization of the aryl radicals in solution

preventing film formation. Additionally, the presence of a redox active functional group

does not appear to be necessary to mediate thick film growth, as has been stated previously

in the literature.[1] When such high potentials are applied the driving force of the reaction

is large enough to overcome the resistance from the film deposited on the electrode surface

allowing film thickness to increase with potential. Finally, the stability of films deposited

using high reduction potentials was compared to films prepared with lower more traditional

potentials. Under the conditions used it appears that films grafted with high reduction

potentials are more stable than their low potential counterparts.

Chapter 3 examined the electrochemical reduction of phenylacetic acid diazonium salt

as surface chemistry for antibody immobilization and subsequent antigen detection. It was

shown that the surface chemistry provided a suitable platform for antibody attachment.

The effect of film thickness and roughness on antibody immobilization and antigen binding

was studied. The immobilization of capture agents (antibodies) and the subsequent analyte

binders (antigens) binding were shown to be highly dependent on surface roughness. As the
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roughness of the layers increases the binding capacity of antigen showed a 55% increase.

The LOD’s of these immunoassays were calculated to be in the low nM range, which is com-

parable with other surface based bioassays.[2] Finally, diazonium salts were used to prepare

potential low-fouling substrates. The non-specific adsorption of diazonium derived films was

shown to be ⇠4⇥ that of PEG SAM’s. Although, more work needs to be performed to op-

timize these surfaces. Using different deposition conditions or different precursor molecules

could lead to better control of non-specific interactions.

4.2 Future Work

The electrochemical grafting of diazonium salts within this work has provided insight

into the effect of reduction potential on film formation. The mechanism of formation and

stability of these films was investigated. However, using the electrochemical, IRRAS, XPS,

and AFM measurements to hypothesize about mechanism of film formation is difficult as no

information is obtained that can be directly correlated to the observed peaks in the cyclic

voltammograms. Belanger and coworkers have investigated the deposition of diazonium

molecules on a electrode by monitoring the deposited mass during the electroreduction

reaction with a quartz crystal microbalance (QCM) and correlating this with the charge

transferred.[3] Using QCM to monitor the formation of diazonium derived layer grafted

using high reduction potentials would potentially provide information on film formation

during different stages of the electroreductive reaction.

In addition to diazonium salts the electrografting of organic molecules has been demon-

strated using many precursors such as amines,[4] alcohols,[5] carboxylates,[6, 7] alkyl halides,[8]

ammoniums,[9] sulfoniums,[10] iodoniums,[11] and vinylics.[12] The mechanisms for the elec-

trografting from various precursors have been elucidated. While there are a few cases where

the nature of the species that binds to the surface is unclear, it appears that the formation

of a radical is a prerequisite for electrografting to occur. With these similarities in the

formation mechanism it would be interesting to study the effect of reduction or oxidation

potentials on film formation of different precursors. Potentially allowing precise control over

film thickness that has been demonstrated for diazonium derived layers.

Phenylacetic acid films of varying thicknesses were used as substrates for antibody immo-

bilization and subsequent antigen detection was shown in this work. One potential problem

with this type of assay is the inefficiency of the immobilization reaction. Previous stud-
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ies have demonstrated that many of the immobilized antibodies are inactive after surface

attachment.[13] Additionally, the pre-functionalization of diazonium salts with antibodies

has been demonstrated.[14] Using diazonium molecules pre-functionalized with antibodies

to deposited film with high reduction potentials could greatly increase the performance of

such assays as there would potentially be many more active binding sites. This is assuming

that the high potentials would not effect the activity of the antibodies.

Recently, diazonium derived layers have seen growing use in immundiagnostics. A po-

tential interest in immunodiagnostics is the ability to develop a high throughput array that

incorporates label-free detection. An immunodiagnostic microarry would reduce current

analysis performed by multiple clinical tests onto a single mircoarray, multiple analysis

would be performed in a single experiment. Using the pre-functionalization of diazonium

molecules many different antibodies could be attached prior to surface modification.[14, 15]

The electrochemical grafting could then be performed in an array format using the experi-

mental conditions that would result in the best response for that antibody.

The prevention of non-specific adsorption is critical for all biosensor systems. While the

use of diazonium derived layers as low-fouling films in this work did not show the most

promising results diazoniums still have the potential to be effective in reducing non-specific

interactions due to the highly functionalizable nature of the R-group. Based on the work

performed here it’s possible that separating the aryl ring from the functional groups could

lead to increased performance as a low-fouling film. Present in the literature are examples of

diazonium molecules having been pre-functionalized with ethylene glycol.[16] Additionally,

ethylene glycol molecules have been functionalized with zwitterionic heads.[17] Incorporation

of zwitterionic ethylene glycol onto a diazonium molecule that could then be electrografted

to a surface has the potential to be very resistant against non-specific interaction. It would

provide some separation between the aryl ring and the exterior of the film to which molecules

would be interacting, while the hydrophilic nature of the film should maintain a strong

hydration layer around the film.
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