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ABSTRACT 
 

Potential modulated attenuated total reflectance (PM-ATR) spectroscopy is a 

novel technique that makes it possible to sensitively monitor spectroscopic changes in an 

adsorbed molecular film as a function of applied potential. Here, PM-ATR was used to 

study charge transfer processes in Prussian blue (PB) and cytochrome c (cyt c) films 

deposited on indium tin oxide (ITO) electrodes.  

The electron transfer rate of PB films determined by PM-ATR was found to be in 

good agreement with the rate determined by conventional cyclic voltammetry, which 

validates the optical technique. 

The relationship between molecular orientation and electron transfer in adsorbed 

cyt c monolayers was investigated using PM-ATR. The electron transfer rate measured 

using TM polarized light was four-fold greater than that measured using TE polarized 

light. These data are the first to correlate a distribution of molecular orientations with a 

distribution of electron transfer rates in a redox-active molecular film. 
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1.   INTRODUCTION TO POTENTIAL-MODULATED ATTENUATED 

     TOTAL REFLECTANCE SPECTROSCOPY 

 

1.1 Spectroelectrochemistry of Adsorbed Thin Films 

It has been long recognized by electrochemists that measurements of 

electrochemical currents, voltages, charges or capacitances do not provide unequivocal 

identification of electroactive molecules. Although a diffusion current might be 

correlated to a particular species, with its peak or half-wave potentials for reduction or 

oxidation and a diffusion coefficient appropriate to the medium, the molecular and 

structural identity of that species can not be fully understood from these properties 

especially for complex and biochemical redox systems.1 The ability to utilize additional 

specific and physical characteristics of molecules to monitor electrode processes would 

be useful. 

The information content of electrochemical techniques can be substantially 

increased by combining them with spectroscopic techniques as a second dimension of 

analysis. The coupling of optical and electrochemical methods – spectroelectrochemistry 

– has been employed for over two decades to investigate a wide variety of inorganic, 

organic and biological redox systems.2, 3 

The advantages of spectroelectrochemistry are well established. Specifically, the 

current flow of a Faradaic electrochemical event may be monitored through spectroscopic 

changes, therefore eliminating interferences from non-Faradaic current.4 Spectral 

information can provide structural and/or orientational information as a function of redox 
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state, and can also increase sensitivity for detection of  reactant, intermediate or product 

species.1 

To improve our understanding of electron transfer reaction pathways and the 

molecular conformations at interfaces, a variety of optical methods have been coupled to 

electrochemical techniques. Spectroscopic methods that have been adapted to 

spectroelectrochemistry include X-ray absorption5, ellipsometry6, IR7, 8 and Raman9 

spectroscopy. This introduction will focus on UV-VIS absorption spectroscopic 

techniques applicable to thin films which have been frequently employed due to their 

simplicity. 

Monitoring absorbance in an electrochemical experiment introduces wavelength 

selectivity to allow the separation of poorly resolved or unresolved electrochemical 

signals. Also, absorbance spectroelectrochemistry can be utilized to acquire kinetic data 

for irreversible electrode reactions that can not be obtained through electrochemical 

methods.10  

There are different absorbance geometries which can be used to perform 

spectroelectrochemical measurements on thin films. Two of the possible geometries and 

their corresponding relative sensitivities are shown in Figure 1.1. 
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Figure 1.1 Possible absorbance geometries that can be applied for spectroelectrochemical 

detection of thin films and their relative sensitivities. 
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A major disadvantage of a transmission absorbance geometry is its low sensitivity 

since the pathlength is short for a thin film sample. In addition, the absorbance spectra of 

thin films acquired in transmission geometries are often complicated with the presence of 

interference fringes.11 For experiments where the surface coverage and molar absorptivity 

of thin film is high enough to measure an adequate absorbance, the low sensitivity of 

transmission geometry may not be a problem. But in the fields where higher sensitivity is 

required such as protein electrochemistry, a transmission geometry may not be adequate. 

In this case, using a multiple pass geometry such as in attenuated total reflectance (ATR) 

spectroscopy can be a better option since the pathlength of light will be larger and 

therefore sensitivity will be relatively higher. Multiple internal reflection spectroscopy in 

a planar waveguide is used to increase absorbance sensitivity for molecules at or near the 

transparent electrode surfaces and this technique is emphasized in this project. 

The first spectroscopic planar waveguide experiments, performed in the late 

1950’s,12 were based on attenuating an internally reflected beam of light at the surface of 

a prism; later experiments were performed using a planar crystal. Harrick used this 

approach to spectroscopically measure chemical species in very close proximity (i.e. a 

few hundred nanometers) of the surface of the waveguiding structure and several 

researchers followed in the field of planar waveguide spectroscopy afterwards.13, 14  

The first combination of electroactive coatings with ATR spectroscopy was done 

using a glass internal reflection element (IRE) coated with a thin, conductive, transparent 

electrode (tin-oxide) to study the electron transfer kinetics of o-tolidine.15, 16 In those 
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studies, changes in the surface coverage of oxidized product as a function of time by 

application of an anodic potential step were monitored spectroscopically.  

The first application of optical waveguides to electrochemistry was reported by 

Itoh and Fujishima17 in 1988. In their work, the development of the electroactive 

integrated optical waveguide (EA-IOW) using potassium ion-exchange (PIE) waveguides 

coated with a thin layer of conductive tin-oxide (SnO2) to study the electrochemical 

reduction of methylene blue was shown. They achieved an increased sensitivity of 

spectroelectrochemical measurement by a factor of ~150. Dunphy and coworkers18 

employed an alternate strategy in which a thin, low-refractive index buffer layer (SiO2) 

was placed between the waveguiding layer and the indium-tin oxide (ITO) film to create 

a multilayer stacked structure. They claimed that the ITO, because of its high refractive 

index, shifts the mode distribution toward the superstrate, increasing the field strength at 

the ITO/superstrate interface and therefore increasing the sensitivity. 

A spectroelectrochemical waveguide sensor for chlorine was developed by Piraud 

and coworkers.19 The absorbance of a lutetium biphthalocyanine (Lu(PC)2) film, 

deposited over an ITO layer, coated onto a PIE waveguide, responded to chlorine which 

oxidized the film. The sensor could be regenerated by applying a suitable cathodic 

potential to the ITO layer.  

A series of publications, by Heineman and coworkers, outline the design, 

characterization, and applicability of an ATR spectroelectrochemical sensor format. The 

technique employs chemically selective ion-exchange films, such as polyelectrolyte-SiO2 

sol-gel composites20-25 and polymer blends,26-28 deposited on glass slide IREs coated with 
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ITO (thickness ~1 mm).2, 20-23, 26-29  These extensive studies clearly illustrate the 

advantages of spectroelectrochemical ATR techniques. 

 

1.2 Total Internal Reflection for Chemical Sensing 

The principles of total internal reflection have been described in great detail 

elsewhere12, 13, 30-33 and a general overview of relevant topics will be provided here by 

using two basic concepts: 1) Total Internal Reflection and Snell’s Law, 2) Evanescent 

Field Sensing.   

 

1.2.1 Total Internal Reflection and Snell’s Law 

When a light beam is incident on the interface between two media with refractive 

indices η1 and η2, light is transmitted through the interface (refraction) with an angle 

dependent on the refractive indices of the two media and the angle of incidence (the 

refractive index being defined as the speed of light in a vacuum versus the speed of light 

in the particular medium (η = c / ν)). Snell’s Law of Refraction relates the refractive 

indices to the angle of light propagation relative to the normal. If the incident medium has 

the larger refractive index, angle increases as light passes into the rarer medium (Figure 

1.2a). 

For an incident beam traveling from a higher index medium (η2) to a lower index 

medium (η1), there exists an angle of incidence which causes the transmitted beam to be 

refracted parallel to the interface between the two media (e.g. green light beam in Fig. 
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1.2b, θ2 = 900). Under these conditions, the interface acts as a perfect mirror and the 

incident beam is completely reflected back into the higher index medium. Incidence at 

this critical angle, or at any angle greater than the critical angle, results in complete 

reflection of the incident beam (e.g. purple light beam in Fig. 1.2b); this phenomenon is 

known as total internal reflection (TIR).  

If multiple reflections occur along the length of an IRE, it becomes a waveguide 

in which the totally internally reflected beam propagates within the IRE until it is 

outcoupled, absorbed, scattered, or otherwise extinguished. 
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a) 

 

 

 

 

 

 

 

 b) 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 a) Snell’s Law and refraction of light between two media of different 

refractive indices are shown. b) Schematic representation of total internal reflection is 

shown. Angle of incidence is increasing from red light beam to purple light beam. Green 

light beam shows the threshold condition for total internal reflection. Purple light beam 

represents total internal reflection. θc in the equation represents incident angle which is 

called ‘critical angle’ in the case of green light beam. 
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1.2.2 Evanescent Field Sensing 

At an interface at which TIR occurs, an extension of electromagnetic radiation, 

known as an evanescent field, penetrates into the rarer medium perpendicular to the plane 

of the interface. The evanescent field decays exponentially with distance and therefore 

TIR spectroscopy selectively probes only the region adjacent to the IRE (Figure 1.3). 

