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ABSTRACT 

Orientation distributions of redox active films that correlate with an electron 

transfer behavior were reported for the first time using electroactive total internal 

reflection fluorescence spectroscopy (EA-TIRF) and electroactive integrated optical 

waveguide (EA-IOW) absorbance technology developed here. The mean tilt angle and 

the angular distribution about the mean were recovered using a Gaussian model. 

Previous anisotropy calculations were only possible using a theoretical approach 

(Hansen's model). In the work presented here, a novel method was developed that was 

based on experimental measurements. This method used Fresnel's equations and Snell's 

law to determine the relative polarized electric field intensity at the interface of the EA-

TIRF substrate. 

Optically transparent semiconductor surfaces of indium tin oxide (ITO) were used 

as the adlayer for EA-TIRF and EA-IOW devices. The ITO surface morphology, optical 

and conduction properties were characterized. The ITO was found to have adequate 

conduction, optical and surface morphology properties for molecular orientation 

distribution measurements. The results indicated the ITO morphology contributes a 

minimal degree of error to the calculated distribution. 

Surface-bound films of model methylene blue were used to characterize the EA-

TIRF and EA-IOW techniques prior to the investigation of horse heart cytochrome c. 

The studies demonstrated potential control of redox active adsorbed films. The mean tilt 

angle and the angular distribution about that mean were successfully determined. In 

addition, the studies of the methylene blue films indicated the possibility of orientation-
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dependent quenching (the loss of an electron from the excited state LUMO to the ITO 

semiconductor conduction band). 

Studies of the cytochrome c films indicated anisotropic submonolayers 

electrostatically bound to tlie negative ITO surface. Cyclic voltammetry measurements 

showed the films to be electroactive, exhibiting quasi-reversible electrochemistry. An 

average tilt angle and the orientation distribution about the angle, as a function of 

potential, were reported for horse heart cytochrome c. This potential-dependent 

orientation distribution of submonlayer films is reported for the first time. 



2S 

CHAPTER 1 

INTRODUCTION 

1. Introduction 

1.1. Motivation 

In recent years there have been considerable advances in bio-based technologies 

in the areas of sensors, electronics and biocognizant surfaces. These technologies 

interface between the fields of biology, chemistry and materials science. The surface 

molecular architecture of these devices is critical to the success and efficiency of their 

function. Continued evolution of bio-based devices requires that the orientation, the 

conformation, the adsorption interactions and kinetics, and the surface coverage of the 

biomolecules at the interface of the device and transducer be well characterized. For 

devices containing electroactive biomolecules, an additional dimension of 

characterization exists with respect to their electron transfer behavior. 

The characterization of proteins is particularly challenging in that their chemical 

and physical properties may differ between their native (physiological) environment and 

the artificial systems in which they are to function. For example, enzymes must be able 

to structurally recognize certain substrates while in artificial environments. Over the past 

two decades much work has focused on the study of one particular electroactive protein 

and the details pertaining to its ability to function in artificial systems. The interfacial 

electron transfer of the heme-containing metalloprotein, horse heart cytochrome c has 

been studied on metal, semiconductor and carbon electrodes. i 

metalloprotein is often used in model systems due to its simplicity and ruggedness.'^ 
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In recent years, advancements in the areas of protein folding'^'*^, electrochemistry 

of proteins at modified surfaces''* and protein-protein or protein-membrane interactions'^ 

have been made. However, limitations in the current understanding of the interfacial 

electrochemical behavior of the protein at electrode/solution interfaces exist, largely due 

to technological obstacles. This work attempts to further the understanding of behavior 

between surface morphology and heme-containing electroactive metalloprotein films (i.e. 

cytochrome c), through the development of novel spectroelectrochemical techniques, 

electroactive total internal reflection fluorescence spectroscopy and electroactive 

integrated optical waveguide technology. The following sections give a brief history of 

the electrochemical and spectroscopic characterization of heme-based proteins, discuss 

recent spectroelectrochemical studies of cytochrome c and provide a summary of the 

scientific goals of this research. 

1.2. Electrochemical Characterization of Cytochrome c and other Heme Proteins 

Electrochemistry has proven to be a powerful tool in the study of 

metalloproteins.® '^ The use of an electrode in place of the protein's physiological redox 

parmer greatly simplifies the chemical system under study. Furthermore, selective 

fabrication of the electrode surface can enable only specific interaction(s) between the 

protein and the surface to be investigated. While the surface density of these typical 

protein films are in the picomolar/cm~ range, the high degree of sensitivity offered by 

electrochemical detection makes their quantification possible. 
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Perhaps the most widely used electrochemical tool in the study of metalloproteins 

is cyclic voltammetry.^ This technique activates specific redox sites of a molecule 

through control of the electrode potential. The current response is monitored as the 

potential is swept, at a fixed rate, to a positive potential, to achieve oxidation of the 

protein. Subsequently, to obtain a reduction wave the potential is swept negative to a 

second potential. Thermodynamic and kinetic information can be obtained about the 

protein film using cyclic voltammetry. Typically, the metalloprotein is confined to the 

electrode surface, so the sluggish dif^usion characteristic of large biomolecules can be 

eliminated. This allows details concerning the interfacial electron transfer kinetics, the 

chemical equilibria of labile centers, the reduction potentials, the kinetics of gated 

electron transfer reactions and the organization of catalytic electron transfer in 

multicentered redox enzymes to be investigated.'^ 

Since 1977 when Yeh and Kuwana first observed reversible electron transfer of 

cytochrome c'^, researchers have made significant progress in the electrochemical 

characterization of cytochrome c and other redox active proteins. Since then, two main 

approaches have been taken in these electrochemical studies. The first involves the study 

of the electron transfer at bare electrode surfaces.^ The second approach utilizes 

modified electrodes to study electron transfer.^''^'^^ The latter is typically accomplished 

by the use of organic adlayers such as self assembled monolayers (SAMS)'** or Langmuir 

Blodgett films. Some alternative approaches to electrode modification include modifying 

the protein itself or studying the electron transfer between the metalloprotein and an 

inorganic molecule or a simulated membrane.^^'^'^*^'*^'*'^'^® 
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Armstrong^* Taniguchi,^'^''^® and Bowden^*^"* are among those 

researchers who have made significant contributions to the characterization of 

metalloprotein films. The work has led to the development of a model for the 

cytochrome c films adsorbed to an electrode surface (shown in Figiure 1.1). Bowden's 

research, substantiated by others, has provided critical evidence for this model. This 

includes observations that the protein is bound electrostatically, heme-cleft toward the 

surface.^' Figure 1.1 illustrates the molecular architecture believed to produce the 

reversible to quasi-reversible electrochemistry. Furthermore the cytochrome c film is 

shown to be isotropic and well ordered, electrostatically adsorbed to the surface primarily 

through the large patch of lysine residues (cytochrome c has a +9 charge at pH 7) 

surrounding the heme clefl in the protein. Thus the redox active moiety of the protein, 

the heme center, is in close proximity to the redox partner. Unfortunately, as this model 

is based solely on electrochemical data, it is not based on any direct structural 

information of the adhered film. 

1.3. Spectroscopic CharacterizatioD of Cytochrome c and other Heme Proteins 

Heme-containing metalloproteins are strong chromophores that have distinct 

(high extinction coefiBcients) and characteristic Soret bands in the visible spectrum. 

Structural information (of importance in the work discussed here) about the protein can 

be obtained using various spectroscopic techniques that probe these bands. In recent 

years, techniques spanning the electromagnetic spectrum, from X-rays to visible light, 

have been used in the characterization of these biological molecules. For example. X-ray 
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Figurel.l: The hypothesized molecular architecture for a horse heart cytochrome c film 
adsorbed to an electrode surface that results in reversible to quasi-reversible 
electrochemistry. 



adsorption fine structure (XAFS) has been used to help elucidate the bond lengths in 

ferric and ferrous horse heart cytochrome c.^^ In addition, NMR and crystallographic 

techniques have been used to characterize the influence of chemical changes on structure 

and mobility. 

Despite the capabilities of spectroscopic techniques, most do not offer the 

sensitivity enjoyed by electrochemistry and are limited to use in bulk solutions of 

dissolved protein. However, some specialized spectroscopic techniques do have the 

capability to detect and monitor surface adsorbed quantities of cytochrome c. One 

example is surface-enhanced resonance Raman scattering (SERS). Studies using this 

technique have been performed on cytochrome c to investigate the modes of adsorption 

and desorption of the protein to various surfaces.^^*^^ Fluorescence spectroscopy is 

another example of a technique sufficiently sensitive to probe monolayer quantities of 

protein. The intrinsic sensitivity of fluorescence measurements has led to the 

development of several fluorescence-based techniques. Single-molecule fluorescence 

polarization has been used to investigate the rotational motion of proteins adhered to 

surfaces.^^ In addition, time-resolved fluorescence has been used to investigate the 

interactions between horse heart cytochrome c derivatives and surfactant interfaces.^^ 

1.3.1. Total Internal Reflection Fluorescence and Integrated Optical Waveguides 

Although spectroscopic measurements do render structural information, as 

mentioned above, their inherent drawback, with the exception of fluorescence, is one of 

sensitivity. The monolayer to submonolayer films characterized by electrochemistry, in 



34 

most cases, are not detectable by a complementary spectroscopic technique, particularly 

one that can probe the absorbance of the film. A solution is found in integrated optical 

waveguide (lOW) technology lOWs utilize the principles of attenuated total internal 

reflection (ATR) similar to devices commonly used in infi-ared spectroscopy.'*® '*' 

However, an lOW has a much thinner guiding layer, and therefore, an increased number 

of internal reflections (thousands per centimeter) resulting in increased sensitivity (on the 

order of 1000 times to that of conventional UV measurements)."*^ The sensitivity of 

lOWs has been demonstrated in both the absorbance and fluorescence format."*^' ** 

Early work established the use of lOWs as tools to study protein films via 

fluorescence (TIRF) spectroscopy."*^ The technique, total internal reflection 

fluorescence, monitored proteins that were adsorbed to a surface or dissolved in solution. 

Reichert pioneered lOW work in the adsorption format, also used to study protein films."*^ 

Based on the early work of Reichert, the study of protein films evolved using unmodified 

and Langmuir-Blodgett-modified planar SiOi waveguides as well as sol-gel based 

waveguides.'*'*^"*^' However, despite these advances in spectroscopic surface-sensitivity, 

the coupling of electrochemistry and spectroscopy is still required to study the structural 

dependence of protein films on electron transfer, or vice versa. 

1.4. Spectroelectrochemistry of Cytochrome c 

The utility of electrochemical and spectroscopic techniques, when used 

independently, is readily apparent. Coupling these two techniques represents an obvious 

extension in the application to metalloprotein films. Several researchers developed 
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spectroelectrochemical techniques based on the early work of Kuwana,^^ who aquired the 

electrochemical signal and the spectroscopic responses of protein films simultaneously. 

For example, the optically transparent thin-layer spectroelectrochemical technique 

(OTTLSET) is one method of analysis that arose from efforts to further investigate the 

kinetics of redox active proteins by use of an electroactive thin-layer cell.^® Another 

technique, potential-modulated UV-visible reflectance spectroscopy, also known as 

electroreflectance (£R), has been used to determine reaction rates of proteins as a 

function of distance from modified electrode surfaces.^^*^^ 

Fraaije was the first to couple electrochemistry with total internal fluorescence 

spectroscopy to study the potential dependent orientation of cytochrome c films, 

demonstrating the effectiveness of the technique in investigating adsorbed protein films. 

Bowden employed UV-visible spectroelectrochemistry to study the conformational 

state and surface coverage of adsorbed cytochrome c on tin oxide electrodes.^ This 

approach, which monitored the absorbance spectrum of the film as a function of 

potential, was used to probe the structure of cytochrome c films. This research represents 

an extension of the latter two techniques. 

1.5 Electroactive Total Internal Reflection Fluorescence Spectroscopy and 
Integrated Optical Waveguide Technology 

Even though electroactive metalloproteins have been the subject of intense 

investigation for the past several decades, researchers have not yet been able to directly 

correlate the protein structure dependence on electron transfer. This relationship is of 

particular interest for proteins such as horse heart cytochrome c, whose electrochemical 
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and structural properties have already been thoroughly characterized, independently of 

one another.^^ The work presented here combines simultaneous electrochemical 

measurements with spectroscopic information in a fashion that allows the structural 

architectiu-e of adsorbed electroactive fihns, as a function of potential, to be deduced. 

The technology couples two surface-sensitive spectroscopic techniques, total internal 

reflection fluorescence (TIRF) and integrated optical waveguide (lOW) absorption 

technology, to study the potential-dependent orientation distribution of electroactive 

species confined to a surface. The development of this technology involved overcoming 

numerous scientific hurdles, which are discussed in detail throughout the chapters of this 

work. The following sections briefly highlight the key scientific issues investigated in 

the development of the EA-IOW and EA-TIRF methodologies. 

1.6. Research Goals 

1.6.1. Chapter 2: Theoretical Parameters and Experimental Design Governing the 
Electroactive Total Internal Reflection Waveguide Linear Dichroism and 
Anisotropy Experiments 

Characterizing the orientation distribution of molecular films adhered to surfaces 

using integrated optical waveguide linear dichroism and fluorescence anisotropy 

m e a s u r e m e n t s  h a s  b e e n  d e m o n s t r a t e d  p r e v i o u s l y  o n  d i e l e c t r i c  s u b s t r a t e s . ® ' T h e  

evolution of these two techniques as tools in determining orientation distributions is 

ongoing. The focus of this chapter is to provide the reader with an overview of the 

principles upon which integrated optical waveguides and fluorescence anisotropy are 

established. Included is a description of the nature of light as it interacts with matter and 
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the development of this concept to describe the critical angle, evanescent fields and their 

application to thin film characterization. The latter are developed to provide descriptions 

of the anisotropy and linear dichroism measurements made here. 

Also included in Chapter 2 are important considerations made in the development 

and design of the electroactive TIRF cell. The materials selected and the geometric 

considerations of the design are discussed. Finally, the normalization of the raw data 

obtained in both the anisotropy and linear dichroism experiments is described. 

1.6.2. Chapter 3: Electric Field Intensities at an Interface 

In both the anisotropy and linear dichroism experiments used in this work, light is 

in-coupled and propagated through media. When this occurs, the angle of propagation 

and hence the polarization and intensity of the light (depending on the nature of the 

media) are affected. Thus, one must determine how the medium in which the light 

travels has affected its behavior at the reflection interface of interest in order to accurately 

recover anisotropy and linear dichroism values. In previous fluorescence anisotropy 

work, this has been accomplished by the application of a model developed by Hansen^ 

that calculates the electric field intensity along the x, y and z-axes of the 

substrate/superstrate interface. 

However, the application of Hansen's model does have some limitations when the 

homogeneity and the refi^tive index of the media are not known accurately. In the 

experiments performed here, the use of an indium tin oxide overlayer added such a level 

of complexity to the propagating (lOW) media. The accuracy by which Hansen's model 

predicts the nature of light in this overlayer was uncertain. 



38 

The goal of the research in this chapter was to develop an experimentally-based 

technique that would allow the relative TE and TM signals, the polarization dependent 

excitation intensities, at the indium tin oxide/solution interface to be determined. 

Therefore, two specific scientific issues were addressed. First, an experimental design 

that probed the respective polarization intensities at the interface between the propagating 

media and the solution were developed. Secondly, a series of equations allowing for the 

experimental data to be transformed into information that could be compared to the 

results of Hansen's model were derived. 

1.6.3. Chapter 4: Characterization of Indium Tin Oxide Films Used in 
Eiectroactive Spectroscopic Experiments 

To characterize the electrochemical response of eiectroactive metalloprotein films 

adhered to total internal reflection substrates, a conductive adiayer was used in the 

construction of the lOW devices. Indium tin oxide (ITO), an optically transparent, n-type 

semiconductor, was used as the eiectroactive adiayer in the work here. ITO has several 

characteristics that make it an appealing tool in both scientific and technological research 

and development, and as a result, it has been fabricated for many different applications. 

Therefore, the means of ITO fabrication are as broad as the range of its application. 

Consequently, no standard in fabrication exists with regard to morphology and chemical 

composition. Thus, each source of ITO can have a large degree of variation in chemical 

and physical properties. These differences may affect the precision of measurements 

made using various sources of ITO. 
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The focus of this chapter was to characterize the ITO fihns fabricated for the 

studies in this research. Four key issues were addressed: The morphology of the ITO, the 

suitability of the ITO for use as an electroactive platform for metalloprotein films, the 

optical transparency of the ITO as a function of wavelength as well as the effect of 

repeated cleanings of the ITO on the three characteristics above. Atomic force 

microscopy was used to characterize the morphology of the ITO films. Since the analyte 

being probed (cytochrome c) was on the order of ca. 30 x 30 A, characterization of the 

film morphology was performed to determine if the films were smooth relative to the size 

of the analyte. To determine if the optical transparency and electroactivity of the 

semiconductor would be amenable to the study of typical heme metalloproteins, these 

properties were also investigated with the aid of spectroelectrochemistry and 

electrochemistry. 

1.6.4. Chapters: Characterization of Methylene Blue Films Using EA-IOW and 
EA-TIRF Platforms 

A model molecular film was used to establish the feasibility of coupling data 

obtained using the EA-TIRF and EA-IOW techniques. The chapter describes the 

selection of an appropriate probe molecule and its utilization as a submonolayer film to 

establish "proof of concept" for futiure investigations of potential dependent orientation 

distribution measurements of metalloproteins . Several small, fluorescent, redox-active 

dyes firom the phenothiazine class were investigated as potential candidates. The dye 

films were evaluated with respect to both their spectroscopic and electroactive behavior 

and the most suitable candidate chosen. The adsorption profile, the fibn molecular 
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density and the appropriate experimental conditions were investigated for the selected 

compound, methylene blue. The molecular film was then probed using the electroactive 

integrated optical waveguide and the electroactive total internal fluorescence, the results 

allowing the (EA-TIRF and EA-IOW) techniques to be critically evaluated. 

1.6.5. Chapter 6: Characterization of Horse Heart Cytociirome c 

The EA-TIRP and EA-IOW were developed to advance the current capabilities in 

the study of metalloprotein films. Specifically, they were developed to provide 

technology enabling an orientation distribution of metalloprotein films that corresponds 

to an electron transfer event to be determined. Prior to determining the orientation 

distributions, however, the films were investigated with respect to surface density, 

electron transfer and adsorption behavior. The focus of this chapter was measure 

potential dependent orientation distributions of metalloprotein films horse heart 

cytochrome c. The challenges faced in performing these studies are described within the 

chapter. The results of these studies were compared to literature values and found have 

favorable correlation with previous results. 
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THEORETICAL PARAMETERS AND EXPERIMENTAL DESIGN 
GOVERNING THE ELECTROACTIVE TOTAL INTERNAL REFLECTION 
WAVEGUIDE LINEAR DICHROISM AND ANISOTROPY EXPERIMENTS 

2.1. Introduction 

The novel approach to characterizing orientation distributions of molecular films 

by coupling integrated optical waveguide linear dichroism and fluorescent anisotropy 

measurements was tested and characterized previously, and established as a viable means 

of measuring orientation distributions of molecular films supported by dielectric 

substrates.^' This chapter presents a review of the fundamentals upon which the two 

techniques are based, provides a description of the application to thin film 

characterization, and presents the cell design and evolution of the fluorescence anisotropy 

and linear dichroism techniques into electroactive controlled measurements. 

2.1.1. Development of the Theory of Light 

Light, as Isaac Newton observed, has properties of matter. It either emanates 

fi'om or is reflected off of a source. These particles, which Einstein termed photons, 

appear to travel in straight lines away from the source from which they come and cast 

distinct shadows. The linear, or ray-like, behavior explains accurately many 

characteristics of light, such as reflection, refiraction and image formation from mirrors 

and lenses. The completion of Einstein's "photoelectric effect" experiment in the early 

19C)0's provided conclusive evidence of the particle nature of photons. 
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However, light can also be described as waves. Christiaan Huygens observed that 

light appeared to have '^vave-like" properties. This behavior can be observed by the 

diffraction of light or in the appearance of interference fringes. In fact, it was these latter 

two characteristics of light that enabled Thomas Young to provide experimental evidence 

to support the wave nature of light. 

This wave-particle duality of light has long since been accepted. Today, known 

to have characteristics of both matter and energy, light is most accurately described by a 

series of mathematical equations, the evolution of which was established on four basic 

laws of electricity and magnetism: Coulomb's Law, Ampere's Law, Faraday's Law and 

the Absence of Free Magnetic Poles." However, it is the theory developed by Ernest 

Maxwell, i.e. "Maxwell's equations," that provide an explicit description of light, 

accurately defining it as a form of electromagnetic radiation. Maxwell's theory treats 

the propagation of light in accordance with quantum theory. The latter was pioneered by 

Max Planck,^^ and describes the interaction of light with matter. Together, the two are 

known as quantum electrodynamics. These theories mathematically convey a precise 

explanation of light as discrete, quantized energy that can only be added to or subtracted 

from in the form of photons. 

2.1.2. Electromagnetic Radiation and Plane Polarized Light 

Exploring Maxwell's equations, a description of the movement of light is 

realized. Light travels from one point to the other in the form of waves. The 

mathematical implications of Maxwell's equations state that with any movement of a 
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point charge or changing electric field (£), a magnetic field (H) is produced, and vice-

versa. Both the electric and magnetic fields exist as plane harmonic waves and are 

located orthogonal to one another. The two fields together are known as electromagnetic 

radiation, and are displaced perpendicular to their direction of propagation (k). Figure 

2.1 shows the three vectors that comprise the three-dimensional coordinate field of 

electromagnetic radiation. 

The most fundamental electromagnetic waves are transverse, plane polarized 

waves: Beams of light in which the electric fields of every ray comprising the beams are 

parallel. Plane polarized light is typically described by the orientation of its electric field 

vector relative to some coordinate system. A common notation is to refer to polarized 

light as transverse electric and transverse magnetic. If the latter descriptions are defined 

in terms of a planar substrate, or a for example a planar medium in which the light is 

traveling, the electric field vector is defined as being "transverse electric" or 'TE" 

polarized light when it is parallel to the plane of the substrate. Accordingly, polarized 

light, whose magnetic fields are parallel to the plane of the substrate, is termed 

"transverse magnetic," or 'TM" polarized light. 

2.1.3. Interaction of Light witii Matter 

Light can interact with electric dipoles in matter. In the presence of an electric 

field, the electric dipole of a molecule can absorb energy from the field. This energy can 

be dissipated fixim the molecule in the form of heat or emitted as a photon. The force of 
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Magnetic field 

Electnc field 

Wave vector 
direction of 
propagation 

Figure 2.1: Vector components of electromagnetic radiation. The electric field, E, is 
projected along the axis orthogonal to the magnetic field, H. The two fields are 
propagated along a third, orthogonal axis, k. 
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an electrical field on an electron in an electric dipole is described in terms of the electric 

and magnetic fields. 

F  =  [ e E ] + [ | v x  h ]  ( 2 . 1 )  

where e, c, and v are the charge of an electron, speed of light and the velocity of the 

electron, respectively. The velocities of electrons in relatively light atoms are slow 

relative to the speed of light, thus often; the second term in equation 2.1 is negligible. 

For this reason, when considering the interaction of electromagnetic radiation with matter 

on a molecular level, it is the first term in equation 2.1, or the electron interaction with 

the electric field, that is significant. Consequently, the maximum interaction of light with 

a molecule occurs when the electric field and the electric dipole moment of the molecule 

are parallel. The interaction of a molecule with light is increasingly attenuated as the 

angle between the electric field vector and the electric dipole vector of the molecule 

increases. Thus, polarized light enables one to distinguish between isotropic and 

anisotropic molecular assemblies. 

2.2. Total Internal Reflection 

2.2.1. Evolution of the Spectroelectrocheniical Waveguide 

The interaction of molecules with light by means of total internal reflection (TIR) 

is the foundation of the experiments presented here. A planar integrated optical 
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Figure 2.2: Homogeneous symmetric planar integrated optical waveguide propagating a 
single mode of light (na > ni). The light is coupled in through gratings at an incident 
angle, 6j, and outcoupled through a second grating. 
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waveguide (lOW, Figure 2.2) is a planar, laminate structure capable of propagating a 

confined light beam via total internal reflection. Light is coupled into an lOW at an 

incident angle, 6i, and is transmitted dovm the substrate as a mode.^^ The novelty of the 

lOW is that it probes molecules with the aid of an evanescent field (an electric field 

established at the lOW/superstrate interface, described in more detail later), yielding a 

high sensitivity device for the detection of surface bound species. Edmiston et. al. have 

established lOW technology as means of determining the orientation distributions of thin 

films, and have characterized several protein film assemblies.Itoh and Fujishima 

established the application of lOW technology to electrochemical systems with the 

development of lOWs that can spectroscopically probe the electrochemical responses of 

thin films.^*^'^* The following is an explanation of total internal reflection and the 

evanescent field that is created. 

2.2.2. The Critical Angle and Total Internal Reflection 

Propagation of electromagnetic energy through various types of media is possible 

if certain boundary conditions are met. These boundary conditions govem the behavior of 

light at and through interfaces between media with different physical properties. As 

incident light impinges upon an interface, it will either be reflected from or transmitted 

through the interface. The degree to which it does either is dependent upon the incident 

angle and the refractive indices of the media from which it originates and propagates 

through (ni and na, respectively). Snell's Law is the mathematical description of this 

behavior. 
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ni sin 01 = n2 sin 02 (2.2) 

where 0t and 02 are the incident and refracted angles, respectively. An additional 

boundary condition must be made if the light impinging upon the surface is plane 

polarized/^ The tangential components of the electric and magnetic fields must be 

continuous across the boundary in this case. 

Figure 2.3 illustrates light impinging on, and transmitting through, the interface 

between two media with different refractive indices where the refractive index of medium 

1 (nO is greater than the refiractive index of medium 2 (n2). The smallest degree of 

refraction occurs when 02 = 0. As 02 increases, 0i also increases, until an incident angle 

is reached where the refracted light is being propagated along the surface of the interface. 

The value for the incident angle where the transmitted light becomes a surface wave is 

called the critical angle (0c), and can be mathematically described in terms of Snell's law 

in the following manner. 

Incident angles greater than 0c will produce light that is totally internally reflected at the 

interface. 

0c = sin"' (n^/ni) (2J) 

2.2.3. The Evanescent Field 
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Figure 2.3: Light impinging on an interface from medium 2, at increasing incident 
angles (indicated by arrow) until the critical angle is reached. The transmitted light is 
increasingly refracted, as the incident angle increases. When the critical angle is reached, 
the light is propagated along the plane of the interface, through medium 2. 
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Figure 2.4: Schematic of the evanescent field created at an interface through total 
internal reflection of light in substrate 2. (The incident angle being greater than the 
critical angle.) The evanescent wave is an exponentially decaying standing wave 
established at z = 0, the interface between the two substrates. 
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Although the light is totally internally reflected within the second medium, some finite 

amount of the electromagnetic radiation does penetrate into the surrounding medium as 

the light impinges upon the interface. The penetrating optical field is an exponentially 

decaying standing wave that is established at the interface between the two media. It is 

termed an evanescent wave and is illustrated in Figure 2.4. The depth at which the 

evanescent field penetrates into the rarer medium depends on the degree to which the 

critical angle is exceeded by the incident angle. In theory, the energy of the evanescent 

wave will be 100% reflected if it does not encounter any matter that will absorb it, 

however, if the evanescent field does encounter absorbing matter, the reflected beam will 

be attenuated by a factor proportional to the projection of the electric field onto the 

electric dipole of the absorbing matter. The evanescent wave can be mathematically 

described as 

I(z) = lo e-^'' (2.4) 

where I(z) is the evanescent wave intensity as a fimction of z, the distance along the 

interface normal, lo is the incident intensity of light on the interface and d is the "depth of 

penetration," of light in the rarer medium where, 

—n= f 
4;r-y//ii* sin^ —/I2 
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where z is the distance along the interface normal protruding into the rarer medium and X 

is the wavelength of light. 

2.2.4. Electric Field Intensities 

The means by which the evanescent field probes molecular films, described 

above, is through electric fields established at the plane of the substrate interface. The 

coupling of TE and TM polarized light into the lOW results in a plane polarized 

evanescent field. Consider the structure in Figure 2.4, a planar substrate/superstrate 

interface where a molecular film of finite dimensions is adsorbed. TE polarized light, as 

mentioned earlier, is defined where the electric field vector is parallel with the x-y plane 

(the plane of the substrate/superstrate interfaces) in the coordinate system depicted in 

Figure 2.4. Note, however, that the TM polarized electric field vector is composed of 

vectors with components along both the z and x-axis. If the substrate in which the light is 

being propagated and the index of refi^tion of the rarer medium equals the index of 

refiraction of the molecular fikn, the electric field intensities along the x, z, and y vectors 

can be mathematically described by the following equations.^ 
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(2.6) 

(2.7) 

(2.8) 

2.2.5. Linear and Circular Dipoles 

There are two types of electric dipoles that are discussed and investigated in this 

work. The first, a linear dipole, is defined by two point charges or regions of spatial 

charge of opposite sign separated by a finite distance. An example of a linear dipole, 

with an absorption transition dipole parallel to the linear molecular axis, is the 

methylene blue molecule that is used as a model compound in the studies described in 

Chapter S. The absorbance dipole, ^a can be described by 9, an angle between the dipole 

and the normal to the molecular film plane (see Figure 2.5). In the experiments here, 0 is 

defined by the angle between and the surface normal (z-axis). Thus a laboratory 

coordinate system is defined by using a transformation matrix that projects the molecular 

coordinate system onto a laboratory coordinate system (Figure 2.5). The projected 

transition dipole in this new coordinate system, is defined as 
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K  

Figure 2.5: Schematic of the laboratory coordinate system for a linear dipole on a 
substrate surface (x-y plane). The dipole, is a vector that has components along the x, 
y, and z-axes. The orientation of the dipole is defined by 9, the polar angle between |i 
and the z-axis, and N, the azimuthal angle between the projection of p. onto the x-y plane 
and the y-axis. 
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Circular Dipole Plane 
(viewed along z-axis) 

Circular 
Dipole Plane 

z 
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Figure 2.6: (Left, A), the plane of a circular dipole viewed along the z-axis. Two 
orthogonal absorption dipoles, p.t and ^2> and two orthogonal emission dipoles, ui and U2, 
are in the plane of the circular dipole. The absorption dipoles are distinguished fiom one 
another by y, the angle between them. (Right, B), A schematic of the circular dipole 
plane located in the laboratory coordinate system. The plane of the circular dipole 
defines the x'-y' plane. The dipole orientation is defined by 6, the angle between the 
plane of the circular dipole and the z-axis, p, the angle between the normal of the x'-y' 
plane and the z-axis and a, the in-plane angle of ̂ .i. The azimuthal angle, N, designates 
between the x and x' axes. 
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M : )  

''cos^ sin^^ 

sin^ sind 

V cosd 

(2.9) 

where N is the angle between the projection of ^ onto the x-y plane and the y-axis. 

