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ABSTRACT 
22 

To increase the applicability of spectroelectrochemistry to ultrathin films at a transparent 

semiconductor electrode, a single-mode, step-index electroactive integrated optical 

waveguide(the EA-IOW) incorporating an indium tin oxide top layer as an electrode was 

developed. The EA-IOW is much more sensitive to absorbance by molecular adlayer 

species than previous electroactive waveguide designs; a sensitivity increase of ca. 4000 

relative to a single-pass transmission experiment has been measured by monitoring the 

reduction of a surface-adsorbed dye molecule. An important characteristic of the present 

three-layer EA-IOW structure is that its design is close to being optimized in terms of 

maximizing sensitivity while maintaining acceptable optical losses, as determined by 

theoretical modeling. Before the EA-IOW can be applied to measure absorbance changes 

arising from electron transfer in ultrathin films, the background optical changes that occur 

as a function of potential must be understood. There is a linear decrease in outcoupled 

intensity as the EA-IOW is scanned negative which is a result of an increase in the 

number of free carriers inside the ITO, a highly reproducible effect. There is also a 

poorly reproducible non-linear component to the optical backgroimd, accompanied by a 

hysteresis between the forward and reverse potential scans, that disappears after 

conditioning the EA-IOW in electrolyte solution for a period of several days. It is 

hypothesized that his effect is due to hydroxylation of the ITO network. To test the EA-

IOW experimentally, the reduction of surface-adsorption methylene blue was monitored, 

along with the formation of Prussian blue during the electrochemistry of ferricyanide. 



23 
Two experimental applications of the EA-IOW will be reviewed; first, the EA-IOW was 

used to measure the spectroelectrochemistry of submonolayer films of phthalocyanine 

polymeric assemblies to compare the electrochemistry at submonolayer and multilayer 

coverages. Finally, the use of the EA-IOW in protein electrochemistry will be discussed. 

The dichroic ratio of cytochrome c adsorbed to indium tin oxide was measured as a 

fimction of potential, and found to be consistent with an orientation of the heme ligand 

that is almost parallel to the electrode siirface. Also, a change in heme orientation was 

detected during reduction of the protein. 
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1.1 EVOLUTION OF THE ELECTROACTIVE INTEGRATED OPTIC 

WAVEGUIDE 

1.1.1 Development of Spectroelectrochemisty 

Purely electrochemical techniques are limited to three measurable quantities; 

potential, current and charge. Although electroanalytical methods are generally very 

sensitive, the interpretation of these measurements is often difficult due to considerations 

such as selectivity or the signal/background ratio. Also, the specific chemical 

information contained in electrochemical data is often minimal. To extend the usefulness 

of electroanalytical techniques such as cyclic voltammetry, in situ 

spectroelectrochemistry was developed where an electrode system is probed 

spectroscopically to increase the dimensionality of the available analytical data, and thus 

increase selectivity and/or gain structural information regarding 

reactant/intermediate/product species'. A large number of spectroscopic methods have 

been adapted for spectroelectrochemistry, including but not limited to X-ray absorption,^ 

electron spin resonance^, vibrational spectroscopy (both and Raman®'̂ ), and 

ellipsometry By far the most common spectroscopic method, however, is UVA'̂ is 

absorption spectroscopy due to its inherent simplicity and ruggedness. 

Monitoring absorbance in an electrochemical experiment has many attractive 
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advantages over monitoring current or potential. First, the backgroimd signal from non-

Faradaic processes such as electrode charging is absent, an important consideration for 

experiments utilizing a metal oxide semiconductor electrode. Besides increasing the 

ability to distinguish Faradaic signals &om unwanted background, absorbance 

spectroelectrochemistry can also introduce wavelength selectivity to allow the separation 

of poorly- or non-resolved electrochemical signals. Another important feature of 

absorbance spectroelectrochemistry is that it can be utilized to acquire kinetic data for 

quasi-reversible and irreversible electrode reactions that can not be obtained through the 

use of electrochemical techniques such as cyclic voltammetry'. 

A major disadvantage of transmission absorbance spectroelectrochemistry, 

however, is the low sensitivity of this technique. For many experiments, such as the 

cyclic voltammetry of soluble metal complexes (i.e. ferricyanide), this is not a major 

difficulty as the analyte solution concentration is typically high enough to measure an 

adequate absorbance. Nevertheless, low sensitivity does limit the utility of 

spectroelectrochemistry in analytical fields such protein electrochemistry. This point can 

be illustrated by a paper by CoUinson and Bowden, where absorbance spectra of 

cytochrome c, electrostatically adsorbed to a transparent metal oxide electrode, were 

obtained and used to compare the spectroscopy of the adsorbed protein with that observed 

in solution, and also to determine the total electroactivity of the cytochrome c film'". At 

the wavelength of maximum absorption (410 mn), the absorbance of a full-packed 

monolayer is only ca. 0.004. The absorbance of the band(s) centered at ca. 530 nm is 

significantly less, with an absorbance falling into the range of ca. 0.0002-0.0008 AU. To 
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measure such low absorfoances with an acceptable signai-to-noise ratio, it was necessary 

to signal average 100-500 individual spectra. A secondary problem that was encountered 

was the background absorbance of the electrode, which was found to be approximately 

100 times greater than the absorbance of the cyt c film, necessitating a careful 

background subtraction procedure. 

Although it is possible to perform spectroelectrochemistry on weakly-absorbing 

films, as discussed in the previous paragraph, it is rather difficult and time consuming. 

An increase in sensitivity could be realized by measuring the absorbance in a multiple-

pass geometry, but there are serious limitations to this approach, notably the optical 

losses associated with reflections at each material interface. Another technique that can 

increase the absorbance sensitivity for molecules at or near the transparent electrode 

siuface is internal reflection spectroscopy (IRS)""'̂ . 

1.1.2 Internal Reflection Spectroscopy at an Optically Transparent Electrode 

The basic principle of IRS is that, at an angle ^ greater than or equal to the critical 

angle, a light beam will be reflected firom an interface between two media of refiractive 

indexes n, and nj, where n, > n2. This is diagramed schematically in Figure 1.1. The 

critical angle 0^ can be determined by application of Snell's law; 

sinft = ^ (11) 
"i 

At the reflection, a phenomenon known as the evanescent field is observed, an extension 
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Evanescent Field 
Solution 

Electrode Layer 

IRE Substrate 

Figure 1.1. An illustration of internal total reflection in an internal reflection 
element (IRE). An incident beam of intensity IQ is reflected at angles greater 
than a critical angle determined with Snell's law. At the reflection, an 
evanescent field is created, which can be used to optically probe the region 
above the IRE. 
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A 

C 

B vVVvV 
Figure 1.2. As the thickness of an ERE is decreased (A to B), the 
number of reflections, and hence the absorbance sensitivity, also 
increases. Below ca. 10 jxm,, discrete reflections disappear, and 
the IRE becomes known as an integrated optic waveguide (C). 
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of the electromagnetic field into the rarer medium. Because the evanescent field decays 

exponentially with distance, IRS selectively probes only the region adjacent to the 

internal reflection element (IRE). Typical penetration depths are from 100-1000 nm, and 

are dependent on parameters such as wavelength, the IRE material, and the angle ((>. The 

absorbance sensitivity for IRS can be described through the use of the Beer's law 

analogue; 

A = N^{s6C) (1-2) 

where e and C have their usual meanings, 6 is the penetration depth of the evanescent 

field, and a sensitivity factor dependent on the optical constants of the IRE and the 

IRE superstrate, the incident reflection angle, and the wavelength and polarization of the 

light. The product 6 N^\s often given as the equivalent transmission pathlength. 

Theoretically, for a single-reflection IRS experiment 6^ can vary from 0.01 A. (where X is 

the experimental wavelength) at high (j> to infinity near the critical angle'". 

The first examples of the combination of IRS and spectroelectochemistry were in 

the mid-1960's, when transparent metal oxide electrodes were first utilized as IRE's for 

spectroelectrochemistry in the visible portion of the electromagnetic spectrum by the 

group of Ted Kuwana" '̂ . In this initial work, IRS was used to monitor absorbance 

changes at the electrode-solution interface, with and without Faradaic reactions (such as 

the reduction of methyl viologen). A value of ca. 10 was obtained for a single 

reflection; the sensitivity was increased fivefold, however, through the use of a multiple 



30 
internal reflection element with five reflections, yielding a net SO"'. 

Further increases in sensitivity for a multiple-reflection IRE could be realized by 

increasing the number of reflections present. Increasing the length past ca. 10 reflections 

on a 2 mm thick IRE (such as a microscope slide), however, is not experimentally 

practical. An altemate approach is to decrease the thickness of the IRE, illustrated in 

Figure 1.2, as the number of reflections for a given IRE length is inversely proportional to 

the IRE thickness. At an IRE thickness of ca. 10 txm or less, the nxmiber of equivalent 

reflections/cm can be upwards of 1000. In this thickness regime, the IRE is known as an 

integrated optical waveguide (10 

1.1^ Electroactive Integrated Optic Waveguides 

A fundamental feature of an lOW is that only specific reflection angles <j> are 

allowed, as compared to thicker IRE's where the only restriction for (j) is that it must be 

greater than the critical angle. Each allowed reflection angle of an lOW corresponds to a 

different mode of the waveguide. It should be stated, however, that the concept of a 

reflection angle in an lOW is a construct of the ray-optics model often used to describe 

the optical properties of these ultrathin structures. In the lOW regime, discrete reflections 

disappear, and the bound light is present as a continuous streak down the length of the 

waveguide. A more fimdamental and general method for determining the optical 

properties of an lOW is to use a full-wave description, where numerical methods are used 

to solve Maxwell's equations imder a given set of boundary conditions (determined by 

layer thickness, reflective index etc.)^°~'. Each eigenvalue solution that is obtained 
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corresponds to an allowed mode of the waveguide structure. For most lOW structures 

(those fabricated of transparent or weakly-absorbing materials), however, the ray-optics 

approach is simple to implement and quite adequate in its accuracy. Nonetheless, a full-

wave model will be used exclusively to describe the properties of the multilayer 

electroactive lOW structures that are the topic of this dissertation due to its greater 

flexibility (the full-wave model will be discussed further in Chapter 2). 

The use of non-electroactive lOW's for chemical measurements has been 

discussed in several reviews. Chemical sensors have been fabricated by overcoating an 

lOW with a layer that contains an indicator for the analyte of interest;"-^ these lOW-

ATR (attenuated total reflectance) sensors have been demonstrated to be highly sensitive 

and to possess fast response times relative to other optical geometries such as single-pass 

transmission absorbance measurements. Other apphcations of lOW spectroscopy include 

the measurement of protein adsorption,*"*' the excitation of Raman scattering in thin films 

adsorbed to the lOW surface,^ and the measurement of adsorbance for highly turbid or 

absorbing solutions*"^. A proven lOW application that promises to become very 

important for any electroactive lOW technology is the measurement of molecular 

orientation distributions of monolayer and submonolayer adsorbed films""'. This will be 

discussed in more detail in Chapters 4 and 6. 

The combination of lOW's and spectroelectrochemistry was first reported by Itoh 

and Fujishima in the late 1980's^"^. In their experiment, they used a gradient-index lOW 

constructed through an ion-diffusion process in which a glass slide is immersed into a 

KNOj melt; a thin (ca. 100 nm) antimony-doped tin oxide layer was then applied over 
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this waveguide to serve as the electrode. The sensitivity factor as measured through 

the reduction of methylene blue at the tin oxide electrode, was reported to be 30-40 for a 

multimode structure (ca. 8 ^m thick), and ca. 150 for a 2 fjxa single mode waveguide 

structure with a distance of 3.3 cm between the input and output grating couplers. 

Another gradient-index lOW design that has appeared in the literature is that of 

Schiffrin et al., who constructed a chlorine sensor based on a thin film of lutetiimi 

phthalocyanine coated onto an electroactive lOW platform^*^®. Absorbance changes in 

the phthalocyanine film occurring upon its oxidation by chlorine were monitored using 

the lOW; the ITO electrode was used to electrochemically reset the sensing film. As the 

sensing film was extremely thick (10 nm) and highly absorbing, it was not clear that there 

was any significant sensitivity advantage of using an lOW over another optical geometry 

in this application. To control the sensitivity and optical loss of the electroactive lOW, a 

200 nm silica buffer layer was placed between the ITO electrode and the gradient-index 

lOW; this optical buffer layer was incorporated into the design of the step-index 

electoactive lOW design discussed later in this Chapter. 

A third group, that of Naoki Matsuda, has also reported the use of a gradient-

index row overcoated with indium tin oxide (ITO), using it to measure the spectrum of 

an adsorbed heptylviologen film under cathodic bias^®. The waveguide structure utilized 

for this study was not described in detail; by inference to previous work referenced in this 

paper, it was most likely ca. 3 ^m thick^^. A value for was not reported. 

Gradient-index waveguides are simple to fabricate; the sensitivity of these 

structures can be limited, however, by the small refiractive index difference Aw ( <0.01 for 



33 
K*-exchanged waveguides) between the index gradient and the substrate^^. An alternate 

design is a step-index lOW where the waveguide is deposited as a thin film of constant 

refiactive index by a technique such as RF sputtering or sol-gel dip-coating; in general, 

the absorbance sensivity for step-index lOW's is greater than that for gradient-index 

lOW's {vide infrdf*. The structural difference between these two lOW designs is 

illustrated in Figure 1.3, the refiractive index profiles of an electroactive gradient-index 

lOW (Figure 1.3A) and an electroactive step-index lOW (Figure 1.3B). Figure 1.4 plots 

the relative light intensity of the two structures of Figure 1.3 as a function of position 

across the waveguide (calculated using the full-wave model). It can be clearly seen that 

in the gradient-index lOW, the mode profile is shifted away from the lOW/solution 

interface relative to the step-index design, resulting in a lower sensitivity to absorbance 

by molecules at or near the ITO surface. The absorbance sensitivity of a gradient-index 

structure could be increased by increasing An through ion-exchange with cations that are 

more polarizable than K* (such as Xg or Tr) '̂but a step-index lOW where the 

waveguide layer has a refractive index greater than the substrate by A/i will always 

possess more sensitivity than the corresponding gradient-index lOW with the same A/i, a 

consequence of the gradient mdex profile. 

The research described in this dissertation is concemed with the development and 

application of a single-mode, step-index electroactive integrated optic waveguide, the 

EA-IOW*' "*". The structure of the EA-IOW is given in Figure 1.5; it is comprised of 

three layers that have been sputtered onto a soda lime glass substrate into which integral 

grating input and output gratings have been etched. The Coming 7059 glass film serves 
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Figure 1.3. A comparison of the refractive index profiles, as a 
function of position across the waveguide, for (A) a gradient-index 
electroactive lOW based on the design of Itoh and Fujishima, and 
(B) a step-index electroactive lOW design, the EA-IOW. 
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Figure 1.4. (A) A comparison of the light intensity between a step-
index electroactive lOW and a gradient-index electroactive lOW, as a 
function of position across the waveguide structure. (B) A blow-up 
of the interfacial region in (A). Wavelength; 633 nm. Polarization; 
transverse electric (TE). 
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Figure 1.5. The structure of the EA-IOW, along with layer 
thicknesses and approximate refractive indexes. 
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as the primary waveguiding layer. An indium tin oxide (TTO) film serves as the 

transparent electrode; in between these two layers is a pure silica optical buffer layer, 

used to limit optical losses due to light absorption by the ITO. The EA-IOW is much 

more sensitive than earlier electroactive waveguide designs, exhibiting an up to 

4000 at 633 nm as demonstrated by measuring the absorbance of methylene blue 

adsorbed at a surface coverage of ca. 4% of a full-packed monolayer''̂ . A summary of the 

development and application of the EA-IOW, in order of coverage, follows. First, 

however, a brief mention of other techniques that have been utilized to obtain optical data 

for monolayer films at an electrode surface, and how they compare to the EA-IOW, is 

necessary for completeness. 

1.1.4 Other Optical Techniques for the Measurement of Optical Properties of Thin 

Films at an Electrode Surface 

One technique that is closely related to lOW spectroscopy is surface plasmon 

resonance (SPR)"*'"^^. Instead of coupling into optical modes, however, modes from 

resonant oscillations of electrons at the surface of a metal (surface plasmons) are excited. 

SPR under potential control has been performed to probe both thin adsorbed films at the 

electrode surface"*® "*^, and the difiusion layer above the electrode'** '". lOW and SPR 

measurements are generally complementary, however. Whereas lOW surfaces are 

typically composed of oxides, SPR must be performed at a metal film, such as gold or 

silver. Furthermore, the SPR technique is most commonly used to measure the refiractive 

index and thickness of thin films (from coupling angle and reflectivity data), and not the 
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absorptivity, as the short interactioii distance (one reflection) limits the absorbance 

sensitivity. Finally, surface plasmons can only be excited by light that is polarized 

parallel to the incident plane, unlike lOW's where light polarized either parallel or 

perpendicular to the incident plane may be utilized. 

Another technique that has been used to measure the absorbance of molecular 

films at electrode surfaces (such as gold or graphite) is electroreflectance spectroscopy 

(gj^jso^i Besides the restriction that the electrode must be reflective, ER is complicated 

by low sensitivity and difficulties in the interpretation of spectra. 

A final method that will be briefly mentioned is second harmonic generation 

(SHG)^^. Resonance-enhanced SHG is extremely sensitive, and has been used to monitor 

potential-dependent orientation changes of methylene blue adsorbed to an electrode 

surface at monolayer coverages. A drawback of this technique, however, is that it is 

highly sensitive to the symmetry of the interfacial region, limiting its general application. 

1.2 SUMMARY OF RESEARCH 

1.2.1 Chapter 2: Design of the EA-IOW 

A fundamental question that must be addressed is, how can the sensitivity of the 

EA-IOW be maximized, while minimizing undesirable optical losses due to ITO 

absorption? Through a theoretical study of EA-IOW design it was discovered that the 

ratio of absorbance sensitivity to the loss due to the ITO is constant, and does not change 

as the thickness or refiractive index of any layer is changed, with the exception of the ITO 
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layer. The ratio of absorbance to loss is the same between a three-layer step-ind^ EA-

10W, a two-layer step-index lOW, and a gradient-index EA-IOW. The three-layer 

structure is superior to the other two designs, however, in that a higher sensitivity may be 

achieved while keeping the waveguide in the single-mode regime. 

1.2.2 Chapter 3: The Optical Backgroimd of the EA-IOW 

Before the optical signal of the EA-IOW in the presence of Faradaic reactions is 

discussed, it is first necessary to account for the change in outcoupled Ught intensity that 

is observed as the potential of the EA-IOW is scamied. The optical background is broken 

down into two effects; a nearly linear decrease in outcoupled intensity as the potential is 

scanned negative, and a hysteresis between the forward and reverse scans 

Measurements of the refractive index of ITO as a function of potential indicate that the 

linear slope of the optical backgroimd is due to an inherent change in the absorptivity of 

the ITO that is a result of changes in the concentration of free carriers inside the 

semiconductor. The optical hysteresis appears to be an effect of hydroxylation of the 

metal oxide network; if an EA-IOW is preconditioned in electrolyte solution for a period 

of several days, this component of the optical background disappears. The 

preconditioning of the electrode did not change the refractive index of the ITO 

appreciably, but the absorptivity did dramatically increase. The hydroxylation reaction of 

the ITO was measured using XPS, contact angle measurements, impedance spectroscopy, 

and measurement of the open circuit potential, and was foimd to occur over a time frame 

of hours to days. An increase in potassium levels inside the ITO was detected with 
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secondaiy-ion mass spectrometry after the sample had been conditioned in 0.1 M KCl; it 

is believed that K* is balancing the excess negative charge created from the hydroxylation 

reaction. 

1.23 Chapter 4: Redaction of Surface-Adsorbed Methylene Bine 

To demonstrate the use of the EA-IOW, the absorbance of methylene blue 

adsorbed to the surface of the ITO electrode was monitored as a fimction of electrode 

potential"*'. At 633 nm, the sensitivity of the EA-IOW was estimated to be approximately 

4000 times that of a single pass transmission experiment; a detection limit of ca. 0.2% of 

a fiill close-packed monolayer can be extrapolated. Also, the absorbance of methylene 

blue as a fimction of potential was measured using two orthogonal polarizations, 

demonstrating the feasibility of using the EA-IOW to measure a dichroic ratio and gain 

information regarding molecular orientation distributions. 

The EA-IOW was also used to monitor the formation of Prussian blue during the 

reduction of ferricyanide, demonstrating the use of an added dimension of information 

(absorbance) in the interpretation of voltammetric data. 

1.2.4 Chapter 5: Spectroelectrochemistry of Phthalocyaninatopoly(siloxane) at Low 

Surface Coverages 

Phthalocyaninatopoly(siloxane) (PcPS) is a so-called "hairy-rod" polymer; it is 

comprised of a rigid core of silicon phthalocyanine units linked together through siloxane 

bonds, surrounded by a sheath of liquid crystalline side chains"'̂ ". As a result of these 
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structural features, PcPS forms highly-ordered films via the Langmuir-Blodgett 

technique"'". The spectroelectrochemistry of multilayer films of this material have been 

studied previously, when it was concluded that the observed electrochemistry was 

partially a result of ion and/or solvent diffusion into the PcPS multilayer films^. It was 

also hypothesized that electron transfer between neighboring PcPS molecules could be a 

limiting factor in the observed electron transfer. To test whether or not these effects were 

indeed important in the electrochemistry of PcPS, Langmuir-Blodgett films consisting of 

PcPS diluted in electrochemically-inert isopentyl cellulose (at an area ratio of 1:4) were 

deposited onto an EA-IOW®®. Neither counterion or solvent diffiision could be a factor in 

these monolayer films; the PcPS molecules should also be reasonably separated such that 

interchain electron transfer should not occur. Because of the wide potential range of 

oxidation for PcPS, and also its low surface coverage, it was not possible to follow the 

oxidation of PcPS in these films electrochemically. Instead, the absorbance changes as a 

fimction of potential, at several wavelengths, were monitored using the EA-IOW. It was 

found that the observed spectroelectrochemistry was identical to that previously measured 

for the mulilayer films of pure PcPS, indicating that the aforementioned phenomena are 

not significant in the electrochemistry of PcPS. 

Another phthalocyanine, 2,3,9,10,16,17,23-octakis((2-benzyloxy)ethoxy)-

phthalocyaninato copper, was also diluted into an electrochemically-inert LB film 

comprised of methyl arachidate"*^®"®'. It was discovered that at the ultralow surface 

coverage investigated, the spectroelectrochemistry of this phthalocyanine measured at 

633 nm was identical to that seen in PcPS, except for the onset of potential which was 
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intermediate that seen for either multilayers of this substituted phthalocyanine material 

and PcPS. 

1.2.5 Chapter 6: Measnrement of the Dichroic Ratio for Adsorbed Cytochrome c at 

a Metal Oxide Electrode under Potential Control 

In protein electrochemisty, difElisionless electron transfer, where the protein is 

adsorbed to an electrode surface, promises to simplify the interpretation of voltanmietric 

data It is not well understood, however, why certain electrode surfaces yield facile 

electron transfer while others exhibit none " It is believed that a key factor in 

determining both the thermodynamics and kinetics of electron transfer in such a system is 

the orientation of the protein at the electrode surface A combination of 

electrochemical and evanescent field-based spectroscopic techniques should allow this 

hypothesis to be tested. As a first step towards the measurement of molecular orientation 

distributions of proteins at metal oxide electrode surfaces, the EA-IOW was used to 

measure the dichroic ratio of both horse heart and yeast cyt c monolayer fihns as a 

function of potential. First, however, the redesign of the EA-IOW for this experiment is 

discussed; by decreasing the thickness of the ITI to 25 nm, a waveguide that is capable of 

measuring absorbance in both TE and TM polarization is produced. The dichroic ratio 

measvired for adsorbed horse heart ferricyt c under potential control indicate that the heme 

plane of the cyt c is oriented almost parallel to the electrode surface, contrary to previous 
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models of cyt c orientation at an ITO electrode During reduction, there is a decrease 

in dichroic ratio, consistent with an increase in the angle between the heme plane and the 

surface. In contrast to horse heart cyt c, yeast cyt c adsorption and electron transfer 

appear to be very sensitive to the state of the ITO surface, as determined by the 

irreproducibility of results between experiments for both the dichroic ratio and electron 

transfer (dnetics. 
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CHAPTER 2 

DESIGN OPTIMIZATION OF THE EA-IOW THROUGH THE THEORETICAL 

MODELING OF SENSITIVITY AND PROPAGATION LOSS 

2.1 INTRODUCTION 

Due to the multilayer structure of any electroactive integrated optical waveguide, 

it is difficult to intuitively design a waveguide structure that is experimentally useful (one 

that can support one or more boimd modes and possesses reasonable optical loss) and 

optimized in terms of its absorbance sensitivity to thin films at the electrode surface. For 

this reason, before the experimental aspects of the EA-IOW are covered in subsequent 

chapters, it will be useful to discuss how an electroactive waveguide structure may be 

designed. This will be accomplished in a theoretical study, using a fixll wave model, of 

the relationship between the optical properties of the EA-IOW and its structure. 

Piraud et al. also investigated the theoretical effect of layer structure on the optical 

properties of an electroactive lOW, albeit in a limited fashion The particular 

waveguide structure they were investigating was a 3 ^m thick multimode lOW with a 

low (1.52) reflective index. A silica buffer layer separated this waveguiding layer from a 

10 nm thick ITO electrode; placed on top of the ITO was a 10 nm, highly absorbing, 

sensing film (simulating a mulitlayer phthalocyanine coating). They found that the peak 

waveguide absorption decreased with increasing buffer layer thickness, and increased 

with increasing sensing layer thickness. They did not address the issue of how to design 

a waveguide structure that maximized sensitivity while mim'miTing optical losses due to 
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the ITO, however, except to mention that as the buffer layer is thickened it would be 

expected that the absorption loss £h>m the ITO would decrease. 

Related to the above study is a publication by Luff et al. where the effect of ITO 

thickness on propagation loss was determined (both theoretically and experimentally) for 

the same gradient-index electroactive 10W design described in the previous paragraph". 

It was determined that above an ITO thickness of 30 nm for TE polarization and 50 nm 

for TM polarization, the waveguide loss increased considerably. The effect of ITO 

thickness on electric field intensity at the waveguide/superstrate interface (proportional to 

the absorbance sensitivity) was not investigated, however. 

Itoh and Fujishima also performed some modeling, calculating the sensitivity of 

their gradient-index lOW structure as a fimction of thickness It appears, however, that 

they did not take into account the effect of the ITO electrode layer in these calculations, 

making them rather useless as the optical properties of an EA-IOW are largely 

determined by the electrode layer (see Section 2.3.5). 