Typical penetration depths in the visible region of the spectrum are from 100-500 nm, 

and are dependent on parameters such as wavelength of light, refractive indices of the 

two media, IRE material and the internal reflection angle, θ.11  

Evanescent field energy can be absorbed by molecules within the evanescent 

volume which will cause attenuation of the propagating beam after each reflection. ATR 

spectroscopy is based on this phenomenon. The surface selective nature of internal 

reflection methods is ideally suited for the study of thin films on an IRE surface, since the 

energy of the evanescent field is localized within the film.34 

The absorption of evanescent energy for a molecule, in the superstrate adjacent to 

an IRE, per internal reflection, can be defined as:35 

                            

                              (1.1)                                  

 

where A represents the absorbance, (Ie/Ii) represents the interfacial transmitted intensity 

per unit incident beam intensity, dp is penetration depth, N is the number of internal 

reflections, and ε and C are the molar absorptivity and concentration of the molecule, 
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respectively. The subscript b denotes the bulk solution in which a homogeneous 

distribution of the molecule throughout the evanescent volume is assumed.35  
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Figure 1.3 Schematic diagrams illustrating the evanescent field and its use for chemical 

sensing of thin films (protein film in this case). The evanescent field induced at the point 

of reflection extends into the optically rarer medium to a distance dependent on the 

refractive index contrast between the two media, the wavelength of light, and θ.  
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1.3 Potential Modulated Spectroelectrochemical Techniques to Study Charge 

Transfer Kinetics 

Determining rates of electron transfer through molecular films is central to a wide 

range of chemical, physical, and biological processes and consequently has important 

applications in sensors and organic electronic devices.36-40  An electroreflectance (ER) 

technique that combines spectroscopy and electrochemical impedance methods has been 

developed by Niki and Sagara,41-43 and has been used extensively to study electron 

transfer processes and rates for molecular adlayers at reflective electrode surfaces, such 

as alkanethiol-modified gold.   

Many ER studies reported to date have used external reflection and surface 

plasmon resonance geometries to monitor changes in film optical properties. 

Alkanethiolated gold has been used to study optical-switching and electron transfer 

kinetics of porphyrins44, 45 and adsorbed protein films, such as azurin46 and cytochrome 

c,47-51 using ER spectroelectrochemistry. Also, UV-VIS ER spectroscopy has been 

applied to small molecular adsorbates such as hemin and Nile blue to study electron 

transfer rates on different electrode surfaces such as glassy carbon electrode and highly 

oriented pyrolytic graphite.42, 43, 52  

Fujishima and coworkers53-56 utilized this approach in a transmission geometry to 

differentiate kinetically heterogeneous processes in polypyrrole films on SnO2 electrodes. 

In those works, the measured optical response is a change in transmittance rather than 

reflectance. Several other examples of transmission spectroelectrochemistry using ER 

approach can be found in the literature.57-59  
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Doherty et al.60 reported the first implementation of ER in a multiple reflection 

ATR spectroscopy and its application to study electro-optical transition kinetics in 

molecular adlayers. In this work, the theoretical framework developed by Niki and 

Sagara41-43 was used to extract an apparent heterogeneous charge transfer rate, or rate of 

spectroelectrochemical switching (ks), for thin films of poly(3,4 ethylenedioxythiophene) 

(PEDOT) and poly(3,4-ethylenedioxythiophene methanol) (PEDTM).  

An overview of theoretical aspects of ER spectroscopy is presented in the 

following section. 

 

1.3.1 The Basic Principles  of ER Spectroscopy 

In ER spectroscopy, an ac potential modulation is applied to the electrode, while 

the change in light intensity reflected at (or transmitted through) the electrode surface is 

monitored simultaneously. Changes in the reflectivity represent changes in the optical 

constants of the film which can be caused by changes in oxidation state, charge density, 

and/or molecular conformation. Optical changes in the film as a function of the 

modulation frequency and amplitude can provide kinetic information about rates of 

electron transfer and the rate at which the optical properties of the molecular film can be 

“switched”, or cycled, between the reduced and oxidized forms (electro-optical switching 

rate).  

 The following expressions represent the relationship between the applied 

modulated potential and the electroreflectance signal in ER spectroscopy. 
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                             (1.2a)                                

                                                                        

                             (1.2b) 

 

In these expressions, E represents the overall potential applied to the electrode, Edc is the 

time-average potential, and Eac is the amplitude of the potential modulation. 

Analogously, R represents the overall reflectance of the probe beam, Rdc is the time-

average reflectance, Rac is the amplitude of the modulated reflectance induced by Eac, ω 

is the modulation frequency in radians, θ is the phase angle between Eac and Rac, and t is 

time.  

 

1.3.2 Electron Transfer Rate from ER Spectroscopy 

Traditional electrochemical techniques used to evaluate the electrode reaction rate 

constants, ks (the turnover rate constant), of species adsorbed on the electrode include dc 

cyclic voltammetry, ac impedance spectroscopy and ac voltammetry. These techniques 

have been discussed in great detail in the literature.61-64 Briefly, when the dc 

voltammetric peak potential is measured as a function of scan rate without the influence 

of ohmic drop, the formula derived by Laviron et al.62, 65 is applicable to evaluate ks.42 

Based on the formula, the electron transfer rate can be calculated from the anodic and 

cathodic peak separation at a known scan rate.62, 65 However, determination of ks by 

traditional electrochemical techniques is difficult when there is large double-layer 
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capacitance, large solution resistance, and/or irreversibly adsorbed redox species on 

electrode surface.  

UV-VIS ER spectroscopy is an ac technique in which the ac reflectance of the 

electrode surface is measured instead of ac current response.42, 43, 66 The ac reflectance 

response (ER response) measured in the vicinity of the formal potential E0 of an adsorbed 

redox-active species originates from its redox reaction.67 Therefore, a change in the 

fractions of oxidized and reduced forms of the species present at the electrode surface is 

expected to produce a corresponding change in the ER response, assuming the molar 

absorptivities of the oxidized and reduced forms are different.42 It is important to note 

that the amplitude of the ac reflectance response is proportional to the amount of the 

redox species interconverted between oxidized and reduced forms in response to the 

potential modulation.43  

Theoretical derivations of electroreflectance parameters and derivation of 

expressions for reflectivity have been well-explained in detail elsewhere.35 Here, 

extraction of kinetic information from ER response will be described briefly. 

In the presence of charge-transfer processes, the electrochemical impedance 

response of an electrochemical cell consisting of an ITO electrode, an electroactive 

adlayer, and the electrolyte can be represented by the equivalent circuit shown in Figure 

1.4.35 Faradaic electron transfer processes between the adlayer and the electrode require 

additional capacitance (Ca) and charge transfer resistance (Rct) terms to adequately 

simulate the overall electrochemical response.68, 69 
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In Figure 1.4, an ac voltage (Eac) is applied across the entire cell. A fraction of 

this voltage is dropped across the resistance of the solution (Rs), leaving Eac
F across the 

Faradic component of the circuit (Ca and Rct). The current flow in the Faradic portion of 

the cell is related to the amount of redox activity in the adlayer film. Note that Eac
F is also 

applied across the double-layer capacitance (Cdl). The total current flowing through the 

cell is denoted iac; it passes directly through Rs and is then divided across the Faradaic 

and double-layer capacitive portions of the cell, denoted iac
F and iac

dl, respectively. Note 

that the iac can be further defined as the sum of iac
F and iac

dl, according to Kirchhoff’s 

Laws.35 
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Figure 1.4 The equivalent circuit diagram representing the electrochemical cell 

consisting of an ITO electrode, an electroactive adlayer, and the electrolyte solution. Eac 

represents the total potential applied to the circuit. Rs and Cdl represent the solution 

resistance and double layer capacitance of the cell. Rct and Ca comprise the Faradaic 

portion of the circuit, representing the charge transfer resistance and the adlayer 

capacitance, respectively. Eac
F is the potential applied across the Faradaic portion of the 

cell. The total cell current, iac, is divided across the Faradaic cell (iac
F) and the Cdl (iac

dl).35 
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Equations derived by Laviron63, 64 enable the extraction of the electrode rate 

constant, ks, from experimental values of Rct and Ca by 

                                                    

               (1.3a)                                 

 

 

                           (1.3b) 

 

                                 

where n · na is the product of the nominal and apparent number of electrons involved in 

the electrode reaction and RT is the product of the gas constant, R, and absolute 

temperature, T. Γt and F represent the total surface coverage of the adlayer and Faraday’s 

constant (96485 C/mol e-), respectively. 