The second type of dipole is a circular dipole. A circular dipole can be represented as 

two absorption dipoles that are equal in magnitude, but differ in phase by 90°. The heme 

planes in the metalloprotein films studied here are examples of circular dipoles. The 

heme exhibits D4h symmetry due to the complexed metal ion (the presence of side chains 

being ignored) and absorbs light in the visible region. Figure 2.6 shows a schematic of 

the molecular plane and the coordinate system of a heme as defined by Thompson and 

Fraaije.^'* The position of the heme plane (or plane of the circular dipole) is described by 

6, p, and a, which are also described relative to a laboratory system that is defined in 

terms of The transformation matrix that projects the molecular coordinate system onto 

a laboratory coordinate system for a circular dipole, as illustrated in Figure 2.6, is 

intrinsically more complicated than that of a linear dipole and is defined in equations 2.10 

and 2.11. 

A = 
'cos^ cos a-cos >9 sin ̂  sin cr^ 

sin ̂  cos a - cos ̂  cos ̂  sin a 

sin>9sina 
(2.10) 
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= 

M ' . )  

— cos^ sina—cos^sin^cosa^ 

• sin ̂  sin a + cos ̂  cos ̂  cos a 

sin^cosa 

(2.11) 

The schematic of the circular dipole shows that 0 is the angle between the plane of 

the dipole and the z-axis while P is defined as the angle between the circular dipole 

surface normal and the z-axis. The plane, defined by and ^2. is denoted as the x'-y' 

plane. N is defined as the angle between the x and the x' axis, where the x' axis lies at 

some angle a from |i| and 90 - a from ^2• The angle a is distinguished as the in-plane 

orientation of the circular dipole. The circular dipole can be represented as two emission 

transition dipoles, vi and V2, which, like the absorption dipoles, are oriented perpendicular 

to one another in the x'-y' plane. The angle between the absorption and emission 

dipoles, Y, describes the degree of depolarization within the plane of the circular dipole. 

The absorption transition dipoles of circular dipoles absorb both circular and linear 

polarized light. 

2.3. Electroactive Total Internal Reflection Fluorescence (EA-TIRF) 
Measurements 

The anisotropy of an assembly of molecules adhered to a surface can be probed 

by measurement of the fluorescence of a molecular film resulting from absorption of 

plane polarized light. Theoretical work describing the electronic spectroscopy of heme-

like chromophores was done in the early 1960*s by Gurinovich and Gouterman.^^'^ 

Through the last half century, the contribution and influence of many researchers, such as 



Bos, Kleijn and Fraaije^''^^ has resulted in the development of increasingly sophisticated 

fluorescence anisotropy measurements. In this work, electrochemical dimensionality is 

added to the fluorescence anisotropy measurement. 

2 J.l. Anisotropy Calculations 

Because fluorescence Involves both the absorption and emission of a photon, 

several considerations must be made when determining the steady-state anisotropy value 

of a thin film. A fluorescent molecule has dipole moments for both of the latter, and 

although it is common for molecules with linear dipole moments to have coaxial 

absorption and emission dipoles, it is not a rule. Thus, for each molecule being probed, y, 

the angle between the absorption and emission dipoles, must be established in order to 

accurately assess its orientation. A second consideration when performing a fluorescent 

measurement is the rotation of a molecule in its excited state that results from Brownian 

motion. A large degree of rotation on the timescale of the fluorescent lifetime of a 

molecule would cause depolarized emission, and would not reflect the motionless 

orientation of the molecule. Finally, energy transfer among molecules where only a 

fraction of the population is in the excited state, must be considered. A molecule that is 

in its excited state, and physically close to a molecule in the ground state, can transfer 

energy to its neighbor. Again, the occurrence of such a process would result in the 

depolarized emission of the molecules under investigation. These considerations will be 

addressed in the following text. Finally, there are several issues that must be accounted 
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for in the optical set up of fluorescence experiments. These details will be discussed in 

section 2.3.3. 

The fluorescent emission intensity, lij, resulting from the absorption of TE and 

TM polarized light is defined by. 

for a circular dipole. The subscripts i and j denote the excitation and emission axis, 

respectively. Polarized emission is detected along the z-axis perpendicular to the x-y 

plane. The detector measuring the emission intensity is located along the z-axis in the x-

y plane shown in Figure 2.4. The intensity values above are defined with the 

assiunptions that the absorption and emission are isotropic in the x-y plane for the linear 

dipole, and, for the circular dipole, that they are isotropic with respect to N and and in 

the plane of the dipole. For the purposes of the experiments presented here, where the 

molecular Alms were bound to the surface of a substrate via physical interactions (i.e. 

electrostatic attraction) and the surface density of the molecular films were less than a full 

monolayer (thus not in close physical proximity), it was assumed that there is no 

emission depolarization from Brownian motion or energy transfer during the excited 

lij = <Ha*ai>^ <He«exy>^ (2.12) 

for a linear dipole and. 

lij = (<Hi*ai>- <^2*ai>")( <ui-exy>^ <U2*exy>") (2.13) 
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lifetime of the molecules. Finally, it was also assumed that there was no excitation along 

the minor or x-axis when TM polarized excitation was employed. As mentioned earlier 

(Section 2.2.4), TM polarized light is composed of two components; it is assumed here 

that all excitation occurs along the z-axis (see Figure 2.5). 

All bracketed tenns in equations 2.12 and 2.13 are numerically calculated by 

integration in the following manner; 

N{e)ne)s\nede 
(2.14) 

^N[e)sinede 

(2.15) 
A/^(^)sin^^ 

where N(6) and N(N) are functions that describe the distribution of dipoles in the film as 

a function of angles 6 and N, respectively. The (sin 6) term appears in equation 2.14 

because 6 is a polar angle in a polar coordinate system. The functions are integrated from 

0 = 0 to 0 = 7c/2. Any angles outside these limits are degenerate. 

Theoretically, the anisotropy of a molecular film is defined by the polarized 

fluorescence emission intensities in the following equation, which is applicable to both 

linear and circular dipoles. 
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Iz-Iy 
^  k  +  2 I y  

For a linear dipole, Iz and ly can be defined as. 

ly =|£^|"|//|"'(cos- cos" ^e)(sin- 0„(sin- O^icos' x) + (0.5)cos- ^^(sin* y))) (2.17) 

I. = l^.l'l/ip^cos- <^,)(cos- ^„(sin- 0^{cos- + (0.5)cos- 9^(sin* (2.18) 

If the assumption is made that the distribution of molecules in the x-y plane is isotropic, 

the fluorescence dependence upon N is eliminated by integration. If the dipoles are 

collinear (y = 0), 0,= Oe= 0- The anisotropy of an ensemble of linear dipoles adhered to a 

surface canl 10 now be defined as: 

|£,l"(cor tf„(snr ej^oi y) H^S)coi tf,(sii|- r))) -Oj|£,,|"^sin- 9^i^oi y) +(0^5)008  ̂̂ .(sin  ̂r))) (2.19) 

|£.|*^cor tf.(siir 0,l^coi r) +(0.5)cor +|£j,|"^sin- ̂ „(siir y) HOS)coi d„(sivr y))^ 

The theoretical range of anisotropy values for a linear dipole under the above conditions 

is -0.5> r > 1, with the anisotropy value for an isotropic orientation distribution being r = 



-0.2. For situations where the assumption that y = 0 is incorrect, the value can be 

determined.'' 

For a circular dipole, the fluorescence emission intensities are defined as. 

Iy = \Ey I '  ^(l + cos ^ ^ + sin " y cos ^ (2.20) 

I, = 1^; I" ((sin • P' y cos' / cos * (2.21) 

Substituting the above equations into equation (2.14), the anisotropy for a circular dipole 

is now defined as: 

The theoretical range of anisotropy values for a circular dipole under the conditions 

above is -0.5> r > 0.2. 

2.3.2. Experimental 

2.3.2.a. Electroactive TIRF Cell Design 

23.2.a.l. Cell Design Parameters 

|£.|'^(sirf y?)(siir ;'+co^ ycoi ̂ ]|-0.5|£y|^^(l+coff y+sixc ycoi ̂  

|£.|^^(siif ^Ksiif ;'+coff ycoi ̂ ^+|£^|*((l+coff ^](co^ x+sirf ycos ̂  
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An electroactive cell was designed to optimize the TIRP measurements. 

Significant emphasis was placed on selecting a prism that would couple light into the cell 

at an angle that was experimentally practical. The data presented in Table 2.1 show 

possible optical configurations for the TIRF cell using the prisms listed. The various 

prisms, and their resulting optical trajectories were explored so that an optimum design 

could be chosen. The values in Table 2.1 were calculated using a ray optics model, for a 

25 nm indium tin oxide (ITO, n = 1.94) /fused silica (n = 1.46) substrate at 585 and 633 

nm. Figiu'e 2.7 is a schematic of the substrate for which the calculations were made. 

Constraints on the cell design were imposed by the significant difference between the 

refractive indices of the ITO and fused silica. Theory dictates that the incident angle 

(angle 2 in Figure 2.7) must be greater than the critical angle at the ITO/water interface 

for total internal reflection. However, since a multiphase structiure was used as the lOW 

device, the incident angle could not exceed the critical angle for the ITO/flised silica 

interface to prevent the beam from propagating only in the ITO layer. The latter would 

l e a d  t o  s e v e r e  a t t e n u a t i o n  o f  t h e  p r o p a g a t e d  l i g h t  d u e  t o  t h e  p o s i t i v e  i m a g i n a r y  p o r t i o n  ( k )  

of the refractive index of ITO. 

Three prism materials were selected for coupling on the basis of their refractive 

indices, which ranged from 1.46 — 1.81, and their commercial availability. Prisms 

constructed of SFe, SrTiOs and Si02 were purchased from Karl Lambrecht, International 



64 

Table 2.1; Experimental Configurations for The EA-TIRF Based on Ray Optic 
Calculations using Various Prism Materials at 585 nm and 633 nm 

Prism 
Material 

Prism 
Geometry* 

Refractive 
Index" 

Incoupled Angle 
Range, Oi 

(at 585 nm)''* 

Incoupled 
Angle Range, 

e, 
(at 633 nm)*''* 

Fused Silica 45 x 45 x 90 1.46, 1.46 0-15 0-13 
Fused Silica 70 x 20 x 90 1.46, 1.46 3-24 0-25 

SrTiOs 45 x 45 x 90 2.42, 2.41 65-73 65-73 
SF6 45 x 45 x 90 1.81, 1.79 30-39 29-40 

' Prism geometry indicates the cut of the prism internal angles in degrees 

^ The refractive index of the materials is reported for 585 nm and 633 nm, respectively. 

The incoupled angle range is reported in degrees. The values were back-calculated 
using a critical angle range of43 - 49°, determined using a ray optics model for an 
ITO/water interface at 585 nm. 

The incoupled angle range is reported in degrees. The values were back-calculated 
using a critical angle range of44 - 49° determined using a ray optics model for an 
ITO/water interface at 633 nm. 

' The incoupled angle(s) that impinge upon the prism are defined relative to the plane of 
the substrate, where a 0° angle lies parallel to the plane of the substrate. 
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(1) 
Pri Superstrate (aqueous medium) 

A ITOn» 1.04 NT 

s = distance 
between spots 

c = 0.431 in 

Figure 2.7: Selection of the coupling prism and determination of the TIR angles was 
performed using the ITO/fused silica substrate models shown here. The incoupled angle 
(I) at the prism was determined by back calculating the value required to obtain a 
specific I IR angle at the ITO superstrate interface. The substrate and prism represent an 
emitted light collection geometry where fluorescence occurs at the ITO/solution 
interface, and is then collected though the substrate (detector is place under the SiOi 
substrate). Distance c indicates the distance from the back edge of the prism to the TIRF 
spot that is monitored for fluorescence emission. 



Crystal Laboratories and Omega Optical/ Melles Griot, respectively. The results showed 

that at both 585 and 633 nm, within reasonable experimental limitations, the fused silica 

prism with the 45" x 45° x 90° geometric specifications was the only viable option as the 

incoupling prism for the desired cell design. The altemative prisms and their 

corresponding optical geometry conditions required coupling angles that were not 

experimentally feasible with regards to the laboratory design. The fused silica prism with 

the 45° X 45° x 90° geometry resulted in an incoupling angle of 0°, which is 

experimentally obtainable within an acceptable degree of error (ca. 0.1°). Using the data 

in Tables 2.1, the cell design in Figure 2.8 was constructed. 

2^.2.a.2. Spectroscopic Cell Features 

The cell top, in Figure 2.8, is constructed of Teflon® and clear Plexiglass 

materials. Viton o-ring (McMaster-Carr) material was cut to fit the cell. It was designed 

to expose a single TIRF spot to the solution volume, while excluding the adjacent TIRF 

spots from the sampling cell. The purpose of this design was to reduce scattered light 

within the cell. The approximate distances between the TIRF spots were calculated, 

relative to the in-coupled spot, to determine c (Figure 2.7), the distance from the back 

edge of the prism to the TIRF spot. Using distance c, the sampling cell could then be 

constructed to enclose this TIRF spot. The o-ring seal contained the solution volume of 

the sampling cell. The width of the sample cell was set by distance s in Figure 2.7, the 

separation between the TIRF spots. 
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Figure 2.8: Diagram of spectroelectrochemical TIRF cell. The Teflon® top of the cell 
houses the reference and counter electrodes and encloses the sampling cell volume. The 
base of the cell is constructed of clear Plexiglass and holds the substrate. A screw 
connects the top and the base of the cell. The coupling prism and its location relative to 
the sampling cell are also indicated. The diagram on the left shows the bottom view of 
the cell superstructure; the o-ring seal that secures the sampling cell volume, the o-ring 
clamps that secure the copper contact for the working electrode, the sampling cell volume 
and the position of the reflections of light propagating through the cell. 
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The sampling cell used is rectangular in shape, with the long sides perpendicular 

to the beam of incident light. This rectangular geometry allowed for more reproducible 

spot sampling over the traditional circular or open configuration.^^ The bottom of the 

EA-TIRF cell (see Figure 2.8) was constructed of Plexiglass and served as a base for the 

substrate. The coupling prisms were placed at either end of the substrate. The incoupled 

prism is shown in Figure 2.9. The purpose of the second prism was to out-couple the 

beam, to reduce scattered light. The TlRF cell was cleaned prior to use by sonication in a 

dilute surfactant (ca. 0.1 % Alconox) and subsequently with deionized water (Bamstead) 

for 10 - 30 minutes. After cleaning, the cell was air dried and/or dried with a tericloth 

wipe (Kimwipe). The ITO and fused silica (Dynasil) substrates were cleaned according 

to the procedure described in Chapter 4. 

23.2.a.3. Electrochemical Cell Features 

Additional modifications were made to the cell so that it would have 

electrochemical capabilities. Using the dimensions described above, a cell volume of ca. 

1.5 ml was constructed above the sampling cell. Two electrode ports were constructed on 

the fore and aft sides of the cell, so that they protruded out perpendicular to the long axis 

of the incoming beam (Figure 2.8). Electrical contact was maintained with the ITO 

substrate via a copper contact that was pressed on top of the ITO, enclosing the sampling 

cell. The electrical contact was secured between the copper and ITO by two o-ring 

clamps placed on two sides of the sampling cell. (Electrochemical experiments were 
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Figure 2.9: Optical setup for llRF experiment. The beam originates from a laser (not 
shown, refer to text). The light is attenuated with a neutral density filter, focused with a 
telescope, modulated with a chopper and filtered with a polarizer before finally being 
focused on the incoupling prism. Several irises are used to filter the beam. The 
polarization of the li^t is selected with a Fresnel Rhomb. 



carried out under the conditions described in the experimental section of Chapter 4, 

section 4.2.4.)-
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2.3.2.b. Fluorescence Measurements 

A coherent, plane polarized, laser beam with an emission wavelength selected to 

correspond to a convenient absorbance band of the analyte being studied was used for 

excitation. The optical arrangement of the EA-TIRF experiment (utilizing a Coherent 

599 dye laser pumped by a Coherent Innova 70 argon ion laser) is shown in Figure 2.9. 

Two focusing telescopes (convex lens of 30 mm focal distance, concave lens of 70 mm 

focal distance) were used in the experiment. The first was placed immediately after the 

output from the dye laser, the second placed before the polarization rotator. The beam 

was attenuated with a neutral density filter to adjust intensity, and the excitation 

polarization was selected by means of a Fresnel Rhomb or Soliner Babinet and was 

further filtered by a polarizer placed immediately before the final focusing lens. A fused 

silica (Dynasil) beam splitter established a reference beam, which was detected at 90* to 

the incident beam axis using a photodiode (Newport) detector. The beam was modulated 

with a chopper at a frequency of 1264 KHz and confined by the placement of several 

irises (Figure 2.9) in the optical path, and focused with a short focal length lens into the 

incoiipling prism. 

The TIRF cell was mounted on a Nikon Diaphot inverted microscope with the cell 

volume located above the substrate. Light was coupled into the cell with one-inch 

spectroscopy grade fused silica prisms (Melles Griot) cut at 45° x 45° x 90°. Index 
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matching fluid (Cargille) was used to couple the prisms to the substrate. Fluorescence 

emission was collected with a 4X objective located orthogonal to the substrate (x-y) 

plane. The PMT (Thorn EMI) detector was mounted below the objective (along the z 

axis). A preamplifier (Stanford Instruments) was used to enhance the signal of the 

collected fluorescence intensity. The modulated signal was further amplified using a 

lock-in amplifier (Stanford Instruments Model SR830). 

In order to minimize the effect of photobleaching of the sample on the results 

obtained, the polarized emission intensities were collected in duplicate at each incident 

polarization in a polarization specific sequence: Itm> Ite> Ite> Itm (where the subscripts 

indicate the excitation polarization), where the order of the collection was randomized 

fix>m sample to sample. Fluorescence intensities were collected from 30 - 60 seconds, 

through a band pass filter (Omega Optical- 635DF35 for 570-585 nm excitation 

wavelengths and 690DF40 for a 633 nm excitation wavelength) placed before the PMT, 

and averaged over the entire time frame. The average background signal (obtained with 

no analyte present in the cell) was subtracted from the average of the fluorescence 

intensity. Thus, only the fluorescence intensity of the molecular film was recovered. The 

data was then normalized according to procedures described in the following section for 

polarization dependent intensity changes in the respective electric field intensities that 

result from optical and experimental configurations. 

233. Normalization of Anisotropy Measurements 
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As stated above the fluorescence emission intensities were normalized or 

corrected for several polarization dependent biases that result from polarization 

dependent transmission through the optics or exist as a result of systematic instrumental 

bias. These effects were either experimentally measured or calculated at the following 

points along the optical train: i) immediately before the incident beam was coupled into 

the prism (after the lens in Figure 2.9), ii) transmission across the air/fused silica interface 

(the interface where the light is coupled into the fused silica prism, angle 1 in Figure 2.7) 

and iii) the detector. The first parameter, the TM/TE power ratio (TE/TM (i)) was 

determined by placing a power meter in the optical train and measuring the excitation 

beam intensity in each polarization. The TE/TM dependent transmission of the laser 

beam through the air/fused silica interface (TE/TM (ii)), where the laser beam was 

coupled into the prism, was calculated using Fresnel's equations (3.2 and 3.4). The 

equations determine the relative intensities for transmitted light in the TE and TM 

polarizations based on the incident angle at the interface and the refractive indices. For 

the air/fused silica interface, a ratio of TM/TE = 1.08 was determined. In order to 

calculate the anisotropy value the experimentally measured TE fluorescence emission 

intensity was corrected with the transmission ratio at the air/fiised silica interface. 

The final correction factor, the detector x-y in-plane bias, was experimentally 

determined. The output from a light source (a Tungsten Halogen lamp used for overhead 

illumination on the inverted microscope) was depolarized using a difiliser plate and then 

detected through a polarizer that was placed directly before the detector along the z-axis 

in the x-y plane. The intensity was recorded before and after the polarizer was rotated 
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orthogonal to its original position in the x-y plane and a TM/TE ratio was determined, 

(TE/TM (iii)). A value of TM/TE = 0.87, the average of 12 trials, was determined as the 

detector polarization bias, where in TE/TM (iii) TE equals y-axis detection and TM 

equals x-axis detection. 

Thus, the experimentally measured TE fluorescence emission intensity was 

corrected for the polarization bias, TE/TM (i), TE/TM (ii) and TE/TM (iii). A partially 

corrected ratio value, Ite/1tm(p). is recovered and defined by. 

From the resulting partially corrected ratio, Ite was assigned the numerical value 

of the ratio, thus leaving Itm equal to 1. However, in order to obtain experimentally 

measured TM intensity value equal to equations 2.18 and 2.21 for a linear and circular 

dipole, respectively, the emission intensity of the x-axis component (discussed in Section 

2.2.4) must be subtracted from the TM intensity. The TE and TM intensities must then 

be normalized for electric field intensity by division by the electric field intensity value. 

(2.23) 

Thus. 

I - I 'TM *TE p2 
V V y y jy 

r. 
TM(corTect ed) 

v 
(2.24) 
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(2.25) 

Ex, Ez and Ey, which are defined explicitly in equations 2.6 - 2.8, were determined 

according to Method B in Chapter 3, Section 3.4. The values above are now equal to the 

normalized versions of equations 2.16, 2.17 and 2.20, 2.21 for a linear and circular 

dipole, respectively. Therefore, 

The values can now be substituted into equation 2.16 and an anisotropy value calculated. 

2.4. Electroactive Integrated Optical Waveguide (EA-IOW) Linear Dichroism 
Measurements 

lOWs provide a unique analytical tool for investigating thin films adhered to a 

solid/liquid interface. They allow for spectroscopic sensitivities greater than three orders 

of magnitude over conventional transmission geometries.^ The utility of lOWs as 

AM A A Q f  

sensors and platforms for linear dichroism measurements has been established. 

Absorbance measurements of thin films adsorbed to an lOW surface (Figure 2.2) can be 

carried out in a similar fashion to a traditional transmission experiment. The attenuation 

of the outcoupled beam, due to the absorbance of evanescent radiation by the adhered 

film, is monitored using both TE and TM polarized light. Thus the dichroism value is 

itm(corTected) 1; (2.26) 

iTE(coiTected) ly (2.27) 
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obtained, or the ratio of the absorbance of TE polarized light divided by the absorbance 

of TM polarized light (Ate/Ajm). 

2.4.1. Dichroic Ratio Calculations 

The high sensitivity afforded by the lOW format is the result of the extended 

effective pathlength, or number of reflections (in a ray optics model), a beam of light 

undergoes when propagating down an lOW. The number of reflections for TE and TM 

polarized light typically differs because each polarization propagates independently at 

different waveguide mode angles. The EA-IOW linear dichroism experiments are carried 

out according to the laboratory coordinate system described in Figure 2.S. As in the EA-

TIRF experiment, the plane of the substrate is defined as the x-y plane. The light is 

propagated along the x-axis and is totally internally reflected at z = 0, the lOW 

surface/solution interface. Again, the absorption transition dipole, is described in 

terms of 0 and N. The absorbance of TE or TM polarized light is proportional to the 

projection of the electric field onto the transition dipole and can be described by: 

(2.28) 

(2.29) 

for a linear and circular dipole, respectively. 
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Using the absorbance values above, a dichroic ratio can then be calculated. The 

dichroic ratio for a system is defined by the ratio of the absorbance intensities in each 

polarization, so. 

p=4=-=t^ ("0) 
^TM 

Applying the transformation matrix for the laboratory coordinate system to equation 2.2?, 

the absorbance of a linear dipole can be related to the molecular assembly orientation by: 

=NTM|ExrH'(sin'<p)(sin'e) (2.31) 

Ay = NTEjEy|"|n|"^cos-(p)^sin-0) (2.32) 

A.=N™lE,n^|'(cos^e) (2.33) 

where N has been introduced into the absorbance equation for the lOW because, in 

addition to the electric field intensity, the number of reflections down the substrate must 

be accounted for in the absorbance intensity. Making the assumption that the molecular 

assembly is composed of molecules that are isotropic in the x-y plane, or N(N) = 1, the N 

terms in the equations above are eliminated and the dichroic ratio is now defined as. 

^TE p = —E1--
Ar^£^(sin'g) 

(E^^sin^ ^cos*0^ 
(2.34) 
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where the theoretical range of dichroic ratio values for a linear dipole is 0 > p > 4. 

The dichroic ratio for a circular dipole is determined using absorbance intensities 

that have been related to the molecular coordinate system in Figure 2.7, and thus the 

absorbance intensities are related to the molecular orientation by, 

A, =Ntm1EJ"H*0.5(I + cos-P) (2J5) 

A, =N^|Ey|'|^|'0.5(l + cos-p) (2.36) 

A.=N™lE,l 'H'(sin^p) (2.37) 

assiuning that the absorption dipoles are randomized in the plane of the circular dipole'^ 

and the angular distribution of the circular dipole planes is isotropic v/ith respect to <t> and 

a.~^ The dichroic ratio for a circular dipole can now be defined in terms of the 

expressions above (2.35, 2.36 and 2.37). 

A_ Ar^£;(l + cos-
rt =s te y ic. y \ /- / JS'i 

Atm a, + A, N™(E;(i + cos- p))-^2E:{sin~fi) 

where the theoretical dichroic ratio range for a circular dipole is 0.5 > p > 4. 

2.4.2. Experimental 

2.4.2.a. Electrochemical Measurements 
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A PAR model EG&G 362 manually controlled potentiostat was used to control 

the potential and measure the current from the EA-IOW electrode. A DVM was placed 

in parallel with the working and reference electrodes to monitor the potential of the cell. 

A scan rate of 20 mV/sec was used to sweep the potential of the electrode from + 500 mV 

to - 500 mV. The output light intensity was monitored on a time scale to corresponding 

with the electrochemical scan rate. 

2.4.2.b. Linear Dichroism Measurements 

Figure 2.10 shows the optical set up for the EA-IOW experiment. Orthogonally 

polarized TE and TM light was coupled into the cell (described below), sequentially, by 

directing the laser beam at the incoupling grating on the EA-IOW. The beam 

polarization was selected using a Fresnel Rhomb or Soliner Babinet. The Fresnel Rhomb 

was placed before a focusing telescope (convex lens, 30 mm focal length, concave lens, 

70 mm focal length) that focused the light onto the front edge of the grating. The light 

was coupled into the lOW using a grating by adjusting the incident angle, rotating the 

lOW on a 360° along a z-axis, using a rotary stage, until a propagating mode was 

established. 

The out-coupled beam was reflected off a mirror and filtered with an iris. The 

polarization of the outcoupled light was adjusted by one of two methods, i) rotating the 

Fresnel Rhomb or Soliner Babinet to select one polarization maximum, and adjusting the 

polarizer (located prior to the detector in the optical path in Figure 2.10) to correspond 
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Figure 2.10: Schematic of the optical setup for the EA-IOW experiment. This setup 
illustrates an experiment where the dye laser wavelength of light is used to probe the 
analyte at the waveguide surface. The beam is modulated with a chopper and focused 
with a telescope before it is coupled into the EA-IOW through gratings. A Fresnel 
Rhomb is used to adjust the polarization of the light. The outcoupled beam is spatially 
filtered with irises, focused with a lens, and filtered with a polarizer before it is detected 
with a photodiode. 
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with the new polarization, or ii) setting the Fresnel Rhomb or Soliner Babinet at a 

position between which the TE and TM maximum intensities would be transmitted. 

Thus, the beam contained both TE and TM polarized light. Again the outcoupled 

polarization was selected by adjusting the polarizer, before the detector, to select the 

desired polarization. Due to individual differences in the fabricated waveguides, the 

method used was waveguide dependent and was chosen on the basis of how efficiently 

the EA-IOW propagated TE and TM light relative to one another. The outcoupled light 

was spatially filtered using a two-iris mirror design (Figure 2.10) and detected with a 

photodiode at ca. 70* off the output axis. A photodiode (active area of 35 nmi,^ 

Centronic OSD3S-ST), which was operated in photocurrent mode with a reverse bias of 

9V, was used. 

The elbow detection scheme used to detect the outcoupled signal was employed 

because it distanced the detected outcoupled signal from the incoupled beam, thus 

decreasing stray light while providing more room for the detection unit. Scattered light 

was filtered from the signal using the polarizer that was placed immediately before the 

photodiode detector. The output and reference signals were modulated at a frequency of 

2.7 KHz, and ampUfied using a lock-in amplifier (Stanford Instruments Model SR830 or 

EG&G Model 5209). A National Instruments (AT-MIC)-16XE-50) 16 bit DAQ board 

programmed with LabView was used for data collection. The inputs on the board were 

floating and all channels were recorded at a rate of 10 Hz. The outcoupled signal, 

reference signal and ciurent were input into the board. 
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The data was smoothed through adjacent averaging depending on the noise, 

however the smoothing never altered the shape of the data curves. If the incoupling 

angles for the TE and TM polarized light differed, the lOW had to be rotated to find the 

maximum incoupled angle for each polarization. Before a film was deposited on the EA-

lOW surface, a blank signal was established by monitoring the outcoupled beam intensity 

of the EA-IOW while buffer was present in the cell. 

2.4.2.c. EA-IOW Fabrication 

Two parallel gratings (period = 0.42 ^m), ca. 8 mm apart, were ion milled into the 

surface of a 7.5 cm x 2.5 cm x 1 mm soda lime glass (Gold Seal Microslides n = 1.51) 

slide. The details of the EA-IOWs construction and preparation are described in the 

experimental section of Chapter 4 (Section 4.2.1). 

2.4.2.d. EA-IOW Cell 

Figure 2.11 shows the EA-IOW cell used in the linear dichroism experiments 

described here. The cell was constructed of clear Plexiglas and assembled with gasket 

material placed between each Plexiglas piece and the EA-IOW. A copper contact was 

used as the working electrode, (assembled as part of the cell) in contact with the ITO 

layer as depicted in the figure. Two ports for the counter (platinum wire) and reference 

(Ag/AgCl) electrodes located on the backside of the cell housed these electrodes. The 

counter electrode was secured in the cell using a cut-off NMR septum and sealed with 
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Cell Compartment^ <: 
EA-IOW ̂  ^ ̂ 

' f  ^  
Sf Gasket. 0.020" 

A f Inner gasket, 0.020"; outer gasket, 0.013" 
Front I Brass contact, 0.002" 

Gasket. 0.020" 

Figure 2.11: Schematic of the assembly components of an EA-IOW flow cell. The front 
and back components are constructed of 1/4 inch Lucite, gasket material is biomedical 
grade silicone sheeting. The bolts and tubing used in the cell are not shown here. 
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black strippable paint. The reference electrode was secured in the cell with Parafilm. 

Buffer was introduced into the cell via a peristaltic pump at a flow rate of 4 ml/hr, 

through an inlet and outlet located in the cell. The cell was mounted on a rotary stage so 

that incident beam impinged on the cell window, and remained on the window surface 

allowing ca. 1 cm of lateral (x-axis) or horizontal (y-axis) translation of the cell. 