This Chapter will systematically investigate the effect of changing the design 

parameters of the EA-IOW on the absorbance sensitivity and propagation loss. Not all 

possible variations of the EA-IOW structure will be covered (for example, changing the 

reflective index of the buffer layer) but an attempt will be made to focus on those 

parameters that could most easily be modified in a new EA-IOW design. Specifically, 

the modeling contained herein will attempt to answer the fundamental question, how can 

the sensitivity of the EA-IOW be maximized while at the same time minimizing inherent 

optical losses due to the ITO layer? 



2.2 METHODOLOGY AND CONVENTIONS 
46 

2.2.1 Mathematical Model 

There are two standard descriptions that are used to calculate the properties of 

lOW structures; the ray optics and full-wave models. In the ray optics approximation, the 

propagation of light inside an lOW is treated as a ray totally internally reflected at the 

superstrate/IOW and lOW/substrate interfaces". At each reflection, there is a phase shift 

in the ray which is manifested as the Goos-Hanchen shift and the evanescent field. For 

experimentally relevant waveguide structures (that is, low loss), the ray optics 

approximation is a simple and adequate model to describe waveguide properties 

Increasing the number of layers present in a waveguide structure, however, increases the 

complexity of the ray optics model. A full-wave treatment, where the eigenvalues 

(modes) of a waveguide structure are determined directly from Maxwell's Equations, can 

in principle be much more flexible than the ray optics approximation. Unfortunately, an 

analytic solution for Maxwell's equations can only be derived for the case of a three layer 

(superstate, waveguide, substrate) structure For this reason, niunerous numerical 

methods have been developed to indirectly solve Maxwell's Equations. The particular 

algorithm utilized in this work was developed and implemented into a program Beta by 

Lifeng Li at the University of Arizona Department of Optical Sciences His method is 

unique in that it can be mathematically proven that Beta will find all allowed modes for a 

lossless waveguide structure; specific mathematical details can be found in his p^er. 
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2.2.2 Modeling parameters and conventions 

The EA-IOW is comprised of three layers sputtered onto a soda lime glass 

substrate, as diagramed in Figure 2.1 A. The thickest layer, composed of Coming 7059 

barium borosilicate glass, serves as the primary waveguiding mediima. The top layer of 

the EA-IOW is a transparent metal-oxide semiconductor electrode, the indiimi tin oxide 

layer. Between the ITO and Coming 7059, there is a third layer, made fix)m SiOj, which 

serves two purposes. First, during annealing of the ITO film, it acts as a difilision barrier 

to prevent any mobile ions present in the Coming 7059 from diffusing into the ITO and 

degrading its electronic and/or optical properties®*. Secondly, the SiO, layer functions as 

an optical buffer layer to control optical losses due to light adsorption by the ITO. This 

attribute of the SiO, layer will be discussed in detail in Sections 2.3.4 and 2.3.7. Also in 

Figure 2.1 is a table listing the thicknesses of each layer in the two EA-IOW stmctures 

utilized for the studies in this woric; unless otherwise stated the EA-IOW stmcture being 

discussed will be one of these two designs. Because they are identical except for the 

electrode layer, they will be referred to by the ITO thickness (i.e. EA-IOW with a 25 nm 

ITO layer). If not specified, it can be assimied that the EA-IOW being discussed is the 

design with only 25 nm of ITO. 

The refractive index values used for each layer of the EA-IOW are given in Table 

2.1 as a flmction of wavelength. The dispersion of the soda lime glass substrate was not 

known for these studies; the results would not be significantly affected, however, as the 

optical properties of the EA-IOW are most sensitive to the thickness and refii^ctive index 

of the ITO layer (see Section 2.3.5), and it is not expected that the refractive index of 
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A 
SupersttBte (HjO) 

Indium Tin Oxide Electrode 

SiOj Optical Buffer Layer 

Corning 7059 

Substrate 

B 
EA-IOW 
Design: 

25 nm 50 nm 

Superstate Water 

ITO Thickness 25 nm 50 nm 

Si02 Thickness 200 nm 

7059 Thickness 400 nm 

Substrate Soda Lime 

Figure 2.1. EA-IOW layer structure (Panel A) and design thickness (Panel B). 
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Refractive Index 

Medium 488 am 514 nm 543 nm 633 nm 720 nm 

H^O 1.337 1.336 1.335 1.332 1.330 

ITO 1.984 1.974 1.961 1.921 1.885 

Si02 1.463 1.462 1.460 1.457 1.455 

Coming 
7059 

1.566 1.565 1.563 1.558 1.553 

Table 2.1. The refractive indexes, as a function of wavelength, used for 
modeling the EA-IOW. 
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soda lime glass would vary by more than 0.01 refractive index unit in the wavelength 

range from 488 ran to 720 ran (as per the SiOj or Coming 7059). The dispersion of the 

ITO was determined from the data in Chapter 3, Figure 3.4 (the refractive index after 

preconditioning in electrolyte). The refractive index data for SiOj was taken from a 

commercial optics catalog®', and the refractive index data for Coming 7059 was obtained 

from literature values Finally, the dispersion of water was obtained form tabulated 

values. The specific wavelengths were selected as they represent the laser lines utilized 

for EA-IOW experiments in Clhapters 4 through 6. 

The program Beta does not compute the absorbance or the propagation loss; 

rather, it determines the complex effective reactive index of the waveguide structure. 

The effective reflective index is defined, in a manner similar to that of the refiractive 

index of an isotropic medium, as the ratio of the phase velocity of light bound in the 

waveguide to the phase velocity of light in vacuum. The imaginary portion of the 

effective refiractive index Nf may be converted to absorbance through 

where I and A have their usual meanings, E is the amplitude of the electric field, and z is 

the distance between the input and output couplers'*. The absorbance may be converted 

to loss (in dB) by multiplying ^ by a factor of 10. 

To model the absorbance sensitivity of the EA-IOW, defined as the slope of the 

1.736;riV,z (2.1) 
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calibration curve of measured absorbance vs. eC, an absorbing adlayer simulating a 

protein film was placed between the ITO electrode and the superstrate. This layer was 

given a thickness of 3 nm and a complex refractive index (at all wavelengths) of 1.4-

0.01/. The value of 0.01 for the complex coefficient is approximately what would be 

expected for a monolayer of a heme protein such as cytochrome c at its absorption 

maximum for the Q-band (at ca. 520-530 nm'̂ ); it may be calculated for any value of e 

fix>m the relationship 

In 10 _ (2.2) k = ŝ .C 
Att 

where is X the wavelength and C is the equivalent molar concentration of the 

chromophore in the phase for which k is being calculated It should be noted, however, 

that because the relative sensitivity is calculated in this chapter the exact value of this 

niunber is not important (as long as k remains less than ca. 0.0 l/i)All absorbance 

values were ratioed to the value for an EA-IOW with 25 nm of ITO at 633 nm and TM 

polarization. When modeling the relative loss, the imaginary coefficient of the protein 

layer was set to zero in order to decouple the effects of light absorption by the ITO and 

the analyte film. 

To model the inherent optical attenuation of the EA-IOW, the assimiption was 

made that absorbance of light by the ITO layer is the sole source of loss. Although not 

completely accurate, it is a good approximation as determined by the comparison of 

experimental and theoretical loss data. Figure 2.2 contains a typical plot of EA-IOW 
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absorbance vs. propagation distance obtained from imaging the streak using a CCD 

camera, in air at 633 nm, of an EA-IOW with 50 nm of ITO. The average of three such 

images yielded a loss of 3.2 dB/cm (dB/cm being defined as the absorbance/cm 

multiplied by 10). Using a value of 0.0014 for k at 633 mn (taken fix)m the data presented 

in Chapter 3), and again assuming that optical absorption from the ITO layer is the sole 

source of loss in the EA-IOW structure, a value of 2.7 dB/cm was calculated. For an EA-

IOW structure with an ITO layer of 25 mn, the experimental loss was 1.4 dB/cm, as 

compared to the theoretical loss of 1.1 dB/cm. For the actual loss calculations contained 

in this Chapter, the imaginary coefficient for ITO was set at 0.001. Because the loss 

relative to that of an EA-IOW with 25 nm of ITO at 633 rmi and TM polarization is 

plotted, however, the exact value of this number is not critical. 

Besides wavelength, the relative loss and sensitivity is also calculated as a 

fimction of polarization. There are two possible (orthogonal) polarizations, transverse 

electric (TE) and transverse magnetic (TM). Figtire 2.3 illustrates the difference between 

the two; for TE polarized light, E lies along the y-axis in the plane of the substrate, and 

for TM polarized light, E is mainly coincident with the z axis, but does contain a small x-

component. It should be noted that the polarizations are defined relative to the incident 

plane formed by the incident beam and propagating mode, and not the waveguide surface 

(in Figure 2.3, the incident plane contains the x and z axes). 

Finally, the energy distribution of light in a bound mode may be visualized by 

plotting the modulus of the electric field squared as a function of position across the 

waveguide structure. For TE polarization, the modulus squared reduces to Ey^; for TM 



Figure 2.3. Definition of TM and TE polarization in terms of the 3-axis 
coordinate system. The thick arrow represents the propagating beam inside the 
waveguide. 
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23 COMPUTATIONAL RESULTS 

2.3.1 Variation of Corning 7059 Layer Thickness 

Figure 2.4 contains the result of calctilations where the thickness of the Coming 

7059 layer was varied from 200 to 1000 nm. In general, as the thickness of this layer is 

increased, the sensitivity is lessened (top two panels). This is illustrated by the mode 

profiles shown in Figure 2.5 for 7059 thicknesses of700 and 400 imi. As mentioned in 

the previous Section, the mode profile is the modulus of the electric field squared plotted 

as a fimction of position in the waveguide structure. The square of the electric field is 

proportional to light power; thus, by normalizing the area beneath each mode profile, it is 

possible to directly compare the mode structure of different waveguide structures, 

different polarizations, etc. From examination of the mode profiles in Figure 2.5A, it is 

easily seen that as the thickness of the 7059 layer increases, the percentage of light 

boimd in the 7059 layer also increases. This decreases the intensity at the ITO/H,0 

interface, thus decreasing the sensitivity. There is a limit of how thin a waveguide 

structure may become before the sensitivity decreases, however. When the thickness is 

close to cut-off (at which point a the waveguide will no longer support a mode) there is a 

dramatic decrease in sensitivity. This is a typical property of lOW's, and occurs when 

approaches the refractive index of the substrate. This is illustrated in Figure 2.5A as 

the dotted line; at this thickness (which is close to cut-off), the waveguiding mode is 
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shifted such that most of the mode is present in the substrate, away from the 

waveguide/superstrate interface. Another important feature of Figure 2.4 is the 

appearance of a second waveguiding mode at Coming 7059 thicknesses above ca. 800 

nm The sensitivity of this second mode (m=l) is approximately double that of m=0 due 

to the increased intensity of the mode at the ITO surface (compared with m=0). The 

increased intensity at the surface is a result of the appearance of a node in the electric 

field profile, as seen in Figure 2.5B. 

The bottom two panels of Figure 2.4 contain the calculated relative loss as a 

fimction of Coming 7059 thickness. The relative loss follows the same general trend as 

the relative sensitivity, increasing with decreasing waveguide thickness. 

2.3.2 Variation of Waveguiding Layer Refractive Index 

A second characteristic of the Coming 7059 layer that may be varied is the 

refiractive index. Because the refiractive index of Coming 7059 glass is an inherent 

property of the material, varying the refiractive index of this layer is equivalent to 

selecting another material to use as the primary waveguide layer. The available refi^ctive 

index range is partly determined by the constraint that the refiractive index must be greater 

than that of the substrate. Thus, for a soda lime glass substrate, the refiractive index of the 

guiding layer must be greater than 1.51. Figure 2.6 contains the relative sensitivity and 

loss of the EA-IOW as a fimction of the refiractive index of the primary waveguiding 

layer, for both TE and TM polarization, keeping the waveguiding layer at a constant 

thickness of400 nm. As the refiractive index of the waveguiding layer is increased, both 
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Figure 2.6. The relative sensitivity and loss for an EA-IOW with a 25 nm ITO layer as a 
function of waveguiding layer refractive index. Each wavelength is represented by a 
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the relative sensitivity and loss decrease. This is a consequence of a shift of the mode 

into the waveguiding layer, away from the ITO/superstrate interface, as illiistrated in 

Figure 2.7 for the TEq mode. A second feature of note in Figure 2.6 is the appearance of 

additional modes at waveguiding refractive indexes above 1.7; in general, the nimiber of 

modes in the EA-IOW is more sensitive to layer refractive index than layer thickness. 

233 Variation of Silica Buffer Layer Thickness 

Like the 7059 layer, increasing the thickness of the SiOi layer decreases both the 

sensitivity and loss, as seen in Figure 2.8. A major difference between Figure 2.7 and 

Figure 2.4, however, is the magnitude of the change in relative loss and sensitivity with 

layer thickness; whereas for the 7059 layer an increase in layer thickness of200 nm 

decreases the sensitivity by a factor of ca. 4, increasing the silica layer by the same 

amount diminishes the sensitivity by a factor of almost 10. The same holds true for the 

relative loss. Another difference between the two Figures is that there are no additional 

modes present even as the SiO, layer is increased to 500 nm. This is due to the 

"decoupling" of the ITO layer from the 7059; at high silica thicknesses the mode is bound 

almost exclusively in the 7059 region of the waveguide structure, and the waveguide can 

be envisioned as consisting of a 400 nm 7059 layer with a silica superstrate. Mode 

profiles illustrating this process are not shown, as they would be conceptually identical to 

those found in Figure 2.7. Finally, it should be noted that Figure 2.8 is essentially 

identical in content to Figure 4 in Reference 34, as would be expected as the EA-IOW 

structures in this work and that of Piraud are very similar. 
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23.4 Variation of ITO Layer Thickness 

The relative loss and sensitivity for EA-IOW structures with ITO thickness 

between 10 and 100 nm can be found in Figure 2.9. There are a number of features in 

these plots that dijfferentiate them fix)m Figures 2.4,2.6, and 2.8. First, the sensitivity and 

loss increase with increasing ITO thickness in the regime from 10 to ca. 60 nm. In 

addition, the m=l mode is less sensitive than the m=0 mode, a highly unusual waveguide 

property when compared to single-layer lOW structures. These resxilts can be explained 

by the high refractive index of indium tin oxide. First, the mode profiles for the TEq 

modes of EA-IOW designs with 25,50, and 100 imi of ITO are shown in Figure 2.10A. 

It can be seen that as the ITO thickness increases, more energy is bound inside the ITO 

layer, increasing the loss and dramatically increasing the sensitivity due to the high 

ITO/water refractive index contrast. Eventually, the entire mode is bound inside the ITO 

layer (100 nm of ITO). In Figure 2.1 OB, the source of the reversal of the relative 

sensitivity between the m=0 and m=l modes is apparent. The m=0 mode is bound almost 

exclusively in the ITO electrode layer, while the m=l mode is present across the entire 

multilayer structure. An unusual feature of the m=l mode profile is the small size of the 

lobe present in the ITO film; the exact reason for this counterintuitive phenomenon is not 

known, illustrating the value of using fiill-wave calculations to model the properties of 

multilayer lOW's. 

2.3.5 Variation of Substrate Material 

Because it is common practice to use quartz or silica substrates instead of 
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common soda lime glass as the substrate for lOWs due to the superior optical properties 

of pure SiOz, it may be asked what the effect of using an SiOj substrate has on the optical 

properties of the EA-IOW. The theoretical relative loss and sensitivity for EA-IOW s on 

the two different substrates is presented in Figure 2.11 as a fimction of wavelength. The 

results can be explained in terms of the mode profile shifting toward the ITO/water 

interface as the substrate refiractive index decreases. If the loss of the EA-IOW is 

dominated by ITO absorption (as discussed in Section 2.2.2), then the use of a SiO, 

substrate will actually have a detrimental effect on the propagation loss. Given the 

significantly higher cost of quartz and silica as compared to soda lime glass, there is no 

reason to switch to a SiO, substrate (except perhaps to use a material with a better 

characterized dispersion). 

23.6 Optimization of Sensitivity and Loss 

A fimdamental question of EA-IOW design is, given a maximum allowable level 

of loss (say 10 dB/cm), what design parameters can be varied to optimize the sensitivity? 

The surprising answer is plotted in Figure 2.12, the same data as contained in Figures 2.3, 

2.5, 2.7,2.8,2.9, and 2.11 but plotted as the loss vs. the sensitivity. Keeping the ITO 

thickness constant, /Ae /oss and sensitivity are linearly dependent, with a slope 

independent of what design parameter is varied. Furthermore, even though the slope for 

the two polarizations is different, there is no dependence on either wavelength or mode 

number. The relationship between loss and sensitivity as a function of ITO thickness is 

not linear, however. For clarity, the lines representing the ITO data in Figure 2.12 is 
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polarization is indicated by the labels. 
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replotted in Figure 2.13, along with the rest of the data from Figure 2.9 (all wavelengths 

are included). Figure 2.13 A contains the data for the m==0 mode, while the m=l mode 

data is plotted in Figure 2.13B. In the ITO thickness regime from 10 to ca. 60 mn, 

mariced in Figure 2.13 A, the slope is much less than one (the slopes of the lines for TE 

and TM are approximately one-half that of the corresponding lines for the other data from 

Figure 2.12), meaning that by decreasing the ITO thickness in this range, the EA-IOW 

may be made significantly less lossy, without sacrificing much sensitivity. This can be 

contrasted to the thickness regime above ca. 50 nm, where both the sensitivity and loss 

increase substantially with thickness. The slope of the loss-sensitivity curve for the m=l 

mode (from Figure 2.13B) is the same as for the data for the m=0 mode in the thickness 

range above 50 lun. In addition to the non-linear relationship between loss and 

sensitivity, there is also a slight dependence of the slope on wavelength (unlike the data 

in Figure 2.12). From Figure 2.13A, it can be seen that as the wavelength is increased, 

the slope of the loss vs. sensitivity plot decreases (although not by a large degree). 

Collectively, the data presented in this Chapter suggest that there is no optimxmi 

way to redesign an EA-IOW to gain sensitivity or decrease propagation loss. An 

important factor to be taken into accoimt, however, is whether or not a design change 

increases the number of modes present in an EA-IOW; many applications of lOW 

technology (such as broad-band coupling™'̂ * "''"* and linear dichroism) are considerably 

simplified if the lOW is in the single-mode regime. Also, adjusting the thickness of the 

ITO layer (below 50 mn) does decrease the loss substantially while maintaining a high 

level of sensitivity, but there is a limit to how thin the ITO layer may be made due to 
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2.4 OTHER EA-IOW GEOMETRIES 

It is conceivable that the design of an EA-IOW may be simplified by removal of 

the silica buffer layer and thickening of the 7059 layer to counteract the subsequent 

increase in optical loss. Removal of the silica buffer could allow the difEiision of ions 

into the ITO electrode from the primary waveguiding layer, but for glasses such as 

Coming 7059 that contain large ions with low mobility (Ba^"^), this should not be a 

concern. A waveguide structure (with a 25 nm thick ITO layer) lacking a silica optical 

buffer layer was modeled as a function of 7059 thickness, as shown in Figure 2.14. A 

plot of relative loss vs. relative sensitivity was found to be identical to that in Figure 2.12, 

indicating that the two-layer design follows the same design rules as a three-layer 

structure. A two-layer EA-IOW could be constructed that possesses the exact same 

optical loss and sensitivity characteristics as a three-layer EA-IOW, but the Corning 7059 

would have to ca. 1300 nm thick, a thickness where the EA-IOW is multimode. This 

illustrates a key point regarding the SiOz buffer layer; although it is not required, having 

it lowers the effective refractive index of the EA-IOW structure due to the low refractive 

index of silica, keeping it in the single mode regime. 

Another possible EA-IOW design would be one that possesses an ion-diffused 

gradient index waveguide as the primary waveguiding layer Such a structure was 

simulated using Beta, and the loss vs. sensitivity was again found to be identical to that 
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found in Figure 2.12. It is important to emphasize that for any An (the increase in 

refractive index of the waveguiding layer over that of the substrate), the maximum 

sensitivity of a step-index lOW design will be greater than a gradient-index lOW as 

discussed in Section 1.1.3. A gradient index lOW could be constructed that possesses a 

sensitivity in the same range as that of a step-index lOW by increasing An or using a 

higher-order mode in a thicker waveguide; the lOW will be in the multimode regime, 

however, and its loss characteristics will be identical with those of a single-mode step-

index low. Thus, there is no advantage to using a gradient-index EA-IOW design. 

2.5 CONCLUSIONS 

The theoretical modeling in this Chapter has demonstrated that the present three-

layer EA-lOW is close to being optimized in terms of layer thicknesses and their effects 

on sensitivity and propagation loss. Other EA-IOW formats (two-layer or gradient-index 

design) obey the same design trade-ofiFbetween loss and sensitivity; as such, there is no 

experimental advantage in using either of the altemate waveguide structures. 
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CHAPTERS 

THE OPTICAL BACKGROUND SIGNAL OF THE EA-IOW 

3.1 INTRODUCTION 

Indium tin oxide (TTG) is a technologically important metal oxide semiconductor 

Due to its combination of superior electrical conductivity and optical transparency 

when compared with other metal oxide semiconductors ITO is a common electrode 

material for applications such as flat panel displays and organic light-emitting diodes. 

Another prominent use of ITO is as the working electrode in flmdamental 

spectroelectrochemical stodies of both difiusion-controlled and surface-bound 

electroactive systems For the above applications, a basic understanding of the physics 

and chemistry of ITO is necessary. Research concerning the properties of ITO, however, 

has been concentrated in the field of materials science and engineering For example, it 

is common to measure conductivity and transparency as a function of deposition 

conditions or method in order to optimize these properties of ITO for use in display 

technologies. Other fundamental properties that are as important as conductivity and 

transparency in the application of ITO as an electrode material need to be addressed, 

however. As an example, ITO has been a popular electrode material for the 

electrochemical reduction of cytochrome c films electrostatically adsorbed to the surface 

of a metal oxide semiconductor It has been observed that there is not just one 

reduction potential for cytochrome c adsorbed in this manner onto electrode surfaces; 
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rather, reduction appears to occur at several different potentials It is possible that 

these different regions of redox activity may be due to electron transfer occurring at 

energetically-dissimilar sites on the electrode surface; for this reason, it is imperative that 

the surface energetics of ITO be investigated at a fundamental level. Indeed, 

investigations of other semiconductor surfaces using scanning electrochemical 

microscopy and scanning timneling microscopy have indicated that the surfaces of metal 

oxide semiconductors may be energetically inhomogeneous 

Another area of fundamental importance in the application of ITO to various 

electrochemical technologies is the reactivity and stability of this material under different 

experimental conditions, such as high electric fields or in aqueous media. This chapter 

will focus on one fundamental aspect of ITO reactivity relevant to the use of ITO as a 

transparent electrode material; how are the optical constants of ITO affected by 

experimental conditions? Specifically, the variation in refiactive index of ITO due to 

electrode potential and ITO preconditioning will be discussed. This is of particular 

importance in relation to the use of ITO as the top-layer of the EA-IOW and the optical 

response that is observed as the potential is scanned in the absence of any electroactive 

adlayer. Using experimental data from photoelectron spectroscopy, conductivity and 

capacitance measurements, and mass spectrometry, a plausible model of interaction 

between an electrolyte solution and ITO will be presented that could accoimt for the 

observed optical changes in ITO upon preconditioning in electrolyte solution. In this 

model, hydroxylation of the metal oxide network occurs diuing exposure to electrolyte 

solution, leading to changes in the optical and electrical properties of the ITO film. First, 
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however, the observed optical background changes in the EA-IOW will be discussed to 

provide a context for why optical changes in ITO are experimentally important. 

3.2 OPTICAL BACKROUND SIGNAL OF THE EA-IOW 

In order to utilize the EA-IOW in quantitative spectroelectrochemical studies, the 

optical response in the absence of electochemically active species must be characterized. 

Figure 3.1 illustrates the background optical signal at 633 nm of the EA-IOW (in 0.1 M 

KCl/ 50mM pH 7 phosphate buffer) as it was scanned from 0.5 to -0.2 V vs. the pseudo 

Ag/AgCl counter electrode. There are two features to this signal; first, as the potential is 

scanned negative the outcoupled optical signal decreases. Secondly, there is a significant 

hysteresis between the forward and reverse scans. When first investigated, the optical 

background was found to be poorly reproducible, not only between experiments but also 

from run-to-nm. The maximum attenuation (the ratio of the signal between the most 

negative and the most positive potentials) was sensitive to not only the scan rate but also 

the identity of the electrolyte (see Section 3.4.1) 

By leaving the EA-IOW in electrolyte solution for a period of several days, 

however, it was discovered that the optical hysteresis was minimized, leaving a nearly 

linear background signal that was highly reproducible. An example of an optical 

backgroimd obtained after EA-IOW preconditioning is given in Figure 3.1 (solid line). 

The slope of the optical backgroimd was foimd to be dependent on the experimental 

wavelength, but not other experimental parameters such as electrolyte species used (as 
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detennined by comparison of backgrounds taken in 0.1 M KCl and 10 mM pH 7 sodium 

phosphate solutions). In the wavelength range 514.5 to 720 nm, the slope of the 

backgroimd increases as the wavelength is shifted into the blue. At 488 nm, however, the 

signal increases as the potential is scanned negative, the reverse of the behavior seen at 

the other laser wavelengths. 

Both components of the optical background signal represent a change in optical 

constants for the ITO layer. To better understand these effects, the optical constants of 

ITO were determined as a fimction of two experimentally relevant conditions; applied 

potential and electrode preconditioning. Before the results of these investigations can be 

discussed, the methodology used to determine the refractive index of ITO will be 

outlined. 

3.3 DETERMINATION OF THE OPTICAL CONSTANTS OF ITO FILMS 

3.3.1 Methodology 

To determine the complex refractive index of the sputtered ITO films used in this 

work, transmission spectra were used to obtain the position and intensity of interference 

fringes. These data were then used to calculate both n and k at the interference fringe 

maxima and minima, and by assuming a fimctional form for these quantities as a function 

of wavelength, the dispersion of ITO. These calculations were outlined by Swanepoel 

a simmiary of the specific steps involved follows. 

From the transmission spectrum, shown in Figure 3.2 for an ITO film with a 
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Figure 3.2. The transmission spectrum of an ITO fihn used in 
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nominal thickness of350 nm sputtered onto quartz, envelopes of maximimi and 

minimum transmission are constructed (T^ and T^, respectively). Because the exact 

functional form of these envelopes is not known, they were approximated with straight 

lines fit between adjacent maxima or minima. The interpolated values of Tn^ and 

were then used to calculate n with 

n = 
1/2 

(3.1) 

where is the substrate refiactive index, n,p is the superstrate refiactive index, and N is 

calculated from 

2 2 
w 7 , ^max ~ ^min (3.2) 
^'^sb"sp T T . * 2 

max mm 

It must be noted that Equations 3.1 and 3.2 differ from those in Reference 80 in that they 

do not assimie air as the superstrate ®'. 