Combining above equations gives an expression for ks  

                            

                       (1.4) 

 

 

The optical switching rate, ks, can also be determined graphically. A plot of real 

Re(Rac) versus imaginary Im(Rac)  components of the reflectance signal at varying 

frequencies of Eac results in a hemispherical plot, or complex plane plot (analogous to a 

Cole-Cole plot in impedance spectroscopy). It has been shown by Niki et al.42 that the 
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complex plane crosses the origin, where Re(Rac) = 0, at one specific frequency (ω) which 

is called the optical switching frequency. The optical switching frequency can be used to 

determine ks. After derivations of expressions for reflectivity and making some 

assumptions, an expression for ks can be written as follows:35          

 
 
    (1.5) 

Thus, ks can be determined if Rs and Cdl (which can easily be measured using 

classical impedance techniques) for the electrode ensemble are known.  

 

1.4 Overview of Experiments 

The research described in this thesis is focused on spectroelectrochemical 

characterization of electron transfer processes occurring at the electrode – molecular 

adlayer interface and investigation of relationships between molecular orientation and 

charge transfer rates using potential-modulated ATR (PM-ATR), a novel form of 

electroreflectance spectroscopy. The research is divided into two major parts. 

In Chapter 2, the utility of PM-ATR technique has been investigated using 

Prussian blue films deposited on ITO electrodes to study charge transfer processes 

between ITO and Prussian blue. The multiple internal reflection geometry of PM-ATR 

provides a significant sensitivity advantage over the single external reflectance and 

transmission geometries that have been employed in most prior electroreflectance studies. 
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In this work, the apparent electron transfer rate of Prussian blue on ITO obtained using 

PM-ATR was compared to that obtained with conventional cyclic voltammetry. 

In Chapter 3, efforts to better understand relationships between the structure of a 

protein film immobilized on an electrode and its electrochemical activity are described. 

Developing this knowledge is a prerequisite to design of protein-based devices in which 

vectorial, heterogeneous electron transfer is required for efficient operation. To address 

this aim, the relationship between molecular orientation and electron transfer in 

immobilized films of cytochrome c adsorbed to an ITO electrode has been investigated 

using polarized PM-ATR method. The correlation between a distribution of molecular 

orientations and a distribution of electron transfer rates in a redox-active molecular film 

has been achieved for the first time. 
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2. POTENTIAL-MODULATED ATTENUATED TOTAL REFLECTANCE 

SPECTROSCOPY OF PRUSSIAN BLUE ON INDIUM TIN OXIDE 

ELECTRODES 

 

2.1 Introduction 

Prussian blue (iron (III) hexacyanoferrate (II)) has been extensively used as a 

pigment in the formulation of paints, lacquers, and printing inks.70 Prussian blue (PB) is a 

mixed valence compound with a cubic structure in the solid state, shown in Figure 2.1, 

with a lattice dimension of 10.16 Å, in which corner sites are occupied by alternating 

ferrous and ferric ions and cyano ligands lie along the edges.71 The remaining charge is 

balanced either by potassium ions, as in so-called “soluble” PB (KFeIII[FeII(CN)6]), or by 

ferric ions, as in “insoluble” PB (Fe4
III[FeII(CN)6]3).72 Both compounds are actually 

water-insoluble (Ksp = 10-40) and the term “soluble” refers to the ease with which the 

potassium salt can be peptized and the ability of material to form an aqueous 

suspension.72  

PB can be electrochemically deposited onto electrode surfaces.73-86 The 

electrochemical properties of PB films have been well characterized in the literature.71, 73-

87 PB-modified electrodes have found applications in biosensing81 and electrocatalysis.82 

The molar absorptivity of PB in the visible spectrum varies with changes in its oxidation 

state.80 Based in part on these properties, PB has been chosen as a model system in this 

work to assess the utility of PM-ATR spectroscopy for studies of charge transfer kinetics 
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in thin molecular films. This data is presented in Section 2.3, after a brief survey of 

electrochemical and spectroscopic properties of PB. 

 

2.1.1 Electrochemical Studies of Prussian Blue 

Since Neff83 reported for the first time the electrochemical behavior and the 

successful deposition of a thin layer of Prussian blue on a platinum foil, the 

electrochemistry of PB has been fully investigated by various researchers.71, 73-87  

A colorless compound known as Everitt's Salt (ES) or Prussian white (PW) is 

obtained by reduction of PB, while the yellow form, Prussian yellow (PY) or Berlin green 

(BG) is obtained when PB is oxidized.88 A representative cyclic voltammogram is shown 

in Figure 2.2.89 Cyclic voltammetry experiments showed that the oxidation and reduction 

of PB/PW couple was more reversible than that of the PB/PY couple.90 Thus studies 

described in this thesis focused exclusively on the PB/PW redox couple. 

According to Itaya et al.80, reduction of PB is described by 

 

Fe4
III[FeII(CN)6]3 + 4K+ + 4e-    K4Fe4

II[FeII(CN)6]3 

(PB)                                     (PW) 

 

As mentioned above, PB is reported to exist in two forms, insoluble PB and 

soluble PB.72, 76 When the potential of a PB film is cycled several times in an electrolyte 

containing potassium, the lattice structure is converted to the soluble form.72, 75 After this 

cycling process, the reactions above can be re-written as:84, 86  
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KFeIII[FeII(CN)6] + K+ + e-    K2FeII[FeII(CN)6] 

(PB)                                     (PW) 

 

2.1.2 Spectroscopic Studies of Prussian Blue 

Spectroscopic characterization of Prussian blue films (under potential control) has 

been done by various groups by different methods such as UV-VIS absorption,80, 85, 87, 90-

92  Raman scattering,90 colorimetry,70 surface plasmon resonance,93 infrared,94 

electrochemical impedance,95 etc. 

Absorption spectra of PB films have been measured on SnO2
80, 91 and Au96 

(semitransparent) electrodes at various electrode potentials.  At an electrode potential of 

0.6 V, the spectrum was assigned to PB with a peak wavelength of 700 nm.80 Changes in 

the absorption spectra of PB obtained at different electrode potentials are reversible 

which suggests the use of PB as a material for an electrooptical signal modulator.91 
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Figure 2.1 Crystal structure of Prussian blue. The figure on the right represents ferric 

ions (red), ferrous ions (green), carbon (black), nitrogen (blue).  
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Figure 2.2 Cyclic voltammogram of a PB-modified gold electrode showing the oxidation 

and reduction peaks of Prussian blue.89 (Reprinted from Ref. 89. Copyright (2005), with 

the permission from Elsevier) 
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2.2 Experimental Methods 

2.2.1 Cleaning of ITO Substrate 

The ITO-coated planar electrodes used in these studies were obtained from 

Colorado Concept Coatings Limited, with a sheet resistance of ca. 13 Ω / cm2. They were 

cleaned by scrubbing with a 1% Alconox solution for 1 min and then sonicating for 15 

min each in 1% Alconox, water, and ethanol, followed by low temperature air plasma 

cleaning (Harrick model PDC-3XG) for 15 min97 at 30 W. 

 

2.2.2 Formation of Prussian Blue Films 

FeCl3 (Aldrich), K3Fe(CN)6 (Mallinckrodt), KCl (Aldrich), and HCl 

(Mallinckrodt) were used for the synthesis of the PB film.  Barnstead Nanopure (18 

MΩ−cm) water was used for any required dilutions. 

PB films were deposited galvanostatically using the method described by Garcia-

Jareno and coworkers.68 Briefly, the cleaned ITO electrode was immersed in a solution 

composed of 0.02 M K3Fe(CN)6, 0.02 M FeCl3 and 0.01 M HCl and a controlled cathodic 

current of 40 µA/cm2 was passed through the circuit, which contained a Ag/AgCl 

reference electrode (Bioanalytical Systems) and a Pt wire counter electrode. Unless 

otherwise stated, the deposition time for PB was 10 sec.  After deposition, the cell was 

rinsed several times with electrolyte (1 M KCl adjusted to pH 4 with HCl). To obtain a 

stable electrochemical response from the film, the cell was then filled with electrolyte and 

the potential was scanned from -400 mV to +700 mV several times.68, 75, 98  
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2.2.3  Cyclic Voltammetry 

Cyclic voltammetry (CV) was carried out using a typical three-electrode cell in 

which the PB-coated ITO was used as the working electrode, with the reference and 

counter electrodes as described above. Two different cells were used: a standard teflon 

electrochemical cell (electrode area = 0.785 cm2) and a spectroelectrochemical ATR cell 

(electrode area = 2.1 cm2). All electrochemical measurements were performed on an 

EG&G Princeton Applied Research Model 263A potentiostat/galvanostat. Cyclic 

voltammograms were obtained at a scan rate of 100 mV/sec (except where noted) and a 

potential range of -400 to +700 mV.  

 

2.2.4 Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was also carried out using the 

same three-electrode cell used in CV experiments, in which the PB-coated ITO was used 

as the working electrode. Impedance measurements were obtained with an EG&G 

Princeton Applied Research Model 1025 Frequency Response Detector operated with 

PowerSuite 2.00.5 software. 