2.4.3. Dichroic Ratio Normalization 

The dichroic ratio values reported here were normalized for two parameters, (i) 

the non-zero excitation along the x-axis in TM polarization and (ii) the sensitivity 

difference of the EA-IOW between the TE and TM polarizations. The former correction 

is accomplished by subtracting the x component from the total TM absorbance 

(comprised of z + x components). The x component can be determined by theoretically 

calculating the absorbance values, in TE and TM polarizations, of a molecular film with a 

delta function distribution whose mean tilt angle is 90E. In such a case, the x component 

of the absorbance dipole, in TM polarization, is described by equation 2.39: 

where Atm, x is the absorbance of the x component in TM polarization, and Atm,9oe and 

Ate.9oe are the absorbance of the molecular film at a mean orientation angle of 90E for 
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TM and TE polarized light, respectively. The value of Atm. x recovered was 0.146 for the 

EA-IOW structure shown in Figure 2.10. Thus, if equation 2.39 is subtracted from the 

total absorbance in TM polarization, the z component absorbance of TM polarized light is 

recovered. The latter is described by equation 2.40 and is equal to the z-axis adsorption 

described in equation 2.37. 

TM.z "AxM.experimental "'^TM.x (2«40) 

where Atm. experimental is the experimentally determined value for Atm-

The second correction applied to the dichroic ratio measurement accounts for the 

difference in sensitivity between TE and TM polarization of the EA-IOW. This is 

accomplished by multiplying Ate by the theoretically determined ratio of a completely 

random film, ATM(Random/ATE(Random)- The dichroic ratio of a completely random film 

reflects the difference in the pathlengths, and thus sensitivities, of the EA-IOW and 

allows one to normalize the data accordingly. The model used to calculate these values 

was constructed by Dr. Sergio Mendes'^, and recovered a value of 1.96 for the EA-IOW 

described here. Thus, the corrected value below, Ate> is equal to equation 2.36. 

where ATE.experimcntai is the experimentally determined value for Ate- Thus, Ate and Atmjc 

can then substituted into the following equation: 

(^TM(Random) ^ 

^TEdUndom) x 
'TE. expcrimcnal (2.41) 
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2.5. Orientation Distribution Calculation 

If the anisotropy or linear dichroism of a thin film molecular assembly is 

considered independently, an infinitely narrow orientation distribution, or delta function, 

can be assumed. From the data, a mean tilt angle can be recovered, but the assumption 

that no distribution exists about the mean tilt angle is often an incorrect one. However, if 

the measured dichroic ratio and the anisotropy values for thin film molecular assemblies 

are coupled, one can extract an orientation distribution for the film. Integration about 6 

(described in Figure 2.S, equation 2.14 ) for a linear dipole and integration about P 

(defined as 90 - 6, described in Figure 2.6) for a circular dipole, results in the extraction 

of information about the orientation distribution of the film. Hence, in terms of a circular 

dipole. 

Equation 2.42 can also be The functional form of ^(P) is modeled as a Gaussian 

distribution, where the planes of the circular dipole are oriented about a average tilt angle, 

with a distribution of Po- Thus, the Gaussian distribution is described as. 

^-nip)nfi)s\npdfi 
(2.42) 

A^(P) = exp[-(P-p^)V2Pa'] (2.43) 
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The orientation distribution is calculated by substituting equation 2.43 into the integrated 

forms of equations 2.22 and 2.34 and iteratively varying and Po until the two values 

converge on results that correspond with an experimentally determined dichroic ratio and 

anisotropy. The orientation distributions reported in this work are reported in terms of 6. 
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CHAPTERS 

ELECTRIC FIELD INTENSITIES AT AN INTERFACE 

3.1. Introduction 

3.1.1. Motivation 

Chapter 2 described EA-TIRF and EA-IOW experiments that probe molecular 

assemblies at an interface. In order for these highly sensitive experiments to produce 

accurate and precise results, it is critical that the intensity and polarization of the incident 

light impinging on the interface, at which the molecular assembly is adhered, be known 

with accuracy. Often, determining the electric field intensity of the polarized light 

impinging on the interface can be difficult, particularly in the case of the EA-TIRF 

experiment where the measurement is made at a single reflection point. 

The difficulty of determining the relative TE and TM electric field intensities also 

increases with the complexity of the total internal reflection device. Chapter 2, Section 

2.3 details the corrections that must be applied to the raw fluorescence data to 

compensate for known variances caused during the passage of the beam through the 

optical train after it leaves the source, but before it enters the TIR device (see Figure 2.9). 

The corrections, as described, are relatively simple. However, monitoring changes to the 

light's path and/or intensity, once it has entered the total internal reflection (TIRF) 

substrate is not straightforward. The intensity of the incident light in each polarization is 

affected independently by the refi^tive index, reflection angle at each interface in the 

device and the homogeneity of the media in which it travels. The purpose of this chapter 

is to establish an accurate and reproducible approach to experimentally determining the 



relative TE and TM electric field intensities at the interface at which the molecular film 

of interest is adhered. An experimental approach to determining these intensities was 

developed and compared to a theoretical approach. During the course of these studies, 

organically modified substrates were also investigated to determine the impact of 

modification of the total internal reflection devices on electric field intensities. 

3.1.2. Background 

The electric field intensity profiles of totally internally reflected light can be 

calculated by employing the concepts developed in electrodynamics.^^ A significant 

amount of the recent research in the TIRF field has involved calculations based on the 

t h e o r y  d e v e l o p e d  b y  W . N .  H a n s e n  t o  d e t e r m i n e  a n i s o t r o p y  v a l u e s . ^ ' H a n s e n  

developed a model established primarily on the principles of electrodynamics, ̂  that 

predicts the electric field intensity along the x, y and z-axes of the substrate/superstrate 

interface and is applicable to a single layer or multilayer of homogeneous phases. 

Although functional for a vast amount of substrates, Hansen's model does not account for 

gradient indices or anisotropic media with respect to refi^tive index. Thus, for such 

complex structures, the number of assumptions that must be made to use the model 

satisfactorily increase significantly. 

Hansen's model has been used previously to successfully calculate the TE and 

TM electric field intensities at the substrate/superstrate interface."*^ However, the 

suitability of its application to the complex substrates used here was unknown, primarily 

because of the addition of the electroactive ITO element to the structure and the 



89 

uncertainties regarding the physical properties of the ITO. The ITO fihns were not well 

understood in terms of homogeneity and thus, refractive index. Thus, the number of 

assumptions made in calculating the electric field intensities using Hansen's model 

increased. Furthermore, the degree of uncertainty in the accuracy of those assumptions 

was unknown. Therefore, a second approach was developed to assess the quality and 

accuracy of the assumptions necessary to apply Hansen's theory to the EA-TIRF 

substrates. 

This second approach was called Method B and was designed to produce relative 

TE and TM pathlengths that were based on experimental measurements, rather than 

theory alone. The method utilizes fluorescence measurements of randomly oriented films 

to determine the relative TE and TM electric field intensities at the interface. Thus, 

replacing the theoretical values used in Hansen's model with actual measurements made 

on the TIR devices would determine if any erroneous assimiptions were being made in 

the Hansen model. 

The generic structure that is used in both Hansen's model and in Method B is 

shown in Figure 3.1. The figure illustrates a structure that includes the TIR element and 

an aqueous phase. The TIR element will be referred to as the substrate. It is of a higher 

refractive index (containing either a single or multiple phases) than the adjacent aqueous 

phase. A molecular film is also shown in Figure 3.1. It is adhered to the interface 

between the substrate and the aqueous phase. In all of the models used in this chapter, it 

is assumed that the molecular film, n^im, is equal to the index of refraction of water, nwater> 

so the film is not considered a separate phase of the substrate. In the studies here, a fused 
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Figure 3.1: A schematic of the TIR elemem, molecular film and aqueous phase used as a 
model in the Hansen and Method B calculations. The TIR element is either modeled as a 
single phase or as multiple phases. The molecular film is assimied to have the same 
refiractive index of the water, and therefore, is not considered a separate phase. 
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silica substrate and an ITO substrate were modeled and studied. Since many of the 

electrochemical studies of metalloproteins involve the use of organically modified 

electrodes, the effect of an organic adlayer on the electric field intensities was also 

investigated. Thus, both the fused silica and ITO structures were modeled as unmodified 

and modified substrates; the latter included the addition of a Langmuir Blodgett film to 

the substrate. 

3.2. Experimental 

3.2.1. Reagents and Materials 

Rhodamine B (70,000 MW, fluorescent dye) labeled dextran was purchased from 

Molecular Probes, Inc. A phosphate buffer (S mM) was prepared using Mallinckrodt 

AR® sodium phosphate (dibasic, anhydrous salt) and deionized water (Bamstead). The 

buffer was degassed with Ar prior to preparation of solutions, with all fluorescent 

materials and solutions stored and maintained in the dark. Indium tin oxide and fused 

silica substrates were prepared as described in Giapter 4 (Section 3.2.2). Meso-Tetra(N-

methyl-4 pyridyl) porphine tetratosylate and protoporphyrin DC dimethylester were 

purchased from Porphyrin Products, Inc. All solvents were reagent grade. 

3.2.2. Experimental procedures 

3.2.2.a. TIRF Measurements of Fluorescent-Labeled Dextrans 

The TIRF cell and optical setup used in the experiments are described in Chapter 

2 (Section 2.3.2.). TIRF measurements of the isotropic systems were obtained by 
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introduction of the dextran/dye solution to the cell. Typically, the dextran-dye solution 

was put into the TIRF cell following the measurement of an anisotropic, surface adhered 

film. Thus a surface adsorbed film was already in the cell when the dextran/dye solution 

was added, however the signal of the adsorbed film was of negligible intensity to that of 

the dextran/dye solution and did not affect the measurements. The measurements were 

taken with the dextran/dye solution in the cell. A calibration plot was obtained of the 

Rhodamine B to establish a linear range for the response of the instrumentation (Figure 

3.2) and to avoid any inner filter effects. 270 nM Rhodamine B dextran (5.7 moles 

dye/moles dextran) was used in the experiments. Details on the collection of 

fluorescence emission data and the normalization of the data are described in the 

Experimental section of Chapter 2 (Section 2.3.2.b. and 2.3.3.). 

3.2.2.b. Langmuir Film Deposition 

The arachidic acid Langmuir Blodgett Hlms were prepared by the addition of SO ^1 of a 1 

mg/ml solution of arachidic acid (n-Eicosanoic acid, Sigma-Aldrich) in chloroform, to a 

subphase of deionized water (Bamstead). The solution was allowed to rest for 20-30 

minutes to allow for the evaporation of the chloroform from the subphase. The films 

were deposited on unmodified fused silica substrates (Dynasil) or fused silica substrates 

that had been sputtered with 25 lun of ITO (Chapter 4, Section 4.2.1). The monolayer 

films were deposited on the up stroke at a deposition pressure of 50 mN/m. Figure 3.3 

shows a pressure area isotherm for the deposition of arachidic acid on a fused silica 

substrate. The bilayer arachidic acid films were also deposited at a deposition pressure of 
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Figure 3.2: Fluorescence intensity plot for Rhodamine B labeled dextran on ITO. The 
plot was obtained to determine an experimental solution concentration that was within the 
linear regime of the experimental conditions. 
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SO mN/m, where the first layer was deposited on the up stroke and the second layer was 

deposited on the down stroke. The bilayer deposition was performed by placing 100 ^1 

of the I mg/ml solution on the water subphase and allowing the chloroform to evaporate. 

The bilayer films were kept under a distilled water solution at all times prior to and 

during the measurements. 

3.2.2.C. Normalization of Raw Fluorescence Emission Data 

Detailed procedures for normalizing the raw fluorescence emission intensity data 

are described in Chapter 2 (Section 2.3.3.). The data presented in this chapter were 

normalized, according to the procedures described in Chapter 2, for both the Hansen 

model and Method B. 

3.3. Hansen Model 

3.3.1. Theoretical Basis of Hansen Model 

The theory developed by Hansen, while primarily based on Maxwell's equations, 

Fresnel's equations and Snell's Law, also considers the conservation of energy 

(Poynting's Theorem) and is further influenced by the ideas of Harrick and du Pre.^ As 

mentioned earlier, from Hansen's method, precise mathematical solutions can be derived 

that evaluate the mean-squared electric field intensities of propagated light through single 

layer or multilayer structures. The mathematical solutions of the mean-squared electric 

field intensities can be recovered as a function of the refiractive index, the incident angle, 

the film thickness or the distance from the substrate interface. Figure 3.4 shows, as will 
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all of the Hansen electric field intensity results presented here, the electric field 

intensity as a function of the distance from the interface between two phases, a fused 

silica substrate and water for a 570 nm beam of light. In Figure 3.4, where nfused silica = 

1.46 and nwawr = 133, the imaginary portion of the refractive index, k, is zero for both 

phases. The incident angle at the fused silica water interface is 74° and both phases are 

semi-infinitely thick. The model used to calculate the electric field intensities here, based 

on Hansen's theory, was converted to a computer program by W.M. Reichert.'*^ 

3.3.2. Assumptions in Hansen's Tiieory 

Hansen's approach to determining the mean-squared electric field intensities is 

purely theoretical, therefore, several assumptions must be made to extrapolate 

information about specific structures, and as stated earlier, the degree of confidence in the 

assiunptions declines with increasing substrate complexity. The theory assumes that the 

index of refraction, the thickness, and the homogeneity of each phase composing a 

substrate are known. In Hansen's model, a ray optics model is used to calculate the 

incident angle of the propagated light at the substrate/superstrate interface.^^ For 

homogeneous phases, on the order of ^m thicknesses, where the index of refraction of the 

material is known, the degree of certainty in the assumptions and therefore in the 

recovered electric field intensities, is high. However, the degree of certainty in the 

accuracy of the electric field intensities calculated using the Hansen model declines for 

substrates where the phases are not homogeneous and the exact thickness and index of 

refraction of the layer(s) are not known. 
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Figure 3.5: Diagrams of the 2 phase and 3 phase models used to calculate the mean-
squared electric field intensities at the interface of a fused silica substrate and an aqueous 
phase. The 3-phase model, not drawn to scale, accounts for the presence of an LB film, 
either 22,44 or 66'', assuming a 30° tilt angle, deposited on the substrate.^'^ A ray optics 
model was used to calculate the incident angle, 74°, at the fused silica interface, Z = 0. 



99 

3.3.3. Results and Discussion 

3.3.3.a. Fused Silica Substrates and Modified Fused Silica Substrates 

The unmodified and modified structures of the fused silica were modeled and are 

illustrated in Figure 3.5. The Langmuir Blodgett film, in the case of the modified 

substrate, was considered a separate phase from that of the fused silica substrate. Thus, 

including the aqueous phase, the uimiodified and modified structures were considered 

two and three phase models, respectively, as shown in the figure. The Langmuir Blodgett 

film in Figure 3.4 (b) was modeled as a monolayer (22 A), a bilayer (44 A) and a trilayer 

(66 A) film, where the film thicknesses were calculated assuming a tilt angle of ca. 30°, 

an arachidic acid length of 26.4 A and an index of refraction of 1.5.^^' ^ The aqueous and 

fused silica phase were modeled as semi-infinitely thick phases, with refractive indices of 

1.33 and 1.46, respectively. An incident angle of 74° was calculated using a ray optics 

model and used to determine the TE/TM ratio. 

Table 3.1 shows the results of modeling the fused silica substrate. The data 

indicate a TE/TM ratio of 0.84 for the unmodified substrate, and that the addition of a 

Langmuir Blodgett film has a negligible effect on the TE/TM ratio, regardless of 

thickness, within the range of the films modeled. Figures 3.4 and 3.6 illustrate 

graphically the mean-squared electric field intensities at the interface of unmodified fiised 

silica and a modified fused silica substrates, respectively. 

3.33.b. ITO Substrates and Modified ITO Substrates 
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Table 3.1: TE/TM ratio of the evanescent electric field intensities for fused silica 
structures obtained using the Hansen model. The model used a 570 nm beam at an 
incident angle of 74Ein the fused silica at the substrate/solution interface. The substrate 
has been modeled as unmodified and modified, with the latter including the addition of 
Langmuir Blodgett films of the thicknesses indicated. The values were determined using 
the Hansen model. 

Actual Substrate Model TE/TM Electric Field 
Ratio 

Fused silica, unmodified 

Aqueous Medium 

Fused Silica 

2-Phase Model 

0.84 

Fused silica, modified 
with 22° Langmuir 

Blodgett film 

Aqueous Medium 

Langmuir Blodgett Film 
(22°) 

Fused Silica 

3-Phase Model 

0.85 

Fused silica, modified 
with 44° Langmuir 

Blodgett film 

Aqueous Medium 

Langmuir Blodgett Film 
(44°) 

Fused Silica 

3-Phase Model 

0.85 

Fused silica, modified 
with 66° Langmuir 

Blodgett film 

Aqueous Medium 

Langmuir Blodgett Film 
(66°) 

Fused Silica 

3-Phase Model 

0.85 
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Figure 3.6: A plot of the mean squared electric field intensities as a function of distance 
from the substrate film interface for a 3 phase model of a fused silica substrate modified 
with a 66 A arachidic acid LB trilayer adjacent to an aqueous phase, where n = 1.46, 1.5 
and 1.33 respectively and 0 = 74°. 
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Figure 3.7: Diagrams of the 3 phase and 4 phase models used to calculate the mean-
squared electric field intensities. The 4-phase model, not drawn to scale, accounts for the 
presence of an LB film, either 22,44 or 66°, deposited on the substrate. A ray optics 
model was used to calculate the incident angle, 46°, at Z = 0. 
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Figure 3.7 is a schematic of the ITO substrates modeled using Hansen's theory. 

As in the case of the fused silica substrates, the fused silica and aqueous phases were 

modeled as semi-infinitely thick phases with refractive indices of 1.46 and 1.33, 

respectively. The ITO phase was modeled as a 25 nm thick film with a refractive index 

of 1.9 and the Langmuir Blodgett film was modeled as a monolayer (22 A), a bilayer (44 

A) and a trilayer (66 A) phase, where the film thicknesses were calculated assuming a tilt 

angle of ca. 30°, an arachidic acid length of 26.4 A and an index of refraction of 1.5.^'^ 

An incident angle of 46° was calculated using ray optics and used in the model. 

Table 3.2 shows the results of the modeling the ITO substrate with the Hansen 

model. As shown in the table, the calculated relative TE/TM ratio is 0.93. The results 

suggest that the addition of the organic adlayer films does slightly alter the TE/TM 

electric field ratio. The data suggest a sequential decrease of the relative TE electric field 

intensity with increasing Langmuir Blodgett film thickness. The addition of the 66 A 

film results in a TE/TM electric field ratio of about 0.91. Figures 3.8 and 3.9 are 

graphical representations of the electric field intensity ratios for the uimiodified and the 

66 A LB film modified ITO substrates, respectively. Further, the data in Table 3.2, when 

compared to the results of the fused silica substrates, indicate that the 25 nm ITO film 

affects the electric field TE/TM ratio. The ratio is ca. 11% greater on ITO modified 

substrates. 

33.3.C. Summary of the Hansen Method Electric Field Calculations 
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Table 3.2: Evanescent field electric field intensity (TE/TM) ratio for ITO/fused silica 
structures obtained using the Hansen model, where an incident angle of 46* in the ITO at 
the substrate/aqueous phase interface at 570 nm was used. The substrate has been 
modeled as uiunodified and modified, with the latter including the addition of Langmuir 
Blodgett films of the thicknesses indicated. 

Actual Substrate Model TE/TM Electric Field 
Ratio (46*) 

ITO structure, 
unmodified 

Aqueous Medium 
Indium Tin Oxide 

Fused Silica 
3-Phase Model 

0.93 

ITO structure, modified 
with 22° Langmuir 

Blodgett film 

Aqueous Medium 
Langmuir Blodgett Film 

(22°) 
Indium Tin Oxide 

Fused Silica 
4-Phase Model 

0.92 

ITO structure, modified 
with 44° Langmuir 

Blodgett film 

Aqueous Medium 
Langmuir Blodgett Film 

(44°) 
Indium Tin Oxide 

Fused Silica 
4-Phase Model 

0.91 

ITO structure, modified 
with 66° Langmuir 

Blodgett film 

Aqueous Medium 
Langmuir Blodgett Film 

(66°) 
Indium Tin Oxide 

Fused Silica 
4-Phase Model 

0.91 
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Figure 3.8: Graphical representation of the mean-squared electric field intensities 
resulting from Hansen's model for a three phase structure, fused silica, ITO and water, 
where ni = 1.46, 1.96 and 1.33, respectively and Gincidem = 46° at the ITO/aqueous 
interface. The fused silica and water phases are semi-infinitely thick. 
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Figure 3.9: A plot of the mean squared electric field intensities as a function of distance 
from the plane of the substrate for a 4 phase model of an ITO substrate, where ni = 1.46, 
1.96 and 1.33, for the fused silica, ITO and water phases, respectively and Omcident = 46° at 
the ITO/aqueous interface. The substrate is modified with a 66 A arachidic acid LB 
trilayer, n= 1.5. 



Hansen's model predicts a TE/TM ratio of 0.84 and 0.93 for the fused silica and 

ITO substrates, respectively. TE/TM ratios for the fused silica and ITO substrates differ 

by ca. 11% when modeled with Hansen's theory. The relatively larger TE/TM found on 

ITO substrates is supported by Fresnel's equations and suggests that ITO transmits TE 

polarized more efficiently. In both the cases the modification of the fused silica or the 

ITO substrates with Langmuir Blodgett films does not significantly affect the TE/TM 

ratio and therefore, the pathlength of light through the substrate. 

3.4. Method B 

The second approach, called Method B, was developed to assess the accuracy of 

the assumptions in Hansen's method by experimentally determining the relative TE and 

TM electric field intensities. The method uses Fresnel's equations (Section 3.4.1) and 

Snell's Law (equation 2.2) along with measured fluorescence of a randomly oriented 

probe to determine ratio of evanescent pathlengths in the TE and TM polarizations. The 

fluorophore probe, a fluorescent labeled dextran, is a water-soluble hydrophilic 

polysaccharide that is relatively chemically inert.^^ These molecules have random coil 

structures that result in solutions that are believed to be isotropic with respect to the 

substrate. Thus, the measured fluorescence intensities of the fluorescent-labeled dextran 

solutions, in the TE and TM polarizations, are believed to be directly proportional to the 

incident TE and TM intensities. 

Using the measured TE/TM ratio, the effective refractive index and incident angle 

for the laminate structure (with or without an adsorbed Langmuir Blodgett film) can be 
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determined. However, unlike Hansen's model, which considers each phase in a substrate 

independently. Method B considers the laminate structure as an effective, single layer, 

substrate. The mathematical approach of Method B is comparatively simple to that 

developed by Hansen, and although it does adhere to boundary limitations, because it is 

probing the actual substrate, it does account for inhomogeneities in the substrate phases. 

3.4.1. Theoretical Basis of Method B 

Method B is established on the concept of coupling theoretical explanations of the 

behavior of light at an interface with experimentally measured data. The amplitude of 

plane-polarized light that is reflected or transmitted at an interface can be mathematically 

described by Fresnel's equations,^ 

r,. te 
sin(d -
sin(d + (fi) 

(3.1) 

2 cos ̂  sin ̂  (3.2) 
sin(^ + 

on 

tan(0-^) 
sin(d + 

(33) 

t. 
2cosdsin^ (3.4) 

cos(d — sin(d + 
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where r and t are the reflected and transmitted light intensities in the designated 

polarization, and 0 and N are the incident angle and the refracted angle, respectively. 

Method B assumes that the ratio of (tte)^/(ttni)~ is equal to the measured ratio of the TE and 

TM fluorescence emission intensities of an isotropic molecular assembly. Thus, 

*TE 

*TM 
(3.5) 

where Ite and Itm are the measured fluorescence emission intensity values resulting from 

the excitation of an isotropic molecular assembly by TE and TM plane polarized light, 

respectively. If equations 3.2 and 3.4 are substituted into equation 3.5, 

Ite ^ (cos(g-^)sin(g-t-^)-) 

Itm (sin(0-»-^)^) 

Equation 3.6 can be further simplified by using Snell's law (equation 3.7) to solve for N 

in terms of 0 and substituting it into equation 3.6. 

^ = sin '(n,2sin0) (3.7) 
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where ni2 is the net effective refractive index of the substrate, which includes both the 

multilaminate structure and the cladding or aqueous layer superstrate. Note that 6 is 

confined to 90° > 0 > 0c because the light is totally internally reflected. From equation 

3.8, an effective refractive index (n^) and 0 can be recovered by setting the right-hand 

portion of the equation equal to an experimentally measured ratio and providing initial, 

estimated, solutions for 0 and ni2. The recovered values for ni2 and 0 are then substituted 

into equations 3.2 and 3.4 to obtain the TE and TM polarized electric field amplitudes 

(the square of which are the electric field intensities). Finally, the TM polarized electric 

field intensities can be deconvolved by using the recovered ni2 and 0 to determine N, 

where (cos (N))^ = Ez^ and (sin (N))" = Ex^- This simple mathematical treatment of the 

measured Ite/Itm fluorescence emission intensities for an isotropic molecular assembly 

can provide the electric field intensities required to accurately determine an anisotropy 

value. 

3.4.2. Results and Discussion 

3.4.2.a. Fused Silica Substrates and Modified Fused Silica Substrates 

Figure 3.5 is a schematic of the fused silica substrates and aqueous phase 

structures probed using Method B. Thus, structures identical to the ones modeled using 

Hansen's theory were constructed and investigated experimentally. Table 3.3 shows the 

results of these experiments. The data indicates that, statistically, the values for the 

TE/TM electric field intensities for the various substrate configurations (different 
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Table 3.3: Experimentally determined evanescent electric field intensity TE/TM ratio 
determined for fused silica substrates at 570 run. The substrate was used as an 
uiunodified structure and as a modified structure, with the latter including the addition of 
Langmuir Blodgett films of the thicknesses indicated. 

Actual Substrate Model TE/TM Electric Field 
Ratio 

Fused silica, unmodified 

Aqueous Medium 
Fused Silica 

2-Phase Model 

1.10±0.32 

Fused Silica, modified with 
22° Langmuir Blodgett film 

Aqueous Medium 

Langmuir Blodgett Film 
(22°) 

Fused Silica 

3-Phase Model 

1.15 ±0.38 

Fused Silica, modified with 
44° Langmuir Blodgett film 

Aqueous Medium 

Langmuir Blodgett Film 
(44°) 

Fused Silica 

3-Phase Model 

1.03 ±0.15 

Fused Silica, modified with 
66° Langmuir Blodgett film 

Aqueous Medium 

Langmuir Blodgett Film 
(66°) 

Fused Silica 

3-Phase Model 

0.95 ± 0.24 
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Langmuir Blodgett film thicknesses) are indistinguishable. This supports the results 

obtained with Hansen's model. 

The data obtained using Method B also support the results of the modeled electric 

fields determined by the Hansen theory (Table 3.1). The average mean-squared electric 

field intensity of the four substrates is 1.06 0.56. They are, within one standard 

deviation, statistically indistinguishable from the TE/TM ratios recovered from the 

Hansen-based calculations. This indicates that the Hansen-based calculations are 

accurate for modeling the fused silica substrates and that the assumptions made for these 

substrates are acceptable. 

3.4.2.b. ITO Substrates and Modified ITO Substrates 

Figure 3.7 is schematic of the ITO substrates experimentally investigated using 

the fluorescent dye-labeled dextran described above (Section 3.4.2.a.) As in the case of 

the fused silica substrate, unmodified ITO substrates and substrates modified with 

monolayer, bilayer and trilayer Langmuir Blodgett films were modeled. Table 3.4 shows 

the results of these experiments. The average TE/TM electric field intensity value is 1.39 

± 0.67, and is greater than the measured value of the fused silica substrate by ca. 0.3. All 

of the data are, within one standard deviation, statistically indistinguishable with the 

exception of the bilayer modified substrate. Although individual values for the ITO 

substrate do not all agree within one standard deviation to the corresponding Hansen 

values, the average of all four do. The results differ from the Hansen modeled 

counterpart (Table 3.2), which showed a sequential decrease in the relative TE intensity. 
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Table 3.4: Experimentally determined evanescent electric field intensity TE/TM ratio 
determined for ITO substrates at 570 nm. The substrate was used as an unmodified 
structure and as a modified structure, with the latter including the addition of Langmuir 
Blodgett films of the thicknesses indicated. 

Actual Substrate Model TE/TM Electric Field 
Ratio 

ITO structure, umnodified 

Aqueous Medium 
Indium Tin Oxide 

Fused Silica 
3-Phase Model 

1.19 ±0.28 

ITO structure, modified 
with 22° Langmuir Blodgett 

film 

Aqueous Medium 
Langmuir Blodgett Film 

(22°) 
Indium Tin Oxide 

Fused Silica 
4-Phase Model 

1.07 ±0.31 

ITO structure, modified 
with 44*' Langmuir Blodgett 

film 

Aqueous Medium 
Langmuir Blodgett 

Film (44°) 
Indium Tin Oxide 

Fused Silica 
4-Phase Model 

1.83 ±0.27 

ITO structure, modified 
with 66° Langmuir Blodgett 

film 

Aqueous Medium 
Langmuir Blodgett Film 

(66°) 
Indiimi Tin Oxide 

Fused Silica 
4-Phase Model 

1.47 ±0.29 
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No disceraable trend is obvious in the experimental results here. The results 

corroborate Hansen's model with regard to the relative TE signal in the fused silica and 

ITO substrates. Thus, the results also suggest that the TE electric field intensity is 

transmitted more efficiently through the ITO substrate. There is a large degree of error in 

these measurements, maki3ng exact comparisons difficult, which will be discussed in the 

next section. 

3.4.2.c. Summary of the Method B Based Electric Field Intensity Calculations 

The experimentally derived TE/TM ratios for the fused silica substrates resulted in an 

average value of 1.06 ± 0.56. The ratios for the substrates described in Table 3.3 were 

statistically indistinguishable with one another as well as those results obtained using 

Hansen's model within one standard deviation. The values for the fiised silica substrates 

were ca. 23 % lower than those of the ITO. The ITO TE/TM ratios measured on 

unmodified and modified substrates resulted in an average value of 1.39 ± 0.67. 

Although the results were not statistically indistinguishable among themselves, their 

average agrees with the Hansen model within one standard deviation. The values for both 

the fused silica and ITO had a relatively large degree of error associated with them 

making detailed comparisons difBcult. The standard deviation for the measurements of 

the Rhodamine-labeled dextran solutions was on average, ca. 5 times larger than the 

standard deviation associated with the fluorescence measurements of adhered films. 