After n is obtained, the thickness d of the film can be found from the wavelengths 

and refractive indexes of adjacent minima or maxima with 

d = , r (3.3) 

The thicknesses calculated from each pair of extremes can then be combined to yield an 
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average thickness dy. Equation 3.3 is extremely sensitive to errors in n, however. The 

accuracy of the measm^ment can be increased through the use of a simple interative 

procedure. From the equation 

2nd = mX 

the integer or half-integer values of the order number m can be found for each minimum 

and maximum. The values of m obtained from Eqxiation 3.4 will not be exact; they must 

be roimded to the nearest allowed value as given in Figure 3.2. The exact integer and 

half-integer values of m can then be used in Equation 3.4 to generate a new average 

thickness d^. This new average thickness can then be substituted into Equation 3.4, 

along with the corrected values of m, to determine a more accurate value for n at each 

maxima or minima in the transmission spectnun compared to n calculated through 

Equation 3.1. The refractive index at wavelengths between the extremes of the 

transmission spectrum may be obtained by extrapolation, commonly by using a least-

squares fit of the fimction n =  a j b f  X  +  c.  

After n is determined, k may also be calculated. The absorption (and thus A:) be 

determined through 
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F ±  

X -

F' - [nl - {n^ + + «i) 
ip 

1/2 

(«^ - "f («' + "i)- f-("i+"i) 

(3.5) 

where F is determined through 

F  =  
T  

max 

T  +  r  
•*niax mm 

T  T  
max mm 

(3.6) 

The absorption can be used to calculate k  through 

k  =  -  X  Inx 

And 
(3.7) 

The above treatment assumes that n and k are constant across the entire film 

thickness. There is some evidence that this assiraiption is not valid for ITO; the purpose 

of the following data is to demonstrate changes in the optical constant of this material, 

however, and small absolute errors in the optical constants will have no effect on the 

conclusions of this chapter. 

3.3.2 Determination of the Optical Constants for ITO Films as a Function of 
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Potential 

The dependence of the complex refractive index of ITO was investigated as a 

function of two experimental conditions of prime importance in the application of the 

EA-IOW to spectroelectrochemistry of ultrathin films; electrode potential and ITO 

preconditioning. As the variation of refractive index with potential has been well 

established for metal oxide semiconductors and is not a new result it will be discussed 

first. If k is small, the change in refiactive index will be proportional to the change in 

free-canier concentration as indicated by 

A/7 1 

n 2 
(3.8) 

N 

where is related to the plasma frequency of the semiconductor by = 2k j (the 

plasma frequency being the frequency of collective oscillations of free electrons in a 

metal or semicinductor), N is the electron concentration per cm^, and k is the wavelength 

of observation '®. Equation 3.7 predicts that as the potential is scanned negative (and thus 

increasing the number of free electrons, the dominant carrier in ITO), the refractive index 

should decrease. Also, as the wavelength approaches the plasma frequency, the 

sensitivity of the refiractive index to potential should also increase. 

Figure 3.3 A plots the refiractive index as a ftmction of potential for three 

wavelengths, determined for a sample of ITO with a nominal thickness of350 nm (non-

preconditioned). The data is plotted for three wavelengths corresponding to the minima 

and maxima present in the transmission spectrum (not shown). To obtain the transmission 
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Figure 3.3. The real (A) and imaginary (B) portions of the refractive index 
of ITO as a function of potential, determined using the procedure outlined 
in the text. 
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spectrum as a function of potential, a small piece of ITO was placed in a plastic cuvette 

along with reference and counter electrodes. Small spacers were placed between the ITO 

and the cuvette wall to align the ITO such that the surface of the ITO was parallel to the 

spectrometer beam path. The cuvette was filled with 0.1 M KCl, and was referenced to 

another cuvette also filled with 0.1 M KCl. Before the ITO was placed in the sample 

cuvette, the spectrometer baseline was measured to correct for any differences in 

transmission between the two cuvettes. Because the refiractive index measured in 0.1 M 

KCl was significantly different than that measured in air (ca. 0.05 refractive index units; 

see Section 3.2.3), it is probable that discrepancies in transmission were not entirely 

accounted for. As mentioned before, however, the primary purpose of these experiments 

is measure changes in refi^ctive index and so errors in the absolute value have no effect 

on the conclusions made. 

The experimental data is consistent with theory in that the refractive index does 

decrease with decreasing potential. The magnitude of this change, given in Figure 3.3 A 

as the results of a linear fit to the data, is in the range from 0.002 to 0.009 refiractive index 

units per volt. This change could account for the observed optical background of the 

ITO; as the refractive index of the ITO increases, the mode profile should shift into the 

ITO, thus increasing the absorption of light by the ITO layer. From theoretical 

calculations using "worst case" values for the change in n (0.01, from 1.95 to 1.96) and 

TE polarization, it is estimated that the optical loss should increase ca. 12% at 514 nm for 

an EA-IOW waveguide with a 50 nm thick ITO layer. This is the opposite of what is 

observed, however; as the potential of the EA-IOW is scaimed positive (leading to an 
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increase in the refractive index of the ITO, as seen in Figure 3.3), the outcoupled intensity 

actually increases. Below ca. 500 nm the optical background does slope positive as the 

potential is scanned negative. This is an effect of the shift in the absorption band-edge of 

ITO to higher energies as the number of free carriers is increased, an effect well 

documented in the literature", and most likely not due to a shifting mode profile inside 

the EA-IOW. Further evidence that any shift in the mode profile due to a change in n 

with potential is not significant can be seen in EA-IOW absorbance vs. potential data. As 

the refractive index of the ITO is increased during a positive potential scan, the shift in 

mode profile towards the EA-IOW/superstrate interface should increase the sensitivity of 

the EA-IOW ca. 15% per volt. An increase in absorbance sensitivity would be observed 

as a sloping absorbance vs. potential plot in any potential window where there is no 

electron transfer occxiring. Again, this is not observed experimentally as demonstrated 

with the reduction of methylene blue (see Section 4.4.2). Even if changes ui refi^tive 

index during a potential scan did effect the experimental properties of the EA-IOW, for 

the second generation EA-IOW (utilizing an ITO thickness of 25 nm), the effect of a 

change in /i on mode profile would be theoretically less severe; the sensitivity would 

increase by only ca. 3% per volt and the inherent propagation loss by only 6% per volt for 

a change in ITO refractive index of 0.01. 

The slope of the change in refractive index with respect to potential as a fimction 

of wavelength, as seen m Figure 3.3, does not follow the trend predicted by Equation 3.7. 

It is not knoAvn if this discrepancy between theory and experiment is due to the 

absorptivity of the ITO (making Equation 3.2 not strictly valid), effects from a shift in the 



87 
band-edge with potential, or some other unknown cause. 

The variation of ITO absorptivity with free-carrier concentration can be described 

by 

A (3.9) ^ — 
freecarrrer nm''fi 

where e and c have their usual meanings as constants, t is the optical pathlength, is the 

optical dielectric constant of the semiconductor material, m* is the reduced mass of the 

electron, and (i is the carrier mobility As the potential is scanned negative, N 

increases, resulting in an increase in absorption by the ITO. Furthermore, the change 

should be greater for long wavelengths. 

Figure 3.3B contains the variation of k with potential, as determined in the same 

experiment as the data in Figure 3.3A. The data at 770 nm and 592 nm follow the trends 

predicted by Equation 3.8; A: increases with increasingly negative potential, and the 

magnitude of the change is greater for the data at 770 nm than at 592 nm. At 488 nm, 

however, k is greater than at 770 nm and 592 nm, and decreases with increasingly 

negative potentials. This is contrary to Equation 3.8, but easily explained by absorption 

due to the band-edge of ITO (at ca. 400 nm). The band-edge absorption causes k for 488 

nm to be greater than that due to free-carrier absorption alone, and as the potential is 

scanned negative, the band-edge moves to higher energies, decreasing its contribution to 

k. Based on the similarity between the EA-IOW outcoupled background signal (in terms 

of its variation with wavelength, as discussed in Section 3.2.1) and the data in Figure 
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3.3B, it is believed that the primary cause of the sloping optical background is the change 

in k with potential. 

3.2.3 Determination of the Optical Constants for ITO Films as a Fnnction of 

Electrode Preconditioning 

Whereas the effect of free-carrier concentration on the optical properties of metal-

oxide semiconductors has been well established^^, the effects of electrode conditioning on 

refractive index have not been investigated. Due to the high sensitivity of 

electrochemical methods, it is well known that chemical changes (i.e., hydroxylation) do 

occur with preconditioning at the surface of metal-oxide semiconductors". Because of 

the low sensitivity of most optical methods, however, the effects of solution exposure on 

bulk properties such as refractive index in these materials have not been investigated. 

With the EA-IOW and its high optical setisitivity, these effects become important, 

especially in relation to the optical background. 

In Figure 3.4, the real (top panel) and imaginary (bottom panel) portions of the 

refractive index for a 320 nm thick piece of ITO are plotted as a function of wavelength, 

before and after conditioning the ITO in 0.1 M KCl for two days. The refractive index 

was determined at ca. 510, 620 and 780 mn (the wavelengths of two maxima and a 

minima); in between these points the refractive index was extrapolated with straight lines 

as the dispersion function is not known. Each curve in Figures 3.4 A and 3.4B is an 

average of five curves determined from separate transmission spectra (in air, obtained at 

different locations on the 2.5 cm wide piece of ITO-coated quartz). After conditioning. 
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the ITO was rinsed in distilled water and blown dry. 

From Figure 3.4A, it is readily apparent that there is no significant change in the 

real portion of the refiractive index after conditioning under the conditions listed above. 

The imaginary coefficient, however, increases to a large extent, with k more than 

doubling at ca. 620 nm (Figure 3.4B). This suggests that any optical background effect 

that is dependent on preconditioning of the ITO (the large hysteresis between the forward 

and reverse scans of the EA.-IOW) is largely a result of changes in k and not n. In the 

next section, a plausible model will be constructed that may explain this phenomenon. 

3.4 INTERACTION OF ITO WITH ELECTROLYTE SOLUTIONS 

3.4.1 Hypothesized Mechanism of Interaction Between ITO and Electrolyte 

Solutions 

Figure 3.5 illustrates a proposed model for interaction between an electrolyte 

solution and ITO where water reacts with the metal oxide network, increasing the overall 

degree of hydroxy lation. At pH 7, the net reaction is 

O" 0~ 

+ SHjO ^ M M + 2H3O-

This process, common to all acidic and amphoteric oxide materials, is responsible for the 

increase in negative charge on the ITO surface during electrode preconditioning that is 



Figure 3.5. An illustration of the processes believed to be 
occuring during the conditioning of ITO in electrolj'te 
solution. 
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necessary for the adsorption of electroactive cytochrome c films'". The increase in 

negative charge should also affect the electrical and optical properties of ITO. For 

example, the increase in electrostatic interaction between free carriers and negatively 

charged hydroxyl groups will decrease electron mobility, thus decreasing conductivity 

and increasing absorptivity. This will be discussed in Section 3.4.3. The electrode 

capacitance will also increase, a consequence of the increase in trapped charge inside the 

rrO and/or at the ITO surface; Section 3.4.4 will cover the measurement of ITO 

capacitance as a function of EA-IOW conditioning time. The increase in hydroxylation 

inside the ITO can also be detected indirectly through the measurement of ion diffusion 

into the ITO using Secondary Ion Mass Spectrometry (Section 3.4.5); it appears that 

cations from the electrolyte solution are balancing (at least in part) the increase in 

negative charge inside the ITO metal oxide network. First, however, the direct detection 

of hydroxlation through XPS spectroscopy and contact angle measurements will be 

discussed. 

3.4.2 Detection of ITO Hydroxylation 

The reaction presented in the previous Section should be detectable with x-ray 

photoelectron spectroscopy (XPS), due to its sensitivity to the chemical environment of 

surfaces. Spectra of ITO were obtained before and after conditioning in 0.1 M KCl; 

Figure 3.6 is the full XPS spectrum of ITO before exposure to electrolyte solution. 

Detailed scans of the O Is peak are presented in Figure 3.7A (the O Is peak as a function 

of conditioning time in 0.1 M KCl), and Figure 3.7B (the 01s peak after three days of 
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Figure 3.6. The XPS spectrum of ITO. 
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conditioning at two different detection angles). The XPS spectrum of the FTO film before 

preconditioning. Figure 3.6, is shown with assignments for each peak, and is 

unremarkable. A second general scan, measured at a high sample angle relative to the 

surface normal to decrease the escape depth of the detected electrons, was identical, 

suggesting that the FTO film was homogeneous in the near-surface region. After 

preconditioning, the only change in the XPS spectrum was found in the O Is peak, as 

plotted in Figure 3.7A for preconditioning times of 0,4, and 72 hours in 0.1 M KCl (all 

peaks being normalized for comparison). There is no observable change between the t = 

0 and t = 4 hour data; after 3 days, however, a second, higher energy peak appears which 

is presumably present in the other two spectra but at a low contribution such that a 

separate peak is not observable. The two peaks (at 531 eV and 533.5 eV) can be 

attributed to bridging and terminal oxygen, respectively*^. The increase in the amount of 

terminal oxygen is consistent with the reaction of indium and tin oxide with water to 

increase the hydroxylation of the ITO surface as discussed in Section 3.4.1. As Figure 

3.7A contains data for only three samples, each at a different equilibration time, it is not 

believed that this data can be used to measure any sort of reaction rates. The contact 

angle of the ITO was investigated as a function of preconditioning time to more 

vigorously assign a time scale to this reaction (see the following paragraph). Moreover, 

dehydration of the ITO surface in the vacuum of the XPS spectrometer limits the quality 

of any quantitative information that can be obtained regarding the degree of 

hydroxylation at the ITO surface. Besides extent of reaction, another fundamental 

question concerns the depth to which the hydroxylation occurs. Again, this is difficult to 
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detennine with XPS. Figure 3.7B compares the results of two scans of the O IS peak 

(after ITO preconditioning), one at a normal sample angle (90® relative to the analyzer 

input) and the other at a high sample angle (ca.15 " relative to the analyzer input). The 

ratio of the two oxygen peaks appears to be slightly higher for the scan at high sample 

angle. It is difficult to determine if this is a real effect, given the limited number of 

samples (one) and the run-to-run variability of XPS. In any event, the high surface 

roughness of ITO likely decreases the ability of XPS to yield any depth information for 

this material. 

Another technique that can be used to follow the progress of a reaction occurring 

at the surface of a material, such as surface hydroxylation on ITO, is contact angle 

measurement*'. The static contact angle for two sets of ITO samples as a flmction of 

conditioning time in 0.1 M KCl is given in Figure 3.8. Each point is an average angle 

determined from between four to eight different drops. The first sample set was 

comprised of commercial ITO that had been dehydrated by heating at 150° overnight in a 

vacuum oven. As a comparison, the experiment was repeated with an actual EA-IOW 

surface. For both curves, there is a sharp drop in contact angle during the first four hours, 

which is followed by a slow decline that continues beyond the time scale of the 

experiment (after a period of ca. one week, the contact angle was observed to be close to 

zero for the EA-IOW sample). Like XPS, however, it is not possible to determine if 

hydroxylation is occurring below the surface of the ITO. 

In order to probe the hypothesized reaction of the ITO lattice beneath the siuface, 

vibrational spectroscopy was attempted (both Raman and transmission FT-IR) on a 
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Figure 3.8. The contact angle of ITO samples as a function of 
conditioning time in 0.1 M KCl. 
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sample of ITO, 100 nm thick, that had been sputtered onto an IR-transparent silicon 

wafer. With FT-IR spectroscopy, a broad band was detected between approximately 150 

and 400 cm"' that was attributed to the indium oxide vibrational bands Because of the 

polycrystalline nature of the sample, however, individual bands were not discemable. 

Raman spectroscopy using a laser diode source at 785 nm and a CCD detector was found 

to lack the sensitivity needed to observe any vibrational structure. It was concluded that 

FT-IR spectroscopy possesses the needed sensitivity that is necessary to obtain spectra of 

thin ITO ISlms, but that future studies will have to be done utilizing single-crystal indiima 

oxide, as has been demonstrated in the literature*^. 

3.4.3 Resistivity of ITO Before and After Preconditioning 

Conductivity measurements are consistent with an increase in ionic concentration 

(from hydroxylation) inside the ITO. In ITO, electrostatic interaction from ionic 

impurities is typically the dominant mechanism whereby electron mean free path (and 

thus carrier mobility) is limited If the ionic concentration inside the ITO is increased, 

it is expected that the conductivity will decrease. Four-point probe measurements were 

made on a 1-inch square piece of 350 nm ITO. Before electrode preconditioning the 

resistivity was found to be 106.4 ± 0.5 Q/square (an average of 9 measvirements at 

different locations on the ITO sample); after equilibration in 0.1 M KCl for 2 days the 

resistivity had increased to 114.1 ± 0.7 Q/square, in line with the above prediction. A 

decrease in carrier mobility should increase the absorptivity of the ITO (Equation 3.8); 

this is in agreement with the observed increase in k (Figure 3.4B). 
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3.4.4 Capacitance Measurements on ITO as a Function of Conditioning Time 

Besides conductivity, another important electrical property of metal oxide 

semiconductors is capacitance. By choosing the experimental conditions such that there 

are no faradaic processes occurring, and at high electrolyte concentration, the effective 

capacitance of the semiconductor can be measured through Impedance Spectroscopy. A 

circuit that can be used to model the impedance of a semiconductor system is given in 

Figure 3.9®^. The complex impedance Z of this circuit is 

l = +! r 
z /?sc Rss iMC^y 

where co is the AC frequency and the subscripts SC and SS denote contributions from the 

space-charge region and surface states, respectively. By measuring the real (Z') and 

imaginary (Z") components of the impendence at two or more frequencies, it should be 

possible to calculate all four unknowns. Given that both Cgs and Cgc are frequency-

dependent, however, it becomes difficult to decouple the space-charge impedance from 

the surface state contributions. For this reason, it is convenient to ignore surface state 

contributions, yielding 

^ = —^ + Jo)C^ (3.11) 
Z'^+Z"^ Z'^+Z"^ ^eff  

The approximation that the effective capacitance is dominated by is justified by 
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examination of the Mott-Schottky plot of 1/C^vs. potential given in Figure 3.1 OA. 

Impedance data were taken as a function of time, potential, and frequency, and then fit to 

Equation 3.11 to yield C^and /2^as a flmction of frequency. There is a small amount of 

non-linearity in the data in Figure 3.10A, which may be due to contributions from 

surface states or more likely, Helmholtz capacitance, but because it is very slight the data 

were treated as linear (points were also taken at 0 V vs. Ag/AgCl, but are not plotted as 

they were not in the linear regime for a plot of 1/C^ vs. potential as expected for applied 

voltages approaching the flat-band potential). 

Assuming that C^and Qc ^re equal, the flat-band potential and density of 

charge in the space-charge region may be determined through the Mott-Schottky 

relationship for space-charge capacitance for potentials more positive than the flat-band 

potential (the depletion region). 

where q is the elementary charge of the electron (1.60 x 10'*' C), 8g is the permittivity 

constant of free space (8.85 x 10"'' F/m), A is the electrode area, K is the dielectric 

constant of the semiconductor (a value of 12.7 was used for these calculations) and 

is the appUed voltage. The term kT/q (the capacitance contribution from electrons in the 

conduction band) may usually be neglected, as it is only 25 mV. The flat-band potential 

for the data in Figure 3. lOA was not found to vary with time; an average for all six 

data sets was measured to be -0.49 ± 0.01 V (vs. NHE). If sxuface hydroxylation is 

(3.12) 
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occuring on the time scale of the experiment, it would be expected that the flat-band 

potential would shift negative by (theoretically) 59 mV per decade change in OH" 

concentration The lack of an observed shift is consistent with the previous 

observation that the surface reaction of metal-oxide semiconductors with water is fast (ca. 

15 minutes for SnOj)and also the observation that, after immersion in electrolyte, an 

equilibriiun open circuit potential for ITO is reached in less than two hours (the open 

circuit potentizd is discussed briefly in Section 6.2.2), but not consistent with the contact 

angle measurements on ITO (see Section 3.4.2). The density of charge, however, 

increased with time, as seen in Figure 3.10B, Ns,- versus time. The density of charge is 

not only indicative of the doping level, but also reflects trapped charge in the space-

charge layer of the semiconductor This could be due to an increase in ionic sites inside 

the ITO, such as those formed by ion diffusion into the ITO to balance hydroxylation 

occurring below the surface. 

The frequency dependence of the impedance data, due to a distribution of 

relaxation rates, can give some indication of what portion of the semiconductor is being 

probed (i.e. a layer near the siu^ace, or through the space-charge region) Mott-

Schottky plots taken as a fimction of frequency exhibit one of two patterns (or a 

combination of the two possibilities). If the frequency-dependence is localized in a thin 

layer near the surface of the semiconductor, then Mott-Schottky plots at different 

frequencies will be parallel, but possess different x-intercepts. The other extreme occurs 

when the source of frequency-dispersion extends through the depletion region of the 

semiconductor; in this case, Mott-Schottky plots at different frequencies will have the 
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same x-inteicept, but different slopes. For the ITO electrode investigated in this 

experiment, the behavior was intermediate of these two cases, with both the slope and 

intercept varying with frequency. This suggests that the source of the frequency 

dispersion, and thus the region being probed in this experiment, extends into the space-

charge region but has significant near-surface character. 

At frequencies above ca. 500 Hz, there was no clear trend in the change of 

impedance with time. The calculated values of C^and /J^calculated in this frequency 

regime were found to be quite small (less than 1 fjF for C^); it is quite possible that stray 

capacitance and resistance effects from electrode contacts et cetera dominate at high 

frequencies under the conditions of the above experiment. 

The changes in C^measiired through impedance analysis can also be observed as 

an increase in non-faradaic background currents during a potential scan. Figure 3.11A 

contains data from a series of backgroimd sweeps at a scan rate of 100 mV/sec. for a ca. 

320 nm thick ITO electrode in 0.1 M KCl taken at one hour intervals. The increase in 

non-faradaic background current as a function of time is indicative of an increase in 

semiconductor capacitance and not changes in electrode conductivity; after the first scan, 

the slope of the current background was found to be constant as would be expected if the 

electrode resistivity was invariant with time. Also, the observed increase in background 

capacitance is a function of time and not sweep number; sweeps taken within minutes of 

one another were found to be identical. The capacitance as measured at 100 mV is 

plotted in Figure 3.1 IB as a function of conditioning time. Comparing the data in 

Figures 3.1 OB and 3.1 IB, it is evident that the changes in electrode background eturent 
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+550 is attributed to an impurity present in the electrolyte solution. (B) 
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of conditioning time. 
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and charge density in the space-charge layer share a similar functional fomi, although it is 

highly likely that surface-state c^acitance is more prevalent at the low scan rate of the 

potential scans in Figure 3.9. 

3.4^ SIMS Measurement of Potassium Levels inside ITO Before and After 

Electrode Conditioning 

If there is an increase in hydroxylation inside the ITO networic (or even at the ITO 

surface), then there must be a mechanism whereby the increase in negative charge is 

balanced by an equal positive charge. In electrolyte solutions, this positive charge can 

come from cations; indeed, there is a large amount of literature covering the interaction of 

cations with metal oxide semiconductors in response to increases in negative charge 

inside the metal oxide. For example, it is well-known that Li^ and Na" ions can be 

inserted into nanocrystalline TiOj (the anatase form) in order to compensate for electron 

accumulation (such as during a potential scan) Alkali metal ion and proton 

incorporation has also been detected in other metal oxide semiconductors such as Sn02 

and ZnO 

To test the hypothesis that ions are diffusing into the ITO during electrode 

preconditioning, ITO samples with a nominal thickness of 50 run were submitted for 

secondary ion mass spectrometry (SIMS) at SUNY-Buffalo. The PHI 7200 time-of-flight 

SIMS instrument, operated in dynamic SIMS mode, utilized an 8.0 keV Cs"^ ion beam to 

yield a sputtering rate of ca. 0.2 nm/sec. The ITO samples had varying times of 

preconditioning in 0.1 M KCl; 0 hours, 4 hours, and 3 days. Figures 3.12 (positive ion) 

and 3.13 (negative ion) present the measured ion flux for and CI' respectively, as a 



107 

0.005 

0.004 

5 0.003 
o 

•2 0.002 
(0 

0.001 

0.000 

No Preconditioning 

4 hours in 0.1 M KCI 

3 days in 0.1 M KCI 

0 100 200 300 

Sputter Time, seconds 

Figure 3.12. The ratio of the potassium ion count to the total 
positive ion count obtained from the ToFSIMS of a 50 nm 
thick ITO sample. 



108 

0.05 

-No preconditioning 

4 liours in 0.1 M KCI 
•3 days in 0.1 M KCI 

0.04 

S 0.03 

« 0.02 

0.01 

0.00 

0 100 200 300 400 

Sputter Time, sec. 

Figure 3.13. The ratio of the chloride ion count to the total 
negative ion count obtained from the ToFSIMS of a 50 nm 
thick ITO sample. 



109 

function of time. In each figure, the ion count was ratioed to the total ion count in order 

to compensate for run-to-run variations in total ion flux. In Figure 3.12, there are two 

features not related to the measurement of the potassiimi concentration in the ITO 

sample; first, at the beginning of each run there is a significant enhancement in ion yield 

due to organics adsorbed onto the surface of the ITO. For this reason, this data can not be 

used to compare concentrations of ions near or at the surface. Secondly, at ca. 300 

seconds there is a shift in ion signal due to sputtering into the silica substrate onto which 

the ITO had been deposited. Between 50 and 300 seconds, however, there is a significant 

increase in the potassium signal from the ITO before preconditioning to the ITO after 4 

hours and 3 days of soaking in 0.1 M KCl that represents a real increase in levels. The 

identical appearance of the data at t=4 hours and t=3 days suggests that the ion diffusion 

process occurs within the first few hours of preconditioning. This, along with the steep 

concentration gradient, implies that ion diffiision occurs through relatively open structural 

defects in the ITO that do not penetrate the entire thickness (such as grain boundaries, as 

illustrated in Figure 3.5).. 

The increase in concentration should be accompanied by a concurrent increase 

in Cr concentration. From Figure 3.13 it is apparent that this is not the case, and that 

instead of an increase, there is actually a small drop in CI" content. Any charge-

compensation must thus come from changes inside the ITO itself; this is consistent with 

an increase in hydroxylation inside the metal oxide semiconductor as discussed above. 