 

2.2.5 PM-ATR Theory 

A complete description of PM-ATR is provided elsewhere60 but here the principle 

of the method is described briefly. The theory used to interpret PM-ATR spectroscopy 

data is analogous to that used with ER spectroscopy performed in an external reflectance 

geometry,41-43 described in Section 1.3.1. In PM-ATR, changes in the electroreflectance 
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signal, Rac, are referenced to the frequency of the ac potential, Eac, applied to the 

electrode. The ac potential is centered around Edc, which is typically the formal reduction 

potential of the molecular film.  The portions of Rac that are in- and out-of-phase with the 

reference signal (X and Y, respectively) are monitored and used to determine Rac 

( = X2 + Y2 ) and the phase shift ( ( )X
Ytan 1−=θ ) between Rac and the applied ac 

potential. 

At low modulation frequencies (relative to the rate of electron transfer of the 

adsorbed film), Rac is mostly in phase with the reference signal.  As the frequency is 

increased relative to the rate of electron transfer, θ increases as the out-of-phase portion 

of Rac increases.  From the optical switching frequency, where the in-phase portion of the 

signal becomes zero, the rate of electron transfer can be determined by equation 1.5 as 

described in Section 1.3.2. 

 

2.2.6 PM-ATR Setup 

A schematic diagram of the broadband ATR spectroelectrochemical apparatus 

and the ATR cell is presented in Figure 2.3.99 Briefly, white light is directed through an 

optical fiber, prism-coupled into an ITO-coated glass IRE, totally internally reflected 

down the length of the substrate, and out-coupled via a second prism. The outcoupled 

light is detected using a dispersion grating and CCD camera. Absorbing molecules 

present within the evanescent volume near the ITO surface cause attenuation of the 

incident beam. Simultaneous acquisition of electrochemical information is facilitated 

through a counter electrode (CE), a Ag/AgCl reference electrode (RE), and the ITO layer, 
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which serves as a working electrode (WE).99 To ensure homogeneous current density 

across the electrode area, the platinum wire (CE) was arranged parallel to the ITO 

surface, such that all areas of the ITO were approximately equidistant (~ 1 mm) from the 

Pt wire. The ITO electrode surface dimensions were 71.5 mm x 3 mm, with the ATR 

beam propagating along the long axis, at an internal reflection angle of 63o to 64o.  

Coupling prisms were positioned 40 mm apart, affording approximately 10 internal 

reflections along the length of the ITO electrode. This geometry is approximately 35-fold 

more sensitive than a transmission geometry.100 Detailed ray-optics diagrams of prism 

coupling, and schematic illustrations of the ATR spectroelectrochemical cell can be 

found elsewhere.35  

 Figure 2.4 shows a schematic diagram of the PM-ATR electrical setup.60 The 

electrochemical ATR apparatus has been described above. To drive the potential 

modulation at the ITO electrode, a function generator (FG) (Krohn-Hite Model 5200) 

was used to supply a 5 V peak-to-peak square wave external reference to the lock-in 

amplifier (LIA) (Stanford Research Systems Model SR830).  The amplitude of the 

reference output of the LIA was adjusted to the desired modulation amplitude and 

coupled to the external input of the potentiostat.  The cell potential (Edc) was set using the 

potentiostat at 185±5 mV.  This arrangement provides a sinusoidally modulated voltage 

(Eac) applied to the ITO electrode about Edc, which also serves as the reference signal for 

lock-in detection of the optical response.  Unless otherwise stated, Eac was set to 20 or 22 

mV rms (0.028 V or 0.031 V peak-to-peak).  The frequency of Eac was set at the function 

generator and monitored on the LIA with an analog oscilloscope (OS).  
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Figure 2.3 Optical arrangements of the ATR apparatus and a cross-section of the 

spectroelectrochemical ATR cell is shown.99 (Reprinted from Ref. 99 with permission) 

. 
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To monitor the optical response of the PB film, the outcoupled beam was filtered 

with a 660 nm bandpass filter (FWHM 20 nm), then measured with a photomultiplier 

tube (PMT), the output of which was monitored on the OS and fed into the input channel 

of the LIA.  A LabView program was written to record the signal intensities of the in-

phase (X) and 90o out-of-phase (Y) components using a 60 sec integration time.60 

Broadband ATR spectra, measured as a function of applied potential, were acquired using 

a CCD array in place of the bandpass filter and PMT, as described by Doherty et al.99 
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Figure 2.4 Schematic of electrical setup for PM-ATR.  White light (WL) is incoupled 

and internally reflected down the length of an ITO-coated glass microscope slide.  The 

steady-state potential (Edc) is set at the potentiostat (PS) and modulated by applying a 

sinusoidal reference voltage from a lock-in amplifier (LIA) to the external input of the 

PS.  The modulation frequency is set at the function generator (FG) which supplies a 5 

Vp-p external reference signal to the LIA.  The optical signal, i.e. the intensity of the 

outcoupled beam, is monitored at a photomultiplier tube (PMT) after passing through a 

660 nm bandpass filter (IF). Both the reference voltage and PMT output are monitored 

with an oscilloscope (OS), and the PMT output is coupled to the LIA input. Both the in-

phase (Re(Rac)) and 90o out-of-phase (Im(Rac)) components are recorded using computer 

running a LabView signal averaging (SA) program.60 
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2.3 Results and Discussion 

2.3.1 Thickness and Stability of PB Films 

Prior to performing PM-ATR studies on PB films, appropriate conditions for the 

formation of stable, thin films of PB were established. PB films of varying thickness were 

made by varying the deposition time. As can be seen in Figure 2.5a, the cathodic current 

of the film also increases as the deposition time is lengthened.  The current can be related 

to the film thickness by:79, 101  

 

( )4
3NAd

nFA
Ql ⎟

⎠
⎞⎜

⎝
⎛=            (2.1) 

 

where l is the film thickness, Q is the electric charge, A is the electrode area, F is 

Faraday’s constant, n is the number of electrons, d is the length of the unit cell (10.16 Å) 

and NA is Avogadro’s number.  The value 4 appears in Eq 2.1 because there are four iron 

atoms per unit cell.  The estimated film thickness for a PB film formed using a 10 sec 

deposition time is 22 nm.  Controlling the film thickness is important because of the 

sensitivity of the ATR technique.  Films deposited for > 30 sec were too highly absorbing 

to perform ATR measurements. A 10 sec deposition time was chosen for further 

experiments because the absorbance of these films was well within the linear dynamic 

range of the ATR instrument. 

Other groups have shown that cycling the potential several times between 

oxidized and reduced forms of PB leads to highly stable films on electrode surfaces.75, 79, 
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85, 89, 98 This cycling stability is dependent on the pH of the electrolyte, especially for the 

PB/PW couple.102 It has been demonstrated that PB film is unstable (dissolves from 

surface) in neutral and alkaline solutions.102 In this work, adequate results for 

electrochemical measurements were obtained by cycling the potential ten times between 

–400 mV and +700 mV in electrolyte (pH 4), then allowing the film to sit in electrolyte 

for 15 min. Representative voltammograms are shown in Figure 2.5b. Peak separation 

and current increased slightly (10-20%) during the 15 min incubation; thereafter (up to 45 

min), only very minor variations were observed (1-2%). However, CV measurements 

performed before and after PM-ATR experiments, which required 2-4 hours, did show 

some further increases in current (up to 750 µA/cm2) and somewhat greater peak 

separation (up to 48 mV).  Despite this variability, consistent kinetic results were 

obtained (see below). 
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Figure 2.5 a) Cathodic current density, obtained from cyclic voltammograms of PB 

films, versus film deposition time. b) Cyclic voltammograms of a PB film deposited on 

an ITO electrode at a current density of 40 µA/cm2 for 10 sec:  after cycling the potential 

ten times between –400 mV and +700 mV at a scan rate of 100 mV/sec (solid line) and 

15 min later (dashed line). 
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2.3.2 Spectroelectrochemical Results 

Potential controlled ATR spectra of PB films were acquired to determine the 

wavelength region and optical switching potential (Edc) for PM-ATR experiments. As 

shown in Figure 2.6, large changes in PB/PW molar absorptivity occur between 650 and 

770 nm. The observed blue shift in λmax at more positive potentials is similar to previous 

data reported in the literature.80 Based on these spectra, 660 nm was selected for PM-

ATR measurements. 

Figure 2.7 shows a representative optically detected voltammogram of a PB film. 

It was acquired by scanning the potential between +700 mV and -400 mV at 2 mV/s 

while applying an ac potential modulation of 8 mV at a frequency of 1 Hz. A relatively 

low combination of frequency and scan rate was used so that relatively slow optical 

changes in the film, if they occurred, would be detected. Changes in the molar 

absorptivity accompany oxidation and reduction of the PB film, which causes Rac to vary. 