The relatively large standard deviation associated with the Rhodamine B 

measurements is attributable to two significant experimental parameters that are not a 
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consideration in typical EA-TIRF measurements. First, the Rhodamine B-labeled 

dextrans were probed in solution and not as submonolayer films adhered to the substrate-

solution interface, and second, the quantum yield of the Rhodamine B is considerably 

higher than the typical molecule of interest.^^ Consider the equation for the propagation 

of the relative uncertainties or errors associated with the fluorescence measurement after 

the incident light has entered the substrate, 

(etotal)" (®fIuorophore interface) (Cfluorophore solution) • + (Ccell)^ (3.9) 

where etoui is the total error and efluorophore interface is the error resulting fi-om the scattered 

light generated by the evanescently excited fluorophore at the interface, enuorophore solution is 

the scattered light generated by evanescently excited fluorophore in solution and eceii is 

the fluorescent scattered light generated as a result of rayleigh scattered excitation light 

within the cell design. Both incident (excitation) light as well as scattered fluorescent 

light contribute to the latter. If equation (3.9) is applied to the scenario where a surface 

adhered film is being probed, the main contributions to the total standard deviation would 

come fivm efluorophore interface and Cscatted cell- In SUCh a Case, the efluorophore interface WOUld be 

relatively small since only a submonolayer film would be present (see (Chapter 5, section 

S.3.4.a., Chapter 6, section 6.3.2.- where the Zn fluorophore is at most 10% of the 

concentration. Appendix C, section C.3.I.). So, for example, if the case of adsorbed Zn-

cytochrome c is considered, a 6 pmol/cm^ siurface coverage was determined. Assuming 

an illumination spot (as a rectangle) of I x 2 mm and fluorophore surface coverage of 
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only 10%, then approximately 0.012 pmol of Zn-cytochrome was being excited with a 

reported quantum yield of only 0.55.^ The main contribution to eccii would be excitation 

light scattered within the cell. This light however is not transmitted through the band 

pass emission filter placed prior to the detector. The enuorophore solution is negligible because 

no fluorophore is in the solution. 

If equation 3.9 is applied to the scenario where the Rhodamine B-labeled dextran 

is in the cell, all three terms contribute to the total error. Fluorescent measurements 

suggest that a small amount of the fluorescent-labeled dextrans adhere to the ITO or 

fused silica surface, therefore it can be assiuned that there is some contribution to the first 

term in equation 3.9 indicating that there is a small contribution from enuorophore interface-^^ 

However, the two main contributors to the total error are enuorophore solution and eceii- While 

the second term, enuorophore solution, approaches zero for an adsorbed film, it is considerably 

more significant here. The spot size can again be estimated to be 1 x 2 mm, where the 

evanescent field is calculated to penetrate ca. 500 nm into the solution at an ITO 

interface. Therefore, the area of illumination for the fluorophore is estimated to be S x 

10'^ cm^, thus ca. 0.1 pmol of Rhodamine B is excited by the evanescent field. This is ca. 

10 times the amount of light generated at the molecular interface of a surface-adsorbed 

film. 

The latter term in equation 3.9, eceti also contributes to the larger standard 

deviation for dextran systems. The EA-ilRF cell, designed to probe surface adhered 

films, has a finite amount of incident scattered light within the cell. This light was not a 

detriment to surface-bound fluorescence measurements since the excitation wavelength 



117 

was filtered with a band pass filter. However, once fluorophore is in solution contained 

within the cell, this incident scattered light excites "firee" fluorophore. Thus, a significant 

amount of fluorescence scattered light is generated that passes through the output filter 

and is transmitted to the detector. Considering the latter, small changes in the positioning 

of the propagated incident beam within the cell can result in relatively significant 

variations in fluorescence generated by rayleigh scattered light. The ramification is much 

larger standard deviations in the fluorescent measurements relative to those where only a 

submonolayer film is adsorbed to the surface. 

3.5. Conclusion 

In the case of the fused silica substrates, the results obtained by Method B support 

the Hansen model and were found to be statistically indistinguishable firom the results 

generated using Hansen's theory. The data suggest that the assumptions made about the 

substrate were accurate. In both methods, the Langmuir Blodgett film did not appear to 

affect the TE/TM electric field intensities for the fused silica substrate. The Hansen 

model data suggested a trend between the Langmuir Blodgett film thickness and the 

TE/TM electric field ratio for the ITO substrates. 

In both methods, the TE/TM electric field values were greater for the ITO 

substrates than for the fused silica substrates. However, although the average of the 

TE/TM electric field intensities for the ITO substrates was statistically similar to those of 

the Hansen model, the individual results were not This data suggest that the some 

assumptions made for the ITO substrates using Hansen's model could be inaccurate, for 



example those made about modified ITO substrates. For the research reported in this 

work. Method B was used to calculate the relative TE/TM electric field intensities. A 

new generation cell design capable of probing solution fluorescence with less incident 

scattered light is required to further develop Method B as a potential superior means for 

determing the electric field intensities at the interface of complex substrates. 
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CHAPTER 4 

CHARACTERIZATION OF INDIUM TIN OXIDE FILMS USED IN 
ELECTROACTIVE SPECTROSCOPIC EXPERIMENTS 

4.1. Introduction 

Indium tin oxide (ITO) is an optically transparent, n-type semiconductor 

composed of indium oxide doped with tin to improve electrical conductivity. ITO has 

several characteristics that make it an appealing material in both scientific and 

technological research and development, including low resistivity, a relatively high band 

gap (Eg=3.7-4.05 eV)®', a broad spectral transmission window of UV, visible and near 

infrared (IR) light, and a wide potential window within the spectral transmitting band that 

extends from potentials of IV to ca. -600 mV (versus NHE). These unique properties 

are making thin film ITO (nm - ^m thicknesses) ubiquitous in such areas as the 

development of solar cells^, panel liquid-crystal displays^', organic light emitting 

diodes^^, and the study of redox active metalloproteins'^. The latter area of study employs 

ITO in both its modified'^*'^ '®*'^''® and unmodified'^ states, and has allowed for crucial 

advancements in the understanding of heterogeneous electron transfer of metalloproteins 

such as cytochrome c, ferredoxin and plastocyanin. 

4.1.1. ITO and the Study of Metalloproteins 

The quasi-reversible electrochemistry first obtained of cytochrome c in 1977^^ led 

to the characterization of kinetic'*'°°''°', thermodynamic'®^ and structural'"^ properties of 

the electron transfer between cytochrome c and an artificial redox partaer. Currently, 
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many research groups utilize ITO (or other doped oxide substrates) in the study of redox 

active raetailoproteins.'°^''°^''°^''°^ During the past decade, ITO has been established as 

an electrochemically stable redox partner with a broad spectral transmittance band that 

includes visible and IR radiation/"^ Due in part to its successful history used as a 

working electrode in the study of electron transfer proteins, ITO has been at the forefront 

of recent developments in waveguide and sensor technology 

lOW's that have an ITO film deposited as an adlayer enable the oxidation state of 

a surface bound, redox active metalloprotein film to be controlled while the spectroscopic 

response of the film is monitored simultaneously. Coupling the optical and voltammetric 

properties of ITO provides this unique opportunity to correlate spectroscopic structural 

information as a function of electron transfer/oxidation state. This ability, which has to 

date been unrealized in the format used here can contribute to understanding the 

physiological function of the redox-active protein. 

4.1.2. Limitations in the Understanding of the Fundamental Properties of ITO 

Ironically, although ITO is being used extensively in various research 

applications, there are fundamental gaps in the understanding of many properties of this 

semiconductor. Across the scientific arena, there exists a wide array of film deposition 

methods, dopant concentrations and thicknesses for ITO films. The literature suggests 

that the physical properties of the films produced, such as energetic homogeneity and 

conductivity, vary according to the method of production used. " As a 

consequence, there is no direct correlation between results obtained on various ITO 
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surfaces, such as analyte formal potential, kinetic rates or surface coverages, and 

differences in their physical properties. It is highly plausible, for instance, that significant 

differences in measurements can be obtained for the electron transfer kinetics and 

thermodynamics of a particular protein, resulting simply from differences in the ITO 

properties. 

An additional consideration in this work is the thickness of the semiconductor 

film. The use of ITO as a working electrode usually involves a thin film on the order of 

nanometer to micron thickness. Such films do not necessarily have the same properties 

as their bulk counterpart, and small changes in the film thickness can affect film 

properties to a much larger degree than similar changes would affect the bulk material. 

For example, although these films retain many of the electronic properties of their bulk 

counterparts, these properties can vary as function of film thickness. Likewise, the 

optical characteristics of thin films also vary as a function of film thickness (and 

annealing procedures)."®'"' 

Unfortimately, the majority of the literature regarding the characterization of ITO 

films is concemed primarily, if not exclusively, with the "materials science" aspects of 

the semiconductor."^*'^'"^ Very little information is available on the optical properties, 

surface homogeneity, surface chemistry and surface morphology of ITO films. This 

deficiency, coupled with the array of ITO films available commercially or in private labs, 

necessitates that ITO fabricated for research-specific projects undergo some basic 

characterization in order to define flmdamental parameters. Studies here were carried out 

to investigate surface roughness, surface homogeneity, stability and conductivity (under 
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typical experimental conditions. The characterization of the (in-house) sputtered ITO 

films used in the electroactive spectroscopic experiments discussed throughout this work 

is presented here. 

4.2. Experimental 

4.2.1. Substrate Preparation and ITO Film Deposition 

4.2.1.a. EA-TIRF Substrates 

The ITO films used in the fluorescence experiments were sputtered onto fused 

silica (Dynasil, n = 1.46) 3" x 1" slides. Before deposition, the fused silica slides were 

cleaned by subsequent 10-15 minute sonications in dilute (ca. 1:100 v/v) Triton X-100 

(Sigma) surfactant and deionized water (18.2 MQ, Bamstead). The substrates were then 

copiously rinsed with DI water and dried using a stream of N2 gas. The deposition of the 

ITO film on the TIRF substrate was performed under identical conditions as the 

deposition of the ITO on the lOW substrates and is described in the following section. 

Figure 4.1 shows a schematic of the TIRF substrate. 

4.2.1.b. EA-IOW Substrates 

The EA-IOW layers were sputtered onto soda lime glass (Gold Seal Microslides, 

n = 1.51). The soda lime glass slides were cleaned by immersion in a chromic acid bath 

(Chromerge™) heated to 70°C for 20 minutes and then rinsed with DI water. The glass 

slides were then dried in an oven at 150°C. A 400 nm layer of Coming 7059 glass was 

sputtered onto soda lime glass. A 200 nm film of Si02 was then sputtered onto the 

Coming 70591ayer. The 25 nm ITO film formed the sxiperstructure (Figure 4.2). These 



123 

25 nm ITO, n = 2.0 

Fused Silica, 
n = 1.46 

Figure 4.1: Schematic of the EA-TIRF substrate. The structure is composed of 2 layers: 
ITO and SiOa 
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25 nm ITO, n = 2.0 

200 nm Si02, n = 1.46 

400 mn Coming 
7059, n=1.56 

Soda lime 
Glass, n = 1.51 

Figure 4.2; Schematic of the EA-IOW substrate. The structure is composed of 4 layers: 
ITO, Si02, Coming 7059 and borosilicate glass. 
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films were rf sputter-deposited, in batches of three, under vacuum (2x10'^ torr, 

predeposition) using a Perkin-Elmer 2400 rf diode sputtering system. The target in the 

ITO film deposition was 90% In203/ 10% SnOi- The films were all sputtered in a 

reactive 70 % argon/30 % oxygen atmosphere that was dynamically controlled during 

deposition by a MKS two-channel flowmeter to maintain a constant pressure of 3.9 x 10'^ 

torr. The deposition rates, which were previously calibrated, were 50, 62, and 133 A/min 

for the 7059 glass, SiOz and ITO films, respectively. After deposition, the EA-IOWs 

were annealed at 225°c in a vacuum oven for 2 hours. ITO films of 25 nm and 50 nm 

thicknesses were deposited. The gratings and EA substrates were made by D. Dunphy 

and S. Mendes, respectively. 

4.2.2. Cleaning and Preparation of ITO Surfaces 

The ITO films were cleaned in three 10-15 minute sonications in dilute (ca. 

0.01/50 v/v) concentrations of Triton XlOO surfactant and DI water. These substrates 

were then rinsed copiously with water and equilibrated in 25 mM, pH 7 phosphate buffer 

for a minimum of five hours. Prior to use, the ITO films were rinsed copiously with DI 

water and dried with a stream of Na gas. A digital voltmeter was used to aid in the 

identification of the side of the substrate upon which the ITO film had been deposited. 

4.23. Atomic Force Microscopy of ITO Films 

ITO films deposited on fused silica slides were cut into ~ Icm x 1cm pieces and 

cleaned as mentioned above. A Digital Instruments Nanoscope m multimode scanning 
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probe microscope was used in tapping mode to characterize the EA-TIRF substrates. 

Freshly sputtered samples were cleaned, analyzed and compared to multiple cleaned 

samples to evaluate surface roughness. Four groups of ITO were used in this study, each 

containing three pieces of ITO from different sputter batches. Each group was cleaned 

and analyzed independently. Each piece of ITO, in each group, was analyzed in four 

different regions, using AFM. The samples were then cleaned and reanalyzed. This 

procedure was carried out for twelve cleanings, i.e. for a total of 36 sonications in Triton 

X-lOO/ water. 48 samples regions are represented in the average RMS roughness values 

reported here for the ITO. 

4.2.4. Transmission Spectroelectrociiemistry on ITO substrates 

The EA-TIRF ITO substrates were cut into ca. 0.75 x 0.75 inch pieces and 

cleaned. Because the EA-TIRF substrates are simply ITO sputtered on fused silica 

substrates, the terms EA-TIRF substrate and ITO substrate will be used interchangeably. 

The ITO piece was then assembled in a spectroelectrochemical cell where the ITO faced 

towards the solution volume compartment. The solution was sealed with a Viton o-ring 

(McMaster-Carr) outside of which a copper contact was placed, as shown in Figure 4.3. 

The potential of the ITO was controlled using an EG&G Model 183 potentiostat. The 

reference electrode in the electrochemical cell was Ag/AgCl (model 1079, Bioanalytical 

Systems) and the counter electrode was a platiniun wire. The electrolyte used in the cell 

was 5 mM phosphate buffer (pH 7) prepared using reagent grade dibasic sodiimi 

phosphate and DI water. The pH was adjusted with HCl. ITO was reduced by stepping 
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Figure 4.3: Teflon spectroelectrochemical cell used in the transmission 
spectroelectrochemistry studies of ITO. The working electrode (TTO) is placed, face 
down, at the top of the cell and a seal is created with a Viton o-ring. A copper contact is 
placed over the o-ring. The top of the cell is clamped down with wing nuts. The holes on 
the side of the cell secure the reference and counter electrodes. Changes in the 
absorbance of the electrode and the adjacent solution were monitored via windows on the 
top and bottom of the cell. The solution was introduced into the cell via the electrode 
ports. 



128 

the potential to sequentially more negative voltages during 30 second to S minute 

intervals, (the reduction appeared to be time independent beyond 30 seconds) while the 

absorbance spectrum was monitored simultaneously using a UV-vis spectrophotometer 

(Spectraphysics). Cyclic voltammetry of the ITO was also obtained using the same 

electrochemical setup described above at a scan rate of SO mV/sec. The potential range 

was scanned from + 250 mV to - 250 mV. Finally, for comparison, the ATR spectral 

response of the EA-lOW, as a function of potential, was also obtained in 25 mM 

phosphate buffer, pH 7, versus a Ag/AgCl reference electrode (a platinum wire was used 

as the counter electrode). The EA-IOW cell and optical arrangement used for the latter 

are described in Chapter 2 (section 2.4.2.c). 

4.2.5. XPS and X-ray Crystallographic Analysis 

Cleaned EA-TIRF substrates were used in both the XPS and the X-ray 

crystallographic analysis. The XPS analysis utilized oxidized ITO (ITO that that had not 

been submitted to potentials more negative than - 500 mV and reduced ITO (ITO held at 

-1300 mV for 1 minute). The XPS studies were performed on a Kratos AXIS-ULTRA 

spectrometer with a base pressure of ca. 5x10"' torr. The X-ray source was 

monochromatic Al(Ka) radiation. The photoemission spectra were recorded in a 

"constant analyzer pass energy mode" (pass energy = 20 eV). The XPS spectra were 

acquired by Carrie Donley at the University of Arizona. 

The x-ray crystallographic studies were performed by Dave M. Cready at PNNL 

laboratories on a Philips X'Pert MPD Theta-Theta x-ray diffractometer (Model PW 
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3040/00). A Philips long-fine focus and fixed Cu anode (40 mV, 50 mA) were used as 

the source, with a Xe proportional counter as the detector. Theta I was fixed at 1 degree 

while Theta 2 was scanned continuously between 10-60 degrees at 0.04 degrees/2 

seconds. 

43. Results and Discussion 

43.1. AFM Studies of the Morphology of ITO 

43.1.a. AFM Studies of 25 nm and 50 nm ITO Films 

Studies of the surface roughness and homogeneity of 25 nm and 50 nm thick films 

of indium tin oxide were performed using atomic force microscopy (AFM). Figure 4.4 

shows a typicai AFM image of 50 nm ITO. Although 50 nm ITO films were used in the 

majority of the studies, experiments on 25 nm ITO confirmed that there was no statistical 

difference in the average RMS roughness or surface morphology between 25 nm and 50 

nm ITO. These results indicated that the ITO film deposition time did not have a 

significant impact on the surface roughness. All of the AFM data reported here are 

results that were obtained on 50 nm ITO films. 

43.1 .b. Surface Rougiiness and Its Effect on Orientation Distributions 

Atomic force microscopy studies determined the average RMS roughness value of 

1.1 ± 0.2 nm and 1.0 ± 0.2 nm for an ITO film deposited on fiised silica (and EA-TIRF 

substrate) for a 1 ^m x 1 ^m and 500 nm x 500 nm scale, respectively. The substrates 

had been cleaned once prior to the AFM measurements. These roughness values were 
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Figure 4.4: AFM image of a 25 run thick FTO fihn. Prior to measurement, the surface 
was cleaned in dilute Triton X 100 and rinsed with water. The average RMS roughness 
for 0.5 X 0.5 iim EA-TIKF substrates was determined to be 1.1 ± 0.2 nm after the initial 
cleaning. As shown in the figure, the image indicates a surface that is relatively 
homogeneous in morphology. 
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Figure 4.5: Predicted Gaussian orientation distribution ( RMS surface roughness of 1 
nm) of a circular dipole film with a average tilt angle of 45°, adhered to an ITO surface. 
A delta function distribution is assumed. The data was modeled according to the theory 
developed by Dr. Yuezhong Du and Dr. Darren Dunphy. The plot indicates that a surface 
with a RMS roughness of Inm would contribute ~ ± 5° to the standard deviation of the 
mean orientation. 
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used to determine the degree of error an ITO film introduces into orientation distribution 

measurements of surface-bound molecular films. This evaluation was carried out 

assuming a hypothetical molecular film, adsorbed to the ITO surface, with an average tilt 

angle of 45° and an infinitely narrow orientation distribution. The film was then 

modeled on a three-dimensional stmctiu-e using the surface morphology parameters 

obtained from the line scans of the AFM images. The model was developed by Dr. 

Yuezhong Du and Dr. Darren Dunphy at the University of Arizona. It assumed a 

Gaussian orientation distribution for the analyte film, as shown in Figure 4.5. Because 

the molecular distribution was modeled as a delta function, the distribution about the 

mean in the figure is due solely to the surface roughness. As can be seen fi-om the 

figure, a perfectly ordered film having an average tilt angle of 45° on a surface with a 

RMS roughness of l.l nm will produce a distribution of approximately V 5° about the 

mean. A contribution of V 5° was determined to be an acceptable degree of error in the 

orientation distribution experiments currently being measured. 

4.3.I.C. The Effect of Cleaning ITO on Surface Roughness 

It is essential that the surface of the ITO is unfouled prior to any orientation 

distribution measurements; thus, after each use of the ITO substrates, they were cleaned 

according to the procedure described in the experimental section (section 4.2.b.). 

Additional AFM studies were carried out in order to determine the effect the cleaning 

procedure has on the ITO surface. The resiilts are shown in Figure 4.6. As shown, there 

is no significant difference in the surface roughness on samples cleaned once and samples 
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Figure 4.6: Plot of RMS surface roughness as a fimction of cleaning on an ITO film (0.5 
X 0.5 ^m). Each cleaning represents a minimum of two sequential sonications in dilute 
Triton X-100 and water. The plot illustrates that there is no statistical difference in the 
surface roughness between ITO cleaned once and ITO that has been cleaned twelve 
times. 
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cleaned twelve times. On the contrary, the data suggest the cleaning procedure, most 

likely the sonication process, smoothes the surfaces. 

43.1.d. Physical Homogeneity 

As can be seen in Figure 4.4, the ITO surface consists of particles that appear to 

be ca. 20 nM in size. The particle size, however, is dictated by the shape and size of the 

tip used to acquire the scan, so it is conceivable that the measured average particle size 

for ITO is below the limit of quantitation of the tip.'^' The particles appear to be uniform 

in size and evenly distributed, both laterally and vertically across the ITO surface, with 

the exception of ridge-like and spherical aggregations, which will be discussed later in 

this section. Clear grain boundaries are present between the particles imaged on the ITO 

surface. The images indicate that the morphology of the ITO film surface is 

homogeneous across the 1x3 inch area in which it is sputtered. The physical 

morphology of the ITO analyzed here is consistent with the limited information provided 

in the literature. Armstrong et. al. reported particle sizes of ca. 30 nm on industrial 

sputtered ITO,'^ and, although other deposition techniques have resulted in particles up 

to 100-150 nm, the macrostructure of the reported microscopic images appear to be 

similar.' 

Two types of surface anomalies were observed in the collected images of ITO: 

ridge-like aggregations and spherical aggregations. An example of both of these features 

is shown in Figure 4.7. The image shows a ridge-like feature that extends across the 

surface and two spherical features located on either side of the ridge. Figure 4.8 shows a 
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Figure 4.7: Atomic force microscopic contour presentation of a 25 nm thick film of ITO 
cleaned in Triton X 100 and rinsed with water. The image displays ridges (A) and 
particle aggregations (B) commonly seen in ITO morphology. 
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Figure 4.8: Cross-sectional analysis of AFM image in Figure 4.7. The image has been 
analyzed for profile characteristics across the peak and valley of the ridge-like feature, 
described in Figure 2.7. The z distance profile of the line scan is plotted above the figure. 
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profile of these features. The arrows on the image are placed on the peak of the ridge and 

on the 'valley' adjacent to it. The vertical height between the arrows is 2.4 nm. 

It was not uncommon to see these surface features in the images obtained of the ITO 

surface. They appeared in ca. 46 % of the images to varying extents. The images 

containing these anomalous featiures did not produce systematically higher RMS values; 

for example, the RMS roughness of the image in Figiure 4.6 is 0.984 nm. 

4»3.2. Molecular Characterization of ITO using XPS 

XPS and X-ray crystallographic studies were carried out on the ITO substrates to 

ascertain the chemical makeup and crystallographic structure of the particles shown in 

the AFM images of ITO. Figiures 4.9 and 4.10 are the XPS spectra obtained for the In 

3ds/2 and 3d3/2 and the Sn 3ds/2 and "idm emission peaks, respectively. The 3ds/2 peak in 

Figure 4.9, at ca. 442 eV was deconvolved mathematically into two peaks using Kratos 

software. The energy level of the resolved peaks suggests that they result fix)m the 

presence of IniOs (442.4 eV) and either InOOH (442 eV) or some other form of indium 

oxide, InxOy (443.0 eV). The former composes 83.8 % of the total response and the 

latter, 16.1 %. Figure 4.10 shows the spectra of the Sn 3ds/2 and peak at 484.8 and 

493.3, respectively. Unlike indium, the tin peak at ca. 485 eV is composed ahnost 

exclusively of SnOi (484.8 eV). The ratio of the 3ds/2 molecular indium response to the 

molecular tin response was calculated using the corrected molar areas for the respective 

peaks and determined to be ca. 4:1. 
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Figure 4.9: a) XPS spectrum of the In 2dm and Zdsa emission peaks for an ITO film on 
the EA-llKF substrate. The "idsa peak maximum is at 442.4 eV, and represents two 
deconvolved peaks, shown in b) which represent IniOa and InOOH or In^Oy on the ITO 
surface, at 442 eV and 443 eV respectively. 
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Figure 4.10: a) XPS spectra of the Sn 3dia and Sn 3ds/2 emission peaks for an EA-llRF 
substrate ITO film at 493.3 and 484.8 eV, respectively. B) The deconvolved Sn 3d5/2 
peak. The peak maximum is at 484.8 eV, reflects the presence of Sn02 on the ITO 
surface. 
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The resuhs above indicate that there are at least two main compositions of indium 

oxide in the film, although, the possibility of other, less prevalent components cannot be 

dismissed. It is interesting to note that these results indicate the molecular In/Sn ratio is 

less than that of the target used for deposition; The samples were sputtered using a target 

that had a 9:1 ratio. The results suggest that the distribution of SnOa is affected during 

the deposition or annealing process or that the In203 was likewise affected, decreasing the 

relative In surface and possibly the bulk concentration. 

The X-ray crystallographic studies using the ITO films also indicated that the 

films were preferentially ordered with a primarily (111) crystal packing, although other 

crystal structures did exist. Some heterogeneity was expected considering the array of 

structures reported in the literature for ITO films.^'*^'* (111) crystal packing, however, is 

not conmionly reported in the literature. The experimental data indicate that the sputtered 

ITO is polycrystalline. Hwang et al}^* studied point defects and electrical properties of 

ITO. Their results corroborate the X-ray studies done here. They reported 

polycrystalline environments in InaOs. They further suggest that even more 

environments may exist when tin is doped into InaOa, and that a nonreduceable Sn-

oxygen complex results, creating significant electronic ramifications (i.e. heterogeneous 

electronic environments) on electron carrier mobihty. Studies have shown that the 

presence of tin in InaOs relaxes the oxygen environment towards yet another 

crystallographic configuration.'" The work presented by Hwang and co-workers 

suggests not only a polycrystalline structure ITO, but also one where each of these 

multiple crystallographic structures has distinct electronic properties. Thus, the literature 
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suggests that multiple crystal structures were observed in the ITO here, a large degree of 

electronic diversity would also be observed. The electronic background of the ITO used 

here was investigated and will be discussed in the following section. 

4.33. Electrochemical Characterization of Molecular Films on E A-TIRF 
Substrates 

The ITO films on the EA-TIRF and EA-IOW substrates were electrochemically 

characterized to establish their utility as redox partners to the cytochrome c and other 

metalloproteins. The EA-TIRF substrates were used to characterize the ITO because of 

their availability relative to the EA-IOW structures, which were limited in quantity. The 

characterization of the films was carried out using cyclic voltammetry. Conductivity, 

electronic homogeneity and potential stability of the ITO were characterized for the 

experimental conditions used in this research. 

The electrochemical results of the ITO film are presented in Figures 4.11 and 

4.12. Figure 4.11 shows the electrochemical response of the ITO film and the 

electrochemical response and unmodified ITO film and the electrochemical response of 

an ITO film modified with an adsorbed layer of cytochrome c. Figure 4.12 shows the 

spectroscopic response of the ITO film at 514 nm under identical potential conditions. 

Figure 4.11 indicates that the ITO film is not electrochemically active, but does have a 

significant non Faradaic current response (^A), demonstrated by the large background 

signal. This non Faradaic response decreases the signal to noise electrochemical 

response of analyte adsorbed to the surface and can be a significant concern when 
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Figure 4.11: Electrochemical response of unmodified ITO (A), and ITO modified with a 
film of horse heart cytochrome c adsorbed under ambient conditions from a bulk solution 
of 35 nM (B), versus a Ag/AgCl reference electrode. The experiment was conducted in 5 
mM phosphate buffer at a pH of 7 using a potential range of +250 mV to -250 mV and a 
scan rate of 50 mV/sec. The ITO is not electrochemically active, but does exhibit a non 
Faradaic current under potential control, thus decreasing the signal to noise ratio of the 
electrochemical response of any adsorbates. 
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Figure 4.12: Spectroelectrochemical response, obtained using an unmodified EA-IOW 
(shown in Figure 4.2) (A) and an EA-IOW modified with a film of horse heart 
cytochrome c adsorbed under ambient conditions from a 35 solution (B), versus a 
Ag/AgCl reference electrode in 25 mM phosphate buffer, pH 7, using a potential range of 
+400 mV to -400 mV and a scan rate of 20 mV/sec. The ITO is not electrochemically 
active, and the non Faradaic current seen in Figure 4.11 is no longer present, thus 
increasing the signal to background ratio of the response. 
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probing small surface quantities. The non Faradaic current is eliminated, however, if the 

analyte's response to potential changes is monitored spectroscopically as shown in Figure 

4.12. 

The relative electronic environments of ITO and its applicability as a redox 

partner were investigated by comparing the electrochemical response of cytochrome c at 

an ITO electrode to its response using other electrodes. The peak widths at half max for 

cyclic voltammograms of cytochrome c adsorbed to ITO used here was determined to be 

89 mV, comparable to that of cytochrome c on glassy carbon (ca. 90 mV), a relatively 

homogeneous electronic surface, under similar conditions.This suggests that 

electronic environments experienced by a 30 x 30 A molecule on an ITO surface are no 

more varied than those found on a carbon electrode. A broader peak width such as those 

measiured for cytochrome c on tin oxide electrodes and gold electrodes modified with self 

assembled monolayers, resulted in much larger peak widths: 125 mV and 140 mV, 

respectively,^^"^^ would indicate the presence of more electronic environments. The 

results shown here suggest that the ITO used in these studies provides a comparable or 

superior platform with regards to energetic homogeneity, to many electrodes commonly 

used in the study of metalloproteins (see Table 6.1). 

43.4. Transmission Spectroelectrochemistry of ITO 

The EA-TIRF ITO films were characterized using spectroelectrochemistry to 

determine the spectral window of the film. In addition, the optical quality of the ITO film 

was investigated as fimction of potential to establish the potential range in which the ITO 

was transparent. Figure 4.13 shows the absorbance spectrum of an ITO film. The figure 
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demonstrates that, relative to a fused silica background, ITO transmits 97 % of 800 nm 

light and 18% of200 nm light. The spectrum also indicates that the imaginary portion of 

the refractive index, k, is greater than zero below ~ 800 nm (ca. 17 at 300 nm). The 

spectral window determined to be ca. 500 nm (where a minimum of 50 % of the incident 

light is transmitted), spans the entire visible region. This window agrees well with 

literature reported values,'"^ and includes wavelengths that correlate to the absorption 

energy bands of many metalloproteins (400 - 600 nm). 

Reduction of the ITO decreases the spectral window described above. Figure 

4.14 shows the absorbance spectra of ITO as it is held at increasingly negative potentials. 

In the figure, the blank for the absorbance spectra was taken using oxidized ITO (ITO 

that had not been held at potentials more negative then -500 mV versus a Ag/AgCl 

reference electrode) therefore, the figure represents 'difference spectra'. The figure 

indicates that the ITO begins to absorb light, and thus the spectral window of the film 

begins to degrade at potentials greater than ca. -1100 mV. Further degradation continues 

to ca. -1900 mV. Upon reduction, a shiny opaque film forms on the surface of the 

substrate, presumably this film is the reduced metallic In and Sn. Electrochemically, the 

reduction of ITO and the formation of the opaque film are irreversible, although He et 

al}^^ suggest that annealing under an oxygen atmosphere will restore transparency, the 

reduced substrates in the experiments presented here were not used in further spectral 

experiments. 