3.5 CONCLUSIONS 
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In summary, the imaginary portion of the refractive ind^ of ITO is sensitive 

to preconditioning in electrolyte solution, but the real component is not. This shift in A: is 

hypothesized to occiu: as a result of reaction of the ITO with electrolyte solution, leading 

to an increase in ITO hydroxylation. XPS measurements can detect this reaction, but are 

inconclusive as to any reaction time scale. Contact angle measurements indicate that the 

hydroxylation reaction requires a considerable length of time (days) to come to 

equilibrium in pH 7 electrolyte; impedance analysis supports this conclusion, and further 

suggests that the hydroxylation reaction is not confined to the ITO surface. Resistivity 

measurements also are consistent with an increase in ionic character inside the ITO 

during exposiu-e to electrolyte solution. Finally, SIMS analysis indicates that cation 

incorporation into the ITO is occurring during exposure to electrolyte solution; the 

absence of any concurrent increase in anion concentration inside the ITO suggests that the 

cation level is increasing in response to the hydroxylation of the metal oxide network. 

A final note concerns the comparison of the optical constants for ITO, as 

measured in this Section, with those found in the literature. The data from Figures 3.4 

and 3.5 give a range of k for ITO in the range of 0.001 to 0.01; Luff et al. reported that 

their ITO films (for use on their gradient-index EA-IOW) had a value for k of 

approximately 0.03 at 633 nm". This comparison stresses the point that the ITO films 

used in this work are of high quality; as the maximum absorbance sensitivity obtainable 

with any EA-IOW structure is ultimately limited by optical losses from the ITO electrode 

layer (see Chapter 2), it is imperative that electrode materials with the lowest optical 

absorption possible are used in any EA-IOW to maximize device performance. 
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CHAPTER 4 

EXPERIMENTAL DEMONSTRATION OF THE EA-IOW 

4.1 INTRODUCTION 

Before the EA-IOW is used to address specific chemical problems (Chapters 5 

and 6), it will be demonstrated experimentally in this Chapter that 1) the EA-IOW 

provides usefiil optical data that is complementary to current data in terms of information 

content (as demonstrated with the formation and subsequent reduction of Prussian blue 

during the cyclic voltammetry of ferricyanide), 2) the EA-IOW is able to measure 

absorbance changes occurring in monolayer and submonolayer films during 

electrochemical events with a sensitivity exceeding that obtained firom a standard single-

pass transmission experiment by a factor of over 1000,3) that these absorbance 

measurements are highly selective against absorbance by superstrate solutions, 4) by 

performing an experiment where data is recorded in two perpendicular polarizations, the 

dichroic ratio, an indication of molecular film structure, can be measured as a fimction of 

potential. 

Furthermore, this Ch^ter will also be concemed with the basic experimental 

details and protocols common to all experiments in the following Chapters, including the 

production of the EA-IOW. The procedure for the fabrication of the grating couplers, 

however, will be left as the subject of Appendix 1. 
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4.2.1 EA-IOW Fabrication 

The multilayer structure of the EA-IOW was deposited onto a 7.5 cm x 2.5 cm x 1 

mm soda lime glass substrate through the use of a Peridn-Elmer 2400 RP diode sputtering 

system (difl&action gratings for input and output coupling were etched into the substrate 

prior to deposition of the waveguide using a procedure given in Appendix 1). The pre-

deposition vacuum was 2x10 "^torr; a reactive atmosphere of Ar (70%) and O, (30%) 

was dynamically controlled diuing the deposition by an MKS two-channel flowmeter to a 

constant pressiffe of 3.9 x 10'̂  torr. The previously calibrated deposition rates were 50, 

62, and 133 A/min for the 7059 glass, SiOi, and ITO materials, respectively. After ITO 

deposition, the EA-IOW was either annealed for one hour in air at 225° (early EA-

lOW's) or for 2 hours in vacuimi at 225°. The latter aimealing produced ITO films with 

superior conductivity over those produced by annealing in air. The conductivity of the 

ITO was further improved through the use of shock annealing. The transparency of these 

fihns was poor, however, producing EA-IOW structures with propagation losses too high 

to be useful. 

4.2.2 Experimental Layout 

Figure 4.1 is a block diagram of the optical and electronic layout used in all 

experiments with the EA-IOW, in this chapter and all that follow (any deviations from 

the scheme described below will be noted where appropriate). Depending on the 
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wavelength of light needed for a particular experiment, one of four different lasers was 

used as the source. A 10 mW TEMqo HeNe (MWK, Inc.) or 1 mW TEM«, HeNe 

(Research Electro-optics, Inc.) was used for 633 imi or 543 nm, respectively. An Ar^ 

laser, again TEMqo, (ILT model 5500) provided light at 514 nm. Finally, for 720 nm, a 

Coherent model 599 dye laser, pimiped with a Coherent Iimova 70 Ar"^ laser operating in 

all-lines mode (1.5 W output), was utilized. The dye used for this particular wavelength 

was Pyridine 2, dissolved at a concentration of 0.75 g/L in a mixture of one part 

propylene carbonate to four parts ethylene glycol. The power output at 720 nm was 

approximately 25-40 mW. 

After passing through a chopper (Stanford Research Systems, Inc. Model SR540, 

operating at 1 kHz), the beam was attenuated to an appropriate power level with a sheet 

polarizer. For experiments requiring rotation of the beam polarization, a Fresnel rhomb 

prism mounted after the polarizer was used to rotate the polarization 90°. The beam was 

then focused onto the input grating of the EA-IOW with a lens (focal length = 50 cm). 

The position of the incoming beam on the input grating was adjusted through the 

use of an XYZ stage. The XYZ stage was mounted atop a rotary stage to allow for 

adjustment of coupling angle. A complete description of the flow cell can be found in 

section 4.2.2 below. 

The outcoupled beam was spatially filtered using an iris, and then focused onto 

the detector using a second lens (focal length = 5 cm). The detector, a blue-intensified 

silicon photodiode with an active area of 35 mm^ (Centronic OSD35-5T), was operated in 

photocurrent mode with a reverse bias of 9 V. 
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Scattered light was found not to be a significant contribution to the total 

signal measured at the photodiode. This was determined through two separate 

experiments: first, the relative transmission of a set of neutral density filters (firom 10% to 

10%) was measured with the neutral density filters placed in the laser beam before the 

EA-IOW. The values measured at the photodiode and the values measured in a 

conventional UV-Vis spectrometer were found to be in agreement, indicating that stray 

light was not significant. Also, with the EA-IOW coupled in air, a small dot of black ink 

was placed on the surface of the ITO to extinguish the outcoupled beam. The photodiode 

signal dropped to zero, again demonstrating the negligible signal from scattered light. 

The current output of the photodiode was amplified by a high-gain ciurent-to-

voltage amplifier placed between it and the lock-in amplifier (Ortec 9503 or EG&G 

Model 5209). The demodulated signal was fed into the A/D board of the computer for 

data acquisition. 

A PAR model 362 potentiostat was used to control the potential at the ITO 

electrode, and to measiare current. Early experiments (specifically the Prussian blue and 

methylene blue as a fimction of solution concentration experiments) utilized the analog 

output of the computer's A/D board connected to the potentiostat's external input to 

generate the waveform for the potential scan. This was found to yield unsatisfactory 

cyclic voltammograms, however, due to the large jump in charging current measured 

after each 1 mV potential step of the analog output. For subsequent experiments, the 

triangle waveform generated by the potentiostat was used for cyclic voltammetry. Both 

the current and potential at the working electrode were recorded through the computer. 
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For data acquisition, a National Instruments (AT-MIO-16XE-50) 16-bit DAQ 

board programmed with Labview was used. Data was recorded in all tbree channels 

(optical output, current, and electrode potential) at a rate of 10 Hz. All data was smoothed 

through the adjacent averaging of between 5 and 20 points, depending on the noisiness of 

the data. In no case was the moving average found to significantly alter the shape of the 

data, as determined by visual inspection. 

4.23 Flow Cell Design 

Figure 4.2 is a schematic of the EA-IOW flow cell design, a combination of cells 

used in spectroelectrochemistry and lOW spectroscopy. The front, back, and cell 

compartment components were constructed out of 1/4" transparent Lucite. The 

transparency of the cell was found to be a problem due to its tendency to scatter light. To 

minimize this effect, the front and back pieces were painted black on their outside 

surfaces. Two glass joints were epoxied into holes at the center of the back piece to serve 

as ports for the reference and counter electrodes. To facilitate the filling or replacement of 

the cell solution, two holes were drilled diagonally (in opposite comers) into the cell 

compartment piece and fitted with 1/16" tubing. All gaskets were cut from biomedical-

quaUty silicone sheeting. The entire assembly was held together with 1/4" bolts, very 

lightly hand-tightened with wing nuts. Solution leakage across gaskets was not observed 

to occiu: to a significant extent; leakage would be detected as a short-circuit between the 

working and counter electrodes. 
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Figure 4.2. Schematic of EA-IOW flow-cell construction. Front, back and cell compartment are constructed of 1/4" 
Lucite, gasket material is biomedical grade silicone sheeting. Bolts and tubing into the cell compartment are not shown 
for clarity. 
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4.2.4 Experimental Protocols 

After every experiment, the EA-IOW was cleaned by first sonicating it in 

chloroform to remove any adsorbed film or accumulated grime (for experiments with 

Langmiur-Blodgett films of phthalocyaninatopolysiloxane mild scrubbing with a cotton 

swab was found to be necessary for complete film removal). For the experiments 

described in Chapter 6, the chloroform cleaning step was omitted as it was found to be 

unnecessary; the surface was mildly scrubbed with Triton X-100 solution instead. The 

EA-IOW was then sonicated for 15 minutes in a ca. 1% solution of Triton X-100, a non-

ionic surfactant. Conventional cleaners such as PCC-54 were not used due to the 

possibility of ITO damage at their heightened pH. To remove any adsorbed surfactant, the 

EA-IOW was then sonicated for another 15 minutes in DI water. For experiments 

requiring a hydrophobized surface, the EA-IOW was reacted with 1,1,1,3,3,3-

hexamethyldisilazane (HMDS) in a solution of 1:5 (v/v) HMDS xhloroform at 60° for 

one hour '̂. 

After mounting in the flow cell, black strippable coating was applied to the back 

side of the EA-IOW, in between the grating couplers. This coating suppressed any modes 

present in the EA-IOW substrate, and also reduced light back-scatter firom the flow cell. 

A pseudo-Ag/AgCl electrode was used as the reference electrode, and a platinum 

wire served as the counter electrode. The reference electrode was prepared before each 

experiment by anodizing it in 0.1 M KCl. The reference electrode was calibrated after 

each experiment with ferricyanide, and was never found to vary by more than 30 mV 
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between experiments. 

As discussed in Ch^ter 3, the ITO layer of the EA-IOW was equiUbrated with 

the electrolyte solution by soaking it in the electrolyte for no less than two days prior to 

all experiments. 

4.3 FORMATION OF PRUSSLAJ^J BLUE DURING THE CYCLIC 

VOLTAMMETRY OF FERRICYANIDE 

Prussian blue (iron(III) hexacyanoferrate(II)) is a mixed-valence transition-metal 

hexacyanoferrate that has found common use as a pigment and in analytical spot tests, 

and is of interest for its potential use in display technologies The formation of 

Prussian blue during the cyclic voltammetry of potassixmi ferricyanide was the first 

demonstration of the ability of the EA-IOW to selectively monitor changes in absorbance 

of surface-confined species during electrochemical events. An extra voltammetric wave 

of imknown origins was detected during the cathodic scan, and firom the simultaneous 

EA-IOW absorbance measurement, it was determined that this peak was related to the 

formation of Prussian blue. Furthermore, the reduction of Prussian blue was detected 

spectroscopically in a potential region where it could not be detected electrochemically 

due to the interference of ferricyanide reduction. This data can be found in section 4.3.2, 

after a brief survey of the chemistry of Prussian blue. 

43.1 Chemistry of Prussian Blue 
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Figure 4.3. Crystal structure of Prussian Blue. 
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Prussian blue, shown in Figure 4.3, has a cubic structure in the solid state, with a 

lattice dimension of ca. lOA, in which comer sites are alternately occupied by ferrous and 

ferric ions and the cyano ligands lie along the edges (with the carbon atoms oriented 

towards the Fe(II) sites)Prussian blue is found in two difiFerent stoichiometries, the 

so-called "soluble" (KFe"[Fe"(CN)6]) and "insoluble" (Fe° [Fe°(CN)j3) forms The 

terms "soluble" or "insoluble" do not refer to the actual solubility of PB (both forms 

being water-insoluble), but rather to the ability of the material to form an aqueous 

suspension. It is the "insoluble" form that is initially formed in the production of 

Prussian blue, through the reduction of ferric ferricyanide. 

7 Fe"'-Fe"(CN)6 +66-^2 Fe",[Fe"(CN),]3 

The complex ferric ferricyanide is made by mixing equimolar amoimts of Fe'̂ 'Clj and 

K3Fe'"(CN)6; the reduction of this complex can occur either at an electrode, or through 

reaction with electron-donating organic substances (such as epoxy resin) 

Electrochemically, two separate cathodic waves for ferric ferricyanide can be observed at 

+0.50 and +0.62 V vs. S.C.E., corresponding to the reduction of either the Fe^"^ or the 

Fe"'(CN)5 portion of the ferric ferricyanide. (both reductions yielding the same Prussian 

blue product) 

Conversion of the "insoluble" form to the "soluble" form occurs during 

electrochemical cycling between Prussian blue and its reduction product, Prussian white 

(also called Everitt's Salt) Prussian white, formed at a potential of +0.10 V vs. s.c.e., 

also is found in either the "insoluble" form (K4Fe"4[Fe"(CN)6]3) or the "soluble" form 

(K2Fe°[Fe"(CN)5]). Prussian blue can also be oxidized (positive of +0.50 V vs. s.c.e.). 
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through a continuous range of stoichiometries known as Prussian green, to the final, fiilly 

oxidized compoimd Fe^Fe^CCN)^ (Prussian yellow) 

All of the above chemistry is heavily dependent on the ionic composition and 

strength of the supporting electrolyte. As an example, the reduction of Prussian blue in 

0.1 M NaCl was found to be irreversible. It is hypothesized that this sensitivity of the 

electrochemical properties of Prussian blue to ionic strength and composition is related to 

ion transport through the material 

43.2 Formatioii of Prassian Blue as Detected by the EA-IOW 

Figure 4.4 contains two cyclic voltammograms of a 2 mM potassium ferricyanide 

solution, corresponding to the first (dashed line) and third (solid line) scans. The second 

scan is not shown, as it is identical in every feature to the first. The first scan, except for 

the large (220 mV) separation between the cathodic and anodic peaks most likely due to 

sluggish electron-transfer kinetics at the ITO electrode, is entirely unremarkable. The 

third scan, however, contains a new cathodic peak starting at ca. +0.500 mV. The identity 

of this peak can not be determined firom the current-detected voltammetry alone. The 

scan-dependence of this new signal, however, suggests that it is not due to a solution 

impurity present at the beginning of the experiment, but to a new species being formed 

due to an electrochemical reaction. 

The outcoupled light intensity of the EA-IOW for each of the three scans is 

presented in Figure 4.5. No unusual activity can be seen in the first scan. The second 

scan, however, contains a slight "dip" which is fiirther intensified in the third scan. Also 
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in the third scan, during the retum sweep the optical signal drops to zero and does not 

retum. If the optical signal from the first scan is used as 100% T, then the absorbance as a 

function of sweep potential can be calculated (Figure 4.6A for scan 2 and Figure 4.6B for 

scan 2). Because neither ferricyanide nor its reduced form ferrocyanide, absorb at 633 

mn (the wavelength of the experiment), any observed changes in absorbance will be due 

solely to new species being formed at the ITO surface. It is apparent from Figure 4.6A 

that such a species is being formed starting at a potential of ca. +600 mV. The absorbance 

from this new species increases until ca. +150 mV, where it decreases to zero at -200mV. 

The retum sweep follows the same pattern, but is shifted ca. 150 mV negative. For a 

surface-confined species there should be zero peak separation (in the absence of kinetic 

effects). The separation observed here, however, is approximately the same as the 

increase in peak separation for the ferricyanide data above the theoretical 59 mV (Figure 

4.4), which suggests that electrode resistance is the cause of the increased separation. The 

data from scan 3 follows the same pattern in scan 2, except the absorbance is much more 

pronounced, and instead of returning to zero absorbance on the anodic sweep, the 

absorbance increases to infinity (the EA-IOW outcoupled light intensity goes to zero in 

Figure 4.5) at ca. +150 mV. 

It is hypothesized that the observed optical changes are due to the formation of 

Prussian blue, and its subsequent reduction to Prussian white. The increase in absorbance 

in the region from ca. +600 mV to +200 mV (vs. Ag/AgCl) is consistent with the 

reduction of the ferric ferricyanide complex to fomi Prussian blue (which absorbs 

strongly at 633 nm). At any potentials negative of+150 mV, any Prussian blue present 
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would be reduced to the colorless Prussian white, again consistent with the optical data. 

If the additional cathodic peak in Figure 4.4 is assumed to be due to the reduction 

of the ferric ferricyanide complex to Prussian blue, and is integrated to obtain an 

approximate surface coverage, an estimated surface coverage of 2.7 x 10"'° mol/cm^ for 

Prussian blue is obtained (corresponding to ca. 1.7 full monolayers of the material). This 

is clearly an overestimation as the maximum absorbance during the cathodic sweep in 

scan 3 is only 1.0, and from experiments with monolayers of other strong absorbers 

deposited on the EA-IOW (such as phthalocyanines) the absorbance should be much 

higher. At first, it was assimied that the overestimation was due to a low current 

efficiency of Prussian blue formation. It now seems more likely, however, that this extra 

feature is the reduction of free Fe"^ to Fe"^. This reduction should occur at ca. +500 mV 

vs. Ag/AgCl, but because of the IR drop of the electrode (discussed above) the reduction 

should be shifred to between +400 and +350 mV, where it is found in the cyclic 

voltammogram of scan 3. Presence of this signal indicates that if Fe""^ is being formed, it 

does not all react with ferricyanide to form the ferric ferricyanide complex. 

A plausible mechanism for the Prussian blue formation can be hypothesized that 

is consistent with the above data. Degradation of the ferricyanide complex to free ferric 

ion could be occuring, either during reduction of the ferricyanide or reoxidation of the 

ferrocyanide, in a process which may be facihtated in some unknown manner by the 

surface of the ITO. It is believed that the ferricyanide is the source of the degradation 

rather than the ferrocyanide because the cyano ligands of the hexacyanoferrate(III) ion are 

much more labile than the cyano ligands of the hexacyanoferrate(II) ion. The free Fe"^^ 
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would account for the presence of the Fe^^/Fe"^ voltanimetric peak, and would be 

available to form the ferric ferricyanide complex which could then be reduced to Prussian 

blue. 

The large increase in absorbance during scan 3 was accompanied by a noticeable 

shiit in coupling angle for the EA-IOW, indicating a large thickness for the deposited 

Prussian blue film. After flushing the ferricyanide solution fix>m the cell with 0.1 M KCl, 

the optical signal from the Prussian blue was found to fade away with repeated reduction 

and reoxidation. Although bulk Prussian blue is chemically stable during electron 

transfer, the formation of freshly prepared films has been found to be reversible 

The formation of Prussian blue during the cyclic voltammetry of ferricyanide is a 

useful illustration of the ability of the EA-IOW to provide optical data that is 

complimentary in nature to the electrochemical data. A true test of the EA-IOW, 

however, would be one where quantitative data (surface coverage) could be collected in 

order to measure the optical sensitivity of the device. This is accomplished in section 4.4, 

where surface-adsorbed methylene blue is used to demonstrate the high absorbance 

sensitivity of the EA-IOW. 

4.4 SPECTROELECTROCHEMISTRY OF SURFACE-ADSORBED 

METHYLENE BLUE 

4.4.1 Introdnction 

The formation of Prusoian blue served as a useful first "test run" for the EA-IOW. 
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To rigorously test the capabilities of this device, however, a more quantitative 

electrochemical system must be found. A surface-adsorbed electrochemically-active 

small molecule is the logical choice due to its potential simplicity. Such a molecule must 

have several properties. First, it must have reversible, well characterized electrochemistry 

in a reasonable potential range. Ideally it should be able to be reversibly adsorbed to and 

desorbed from the surface of the ITO in order to facilitate changing the surface coverage 

(or taking a blank scan). It must also absorb light at the experimental wavelength (in this 

case, 633 nm) in either the reduced or oxidized form, or both (a large change in 

absorbance between the two being desirable). Finally, in order to test the use of the EA-

lOW in the determination of average molecular orientation with linear dichroism, a 

molecule with either a linear or a circular absorbance dipole would be desirable. 

Methylene blue (MB), a dye used extensively in staining biological samples, 

matches these criteria. Figure 4.7 contains the structure of this molecule. Because MB is 

positively charged (at pH 7), it should electrostatically adsorb to the surface of ITO 

(which is negatively charged at pH 7). Also, MB is highly colored at 633 nm, with a 

molar absorbtivity of 7800 M 'cm ', and possesses a linear absorption dipole. At a 

potential of -0.275 V (vs. Ag/AgCl) MB undergoes reversible two-electron reduction to a 

colorless leuco form. 

Section 4.4.2 will use MB to measure the absorbance sensitivity of the EA-IOW 

to changes in adlayer adsorbance. The use of the EA-IOW to perform Linear Dichroism 

will then be demonstrated in Section 4.4.3, where the average molecular orientation of 

MB will be measured during an electrode potential scan. 



Figure 4.7. Structure of the methylene blue cation. The linear absorption dipole 
represented by the thick arrow. 
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4.4.2 Estimation of EA-IOW Absorbance Sensitivity daring the Cyclic Voltammetry 

of Methylene Bine 

The total absorbance measured with the EA-IOW, A^^ can be broken down into 

two terms 

where Af refers to the absorbance contribution from the molecular film adsorbed to the 

EA-IOW surface, and A^ to the absorbance contribution from molecules in the bulk 

superstrate. To determine A,^ the experimental conditions must be chosen such that A^ 

does not significantly contribute to Au,t. This is not difiBcult, as the term A^ can be 

ignored for weakly to moderately absorbing superstrate solutions due to the sharp 

exponential decay of the evanescent field into the superstrate. This can be demonstrated 

through an experiment where the EA-IOW is used to measure the absorbance of highly 

absorbing superstrate solutions, made with a dye molecule that has little affinity for the 

ITO surface (allowing Aj to be ignored in Equation 4.1). The EA-IOW absorbance 

sensitivity can then be compared to the sensitivity of a single-pass standard transmission 

absorbance experiment for the same series of solutions. From Beer's law, the ratio of the 

sensitivities for the two types of experiments can be related as 

A^-Af+A^ (4.1) 

(4.2) 
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where the subscripts lOW and trans refer to the results &om a waveguide and a 

transmission experiment, respectively. The term b, which has the usual meaning of cell 

pathlength for the cell geometry, is defined in terms of equivalent transmission cell 

pathlength for the EA-IOW absorbance experiment. The equivalent transmission cell 

pathlength, which can be used to calculate in Equation 4.1, is a direct measure of the 

relative absorbance sensitivity of the EA-IOW. 

To measure b,ow» ^ series of solutions of blue dextran (BD), a dye-labeled dextran 

polymer with an average molecular weight of2,000,000, were made in the concentration 

range from 2 to 7 mM. It was hypothesized that since BD is non-charged that it would not 

adsorb to the surface of the ITO, and thus not contribute to the term A^ in Equation 4.1. 

From the measured EA-IOW absorbance of these solutions, plotted in Figure 4.8, it is 

apparent that this is not strictly true. At low concentrations of BD (below ca. 4 mM) the 

absorbance is linear with concentration, but above this value the waveguide absorbance is 

greater than would be expected if the low-concentration linear region was extended. This 

nonlinearity is attributed to absorbance of light by surface-adsorbed BD. Nonetheless, the 

linear portion can be used to determine b,ow Also plotted in Figure 4.8 is the absorbance 

of the BD solutions as measured in a standard single-pass transmission experiment with a 

pathlength of 1 mm. To rule out the possibility of dye aggregation as a contributing factor 

to the measured absorbance, each solution was diluted by 1/50, and its absorbance 

measured in a 1 cm transmission cell (again plotted in Figure 4.8). From these data, dye 

aggregation effects do not appear to be significant. By determining the ratio of the slope 
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Figure 4.8. Blue dextran absorbance as a function of solution 
concentration.—•— EA-IOW absorbance, —#— absorbance 
as measured through a single-pass transmission experiment 
(b=l .0 cm), —— absorbance as measiured through a single-
pass transmission experiment (b=0.1 cm), —A.— theoretical 
EA-IOW absorbance (TE polarization), —•— theoretical EA-
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of the transmission data (with the pathlength of 1 mm) with that of the slope of the linear 

portion of the EA-IOW data, b,ow was measured to be 0.14 mm, a value not atypical for 

single-mode lOW structures. Given this small equivalent transmission cell pathlength, it 

is reasonable to expect that the term in Equation 4.1 can be ignored for all but very 

absorbing superstrate solutions (i.e. solutions with 8C > ca. 10). 

The low sensitivity to solution absorbance is consistent with theoretical 

calculations using Beta, the results of which are also plotted in Figure 4.8 for both TE and 

TM polarizations. Experimentally, the incoupled beam was polarized in the TE direction. 

The calculations made for the TE mode, however, are 3-4 times greater than the 

experimental values. This discrepancy can be explained in two ways. First, the error may 

be due to limitations of the modeling, such as the assumption that the EA-IOW is a step-

index waveguide. A refractive index gradient may be present between layers due to ion 

diffusion during annealing. Another explanation, which seems very likely in this case as 

the theoretical TM mode absorbance is very close (within 15%) to the experimental data 

in the linear region, is that the light detected at the photodiode was not from the TE mode, 

but from the TM mode. Because, in general, the waveguide attenuation is much less for 

the TM polarized mode than that for the TE mode (see Qiapter 2), and the incoupling 

angle was selected by monitoring the strength of the outcoupled light, the TM mode may 

have been selected rather than the TE mode even though the ratio of the TE to TM 

polarization of the laser source was 100:1. This error does not affect the results of the 

experiment, however, as in either polarization bjow is very small. 

To determine Af from Equation 4.1, a series of MB solutions were introduced into 
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the EA-IOW cell and allowed to equilibrate with the ITO surface for 15 minutes each. 

The potential of the EA-IOW was then scanned from +50 mv to -450 mV (vs. Ag/AgCl) 

and back to measure the absorbance change of the adsorbed MB film as a frmction of 

potential. These data are shown in Figure 4.9a, the EA-IOW outcoupled light intesity as a 

frmction of potential. The first scan (the top line), made before the introduction of any 

MB solution, served as a backgroimd. Because the EA-IOW had been equiUbrated in a 

0.1 M KCl solution for three days prior to this experiment, the backgroimd signal was 

essentially linear, and no hysteresis between the forward and backward scans was 

observed (see Section 3.2). The remaining three curves represent the optical signal for 

MB solution concentrations from 0.50 mM to 2.0 mM. The data from a 0.25 mM MB 

solution is not shown for clarity. From the data in Figure 4.9a, the absorbance as a 

fimction of potential can be calculated, as presented in Figure 4.9b. As the potential is 

scanned negative, the waveguide absorbance is constant, suggesting that the strength and 

nature of the interactions between the electrode and the MB are not changing with 

increasing electrode charge. At potentials negative of -0.2 V, the absorbance drops off 

sharply, corresponding to the reduction of the MB to its non-absorbing leuco form. The 

absorbance increases again during the anodic scan, but never reaches the level present 

before the MB reduction, indicating that the redox process may not be 100% reversible. 