Rac reaches a maximum when the change in molar absorptivity also reaches a maximum; 

this occurs at approximately 184 mV, which is close to the formal potential (Eo = 172 

mV) of the PB/PW redox couple, as determined by cyclic voltammetry. Optically 

detected voltammograms were measured for all PB films, and Edc was selected for 

subsequent PM-ATR experiments based on these data. Most Edc values were in the range 

of 180-190 mV. 
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Figure 2.6 ATR spectra of a PB film at different applied dc potentials: -100 mV (a), 

+100 mV (b), +300 mV (c), and +600 mV (d).  The blank was measured with 1 M KCl, 

pH 4 electrolyte in the ATR cell. 
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Figure 2.7 Optically detected cyclic voltammogram of a PB film on ITO, measured in 

the ATR configuration described in the text. The dc potential of the ITO electrode was 

scanned from +700 mV to -400 mV and back to +700 mV at a rate of 2 mV/sec.  A 

modulation amplitude of 8 mV was applied to the dc potential at a frequency of 1 Hz. 

The intensities of the in-phase (X, solid line) and out-of-phase (Y, dashed line) signals 

are plotted. 
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The modulation amplitude (Eac) used in PM-ATR experiments was selected by 

monitoring Rac over a range of modulation amplitudes (4 mV to 30 mV) centered around 

Edc at a fixed frequency  of 1 Hz. The in- and out-of-phase portions of Rac are plotted in 

Figure 2.8 as a function of modulation amplitude. An approximately linear response for 

X and Y was observed over the entire range of modulation amplitudes. Based on these 

data, Eac = 22 mV was selected for PM-ATR experiments. 

Shown in Figure 2.9 are representative results from a PM-ATR experiment in 

which the modulation frequency was gradually increased from 0.1 Hz to 250 Hz with Edc 

= 185 ± 5 mV and Eac = 22 mV.  The in- (X) and out-of-phase (Y) portions of Rac were 

measured at each frequency, then values of Rac normalized to one (Rnorm) and θ 

normalized to zero (θnorm) were calculated. Xnorm and Ynorm values were calculated from 

Rnorm and θnorm values. In Figure 2.9a, log R is plotted vs. log frequency; in Figure 2.9b, 

pairs of Xnorm,Ynorm values at different frequencies are plotted. 
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Figure 2.8 The intensities of the in-phase (squares) and out-of-phase (triangles) portions 

of Rac, measured as a function of modulation amplitude over a range of 4 mV to 30 mV.  

The Edc was 185 mV and the frequency was 1 Hz. 
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Figure 2.9 a) Log of the electroreflectance signal (log R) vs. log of the modulation 

frequency.  b) Complex plane plot of the electroreflectance response, composed of pairs 

of Xnorm,Ynorm values at different modulation frequencies.  The frequency range is 0.1 Hz 

- 250 Hz (the arrow indicates the direction of increasing frequency). 
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Three independently prepared PB films were evaluated using PM-ATR. The 

frequency (ω) at which Xnorm was zero was in the range of 2.51 – 6.79 Hz for these films.  

The double layer capacitance and uncompensated solution resistance were determined on 

independently prepared films using impedance spectroscopy and found to be 0.00502 

F/cm2 and 9.91 Ω.cm2, respectively.  Using Equation (1) and these data, the apparent rate 

of electron transfer was calculated to be 0.33 ± 0.15 s-1 (n = 3) 

Comparative measurements were made on the same three PB films using cyclic 

voltammetry. Following the method of Laviron (and assuming a transfer coefficient, α, of 

0.5 and no influence from ohmic drop),62, 65 the electron transfer rate was calculated from 

the anodic and cathodic peak separation and scan rate, yielding an apparent rate of 1.09 ± 

0.45 s-1. Combining these data with CV measurements on an additional seven films 

yielded 0.71 ± 0.37 s-1. The agreement between these results and those obtained using the 

PM-ATR method is quite good and demonstrates that the optical method is an effective 

technique to determine electron transfer rates of electroactive films that exhibit an 

absorbance change associated with charge transfer. 

 

2.4 Conclusion 

PM-ATR is a novel spectroelectrochemical method in which film absorbance is 

monitored using a probe beam that is internally reflected in a planar waveguide electrode. 

Charge transfer kinetics are determined by measuring the optical response as a function 

of the frequency of potential modulation applied to the electrode. Using electrodeposited 

PB films as a test system, good agreement was obtained between electron transfer rates 
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determined with PM-ATR and conventional cyclic voltammetry, validating the use of 

PM-ATR for kinetic studies of electroactive molecular films. 

The enhanced sensitivity of using ATR geometry relative to the single external 

reflection and transmission geometries makes PM-ATR useful for studying weakly 

absorbing or very thin molecular films. The estimated minimum PB film thickness that 

could be measured by this method is about 1 nm, assuming a linear dependence of 

electroreflectance signal on film thickness (see Fig. 2.6). Even greater sensitivity could 

be achieved by using a thinner waveguide, such as an electrochemically-active integrated 

optical waveguide (EA-IOW), for which pathlength enhancements of 103-104 relative to a 

transmission geometry have been reported.18 

An additional advantage of an internal reflection geometry (as opposed to external 

reflection) is that both s- and p-polarized light can be used to probe the adsorbed film.  

The availability of two orthogonal polarizations allows orientation parameters of the 

molecules in the film to be determined. Combining this capability with the PM-ATR 

method suggests that electron transfer rates for oriented subpopulations of molecules in 

the film can be determined. A PB film is not a good candidate for orientation studies 

because its molecular structure is expected to be isotropic.  In Chapter 3, relationships 

between molecular orientation and electron transfer kinetics in thin films of cytochrome 

c, for which some degree of structural anisotropy is expected, are investigated.  
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3.  DETERMINATION OF ORIENTATION EFFECTS ON ELECTRON 

TRANSFER RATE OF CYTOCHROME C ADSORBED TO ITO ELECTRODES 

 

3.1 Introduction to Cytochrome c (Cyt c) 

Cytochrome c (cyt c) acts as an electron carrier in the respiratory chain of aerobic 

organisms.103 It transfers electrons between the enzyme complexes in the mitochondrial 

membrane and thus plays a crucial role in the redox chain of mitochondria.  

Cyt c is one of the most thoroughly physicochemically characterized and widely 

studied redox-active metalloproteins.103, 104 One of the reasons for its widespread 

popularity is that cyt c is a small, stable protein that can reversibly withstand rather 

extreme conditions and therefore is suitable for testing mechanisms of protein 

behavior.103 Also, cyt c includes a large prosthetic group, the heme, which is in contact 

with many amino acid residues and allows changes in the structure of protein to be 

detected and followed by variety of spectroscopic techniques.103  

Figure 3.1 presents the folded state structure (Fig. 3.1a) and color coded X-ray 

image (Fig. 3.1b) of horse heart cyt c, which is used in the research presented here. It has 

104 amino acid residues (MW 12,384) and a charge of +9 at pH 7. The redox-active 

prosthetic heme group, in which iron is coordinated, is slightly non-planar and is located 

in a groove of the folded polypeptide, almost completely buried inside the protein.104  
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a)    b) 

        

 

 

Figure 3.1 a) Structure of cytochrome c showing the prosthetic heme group.105  

b) Color coded X-ray image of horse heart cyt c (red = negative charges, blue = positive 

charges).106 (Reprinted from Ref. 106 with permission) 
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3.1.1 Electrochemical Studies of Cyt c Films 

Electron transfer reactions play a central role in biological processes such as 

photosynthesis and respiration. In addition, electron transfer processes are crucial to the 

development and operation of many biosensors and biocatalytic devices.107 Since the 

biological function of cytochrome c is to carry out oxidation-reduction reactions, 

measurements of redox potentials and associated electron transfer kinetics of cytochrome 

c are central to this protein and can be well addressed by electrochemical techniques.103 

The electrochemistry of cyt c films has been investigated in solution and on electrode 

surfaces by many groups.104, 106-112 

Usually, electron transfer proteins adsorbed directly on bare electrode surfaces do 

not exhibit a reversible electron transfer reaction and, in many cases, inhibit the redox 

reaction of the proteins in the solution phase.113 For example, the electrochemistry of cyt 

c adsorbed to bare gold and silver has been found to be unstable because the structure of 

the protein changes upon adsorption to a form that is not electroactive.114, 115 To establish 

reversible electron transfer reactions at the electrode interface, surface modifiers are often 

used. Cyt c exhibits a quasi-reversible redox reaction of its ferri/ferro heme couple at 

appropriately modified electrode surfaces.116 A variety of surface modifiers have been 

investigated and are often referred as electron transfer promoters.113 Examples of 

promoters include a self-assembled monolayer (SAM), e.g. carboxylate-terminated 

alkanethiol,117, 118 adsorbed layers of 4-pyridyl derivatives,43, 119, 120 and others.121 