Two distinct absorption peaks are seen in Figure 4.14. The first at ca. 350 nm and 

the second at ca. 238 nm. These two peaks increase in size as the ITO is further reduced. 
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Figure 4.13: Absorbance spectrum of 25 nm ITO deposited on a fused silica substrate 
taken (in air) relative to a bare SiCh substrate. The spectrum shows that the imaginary 
portion of the refiractive index, k, of ITO, increases at shorter wavelengths. 
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Figure 4.14: Absorbance spectra of the EA-TIRF substrate ITO fihn as a function of 
potential (pH 7, 5 tnM phosphate buffer). The spectra show that absorbance of the ITO 
film increases as the potential of the film is stepped to sequentially negative potentials. 
At ca. -1100 mV, the In203 and SnOa begin to r^uce and consequently absorb light, 
reducing the spectral window of ITO. 
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indicating the existence of two reduction processes. As the potential is held to more 

negative points, the peaks reach a maximum absorbance and then taper in intensity. The 

formal potentials of the two reduction processes were determined by obtaining the 

derivative of the absorbance value, at the respective peak maximum, as a flmction of 

potential. Figures 4.15 and 4.16 are plots of the absorbance responses of ITO at 350 nm 

and 238 nm, respectively, as a function of potential. The insets, in Figures 4.15 and 4.16, 

are the derivatives of the absorbance potential plots. The insets indicate that the formal 

potential of the initial reduction process is ca. - 1150 mV, and the formal potential of the 

second reduction process is ca. -1200 mV. 

The formal potentials determined in the electrochemical reduction of ITO 

correlate to the reduction of SnOs and In203, respectively. The measured formal 

potentials for the two reduction processes correlate with literature values of the reduction 

of In203 and Sn02 to their metallic states. The two reduction processes and their reported 

formal potentials are shown below; 

Sn02(s) + H2O + 4e- -» Sn(s) + 40H- E°'= -1142 mV (3.1) 

In203(s) + 3H2O + 6e* — 2In(s) + +60H- E°'= -1231 mV (3.2) 

The formal potentials above'are reported relative to a Ag/AgCl reference electrode. 

The values are within ca. 30 mV of the measured potentials. 
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Figure 4.15: Plot of absorbance of ITO at 350 nm as a function of potential. The inset 
is the derivative of the first plot of this data and indicates a E° t of -1150 mV for this ITO 
in pH 7, 5 mM phosphate buffer. 
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Figure 4.16: Plot of absorbance of ITO at 238 nm as a function of potential. The inset 
is the derivative of the first plot and indicates a E° i of-1200 mV for the ITO in pH 7, 5 
mM phosphate buffer. 
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4^.5. XPS Studies on the Reduced Form of ITO 

XPS studies were perfonned to characterize the molecular surface chemistry of 

the EA-TIRF substrate ITO films. Figures 4.17 and 4.18 show the XPS spectra of the In 

3d3/2 and 3ds/2 and the Sn 3d3/2 and 3ds/2 emission peaks, respectively for reduced ITO 

(held at ca. 1100 mV for 3 minutes). Figure 4.17 indicates that in addition to the IniOa 

and the other oxide form of In (see earlier discussion Section 4.3.1 .d), the surface of the 

reduced form of the ITO also contains In(s) (440.6 eV). The In 3ds/2 peak consists of 3.6 

% In(s) indicating that 3.6 % of the surface indium is in the metallic form . In203 still 

makes up the majority of the peak (74 %) while the other form of indium oxide 

comprises the rest (22 %) of the peak.'^° The latter value suggests that IniOs on the 

surface was reduced to both In(s) and another form of indium. Figure 4.18 indicates that 

Sn(s) is also formed on the ITO surface. The absorbance at 481.6 eV, of the Sn 3ds/2, line 

designates the presence of tin metal. It composes 6.3 % of the Sn 3ds/2 emission peak 

while SnOa comprises the remaining 93.7 % of the surface ITO response. The ratio of 

indium metal to tin metal was determined to be ca. 2:1. Compared to the total molecular 

response ratio of indium to tin above, the data indicate that ca. 3 % more of the relative 

molecular tin than molecular indium on the surface is converted to metal. This seems 

reasonable considering the reduction potentials of the two metals. 
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Figure 4.17: a) XPS spectrum of the In 3d3/2 and 3ds/2 emission peaks for reduced EA-
l lKF substrate ITO fihn at 449.8 and 442 eV, respectively. B) The deconvolved In 3d5/2 
emission peak. The peak maximum at 442 eV results from the presence of Sn02 and 
Sn(s) at 442 eV and 441 eV, respectively. 
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Figure 4.18: a)XPS spectrum of the Sn 3d3/2 and 3ds/2 emission peaks for reduced EA-
TIRF substrate ITO film at 493 and 484 eV, respectively. B) The deconvolved Sn 3ds/2 
peaks. The peak maximum at 442 eV results from the presence of Sn02 and Sn(s) at 485 
eV and 482 eV, respectively. 
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The results of the XPS studies reported above help explain the findings of the 

electrochemical studies of the reduction of ITO. The addition of the tin to the IniOa 

results in n-doping of the biaOs lattice by increasing electrons in the conduction band. As 

would be expected, the formal potential for the reduction of SnOaCs), -1150 mV, relative 

to that of In203(s), -1200 mV, indicates that the SnOaCs) is more easily oxidized. This 

explains why the ratio of metallic tin relative to molecular tin is greater than that for 

indium in the reduced ITO. The results show that only a small amount of the In and Sn 

were reduced to their metallic form. The poor conductivity of the films and finite amount 

of time that it was held at a negative potential most likely prevent greater surface 

reduction. 

4.4. Conclusions 

Spectroelectrochemical studies of the EA-TIRF substrate ITO films indicate a 

spectral window of ca. 300 nm - 800 nm having a minimum of SO % transmittance that is 

stable over a large potential range. In addition, ITO was shown to be electrochemically 

silent over a significant potential range (ca. 1 V)- Table 4.1 lists some commonly studied 

redox active proteins and their formal potentials on various electrode materials. From the 

literature, a reasonable working potential range could be concluded to be ca. -500 mV to 

+ 500 mV. The results here show that the ITO films used here are an acceptable working 

electrodes and redox partners for cytochrome c and other metalloproteins within the 

required potential and wavelength limitations. 
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Table 4.1: Formal Potentials for Commonly Studied Redox Active Metalloproteins 

Protein Formal Potential vs 
Ag/AgCl 

Redox Active Partner 

Ferredoxin -0.6 V Rotating Disk Electrode 
Myoglobin'"" -0.1 V Indium Oxide 
Plasocyanin'*'' -0.6 V Polished Graphite 

Cytochrome c'^' -0.1 V SAM modified Gold 
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An RMS roughness of 1.1 nm was measured for ITO by AFM. Further studies 

confirmed that the cleaning procedure for the ITO films was in no way detrimental 

to their surface roughness. The images obtained of the substrates corresponded well to 

images found in the literature, the siurfaces appearing to be composed of particles, that are 

most likely polycrystalline. The substrates were shown to be homogenous in particle size 

and spacing, with the exception of two anomalies, ridge-like and spherical clumping 

aggregations. However, the characterization of the surface morphology of the ITO films 

suggest that these substrates to be of adequately low roughness for the purposes of the 

orientation distribution experiments as described in Chapter 2. 

Studies of the reduction of ITO suggest two reduction processes for the ITO 

siurface. Their formal potentials were measured to be -1150 mV and -1200 mV, and 

correlate well with the literature reported values for the reduction of Sn02(s) and InzO^Cs) 

to Sn(s) and In(s), respectively. This was supported by XPS studies. The resulting 

siuface metals cause the transparency of the ITO films to degraded dramatically. 
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CHAPTERS 

CHARACTERIZATION OF METHYLENE BLUE FILMS 
USING EA-IOW AND EA-TIRF PLATFORMS 

5.1. Introduction 

5.1.1. Motivation 

Traditionally, orientation distribution measurements have been performed using 

both modified and unmodified Si02 substrates.^^ However, the addition of the 

electroactive ITO semiconductor to the substrates used here added a dimension of 

complexity, described in Chapter 4, section 4.1.2, which necessitated the further 

characterization of the EA-IOW and EA-TIRF techniques. Thus, prior to their 

implementation, a model electroactive film was used to demonstrate the feasibility of 

measuring the orientation distributions on an electroactive substrate. This chapter 

describes the selection of the electroactive model film fix>m several small, fluorescent, 

redox active dyes and its application to the EA-IOW and EA-TIRF 

5.1.2. Previoas Use of Dyes in Spectroscopic Studies 

Historically, small dyes, whose chemical behavior was well understood, have 

been used as models to characterize spectroscopic systems including those where surface 

interactions were of interest. For example, M. Wirth has used acridine orange 

extensively to characterize lateral diffiision along a water/hydrocarbon interface as well 

as to investigate micellization.'^^*'^ Itoh and Fujishima used methylene blue as a proof 

of concept model for one of the earliest electrochemically active, planar optical 
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waveguides/*^ Second harmonic generation'^^ and the study of ultra thin films formed by 

electropolymerization'^*^ are two of several other spectroscopic studies, employing dyes 

as a means of system characterization. The following chapter details the selection, the 

characterization and the determination of the orientation distribution of a model dye 

(methylene blue) using the EA-TIRF and EA-IOW experiments. 

5.2. Experimental 

5.2.1. Reagents and Materials. 

Methylene violet, methylene green and methylene blue were purchased from 

Sigma Chemical Co.. Purified water (18.2 MQ) was obtained from a Bamstead 

purification system. The indium tin oxide (ITO) electrodes, the EA-TIRF and the EA-

IOW platforms were vacuum sputtered according to the procedure described in Chapter 4 

(Section 4.2.1) onto fused silica (Dynasil) and soda lime glass slide, respectively. 

5.2.2. Procedures 

5.2.2.a. Recrystallization of Dyes 

Methylene violet and methylene green were recrystallized by dissolving the solid, 

crystalline dye, as purchased, in a minimal amount of boiling ethanol (ca. 3 ml ethanol/ 

ca. 30 mg dye). After dissolution, the solutions were immersed in an ice bath. 

Bamstead purified water was added in minimal quantities (ca. 0.1 ml to I ml) to facilitate 

the precipitation of the dye from solution. Methylene blue was recrystallized according 

to the same procedure, however isopropanol was used instead of water. After the dye 
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crystals were collected by vacuum filtration through a Whatman paper filter, they were 

dried and stored under argon. Dye solutions used in experiments here were made by 

sonication of the dye in 25 mM phosphate buffer. 

S.2.2.b. Electrode/Substrate Cleaning and Preparation 

ITO substrates were cleaned in alternating 10-15 minute sonications of dilute 

Triton X-100 solution (diluted to ca. 0.01 % by volume) and water. If residual index 

matching fluid persisted on the surface after these cleanings (when rinsed with water, the 

water did not sheet over the surface of the substrate), the substrates were scrubbed with 

cotton and rinsed in ethanol. The initial cleaning sequence in dilute Triton X-100 and 

water was then repeated. After cleaning, substrates were equilibrated in 25 mM 

phosphate buffer, pH 7. The EA-TIRF slides and ITO used for the electrochemistry were 

equilibrated for a minimum of 5 hours prior to use. The EA-IOWs were equilibrated for 

a minimum of two days. 

5.2.2.C. Eiectrociieniistry 

Cyclic voltammetry of the dye solutions was performed using a Cypress Systems 

CS-1090 potentiostat. In ail cyclic voltammetry experiments of methylene green, 

methylene violet and methylene blue, ITO was the working electrode (as shown in Figure 

4.1). A Ag/AgCl (BAS) reference electrode and a platinum wire were used as the 

counter electrode. All electrochemical experiments were performed in the cell shown in 

Figure 4.3. The electrochemical responses of the dyes were probed under ambient 
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conditions over a 100 to -700 mV range at 20 mV/sec. All electrochemistry experiments 

were performed in 25 mM, pH 7 phosphate buffer solutions that had been degassed by Ar 

orNa. 

5.2.2.d. EA-TIRF Experimeiits 

The fluorescence anisotropy measurements of methylene blue were performed in 

the flow cell described in Chapter 2, Section 2.3.2.a. The experiments were carried out 

using a 2 solution of methylene blue in 5 mM, pH 7 phosphate buffer according to 

the procedure described in Chapter 2, section 2.3.2.c. The emission fluorescence was 

filtered using an Omega Optical 690 DF40 excitation filter. 

The adsorption isotherm for methylene blue on an ITO substrate was collected by 

the addition of sequentially higher concentrations (2 to 1.2 mM) of methylene blue to 

the ceil. The fluorescence measurements were made while the methylene blue solutions 

were in the cell. The excess solution was removed from the cell after each measurement 

was made, but the cell was not rinsed with buffer prior to the addition of the next 

methylene blue solution (of higher concentration). The experiment was performed in this 

manner to prevent perturbation of the optical setup in between sequential measiu-ements. 

5.2.2.e. EA-IOW Experiment 

The linear dichroism experiments were performed in the flow cell described in 

Chapter 2, Section 2.4.2.a. The methylene blue was probed using orthogonally polarized 

light from a MWK Industries 13 - 14 mW, polarized, helium neon laser. Prior to 

introducing the methylene blue into the cell, a blank was taken using only 5 mM, pH 7 
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phosphate bu£fer. A 2 ^M solution of methylene blue was added to the cell via a 

peristaltic pump at a flow rate of 4.25 ml/hr. The solution remained in the cell during the 

linear dichroism measurements. Both the blank and the sample were probed using the 

following polarization sequence; TE, TM, TM, TE or TM, TE, TE, TM. The outcoupled 

spot was filtered with a polarizer and detected using a photodiode. Details on the optical 

setup for the EA-IOW experiment are described in greater detail in Chapter 2, Section 

2.4.2. 

5.2.2.f. Measurement of Gamma for Methylene Blue 

Gamma (the angle between the adsorption and emission dipole of a luminescent 

molecule) was determined for methylene blue by dissolving 3 ^M methylene blue in 

glycerol. The solution was 97:3 (v/v) of glycerol/methylene blue. The polarized 

fluorescence emission of the solution was measured using a fluorometer (Instruments 

S.A. FluoroMax - 3 spectrofluorometer). The ratio of vertical/horizontal polarized light 

detected by the instrument for a sample having a matrix composed of isotropically 

oriented fluorophores, or the polarization bias of the instrument, was determined using a 

1 ^M solution of rhodamine b labeled dextran (10,000 MW, Molecular Probes, Eugene 

Oregon). The ganmia value, y, was then calculated according to equation 5.1, where ro is 

the anisotropy of the value. 

= ' (5.1) 
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53. Results and Discussion 

53.1. Characterization of Model Dyes 

Figure 5.1 shows three dyes investigated as potential model probes: methylene 

green, methylene violet and methylene blue. These small redox active dyes differ only 

by one functional group and all have a linear dipole. The dyes were studied to 

distinguish the candidate with the largest Stokes shift, quantum yield and most well 

behaved electrochemistry in a potential window that lies within that of the ITO. The 

following describes the results of their characterization. 

Table S.l describes the spectroscopic and electrochemical results obtained 

from the characterization of the three dyes in pH 7, 25 mM phosphate buffer. Although 

the absorption and emission spectra of methylene violet have a reasonable Stokes shift, 

and it was electroactive within the potential window of the ITO, it was unsuitable as a 

model dye. The methylene violet showed no appreciable adsorption affinity for the ITO 

surface. As a result, the current density for methylene violet at the electrode surface was 

small compared to methylene green and methylene blue, demonstrating relatively poor 

sensitivity. In addition, the cyclic voltammetry of methylene violet indicated an 

electrochemically irreversible system. 

Methylene green was fluorescent and exhibited a significant Stokes shift (30 nm). 

The electrochemistry of the molecule, however, showed poor reversibility. The cyclic 

voltammogram indicated that two electrochemical products were produced, the first due 

most likely to the reduction of the nitro group and the second to the reduction of the 

conjugated ring pi-system. Only the second electrochemical product exhibited reversible 
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Figure 5.1: Phenothiazine class dyes investigated as potential molecular models for the 
EA-IOW and EA-TIRF systems. 
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electrochemical behavior. Although methylene green showed a significantly higher 

current density than methylene violet, the poorly behaved electrochemistry eliminated it 

as a possible model dye. The final dye, methylene blue, which was used in 1988^ as a 

model system, exhibited optimal characteristics of the three investigated here. 

5.3.2. Methylene Blue 

In the past several decades, methylene blue has become ubiquitous throughout the 

world of chemistry and medicine. It is used extensively as a biological stain in cell, 

bacteriophage and DNA research'^^*'^', and it is well known as a redox indicator, a role in 

which it is featured in the Blue Bottle Experiment.''*"'''" Remarkably, methylene blue has 

also established a reputation for its medicinal applications, some examples of which 

include the administration of methylene blue as a substitute for flavoprotein in patients 

suffering from encephalopathy'^^ and as a cure for '*blue people". The latter is a 

condition in which human beings who lack the enzyme NADH diaphorase, turn blue. 

Ingestion of methylene blue returns the skin pigment of blue people to a normal 

143.144.145 appearance. 

Methylene blue is a phenothiazine dye having relatively simple electrochemical 

and spectral properties that lend themselves to the characterization of the complex 

spectroelectrochemical experiments being developed here. Figure 5.2 shows a diffusion 

controlled, conventional cyclic voltammogram of a 134 methylene blue in 25 mM 

phosphate buffer, pH 7. As seen in the figure, methylene blue exhibits very well 

behaved, quasi-reversible electrochemistry. Figure 5.3 shows the absorption and 
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Table 5.1: Electrochemical and spectroscopic responses of methylene green, methylene 
violet and methylene blue in 25 mM, pH 7 phosphate buffer. The electrochemical 
responses were obtained using ITO as the working electrode vs. a Ag/AgCl reference 
electrode. 

Dye A„^' Emax' 
Formal 

Potential, E°', 
(mWf 

Epc-Epa 
imV)" 

Cathodic Peak 
Area 

(C/Molecule) 
Methylene 

Violet 
611 653 

-408 146 8.23 X lO*^"* 

Methylene 
Green 652 682 -281,-135 50.5, 122 1.13 X 10-^ 

(peak 1) 
Methylene 

Blue 662 683 -312 53.5 1.46 X 10-" 

' Amax indicates the wavelength of the absorbance maximum for the dye molecules. 

^ Eniax indicates the wavelength of the fluorescence emission maximum for the dye 
molecules. 

The formal potential is reported relative to a Ag/AgCl reference electrode. 

Epc-Epa is the separation in mV between the peak of the cathodic wave and the peak of 
the anodic wave in the electrochemical responses of the dye molecules. 
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Figure 5.2: Diffusion controlled cyclic voltammogram of 134 |xM methylene blue at an 
ITO working electrode, in pH 7, 25 mM phosphate buffer relative to a Ag/AgCl 
reference electrode at a scan rate of SO mWsec. 



167 

n  3 x 1  0 '  

>• 

(O 
c 

2 x 1 0 '  

-  1 x 1 0 '  —  

UJ 

5 5 0  5 7 5  6 0 0  6 2 5  6 5 0  

W  a  v e  l e  n  g  t h  ( n m  )  
7 0 0  

Figure 5.3: The normalized absorbance (solid line) and emission (dashed line) spectra of 
a 2 nM methylene blue solution in 25 mM phosphate buffer (pH 7). 
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emission spectra for methylene blue, obtained in 25 mM, pH 7 phosphate buffer. As 

indicated by the spectra, methylene blue is blue in its reduced form. The molecule is 

colorless when it is oxidized. There is some overlap between the absorption and 

emission spectra. This indicates that, if in close physical proximity to one another, 

energy transfer can occur between the molecules. Energy transfer can prove problematic 

in orientation distribution measurements because inaccurate polarization dependent 

intensities can result, thus leading to false meastvements of the film being probed. 

53.3 Characterization of Surface Bound Species 

Energy transfer between surface-bound analyte and the adsorption behavior of the 

analyte must be characterized to recover accurate fluorescence and adsorption 

measurements, and thus accurate orientation distributions. If these characteristics are not 

well understood, for example if energy is transferred from an excited molecule to one in 

the ground state rather than fluorescing or if the analyte desorbs from the surface, 

erroneous measurements may result. Therefore, before orientation distribution 

measurements are performed, the surface density at which energy transfer begins to occur 

(if it is occurring) must be identified, and fluorescence experiments must be carried out 

below that surface density. In addition, the analyte should be characterized to ensure that 

it will not desorb from the surface if the bulk solution concentration is removed. If a 

desorption equilibrium exists which requires bulk solution concentration to remain in the 

cell to maintain a Gibbs surface excess, then the bulk solution concentration must be 

characterized. The latter is performed to determine the concentration at which the 
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dissolved molecules in solution begin to contribute to the fluorescent signal of surface-

bound molecules. 

Figure 5.4 represents an ideal situation of the factors described above. The figure 

is a plot of the evanescent field established at the surface/solution interface for 633 nm 

light undergoing total internal reflection in a 25 nm ITO/fused silica structure in contact 

with an aqueous medium. The figure, in which the molecular film is not drawn to scale, 

shows a Gibbs excess on the surface of the ITO and a bulk concentration whose 

fluorescent signal concentration is negligible relative to that of the molecular film. 

The overall charge on a methylene blue molecule is +1 at pH 7. Assuming that the 

primary interaction of the methylene blue and the ITO is electrostatic, the adsorption 

coefficient of methylene blue onto a negatively charge ITO surface (pka < 4) was 

h>pothesized to be energetically favorable. Further analysis of the adsorption profile of 

methylene blue on ITO was performed to determine an appropriate solution concentration 

that would result in the 'best-case' scenario described in Figure 5.4. The results were 

used to establish a deposition solution concentration of methylene blue that results in a 

surface density where no energy transfer occurs between adsorbed. 

53.4. Adsorption Isotherm of Methylene Blue 

5.3.4.a. Characterization Using a Langmuir Model 

Figure 5.5 (squares) shows the adsorption isotherm obtained for methylene blue 

on an ITO surface in 25 mM phosphate buffer, pH 7. The data that results from the 

fluorescence of the surface bound molecular film can be modeled with a Langmuir model 
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Figure 5.4: Plot of the electric field intensity as a function of distance, z,, from the 
substrate interface, where z-, = 0, at the ITO substrate/buffer interface. The evanescent 
field was calculated at 633 run with an incident angle of 49.1* (calculated using a ray 
optics model of the ITO/solution interface), a refractive index of n = 1.921 was used for 
the ITO and n = 1.33 was used for the aqueous solution. The stars represent the 
methylene blue molecules (not to scale) on the surface and in solution. 
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kcF 
F = (5.2) 

(1+kc) 

where F is the fluorescence, k is the adsorption coefficient, c is the concentration, and 

Fniax is the fluorescence maximum (the fluorescence intensity for a film of methylene blue 

of the highest surface density possible for the given conditions). For the purposes of this 

experiment, it is assumed that Fmax is equivalent to a full monolayer, Ff. of methylene 

blue. An adsorption coefficient of 7.0 x 10^ ± 4 x 10^ was calculated for the adsorption 

of methylene blue on ITO. Using this value for k and the assumption stated above, 

equation (2) can be rewritten in terms of fractional surface coverage of methylene blue at 

a specific concentration, Ci, where 0 = fi/TF, and F j is the surface coverage of methylene 

blue at concentration Cj. Equation (5.2) then becomes. 

kci = ® (5.3) 
(1-0) 

0i, the fraction of methylene blue on the surface at a specific concentration can now be 

calculated. 

0i at a 2 |xM bulk concentration of methylene blue was determined to be 1.4 ± 0.9 

% of a fiill monolayer, which correlates reasonably well with the 4 % of a monolayer 

calculated electrochemically.'^ A Gibbs free energy of — 22 kJ/mol was calculated using 
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Figure 5.5: Adsoqjtion isotherm of methylene blue at an ITO/fused silica substrate in 25 
mM phosphate buffer, pH 7. The curve represented by squares is the adsorption isotherm 
fluorescence intensity response and can be defined by two components. The curve 
represented by circles is the linear response due to evanescent field excitation and the 
curve represented by the triangles is the response due to excitation by scattered light, as 
described by Hlady et. al..'^ 
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Figure 5.6: Adsoqition isotherm for methylene blue adsorbed on to ITO surface in 25 
mM phosphate buffer, pH 7. A Langmuir model was applied to the fluorescent signal 
indicating a linear response with increased concentration (circles firom Figure 5.5) and 
represents a concentration range of ca. 2 ^M to 120 |iM. 
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the adsorption coefficient above. This indicates that the adsorption of methylene blue 

onto the ITO surface is a favorable process. These results also indicate that if a 2 iiM bulk 

concentration of dissolved methylene blue remains in the cell during an EA-IOW TIRF 

experiment, the surface concentration will be ca. 8.48 x 10''^ pmol (see 5.3.6.b. for the 

calculation of the methylene blue molecule size), therefore, on a surface area of ca. 1.5 

cm^, the methylene blue molecules are sufficiently spaced to prevent energy transfer. 

5.3.4.b. Analysis of Adsorption Isotiierm 

The data from the adsorption isotherm can be deconstructed into two curves, 

illustrated in Figure 5.5. From the measured curve (the squares in the figure) a linear 

response that adheres to Beer's Law'"*^ (the circles) can be recovered as well as a curve 

that, as shown in the figure, increases initially and then levels to a plateau (the triangles). 

Two perspectives from which to consider the adsorption isotherm data follow. The first 

is to assume that the background contribution due to scattered light is negligible, and that 

at higher concentrations the molecular surface concentration becomes saturated. Under 

these conditions, the increase in signal at the higher concentrations can be attributed to 

the dissolved methylene blue in solution that lies within the evanescent field volume. 

Thus, using a Langmuir isotherm, the solution concentration of methylene blue where a 

full or saturated monolayer exists, can be determined. A slope for the data above this 

concentration can be determined and the evanescently excited solution portion of the 

fluorescent signal can be subtracted from the curve. The remaining curve, the triangles in 

Figure 5.5, would be the result of the adsorption of the methylene blue molecules to the 
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surface. The increase and eventual leveling off of this signal would indicate the 

saturation of the surface. 

A second perspective in which to consider the data would be to assiune that the 

signal due to the adsorption of the methylene blue molecules to the ITO surface is 

negligible (or comparable) to that of the scattered light-induced signal, or the 

background. In this second scenario, the linear increase in the signal at the higher 

concentrations would be due to the evanescently excited methylene blue in solution and 

that adsorbed to the surface. Again, the slope of this linear portion could be determined 

and it could be subtracted from the curve. In scenario two, this remaining curve (the 

triangles) would not be due to the background signal. This second scenario was 

investigated and characterized by Hlady, who used an external non-adsorbing standard 

to quantify the scatter-excited fluorescence or background signal in the cell. 

However, the complex nature of the ITO'^° surface makes it a molecularly 

"sticky" surface. In the studies performed here, even dextrans, hydrophilic biologically 

inert molecules whose poly-(a-D-l,6-glucose) linkages leave the molecule with no 

siurface sites that would be chemically active on most surfaces, were found to adsorb to 

ITO. Thus, the use of a non-adsorbing external standard was not a possibility. Therefore, 

the fluorescent signal that results from scatter-excited molecules and that results from 

evanescently excited surface-bound molecules is indistinguishable. 

Most likely, the curve resulting upon the subtraction of the linear signal is a 

product of both the background and the adsorbed species; unfortunately the 

predominating factor can not be determined. Considering the latter, the strictest 
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interpretation of the data must be assumed. Only the quantified signal of the 

evanescently excited methylene blue molecules that can be distinguished firom the 

background, the linear portion of the curve (circles in Figure S.S), will be used to 

characterize the surface adsorption of methylene blue. Therefore, the results discussed in 

section S.3.4.a reflect the application of the Langmuir model to the linear portion of the 

curve in Figure 5.5. 

5.3.5 Orientation Distributions of Methylene Blue 

53.5.a Anisotropy and Dichroic Ratio Values of Methylene Blue 

The anisotropy and dichroic ratio values of the methylene blue submonolayer film 

were characterized further using both EA-TIRF and EA-IOW techniques to determine the 

orientation distribution. The value for y was experimentally determined, according to the 

procedure described in Section 5.2.2.f, to be 30.9°. The average fluorescence anisotropy 

value obtained by probing the linear dipole of the molecule was determined to be -0.48 ± 

0.08. The methylene blue anisotropy is the result of fifty independent measurements (n = 

50 spots) on 10 different slides, where outlier data has been discarded by means of the Q 

test.'^^ The dichroic ratio for the same film (measured under the identical conditions) 

was determined to be 1.2 ± 0.4. An average of five TIR spots were monitored per 

waveguide, and a total of 15 spots were used to obtain the results (thus three waveguides 

are represented) where outlying data was discarded using the Q test.^ Three waveguides 

are represented in the data shown here. 
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The anisotropy and dichroic ratio values, which have been corrected according to 

the procedure described in Chapter 2, Sections 2.3.3. and 2.4.3, are consistent with a 

Gaussian model within three standard deviations of the anisotropy value and within three 

standard deviations of the dichroic ratio, as shown in Table 5.2. An average value of 71 

± 8 ° (shown in Figure 5.7) was recovered for the orientation distribution. If the 

anisotropy and linear dichroism values are considered independently, assuming an 

infinitely narrow orientation distribution or a delta function, a mean tilt angle can be 

recovered from each to provide a comparison for the two measurements. The anisotropy 

value indicates an average tilt angle of ~ 84° from the surface normal, in which the linear 

dipole of the methylene blue dye is lying virtually flat on the ITO surface. The dichroic 

ratio indicates a film having a mean tilt angle, 6, is ~ 65°. The lack of correlation 

between the anisotropy and linear dichroism values is reflected also in Table 5.2, where 

86 % statistically relevant combinations of the anisotropy and dichroic ratio values have 

no solution with a Gaussian model. Although the two values are consistent with the 

model, the data also suggests that there is some incompatibility between the two 

measurements. 

5 J.5.b. Appareat Discrepancy of Anisotropy and Dichroic Ratio Values for 
Methylene Blue 

The mean tilt angles recovered from the anisotropy and the linear dichroism 

values, respectively, describe molecular assemblies that differ by ca. 20° in tilt angle. 