Figure 4.10 is the current-detected cyclic voltammogram of a 2.0 |iM MB solution 

using the EA-IOW as the working electrode with a scan rate of 50 mV/sec. Because of 

the high non-faradiac current, due to a combination of space charge and double layer 

capacitive charging, the electrochemical signal is barely distinguishable above the 
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Figure 4.10. Current-detected cyclic voltammogram of surface-
adsorbed methylene blue (solution concentration = 2.0 ^M) at 
an ITO electrode. Scan rate = 50 mV/sec, electrolyte = 0.1 M 
KCl. The arrows indicate the cathodic (forward sweep) and 
anodic (return sweep) signals. 
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background. After background subtraction, however, it was possible to measure the 

voltammetric peak height (for multiple scan rates) and area (for the data at 50 mV/sec) to 

obtain an estimation of the MB surface coverage. A plot of scan rate vs. cathodic peak 

current for the 2.0 ^iM solution yielded a straight line, indicating that the contribution to 

the total current from dififiision of MB to the ITO can be ignored. From this data, the 

surface coverage F for the 2.0 jiM MB solution was calculated to be 9.0 x 10 '̂  

moles/cm~. This is in good agreement with the value obtained by integration of the 

cathodic peak in Figure 3.10 of 1.0 x 10'*^ moles/cm. This number corresponds to less 

than ca. 0.4% of a full monolyer of MB (assuming an area of 65 A/molecule''). This 

number was later found to be in error by a full order of magnitude, however (see Section 

4.4.3); this discrepancy was most likely due to an error in the current scale for the 

electrochemical data. 

The waveguide absorbance, and surface coverage, are plotted in Figure 4.11 as a 

function of MB solution concentration. As would be expected on the lower end of an 

adsorption isotherm, the absorbance of the surface-adsorbed MB in Figure 4.9B, as 

measured before reduction, is directly proportional to solution MB concentration. 

Because of the linear relationship between absorbance and surface coverage, it is possible 

to convert the EA-IOW absorbance to surface coverage by using the measured F and EA-

lOW absorbance at the 2.0 ^iM MB solution concentration to calculate a sensitivity factor 

(analogous to the pathlength in Beer's law), with which the EA-IOW absorbances at the 

other three solution concentrations can be converted to surface coverage. Using this plot, 

the equilibrium constant for MB adsorption from a solution of 0.1 M KCl onto ITO can 
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Figure 4.11. EA-IOW absorfoance and methylene blue surface 
coverage as a function of methylene blue solution concentration. 
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be calculated, as well as an estimation of the relative absorfoance sensitivity of the EA.-

lOW for adsorbed films. The equilibriimi expression between adsorbed and dissolved MB 

can be written as 

(4.3) 
[MB] 

where is the surface coverage of adsorbed MB (in mol/cm"), [MB] is the superstrate 

MB concentration, and is the equilibrium constant. From the slope of the line in 

Figure 4.10, a value for of 4.2 x 10"* cm can be calculated. 

The relative sensitivity of the EA-IOW compared with a transmission experiment, 

which represents the ratio of effective pathlengths b,ow/btt5u„ for absorbance measurements 

of thin films (Aj in Equation 4.1), was calculated to be over 40,000. Theoretical 

calculations, assuming an isotropic orientation distribution of the MB at the ITO surface 

estimate that the relative sensitivity should be ca. 12,000 for TE polarization and ca. 3500 

for TM polarization, much less than the measured 40,000. This is most likely due to two 

factors. First, as with the experiment with the blue dextran, the selected mode was almost 

certainly TM and not TE as originally thought. This would make the discrepancy between 

the theoretical and experimental values of the relative sensitivity greater than a factor of 

ten. Also, the relative sensitivity as measured in later experiments is more consistent with 

the theoretical value, suggesting that the factor of ten is due to a systematic error made in 

the measurement of the surface coverage. 

Although the measured surface coverage may be in error, these data still represent 
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an important demonstration of the physical significance of the signal measured by the 

EA-IOW. The measured absorbance vs. potential (returning to Figure 4.9B) is 

proportional to the integrated faradaic component of the cyclic voltammogram. This can 

be demonstrated by starting with the equation for the i-V curve of a surface-adsorbed 

electroactive species 

where n, F, R, and Thave their usual meanings, A is the electrode area, v is the potential 

scan rate, F* is the initial surface coverage of the oxidized form of the adsorbate, is 

the formal potential of the redox couple, E is the applied potential, and the ratio bybr is a 

measure of the relative strength of adsorption of the oxidized and reduced forms of the 

electroactive speciesBy first integrating with respect to time, and then differentiating 

with respect to potential, the equation takes the form 

where 8 is the molar absorptivity for the adsorbate, and S is a sensitivity factor that 

depends upon the strength of the evanescent field at the EA-IOW/solution interface, the 

thickness of the adsorbed layer, and the distance between input and output couplers. 

Comparing Equations 4.4 and 4.5, it is apparent that the derivative of the data in Figure 

4.9B, plotted in Figure 4.12, is directly proportional to the Faradaic current due to MB 

vArlibJb,)lxfl(nF/RT)(E-E'^yi 

^ {U(bJb^)exti(nF/RTKB-E'>'yif 
(4.4) 

lA _ nF TitS(.bJb;)expl(fU^/SD(E-E°'') (4.5) 
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redox chemistry (by a factor nFv/eS) without contribution from non-faradaic background 

currents (compare Figures 4.12 and 4.10). The Gaussian shape of the cathodic signal is 

consistent with reduction of a surface-confined species. Ehiring the oxidation sweep, 

however, there is a negative displacement of the voltammetric peak, and an increase in 

peak width by a factor of two. This effect could be due to either a difflisional process 

occuring after the desorption of the oxidized form of the MB from the negatively charged 

ITO surface, or the oxidation of a more energetically heterogeneous surface layer. 

Equation 4.5 predicts that dA/dV will be proportional to surface coverage, which 

is seen in Figure 4.12. A further test of Equation 4.5 is the dependance of dA/dV to scan 

rate. Figure 4.13 shows the EA-IOW absorbance as a function of potential for MB 

adsorbed on the surface of the EA-IOW (again from a solution concentration of 2.0 

MB) at four different scan rates. There are two differences between the data in this figure, 

and the data from figure 4.9B. The absorbance does not ever reach zero after MB 

reduction in Figure 4.13; this suggests that the MB is not all electroactive over the 

potential range investigated. For the data in Figure 4.9, the outcoupled light intensity 

from this region was used to normalize all scans to the background, such that the data was 

manipulated imtil the absorbance in this potential region was zero. This has not been done 

in subsequent experiments. Secondly, the absorbance after each anodic scan is greater 

than before the cathodic scan, by an amoimt dependent on scan rate. From the 

reconstructed cyclic voltanmiograms for the data from Figure 4.13 (Figure 4.14), it 

appears that this increase in MB surface coverage is due to an increased afBnity for the 

ITO surface by the reduced leuco form of the MB. As the leuco form is negatively-
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charged, and is exhibiting a greater a£5nity for the negatively-charged ITO surface than 

the positively-charged oxidized form of the MB, it is likely that the interaction between 

the MB and the ITO is more than just electrostatic in nature. The second scan (not shown) 

for each of the data sets in Figure 4.13 and 4.14 is identical to the first scan, indicating 

that the equilibrium for the adsorbtion of MB onto the ITO is reestablished after each 

potential sweep. The reconstructed voltammograms for the data at 5 mV/sec, 10 mV/sec 

and 20 mV/sec are essentially identical within reasonable error, as predicted by Equation 

4.5. The voltammetric wave for the scan at 50 mV/sec, however, possesses a considerable 

amount of peak splitting, along with decreased peak heights for both the cathodic and 

anodic current signals. At this faster scan rate it appears that kinetic effects are becoming 

important. 

The preceding data have demonstrated the use of the EA-IOW to obtain 

reconstructed electrochemical signals, along with quantitative values such as equilibriimi 

constants for molecular adsorption firom solution onto ITO surfaces. The true value of the 

EA-IOW, however, is in its ability to obtain data that is complementary to that obtainable 

by ordinary electrochemical means. In the following section, the EA-IOW is used to 

obtain the dichroic ratio of MB during a cyclic potential sweep, a fihn property that is not 

measurable by current detection alone. 

4.4.3 Linear Dichroism of Electrostatically-Adsorbed Methylene Blue 

It is widely hypothesized that the rate of electron transfer between redox-active 

molecules and an electrode surface is at least in part due to molecular orientation effects. 
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For example, the sensitivity of equine cytochrome c electron transfer rate to electrode 

surface chemistry is believed to be a result of the relative orientation of the protein 

electron transfer site (the heme pocket) with respect to the electrode surface Many 

techniques have been employed to measure orientation of molecules at an 

electrode/solution interface. Optical techniques, such as vibrational spectroscopy®' and 

second-harmonic generation^^, have been the most successful in that they are capable of 

directly measuring molecular orientation at surfaces; the applicability of these methods, 

however, is often limited due either to low sensitivity (absorbance spectroscopies) or high 

background (nonlinear techniques). Integrated optic waveguide spectroscopy provides a 

means of mcreasing the sensitivity of absorbance measurements to a level where they can 

be utilized to characterize film structure at monolayer or submonolayer surface coverage. 

By making lOW absorbance measurements with both TE and TM polarized light, and 

ratioing these absorbances to obtain a dichroic ratio, it becomes possible to determine the 

average molecular orientation angle of surface-adsorbed species in a technique known as 

Linear Dichroism (LD) 

To determine average molecular orientation from an LD experiment alone, a 

major assimiption that must be made is that the distribution of molecular orientation 

about the mean is infinitely narrow (i.e. the distribution is described by a delta fimction). 

This is, in general, not a good approximation as the dichroic ratio is not sensitive to mean 

orientation alone, but is also dependent on the orientation distribution width. By 

assuming a Gaussian model (or other two-parameter distribution function), both the mean 

orientation and orientation distribution can be measured by combining measurements of 
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the dichroic ratio with those of polarized fluorescence emission obtained through a 

technique known as Fluorescence Anisotropy. Qianges in dichroic ratio as measured as a 

function of potential, however, can be by themselves an important measiurement, as they 

can indicate a change in molecular orientation during a potential scan (assuming that the 

width of the orientation distribution does not change significantly and that the angle of 

the absorption dipole relative to the molecule does not change as a result of electron 

transfer). Also, when one type of molecular interaction dominates (such as in the 

electrostatic adsorption of cytochrome c to a negatively-charged LB film) the orientation 

distribution will be narrow and the delta function assumption may be sufGcient to obtain 

an experimentally vaUd mean orientation. Although the following discussion does not 

take the orientation distribution into account, it still represents an important 

demonstration of the use of the EA-IOW to measure the dichroic ratio of molecular films 

at a metal oxide electrode as a fimction of potential. The effect of the orientation 

distribution (from both inherent film disorder and siirface roughness sources) on LD 

measurements using the EA-IOW will be addressed in Chapter 6. 

Most of the previous research utilizing LD has used a ray-optics model for 

relating the dichroic ratio with average molecular orientation for molecules with linear or 

circular absorption dipoles The following discussion utilizes the full-wave model in 

which the experimental dichroic ratio is matched to a theoretical dichroic ratio to 

determine average orientation angle. It is again stressed that for the weakly absorbing 

films addressed in this work (k $0.01), both treatments yield equivalent results 

For the following experimental results, an EA-IOW incorporating a 50 nm thick 
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FTO was used. The distance between the input and output gratings was measured to be 8 

mm. With this grating spacing, outcoupled beams in both TE and TM polarizations were 

observable at the experimental wavelength of633 nm. 

Figure 4.15 contains the EA-IOW absorbance of MB, as a function of potential, 

for both the TE and TM polarization, each curve being the average of three sequential 

potential scans. If it is assumed that the first spectroelectrochemistry of MB work was 

performed with TM polarized light, and not TE as originally believed, then this data is 

consistent with the data from Figure 4.9; by decreasing the grating spacing (and hence the 

interaction length of the evanescent field with the adsorbed layer) by a factor of ca. three, 

the absorbance also drops by a factor of three. (The error in reporting the polarization 

arose from the closeness of the coupling angles for TE and TM polarization; what was 

thought to be the outcoupled spot for the TE mode was actually the outcoupled spot for 

the residual TM component of the incident beam.) Unlike Figures 4.9 and 4.13, however, 

the absorbance from both the anodic and cathodic sweeps are essentially identical, 

indicating that the oxidized and reduced forms of MB have the same affinity for the ITO 

surface in this experiment. It is not known what factors may have caused the difference in 

adsorption behavior for each of the three different experiments; the EA-IOW was cleaned 

and preconditioned in the same manner in all cases (as described in Section 4.2.3). 

Finally, as with the data in figure 4.13, the absorbance does not reach zero after reduction, 

indicating that not all MB is electrochemically accessible over this potential region. After 

ca. -425 mV, however, the TE absorbance decreases again, suggesting a second potential 

window for reduction of MB not reduced during the first wave at approximately -275 



150 

0.5 

TE 

0.4 

0) o 0.3 

o 
tf) 0.2 

< 
TM 

0.1 

0.0 
-0.3 -0.4 0.0 -0.1 -0.2 -0.5 

Potential vs. Ag/AgCI 

Figure 4.15. EA-IOW absorbance for siirface-adsorbed 
methylene blue (solution concentration = 2.0 /zM), for both TE 
and TM polarizations, as a function of potential. Scan rate =10 
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mV. 

In Figure 4.17 the dichroic ratio, defined as the ratio of the TE absorbance over 

the TM absorbance, is plotted as a function of potential for both the cathodic and anodic 

sweeps. The dichroic ratio does not change until -175 mV at which point it increases 

before reduction of MB commences at ca. -275 mV. The data between 0 and -175 mV 

suggests that the MB average orientation does not change as the negative charge of the 

ITO increases, again advancing the hypothesis that the interaction between MB and ITO 

is not strictly electrostatic in nature. It is not known if the feature at -175 mV is due to an 

electrochemical process such as a reduction prewave, or is an experimental artifact. 

Between -325 and -425 mV the dichroic ratio appears to level off, after which it decreases 

again due to the drop in TE absorbance in this potential region (seen in Figure 4.15). The 

observed changes in dichroic ratio as a ftinction of potential could be explained in one of 

three ways. First, the individual MB molecules could be reorienting themselves due to 

changes in electrode charges. As discussed previously, this effect is not observed in the 

potential region before reduction; it is highly unlikely that it does occur only in a 

potential window coincidently shared with an electron transfer event. Secondly, as MB 

molecules are reduced, they may in some fashion interact with the remaining unreduced 

MB molecules in a manner that causes a change in the average orientation of the 

unreacted molecules. This experiment is done at a low surface coverage, however, and 

unless the film exists as a collection of islands of aggregated MB, the distance between 

each MB molecule would be too great to allow significant interaction. Finally, the 

potential required for the reduction of each individual MB molecule may be dependent on 
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the orientation of that molecule with respect to the surface. The significant decrease in 

dichroic ratio during reduction suggests that molecules with absorption dipoles that are 

aligned more strongly with TE polarized light are undergoing electron transfer at 

potentials less negative than molecules with absorption dipoles aligned more 

perpendicular to the plane of TE polarized light Reduced MB molecules do not 

contribute to the measured dichroic ratio as they are transparent at the wavelength of the 

experiment (633 nm). As the electric field for TE polarized light is parallel to the 

waveguide surface, it follows that molecules that are aligned more parallel to the EA-

lOW surface are undergoing more facile electron transfer. 

The dichroic ratio can be converted to an average orientation angle (relative to the 

surface normal), as given on the right-hand axis of Figure 4.17. The average orientaion 

angle was determined by calculating the correlation between dichroic ratio and average 

orientation angle, the results of which are shown in Figure 4.16 Although the average 

orientation angle allows for a more intuitive picture of the mechanism of electron transfer 

than the dichroic ratio, its accuracy is subject to the limitations of the assiuned delta 

function for the molecular orientation distribution. 

Figure 4.18 is the current-detected cyclic voltammogram for the data in Figure 

4.15, illustrating a dramatic improvement in quality over the data in Figiu-e 4.10 due to a 

greatly diminished non-faradaic background. The cause of this decrease in capacitive 

current is not known; from this improved data, however, a new, more accurate surface 

coverage of 3.1 xlO " moles/cm" for the 2.0 (jM. MB solution can be calculated. This 

corresponds to approximately 4% of a full close-packed monolayer, still a significantly 
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low surface coverage. This number is much more in line with the theoretical sensitivity 

than the previous measurement; the theoretical increase in sensitivity for this experiment 

and the theoretical sensitivity are both ca. 1300 times that of a single-pass transmission 

experiment. Extrapolating from the data in Figure 4.15, a detection limit for the surface-

adsorbed MB can be estimated as ca. 0.2% of a monolayer (assxuning a signal-to-noise 

ratio of 3). 

4.5 CONCLUSIONS 

A number of important characteristics of the EA-IOW were demonstrated for the 

first time by the data in this Chapter. First, absorbance data from spectroelectrochemical 

experiments can be very useful in the interpretation of voltammetric data due to 

orthogonality of data content when compared to current data; in this regard, the EA-IOW 

was shown to extend the usefulness of spectroelectrochemistry into the regime of 

ultrathin films through the detection of Prussian blue formation during the cyclic 

voltammetry of ferricyanide. Also, by monitoring the reduction of a surface-adsorbed 

dye (methylene blue), the optical sensitivity of the EA-IOW was demonstrated to be very 

high. For the specific experimental conditions given (i.e. at 633 nm), a detection limit of 

ca. 0.2% of a fiill close-packed monolayer was extrapolated. This corresponds to an 

increase in absorbance sensitivity of over a factor of 1000 as compared to a standard 

single-pass transmission experiment. Furthermore, the absorbance signal contribution 

from the electrolyte solution was shown to be minimal; absorbance measurements made 
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with the EA-IOW are highly selective for molecular films at the ITO surface. Finally, the 

use of the EA-IOW to measure a dichroic ratio as a fimction of potential was 

demonstrated. A critical future direction will be to demonstrate how the dichroic ratio 

obtained with the EA-IOW can be combined with data &om fluorescence anisotropy 

experiments to generate molecular orientation distribution data as a fimction of potential 

on metal oxide semiconductor surfaces. Siuiace-adsorbed methylene blue could remain 

an important molecular system for this demonstration, although redox-active molecules 

with better-defined adsorption characteristics (such as tetra-sulfonated porphyrins that 

should lie flat relative to negatively-charged oxide surfaces) may be preferred. 
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CHAPTERS 

SPECTROELECTROCHEMISTRY OF PHTHALOCYANINE POLYMERIC 

ASSEMBLIES AT SUB-MONOLAYER SURFACE COVERAGES 

5.1 INTRODUCTION 

As a result of their many unique physical properties, highly organized polymeric 

assemblies are of interest in many areas of materials chemistry such as nonlinear optics, 

molecular electronics, and chemical sensors^"". For example, the third-order nonlinear 

susceptibility of conjugated polymers can be significantly increased if made into films 

that are highly ordered'"®. Also, creating anisotropy in molecular architectures can 

increase the strength at which a material interacts with external fields. For chemical 

sensing appUcations, modification of surfaces with ordered polymer films may serve as 

the foundation of molecular architectures made with proteins and other biological 

macromolecules'°''°^. 

The large size and insolubility of most polymers, however, leads to 

incompatibilities with many strategies for producing ordered films, such as the Langmuir-

Blodgett technique. To circumvent this problem, a new class of polymers known as 

"hairly rod" or "rigid rod" molecules (HRM's) have been developed, primarily by the 

Wegner group at the Max Plank Institute for Polymer Research in Mainz, Germany^**. 

The basic structural features of an HRM are illustrated in Figure 5.1 A; a stiff polymer 

backbone surrounded by a sheath of liquid-crystalline side-chains which impart solubility 
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Liquid-crystalline sheath 

Rigid cx)re 

^re 5.1. (A) Schematic of the basic structural features of "hairy-rod" molecules and 
(B) formauon of ordered films of HRM's through the Langmuir-BIodgett technique. 
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to the rigid core. Most (but not all) HRM's can be processed through the Langmuir-

Blodgett technique to form highly ordered films (Figure 5.1B)®^". Specific examples of 

HRM's are given in Figure 5.2. Both poly(alkyl)glutamate " and isopentyl (or 

trimethylsilyl) cellulose structures where the alkyl side chains radiate out 

from a helical core. PoIy(aikyI)glutamate has been of interest as an organizing "solvent" 

matrix for non-linearly active dyes such as P-carotene'®^; optical waveguide structures 

enable of supporting guided modes have also been produced from multilayer films of 

this material'"®. Cellulose-based HRM's have found use as an electrochemically-inert 

dilutant material for other HRM's,and have also been investigated as a possible room 

temperature silicon wafer-bonding material'°®. It has also been found that if exposed to 

wet gaseous HCl, highly ordered cellulose can be regenerated from monolayers of 

(trimethylsilyl)cellulose'°®. The regenerated cellulose film was used as a base for protein 

immobilization via cyanurchloride linking between the exposed hydroxyls of the 

cellulose and free amino groups of the proteins'"^. 

Another class of HRM's are those that form board-like structures. One of these is 

poly(p-phenylene) (PPP) electrolimiinescent devices constructed from this 

material have been demonstrated to emit polarized light. This property was used to 

determine the region of emission in a polymer-based light emitting diode by orienting 

specific layers of PPP at a known position in the multilayer structure perpendicular to the 

PPP in the remaining layers By selection of the proper polarization, only the emission 

from the perpendiciilarly-oriented PPP was detected optically. A series of such devices 

was constructed, each with the perpendicular PPP layer at a different horizontal position. 
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to allow the emission intensity to be mapped as a flmction of distance across the polymer 

layer. An important feature of the PPP HRM is the presence of cross-linking side chains 

to increase mechanical durability of the PPP films; this is necessary if other materials are 

to be spun-cast above the HRM layer. 

Other HRM's have been synthesized, including poly(silanes) and 

poly(alkylthiophene)s The most well-known HRM, however, is phthalocyaninato-

polysiloxane (PcPS), a polymer comprised of cofacially oriented alkyl-substituted silicon 

phthalocyanine monomers linked through siloxane bonds 3.i3-56,io7.ni-n4 

The monomer of ClC8-PcPS, where the C1C8 refers to the side chain 

substitution, is shown in Figure 5.3. (Another version of this molecule that will be 

discussed in this Chapter is the C1C18 material, where the C8 chains are replaced with 

CI8 chains.) In PcPS, the phthalocyanine rings are spaced only 0.33 nm apart "®, leading 

to a high degree of interaction between adjacent monomer units. This strong interaction 

results in a number of interesting properties. First, relative to the monomer, the 

adsorption maximum of the Q-band is shifted to higher energies, as can be seen in Figure 

5.4., the solution absorption spectra of both the monomer and polymer species. The peak 

maximum is shifted fi-om 680 nm to almost 540 nm; based on this absorption maximum, 

which is sensitive to polymer length, the PcPS utilized in this work can be classified as 

being between "long" (MW = ca. 30,000 - 50,000, 550 nm) and '̂ xlt^along" 

(MW>50,000, A,^ = 540 nm)' Also, the molar absorptivity per monomer imit is 

approximately a factor of 10 less in the polymer than in the pure monomer. Another 

feature of the polymer spectrum is the presence of oligomeric impurities, as can be seen 
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Figure 5.3. The structixre of tetramethoxy, tetraoctoxy substituted silicon 
phthalocyanine, the monomer unit of C1C8 PcPS. 
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Figure 5.4. The absorbance spectra of CICS SiPC monomer 
and polymer in chloroform. The spectra are not to scale. 
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in the region between 650 and 700 mn. The concentration of these impurities, however, 

is small; given the greater molar absorptivity of these species relative to the polymer, and 

the small absorbance contribution in Figure 5.4., it can be estimated that the relative 

concentration of these shorter Pc xmits is on the order of a few percent or less. Figure 5.4. 

contains only the absorbance spectrum for C1C8 PcPS; the spectrum for the C1C18 

material used in this work is identical, with the possible exception of the peak maximum 

(550 nm instead of543 mn). This indicates that the C1C18 PcPS may likely possess a 

lower degree of polymerization. It is not possible to determine the exact difference in 

size, however, based on optical measurements alone. 

Besides absorption characteristics, the cofacial arrangement of phthalocyanine 

units strongly affects the redox properties of the molecule Cyclic voltammograms of 

the monomer and polymer material, deposited on ITO as thin films, are shown in Figure 

5.5. In the potential window to +800 mV, one poorly-reversible oxidation event for the 

monomer molecule is observed at ca. 500 mV. In the PcPS polymer, oxidation is 

stabilized by charge delocalization such that the first oxidation wave is found at ca. 0 V, 

and a second oxidation event is seen at potentials greater than +600 mV \ The first 

oxidation is stable, but exposure to potentials in the second oxidation region can lead to 

phthalocyanine degradation. It is not apparent in Figure 5.5, but the first oxidation wave 

can be split into two distinct peaks, the second of which has been found to be sensitive to 

scan rate and electrolyte identity (the separation of the two regions is much more apparent 

for the data seen in Reference 3). It was hypothesized that the splitting of the first 

oxidation wave was due to one or more mechanisms; 1) electron hopping between 
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adjacent PcPS strands, 2) counterion transport into the PcPS film, and 3) solvent 

permeation into the PcPS film. By measuring the voltammetry of PcPS films imder 

conditions where the individual strands are separated firom one another, it should become 

possible to determine if the above mechanisms are important or not Separating the PcPS 

chains firom one another can be accomplished by diluting them into an inert "filler" 

material, isopentylcellulose (IPC) Furthermore, by making voltammetric 

measurements on monolayer films, neither solvent permeation nor counterion transport 

should affect the voltammetric response. Measuring the voltammetric response under 

such conditions is extremely difficult, however, not only because of the low surface 

coverage of the electroactive PcPS, but also due to the low currents that are a result of the 

wide potential region in which PcPS undergoes oxidation (> 1 volt). To make such 

measurements possible, the oxidation of PcPS diluted in IPC at a concentration of 16% 

was monitored spectroelectrochemically using the EA-IOW, taking advantage of the 

ultrahigh optical sensitivity of this technology. 