Figure 3.2a presents one possible method for immobilization of  cyt c on COOH-

SAM-coated electrodes.120 Most studies on cyt c electrochemistry use an anionic surface 
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(typically carboxylate moieties such as -COOH SAMs) that electrostatically binds the 

positively charged surface of the protein (Fig. 3.2a). Under these conditions, the electron 

transfer between the protein and the electrode displays an unusual dependence on the 

protein-electrode distance.47, 120 For alkanethiols with alkyl chain lengths of 10 or more 

methylene units, the rate of electron transfer decreases exponentially as the length of the 

alkanethiol chain increases and exhibits an overpotential dependence which is consistent 

with an electron tunneling model for electron transfer.120 At shorter chain lengths, the rate 

is independent of chain length and overpotential.122 These observations have been 

explained by a conformationally gated mechanism which states that the rate is limited by 

conformational changes and rearrangements in the protein necessary to undergo electron 

transfer.47, 120  

Figure 3.2b shows an alternative immobilization scheme that uses alkanethiols 

with a nitrogen containing terminal group (e.g., pyridine) that displaces the native 

methionine ligand in cyt c and “wires” the Fe in the heme to the metal electrode.107  The 

distance dependence of the electron transfer rate for this scheme is qualitatively similar to 

that of the electrostatic immobilization scheme, except that the transition between long-

range and short-range mechanisms occurs at a methylene chain length of 12 rather than 

9.120 This difference results from a change in the dominant electron tunneling pathway for 

these two schemes120 and there are detailed studies on this subject.107, 123, 124 

 



 57

 

 

Figure 3.2 Immobilization of cyt c on SAM-coated electrodes: a) electrostatic adsorption 

of cyt c on ω-carboxylalkanethiols; b) coordinative binding of cyt c to pyridine-

terminated alkanethiols.120 (Reprinted with permission from Ref. 120. Copyright (2006) 

American Chemical Society.) 
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It has been shown that cyt c adsorbs strongly on tin oxide electrodes in neutral 

pH, low ionic strength solutions with retention of its native redox potential.125-127 The 

electron transfer is quasi-reversible with typical rate constants of 1-10 s-1.126, 127 Unlike 

unmodified gold and silver electrodes, cyt c electrochemistry on bare tin oxide electrode 

is very stable. More studies related to electrochemistry of cyt c on ITO electrodes can be 

found in the literature.108, 128-130 

The electrode used in this work is ITO, a semiconductor at which adsorbed cyt c 

can also undergo stable, quasi-reversible electron transfer without a modifying layer.126, 

130 It  has been hypothesized that cyt c is adsorbed onto ITO through electrostatic 

interactions with basic residues on the surface of the protein, forming an electroactive 

protein submonolayer  at pH 7 at which the ITO surface is negatively charged.130   

 

3.1.2 Spectroscopic Studies of Cyt c Films 

Cyt c is widely used as a model protein to investigate the structural properties of 

immobilized protein films. There are several reasons for cytochromes c to be popular for 

these studies such as easy isolation from any tissue or organ and straightforward 

purification by ion-exchange chromatography because of its high positive charge and 

high stability.103 More importantly, the prosthetic heme group is a useful spectroscopic 

probe of the structure of cyt c because it absorbs strongly in the ultraviolet and visible 

regions. Figure 3.3a shows the position of the heme plane in cyt c in relation to the 

overall dipole moment of the protein; the structure of the prosthetic heme group of cyt c 

is shown in Figure 3.3b.131 Because of this large dipole moment, it is thought that 
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electrostatic interactions between cyt c and redox-active transmembrane proteins results 

in oriented binding, with the heme pocket facing the negatively charged surface of the 

binding partner. Upon oxidation and reduction, the molar absorptivity of cyt c changes132 

(Fig. 3.4) which makes this protein a suitable model system for UV-VIS 

spectroelectrochemical studies.133, 134  

A wide variety of other spectroscopic techniques have been used to study surface 

immobilized cyt c. Hildebrandt and Stockburger have demonstrated that the spin-state of 

cyt c changes when it is adsorbed on a silver electrode surface by using SERRS (surface 

enhanced resonance Raman scattering spectroscopy) measurements.135 Time-resolved 

SERRS (sensitive to the heme group) has been used to study the rate of electron transfer 

for cyt c films on alkanethiol modified silver electrodes.103, 136, 137 It has been found that 

with alkanethiol chains shorter than 19 Å, the electron transfer rate does not vary with 

chain length because of the effect of an increased electric field closer to the electrode, 

which increases the activation energy for electron transfer.137 

Sagara and Niki113 have investigated the redox reaction of cyt c at a gold electrode 

in the presence of a surface modifier, (4,4’-bipyridyl), using ER spectroscopy. It was 

found that the electronic structure of cyt c co-adsorbed with 4-bpy is different from that 

of the native cyt c.  
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Figure 3.3 a) Schematic of cyt c structure showing position of heme plane (side view) 

relative to the dipole moment of the protein and the distribution of positive and negative 

charges. b) Structure of prosthetic heme group of cyt c. 
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Figure 3.4 Absorbance spectra of ferricyt c (solid line) and ferrocyt c (dashed line)132 
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Recently, Yue and coworkers120 have investigated the mechanism of 

heterogeneous electron transfer of immobilized cyt c by cyclic voltammetry and time-

resolved surface enhanced Raman spectroelectrochemistry. In their work, cyt c is 

coordinatively bound to SAMs of pyridine-terminated alkenethiols on Au and Ag 

electrodes. It was found that the temperature, distance and overpotential dependencies of 

the electron transfer rates indicate a change of mechanism, from a tunneling controlled 

reaction at long distances (thicker films) to a solvent/protein friction controlled reaction 

at shorter distances (thinner films).120 They suggested that the mechanism change is 

linked to the increase in electronic coupling and the slowing of the polarization relaxation 

with the decreasing film thickness. 

ATR spectroscopy is sensitive enough to detect monolayer and submonolayer 

molecular films of cyt c absorbed to transparent substrates. For example, the denaturation 

of the cyt c adsorbed to glass has been followed using ATR UV-VIS spectroscopy to 

monitor the Söret band of the protein,138 analogous to the many denaturation studies on 

cyt c in solution.103 It was found that adsorbed cyt c is less stable since it is unfolded at a 

slightly higher pH than dissolved cyt c.  

Brusatori et al. has investigated adsorption of cyt c onto an ITO-coated optical 

waveguide as a function of surface potential139 using optical waveguide lightmode 

spectroscopy. They found that the rate of adsorption was increased by increasing the 

voltage applied to the electrode surface. It has been suggested that the electric field leads 

to more oriented and efficiently packed adsorbed molecules and, in case of high voltage, 

to multilayer formation.  
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3.1.3 Orientation Distribution Studies of Molecular Films 

Understanding the orientation and conformation of proteins adsorbed on solid 

surfaces is important in design of biomaterials, biosensors, and bioanalytical systems.121 

The rate of electron transfer reaction of proteins in biological and electrochemical 

systems appears to depend on the orientation of the molecules during the reaction and on 

the period of time that a given orientation is maintained.109, 140 Optimization of the 

orientation is required not only to achieve a fast electron transfer process between the 

protein active center and the electrode but also to facilitate the access of a binding partner 

protein or substrate from the solution phase to the immobilized protein.116  

A variety of methods have been applied to probe the orientation of proteins at the 

electrode/electrolyte interface for over 20 years. Many of them have been used for cyt c 

at surface-modified electrodes in the absence of an electron transfer mediator.116  

The orientation of cyt c immobilized on electrode surfaces has been simulated by 

computational methods, speculated on the basis of interfacial electron transfer kinetic 

data, and experimentally estimated using the results of  spectroelectrochemical 

measurements.116  It has been found from simulations that the large electric dipole 

moment of cyt c is the key factor that orients the molecule on negatively charged 

surfaces, with the heme crevice facing the surface, with a near upright heme plane 

orientation.141 On a carboxy-terminated SAM, the positively charged Lys residues 

surrounding the heme crevice eletrostatically interact with the carboxylates, aiding the 

molecular orientation.141 
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In the electrochemical kinetic studies, it is generally accepted that when a 

reversible or quasi-reversible redox response is observed, the adsorbed cyt c molecules 

assume an orientation in agreement with the above-mentioned simulation results.116 It has 

been suggested that in this orientation, the closest approach of the heme to the underlying 

electrode surface is attained, maximizing the electron transfer rate.116 Kinetic studies on 

surface-site-modified cyt c molecules (site-directed mutants) on an Au electrode have 

been reported by Niki142 and Imabayashi143. For the former study, they showed that the 

substitution of a lysine residue with alanine at position 13 in recombinant rat cyt c (RC9-

K13A) lowers the interfacial electron transfer rate more than 5 orders of magnitude. They 

proposed that lysine 13 facilitates the most efficient electron transfer pathway to the 

SAM carboxylate terminal. In the latter study, it was shown that the dipole moment of cyt 

c determines its orientation of adsorption on the SAM and affects the rate of the electron 

transfer. Both of these results strongly suggest that the orientation of the cyt c molecule is 

in fact the predominant factor in determining its electron transfer kinetics. It was also 

shown that when the modifier layer does not have the ability to bind to cyt c in the right 

orientation, its electrochemistry appears sluggish.144  

In order to estimate electron transfer rates with respect to orientation of proteins 

on electrode surfaces, attempts have been made to fix the protein on the electrode surface 

in a specific orientation. The firm attachment and exact orientation is thought to be due to 

the interaction of local protein charges with charged groups of the modifier attached to 

the electrode surface.109, 118 Different chemical methods have been used to fix cyt c 

molecule on electrode surfaces, including electrostatic adsorption on ω-
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carboxylalkanethiols120 and coordinative binding to pyridine-terminated alkanethiols120 on 

Au/Ag surfaces, and covalent attachment using a carbodiimide under an applied 

potential109 on a glassy carbon electrode.  