When the anisotropy and linear dichroism values were modeled with a Gaussian 

distribution, only 14 % of the possible anisotropy dichroic ratio combinations resulted in 
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Table 5.2: Table of orientation distribution values'* of a methylene blue film, 1.4 % of a 
full monolayer, adsorbed to an ITO surface from a 2 methylene blue solution. The 
anisotropy and linear dichroism values reported below are within three standard 
deviations of the mean.*^ 

Dichroic 

Ratio (p) 

Anisotropy (r) 
Dichroic 

Ratio (p) -0.24 -032 -0.40 
-a48± 

.08 -0.56 -0.64 -0.72 

o
 

b
 

N/S" N/S N/S N/S N/S N/S N/S 

0.4 N/S N/S N/S N/S N/S N/S N/S 

0.8 N/S N/S N/S N/S N/S N/S N/S 

1.22 ±0.4 66 ±7 N/S N/S N/S N/S N/S N/S 

1.6 69 ±7 72± 14 N/S N/S N/S N/S N/S 

2.0 71 ±7 71 ±7 N/S N/S N/S N/S N/S 

2a 

'l ̂  -- ! 

73 ±6 7 2  ± 7  N/S N/S N/S N/S N/S 

No solution. The two values are inconsistent with a Gaussian model and do not 
produce an orientation distribution. 

Surface measurements performed on ITO indicated the roughness of the ITO results 
causes distribution of 5° (See Chapter 4, section 4.3.l.b.). Therefore a minimum 
distribution of 5° was imposed on the data shown here. 
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Figure 5.7: Gaussian distribution for a methylene blue film, 1.4 % of a full monolayer, 
on ITO adsorbed from a 2 methylene blue solution, in a pH 7, S mM phosphate 
buffer solution. The Gaussian distribution represents a 71 ± 8 ° orientation distribution, 
an average of the solutions shown in Table 5.2. 



180 

a distribution that was consistent with a Gaussian model. The apparent inconsistency 

between the anisotropy and dichroic ratio values acquired on identically prepared 

molecular assemblies suggested that a discrepancy existed between the anisotropy and 

dichroic ratio measurements. 

There are several possible explanations for the apparent discrepancy between the 

measured anisotropy value in the TIRF experiment and the measured dichroic ratio value 

in the linear dichroism experiment. First, the distribution of the film may not be 

Gaussian. Second, the difference could simply be a reflection of two, dissimilar systems. 

For example, because the same substrates (having an ITO film as the top layer), solvent 

systems and analyte were used, an assumption was made that the two experiments were 

probing identical systems. However, besides the ITO film present on each substrate (and 

sputtered under matching conditions), the substrates used in the EA-IOW and EA-TIRF 

experiments were physically different structures. 

There was a single known difference between the methylene blue films on the 

EA-IOW structures and the EA-TIRF structures, their response to the respective methods 

in which they were probed. While in the linear dichroism experiment, a single photon 

event, absorption, occurs, in the anisotropy experiment, a two photon event, absorption 

and emission, occurs. A likely possibility is that orientation-dependent quenching 

occurred. During the excited state lifetime of the methylene blue, before the second 

photon event fluorescence occurs, the molecule was quenched by the ITO. This would 

happen if the LUMO level of the methylene blue molecule was higher in energy than the 

conduction band of the ITO. In such a case, before the excited state electron fluoresces. 
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it is transferred to the ITO via another energy process, such as tunneling. The 

ramifications of this would be manifested in the absolute and relative TE and TM 

measured intensities, depending on the quenching efficiency in each polarization. This 

latter explanation was the investigated in the following sections. 

5.3.6. Fluorescence Anisotropy of Methylene Blue on Fused Silica 

In light of the discrepancy between the dichroic ratio and the anisotropy value, a 

second experiment was performed to address the experimental concerns described in 

Section 5.3.5.C. Because the dichroic ratio values corresponded to previous data,'^° the 

fluorescence experiment was investigated. A model surface was selected for the platform 

of these investigations in which identical fluorescence measiurements were performed. 

Fused silica was chosen as the platform in the control experiments because aspects of its 

surface are similar to the surface of ITO. For example, Si02 is molecularly smooth 

relative to a methylene blue molecule as is the surface of ITO,'^' and the two surfaces are 

of similar charge, i.e. negative, at pH 7. However, unlike ITO, fused silica is not 

conductive and thus, any potential energy transfer phenomena between the film and 

substrate (mentioned in the section above) are eliminated. 

An adsorption isotherm of methylene blue on fused silica was measured to 

determine if the adsorption characteristics of the molecule were comparable on both 

surfaces. The adsorption isotherm shown in Figure 5.8 correlates well with methylene 

blue adsorbed to ITO, indicating that, as hypothesized, the adsorption is similar on both 

substrates. The adsorption isotherm of methylene blue on fused silica can be modeled as 
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a Langmuir isotherm. Using the latter, an adsorption coefficient of 3.7 x 10'* is 

recovered. The adsorption data further indicate that a partial monolayer of about 7 ± 2.4 

% of a full monolayer exists on the fused silica surface with 2 methylene blue 

dissolved in the bulk solution. 

The Gibbs Free energy of adsorption for this submonolayer film was calculated to 

be ca. -27 kJ/mol. Thus, the data suggest that, with the exception of a slightly higher 

surface coverage, the adsorption of methylene onto fused silica is, thermodynamically, 

very similar to that of the adsorption of methylene blue onto ITO. The similarity of the 

adsorption profiles suggests that the modes of adsorption are also comparable. The 

results of the TIRF experiment, performed on fused silica, indicate an anisotropy value of 

-0.19 ± 0.03 for the methylene blue film (n = 13 measurements on 3 TIRF substrates). 

Assuming a delta function distribution, this value gives rise to an average orientation 

angle of ~ 63°, a value that correlates well to the measured dichroic ratio of methylene 

blue adsorbed to ITO. Considering that the primary interaction between the methylene 

blue and both the fused silica and the ITO substrates is electrostatic, a reasonable 

conclusion could be made; the orientation distribution of the methylene blue molecule on 

each surface is similar due to the similar surface environment offered by each substrate. 

5.3.6.a. Orientation Distribution of Methylene Bine on Fused Silica and ITO 

A Gaussian orientation distribution of surface-adsorbed methylene blue, using the 

anisotropy of methylene blue adsorbed to the control surface, fused silica, and the 

dichroic ratio of methylene blue adsorbed to the ITO layer of the EA-IOW, was 
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Figure 5.8: Adsorption isotherm for a methylene blue film (ca. 7 % of a full monolayer) 
adsorbed from a 2 ^M solution onto a fused silica surface in S mM phosphate buffer, pH 
7. The isothemi is modeled with a Langmuir model. 
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calculated. Table 5.3 shows the results of modeling the means of the two values with a 

Gaussian distribution to within one standard deviation. As can be seen from the table, the 

two values correlate well with each other and produce an average orientation distribution 

of ca. 65 ± 8". The orientation distribution of methylene blue adsorbed to fused silica and 

ITO is shown in Figure 5.9. The average angle of the distribution, 66°, in terms of 0 (as 

shown in the inset of Figure 5.9), represents the mean tilt angle of the molecule with 

respect to both the silica and ITO surfaces. 

At pH 7, the methylene blue molecule has a charge of+l and the ITO and fused 

silica surfaces are negatively charged. Assuming that the primary mode of adsorption of 

the methylene blue molecules is electrostatic. Figure 5.10 illustrates the three possible 

configurations in which the molecule could be adhered to the surface. The resonance 

characteristics of the pi bonds in the structure result in three transition dipoles in the 

symmetric molecule. Two dipoles exist where the positive charge is located on the 

nitrogen at the end of the molecule, and one dipole exists where the pi bond is on the 

sulfur in the middle ring. Figure 5.10 shows the adsorption of methylene blue to the 

surface at these sites. Due to steric hindrance of the methyl groups on the amino sites, 

the adsorption of methylene blue through the sulfur atom is probably less energetically 

favorable than the adsorption at the amino sites. An orientation distribution of 65 ± 8° 

would adequately describe the distribution represented in Figure 5.10. 
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Table 53: Table of orientation distribution values' of a methylene blue film adsorbed on 
fused silica (anisotropy value) and ITO (linear dichroism value) from a 2 solution. 
The anisotropy and linear dichroism values reported below are within one standard 
deviation of the mean."^ 

Dichroic 

Ratio (p) 

Anisotropy (r) 
Dichroic 

Ratio (p) -0.16 -0.18 -6.19^.03" -0.21 -0.22 

0.81 61 ±7 61± 12 61 ± 14 61 ±20 61 ±26 

1.02 63 ±6 64±7 64±7 64±7 64 ±9 

l.22±a.4'» 66 ±6 66 ±6 66 ±6 66 ±7 66 ±7 

1.4S 67 ±6 67 ±6 67 ±6 67 ±6 67 ±6 

1.63 69 ±6 69 ±6 69 ±6 69 ±6 69 ±6 

Gaussian orientation distributions expressed as 0 ^ ± 0 o 

^ Measured p and r values (mean ± standard deviation) for methylene blue adsorbed on 
ITO and fused silica, respectively. 

^ Surface measurements performed on ITO indicated the roughness of the ITO results 
causes distribution of 5° (See Chapter 4, section 4.3.1 .b.). Therefore a minimum 
distribution of 5" was imposed on the data shown here. 
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Figure 5.9: Gaussian distribution for a 2 ^M solution of methylene blue adsorbed onto 
fused silica (or ITO) in pH 7, 5 mM phosphate buffer. The figure represents a 
distribution of 65 ± 8°. 
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5.3.6.b. Comparison of Measured Average Tilt Angle with Literature Value 

Higgins et al. reported an average orientation angle for methylene blue of 58°, 

assuming a delta function, at an ethanol/methylene blue - fused silica substrate interface, 

where the ethanol had been dried from the surface prior to the measurement.^ This value 

was determined using second hannonic generation studies and correlates with the results 

of the dichroic ratio measured here. For a better comparison of the two measiu-ements, 

the surface densities of the molecules at the interfaces were considered. Using estimated 

bond distances,a methylene blue molecule can be treated as a cylinder with a diameter 

of 4.2 A and a length of 12.6 A where the molecule is lying flat on the surface. Making 

such assumptions, a theoretical full monolayer coverage of ~ 114 pmol/cm^ can be 

calculated. 

Thus, the film Higgins characterized, which was reported to have an approximate 

surface density of 5 x lO'^ molecules/cm^, corresponds to ~ 73% of a full monolayer. 

This is a much denser film than the 1.4 % of a monolayer of methylene blue adsorbed to 

ITO for the film investigated. However, despite the difference in the siu^ace densities, 

the mode of deposition, the substrate and the phase in which the measurements were 

made (air versus liquid), the data suggest that on negatively charged surfaces methylene 

blue films have comparable mean tilt angles, which indicate the molecule is lying ca. 60-

l(f from the surface normal. 

5.4. Conclusions 

Absorbance profiles of the methylene blue molecules to the ITO and fused silica 

surfaces indicated that, within the sensitivity limits of the measurements, the interactions 
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ITO Surface 

Figure 5.10: A model of the possible adsorption configurations of methylene blue on 
negatively charged ITO or fused silica surfaces. The figure illustrates the resonance 
transition dipoles of methylene blue and the most likely site of adsorption, the positive 
charge on the molecule. The figure corresponds to the measured orientation distribution 
65 ± 8°. 
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of the molecules with ITO or fused silica surfaces are comparable in strength. Further, 

the profiles indicated that the primary mode of interaction of methylene blue with each 

surface is the same, an electrostatic interaction. The correlation between the adsorption 

profiles on each surface was fiuther supported by the Gaussian orientation distributions 

of methylene blue determined using the dichroic ratio for the film on ITO and the 

anisotropy value measured on fused silica described below. A Gibbs firee energy 

measurements of -22 kJ and -27 kJ (for ITO and fused silica respectively). 

Orientation distributions of submonolayer films of methylene blue adsorbed to 

ITO and fused silica surfaces have been successfully measured for the first time. 

Orientation distributions of 71 ± 7° and 65 ± 8° were calculated using a Gaussian model 

on ITO and fused silica surfaces, respectively. Although both systems provide 

reasonable orientation distributions, the latter is more consistent with a Gaussian model, 

suggesting that the fluorescence measurements made on the ITO surface are to some 

extent anomalous. 

The EA-TIRF and EA-IOW experiments performed here indicate that ITO films 

might not be suitable for performing fluorescence measurements on molecules whose 

LUMO energy approaches the Fermi level of the substrate. A more suitable platform in 

such cases would be one that has a high-energy Fermi level relative to the molecule being 

studied. Studies on planar, heme-based protein films were performed to fiirther 

investigate this energy-transfer behavior, and indicated that the use of ITO for such 

molecules does not produce the anomalous results seen here (see Appendix Q. 
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CHARACTERIZATION OF HORSE HEART CYTOCHROME C 
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6.1. Introduction 

Electroactive metalloproteins have been the subject of intense investigation for 

the past several decades/^^''^"* '^^ '^^''^^ " The resulting information concerning the nature 

of these proteins, which are essential to all life processes, has broadened the scope of 

current investigations and prompted more detailed questions with regard to their specific 

method of function. One such focus is the correlation of protein structure with electron 

transfer behavior. This relationship is of particular interest for proteins such as horse 

heart cytochrome c, whose electrochemical and structural properties have already been 

thoroughly characterized, independently of one another. 

This chapter focuses on investigations of horse heart cytochrome c and addresses 

a specific question regarding the structure versus function behavior of the protein. In 

particular, this chapter investigates the orientation distribution of surface bound horse 

heart cytochrome c molecular assemblies that results in a specific electrochemical 

response. The relationship of the electrochemical and the spectroscopic behavior of 

horse heart cytochrome c on the electroactive ITO platforms are independently 

characterized along with the adsorption behavior onto the ITO surface. Finally, the 

orientation distribution measurements of the electroactive cytochrome c films are 

determined. 



Figure 6.1: Ribbon structure of horse heart cytochrome c. 
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6.1.1. Horse Heart Cytochrome c 

Horse heart cytochrome c (Figure 6.1) is a small (12,384 Daltons) water-soluble 

protein that is composed of a single polypeptide chain. The molecule has a prolate 

spheroid shape with axial dimensions of 25 x 25 x 37 The redox active center of 

the protein, the heme moiety, is covalently bound to the peptide chain through thioether 

linkages with the Cysteine 14 and Cysteine 17 amino acids, where the sulfur is bound to 

the a carbon of the vinyl side chains of the porphryin. In the native protein, Histidine 18 

and Methionine 80 are bound as axial ligands to the Fe atom, producing a six-coordinate 

Fe center that is in the low-spin class of heme proteins.'®® There is a large degree of 

interaction between the amino acids and the heme center, therefore the correlation of the 

heme (Fe) oxidation state with the three dimensional structure of the protein is believed 

to be useful in characterizing the morphological change associated with electron transfer 

in the cytochrome c. There exists a wide range of spectroscopic techniques that use the 

heme as a spectroscopic probe for protein conformation/orientation.^ 

An aspect of electroactive proteins that is of interest in this work is their 

interaction with redox active partners and other biological surfaces, many of which are 

believed to be electrostatic in nature. ̂  The surface of cytochrome c has anionic and 

cationic patches, with a net charge of + 9 at pH 7,'^' due in part to the presence of 19 

surface lysine residues. Cytochrome c has an isoelectric point at pH 10. The asymmetric 

distribution of the large number of lysine residues leads to an overall calculated dipole 

moment of325 and 308 Debye for ferri- and ferrocytochrome c, respectively.'®^ The 

angle between the heme plane and the dipole vector is 33° and 34°, respectively, for the 
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ferri- and ferrocytochrome c. In addition, a large positive patch of lysine amino acids is 

positioned around a cleft in the protein structure, in which the heme edge is 

approximately S A from the surface of the protein. This positive patch is hypothesized to 

be the primary mode of interaction between cytochrome c and its biological redox active 

partners.'" 

6.1.2. Motivation for Studying Cytochrome c 

Cytochrome c is an electron transport protein that plays a crucial role in 

respiration, the energy producing biological process that forms adenosine triphosphate 

(ATP). The electron transport chain is located in the inner mitochonidrial membrane 

(Figure 6.2). Cytochrome c diffiises within the inner mitochondrial membrane space 

between two transmembrane proteins, cytochrome reductase (Complex m) and 

cytochrome oxidase (Complex IV), and mediates the flow of electrons between these 

multisubunit complexes. Cytochrome c shuttles an electron from cytochrome reductase, 

where it is reduced, to cytochrome oxidase, where it is oxidized. The large positive patch 

on cytochrome c around the heme cleft, and corresponding negative patches on the 

protein's physiological redox partners, suggest that electrostatic interactions are the 

driving force for the docking of cytochrome 

Identification of the physiological purpose of cytochrome c and the subsequent 

determination of its function in the electron transport chain, by Keilin in 1925,'^ 

prompted questions of how the protein interacts and functions with its redox active 

partaers. Over the past 75 years, the study of cytochrome c has been prolific. The 

protein is robust and capable of reversibly withstanding extreme conditions, including pH 
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Figure 6.2: Schematic of the inner mitochondrial membrane. Cytochrome c is the 
electron transport protein located in the intermembrane space that is responsible for 
shuttling electrons between Complex QI and Complex IV. 
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and temperature.^ Being well characterized and readily available in high purity has 

made cytochrome c very popular in studies of protein evolution, effects of chemical 

modification, structure-function relationships and electron transfer.^ Despite the large 

amount of information published on cytochrome c and other redox active proteins, there 

is still a significant amount of information to be learned about horse heart cytochrome c. 

The results of the investigations of cytochrome c films adsorbed to ITO follow. The 

films were probed using conventional electrochemistry and novel electroactive 

spectroscopic techniques. 

6.2. Experimental 

6.2.1. Purification of Cytochrome c 

Horse heart cytochrome c (Sigma, Type VI) was chromatographically purified 

according to the protocol established by Brautigan et. al..'^^ Purification was done on a 

cation exchange stationary phase (pre-swollen microgranular carboxymethyl cellulose, 

CM-52, Whatman) using a 2 cm diameter column (Knotes), with a bed height of ca. 24 

cm. The stationary phase was conditioned in 0.5 M phosphate buffer, unbuffered (ca. 30 

minutes), solution fines were decanted and the pH was adjusted to 7 (using HCl), prior to 

bed packing. The column equilibration, in pH 7,35 mM phosphate buffer, was 

monitored via eluent conductivity. Once equilibrated, ca. 30 mg slug of cytochrome c 

was loaded onto the column via a flow adapter (Knotes) using a flow of 50 ml/hr (Foxy, 

Jr.). 
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The cytochrome c was separated from the deamidated form using a linear gradient 

of 35 mM to ISO mM phosphate buffer (flow rate of 50 ml/hr). The void volume was 

collected in bulk and discarded. The eluent was monitored with a UV vis detector at 410 

nm (the Soret band peak of cytochrome c). Impurities and deamidated forms of 

cytochrome c elute prior to cytochrome c were eluted prior to cytochrome c and were 

discarded with the void volume. The cytochrome c fractions were concentrated in 5 mM 

phosphate buffer under nitrogen using an Amicon filtration system with a YM 30,000 

filter in place. The cytochrome c concentration was determined using the absorption at 

the Soret band, and the solution was stored at ca. 5° C. 

6.2.2. Electrochemistry of Cytochrome c 

Cyclic voltammograms of the cytochrome c were obtained in a 

spectroelectrochemical cell using ITO as a working electrode, Ag/AgCl as a reference 

electrode (BAS) and a platinum wire as the counter electrode. The voltammograms were 

obtained under ambient conditions using phosphate buffer (10-25 mM as indicated) as the 

electrolyte. The potential scan range was either + 450 mV to -450 mV or +250 mV to -

250 mV. A scan rate of 50 mV/sec was used, unless otherwise noted. The 

electrochemical cell is shown in Figure 4.3 (Section 4.2.4 of Chapter 4). Blank scans 

(cyclic voltammograms of the electrode in buffer with no electroactive species present) 

were obtained in phosphate buffer. Diffusion-controlled cyclic voltammograms of 

cytochrome c were obtained following the equilibration of a 35 cytochrome c 

solution in the cell for 10-15 minutes. Adsorption-controlled cyclic voltammograms of 
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cytochrome c were obtained by the subsequent removal of the cytochrome c solution 

from the electrochemical cell. The cell volume was filled and rinsed three times with 

phosphate buffer solution leaving the adsorbed film. 

The electrochemistry of mixed Zn/Fe cytochrome c submonolayers were obtained 

following the exposure of the ITO to a 5% Zn/ 95 % Fe cytochrome solution for 10-15 

minutes. The Zn/Fe submonolayer was deposited on an ITO substrate from which an 

electroactive 100 % Fe cytochrome c submonolayer had been previously desorbed with 

high ionic strength (ca. 1 M) solution for ca. 10 minutes. After the characterization of the 

Zn/Fe film it was also desorbed and a final film of 100 % Fe cytochrome c was deposited 

and electrochemically probed for comparison. 

6.23. Preparation of Zn Cytochrome c 

The preparation of Zn cytochrome c was carried out according to procedures 

established by Robinson et. al.'^^, which require first, the preparation of the metal free 

cytochrome c and then, the incorporation of a Zn atom into the protein. To prepare the 

metal-free form of the cytochrome c, approximately 50 — 75 mg of unpurified 

cytochrome c and a stir bar were placed in a vessel (ca. 150 ml volume) constructed of 

KEL-F™ PCTFE. The vessel was sealed tightly and attached to the Teflon tubing 

system (Cole Parmer - slip fitting system), shown in Figure 6.3, which had been 

previously purged with nitrogen. The vessel was then purged with nitrogen and cooled 

by immersion in a to 77 K in a liquid nitrogen bath. The cooled vessel was isolated from 

the system by closing the adjacent stop-cock valves, with the exception of the valve 
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leading to the HF gas. The HF was introduced into the vessel until a liquid volume of ca. 

100 — 125 ml of HF was obtained. 

The vessel and its contents were then heated slowly with a heat gun and stirred for 

ca. 10 minutes. The pressure from within the vessel was periodically released into a base 

bath (to quench the HF). Following the reaction, the liquid/gaseous HF was bled from 

the cell into the base bath with a small flow of nitrogen. Once the HF was removed from 

the container, the contents, a shiny purple residue, were exposed to air in a fiune hood for 

ca. 1-2 hours to evaporate any excess HF at room temperature. The metal-free 

cytochrome c was then dissolved in O.OS M ammonium acetate buffer, pH S, and 

chromatographically purified on a Sephadex® G-2S (Aldrich) size exclusion column 

using 0.05 M ammonium acetate buffer, pH 5. Finally, the purified protein was dialyzed 

(6,000 - 8,000 MW, Spectra/Por molecular porous membrane tubing) in 0.05 M 

phosphate buffer (100 mM NaCl, pH 7.23) for a minimum of 24 hours. To make the Zn-

cytochrome c, the metal-free protein was put into a scintillation vial with a 10-fold molar 

excess of ZnCb (Mallinkrodt) and 10 % v/v acetic acid/protein mixture. The vial was 

heated to 50 ° C and stirred for 2.5 hours. The protein was removed from the vial through 

a syringe filter (2 ^m) attached to a syringe and dialyzed against a 0.05 M acetic acid 

solution, pH 3, for 24 hours. The protein was then dialyzed against a 5 mM phosphate 

buffer, pH 7, solution for a minimum of 24 hours, and purified according to the 

procedures described above for native (Fe) cytochrome c. 
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Figure 6.3: HF reaction system used to extract the Fe atom from the heme in 
cytochrome c. The system is constructed entirely of Teflon tubing and vessels. 
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6.2.4. EA-TIRF Experiments 

The EA-TIRF experiments were performed according to procedures described in 

the experimental section of Chapter 2 (Section 2.3.2.c). The submonolayer film was 

deposited using to the same procedures described in the Electrochemistry section above 

(6.2.2.), however, a solution of 10 % Zn cytochrome c/90 % Fe cytochrome c (ca. 35 nM) 

was used instead of the 5/9S Zn/Fe cytochrome c concentration to increase the signal. 

The measurements of the surface adsorbed film were obtained in a TIRF cell (described 

in Chapter 2, Section 2.3.2.c) filled with 5 mM phosphate buffer, pH 7. 

6.2.5. EA-IOW Experiments 

The EA-IOW experiments were performed according to procedures described in 

the experimental section of Chapter 2 (section 2.4.2.c). The submonolayer film was 

obtained by pumping a 35 concentration of cytochrome c dissolved in 25 mM, pH 7, 

phosphate buffer into the EA-IOW cell at ca. 4.3 ml/hr until an approximate volume (ca. 

10 ml) of the cytochrome c solution had entered the cell. The solution was allowed to 

equilibrate with the electrode for 10-15 minutes and was then removed by flushing the 

cell with 25 mM, pH 7 phosphate buffer for 2 minutes at 4.3 ml/hr. The blank 

measurements were taken in only buffer. 

6.3. Results and Discussion 

63.1. Cyclic Voltammetry of Diffusion Controlled Cytochrome c 



201 

Initial characterization to determine the suitability of ITO as a redox partner with 

horse heart cytochrome c was carried out electrochemically via cyclic voltammetry. 

Figure 6.4 shows a typical diffusion controlled cyclic voltammogram of horse heart 

cytochrome c on an ITO electrode 0.785 cm" in area. The cyclic voltammogram has been 

corrected for non Faradaic current by background subtraction of a blank (a cyclic 

voltammogram of the working electrode in 10 mM phosphate buffer solution, pH 7). 

Figure 6.4 shows a formal potential of 11 mV and a peak separation of 60 mV at SO 

mV/sec. The average peak separation and formal potential for the diffusion controlled 

cyclic voltammograms of cytochrome c was determined to be 60 ± 3 mV and 12 i: 3 mV, 

respectively, where n, the number of cyclic voltammograms equals 3. The peak 

separation is indicative of a quasi-reversible electron transfer process. 

The quasi-reversible nature of the process is also supported by full-width-at-half-

maximum (FWHM) data. The FWHM for both peaks was calculated to be ca. 116 mV, 

greater than that of a theoretical "totally irreversible peak" width, which is given by 

62.5/an (where a is the transfer coefficient, here equal to 1, and n is equal to the number 

of electrons, here n = 1).'®' The results of diffusion-controlled electron transfer of 

cytochrome c on ITO films presented here are comparable with those reported by 

Bowden and Yeh, obtained on ITO and SnOa electrodes, respectively, However, in 

the experiments here, the electron transfer of cytochrome c on the ITO was more 

reversible and had a more positive formal potential relative to Bowden's ITO. The 

discrepancies are most likely due to differences in electrode properties and the different 

electrolyte used, phosphate buffer (pH 7) versus cacodylic acid (pH 7). 
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Figure 6.4: Conventional cyclic voltammogram (background corrected) of difSusion-
controlled electron transfer of horse heart cytochrome c at an ITO working electrode in 
pH 7,25 mM phosphate buffer. The potential is recorded versus an Ag/AgCl reference 
electrode. The scan range was from + 450 mV to - 450 mV, and the scan rate was 50 
mV/sec. 
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6.3.2. Cyclic Voltammetiy of Adsorbed Cytochrome c 

In order to eliminate the diffusion process from the electron transfer of 

cytochrome c, a cytochrome c film was adsorbed to the surface of the ITO. 

Electrochemical characterization of the surface adhered film, and the kinetic and 

thermodynamic aspects of the electron transfer, were carried out. Figure 6.5 shows a 

typical cyclic voltammogram for horse heart cytochrome c adsorbed to the ITO surface. 

The cyclic voltammogram has been corrected by background subtraction, and indicates a 

reversible, one electron transfer process. 

The average peak separation and formal potential for cyclic voltammograms of 

adsorbed films of cytochrome c was determined to be 34 ± 4 mV (number of trials = 18), 

and 12 ± 4 mV (number of trials = 17), respectively. The peak separation for the surface 

adsorbed cytochrome c, in Figure 6.5, is 32 mV, and the formal potential is 8 mV. For a 

surface confined species, the expected peak separation is zero, however a small peak 

separation was observed in the measurements here. The peak separation here is most 

likely due to sluggish electron transfer kinetics of the cytochrome c adsorbed to the ITO 

semiconductor surface. FWHM calculations determined the peak width to be ca. 104 

mV, close to the ideal width of 90 mV.'^ The formal potential indicates a Gibbs free 

energy of-1.2 kJ/mol for the electron transfer reaction of a surface bound cytochrome c 

film. 

A slight negative shift in the formal potential is typical upon adsorption of the 

protein to modified gold and SnOi surfaces and has been well documented on the films 
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Figure 6.5: Conventional cyclic voltammogram (background corrected) of horse heart 
cytochrome c adsorbed to an ITO working electrode in pH 7, 25 mM phosphate buffer. 
The potential is recorded versus an Ag/AgCl reference electrode. The scan range was + 
450 mV to - 450 mV, and the scan rate was 50 mV/sec. The voltammogram represents 
ca. 6 pmol/cm^ of cytochrome c. 
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described in Table 6.1. However, such negative shifts were not seen here. On average, 

there was not a noticeable shift in the potential between diffusion controlled and siuface 

adsorbed cytochrome c, indicating that there is no significant difference in the 

thermodynamics for the binding of the oxidized and reduced forms of the cytochrome c 

on the sputtered ITO. 

The cathodic peak is fairly symmetrical, also indicative of a reversible system, 

while the anodic peak is not as symmetrical. This is due, in part, to the background 

subtraction. Background subtractions are difficult to make on ITO substrates. They are 

not very reproducible, and the background changes once analyte is introduced into the 

cell. Integration of the cathodic peak of the cyclic voltammogram produced from a film 

adsorbed firom a 35 bulk cytochrome c solution indicates an electroactive surface 

coverage of approximately 6 ± 1 pmol/cm^ (number of trials = 9). This is ca. 40 % of a 

theoretical monolayer of cytochrome c (15 pmol/cm^ assuming lOOOAVmolecule and a 

roughness factor of 1).^' 

6^.3. Surface-Adsorbed Cytochrome c Electron Transfer Kinetics 

Characterization of the electron transfer kinetics of horse heart cytochrome c 

adsorbed to ITO contributes to the understanding of orientation distribution 

measurements made on the ITO surface. This information also serves as a useful 

comparison for electron transfer of cytochrome c films adsorbed to other electrode 

materials and for the electron transfer of cytochrome c in its physiological environment. 

Figure 6.6 shows the voltammetric response of a submonolayer film of cytochrome c at 
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Table 6.1; Electron transfer rate constants of cytochrome c submonolayers on various 
surfaces. 

Surface ktt 
(s') Electrolyte 

Surface 
Coverage 

(pmol/cm^) 

Detection 
Method 

Bare SnOi^^"* 3.7 
10 mM 

Tris/cacodylate 
buffer, pH 7 

-
Cyclic 

Voltammetry 

Bare ITO"'" 5.2 5mM Phosphate 
Buffer, pH 7 

6± 1 Cyclic 
Voltammetry 

Gold 
Modified'^ 

with 16-
(MHDA)' 

0.27 10 mM Phosphate 
Buffer, pH 7 4 Cyclic 

Voltammetry 

Gold 
Modified'^ 
with mixed 

SAM"* 

300 22 mM Phosphate 
Buffer, pH 7 12-15 Cyclic 

Voltammetry 

Gold 
Modified'^ with 

mixed SAM* 
45 10 mM Phosphate 

Buffer, pH 6-9 11 
Electroreflectance 

Techniques 

Gold 
Modified'' with 

3-MPA' 
880 10 mM Phosphate 

Buffer, pH 7 11 
Electroreflectance 

Techniques 

" Scan rate = 200 mV/sec 

** Scan rate = 200 mV/sec 

6-MHDA is 16-mercaptohexadecanoic acid. Scan rate = 5 mV/sec. 