5.2 SPECTROELECTROCHEMISTY OF PcPS 

5.2.1 Data of Ferencz et oL 

Figure 5.6 reprints the data of Figure 2 in Reference 3, and is labeled according to 

the text of that paper. The spectra of Figure 5.6 are for a 22 monolayer-thick film of 

C1C8 PcPS in acetonitrile, using 0.1 M tetrabutylammonium perchlorate as the 

electrolyte, taken at approximately 275 mV intervals. The spectral changes are broken 
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American Chemical Society. The transmission 
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into two groups, those occuning between -0.8 and +1.0 V, attributed by Ferencz et al. to 

the first oxidation process of PcPS, and those occurring above +1.0 V in the second 

oxidation regime. At -0.8 V, only the neutral polymer band is seen (A.^=540 nm). The 

spectrum at 1.0 V, with a maximum at ca. 580 mn, was assigned to the first oxidized 

form of the PcPS. Finally, the band at 615 nm in the spectrum obtained at +1.4 V was 

attributed to the second PcPS oxidation product. 

There is an alternate interpretation of the absorbance data in Figure 5.6, however. 

At approximately 525 nm there is a isobestic point for the data between -0.8 V and the 

third spectrum fix}m the bottom (again, it is stressed that the exact potential intervals of 

the data are not known). This indicates that there are two species present in this potential 

range; one is the neutral parent, and the other the first oxidation product. This assignment 

is based on the similarities between the third spectrum in Figure 5.6 and the spectrum of 

the oxidized PcPS in solution, as seen in Figure 5.7. The spectrum of the oxidized PcPS 

was obtained firom a titration of C1C8 PcPS in THF with acidified lO/; it was estimated 

that at the end of the titration approximately 80% of the phthalocyanine imits were 

oxidized. The peak maximiun for the new oxidized species is ca. 550 run, identical to 

what is seen in the third spectrum of Figure 5.6. Also, the isobestic point present in 

Figure 5.6 is also seen in the solution data, in the same wavelength region. 

Starting with the fourth spectrum firom the bottom in Figure 5.6, a new, broad 

absorbance is seen to grow in. As the potential is scanned positive, the wavelength of 

maximum absorption moves to the red and the molar absorbtivity increases dramatically. 

The absorption peak at 580 nm attributed to the first oxidation product by Ferencz is most 
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likely a combination of the spectra of the first and second oxidized products; fix)m the 

cyclic voltammogram in Figure 5.5 it is apparent that both oxidation states exist 

simultaneously at this potential. 

Figure 5.8, also fitim Reference 3, plots the absorbance at three wavelengths as a 

flmction of potential. The absorbance at 540 nm was assigned to the neutral parent; the 

first and second oxidations were monitored at 420 and 664 nm, respectively. It should be 

noted, however, that the spectra for both oxidation products overlap at these wavelengths. 

The changes in absorbance at these wavelengths will be discussed in the context of the 

data obtained with the EA-IOW, in the next Section. 

The data in Figures 5.6 and 5.8 were obtained in acetonitrile. The 

spectroelectrochemistry of PcPS multilayers was repeated in an aqueous electrolyte 

solution (using LiC104 as the electrolyte), and was found to be identical with that 

measured in the nonaqueous medimn. 

A fundamental question arising firom the work of Ferencz was, what happens to 

the observed electrochemistry of PcPS when the conditions are such that the fundamental 

electron transfer is the rate limiting step, and not mass transfer of ions, solvent molecules 

etc? To answer this question, the cyclic voltammetry of PcPS films was investigated at 

submonolayer coverage (by dilution of PcPS in IPC). At the low coverages studied (less 

than 20% of a full monolayer), cxirrent detection is extremely difficult due to nonfaradaic 

background current and the large potential window for PcPS oxidation. To study the 

electron transfer of PcPS at these low surface coverages, the electron transfer events were 

monitored optically with the EA-IOW. Because absorbance is proportional to the 
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integrated cyclic voltammogram, coupled with the high absorbance sensitivity of the EA-

lOW, it was possible to easily measure the changes in absorbance as a function of 

potential, and then compare the spectroelectrochemistry of the multilayer and 

submonolayer films. 

5.2.2 Preparatioii of DPC/PcPS LB Films 

Stock solutions of IPC, C1C8 PcPS, and C1C18 PcPS were prepared by 

dissolving 2 mg of the dried material in chloroform. EPC/CICS PcPS and IPC/C1C18 

PcPS mixtures were made by combining IPC and and the respective PcPS stock solutions 

in a volume ratio of 2:1. With this ratio, the relative surface coverage of PcPS in the 

deposited films was calculated to be 20% for the C1C8 PcPS and 17% for the C1C18 

PcPS using the data in Table 5.1, the area/monomer unit at collapse pressure on the LB 

film. 

The EA-IOW substrates were hydrophobized by heating the waveguide in a 

solution of hexamethyldisilazane in chloroform (1:4 volume ratio) at 60° for one hour. 

After each experiment, the EA-IOW's were cleaned using the procedure given in Section 

4.2.4. It was observed that simple sonication in cleaning solution was not sufficient to 

remove all of the PcPS polymer, however. For this reason, each substrate was cleaned 

not only by sonication but also by scrubbing the ITO surface with a cotton swab and 

Triton X-100 solution. 

The Langmuir-Blodget trough was cooled to a temperature of 5° prior to film 

deposition at a surface pressure of 13 mN/m. The transfer ratios were generally in the 
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IPC C1C8 PcPS C1C18PcPS 

Molecular weight 356 g/mol 1189 g/mol 1749 g/mol 

Area/monomer 
unit at collapse 
pressure on LB 
trough 

66 85 107 A^ 

Ratio of surface 
coverage per 
monomer unit 

3 1.17 1 

Table 5.1. Surface coverage data for the HRM's utilized in Chapter 5. 
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5.23 Spectroelectrochemistry of IPC/PcPS Films 

Figure 5.9 contains the raw, outcoupled intensity data for a scan of the EA-IOW 

coated with an IPC/C1C8 PcPS monolayer film. The changes in signal superimposed on 

the sloping background are not an artifact; EA-IOW s coated with a pure IPC film were 

foimd to yield a featureless scan. As it was not possible to obtain an I,, to calculate the 

absorbance as a function of potential, the change in absorbance was computed instead by 

extending the linear portion of the scan between -200 and 0 mV, and using this 

extrapolated line as Iq. The change in absorbance was calculated only for the forward 

scan; as can be seen in Figure 5.9, there is a hysteresis to the signal present in the reverse 

scan that is most likely due to the degradation of phthalocyanine materials at svifBciently 

positive potentials (when the scan was reversed at +800 mv, the hysteresis was not 

observed). 

The change in absorbance calculated in the above manner at four different 

wavelengths is plotted in Figure 5.10 for the IPC/C1C8 PcPS data. From comparison of 

the data in Figures 5.8 and 5.10, it can be seen that the multilayer data for 540 nm and 

664 mn is ahnost identical to the submonolayer data at 543 nm and 633 nm, respectively. 

Due to the lack of a laser wavelength and high absorbance of the ITO near its band edge, 

it was not possible to produce data at 420 nm. The argon line at 514 nm did prove to be 

of interest, however. At this wavelength, there is no observed change in absorbance until 

ca. 500 mV. This can be attributed to the isobestic point present between the spectra of 
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Figure 5.10. The change in absorbance (offset for 
presentation purposes), at four different wavelengths, 
measured with an EA-IOW coated with an IPC/C1C8 
PcPS fihn, as a fimction of potential. Scan rate = 10 
mV/sec, electrolyte = 0.1 M KCl, polarization = TM. 
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the neutral parent and first oxidation product of the PcPS; it is believed that the 

absorbance change at 514 nm is due solely to the formation of the second oxidation 

product. The onset of the absorbance change at 514 nm corresponds to the potential at 

which the second oxidation is seen at 633 nm and 543 nm. At the latter wavelength, the 

absorbance decreases due to the disappearance of the neutral parent until ca. 500-600 mV, 

when the absorbance increases as a resiilt of the second oxidation band growing in. At 

633 nm, the absorbance increases initially as PcPS is converted to the first oxidation 

product. As the second oxidation begins, the absorbance of the first oxidized band 

decreases, a process followed by the growth of absorbance at this wavelength as the 

second oxidation absorbance band moves to lower energies. 

Data from 720 nm is also shown, but is of dubious quality due to the presence of 

electroactive oligomer impurities in this spectral region, and the high noise of the dye 

laser. For this reason, it is not possible to draw any definite conclusions regarding the 

observed changes in absorbance at this wavelength. 

The data in Figure 5.10 were found to be reproducible, as measured at the 633 nm 

and 514 nm lines. If the potential was scanned to 800 mV, and then returned to -200 mV, 

there was no significant loss of absorbance from the PcPS, and the signal was found to be 

identical on the forward and reverse potential sweeps. Like previous literature reports, 

however, scans into the second oxidation regime were found to result in a loss of PcPS, 

as determined by the increase in the total outcoupled light intensity of the EA-IOW 

between the forward and reverse scans. The potential of the maximum absorbance at 633 

nm was shifted positive at higher scan rates, as would be expected for sluggish electron 
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transfer kinetics; there is a ca. 100 mV difference between the data at 5 and 10 mV/sec, 

and the data at 10 and 50 mV/sec. 

The data obtained from the IPC/C1C18 PcPS films are shown in Figure 5.11. At 

first, it was believed that the dissimilarities in signal between films made with C1C8 and 

C1C18 PcPS were due to differences in film structure (such as different aggregation of 

the PcPS material). It is equally as likely, however, that the differences are an artifact of 

the small shift in absorbance band position between the C1C8 and C1C18 material 

(shown in Figure 5.12). The 514 nm and 543 mn wavelengths lie on the edge of the PcPS 

absorption band, and thus are sensitive to peak position. The data at 633 nm for the 

C1C18 PcPS is similar to that seen for the C1C8 PcPS imtil ca. 800 mV. Above this 

potential, the absorbance does not increase during the second oxidation. The reason for 

this behavior is not known. A transmission spectroelectrochemical study of a multilayer 

C1C18 PcPS film was identical to data for the C1C8 material. Unfortunately, the 

noisiness of the data and the high absorbance background from optical changes in the 

ITO, coupled with the large potential intervals between spectra, make it difficult to come 

to any definite conclusions. If the C1C18 and C1C8 materials are to be compared, it is 

imperative that the molecular weight distributions be equal. It should be noted, however, 

that the onset of the first oxidation for the two materials is the same, although it is not 

clear for the C1C18 PcPS where the second oxidation begins, preventing the comparison 

of the onset of the second oxidation process. 
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Figure 5.11. The change in absorbance (offset for 
presentation puposes), at four different wavelengths, 
measinred with an EA-IOW coated with an IPC/C1C18 
PcPS film, as a function of potential. Scan rate =10 
mV/sec, electrolyte = 0.1 M KCl, polarization = TM. 
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Figure 5.12. Comparison of the absorbance spectra, in 
chloroform, for the C1C8 and C1C18 PcPS materials 
utilized in the described set of EA-IOW experiments. 
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As it was originally hypothesized that the C1C8 and C1C18 PcPS polymers 

would exhibit different aggregation behavior when mixed with IPC, attempts were made 

to image these mixed monolayer films using both scaiming tunneling microscopy and 

atomic force microscopy (in both tapping and contact modes). The first approach tried 

was that of Dekker et al. who imaged C1C8 PcPS/IPC films deposited on silicon 

substrates using tapping-mode AFM. A typical result of this approach is shown in Figure 

5.13. It is apparent that the IPC and PcPS materials did form a quality film, and are 

rather aggregated. There are two features seen in this image; stringy, oriented aggregates 

and islands of another material present at a lower surface coverage. Based on the relative 

coverage of the two types of aggregates, the strings are thought to be aggregated IPC, 

while the islands are composed of PcPS. Films with C1C18 PcPS in IPC also exhibited 

the same behavior. Also, hydrophobization of the silicon substrates with HMDS did not 

improve the film quahty. It is unknown what factors allowed the group of Dekker to 

obtain good quality films; their deposition conditions were reproduced as closely as 

possible. 

To improve the film quality, IPC/PcPS monlayers were deposited on ITO and 

then imaged with both contact and tapping mode AFM (in air). As a result of either the 

surface roughness and/or tip interactions, however, there were no discemable features that 

could be attributed to the IPC or PcPS. 
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Figure 5.13. Contact AFM image of an IPC/C1C8 PcPS film 
deposited on a hydrophobized silicon substrate. An island of 
what is presumably PcPS can be seen in the lower left-hand 
comer; the other aggregates are most likely IPC. 
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Finally, scanning tunneling microscopy was attempted on IPC/PcPS films 

deposited on gold or graphite substrates with horizontal deposition (the Schaeffer 

technique), analogous to woric performed with octakis(2-benzyloxyethoxy) 

phthalocyaninato copper Again, it was found that film quality was poor; unlike the 

copper phthalocyanine material, IPC/PcPS fihns exhibit little, if any, rigidity, leading to 

poor transfer to the horizontal substrate. Figure 5.14A contains an STM image of an 

IPC/C1C8 PcPS film on gold; individual islands of the PcPS material are visible, but 

there is no sign of IPC. It is not known if this is due to STM parameters (such as applied 

bias) or if the IPC did not transfer to the gold substrate. Figure 5.14B is a scan over a 

smaller area, showing the detail of the individual PcPS chains and the potential of STM 

to image PcPS structures. Future efforts to image this system may include fiirther STM 

studies, possibly on ITO substrates. Another direction that may be successfiil is AFM 

under water to reduce any tip/sample interactions. 

5.4 SPECTROELECTROCHEMISTRY OF A Cu(OCiOBz)8/METHYL 

ARACHTOATE FILM 

As a comparision for the EA-IOW studies of EPC/PcPS films, an experiment was 

performed where 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethoxy) phthalocyaninato 

copper (CuPc(0C20Bz)g) '̂" '̂ was diluted in methyl arachidate and deposited onto the 

EA-IOW as an LB film. Absorbance changes were monitored at 633 nm as the potential 

was scanned through the region of oxidation for the CuPc(0C20Bz)8 material. 
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Figure 5.14. STM images of an IPC/C1C8 PcPS LB films 
deposited onto gold through the Schaefer horizontal transfer 
techinque. (A) Scan showing multiple PcPS islands. 
Setpoint = 1.464 pA, bias = 593 mV. (B) Close-up of 
individual island, showing individual PcPS molecules. 
Setpoint = 1.046 pA, bias = 277 mV. 
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Surprisingly, the observed spectroelectrochemistiy of the diluted CuPcCOCjOBz), was 

very close to that observed for IPC/PcPS films, suggesting that the electrochemical 

properties of the isolated CuPc(0C20Bz)8 aggregates are similar to PcPS. 

This novel phthalocyanine, seen in Figure 5.15, is unusual in that it produces 

highly ordered, mechanically rigid LB films where the phthalocyanine molecules are 

cofacially aggregated These films are easily transfered onto hydrophobic substrates, 

where they exhibit a high degree of anisotropy for both optical absorbance and 

conductivity. The electrochemical properties of these films have been extensively 

studied, from monolayer to multilayer coverages. All cyclic voltammograms exhibit two 

separate oxidation peaks, one at ca. 0.4 to 0.7 V vs. Ag/AgCl, and a second, broader wave 

at ca. 0.7 V. The first oxidation peak has been assigned to the oxidation of 

phthalocyanine molecules present in an envirormient where electron transfer is facile; the 

second peak is due to oxidation occurring in regions of the film where electron transfer is 

limited by some process other than fundamental electron transfer between the Pc and the 

electrode. The position of these oxidation waves is a function of many parameters, such 

as scan rate and electrolyte identity To test the effect of diluting CuPc(0C20Bz)g 

down to a submonolayer (<1%) coverage on the voltammetry, the EA-IOW was utilized 

to measure the redox processes optically (as discussed in Section 5.2, due to the wide 

potential window of oxidation for the CuPc(0C20Bz)g films and the high background 

current of the electrode, it is difficult to measure any electrochemical process by current 

detection). It should be noted that the surface coverage of CuPc(0C20Bz)g used for this 

experiment is significantly lower than that of PcPS used in the experiments in Section 5.2 
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Figure 5.15. Structure of 2,3,9,10,16,17,23,24-octakis(2-
benzyloxyethoxy) phthalocyaninato copper, CuPcCCjOBz) 
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because of the higher molar absorptivity/Pc unit for the former material. 

To obtain a low surface coverage, CuPc(0C2OBz)g was diluted into an 

electrochemically inert material, methyl arachidate (MA). The methyl ester of arachidic 

acid (AA) was utilized instead of the free acid as an LB subphase containing an ion 

pairing agent (cadmium) is necessary for the production of good quality AA films, and 

cadmium is electroactive. Figure 5.16 is of a typical LB isotherm for a mixed 

CuPc(0C20Bz)g/MA film; it is identical to that obtained for the pure MA (also shown) 

except that the area/MA molecule is shifted to a higher value due to the presence of the 

CuPc(0C20Bz)8. Between a Pc/MA mole ratio of 0.34% to 1.4%, the area per 

CuPc(0C20Bz)g molecule was determined to be ca. 140 for all molar ratios 

investigated, consistent with a film where the phthalocyanine molecules are inserted into 

the fihn edge-on, and not sitting on top of the film. For film preparation, the LB trough 

was cooled to a temperature of 5°. Transfer onto the hydrophobized EA-IOW substrate 

was done at a surface pressure of 20 mN/m, yielding a transfer ratio of 68%. The mole 

ratio Pc/MA was 0.25% for the film used in the following experiment. 

The change in absorbance as a fimction of potential for the CuPc(0C20Bz)8/MA 

film is shown in Figure 5.17. The data is identical to that for the 633 nm line in Figure 

5.10, except that the onset for oxidation is at +200 mV instead of 0 mV. The onset for a 

multilayer film occurs at ca. +400 mV for a scan in 0.1 M KCl Thus, it appears that 

the charge stabilization for the CuPc(0C20Bz)g aggregates is intermediate to that found 

in the multilayer film and in PcPS; it may be that the coherence length of the 

CuPc(0C20Bz)g aggregates is greater at submonolayer coverages in MA than in the 
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Figure 5.16. LB pressure-area isotherms for pure methyl 
arachidate and a methyl arachidate/CuPc(C20Bz)g film with 
a Pc/MA molar ratio of 1.4%. 
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Fignre 5.17. Change in absorbance measured with an EA-
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(0.25% molar ratio), in 0.1 M KCl at a scan rate of 10 
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multilayer films studied previously. In the multilayer films, the absorbance decreases at 

633 nm as oxidation commences. If the CuPc(C)C20Bz)g is present as a pure aggregate, 

however, the absorption band would be expected to shift to the blue for the neutral parent, 

and the first oxidation product would be seen to grow in the region around 633 nm. This 

is what is observed. The increase in absorbance with oxidation is similar to that seen for 

PcPS; at sufficently positive potentials (approximately 600 mV), the second oxidation 

begins, and the absorbance of the first oxidation product decreases, followed by an 

increase in absorbance at 633 nm as the second oxidation product band moves to the red. 

A significant loss of absorbance was observed on the retum scan for the data in Figure 

5.17. This is a result of the degradation of the second Pc oxidation product. 

The results of this experiment suggest that microdomains of CuPc(0C20Bz)g are 

similar to PcPS in their spectroelectrochemical properties, further stressing the idea that 

CuPc(0C20Bz)8 and PcPS are similar in their properties. 

5.5 CONCLUSIONS 

From the data in this chapter, it can be stated that the spectroelectrochemistry of 

C1C8 PcPS is not sensitive to film structure, as the observed optical changes as a 

fimction of potential in submonolayer films were identical with those seen in multilayer 

films. Furthermore, the optical data of Reference 3 has been reinterpreted, although the 

new analysis of the absorbance spectroscopy does not affect the conclusions of that paper. 

A comparison between the C1C8 PcPS and C1C18 PcPS data was not conclusive. 
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as the molecular weight distribution of the two polymers is not the same and thus there 

are subtle differences in the absorbance spectra. The development of broad-band 

coupling for the EA-IOW would allow the entire absorption peak of the PcPS to be 

monitored as the potential is scaimed instead of a single wavelength at a time; this could 

very easily clarify the differences in absorption spectroscopy as a flmction of potential 

between the two PcPS polymers. It is still possible that there are significant differences 

in IPC/C1C18 PcPS and IPC/C1C8 PcPS film structures that could account for the 

different spectroelectrochemically signals measured for each film. Continued efforts at 

imaging these films (such as by STM) should yield further insight into the structure of 

these mixed monolayers. 

The unexpected spectroelectrochemistry of the CuPcCOCjOBz), diluted in methyl 

arachidate suggests that additional experiments may prove to be very interesting. A 

fundamental question that could be addressed using a combination of EA-IOW and ATR 

methods is, at what surface coverage does the CuPc(OCiOBz)8 electrochemistry shift 

from being PcPS-Iike to what is observed in multilayer films? Also, other electroinactive 

diluents may break up the aggregation of the CuPc(0C20Bz)8, to yield monomer-like 

spectroelectrochemistry. 
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CHAPTER 6 

SPECTROELECTROCHEMISTRY OF CYTOCHROME C MONOLAYER 

FILMS AT AN ITO ELECTRODE 

6.1 INTRODUCTION 

Direct electrochemistry of proteins is a field that has recently exploded, in large 

part due to improvements in methodology that have allowed facile electron transfer to be 

measured between a protein molecule and a solid electrode "-«4.ii6-n8 are a number 

of potential appUcations of protein electrochemistry that have driven research in this area. 

First, it would be highly desirable to use an electrode-based experiment to easily measure 

electrochemically relevant data such as redox potential or electron transfer rate, and how 

these parameters are affected by conditions such as pH or protein structure Another 

use of solid electrodes is as a model system to study protein-protein interactions 

Finally, protein electrochemistry is seen as a potentially useful transduction mechanism 

for the construction of biosensor devices. 

Protein electrochemistry can be split into two categories, diSiision-controlled and 

diffusionless or surface-adsorbed electrochemistry In diffusion-controlled 

electrochemistry, the biomolecule must first diffuse to the electrode, where it may or may 

not be adsorbed. Based on the observation that the surface conditions of the electrode are 

critical to facile electron transfer, however, it is reasonable to assume that a surface-

adsorbed state is an intermediate in the electron transfer reaction between a protein and an 
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electrode in many, if not all, examples of protein electrochemistry. After diffusion and/or 

adsorption, the electron transfer reaction may occur, followed by protein desorption and 

diffiision away fix>m the electrode which is, in many cases, the rate-determining step in 

the overall reaction. (For example, oligomeric or deaminated cytochrome c is known to 

irreversibly adsorbed to ITO electrodes, blocking further electron transfer ®^.) 

Diffiisionless electron transfer greatly simplifies the overall reaction, in that the 

only step is that of the fundamental electron transfer process. For this reason, the electron 

transfer of proteins adsorbed as a monolayer onto the electrode surface is of great interest 

to protein electrochemists. There are a number of fundamental issues regarding the 

interaction between proteins and surfaces, however, which are vital to the understanding 

of why electron transfer is facile at some electrode surfaces and non-existent at others. 

To address these issues, a large body of literature regarding the electrochemistry 

of electrostatically-adsorbed cytochrome c (cyt c) on various electrode surfaces has 

appeared in the last ten years Horse heart cytochrome c, shown in Figure 

6.1, is a common model electron-transfer protein as its structure is well characterized, and 

is also readily available commercially. Furthermore, the UV/vis absorbance spectroscopy 

of the iron heme prosthetic group serves as a simple probe of protein structure and 

environment. It is a soluble electron-transfer protein, found in the mitochondria, with a 

molecular weight of 12.5 kDa. In addition to the heme active site, another structural 

feature of note is the asymmetric distribution of charges about the exterior of the protein 

This can be seen in Figure 6.2A, where positively-charges lysines are shaded dark 

grey, and negatively charged acidic amino acids are shaded black. The positive charges 



Figure 6.1. The structure of horse heart ferricytochrome 



Figure 6.2. (A) The distribution of charged amino 
acids about the exterior of horse heart cyt c. 
Lysines are shaded dark grey, and acidic groups are 
black. The heme ligand is light grey. (B) The active 
site of cyt c, showing the heme cleft and also 
several positively-charges lysines that are believed 
to be essential for the molecular recognition 
between cyt c and its biological redox partners. 
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are distributed fairly evenly over the entire surface of the protein; it is the restriction of 

most of the negative charge to a "patch" on the backside that gives cyt c an overall dipole 

moment of325 and 308 debye for the ferri- and ferro- forms, respectively. This large 

dipole is believed to be crucial in the docking mechanism between cyt c and its redox 

partners The heme cleft and positive end of the dipole, surroimded by several 

positively-charged lysines that are thought to be critical in the molecular recognition 

between cyt c and its redox partners, is shown in Figure 6.2B 

The cyclic voltammetry of cyt c has been measured at many electrodes, most 

notably gold modified with various self-assembled monolayer films Second in 

importance to gold electrodes would have to be ITO " To achieve facile electron 

transfer at an unmodified ITO electrode, two experimental conditions were found to be 

extremely importantFirst, the cyt c must be purified to remove any deaminated or 

oligomeric forms that presimiably adsorb to the ITO preferentially, blocking the electron 

transfer of the native protein. Secondly, the ITO electrode must be preconditioned by 

letting it sit in electrolyte for ca. 4 hours. This requirement, coupled with observations of 

electrochemical behavior at other electrodes, has led to a model for the structure of 

adsorbed cyt c films on an electode surface, and the relationship of this structure to the 

electron transfer properties of the protein monolayer. 

There are several aspects to this model. First, it is believed that the cyt c must be 

adsorbed in an orientation that minimizes the electron transfer distance between the heme 

edge and the electrode surface The primary interaction responsible for this orientation 

is believed to be electrostatic. Often, a molecular picture is invoked where the cyt c 
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adsorbs with the electrostatic dipole oriented perpendicular to the electrode surface 

Figure 6.3A contains the position of the dipole in cyt c, and its angle relative to the plane 

of the heme; a cartoon of the expected protein film structure given this simplified model 

of interaction is shown in Figure 6.3B. Another aspect of the standard model for 

diffiisionless electrochemistry of cyt c is that at many electrode surfaces, there must exist 

a distribution of orientations Finally, it is generally assumed that cyt c retains a near-

native structure while adsorbed to the electrode surface'". This is based on spectroscopic 

and electrochemical data; a lack of any shift in heme absorption maximum or reduction 

potential does not necessarily signify an unperturbed protein structure, however, as 

properties of the heme group such as absorption intensity can be fairly insensitive to 

changes in protein backbone structure'̂ '. 

The validation (or invalidation) of this model will be strongly dependent on the 

development of new analytical techniques that are orientation-sensitive. One possibility 

is the combination of absorbance linear dichroism and fluorescence anisotropy, which has 

recently been utilized to determine molecular order in cyt c films adsorbed to surfaces 

through various immobilization schemes, such as thiol linking or electrostatic adsorption 

28-31,122 Yhe first step towards the application of these methodologies to protein films at 

an electrode surface is the development of an EA-lOW suitable for absorbance linear 

dichroism measurements of adsorbed proteins. This Chapter will focus on the design of 

such an EA-IOW, and the application of this technology to the linear dichroism of cyt c at 

an ITO electrode, under potential control. Both horse heart and yeast cyt c were 

investigated, although the linear dichroism and the electrochemisty of yeast cytochrome c 
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Figure 6.3. (A) Cartoon depicting the position of the 
electrostatic dipole of horse heart cyt c, and the angle of the 
heme plane relative to the dipole. (B) Idealized picture of cyt 
c adsorption at a surface of negative charge, assmning an 
orientation of the cyt c dipole perpendicular to the surface. 
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was found to be poorly reproducible. From the linear dicbroism, a range of allowed 

average orientation angles and orientation distributions for horse heart cyt c at an ITO 

electrode was determined which is inconsistent with the simplified model of adsorption 

seen in Figure 6.3B. Also, for both proteins, a change in the orientation distribution of 

the cyt c heme groups was detected upon reduction. 