The orientation of cyt c has been directly probed at various dielectric and 

electrode surfaces using several spectroscopic and spectroelectrochemical techniques. 

The breadth of these studies is remarkable and details can be found in literature: 

Edmiston et al. performed waveguide ATR and total internal reflection fluorescence 

(TIRF) anisotropy measurements (the latter using Zn-substituted cyt c) to investigate 

molecular orientation of adsorbed cyt c films.145 The results show that an adsorbed cyt c 

film with a narrow orientation distribution can be produced when a single, high-affinity 

type of non-covalent binding occurs between the surface of the protein and the substrate 

surface. In films where there are more types of interactions between the surface and cyt c, 

there is a broader distribution of heme dipole orientations present than those which have 

one dominant interaction, such as an electrostatic interaction.145Ataka and Heberle have 

measured potential-induced difference IR spectra of the electron transfer reaction taking 

place between a monolayer of cyt c and a Au electrode modified by carboxyl, hydroxyl, 

zwitterionic, and pyridine-terminated SAMs.146 They found that the frequencies of the 

vibrational bands are identical for the various surface modifiers, but the relative peak 

intensities differ. Therefore they claimed that the functionality of cyt c is fully preserved 

independent of the surface modification, while the difference in peak intensities was 

attributed to the differences in surface structure, i.e., the orientation and the relative 

distance of cyt c from the surface. Dick and co-workers used SERRS to probe the 
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orientation of ferrocyt c on a nanosphere (AgFON) electrode modified with carboxylate-

terminated alkanethiols of various chain lengths.147 They showed that the electrostatic 

binding of ferrocyt c to AgFON/S(CH2)xCOOH surfaces yields a highly oriented redox 

system with the heme edge directed toward the electrode surface. 

ATR and TIRF techniques have been developed in terms of optical models and 

order parameter elucidation and applied to cyt c adsorbed on glass and ITO substrates by 

Runge et al.130, 148, 149 The orientation distribution of the heme groups on ITO was found 

to be very broad, centered at around 500 but nearly isotropic. These studies are closely 

related to this project and will be discussed further in Section 3.3.3. 

In this study, we have chosen cyt c as a target molecule to assess the utility of 

PM-ATR spectroscopy to investigate the relationship between metalloprotein orientation 

and electrochemical kinetics.  

 

3.2 Experimental Considerations 

3.2.1 Substrate Preparation  

To increase sensitivity, glass substrates thinner than the 1 mm thick substrates 

employed in prior work were used here. Decreasing the thickness of the ATR element 

increases the number of reflections and therefore the sensitivity. ITO was sputtered onto 

glass coverslips (150 µm) by Mike Brumbach in the Armstrong group at the University 

of Arizona. It had a nominal thickness of ~ 65 nm, sheet resistance of ~70 Ω and surface 

roughness of less than 1 nm over a 1 x 1 μm scan area. ITO-coated planar electrodes were 

cleaned as described in Section 2.2.1. Briefly, they were cleaned by scrubbing with a 1% 
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Alconox solution for 1 min and then sonicating for 15 min each in 1% Alconox, water, 

and ethanol, followed by low temperature air plasma cleaning (Harrick model PDC-3XG) 

for 15 minutes.97 

 

3.2.2 Formation of Cyt c Films on Coverslip ITO   

Horse heart cyt c obtained from Sigma was used without further purification. Cyt 

c films adsorbed on ITO-coated coverslips were made by injecting a 10 μM cyt c solution 

into the electrochemical cell or ATR flow cell, followed by a 15 minute static incubation 

period, then rinsing the cell with 10 mL of 10 mM (pH 7) phosphate buffer130. The cell 

was then filled with phosphate buffer for cyclic voltammetry and ATR experiments. 

 

3.2.3 PM-ATR Experimental Considerations 

For frequency modulation, the lock-in amplifier, potentiostat and Labview 

software were used as described in Chapter 2. Briefly, the potential at the ITO electrode 

was set using the potentiostat while the lock-in amplifier was used to monitor both the 

modulating potential and modulated spectroscopic signal. Labview software was used to 

record the in- and out-of-phase portions of the electroreflectance signal.  

 

3.3 Results and Discussion 

3.3.1 Surface Coverage of Cyt c Films 

The detailed studies that have been done to calculate total and electroactive 

surface coverages of cyt c films adsorbed on ITO electrodes can be found in literature.130, 
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148, 150 The electroactive surface coverage was determined using voltammetry.121, 151 

Integrating the cathodic peak of cyclic voltammograms yielded a value of 9.5 ± 0.5 

pmol/cm2 150. 

 The ratio of the electroactive surface coverage to the total surface coverage 

determines the percentage of ‘active’ proteins in the film.The total surface coverage was 

measured spectroscopically using ATR linear dichroism technique by Runge et al., from 

which a value of one full monolayer of cyt c, 22 pmol/cm2 was determined.130, 148 Thus 

cyt c films on ITO are about 43% electroactive (9.5 pmol/cm2 / 22 pmol/cm2).148 The low 

percent electroactivity could be due to the heterogeneous surface of ITO,152 which is 

composed of conducting and insulating regions.153 It could be also due to conformational 

changes, induced by adsorption, that yield inactive proteins. Another possibility is that a 

subpopulation of the adsorbed cyt c molecules is adsorbed in an orientation that places 

their heme groups too far from the surface to efficiently exchange electrons with the ITO 

surface.148 Since electrochemistry probes only the electroactive portion of the film and 

spectroscopy probes the entire film, making a correlation between charge transfer and 

orientation of molecules is challenging because only about half of the film is 

electroactive. However, PM-ATR provides a unique approach to this problem because it 

allows only the electroactive portion of molecular film to be probed spectroscopically.  
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3.3.2 Spectroelectrochemical Results 

A polarizer was inserted between the light source and the ATR cell (Figure 2.4) in 

order to probe cyt c films using TE and TM polarized light. A 413 nm bandpass filter (<5 

nm fwhm) was to measure absorbance of the Soret band of cyt c.130, 148  

An optically detected voltammogram of a cyt c film was acquired by scanning the 

potential between -250 mV and +250 mV at 1 mV/s while applying an ac potential 

modulation of 8 mV at a frequency of 1 Hz (Figure 3.5). During oxidation and reduction 

of cyt c on ITO, the molar absorptivity of the film changes and therefore Rac varies. The 

highest change in molar absorptivity results in the maximum change in Rac and this 

occurs at an Edc value of approximately 10 mV (most Edc values were found in the range 

of 2-12 mV for independently prepared films), which is close to the formal redox 

potential (Eo = 5 mV) of the cyt c film, as determined by cyclic voltammetry. The Edc 

value selected for subsequent PM-ATR experiments was based on these data.  
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Figure 3.5 Optically detected voltammogram for a cyt c film with TM polarized light. 

The in-phase portion of electroreflectance signal is shown in black; the out-of-phase 

component of electroreflectance signal is shown in red.  
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The modulation amplitude (Eac) used in PM-ATR experiments was 22 mV, and 

was selected based on an experiment in which Rac was measured over a range of 

modulation amplitudes (4 mV to 50 mV) centered around Edc at a fixed frequency  of 1 

Hz (Figure 3.6). Approximately linear responses for X and Y were observed over the 

entire range of modulation amplitudes. Eac = 22 mV was selected because it is well within 

the linear response ranges and provides adequate sensitivity.  

Figure 3.7 is representative result from a PM-ATR experiment in which the 

modulation frequency was gradually increased from 0.1 Hz to 250 Hz, with Edc = 5 ± 5 

mV and Eac = 22 mV, measured using TM polarized light. The in- (X) and out-of-phase 

(Y) portions of Rac were measured at each frequency, then the values of Rac and θ were 

normalized.  Xnorm and Ynorm values were then calculated and plotted. 
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Figure 3.6 Electroreflectance signal vs. modulation amplitude for TM polarized light. 