SAM = HS(CH2)IOCOOH/(CH2)80H. 

^ Mixed SAM of 60 % HCXX:(CH2)io/CH3(CH2)9S. 

^ 3-MPA = p-mercaptopropionic acid (HS(CH2)2COOH) 
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varying scan rates. The inset, a plot of peak current versus scan rate, illustrates the 

linearity of the response as a function of scan rate (R = 0.999), which is predicted for a 

reversible electroactive monolayer. 

Rate constants were extracted from the data using the cyclic voltammetry 

methodology reported by Laviron.*^ Unimolecular rate constants (kct) calculated from the 

cyclic voltammograms in Figure 6.6 are plotted in Figure 6.7. The calculations were 

made for the quasi-reversible case (AEp < 200 mV) in which Act is obtained from the 

dependence of AEp on scan rate. The values for k^t were determined using AEp that had 

been corrected for an iR contribution from the ITO semiconductor (see Figure 6.8). The 

model assumes an a-value (where a is the transfer coefficient) of 0.5, based on the results 

of Willit et. al.(where SnOi was used)'' and Langmuir isotherm behavior for the 

adsorption of the protein onto the surface (discussed in Section 6.4.1 and 6.5.3.a). 

Experimental determination of the a-value, as described by Laviron,'*^' was attempted 

from the data obtained here. However, the results did not produce a value that was 

theoretically possible. Presumably the poor experimental determination was due to the 

fact that only approximate values of a can be determined from the Ep values, thus, the 

relatively large and nonreproducible background from the ITO in the experiments here 

prevented the calculation of accurate a-values. However, based on correlation with 

literature values and the two adsorption isotherms measured for cytochrome c on ITO, 

both modeled with a Langmuir model (shown in Section 6.4.1 and 6.5.3.a) an a-value of 

0.5 appears to be a good approximation. 
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Figure 6.6: Cyclic voltammograms (where the non Faradaic current has not been 
subtracted) of horse heart cytochrome c adsorbed to ITO in 5 mM, pH 7 phosphate 
buffer, at varying scan rates mV/sec, (a) 10, (b) 20, (c) SO, (d) 100, (e) 200. The potential 
is reported versus an Ag/AgCl reference electrode. A platinum counter electrode was 
used. The linearity of the inset illustrates the reversibility of the adsorbed protein film. 
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adsorbed to an ITO electrode. 
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rate (mV/sec) for adsorbed films of horse heart cytochrome c in S mM, pH 7, phosphate 
buffer. The extrapolated value of ca. 29 mV is considered the iR contribution of the 
electrode. 
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The cytochrome c film adsorbed to ITO exhibited a scan rate dependence up to 

ca. 100 mV/sec as shown in Figure 6.7. This trend corresponds with the data of WilUt et. 

al., however in the case of the ITO used here, beyond a scan rate of 100 mV/sec, the rate 

constant is limited by the scan rate. This suggests that the cytochrome c molecules are 

less free to reorient on the ITO surface used here than the SnOz used by Willit. The 

measured rate constants are four to five times faster than those reported on SnOz, a 

substrate that, from the reported iR compensation, has a similar conductivity.^^ The latter 

suggests that the ITO surface facilitates orientations that promote faster electron transfer 

kinetics than SnOi. It is also possible that the ITO surface promotes structural 

readjustment, or 'rolling' of the cytochrome c molecule as the potential is shifred. 

Figure 6.7 shows a dependence of on scan rate which was also observed by 

Willit et. al. for cytochrome c adsorbed onto tin oxide electrodes. The exception being 

that Willit et. al. did not reach a point where the k^a. was limited by scan rate, as evidenced 

by the lack of a 'leveling ofT of A;et as a function of scan rate. They suggest that the 

dependence of k^i on scan rate is evidence that some reorientation of the adsorbed protein 

is occurring upon oxidation and reduction. Thus, as the scan rate is decreased, there is 

more time for the protein to orient itself on the surface resulting in a less electroactive 

film and low electron transfer rates. Willit et. al. also observed "significantly smaller" 

cathodic peak areas relative to the anodic peak, and suggest that this is further evidence 

that there is an orientation change as a function of electrode potential, where the reduced 

form of the protein is less strongly bound to the surface and thus less electroactive. 
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These phenomena are not as evident in the electrochemical responses of cytochrome c on 

ITO presented here. This will be discussed further in Section 6.3.4. 

Table 6.1 shows rate constants reported for cytochrome c films adsorbed to a 

variety of electrode surfaces. The results indicate that the rate constants of cytochrome c 

films, adsorbed to Au via a self assembled monolayer are at least an 

order of magnitude (or more) larger than those obtained on semiconductors. An 

exception is cytochrome c adsorbed to l6-mercaptohexadecanoic acid SAM whose 

presence insulated the cytochrome c &om the conductive surface. These values are 

expected considering the difference in relative conductivities of optically transparent 

oxide electrodes and gold, and the exponential dependence of rate constants on the 

distance between the donor and the acceptor separated by the SAM chain.'^® '^^ 

6.3.4. Relative Anodic and Cathodic Peak Areas 

As mentioned earlier, Willit et. al. observed significant differences in the anodic 

and cathodic peak areas for cyclic voltammograms obtained on Sn02. ̂  Investigation of 

the cyclic voltanmiograms of cytochrome c films adsorbed on ITO produced an average 

anodic peak area that was not statistically different firom the cathodic peak area. This 

suggests that the ITO promotes redox activity for both oxidation states equivalently, 

whereas the SnOi used by Willet et. al. does not It is likely that the imprecision in the 

results here were due to error in the background correction/peak integration that may 

have masked differences in peak areas. It is believed that the iR response of the electrode 

is altered upon the adsorption of cytochrome c, thus producing a somewhat irreproducible 
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background and maldng baseline interpretation difficult and resulting in peak area 

measurements with a larger degree of error. 

6.4. Electrochemical Investigatioii of Cytochrome c Adsorption Thermodynamics 

Adsorption isotherms were carried out to investigate the thermodynamics of the 

adsorption of cytochrome c onto the ITO surface. Two isotherms were obtained. The 

first, using cyclic voltammetry, monitored the electroactive portion of the cytochrome c 

film. The second, using the EA-IOW technique, monitored the absorption of the light by 

the film. The latter was a measure not only of the electroactive portion of the film, but 

also the electrochemically silent or electrochemically inactive portion of the film that still 

absorbs light. Therefore, a potentially more accurate determination of the total surface 

coverage was obtained. The data was modeled with a simple Langmuir isotherm as well 

as with a Frumkin isotherm. 

6.4.1. Electrochemical Isotherm - Langmuir Model 

Figure 6.9 is an adsorption isotherm of cytochrome c on ITO obtained using 

cyclic voltammetry. The intensity represents the integrated area of the cathodic wave; 

therefore, as stated above, the isotherm indicates the electrochemically active portion of 

the cytochrome c submonolayer. The response is modeled with a Langmuir isotherm 

(equation 4.3), which is the simplest model that accurately describes the data. Willit et. 

al. also used a Langmuir model to describe the adsorption behavior of cytochrome c on 

SnOi-^ In the studies presented here, an adsorption coefficient of 1.7 x 10^ ± 8 x 10** was 

determined. The free energy of adsorption determined fix>m the electrochemical isotherm 
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Figure 6.9: Electrochemical isotherm for the adsorption of horse heart cytochrome c 
onto ITO in 5 mM phosphate buffer, pH7. The isotherm has been modeled with a 
Langmuir fit from which an adsorption coefficient, K, of 1.7 x 10^ ± 7.6 x lO'* was 
calculated. The isotherm represents films adsorbed from a bulk solution for ca. 10-15 
minutes. 
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was -36 kJ, indicating the adsorption of cytochrome c onto the ITO surface is 

thermodynamically favorable. 

Figure 6.9 indicates that the maximum surface coverage was obtained when the 

electrode was exposed to a bulk cytochrome c concentration of ca. 35 pM for 10-15 

minutes. These measurements are not sensitive to the existence of subpopulations of 

orientation distributions (whose adsorption behavior, if isolated, may perhaps produce 

difTerent electrochemical responses) and gauge only the average response of the entire 

population. If the maximum response measured in Figure 6.9 is treated as full monolayer 

coverage, then the Langmuir model suggests that at 35 the surface coverage is 85 % 

of a full monolayer. Although these results correspond with the literature reported values 

for cytochrome c films on oxide and modified gold electrodes shown in Table 6.1, they 

do not correlate with the electrochemical data, which suggests a lower surface coverage 

(Section 6.3.2). The discrepancy in the surface coverages for the electrochemical data 

here and the literature could be a result of several parameters, but is most likely 

attributable to differences in the morphology and energetic profile of the electrodes. 

6.4.2. Electrochemical Isotherm - Frumldn Model 

It is interesting to note that isotherm data can also be modeled by a Frumkin 

isotherm (Figure 6.10). This model takes into account interactions between the adsorbing 

species and those species adsorbed. The interaction between the highly positively-

charged molecules in solution and on the surface could be a factor in the distribution of 

subpopulations. Thus, in a Frumkin model, the energy of adsorption is a function of 

surface coverage. A Frumkin isotherm can be described by the following equation. 
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(5.1) 

where K is the adsorption coefficient, Ci is the concentration, li is the respective response 

intensity, Iniax is the maximum intensity response and g expresses the manner in which 

increased surface coverage changes the adsorption energy of a species i (expressed in 

J/moI per mol/cm^). 

In the results reported here, g will be expressed as g' which equals 2glniax/RT. 

Theoretically, as g nears zero, the Frumkin isotherm approaches the Langmuir isotherm. 

The g' parameter recovered for the cytochrome c data in Figure 6.10 was determined to 

be -O.S. This negative value indicates interactions between the cytochrome c molecules 

on the ITO surface are repulsive. The latter provides some explanation for the 

electrochemical results indicating a submonolayer of only 6 pmol/cm^ (Section 6.3.2), 

less than half that of a theoretical monolayer. An adsorption coefficient 4.0 x lO'* ± 8.7 x 

10'* and free energy of adsorption of - 26 kJ was calculated using the Frumkin model, 

again indicating an energetically favorable process. The data here correspond reasonably 

well (within a factor of 10) with the Langmuir data. 

6.5. EA-IOW Measurements 

6.5.1. Spectral Response 

Consideration of the independent measurements made with the EA-IOW also 

provides insight into the adsorption thermodynamics of cytochrome c onto ITO. The 
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following describes the characterization of the spectral response of a submonolayer films 

of cytochrome c. Figure 6.11 shows the absorbance spectra of oxidized and reduced 

horse heart cytochrome c dissolved in phosphate buffer. The spectra have been 

normalized with respect to their Soret band for comparison. The cytochrome c films 

were probed, using the EA-IOW technology, at 514 nm, a wavelength where the 

extinction coefficient of oxidized and reduced cytochrome c are markedly different, as 

indicated in Figure 6.11. 

Using the oxidation state dependency of the extinction coefficient, the 

monochromatic spectral response of the oxidized and reduced cytochrome c film can be 

monitored. Figure 6.12 shows the monochromatic response of a submonolayer film of 

cytochrome c as the potential was held at +500 mV and then stepped to -500 mV. As the 

film is oxidized, the output intensity from the EA-IOW increases, corresponding with the 

lower extinction coefficient. 

6.5.2. Mode of Adsorption Interaction 

It has been hypothesized that the primary mode of interaction between 

cytochrome c and its biological partners is electrostatic. Likewise, previous research on 

other oxide electrodes indicates that the adsorption of cytochrome c films on ITO is 

electrostatic. The mode and degree of interaction between the cytochrome c 

submonolayer and the ITO substrate used here was investigated. Figure 6.13 shows the 

spectral response of the EA-IOW with an adsorbed film. Initially the film was adsorbed 

to the substrate (point (a) in Figure 6.13). As a flmction of time, the cell was flushed with 
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Figure 6.11: The absorbance spectra of oxidized and reduced horse heart cytochrome c. 
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Figure 6.12 : Output intensity as the potential of the electrode was stepped (at 30 
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oxidation state of the horse heart cytochrome c submonolayer film adsorbed to the ITO. 
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Figure 6.13: The monochromatic absorbance response of a submonolayer film of horse 
heart cytochrome c adsorbed to an EA-IOW. The output intensity increases as the cell is 
flushed with high ionic strength, ca. 1 M, KCl solution indicating the desorption of 
cytochrome c from the surface. 
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high ionic strength (ca. IM) KCl solution. The sharp slope in the output intensity (point 

(b) in Figure 6.13), and subsequent increase in signal as the cell is flushed, indicates the 

retnoval of the adsorbed film. Preliminary studies of the desorption of cytochrome c 

suggest that ca. 90% of the film is removed when 17 ml of salt solution are pumped 

through the cell (with a 2 minute equilibration time). The initial studies also indicate that 

the remaining ca. 0.6 pmol/cm^ cytochrome c coverage is electroactive. These studies 

confirm that the main mode of adsorption of the cytochrome c film to the ITO surface is 

electrostatic. 

6.5.3. EA-IOW Generated Isotherm 

6.5.3.a. EA-IOW Isotherm - Langmuir Model 

As in the case of the electrochemical isotherm, a spectroscopic isotherm was 

obtained using the EA-IOW, monitoring the adsorption of cytochrome c onto the ITO 

surface. Figure 6.14 is an isotherm obtained using the EA-IOW. The isotherm not only 

accounts for the electroactive population of adsorbed cytochrome c, but, because the film 

is probed spectroscopically, information on the electrochemically silent portion of the 

film is obtained as well. Figure 6.14 show the monochromatic absorption response in TE 

polarization of a cytochrome c film adsorbed on ITO as a fimcdon of concentration, and 

is modeled by a Langmuir Isotherm. 

An adsorption coefficient of 8.2 x 10^ ± 5 x 10'* was calculated fixim the isotherm. 

The firee energy of adsorption determined by the spectroscopic isotherm was -40 kJ. The 

results of the spectroscopic isotherm, modeled with a Langmuir isotherm, correspond 
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well to the electrochemical isotherm obtained using cyclic voltammetry, and suggest that 

a maximum surface coverage is reached with an bulk adsorbing concentration of ca. 20 

{iM cytochrome c. The two isotherms also suggest that there is not a significant 

difference in the adsorption behavior between the electrochemically active and 

electrochemically silent cytochrome c, and/or that the electrochemically silent portion of 

the film is not large relative to the redox active portion. 

6.5.3.b. EA-IOW Isotherm - Frumkin Model 

For consistency, the EA-IOW data was also modeled with a Frumkin isotherm 

(Figure 6.IS). The values extracted from the model correspond to the Langmuir 

isotherm. The g' parameter was determined to be -12, which falls far negative of the 

typical g' value generally between 2 and -2.'^® An adsorption coefficient of 6.5 x 10^ ± 

2.2 x 10^ was determined, indicating a A G of -38 kJ for the adsorption. 

6.5.4. Absorbance Response of Cytochrome c Film 

Figure 6.16 shows the monochromatic absorbance response at 514 nm as a 

fimction of potential for an adsorbed cytochrome c film. The figure indicates that the 

cytochrome c film is responsive and when the potential of the EA-IOW is held negative 

of the formal potential of the cytochrome c, the adsorbed film is reduced. Likewise, if 

the potential is held positive of the formal potential of the cytochrome c, the film is 

oxidized. The reduction and oxidation of the film (ca. 8 pmol/cm^) corresponds to an 

increase and decrease in the absorbance, respectively. The absorbance response of the 

cytochrome c film was measured in both TE and TM polarization. If the results are 
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Figure 6.14: Spectroscopic isotherm of the adsorption of horse heart cytochrome c onto 
ITO in S mM phosphate buffer, pH7 measured using an EA-IOW. The isotherm was 
modeled with a Langmuir model, from which an adsorption coefficient of 8.2 x 10^ ± S x 
10"* was recovered. 
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plotted as shown in Figure 6.17, a plot of the derivative of the absorbance responses as a 

function of potential, versus potential, a reconstructed optical voltammogram is 

produced. The reconstructed cyclic voltammogram has a higher signal to background 

response relative to the conventional electrochemical cyclic voltammogram (Figure 6.4), 

because the non Faradaic contribution to the current is eliminated. 

The difference in the intensities of the TE and TM polarized signals in Figure 

6.17 indicates an anisotropic orientation distribution of the cytochrome c film. This 

structural information has not been reported previously in the literature, although 

significant work has been performed providing supporting evidence for this film 

structure. The primarily electrostatic mode of adsorption described in Section 6.5.2 

suggests an orientation where the positive lysine patch on the cytochrome c surface is in 

close proximity to the ITO. 

6.6. Dichroic Ratio Measurements 

The absorbance data above was corrected according to Section 2.4 in Chapter 2 

and a dichroic ratio was calculated. The dichroic ratio for cytochrome c films adsorbed 

on ITO was determined to be 1.48 ± 0.61, where a total of 21 experiments were done. 

There was no statistical difference between the dichroic ratio for the oxidized and 

reduced films, which were 1.38 ± 0.58 and 1.56 ± 0.62, respectively. If a delta function 
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modeled with a Frumkin model. An adsorption coefiBcient of 6.5 x 10® ± 2.2 x 10^ was 
recovered from the model. 
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Figure 6.16: The monochromatic absorbance response of a submonolayer (ca. 8 
pmoI/cm~) fihn of horse heart cytochrome c adsoibed to ITO, as a function of potential. 
The response was obtained at a scan rate of 20 mV/sec. 
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distribution is assumed, the measured dichroic ratio indicates a film with a mean 

orientation distribution of ca. 45°. However, as described in Chapter 2, Section 2.5, 

assuming a delta function may not be the most accurate method for describing the film 

and often can be misleading with respect to the distribution of the molecular assembly. 

In the following sections, the anisotropy measurements of the cytochrome c films are 

described and coupled with the linear dichroism measurements above. 

6.7. Anisotropy Measurements 

6.7.1. Zn Cytochrome c 

The anisotropy measurements here are performed by monitoring the fluorescence 

signal of surface-adsorbed molecular assemblies resulting fi'om excitation via polarized 

laser light. The anisotropy measurements of the cytochrome c film were performed by 

using Zn substituted cytochrome c. Unfortimately, the electroactive Fe atom in the native 

cytochrome c quenches the fluorescence of the heme. Therefore, in order to obtain a 

measurable fluorescence signal firom the cytochrome c fihns, the Fe atom was removed 

and replaced with a Zn atom. Previous work has established Zn as a suitable replacement 

that does not inhibit the fluorescence of the heme.'^®'The addition of the Zn atom 

has been shown to produce a structure that does not differ significantly from that of 

native cytochrome c, although the Zn cytochrome c is slightly less thermodynamically 

stable.^^"^®'**' Figure 6.18 shows the absorbance and fluorescence spectrum of 

cytochrome c in which the Fe atom in the heme was replaced by a Zn atom. As can be 
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Figure 6.17 : Plot of the derivative of the monochromatic absorbance response as a 
function of potential, at 514 nm, of a submonolayer film adsorbed from a 35 bulk 
solution in S mM phosphate buffer, pH 7, versus potential. 
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seen in the figure, the metal-substituted protein has similar optical properties to Fe 

cytochrome c, but Zn cytochrome fluoresces, s 

There are several issues to consider when monitoring the fluorescence signal of 

the Zn cytochrome c. First, the percent of the Zn must remain low enough so that 

intermolecular quenching does not occur. Second, an assiunption must be made that the 

behavior of the Zn cytochrome c mimics that of the potential-dependent behavior of the 

electroactive Fe cytochrome c. In the work here, native cytochrome c solutions were 

doped with 10% of the Zn cytochrome c. 

6.7.1.a. Electrochemical Response of Zn cytochrome c 

Although studies have shown that the Zn-substituted cytochrome c protein is an 

adequate structural model for the native cytochrome c, more studies were required 

to explore the behavior of the Zn cytochrome c under potential control. As stated above, 

a major assumption here was that the orientation distribution measured by the 

fluorescence of the Zn cytochrome c was also representative of the native protein. Figure 

6.19 shows conventional cyclic voltammograms of a fllm deposited fix>m a solution of S 

% Zn / 95 % Fe cytochrome c adsorbed onto ITO, as well as a 100% Fe cytochrome c 

adsorbed film. The electrochemical response of the cytochrome c film was muted upon 

incorporation of Zn cytochrome c into the film. An attenuation of the current was 

expected, as the Zn cytochrome is not electrochemically active in the potential range of 

the Fe cytochrome c, however, such a dramatic attenuation in the electrochemical 
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Figure 6.18: Absorbance (a) and Fluorescence (b) spectrum of ca. 41 (iM Zn horse heart 
cytochrome c. The Fe atom in the heme of the protein has been replaced with a Zn atom. 
The excitation of wavelength for the fluorescence spectrum was 410 nm. 
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Figure 6.19: Cyclic voltammogram of a submonolayer film of horse heart cytochrome c 
(adsorbed from 100% ferri cytochrome c (dotted line) and of 5% Zn Cytochrome c/9S % 
ferri cytochrome c (35 concentration). The electrochemical signal is attenuated 
significantly with the addition of Zn cytochrome c to the adsorbate solution. 
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response, of the active portion of the film, was not anticipated. Figure 6.19 shows a 74 

% attenuation in the current response of the film when only S % Zn cytochrome c was 

added to the deposition solution. 

Additional doping of the solution with Zn cytochrome c resulted in further 

attenuation of the response. This data suggests that there is some preferential adsorption 

of the Zn cytochrome c to the surface. This is plausible considering the lower 

thermodynamic stability of the Zn cytochrome c. However, if the Zn cytochrome c is 

preferentially adsorbing to the ITO surface, it does not preclude the assumption, stated 

earlier, that its adsorption orientation is comparable to that of the Fe cytochrome c. 

Further studies investigating the adsorption behavior and orientation of the Zn 

cytochrome are necessary to assess the quality of the assumptions being made regarding 

the structure of Zn and Fe cytochrome c films. 

6.7.1.b. Fluorescence Measurements 

Polarized fluorescent responses for the cytochrome c films produced an 

anisotropy value of-0.138 ± .02. There was no statistical difference in the anisotropics 

measured for the oxidized and reduced films, suggesting that there is no change in 

orientation as a function of the potential applied to the electrode or there was no change 

that can be detected with the current method of analysis. If a delta function is assumed, 

this anisotropy value is indicative of a film that has an average tilt angle of 53°, which 

compares favorably to the 45° determined by the dichroic ratio. 

6.8. Orientation Distributions 
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The dichroic ratio and anisotropy value for the cytochrome c film can be modeled 

with a Gaussian distribution to determine a molecular orientation distribution. The data 

for the anisotropy and dichroic ratio were corrected according to Section 2.3.3 and 2.4.3. 

in Chapter 2, respectively. Table 6.2 shows the results of modeling the dichroic ratio and 

the anisotropy of the cytochrome c with within one standard deviation of the respective 

means. Using the dichroic ratio and anisotropy data, and orientation distribution of 46 ± 

7° was determined. However, an average orientation distribution of 49 ± 10° was 

recovered using the values within and including one standard deviation of the respective 

measurements. The result is graphically depicted in Figure 6.20. The data was calculated 

by imposing a minimum standard deviation of 5° (which was determined by the siuface 

roughness contribution of the ITO, see Chapter 4, section 4.3.1.b). This data are 

supported by previous orientation measurements on a negatively charged Langmuir 

Blodgett surface.^' hi these studies, a cytochrome c film was adsorbed from a 50 |iM 

bulk solution concentration for 30 minutes onto a negatively charged Langmuir Blodgett 

film. An average orientation distribution of 46 V 6° was recovered, which is consistent 

with the distribution here for electrostatic adsorption. 

The distribution reflects the angle of the heme plane, which, as stated earlier, is 

33° from the dipole moment of the molecule. Thus, the data indicate that the protein film 
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Table 6.2: Gaussian orientation distribution of horse heart cytochrome c adsorbed to 
ITO. Combinations of the two measured values, the anisotropy and dichroic ratio, are 
shown, within their respective standard deviations.^** 

Dichroic 

Ratio (p) 

Anisotropy (r) Dichroic 

Ratio (p) -0.118 •Od2» -0.138^ 
.02*^ -0.148 -0.158 

0.88 N/S N/S N/S N/S N/S 
1^8 4 2 ±  1 5  4 5  ± 2 1  5 1  ± 3 2  N/S N/S 

1.48^^0.6' 4 5  ± 7  4 6  ± 7  4 6  ± 7  4 6  ± 7  4 6  ± 8  
1.78 4 9  ± 7  4 9  ± 7  4 9  ± 7  5 0  ± 7  5 0  ± 7  
2.08 5 3  ± 6  5 3  ± 7  5 6 ±  1 2  5 3  ± 7  5 3  ± 7  

' Gaussian orientation distributions expressed as 0^ ± 0a 

^ Measiured p and r values (mean ± standard deviation) for cytochrome c adsorbed on 
ITO. The anisotropy was determined using electric field intensities derived from Method 
B (see Chapter 3). 

No solution. The two values are inconsistent with a Gaussian model and do not 
produce an orientation distribution. 

Surface measurements performed on ITO indicated the roughness of the ITO results 
causes distribution of S" (See (Thapter 4, section 4.3.1.b.). Therefore a minimum 
distribution of S° was imposed on the data shown here. 
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Figure 6.20: A graphic representation of the orientation distribution of ca. 8 pmol/cm^ 
film of horse heart cytochrome c adsorbed onto ITO in pH 7, phosphate buffer. The 
graph represents a distribution of A9± 10°. 
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is oriented at either ca. 82 ± 10° or 16 ± 10°, with respect to the surface normal. 

Considering the results discussed in Section 6.5 and the large electric dipole of the 

protein, the more likely solution would be the latter. The data corroborates the molecular 

architecture of cytochrome c films adsorbed to a negative carboxylic acid SAM 

monolayer suggested previously. 

6.9. Conclusion 

In these studies, cytochrome c molecular assemblies electrostatically adsorbed to 

ITO exhibited quasi-reversible electron transfer behavior. The rate constant for electron 

transfer (ker) was approximately 2.5 s'', at a scan rate of 20 mV/sec. The main mode of 

adsorption of the films was determined to be primarily electrostatic. Adsorption 

isotherms of the cytochrome c on to the ITO surface determined the adsorption to be 

energetically favorable (negative Gibbs energy) with adsorption coefficients on the order 

of 10^, when modeled by a Langmuir isotherm. When modeled with a Frumkin isotherm, 

the data indicated intermolecular repulsion between surface-bound cytochrome c 

molecules. 

An average orientation distributions of the horse heart cytochrome c 

submonolayer films adsorbed on ITO was determined to be 49 ± 10 ". Because the 

adsorption of cytochrome c was determined to be primarily through electrostatic 

interactions with the surface, which likely occurred via the positive lysine patch on the 

cytochrome c surface, the orientation distribution measurement of the heme plane 

suggests the charge dipole of the protein, 33° firom the heme plane, is at 16 ± 10 ° from 

the surface normal. The results here support the hypothesis that the cytochrome c is 
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electrostatically adsorbed to negative surfaces where the primary mode of adsorption is 

through the positive lysine patch on the surface. Further, the cytochrome c molecules 

produce an anisotropic film where the heme cleft is in close proximity to the surface. 

Future work in these studies should involve a more detailed investigation of the 

adsorption behavior of the Zn cytochrome c. Such studies could be used to design a 

superior anisotropy measurement. Also of interest is the influence of the electroactive Fe 

cytochrome c in the submonolayer films on the Zn cytochrome c. Distinguishing 

between whether the Zn cytochrome c orientation distribution is not changing as a 

function of potential or if the current technology is unable to detect the change is critical 

to further development of this technology. Faster, real-time measurements of the electron 

transfer of cytochrome c need to be developed to improve the analysis of the protein film 

structure. 
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CHAPTER? 

CONCLUSIONS AND FUTURE DIRECTIONS 

7.1. Summary 

The objective of this research was to determine the orientation distribution of 

surface-bound electroactive molecular assemblies and to correlate the film structure with 

electrochemical behavior. At the time this research was initiated, there was no method of 

analysis available that would allow measurement of orientation distributions and the 

corresponding electron transfer behavior to be made simultaneously. There were several 

challenges that had to be addressed in order to achieve these measurements. The first 

was sensitivity. Quantitation of submonolayer films requires detection capabilities at 

pmol/cm~ amounts. This sensitivity issue was compounded by the requirement that two 

independent measurements, both having a low limit of detection, be made to obtain 

potential dependent orientation distributions. Two methods were required because two 

variables, an average tilt angle and the distribution about that angle, are needed to 

accurately describe the film structure. Spectroscopic and potential control of both of 

these techniques was necessary, which presented significant experimental challenges in 

the optical setup and cell design. Poor availability of high quality optically transparent 

electrodes with surface morphologies sufficiently smooth for small molecule orientation 

measurements presented further challenges to the studies. 

The goal of this research was to characterize submonolayer films of horse heart 

cytochrome c and to recover an electroactive orientation distribution. In these studies, 

while native cytochrome c was used in the EA-IOW experiments, Zn cytochrome c, a 
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fluorescent version of the protein, was prepared and doped into the native fihns for the 

EA-llKF experiments. However, before these measurements could be performed, a 

model system, methylene blue, was selected to assess the capabilities of the techniques. 

The EA-TIRF and EA-IOW were used to determine the potential dependent orientation 

distribution of the methylene blue film. Using the model film as a tool, the limitations of 

the techniques were established. One such potential limitation was identified to be 

possible quenching of fluorescence by the conductive ITO surface through non-radiative 

decay. Thus, further studies were designed using Zn-porphyrin films. These studies 

indicated quenching of heme based circular dipoles was a possibility, however fiirther 

studies are warranted in this area. 

The hypothesized model, regarding the orientation of cytochrome c on negatively 

charged surfaces, described a film that was electrostatically adsorbed via the large 

positive patch of lysine amino acids on the protein surface. Further, it was believed that 

adsorption via this site resulted in a well-ordered, full monolayer of cytochrome c 

molecules whose heme centers (the redox active sites of the protein) were in close 

proximity to the electrode or redox active partner's siuface (see Figure 1.1).^' The results 

of this research supported this model. Cytochrome c films probed here were determined 

to be electrostatically adsorbed to the ITO and to have an orientation distribution of 16 ± 

10 " (with respect to the charge dipole of the molecule) fix>m the surface normal. No 

distinction was found between the orientation distribution of the oxidized and reduced 

films. Further studies in this area will be discussed later. 
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The ability to simultaneously probe the structure and electrochemical response of 

the horse heart cytochrome c films demonstrates that the EA-IOW and EA-TIRF are 

potentially suitable for the analysis of other metalloproteins, such as myoglobin, 

ferredoxin and plastocyanin. These studies can provide important information regarding 

orientation distributions resulting in specific electron transfer behavior. These techniques 

provide opportunities for surface modification to study site-specific interactions and the 

effect of surface morphology of the redox partner on both orientation distributions and 

the electrochemical behavior of protein films. Such investigations should provide solid 

foundations in the design and fabrication of functional biocognizant interfaces and the 

evolution of bio-based devices. 