6.2 LINEAR DICHROISM OF CYT CAT AN ITO ELECTRODE 

6.2.1 Experimental 

To measure the absorbance in both TE and TM polarization, it was necessary to 

modify the EA-IOW design as presented in Chapters 4 and 5. An EA-IOW with a 50 nm 

thick ITO layer, and 22 mm between the input and output coupling gratings, was found to 

be unacceptably lossy in TE polarization, such that no measurable outcoupled intensity 

was detected for any wavelength. The first design parameter that was adjusted was the 

spacing between the gratings. Figure 6.4 shows the absorbance as a function of potential 

measured for a horse heart cytochrome c monolayer at 543 nm and TM polarization, 

using an EA-IOW with only 8 mm between the gratings, but still with a 50 nm ITO layer. 

Even with TM polarization and the decreased interaction length of the gmded mode, the 

measured absorbance was very high; as the sensitivity of the TE mode would be ca. 

fourfold that of the TM mode, the absorbance sensitivity would be too great to be useful. 

Furthermore, an outcoupled signal was still not even observed for TE polarization at 

wavelengths shorter than 633 nm due to high optical losses. At 514 nm, the theoretical 
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Figure 6.4. The absorbance measured for a cyt c film, using 
an EA-IOW with 50 nm of ITO and 8 mm between the grating 
couplers. Polarization; TM, wavelength; 543 nm. 
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loss for the TE mode is approximately 30 times greater than the TM mode. Clearly, 

decreasing the grating spacing alone did not produce an EA-IOW with acceptable loss 

and sensitivity. 

The next EA-IOW design cut the ITO layer thickness in half, to 25 nm (but still 

retaining the 8 mm spacing between gratings). This cut the theoretical loss in TE 

polarization by a factor of ca. 23, and the sensitivity by ca. 11 at 514 nm (see Chapter 2). 

The loss and sensitivity for the TM mode were affected also, but not as strongly; the 

sensitivity was halved, and the loss decreased by a factor of four. As the sensitivity and 

loss were foimd to be acceptable at 514 for both polarizations, this is the structure that 

was utilized for all of the cyt c experiments discussed in this chapter. 

Besides acceptable loss and sensitivity, the EA-IOW with 25 nm of ITO has 

another characteristic that simplifies the linear dichroism experiment significantly. 

Because the effective refractive indexes for the TE and TM modes (in water, 1.531 and 

1.529, respectively) are extremely close, the coupling angles for the two polarizations 

should be almost identical. The coupling angle for grating coupling can be calculated 

from 

where 0 is the coupling angle, \ is the experimental wavelength, A is the grating spacing, 

n '̂is the effective refractive index of the waveguide structure, and substrate is the 

refractive index of the waveguide substrate ™. For the effective refractive indexes given 

(6.1) 
'^substrate 
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above, the theoretical coupling angles for TE and TM polarization can be calculated to be 

9.388° and 9.288°, respectively, for a grating coupler with a nominal period of400 nm. 

The experimentally measured values were found to be 5.529° and 5.405° for TE and TM 

polarization. There is a significant absolute difference between the theoretical and 

experimental coupling angles, but this is most likely due to errors in zeroing the angle 

measurement, and also the imcertainty in the value for the grating period as this was 

never measiired experimentally before the EA-IOW was sputtered onto the substrate (an 

error of 25 nm could change the theoretical coupling angle by 3 °). The relative 

difference is very close, however. The 0.1-0.15° difference in coupling angles between 

TE and TM polarization is less than the ca. 1 ° convergence of the laser beam onto the 

input coupler (focused by a lens with a focal length of 50 cm). Thus, by rotating the laser 

polarization 45° such that it is an equal mix of TE and TM polarized light is incident on 

the incoupling grating, it becomes possible to adjust the coupling angle so that both TE 

and TM modes are present. The signal from either polarization can be selected with a 

sheet polarizer placed before the photodiode detector. Using this procedure, the coupling 

angle of the EA-IOW need not ever be changed during the experiment, unlike the 

experiment described in Chapter 4 where the absorbance surface-adsorbed methylene 

blue was measured in both TE and TM polarized light. One disadvantage of this method, 

however, is that the relative coupling efficiencies of TE and TM polarized light are very 

sensitive to the mechanical stability of the waveguide cell; even introduction of a new 

solution to the cell can affect the coupling conditions sufficiently to change the relative 

intensity ratio of the outcoupled beams between the two polarizations. 
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Another experimental advance implemented during the linear dichroism studies 

presented here is correction for laser drift. This was accomplished by splitting off a small 

portion of the laser beam (using a microscope slide as a simple beam splitter) to use as an 

intensity reference. Each scan of the EA-IOW was corrected by multiplying the raw 

intensity values by the amount of drift detected since the beginning of the experiment. 

For all cyt c experiments in this chapter, the protein was purified by cation 

exchange chromatography and used within one month of purification. After introduction 

of cyt c into the EA-IOW, the system was allowed to equilibrate for 15 minutes before 

the cyt c solution was flushed with electrolyte solution, leaving a layer of adsorbed cyt c. 

The electrolyte used for all experiments was 10 mM pH 7 phosphate buffer. Unless 

otherwise stated, the potential scan rate was 5 mV/sec. The potential was measured vs. a 

pseudo Ag/AgCl electrode, and then corrected to the Ag/AgCl scale using the 

voltammetry of ferricyanide. The laser wavelength used for these experiments was 514 

ran, as both the oxidized and reduced forms of cyt c absorb at this wavelength. 

6.2.2 Surface Roughness of the EA-IOW 

An important experimental consideration for measurements of orientation-

sensitive optical properties (such as the dichroic ratio) of a surface-adsorbed species is the 

roughness of the surface If this is too great, then any orientation data that is obtained 

could be skewed. In general, for an inherent molecular orientation distribution 0„ the 

measured distribution width 0„ will be 
nl 

(6.2) 
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where 0,^ is the distribution contribution from surface roughness. The efifect of siuiace 

roughness is especially of concern for ITO surfaces, as this material is composed of 

crystalline domains with an average diameter of ca. 30-50 nm. A typical AFM image for 

the EA-IOW surface is shown in Figure 6.5. The RMS surface roughness was measured 

to be 0.8 ±0.1 nm (determined from seven separate images). To determine 0,^ the effect 

of this surface roughness on the orientation distribution was modeled through a monte 

carlo simulation. The program, '*BelIy", is described in detail in Appendix 2. A general 

study of the effect of surface roughness, using data from many different surfaces with 

different roughness, is underway Briefly, however, it can be stated that 0,, for the 

rrO surface of the EA-IOW has been calculated to be 5 imi. Given this low value, it is 

not expected that the sxirface roughness of the EA-IOW will affect the mesurement of the 

dichroic ratio to any significant extent. 

6.2.3 Linear Dichroism of Horse Heart Cyt c 

Figure 6.6 contains the raw outcoupled intensity data for EA-IOW potential scans 

before and after adsorption of a horse heart cyt c film. The data would be unremarkable, 

except for the observation that the outcoupled intensity for the TE mode increases as the 

potential is scanned negative. This can be contrasted to the TM mode; as the potential is 

scanned negative, the outcoupled intensity for the TM mode decreases. It appears that 

the absorptivity of the ITO film is anisotropic. It is not known if the thin ITO film is also 

birefiingent; given the coupling angle data of Section 6.2.1 it is probable that any 
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Figure 6.5. A typical AFM image of the ITO surface of an EA-IOW with 25 nm 
of ITO. 
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Figure 6.6. The raw EA-IOW outcoupled intensity for both TE and TM 
polarizations, before and after adsorption of a protein film. The scans are 
referred to by the polarization, with the subscript denoting either a 
background scan (b) or a scan after adsorption of a protein fikn (s). 
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difference in ITO refractive indices between TE and TM polarization is not significant. 

The following discussion will make the assiunption that the refractive index of ITO is 

isotropic; a fiiture direction for EA-IOW research could be the investigation of the optical 

properties of extremely thin metal oxide semiconductors films, however. 

The measured absorbance of a horse heart cyt c film, in both TE and TM 

polarizations, is given in Figure 6.7. As the molar absorptivity of ferrocyt c is greater 

than that for ferricyt c, the absorbance increases as the potential is scanned negative due 

to reduction of the iron heme center In the absence of orientation effects, the ratio of 

the absorbances for both polarizations before and after reduction should be equal to 1.4. 

This is not true for either polarization, an indication that there is a change in molecular 

orientation occurring upon reduction. 

This can be seen by calculating the dichroic ratio, which is shown in Figure 6.8 as 

a function of potential. The dichroic ratio in this Figure has been corrected for a non-zero 

x component for the electric field in TM polarization, and also for the relative ratio of 

sensitivities between TE and TM polarization. This allows the data to be inserted into a 

simple Gaussian model, along with data from fluorescence anisotropy, to calculate both 

an average orientation and a distribution of orientations. To correct for the non-zero x 

absorbance in TM polarization, the identity 

^ o 
A  - A  - A  - A  -  A  ( 6 - 3 )  ^TM,z ~ ^TM,total ~ ^TM,total ^ ^TE 

TE,9Q' 

is used. The subscripts z and x refer to the z and x component of the TM absorbance, and 
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Figure 6.7. The absorbance of a cyt c film, measured as a 
fimction of potential using an EA-IOW, for both TE and TM 
polarizations. Each curve is an average of three scans. The 
arrows indicate scan direction. 



200 100 0 -100 -200 

Potential, mV vs. Ag/AgCI 

Figure 6.8. The dichroic ratio as a function of potential 
calculated from the data in Figure 6.7 and corrected according 
to the procedure in the text. The scan direction is indicated by 
the arrows. 
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the subscript 90° refers to the absoibance value calculated for an orientation angle of 90° 

relative to the surface normal, using a delta function for the orientation distribution. 

Next, the dichroic ratio is corrected for the difference in sensitivity between TE 

and TM polarization by dividing it by the dichroic ratio at the magic angle. 

There are two significant conclusions that can be drawn from the data in Figure 

6.8. First, the dichroic ratio is much greater than what would be »q)ected if the model in 

Figure 3 were correct. Although it is not possible to assign a molecular orientation 

distribution based on the dichroic ratio alone, it is possible to map out regions of allowed 

average orientation angle and orientation distribution. This is shown in Figure 6.9 for the 

dichroic ratio measured before and after reduction. For ferricyt c, the dichroic ratio was 

4.0 ± 0.8 (an average from three experiments); after reduction it dropped to 2.5 ± 0.2. 

The high value for the dichroic ratio restricts the average orientation angle 0 to angles 

above ca. 60-65°, and the orientation distribution to a standard deviation of less than ca. 

20°. The orientation distribution must be above 5°, however, as that is the distribution 

contribution from surface roughness, as discussed in Section 6.2.1. The allowed range of 

molecular distribution parameters indicate that the heme of the protein is or is close to 

being parallel to the ITO surface, and that the ensemble of porphyrins is, at worst, fairly 

well ordered. Clearly, the molecular picture of Figure 6.3B cannot be correct. If the 

primary protein/surface interaction is primarily electrostatic, there must be an adjustment 

in protein structure occurring upon adsorption to the electrode. 

The second significant feature of Figure 6.8 is that there is a rather significant 

change in the dichroic ratio between the oxidized and reduced species. This is a result of 
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Figure 6.9. The allowed values of the average orientation angle and orientation 
distribution, assuming a Gaussian distribution function, and given a dichroic ratio 
of 4.05 for ferricyt c, and 2.52 for ferrocyt c. The grey areas represent the range of 
allowed values for an error of plus or minus one standard deviation. 
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either a change in the orientation distribution width, or the average orientation, or both. If 

it is assumed that the orientation distribution width does not change upon reduction of the 

protein fihn, then, from Figure 6.10, the change in heme angle is ca. 10°, a rather large 

shift. Any attempt to explain the change in heme orientation would be highly 

speculative, as the effect of adsorption on protein structure is not known. In solution, 

there are a number of substantial differences in the conformation of the protein backbone 

between the ferric and ferrous forms of horse heart cyt c, as can be seen in Figure 6.11 

How these conformational changes are affected by interactions with the ITO surface (and 

with neighboring cyt c molecules in the adsorbed film) is unknown. What can be stated 

from the data in Figure 6.8 is that there is a definite shift in heme orientation as a result of 

a significant change in protein structure due to the change in oxidation state of the iron 

heme. 

The dichroic ratio at open-circuit was also measiured, in addition to the dichroic 

ratio as a fimction of potential. For three experiments, dichroic ratios of 5.2,2.2 and 1.4 

were measured. The scatter in these values is much greater than the scatter for the values 

of the dichroic ratio obtained under potential control; one measurement is in the range of 

the dichroic ratio measiured of the oxidized cyt c film, and the other two correspond more 

closely to the dichroic ratio of the reduced protein. A possible explanation for these 

unreliable results is that at open circuit, the cyt c monolayer may be either reduced or 

oxidized, depending on the condition of the ITO surface. The open circuit potential of 

two pieces of sputtered ITO were measured; -20 and -110 mV vs. Ag/AgCl. After 

adsorption of (unpurified) ferrous cyt c, the open circuit potential of the first sample 
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A 

Figure 6.10. The structures of ferri- (A) and ferro-
(B) horse heart cytochrome c, viewed from 
approximately the same angle. 
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moved to +65 mV. As the reduction potential of cyt c  is approximately 0 V, it is highly 

likely that a fraction (ca. 10%) of the protein film was reduced upon contact with the ITO. 

Although the open circuit potential of the second ITO sample was not measured after 

adsorption of a cyt c layer, it is likely that the percentage of reduced protein in the film 

would be even greater in light of the increased reducing power of that bare ITO electrode. 

This discussion of the effect of the open circuit potential is speculative, but may be an 

important experimental consideration, and as such, is worthy of further investigation. 

A sample cyclic voltammogram that was measured on the EA-IOW during the 

linear dichroism of horse heart cyt c is shown in Figure 6.11A, along with a 

voltammogram obtained at a conmierical ITO film for comparison. Integration of the 

current under the cathodic peak yields a surface coverage of 11.5 pmol/cm^, although this 

is most likely a low estimate of surface coverage as it includes the electrode area above 

the coupling gratings in the total electrode area, and based on the high electrode 

resistivity measured in this region of the EA-IOW, the total electroactive area of the EA-

IOW may be less than the total surface area. If the area above the grating couplers is 

ignored, the siuiace coverage is ca. 15 pmol/cm^, in line with literature measurements of 

13-18 pmol/cm"". 

It should be noted that the reduction potential obtained from Figxure 6.11A (ca. -15 

mV vs. Ag/AgCl) is well within the range of reduction potentials reported in the literature 

for cyt c adsorbed to electrode surfaces" '̂  '̂ ®; because any shift in the formal potential 

with protein conformation, siu^ace coverage et cetera would be small (the shift in E"' 

between diffusion-controlled and diffusionless electrochemistry being only 15 mV'̂ '), 
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multiple measurements are a necessity if any definite conclusions are to be made 

regarding redox thermodynamics. 

6.2.4 Linear Dichroism of Yeast Cytochrome c 

As a comparison to horse heart cytochrome c, the linear dichroism of yeast cyt c 

as a function of potential was also perfomied (under the same experimental conditions as 

for the horse heart cyt c). The results were inconclusive; the results of the three 

experiments are plotted in Figure 6.12. Each curve was calculated fi*om the TE and TM 

absorbance obtained from the average of three scans, and was corrected using the 

procedure outlined above in Section 6.2.3. Not only is the dichroic ratio scattered over a 

wide range for the three experiments, the ease of electron transfer is also highly variable, 

as determined by the separation between the forward and reverse scans. For the third 

experiment, electron transfer was not even observed to occur (as determined firom the 

cyclic voltammetry). Based on the measured absorbance, it is clear that there is a protein 

layer adsorbed to the ITO during this experiment, but that the fihn is not 

electrochemically active. The lack of change in dichroic ratio or absorbance for this 

experiment does demonstrate, however, that the measured changes in dichroic ratio 

during reduction discussed above are real, and not an artifact due to a potential-dependent 

reorganization of the protein film. 
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63 CONCLUSIONS 

The data in this Chapter has demonstrated the feasibility of using an EA-IOW to 

measure the dichroic ratio of adsorbed protein films at a metal oxide electrode as a 

function of applied potential. The initial results indicate that, for horse heart cytochrome 

c, the oxidized protein does not orient itself in a manner consistent with a simple model 

where the orientation of the protein is perpendicular to the ITO surface. Rather, the plane 

of the heme is close to parallel with the electrode surface. Either the protein is not 

oriented by electrostatic interactions alone, or there are significant changes in protein 

structure upon adsorption to ITO. Furthermore, the position of the heme relative to the 

electrode surface is shifted by reduction of the iron center, indicating that there are 

significant differences in adsorbed protein structure between the oxidized and reduced 

forms. 

To further refine the molecular picture of cyt c adsorption on ITO hinted at by 

linear dichroism, it will be necessary to develop a protocol for combining dichroic ratio 

data obtziined with the EA-IOW with fluorescence anisotropy data, allowing the 

molecular orientation distribution to be calculated (assuming a Gaussian distribution 

model). Only then will it be possible to explore the relationship between the 

electrochemical properties of adsorbed cyt c monolayers, and the macrostructure of such 

films. 
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CHAPTER? 

SUMMARY AND FUTURE DIRECTIONS 

7.1 THEORETICAL MODELING STUDIES 

A theoretical study addressed the issue of EA-IOW design optimization; 

specifically, how can the sensitivity of the EA-IOW be maximized while maintaining 

reasonable optical losses due to absorption of light by the ITQ layer? After modeling the 

effects of varying the layer thicknesses and refiractive indexes of the EA-IOW, it was 

discovered that the ratio of propagation loss to absorbance sensitivity is a constant that 

depends only on the light polarization (TE or TM) and the ITO layer thickness. Other 

electroactive waveguide geometries (a two-layer step index lOW, or a gradient-index 

10W) could be designed to equal the EA-IOW in absorbance sensitivity, but would 

necessarily be multimode. 

To further increase EA-IOW sensitivity while keeping optical losses reasonable, 

the best strategy may be to improve the transparency of the ITO layer (thus decreasing the 

relative loss at a given ITO thickness). There is a limit to this approach, however, as 

improvement in the optical properties could require sacrificing electrical conductivity". 

Replacing ITO with another metal oxide semiconductor with more desirable properties is 

not a possibility at present, as ITO is both the most transparent and highly conductive 

material in this class of electrodesOne class of transparent oxide electrode materials 

that could be promising are the indium-doped zinc and gallium oxides; they have been 
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reported to possess better transparency than ITO (at least above 1000 nm) but lack the 

high conductivity of ITO Another attractive feature of these oxides are their low 

refractive index (ca. 1.6-1.8), which could alleviate some design problems of EA-IOW's 

utilising no as the electrode layer. Despite the generally inferior properties of other 

electrode materials, designing EA-IOW structures that utilize other metal oxide 

electrodes may be of interest in the comparison of the chemical properties of different 

electroactive surfaces. 

An important result that comes from examination of Figure 2.12 is that while TE 

polarization may be more sensitive than TM polarization for any given EA-IOW 

structure, the ratio of loss/sensitivity for TM polarization is always less. Thus, given that 

the maximimi attainable absorbance sensitvity of the EA-IOW will be determined by the 

maximum allowable propagation loss, the theoretical maximum absorbance sensitivity 

would be for TM polarization. This may be of importance for the development of 

chemical sensors based on the EA-IOW a hypothetical example of which is 

illustrated in Figure 7.1 A. In this device, the sensor is miniaturized by increasing the 

absorbance sensitivity per unit length of an EA-IOW by adjusting the ITO thickness or 

other design parameter. The propagation loss per unit length could be very high and not 

be a significant problem due to the short distance between the input and output couplers. 

Integrated optic technology is being developed that will ultimately allow the optical 

(waveguide) and electronic (source, detector, amplifier electronics etc) to be constructed 

on the same chip, as proposed in Figure 7.1A'''. 

Parallel to the satisfaction of any optoelectronic engineering requirements, new 
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Figure 7.1. Conceptual design for a miniaturized chemical sensor 
based on the EA-IOW (top panel), and a hypothetical siffface 
modification for such a sensor (bottom panel). 



223 

chemical transduction mechanisms must be developed that can take advantage of the 

orthogonal optical and electrochemical data dimensions of the EA-IOW. A conceptual 

molecule for metal ion sensing is illustrated in Figure 7.IB. The molecule, a derivative 

of an electroactive dye species, is covalently linked to the ITO surface of the EA.-IOW to 

increase sensor durability. A crown ether fimctionality is incorporated into the molecule; 

an electron donating atom fix)m the aromatic network comprises a portion of this 

macrocycle. Ions that are bound into the crown ether thus have the possibility' of 

perturbing the HOMO and/or LUMO levels of the dye, altering either the spectroscopic 

or electrochemical properties of the complex'̂ ^"^. Scanning the potential of the EA-IOW 

could then separate the sensor response for at least different classes of metal cations by 

redox potential and possibly absorption wavelength. Control of the redox state of the dye 

could also modulate binding coefficients, introducing another degree of selectivity"**"^. 

7.2 OPTICAL BACKGROUND OF THE EA-IOW 

The optical background of the EA-IOW during a potential scan was split into two 

components; a nearly linear, highly reproducible change in outcoupled light intensity 

with potential, and a non-linear change in outcoupled intensity that is accompanied by a 

hysteresis between the forward and return potential scan. Measurements of the refractive 

index of the ITO as a function of potential suggest that the linear portion of the optical 

background can be attributed to an increase in ITO absorptivity as the potential is scaimed 

negative. The non-linear optical background disappears after electrode conditioning in 
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electrolyte solution for ca. two days, suggesting that this component of the optical 

background is linked to chemical and/or physical changes that occur in the ITO as result 

of exposure to electrolyte solution, such as hydroxylation of the ITO metal oxide 

network. 

To measure the effect of electrode preconditioning on the complex refractive 

index of ITO, the optical constants of the metal oxide material were compared before and 

after ITO conditioning in electrolyte solution. The real portion of the refractive index, /i, 

was not found to change significantly. The imaginary coefScient of the refractive index 

k, however, increased by a factor of ca. 2 after preconditioning. This increase in 

absorptivity was attributed to hydroxylation of the ITO networic. The hydroxylation 

reaction was directly detected with XPS measurements, although the time scale of the 

reaction was not apparent from this data. Contact angle and capacitance measurements 

suggest that this reaction is occuring over a time period of several days. Indirect evidence 

for hydroxylation of the ITO was obtained from SIMS data; an increase in cation 

concentration inside the ITO was observed after conditioning in electrolyte solution 

which was not accompanied by an increase in electrolyte anion concentration, suggesting 

that the cation was diffusing into the ITO to balance the increase in negative charge due 

to hydroxylation. 

There are many questions that remain to be answered regarding the sensitivity of 

ITO optical constants towards preconditioning in electrolyte solution; the research 

presented in this Chapter 3 should be considered merely preliminary investigations into 

this area. First, the results discussed in Section 3.2 were for ITO samples with a nominal 
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thickness of 350 nm; it is highly probable that the optical constants for thinner samples 

will be more sensitive to electrode history if any structural changes in the ITO are 

occurring near the surface. Thinner samples will require different methodologies for 

determining the complex refractive index such as spectroscopic ellipsometry however, 

as the procedure outlined in Section 3.2 requires a reasonable number of interference 

fringes in the transmission spectrum. Also, the effects of varying the electrolyte ion 

species, concentration, and pH may yield insight into the mechanism whereby any optical 

changes are occurring.Future studies of the reaction of ITO with electrolyte solutions may 

benefit from the use of single crystal electrodes as these would allow more analytical 

techniques to be utilized, such as FT-IR spectroscopy (as discussed in Section 3.4.6) 

One experiment that is needed to establish a Hnlc between optical changes in the 

ITO and hydroxylation is the simultaneous measurement of ITO capacitance and EA-

lOW outcoupled intensity/optical background during a potential scan. If the changes in 

electrode capacitance and ITO absorptivity are related, then the time constants for these 

two processes should be equivalent. Another characteristic of the EA-IOW that may be 

determined from this experiment is the response time for the optical background to 

perturbations in electrode potential; ultimately, this will be important in the 

implementation of potential step experiments using the EA-IOW. 

7.3 EXPERIMENTAL DEMONSTRATION OF THE EA-IOW 

The high absorbance sensitivity of the EA-IOW was demonstrated using surface-
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adsorbed methylene blue, an electroactive dye molecule. From absorfoance measurements 

made at methylene blue surface coverages of 4% of a full close-packed monolayer or less, 

it was determined that at 633 imi, the EA-IOW is up to 4000 times more sensitive than a 

standard single-pass transmission spectroelectrochemical experiment in the measurement 

of thin filTTi absorbance. The EA-IOW is relatively insensitive to any absorbance 

contribution from superstrate solutions, however; using a dye-labeled dextran, the 

equivalent transmission pathlength was found to be ca. 0.15 mm. As expected, the 

absorbance from siuface-adsorbed methylene blue was linear with surface concentration, 

and the change in absorbance upon reduction to colorless leucomethylene blue was not 

dependent on potential scan rate (in the absence of kinetic effects). Finally, it was 

demonstrated that the change in absorbance upon reduction could be obtained in both TE 

and TM polarization to yield the dichroic ratio as a fimction of potential. Ultimately, 

when combined with measurements of fluorescence anisotropy, the ability to obtain a 

dichroic ratio of molecules at an electrode surface will allow molecular orientation 

distributions to be measured as a function of potential. 

Another experimental demonstration of the EA-IOW that was discussed was the 

formation of Prussian blue at the electrode surface during the cyclic voltammetry of 

ferricyanide. This data raises a fimdamental question regarding the nature of the electron 

transfer reaction between ferricyanide and ITO; is the mechanism purely outer sphere, or 

is there a direct interaction between the metal complex and the metal oxide surface? It is 

known that In^^ can form a complex with [Fe(CN)6]^", which can then be reduced to form 

a mixed-metd hexacyanoferrate compound To determine if this interaction can 
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also occur with indium in the oxide phase, techniques that are sensitive to the atomic 

and/or electronic structure of semiconductor surfaces (such as XPS and STM may 

prove useful. 