The Edc was 2 mV and the frequency was 1 Hz (blue squares: X, in-phase portion of the 

signal; pink squares: Y, out-of-phase portion of the signal). 
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Figure 3.7 Complex plane plot of the electroreflectance signal, composed of pairs of 

Xnorm,Ynorm values at different modulation frequencies.  The frequency range is 0.1 Hz - 

250 Hz (the arrow indicates the direction of increasing frequency), Edc = 2 mV and Eac = 

22 mV. TM polarized light was used. 
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The frequency (ω) at which Xnorm was zero occurred in the range of 25.7 – 31.3 

Hz for TM polarized light and 15.1 – 15.8 Hz for TE polarized light. As described by 

equation 1 in section 2.2.1, apparent electron transfer rates can be calculated from these 

data. The apparent rates for TM and TE polarized light were 3.9 ± 0.67 s-1 (n = 3) and 1.1 

± 0.04 s-1 (n = 3), respectively. Cyclic voltammetry was also performed on the same three 

cyt c films used for PM-ATR measurements. The electron transfer rate was calculated 

from the anodic and cathodic peak separation in these cyclic voltammogrammes and an 

apparent rate of 3.1 ± 0.3 s-1 was obtained. A graphical representation of these results is 

presented in Figure 3.8. 
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Figure 3.8 Graphical representation of molecules that are probed with TE and TM 

polarized light and their corresponding charge transfer rates. Molecules that are 

highlighted show the most probable orientations that contribute to the measured TE and 

TM charge transfer rates. 
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3.3.3 Correlation of Orientation Distribution with Charge Transfer Rates 

Recently, a combination of polarized TIRF and ATR spectroscopies has been 

applied for determination of the second and fourth order parameters of molecular 

orientation in cyt c films adsorbed on ITO by Runge et al.149 From those results, an 

orientation distribution for the tilt angle of the prosthetic heme group of cyt c has been 

constructed.130, 149 The experimental and theoretical details can be found elsewhere.130, 148, 

149 Briefly, polarized ATR was used to determine the second order parameter, which was 

combined with TIRF data to solve for the fourth order parameter.149 A maximum entropy 

model was then applied to the order parameters to construct an orientation distribution.149 

The result, shown in Figure 3.9, shows that the orientation distribution is very broad and 

is centered at around 50 degrees. The cyt c films studied by Runge et al.149 were prepared 

identically to the films used here for PM-ATR measurements. Thus the data in Figure 

3.9a provide a framework for interpretation of the rate data listed in Figure 3.8. 
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Figure 3.9 a) Orientation distribution of cyt c molecules adsorbed on an ITO electrode. It 

shows a high probability of having molecules tilted at every angle.149 b) A graphic 

representation of the heme tilt angle, defined as the angle between the heme plane and the 

surface normal.  
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It should be noted that TE and TM polarizations probe different, but partially 

overlapping, molecular orientation distributions in the cyt c film (Figure 3.10). If we 

consider two extreme cases where heme plane is perpendicular or parallel to the 

substrate, molecules will absorb TE and TM polarized light at significantly different 

levels. For example, molecules with the heme plane parallel to the substrate will absorb 

mostly TE polarized light (Fig. 3.10a). However, molecules with the heme plane oriented 

perpendicular to the substrate will absorb mostly TM light (Fig. 3.10b). The molecules 

oriented between these two extreme cases will partially absorb both TE and TM light 

(Fig. 3.10c). 

Combining the results of the orientation distribution149 and PM-ATR studies 

shows that there is a relationship between molecular orientation and electron transfer rate 

in cyt c films. The schematic representation of cyt c orientation on ITO with respect to 

the orientation distribution plot from Figure 3.9a is shown in Figure 3.11a. It is shown 

that for the most probable cyt c orientation on ITO, the heme is oriented between 450 – 

550 to the substrate plane. The least probable cyt c orientation according to this study is 

for the heme oriented parallel to the substrate plane. A schematic representation of two 

different heme plane orientations of cyt c on ITO (heme oriented at angles of 900 and 00 

with respect to ITO surface) and their relative charge transfer rates are shown in Figure 

3.11b.  
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Figure 3.10 Different molecular orientations of the heme plane in cyt c molecules 

adsorbed on ITO (a,b,c) and representation of the electric field in TE and TM 

polarizations. 
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Figure 3.11 a) Schematic representation of cyt c orientation on ITO with respect to the 

orientation distribution plot from Fig. 3.9a. b) Schematic representation of two different 

heme plane orientations of cyt c on ITO and their relative electron transfer rates. 
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From this work, a faster electron transfer rate was experimentally determined 

for hemes oriented predominately perpendicular to the substrate, probed using TM 

polarized light. The results are consistent with a shorter electron tunneling distance. In 

other words, a perpendicular orientation of the heme with respect to the electrode surface 

provides shorter a distance between the electrode and the redox center of the protein and 

leads to faster electron transfer rates. 

 

3.4 Conclusion 

Herein it has been demonstrated that PM-ATR is a novel method for studying the 

orientation dependence of electron transfer rate for immobilized cyt c films. With this 

method, changes in the absorbance as a function of the light polarization, modulation 

frequency, and amplitude provide information about electron transfer rates and molecular 

orientation. Using TE and TM linearly polarized light, subpopulations of molecules in cyt 

c films were probed and their respective electron transfer rates were determined for the 

first time. The electron transfer rate measured using TM polarized light was four-fold 

greater than that measured using TE polarized light, which is consistent with a shorter 

tunneling distance for the protein adsorbed with the heme in a vertical orientation (probed 

with TM) vs. molecules adsorbed in a horizontal orientation (probed with TE). These 

data are the first to correlate a distribution of molecular orientations with a distribution of 

electron transfer rates in a redox-active molecular film. 
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4.  CONCLUSIONS AND FUTURE DIRECTIONS 

 

4.1 Summary of Results 

The overall goal of this project is to improve our understanding of charge transfer 

processes occurring at the interface between an organic layer and an indium tin oxide 

surface. More specifically, the main idea and problem that this research project has 

addressed is that the orientation dependence of charge transfer rates in electroactive thin 

films which can be important for many applications such as biosensors and/or organic 

semiconductors.  

A novel spectroelectrochemical technique, PM-ATR, has been evaluated for this 

aim. Two different redox-active films have been examined. First, a Prussian blue film 

was used to validate the PM-ATR technique as a suitable method for determination of 

charge transfer rates between an electrode and a molecular film, and second, an 

anisotropic cytochrome c protein film was used to evaluate ability of PM-ATR to probe 

charge transfer rates with respect to molecular orientation.  

Two major results have been obtained during the course of this research project. 

First, the rate of electron transfer of Prussian blue galvanostatically deposited on ITO 

electrode has been successfully obtained by PM-ATR. The attenuated reflectivity was 

monitored in response to the applied potential waveform to extract the rate of electro-

optical switching in PB films. The apparent electron transfer rate of PB on ITO obtained 

using PM-ATR was compared to that obtained with conventional cyclic voltammetry, 

and the respective rates were in good agreement.  
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The second major result is that the structure of the adsorbed cytochrome c / ITO 

interface has been characterized in terms of the charge transfer rate with respect to 

orientation of the protein using polarized PM-ATR. Consistent with a shorter tunneling 

distance, the protein adsorbed to ITO with the heme in a vertical orientation, which is 

probed with TM polarized light, was found to give a higher charge transfer rate with 

respect to the heme in a horizontal orientation. Correlation of molecular orientations with 

electron transfer rates in a redox-active molecular film has been achieved for the first 

time. 

 

4.2 Future Directions 

The interface between an organic layer and an ITO electrode surface is important 

in determining the efficiency of organic electronic devices (organic photovoltaics (OPVs) 

and organic light emitting diodes (OLEDs)).  As part of the Light Sources and Organic 

Electronics thrust of the Science and Technology Center (STC) for control and 

improvement of charge injection for the processing, storage and display of information is 

a major research focus.   

Using PM-ATR, this work has shown that one could determine the orientation-

dependent electron transfer rate at particular wavelengths and/or potentials in order to 

individually probe specific redox events or subpopulations within the film. 

Organic modifiers such as 4,4’-bis(m-tolylphenylamino) biphenyl (TPD) and 

ferrocene derivatives are used as hole transport layers in organic devices such as OPVs 

and OLEDs. In Figure 4.1a, molecular structures of TPD-phosphonic acid and Ferrocene 
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methyl phosphonic acid, synthesized in the Marder group at Georgia Tech, are shown. 

Possible TPD-phosphonic acid orientations on ITO are shown in Figure 4.1b. By using 

polarized PM-ATR, the effect of molecular orientation on the rate of electron transfer 

between these molecules and the ITO surface should be possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 85

 

TPD-phosphonic acid                          Ferrocene methyl phosphonic acid 
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Figure 4.1 a) Molecular structures of TPD and Ferrocene derivatives. b) Possible 

molecular orientations of TPD phosphonic acid on an ITO surface (phosphonic acid 

groups anchor the molecules to ITO). 
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Using these and other organic modifiers following questions can be answered: 

• Can the rate of electron transfer for modifier films be related to their molecular 

orientation distribution and to performance in OLED and photovoltaic devices? 

•  Can the electron transfer rate be tuned by changing the interactions (and thus the 

orientation) between the ITO surface and the organic modifier? 

• How much (if any) do charge transfer rates get promoted with a modifying layer 

with respect to unmodified surface? 
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