7.2. Future Directions 

This research reports the first potential-dependent orientation distribution 

measurements of redox-active submonolayer films. These measiu-ements were made 

possible through the development of the EA-TIRF and EA-IOW techniques. However, 

the novelty of these techniques provides several areas in which advancements can be 

made. For the EA-IOW, optimization with respect to grating fabrication and optical 

quality of material is necessary to improve the reproducibility and the sensitivity of the 

measurements. The current EA-IOW devices have a very finite pathlength in which 

light can be guided, thereby limiting sensitivity. Reducing the scatter and improving the 

transparency of the EA-IOW layers should enhance the sensitivity. In addition, due to 

the potential quenching effect of molecules whose LUMO energy level is above that of 
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the ITO Fermi level, characterization of the energy profile of the ITO should provide 

more insight regarding the compatibility of the EA-TIRF experiment with certain 

analytes. 

The current method of analysis of orientation distribution measures submonolayer 

films following oxidization or reduction. This static measurement of the orientation 

distributions allows an electrochemical response to be correlated to a fihn structure at the 

beginning and end of the electrochemical reaction. However, a more informative 

measurement may be one that could probe the film structure on a time scale that was 

closer to the rate of the electron transfer process. The development of this technique 

using pulsed laser technologies would allow for more real-time studies of the electron 

transfer. 

Detailed investigations regarding the behavior of surface-bound Zn cytochrome c 

are also necessary since the current model assumes the Zn cytochrome c behaves 

identically to the Fe cytochrome c (both species are necessary to characterize the 

potential-dependent orientation by EA-TIRF). The assimiption results in two hypotheses. 

The first is that the ratio of each species in a film under study is the same as the ratio 

found in the doping solution. The second is that the major component of the film, the 

electroactive native cytochrome c, will govern the potential-dependent orientation 

distribution of the film, despite the presence of the non-electroactive Zn cytochrome. 

These hypotheses need to be verified experimentally. 

Preliminary electrochemical experiments indicated that adsorption of the Zn 

cytochrome c onto the ITO surface is more thermodynamically favorable than the 
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adsorption of Fe cytochrome. These results suggest that Zn cytochrome c occupies most 

of the available binding sites on the ITO surface when adsorbed from a solution 

containing a large excess of both species. A comparison of the adsorption isotherms of 

Zn and Fe cytochrome c on ITO would provide a more accurate assessment of the film 

composition under characterization by the EA-TIRF experiments. There is a possibility 

that the films measured in this work reflected a predominantly Zn cytochrome c 

orientation distribution, which may not adequately represent that of native cytochrome c. 
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APPENDIX A: 

ORIENTATION DISTRIBUTION PROGRAM (ODP) 

This program, ODP, was written using Mathcad 8 (Mathsofft, Inc.) to calculate 
orientation distributions from anisotropy and linear dichroism measurements. 

Instructions: 

1. Experimentally detemiine the anisotropy and linear dichroism 
measurements as described in Chapter 2, sections 2.3 and 2.4. 

2. From the experimentally determined values, estimate the approximate 
values of the mean tilt angle and the distribution about that mean. 

3. Enter your estimation for the mean tilt angle on the right side of the equals 
sign next to the words "avgguess", a value of 52 is used in the example 
below. 

4. Enter your estimation for the orientation distribution on the right side of the 
equals sign next to the words "disguess", a value of 20 is used in the 
example below. 

5. Enter the experimental value for the anisotropy on the left side of the equals 
sign for the first equation under the word "given", a value of -0.138 is used 
below. 

6. Enter the experimental value for the dichroic ratio on the left side of the 
equals sign for the second equation under the word "given", a value of 2.08 
is used below. 

7. Scroll down to the bottom of the program until you see the word "mean" 
and click on the screen. 

8. A light bulb will appear on the screen. This indicates that the program is 
calculating an orientation distribution. 

9. The mean tilt angle and the distribution about that mean will appear beside 
the statements, "mean" and "std", respectively. 
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Note: 

A minimum distribution can be imposed in the program. The value must be in radiatis 
and is entered beside the "cj>" term. A value of 0.122 radians or 7° is used in the 
example below. 
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Figure A-1: Orientation distribution program. 
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APPENDIX B 

Calculation programs for Method B 

Method B was written using Mathcad 8 (Mathsoft, Inc.) to calculate electric field ratios 
using experimentally determined evanescent electric field TE/TM ratios obtained by 
probing isotropic solutions of fluorescent dye-labeled dextrans. 

Instructions: 

PROGRAM I - This program iteratively calculates the effective reflective index of the 
TIR element and the incident angle (angle 1 in Figure 2.7) of light coupled into the TIR 
device by using Fresnel's equations, experimentally determined TE/TM electric field 
intensity ratio, an estimated incident angle and estimated refiractive indices of the phases. 

1. Experimentally determine the TE/TM electric field ratio using the 
appropriate dye-labeled dextran for the wavelength of interest. Fill this 
information into the left side of the equals sign on the equation under the 
word "given", a value of 1.07 is used in the example below. 

2. Estimate the refi^tive indices for the TIR element and aqueous phase, 
respectively, and estimate the incident angle of the light, in the TIR element, 
at the substrate/aqueous phase interface. Fill in the former information on 
the right side of the "nl ' and "n2 :=" phrases, respectively. Values of 
1.948 for n-HR element and 1.33 for naqueous phase are used below. Fill in the 
estimate for the incident angle in the space beside 'theta :=". A value of 46 
is used in the example below. 

3. Click on the screen beside the word angle. An angle and refi^tive index for 
your substrate will appear that has been iteratively calculated using the 
information provided. Note that the refi^tive index recovered is that of the 
i lK element only. 
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PROGRAM 2 - This program determines the absolute mean-squared electric field values 
and the deconvoluted and values at the substrate/aqueous phase interface using the 
incident angle and refractive index recovered in PROGRAM I. 

1. Fill in the recovered refractive index value from Program one and that of the 
aqueous phase on the right side of the :=" and "n2 ;=" phrases, 
respectively. Values of 2.105 for n-na element and 1.33 for naqueous phase are 
used below. Fill in the value for the incident angle recovereid from 
PROGRAM 1 in the space beside "i :=". A value of 50.217 is used in the 
example below. 

2. Click on the screen beside the "e". The "m" and "e" in the program denote 
TM and TE electric field intensities respectively, the "x^" and "z^" denote 
the X and z component of the TM electric field intensity, respectively. 
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nl:=l.948 . . , . , sin(theta) phi :=asin nl-
IJ3 

nl2= 1.465 

n2:=l.33 

i - > . _  nl2 := — 
n2 

theta :=46--^— 
180 

Given 

theta < 90 

theta >0 

J sin(theta-h asin(nI2 sin(theta))) cos(theta — asin(nl2 sin(theta))) 

( sin(theta-hasin(nl2stn(theta))) )^ 

result := Ftnd( n 12, theta ) 
result^ = 1.583 

angle :=result I nj :=resultjj U3 
It 

I e n  t i n  n= 2.105 angle = 50.217 t 

Figure B-1: Method B program that iteratively calculates the experimentally determined 
incident angle at the substrate/aqueous phase interface and the substrate refractive index. 
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. . .  ,  s i n ( t h e t a )  phi ;=asin nl-
n2 

^( 2cos( theta )-sin( phi)) 
sin(theta -t- phi) 

(2cos (theta )sin( phi)) 
sin( theta -h phi) cos (theta - phi) 

m:=( TM )^ 

e:=( TE )^ 

m = 2.548 

e = 2.726 

nl :=2.105 

n2 :=1.33 

i:=50.2I7 

theta :=i -^— 
180 

phi = 1.571-0.646i 

x2:=( cos(phi) )" 

z2:=( sin(phi) )^ 

x2= 0.479 

z2= 1.479 

Figure B-2: Method B program that calculates the TE and TM mean-squared electric 
field intensities at the substrate/solution interface and the deconvoluted and values 
forTM. 
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APPENDIX C: TIRF STUDIES OF PORPHRYIN FILMS 

Appendix C. 1: Introduction; 

During preliminary characterization of the EA-TIRF technique with model 

methylene blue films (Chapter 5), anomalous results indicated possible orientation-

dependent quenching. This non-radiative quenching would occur if the Fermi level of 

the ITO lies between LUMO and HOMO energy levels of the excited state fluorophore 

as shown in Figure C-1. McLendon et al. and others observed fluorescence quenching 

of Zn cytochrome c adsorbed to Thus, it was hypothesized that non-

radiative energy transfer from the excited state Zn cytochrome c (used as the 

fluorophore in the cytochrome c experiments, see Chapter 6) to the conduction band of 

the ITO may be possible. Because the initial studies were performed using a linear 

dipole (see Chapter S), additional studies were performed using a circular dipole to 

model the heme moiety in the Zn cytochrome c. 

Experiments were designed to investigate quenching behavior as a function of 

two variables: Molecular orientation and distance from the electrode. Two model Zn-

porphryins were used, mcjo-tetra(N-methyl-4 pyridyl) porphine tetra tosylate and proto 

porphyrin IX dimethyl ester. Various porphyrin film arachitectures have been 

demonstrated in the literature.''^*'®®*''^ Films of the molecules above were constructed 

and analyzed on a control, non-electroactive surface, fused silica, as well as on the 

electroactive ITO surface. The porphyrins were selected on the basis of their chemical 

properties so that films could be constructed by either electrostatic adsorption to the 

surface (tetra tosylate) or by doping of Langmuir Blodgett films (proto porphyrin) for 
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Figure C-1; Theoretical potential energy profile that would result in the quenching of an 
excited fluorophore. 
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dq)osition on to the surface. The orientation-dependent quenching was investigated by 

selecting molecular architectures intended to produce approximately 90° and 0° tilt angles 

of the porphyrins (with respect to the plane of the surface). It was believed that probing 

the fluorescence of the porphyrin circular dipoles at these extreme angular configurations 

would indicate any orientation-dependent quenching behavior. It was further 

hypothesized that if orientation-dependent quenching existed, the effect would decrease 

as the fluorophore was spaced fi'om the surface. The distance-dependent quenching was 

investigated using Langmuir Blodgett films of arachidic acid to distance the porphyrin 

films firom the electrode surface. The effect of distance on electron transfer has been 

studied previously, and the ability of Langmuir Blodgett films to inhibit electron transfer 

has been demonstrated in the literature.''^ ''^ '^®''®' Figures C-2-3 illustrate the 

orientation and distance geometries of the probe molecules used to study the fluorescence 

quenching. Structures of the two porphyrins used to construct the films are in Figure C-

4. 

Appendix C.2:Experimeiital 

The TIRF cell and optical setup used in the experiments are described in 

Chapter 2 (Section 2.3.2.). Phosphate buffer (5 mM) was prepared using sodium 

phosphate dibasic anhydrous salt (Mallinckrodt AR©) and deionized water (Bamstead). 

The buffer was degassed with Ar prior to the dissolution of fluorescent materials. All 

solutions were stored and maintained in the dark. Indium tin oxide and fused silica 
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(A) 

(C) 

Figure C-2: Theoretical structure of Meso-Tetra(N-methyl-4 pyridyl) porphine tetra 
tosyiate (C) and proto porphyrin DC dimethyl ester (A) adhered to the ITO or fused silica 
surface with no spacing fiom the surface. The structure in Figure C is hypothesized to 
have a tilt angle approaching 90°, while the structure in Figure A is hypoAesized to have 
a much smaller mean tilt angle, ca. 20-30°.'^'"^ 
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(D) 

Figure C-3: Theoretical structure of Meso-Tetra(N-methyl-4 pyridyl) porphine tetra 
tosylate (D) and proto porphyrin IX dimethyl ester (B) spaced at ca. 44 A (see Chapter 3, 
Section 3.3.3.a) from the ITO or fused silica surface. The structure in Figure D is 
hypothesized to have a tilt angle approaching 90°, while the structure in Figure B is 
hypothesized to have a much smaller mean tilt angle, ca. 20-30°.®^'^ 
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substrates were prepared as described in Chapter 4 (Section 3.2.2). A/e5o-tetra(N-methyl-

4 pyridyl) porphine tetra tosylate and proto porphyrin IX dimethyl ester were purchased 

from Porphyrin Products, Inc. Rhodamine B labeled dextran (70,000 MW) was 

purchased from Molecular Probes, Inc. and n-eicosanoic acid (arachidic acid) was 

purchased from Sigma. All solvents used in the experiment were reagent grade. The 

collection of the fluorescence emission data is described in the experimental section of 

Chapter 2 (section 2.3.2.b.). Collection of the fluorescence emission of the Rhodamine 

labeled dextran is described in Chapter 3 (section 3.2.). 

Appendix C.2.1: Langmuir Blodgett Film Deposition 

The arachidic acid Langmuir Blodgett (LB) films were prepared by the 

addition of 50 ^1 of a 1 mg/ml solution of arachidic acid in chloroform to a subphase of 

deionized water (Bamstead, 18.2 MQ). The solution was allowed to rest for 20-30 

minutes to permit the evaporation of the chloroform from the subphase. The LB films 

were then deposited on unmodified fused silica substrates (Dynasil) or fused silica 

substrates that had been sputtered with 25 imi of ITO (Chapter 4, Section 4.2.1). The 

monolayer films were deposited on the up stroke at a deposition pressure of 50 mN/m. 

Figure C-5 shows a typical pressure/area isotherm for the deposition of arachidic acid on 

a fiised silica substrate. 

The bilayer arachidic acid films were deposited at a deposition pressure of 

50 mN/m by placing 100 |xl of the Img/ml solution on the water subphase. After the 

chloroform had evaporated from the subphase, the first arachidic acid layer was deposited 
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Figure C.5: Typical pressure versus area isotherm of arachidic acid on a deionized water 
subphase at ambient conditions (for deposition on fused silica and ITO substrates). 
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on the up stroke and the second layer was deposited on the down stroke. The bilayer 

films were kept under a distilled water solution at all times prior to performing the 

experimental measurements. The EA-TIRF cell was assembled under water and blown 

dry (externally) after assembly (for placement of the prisms). 

Appendix C.2.2:Proto porphyrin IX dimetiiyl ester doped Langmuir Blodgett film 
deposition 

The proto porphyrin IX dimethyl ester-doped (Figure C-2 (A) and C-3 (D) 

arachidic acid Langmuir Blodgett films were constructed of a solution containing 1 

mg/ml arachidic acid doped with 1 mg/ml dimethyl ester porphyrin at a 24:1 mole ratio. 

Literature results demonstrated that higher porphryin molar ratios result in segregation, 

rather than homogeneous fibns.'^ The solution was deposited onto a water subphase and 

allowed to rest for 20-30 minutes to permit the evaporation of the chloroform. The film 

was deposited at a pressure of SO mN/m. The film was deposited on the up stroke for 

experiments where the dimethyl ester porphryin doped film was used as a monolayer as 

well as for experiments where the dimethyl ester porphryin was deposited on top of an 

arachidic acid bilayer. In the latter case, the film was deposited on top of two pure 

arachidic acid films to form a trilayer. 

Appendix C.2.3: Formation of Films with Submonolayer Coverages of meso-tetra 
(N-methyl-4 pyridyl) porphine tetra tosylate 

The meso-tetra (N-methyl-4 pyridyl) porphine tetra tosylate. Figure C-2 (C) and 

C-3 (D), films were deposited by the electrostatic adsorption of the porphyrin onto either 

a bare substrate (ITO or fused silica) or onto a substrate supporting an arachidic acid 
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monolayer. The molecular film was adsorbed fi'om a bulk solution of 100 nM meso-tetr^i 

(N-raethyl-4 pyridyl) porphine tetra tosylate in phosphate buffer (5 mM). The film was 

equilibrated with the bulk solution in the cell for ca. 10-IS minutes. The excess bulk 

solution was removed from the cell, and the cell was rinsed three times with S mM 

phosphate buffer prior to any measurement. 

Appendix C.2.4:Normalization of Raw Fluorescence Emission Data 

Detailed procedures for normalizing the raw fluorescence emission intensity 

data are described in Chapter 2 (Section 2.3.3.). The data presented in this chapter were 

normalized using Method B described in Chapter 3 (Section 3.4). 

Appendix C.3: Results and Discussion 

Appendix C.3.1: Adsorption behavior of m^so-tetra (N-methyM pyridyl) porphine 
tetra tosylates on fused silica, ITO and Arachidic Acid surfaces 

Adsorption smdies were performed with the meso-tetra. (N-methyl-4 

pyridyl) porphine tetra tosylates on bare ITO and fused silica surfaces as well as on an 

arachidic acid bilayer deposited on a fused silica substrate. The studies were performed 

to characterize the adsorption behavior of the porphyrin on each surface and to determine 

the respective surface densities. The adsorption isotherm data for the porphryins on the 

unmodified ITO (Figure C - 6) and fused silica (Figure C-7) were modeled with a 

Langmuir model. The results indicate a positive binding coefficient, (2.84 ± 0.07) x 10*^ 

and (4 ± I) x 10^ for the ITO and fused silica, respectively. Surface coverages, calculated 

using the Langmuir model, were determined to be 22.1 % and 3.78% of a monolayer on 
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Figure C-6: Adsorption isotherm of meso-ietm (N-methyI-4 pyridyl) porphine tetra 
tosylate onto ITO at 575 run in 5 mM phosphate buffer. The resulting fluorescence 
intensity of the surface bound species has been modeled with a Langmuir model. 
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Figure C-7: Adsorption isotherm of me^o-tetra (N-methyl-4 pyridyl) porphine tetra 
tosylate onto fused silica at 575 nm in 5 mM phosphate buffer. The resulting 
fluorescence intensity of the surface bound species has been modeled with a Langmuir 
model. 
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the ITO and fused silica substrates, respectively. The higher surface coverage found on 

the ITO is reasonable considering the complexity of the ITO surface relative to that of 

fused silica, (see Chapter 4, section 4.3.2). Significantly more modes of binding exist on 

the complex ITO substrate. Using the results from the adsorption isotherms shown in 

Figure C-6-7, a deposition concentration of 100 nM me^o-tetra (N-methyl-4 pyridyl) 

porphine tetra tosylate in 5 mM phosphate buffer was selected for these experiments. 

This bulk concentration resulted in adsorbed films that provided sufScient signal 

intensity, but that was well below full monolayer coverage. The latter could lead to 

intermolecular energy transfer. The data for the adsorption of the /we^o-tetra (N-methyI-4 

pyridyl) porphine tetra tosylate on a Langmuir Blodgett modified substrate is shown in 

Figure C-8. These measurements were performed on fused silica to ensure that 

quenching of the fluorophore by the substrate did not bias the isotherm measurements. 

As shown in the figure, the results did not support a Langmuir adsorption 

model. The data indicated that two different adsorption mechanisms occurred, one at the 

lower and the other at the higher porphryin concentrations. Regardless, as in the case of 

the adsorption of the porphyrin tosylate onto the bare ITO and fused silica, a 100 nM 

adsorption solution was determined to be an acceptable concentration for depositing 

model films onto the arachidic acid surface. 

Appendix C.3.2:Anisotropy Measurements of Mean Tilt Angles Based on a Delta 
Function Distribution 

Using Method B described in Section 3.4, an anisotropy value was calculated for 

each of the four model films deposited on ITO and on fused silica. Corresponding mean 
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Table C-1: The anisotropy values and respective mean tilt angle, assuming a delta 
function distribution, of the proto porphyrin IX dimethyl ester and wiejo-tetra (N-methyl-
4 pyridyl) porphine tetra tosylate films both in close proximity to the ITO substrate 
si^ace and spaced by a Langmuir Blodgett film. 

Architecture 
Name 

Film Structure Anisotropy Value Mean Tilt Angle 

A-IT 

Proto porphyrin IX 
dimethyl ester doped in 

a Langmuir Blodgett 
monolayer 

-0.35 ±0.11 8l°± 18" 

B-IT 

Proto porphyrin DC 
dimethyl ester doped in 
the outer monolayer of a 

Langmuir Blodgett 
trilayer 

-0.47 ±0.13 90° ±8° 

C-IT 

Meso-Tetra (N-methyl-4 
pyridyl) porphine tetra 

tosylate adsorbed to 
unmodified ITO 

-0.31 ±0.08 76° ± 20° 

D-IT 

Meso-Tetra (N-methyl-4 
pyridyl) porphine tetra 
tosylate adsorbed to an 
arachidic acid bilayer 

-0.83 ± 0.22 N/A 
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Table C-2: The anisotropy values and respective mean tilt angles, assuming a delta 
function distribution, of the proto porphyrin IX dimethyl ester and meso-tetra (N-methyl-
4 pyridyl) porphine tetra tosylate films both in close proximity to the fused silica 
substrate surface and distanced by a Langmuir Blodgett film. 

Architecture 
Name 

Film Structure Anisotropy Value Mean Tilt Angle 

A-FS 

Proto porphyrin IX 
dimethyl ester doped in 

a Langmuir Blodgett 
monolayer 

-0.23 ±0.10 75°± 18° 

B-FS 

Proto porphyrin DC 
dimethyl ester doped in 
the outer monolater of a 

Langmuir Blodgett 
trilayer 

-O.IO± 0.03 40° ± 10° 

C-FS 

Meso-Tetra (N-methyl-4 
pyridyl) porphine tetra 

tosylate ad^rbed to 
nmodified fused silica 

-0.08 ± 0.03 37° ± 16° 

D-FS 

Meso-Tetra (N-methyl-4 
pyridyl) porphine tetra 
tosylate adsorbed to an 
arachidic acid bilayer 

-0.35 ± 0.07 75° ± 16° 
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tilt angles were also determined. Although, as described in Chapter 2 (section 2.3), the 

mean tilt angle may not be the most accurate or informative way to describe the films, for 

comparison purposes, it will be used here. Table C-1 shows the anisotropy values and 

corresponding mean tilt angles determined for the four model films on the control fused 

silica substrate. Table C-2 shows the corresponding results for the EA-TIRF substrate. 

The fused substrate, in each case, was considered the control substrate with respect to the 

fluorescence behavior of the porphyrin. Consistency in the anisotropy results measured 

on the fused silica and ITO substrates having identically constructed films would indicate 

unbiased fluorescence behavior of films on ITO. However, a discrepancy between the 

measurements made on identically constructed films deposited on ITO and the control 

substrate, fiised silica, would indicate some bias in the measurable fluorescence lifetime 

due to the electroactive TIRF substrate. A discussion of the results presented in the tables 

follows. 

Appendix C3 J:Proto porphyrin IX dimethyl ester monolayers 

The anisotropy value determined for the ester monolayer deposited on a fused 

silica surface (A-FS in Table C-2) was determined to be -0.23 ±0.10 corresponding to a 

mean tilt angle of 75° ± 18°. The result is inconsistent with the hypothesized model. 

Rather than the inserting between the hydrocarbon chains of the Langmuir Blodgett film 

and having a low tilt angle (approximately 30°)®^"'^ with respect to the surface normal, the 

porphyrin was determined to have a large tilt angle. This suggests movement of the 

porphyrin during or after film deposition. Considering the hydrophobic nature of the 
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proto porphyrin and the highly charged ITO surface, it is most likely that the pophryin 

moved upward, away from the ITO surface, to reside on top of the arachidic acid 

hydrocarbon chains. The hydrophilic environment of the hydrocarbon tails would offer a 

less constrained and a more thermodynamically favorable environment than a vertical 

location within the film, particularly if any repulsive interactions existed between the 

negatively charged surface of the ITO and the positively charged prophyrin. 

The measurements made of the proto porphyrin ester monolayer film deposited on 

ITO (A-IT in Table C-l) produced an anisotropy value of -0.35 ± 0.11, resulting in a 

mean tilt angle of 81° ± 18°. This result also disagrees with the model, and suggests 

vertical movement of the porphyrin. The data is consistent with the results measured on 

fused silica surfaces, indicating that the electroactive surface does not affect the 

fluorescence lifetime of the molecule. 

Appendix C.3.4:Proto porphyrin IX dimethyl ester triiayers 

The Zn proto porphyrin IX dimethyl ester trilayer complex (B-FS in Table C-2) 

produced an anisotropy of -0.10 ± 0.03 on fiised silica (a mean tilt angle of 40° ± 10°). 

This value is comparable to the predicted tilt angle for the proto porphyrin films doped in 

arachidic acid of ca. 30°. The difference between the tilt angle measured here (in the top 

layer of a trilayer) and the tilt angle determined for the proto porphyrin doped into a 

monolayer suggests that the bilayer possibly stabilizes the porphryins doped in the film 

by distancing the porphyrin from the highly charged and polar ITO surface. 
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An anisotropy value of -0.47 ±0.13 was determined for the protoporphyrin 

trilayer structure deposited on ITO. This value indicates a mean tilt angle of 90° ± 8° 

assuming a delta function distribution. The value measured on the ITO surface is 

inconsistent with the one determined on fused silica. This discrepancy indicates that the 

measurable fluorescence of the porphyrin on the surface has been compromised, and 

considering all other experimental parameters are equal, a likely cause is the presence of 

the ITO. Considering the tilt angle of 40° determined on the fused silica, the result for 

the ITO measurements indicates an erroneously high absorbance in the TE signal (see 

Chapter 2, section 2.2.4.), indicating that the relative TM signal may be quenched by the 

ITO surface. With respect to distance from the surface, the spacing of the molecule away 

from the surface (ca. 44 A) did not appear to have any quenching effects. This behavior 

was unexpected. 

Appendix C.3.5:mes0-tetra (N-methyl-4 pyridyl) porphine tetra tosylates adsorbed 
to bare ITO and fused silica surfaces 

An anisotropy value of -0.08 ± 0.03 (C-FS in Table C-2) was measured for the 

meso-tetra. (N-methyl-4 pyridyl) porphine tetra tosylate monolayers deposited on fused 

silica surface which results in a mean tilt angle of 37" ± 16°. This anisotropy value did 

not correlate favorably with the model, which suggested a much larger tilt angle 

approaching 90° (see Figure C-2 (C)). However, literature results support this 

measurement Bos. et al., reported an orientation distribution of ca. 45° for 

tetrakis(methylpyridimumyl) porphryin on silica in 10 mM phosphate buffer.'^' 

Energetic constraints or spatial charge limitations on the fused silica surface might 
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prevent the planar porphyrin from electrostatically binding to the surface via all four 

amine sites on the molecule. If the distribution of porphyrins bound to the surface 

includes molecules bound by only two of its four positive charges, a tilt angle of 45° may 

appear reasonable. 

An anisotropy of -0.31 ± 0.08 was determined for the comparable films deposited 

on an ITO surface, indicating a mean tilt angle of 76° ± 20°. The result is inconsistent 

with those determined on the control fused silica surface. One interpretation of the data 

could be, as in the case of the porphyrin trilayers measured on ITO, that the relative TM 

signal for the measurements was attenuated. This suggests that quenching is a possibility 

for the meso porphyrin adsorbed on to the bare ITO surface. However, if the adsorption 

data of these films is considered, the films adsorbed on the ITO surface are over five 

times more concentrated than those on the fused silica substrate. A higher surface 

density could promote it-n interactions between the porphyrins causing aggregation, 

however this is unlikely at only 22% of a full monolayer. Still, such regions of 

"stacking" of the porphyrin planes could affect the measured average tilt angle. 

Appendix C.3.6:ifitfso-tetra (N-methyM pyridyl) porphine tetra tosylates adsorbed 
to Langmuir Blodgett modifi^ surfaces 

The last films examined included the anisotropy values of the meso-tetra (N-

methyI-4 pyridyl) porphine tetra tosylate films adsorbed to arachidic acid bilayers. An 

anisotropy of -0.35 ± 0.07 was measured on the arachidic acid bilayer deposited on a 

fused silica surface. This anisotropy value correlates to a 75° ±16" tilt angle. The results 

compare favorably to the model show in Figure C-3 (D). The data indicates that high 
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negative surface charge density of the arachidic acid head groups (see Figiure C-4) 

provides more favorable environment for a flat orientation (large tilt angle with respect to 

the surface normal) than the bare fused silica surface. 

The anisotropy value measured for the ITO surface, -0.83, does not fall within the 

theoretical range of possible anisotropy values for a circular dipole (see Chapter 2, 

section, 2.3.1). However, if only the TE/TM ratio is considered, it is interesting to note 

that the data suggests a relatively small TM signal implying that the plane of the 

porphryin is approaching a theoretically flat (90°) tilt angle. The anomalous results 

measured on ITO could be the result of quenching by the ITO substrate, however, it does 

not preclude the possibility that the porphryin is approaching a theoretically flat 

orientation. A mean tilt angle of 90° measured for the porphyrin film adsorbed to the 

modified ITO substrate would be statistically indistinguishable from the recovered mean 

tilt angle measured on fused silica, and therefore the two measurements would be 

consistent. Nonetheless, because of the ambiguity of the ITO results, the data is 

inconclusive. 

Appendix C.4:Conclusioii 

Measurements of the proto porphyrin film doped in a arachidic acid trilayer 

structure and the porphryin tosylates adsorbed onto bare fused silica indicated tilt angles 

of ca. 40°, a value that is reasonable when the molecular environments of the films are 

considered. Measurements of the meso porphyrin adsorbed on to the arachidic acid 
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bilayer and the proto porphyrin doped in an arachidic acid monolayer indicated a tilt 

angle of ca. 75°, values that are also reasonable with respect to the model. 

Experimental measurement of the same films deposited on ITO indicated 

that orientation-dependent quenching of the porphyrin films may be possible, although a 

relationship between the distance of the molecule firom the surface and quenching, was 

not observed. A trend was observed when comparing the anisotropy measurements on 

fused silica and ITO. When larger tilt angles were measured on the control, fused silica 

surface, the corresponding measurement on ITO was consistent, as in the case of the 

proto porphyrin doped into an arachidic acid monolayer. When smaller mean tilt angles 

were measured on the fused silica surface, the same films on ITO produced different 

results. In both cases of the latter, the proto porphyrin trilayer structures and the 

porphyrin tosylates adsorbed onto ITO, the corresponding tilt angles were ca. 40 - 50° 

larger, resulting in large tilt angles (ca. 80 - 90°) with respect to the surface normal. 

These results indicate that the relative TM signal, for measurements on the ITO, was 

attenuated. A logical explanation, in each case, would be orientation-dependent 

quenching of the fluorophore by the ITO surface. 

However, before further conclusions can be drawn from this data, 

determination of their tilt angles should be determined by a secondary means. Linear 

dichroism experiments would be a logical choice. Such measurements would confirm 

results obtained on the fused silica substrate and provide a more accurate control for 

measurements made on the ITO. At present, no conclusions can be drawn fix>m this data 

regarding the measurements made of the Zn cytochrome c films with the exception that 
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the possibility of the quenching of the Zn exists. This could affect the reported 

orientation distributions. Further studies also need to be carried out to determine the 

insulating properties of the peptide structure siurounding the heme in the cytochrome c. 
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