7.4 SPECTROELECTROCHEMISTRY OF PHTHALOCYANINE POLYMERIC 

ASSEMBLIES AT SUB-MONOLAYER SURFACE COVERAGES 

The spectroelectrochemistry of phthalocyaninatopoly(siloxane) (PcPS) films 

was investigated at low surface coverages ( <20% of a full monolayer, diluted in 

isopentyl cellulose). Under these conditions electron transfer between the PcPS and the 

ITO electrode is not limited by solvent or counterion diffusion through the film, as 

hypothesized for PcPS multilayer fihns. The spectroelectrochemistry of C1C8 PcPS at 

submonolayer surface coverage was found to be identical to that measured previously for 

multilayer films, suggesting that the thennodynamics of electron transfer is controlled by 

the fimdamental electron transfer reaction in these materials. A comparison between 

C1C8 PcPS and C1C18 PcPS films was inconclusive; it is not known if the observed 

differences in spectroelectrochemistry are a result of differential aggregation behavior in 

the mixed PcPS/IPC films, or simply due to subtle differences in absorption band position 

between the two polymers. 

The interpretation of the results in Figures 5.10 and 5.11 would be greatly 

simplified by the availability of true multi-wavelength spectroscopic data. All EA-IOW 

measurements made thus far have been purely spectrophotometric in nature; that is, only 
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one wavelength of light may be coupled into the EA-IOW at a time. Recently, 

achromatic coupling into a single-layer planar lOW has been demonstrated ™ It is 

anticipated that the achromatic coupling technology will be transfered to the EA-IOW in 

the near future. Not only will this refine experiments such as the spectroelectrochemistry 

of PcPS, but it will also increase the utility of the EA-IOW for ̂ plications such as 

chemical sensing. 

The spectroelectrochemistry of 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethoxy) 

phthalocyaninato copper (CuPc(0C20Bz)g) was also performed at low surface coverages 

(-0.25% mole ratio in methyl arachidate) and compared to the spectroelectrochemistry of 

multilayer films of this material. A significant difference was observed; except for the 

onset of oxidation, the absorbance change at 633 nm as a fimction of potential for 

CuPcCOCjOBz), at low surface coverage was identical to that seen for the PcPS material. 

This suggests that the aggregates present at such a low surface coverage are more highly 

ordered that the material in the multilayer films. In addition to continued 

spectroelectrochemical characterization of the CuPc(0C20Bz)8 at submonolayer coverage 

using the EA-IOW, STM and/or AFM investigations of the CuPc(0C,0Bz)8 aggregates 

may yield further insight into the supramolecular organization of the phthalocyanine in 

these films. 
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7.5 MEASUREMENT OF THE DICHROIC RATIO OF CYT CAT A METAL 

OXIDE ELECTRODE AS A FUNCTION OF POTENTIAL 

The dichroic ratio of an adsorbed cytochrome c  monolayer was measured using 

the EA-IOW, both as a fimction of potential and at open circuit To measure an 

absorbance in both TE and TM polarization at wavelengths corresponding to the Q-band 

of the heme prosthetic group, the EA-IOW was redesigned by decreasing the ITO 

thickness to 25 nm. Decreasing the ITO thickness not only decreased the propagation 

loss of the EA-IOW, but also created a waveguide structure where the effective refractive 

index for both TE and TM polarization is close enough to allow both polarizations to be 

simultaneously coupled into the waveguide, greatly simplifying the measurement of the 

dichroic ratio. A dichroic ratio of 4.0 ± 0.8 (n=3) was measured for horse heart 

ferricytochrome c while under potential control; after reduction of the protein film, the 

dichroic ratio dropped to 2.5 ± 0.2. The molecular orientation distribution can not be 

calculated from the dichroic ratio data alone, but the high dichroic ratio does restrict the 

average molecular orientaion and distribution width. The angle between the plane of the 

heme and the electrode must be less than ca. 30°, and the distribution width must be less 

than 20°. This is inconsistent with the simple model where cyt c orientates itself such 

that the electrostatic dipole is perpendicular to the electrode surface, with the plane of the 

heme tilted approximately 30° relative to the dipole. Either the protein orientation is 

determined by more than simple electrostatic interactions, or there is a structural 

rearrangement of the protein as a result of adsorption onto the ITO. Ultimately, the 



230 

dichroic ratio (as measured with the EA-IOW) will need to be combined with 

fluorescence anisotropy data to calculate true molecular orientation distributions. 

The dichroic ratio at open potential was not reproducible; this may be an efifect of 

mixed oxidation states in the cyt c film due to the proximity of the open circuit potential 

of the ITO to the redox potential for the cyt c. The dichroic ratio for yeast cyt c films was 

also not reproducible, either at open circuit or under potential control. The variability in 

electron transfer kinetics (as observed by the separation between the cathodic and anodic 

voltammetric waves, or the complete lack of any electron transfer) suggests that the 

protein film structure is extremely sensitive to experimental conditions; this is consistent 

with what has been previously reported for this protein 

The key to unraveling the relationship between protein film structure and electron 

transfer parameters will be to find a protein/surface combination that can be 

systematically modified to vary the interaction between the two components in a 

controlled maimer. The electrochemistry of horse heart cyt c at an immodified ITO is 

most likely not suitable for this purpose, as the electron transfer is too facile and 

insensi t ive  to  ITO elect rode condi t ioning (as  determined by cycl ic  vol tammetry  of  cyt  c  

at ITO electrodes that had not been preconditioned in electrolyte or had been modified by 

reaction with HMDS). The yeast cyt c/ITO protein/electrode pair may be more 

promising, as indicated by the variabiUty of results in Figure 6.11. An important question 

then becomes, what is the experimental variable that causes this irreproducibility, and 

how can it be controlled? A modified electrode surface may allow for greater control of 

protein/electrode interactions This will most likely entail the development and 



231 

characterizatioii of new methods for the chemical modification of ITO. Other heme 

proteins such as myoglobin could also be tested for their suitability for these experiments 

64.116.119.144.145 

Even if the connection between protein film structure and electron transfer 

energetics cannot be established directly, there are a number of questions regarding this 

relationship that could be addressed. As as example, it is hypothesized that diffusion-

controlled protein electrochemistry also requires a favorable protein orientation at an 

electrode if electron transfer involves an intermediate step where the protein is 

adsorbed to the electrode surface, then the molecular orientation distribution of the 

protein at the electrode could be determined and then compared to the molecular 

orientation distribution measured for an irreversibly adsorbed protein film (the strength of 

adsorption could be controlled through the ionic strength of the electrolyte solution in the 

case of cytochrome c electrochemistry). 



232 

APPENDIX 1 

A PROCEDURE FOR THE FABRICATION OF DIFFRACTION GRATING 

STRUCTURES Df PHOTORESIST 

1) Choose substrates that are free of defects and relatively clean. Mark each substrate in 

the lower right hand comer using a diamond scribe not only for purposes of identification 

but also so that the front and back of the substrate may be differentiated (the side with the 

mark becomes the back). 

2) Turn on the oven that will be used for baking the photoresist at least two hours before 

use  to  a l low i t  to  heat  up and come to  thermal  equi l ibr ium.  I t  must  be  se t  to  exac t ly  95° .  

Make sure the aluminum heating block is in the oven. 

3) Clean the substrates in the clean room using a solution of clean room detergent. Squirt 

a few mL of cleaning solution onto the substrate, and scmb the front and back vigorously 

using a cotton swab. Rinse the substrate with DI water, and then thoroughly dry by 

blowing with N,. It may take some practice to be able to blow dry a substrate without 

splattering water on portions of the substrate that are already free of water. One helpfiil 

suggestion is to use blue plastic forceps to grasp the substrate during cleaning; water may 

easily be blown out from under their grips. After drying a substrate, check for water spots 

or other particles by holding it up to a light. A final comment regarding substrate 

cleaning is that it is probably futile to clean the substrates before entering the clean room. 
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as they will become contaminated by dust paiticles very quickly. Also, while cleaning 

the substrates, clean a small amber jar, a glass syringe, and a 10 mL graduated cylinder 

for use in the preparation of the photoresist solution. 

4) After cleaning, some people dry the substrates further by heating them in the oven. 

This was not foimd to be necessary, but may be a good idea if the photoresist doesn't 

adhere to the substrate during spin-coating. 

5) Prepare the photoresist solution by mixing Shipley 1805 photoresist with Type P 

photoresist thinner in a 1:1 voliraie ratio. It is important that the photoresist solution not 

be exposed to white light. Approximately 20 ml of the solution is enough to coat 15-20 

substrates. 

6) Place a substrate onto the spin coater, backside down. It is important to check the spin 

rate and make sure that the vacuum is holding the sample using a dummy substrate. The 

spin rate should be adjusted to 4000 rpm, which will produce a photoresist film ca. 180 

irai thick. Using the glass syringe, apply approximately 1 mL of photoresist solution onto 

the substrate through a 0.2 /^m teflon filter. After any bubbles in the photoresist have 

dissipated, spin for 30 seconds. 

7) After all of the substrates have been coated, bake them in the preheated oven for 30 

minutes. They must be placed onto the aluminum block lying flat (backside down) using 
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a "cookie sheet' constructed of aluminum foil. If the substrates are not heated in this 

manner, the photoresist could bake unevenly, resulting in photoresist gratings of poor 

quality. 

8) At least a half-hour before exposing the photoresist gratings, turn on the He-Cd laser to 

allow it to warm up. 

9) A key requirement for good results is that the beam quality be very high. Figure A1.1 

is a diagram of the optical train used to spatially filter and collimate the laser beam. 

Inspect the beam immediately after the spatial filter; if the intensity is uneven then adjust 

the position of the pinhole relative to the microscope objective until the beam quality is 

acceptable. Also, measure the intensity of the beam at the sample stage; it should be 0.3 

mW/cm^. A lower intensity may indicate that the pinhole aperture is not aligned 

properly. 

10) Place a microscope slide coated on the backside with black strippable paint into the 

sample stage. Rotate the rotary stage to the desired angle; the relationship between the 

sample angle 0 and the grating period A is 

A = ^ —  ( A l . l )  
I s m O  

where X is the laser wavelength (441.7 nm for the He-Cd laser). Using the iris between 
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Figure Al.l. Optics for production of diffraction gratings in photoresist. A) 
441.5 nm line of the He-Cd laser, B) microscope objective and pinhole aperture, 
C) collimating lens, D) iris, E) rotary stage, F) sample holder/mirror 
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the sample stage and the collimating lens, adjust the beam diameter to the desired 

diffraction grating size. Move the XYZ stage that the rotary stage is mounted on until the 

incident beam and reflected beam on the sample overlap perfectly, and also so that the 

incident beam is centered vertically on the sample. 

11) Prepare the development solution by mixing Shipley 351 developer with water in a 

1:4 volxmie ratio; the development tank is designed to hold one liter of solution. Also, 

prepare a stop bath by filling an ^propriate container with DI water. 

12) After the substrates have been removed from the oven and have cooled sufBciently, 

coat the backside of each one with black strippable coating, taking care to be sure that the 

coating is even and free of pinholes. Let the black strippable paint dry for ca. 30-45 

minutes (until completely dry). 

13) Set the shutter control box for 30 seconds on delay. Place a substrate into the sample 

holder, close the protective box around the optical train, and trigger the shutter. It is 

important that the optical table not be bimiped diuing exposure. Also, the stir plate under 

the development tank should be turned off during exposure, as it has been reported that 

vibrations from this device can affect grating quality. 

14) After exposure, remove the black strippable coating fixim the back of the substrate 

and place it in the development tank mount. Place this into the development tank, and 
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adjust the mount angle until the negative first-order reflected beam fijom the developing 

grating is reflected back upon the incident laser beam, as diagramed in Figure A1 J.. 

Monitor the intensity of the negative first-order dif&acted beam with a laser power meter. 

Wait until the difi&acted intensity reaches a maximum, and then deceases ca. 10%, to 

remove the grating sample firom the development bath. 

15) Immediately place the sample into the stop bath for ca. 30 seconds. Then run the 

sample under DI water for 60 seconds, and blow dry. The sample may now be exposed 

to white light. 

16) It is very important that the development tank sample holder be dried thoroughly 

before the next sample is developed. 
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m=-1 

m=0 

Figure A1.2. Littrow configuration for monitoring the development of 
photoresist gratings. 
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APPENDIX 2 

A COMPUTER PROGRAM FOR THE MONTE-CARLO SIMULATION OF THE 

EFFECT OF SURFACE ROUGHNESS ON MOLECULAR ORIENTATION 

DISTRIBUTIONS 

The program "Belly" was written to investigate the effect of surface roughness on 

molecular orientation measurements through a Monte-Carlo simulation using images of 

surfaces obtained with AFM. Figure A2.1 outlines the structure of the program in flow

chart form. AFM data that has been converted to ASCII format is loaded into the 

program; information from the data header is then used to properly scale the image. The 

image is broken down into sub-arrays with dimensions determined by the molecular size 

m entered by the user, and the model used to simulate either a linear adsorption dipole (1-

D model) or a circular adsorption dipole (2-D model). Each sub-array contains all the 

AFM points found 'maxim xm area in the AFM image for the 2-D model; for the 1 -D 

model, each sub-array contains all the points in an m x 1 row area. This is illustrated in 

Figure A2.2 for a 2-D sub-array. Because m and the spacing between AFM points may 

not be equal, each m\ mis rounded up to the next AFM data point spacing (with the 

consequence that if the value of m is chosen to be less than the AFM data spacing, each 

sub-array Avill still contain 2x2 data points). Starting at one comer of the AFM image, 

"Belly" sequentially processes each sub-array by first fitting a plane (or line for the 1-D 

model) to the data points in that area. The plane (and line) fits are made through the use 
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Input Model 

{ Rnd normal vectorto line or plane 

Shift nomfial vector by ̂  to obtain molecular 
orientation vector 

Input orientation 
distribution 

Find angle between suiMtrats normal atKi molecular 
orientatibn vector 

Rnd next array in AFM data 

No more data More data 

iPlot/save distribution data 

Input Molecule size m 

Open ASCII data file 

Define array from AFM data 

Input ayeiage 
orientation angle 

Scale AFM data from file header data 

Calculate & 
Gaussian distribution 

on 

Fit line (1D) or plane QD) to 
array using Linear Le  ̂Squares 

if models 1Dthenanay8ize = mx 1 
I f  m o d e l  =  2 D  t h e n  a r r a y  s i z e  =  m x m  

Figure A2.1. Flow chart for the program "Belly" described in the text. 
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Figure A2.2. Definitions of vectors and angles used in the text description of 
"BeUy". 
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z = fiQ + p^y (A2.1) 

Including the residuals e, for a point denoted by the subscript /, Equation A2.1 becomes 

Z. = + P^x. + P^y. + e. (A2.2) 

The aim of least squares is to minimize the square of the residuals. Rearranging and 

squaring both sides, and simuning over all points. Equation A2.2 becomes 

I I 

To minimize e,", the derivative is taken with respect to P,,, and p, and equated to zero. 

de^ -

I = 0 = I 
3P̂  . / 

de^ d I = 0 = z dp^ 
= 0 = 

Ip̂  i 

dP: d 
r 

t = 0 = I 
^P^ . / 

(A2.4) 
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This yields 

0 = 

0 = 

0 = 

-21 
/ 

-21 
/ 

-21 
/ 

z . - b f . -  b , x .  -  b ^ y . \  
I 0 1 / 2  ̂I \ 

'i - h - ¥i - *2^/h 

(A2.5) 

which can be rearranged to the set of Normal Equations 

i i i 

Y,yi^i  = PYuy, 
/ i Q i i 

where n is the number of points to be fitted. Equations A2.6 can be solved through the 

use of Gauss-Jordan elimination to obtain the constants P„ and p, 

The two-dimensional case can be treated in the same manner, resulting in the 

system of Normal Equations 

(A2.7) 

which can be solved for and P, to obtain the famiUar equations for a line fit in two 
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dimensions. As the 1-D model is a special case of the 2-D model, the remainder of this 

Appendix will discuss the mathematics of'^Belly*' in the context of the 2-D model only; 

the computational procedures for the 1-D case can in all instances be deduced from the 

discussion of the 2-D model. 

After determining the equation of the plane T that fits the sub-array being 

analyzed, "Belly" determines the molecular orientation relative to that plane. First, a 

molecular orientation vector M i j + z k is defined normal to the surface of 5*, as 

illustrated in Figure A1.2. The coefficients i, j, and k can be determined firom the 

equation of IP through the relations 

The vector M, however, assumes a molecular orientation 0 of 0°. To model a non-zero 

molecular orientation, it is assimied that the distribution of 6 is described by a Gaussian 

distribution 

i = A 

j = A (A2.8) 

k = -l 

(A2.9) 
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where is the 6„ mean molecular orientation and 6^ is the standard deviation of the 

molecular orientation distribution. The angle 0 through which to rotate M to the new 

molecular orientation vector M' is determined by using an algorithm that generates 

random numbers with a distribution determined by a Normal distribution. The molecular 

orientation vector M is rotated to M' through the matrix transformation 

[i' j' k']=[i j k] 

cos^ 0 -sin^ 

0 1 0 

sin^ 0 cos^ 

cos^ -sin^ 0 

sin (jt cos ̂  0 

0 0 I 

(A2.10) 

The angle (j) represents the azimuthal angle, and is determined randomly. 

After calculating the new molecular orientation vector, the angle 0' between M' 

and the z-axis vector Z is foimd with 

where the dot signifies a dot product and |M'|| and ||Z|| are the lengths of each vector. 

After calculating 0', "Belly" tallies this value in an array of angles corresponding 

to the simulated molecular orientation distribution. The program then moves onto the 

next sub-array of points S. This process is repeated until the entire AFM image has been 
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processed, at which time the simulated distribution is plotted and/or saved for further 

analysis. 
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APPENDK3 

DEVELOPMENT OF A SOL-GEL BASED OPTICAL FIBER SENSOR FOR 

GASEOUS IODINE 

A3.1 INTRODUCTION 

For nuclear non-proliferation monitoring, a simple, rugged sensor for iodine 

would be of great use as I2 is a byproduct of the conversion of to plutoniimi, and can 

be used as a marker of covert weapons production. Another possible application for an 

iodine sensor is in the detection of the illicit synthesis of methamphetamine from 

pseudoephidrine, where hydroiodic acid is often used to convert the hydroxyl group of 

the latter to an iodide. At present, there is no commercially available sensor system for 

iodine in the gas phase. Thin film conductivity and surface acoustic wave (SAW) sensors 

have been developed that could be used to detect I, vapor A major limitation of 

these sensors, however, is that they lack selectivity. For example, conductivity sensors 

constructed from thin films of organic electron donors (such as phthalocyanines) will also 

react with other common gaseous oxidants (NOj, CI,, Brj). 

Recently, an optical sensor for iodine was developed that optically detected the 

formation of a charge-transfer complex between I, and phenyl groups incorporated into a 

sol-gel matrix Although other halogens also form charge-transfer complexes, they are 

not as strong as that formed by iodine, and also absorb at higher energies than the I,-

phenyl complex, introducing selectivity to the sensor. Incorporation of the phenyl groups 
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into a hybrid organic/inorganic sol-gel material allowed the properties of the sensing film 

(response time, mechanical durability) to be optimized; a major attraction of sol-gels 

modified with organic components is that their properties may easily be tailored to fit a 

particular application This Appendix describes the development of new 

organically-modified sol-gel materials for use in the construction of a fiber optic sensor 

for I2. Also, the interaction strength of the sol-gel material with iodine will be increased 

by incorporation of stronger electron-donating groups into the sol-gel network In 

Reference 23, the optical changes were detected evanescently using an lOW platform; the 

present work will be concemed solely with fiber optic sensors Evanescent field-

based sensing with a planar lOW provides higher sensitivity, but is not as amenable to 

achromatic coupling as is evanescent field-based sensing with a cylindrical waveguide 

(optical fiber). Furthermore, fiber optic sensors could be very easy to fabricate on a large 

scale, and are highly amenable to the construction of large area sensors (such as what is 

needed to monitor a facility such as a nuclear power plant). Finally, it is not the absolute 

sensitivity per unit length that should be the figure of merit in determining sensor 

performance, but rather the ratio of the sensitivity to the inherent optical loss of the 

waveguide. Based on this criterion, fiber optic sensors may prove to be as sensitive as 

lOW-based devices, as fiber optic loss can be as low as a few dB's/km. 

A3.2 SOL-GEL COATING OF FIBER OPTIC WAVEGUIDES 

Two methods were used to coat the bare, 120 /zm thick silica fibers used in this 
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CB, 

Figure A3.1. Representation of an organically-modified sol-gel network 
incorporating methyl groups to increase the porosity and phenyl groups to 
react with I, vapor. 
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woiic with sol-gel films. The first is illustrated in Figure A32, and is based on the dip-

coating used to deposit thin sol-gel films onto planar substrates A small hole (300 /zm 

in diameter) is drilled into the bottom of a plastic scintillation vial. A few ml (5-10) of 

the sol-gel solution to be coated on the fiber is placed in the vial, and the fiber is drawn 

upwards through the hole at a rate of approximately 10 cm/sec using a small gear motor 

(an alligator clip attached to a length of fishing line is used to grasp the end of the fiber). 

The coating of the fiber actually occurs at the meniscus formed aroimd the fiber as it is 

drawn upwards. Fibers as long as 1 m have been coated in this manner. Like dip-coating 

of planar substrates, the quality of the deposited film depends strongly on the sol-gel 

formulation. The top micrograph in Figure A3.2 is an epifluorescence image of an 

amine-modified sol-gel film, doped with rhodamine 6G, that has been coated onto a bare 

fiber. The coating is of quality, as it is smooth and featureless. This can be compared to 

the bottom image, an epifluoresence image of a phenyl-modified sol-gel film, again 

doped with rhodamine 6G. The sol-gel film is present in small "climips" around the 

fiber; these climips are undesirable as they could introduce scattering centers, leading to 

unacceptable optical losses. 

An advantage of fiber optics over planar waveguide sensors is that coatings may 

be applied as the optical fiber is manufactured. Figiure A3.3 is a schematic of the fiber-

drawing system used to fabricate the bare optical fiber utilized in this Appendix. Briefly, 

optical fibers are "stretched" by a capstan from glass preforms that are slowly inserted 

into a fiimace; the diameter of the fiber is determined by the ratio of the velocities of the 

fiber and the preform. After the fiimace, but before the capstan, a protective cladding 
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t DirecHon of Good-Qualttjr Film 
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300 \im hole 

Fiber 

Poor-Quality Film 

Figure A3.2. Schematic of a dip-coating apparatus for coating 
optical fibers with sol-gel films, and epiflourescent micrographs 
comparing good and poor quality films (obtained fi-om amine-
modified and phenyl-modified sol-gel solutions, respectively). 
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Figure A3.3. A fiber-drawing system, and an optical micrograph of a 
poor quality fihn obtained firom a methyl-modified sol-gel coated onto 
optical fiber during a draw. 
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may ^plied to the bare fiber using a small cup into which uncured silicone is pumped; 

holes in the bottom and top of the cup allow the fiber to be drawn through the cladding 

material. A fitmace placed immediately after the cladding cup cures the silicone at high 

temperature so that it may be handled immediately after being drawn. 

It was believed that sol-gels could also be coated onto fibers using the cladding-

cup technology. There are a number of differences between cladding coating and dip-

coating as described in the previous paragraph, however. First, the velocity of the fiber is 

much higher than in the dip-coating apparatus of Figure A3.2; typical drawing rates are in 

the range of 10 m/min. Next, cladding-cups are designed to coat viscous materials, such 

as uncured silicone; sol-gel solutions are usually less viscous than water. Also, the 

mechanism of coating is different in the two cases; dip-coating relies on the deposition of 

a film from the solution meniscus, while silicone is essentially "extruded" onto the 

optical fiber from the cladding cup. 

Using the cladding cup to deposit sol-gel films onto fibers during the draw had 

mixed results. A pure silica sol-gel material was foimd to coat the fibers very smoothly; 

most organically-modified sol-gels yielded poor results, however, as seen in the inset of 

Figure A3.3, a spotty film obtained from a sol-gel solution containing a silicon alkoxide 

precursor modified with a methyl group (methyltriethoxysilane). The one organically-

modified sol-gel that was successfiilly coated onto a fiber during a draw contained a 

tertiary amine functionality, and is described in Section A3.3.2; it is likely that the high 

viscosity of the sol-gel solution after aging may have been the key factor in obtaining 

decent film quality. Access to the fiber drawing system was limited, restricting the 
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number of experiments regarding sol-gel coating during a fiber draw. Future 

investigations in this area should be directed towards the development of an 

understanding of why some sol-gel materials coat the fiber well, and others leave films of 

extremely poor quaUty. 

In Figure A3.3, there are two cladding stages pictured. Ultimately, it may be 

desirable to overcoat the sol-gel coated fiber with another layer to provide a protective 

cladding for the fiber; aging effects and contamination fi'om sources such as sebaceous 

oils can make a bare sihca fiber very brittle and prone to breakage. 

A3.3 SOL-GEL FORMULATIONS 

A3.3.1 Non-amine Organically Modified Sol-Gels 

For convenience. Table A3.1 lists the abbreviations used for all of the sol-gel 

precursor materials discussed in this Appendix, along with their chemical names and 

formulas. 

A summary of the sol-gel formulations investigated that contained electron-

donating groups other than amines is given Table A3.2. The sol-gel material is identified 

in the first colimm, followed by the composition of the sol-gel precursor solution and the 

form in which the properties of the sol-gel material were investigated. Finally, the 

reactivity toward iodine is rated quaUtatively (based on the observation of a color change 

due to the formation of the charge-transfer complex), along with the estimated 

reversibility. Each material will be described in the order in which it appears in the 
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Abbreviation Chemical Name Fomnula 

MTES Methyitriethoxysilane H3C-Si(OCH2CH3)3 

DMDES Dimethytdiethoxysilane (H3C)2-Si(0CH2CH3)2 

DPDES Dfphenyldiethoxysilane (CeHsXj-SKOCHjCHa)̂  

TEOS Tetraethylorthosiiicate SKOCHjCHa)̂  

TMOS Tetramethylorthosilicate SKOCHj)̂  

PEG Poly(ethyleneglycol) H0-(0CH2CH2)„-0H 

APTES 3-Aminopropyltriethoxystlane H2N-(CH2)3-S((0CH2CH3)3 

DMAPTES (N.N-dimethylaminopropyl)-
triethoxysilane 

(H3C)2N-{CH2)3Si(OCH2CH3)3 

TESP 2-(triethoxysilylethyl)pyridine (C5H4N)-CH2CH2-
Si(OCH2CH3)3 

TMSE bis(trimethoxysiIyl)ethane (H3CO)3Si(CH2)2Si(OCH3)3 

Table A3.1. Abbreviations and chemical formulas for the silicon alkoxide sol-gel 
precursors discussed in this Appendix. 
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Table. 

The first entry in Table A3.2 is not actually a sol-gel material, but is included due 

to its chemical similarity; GE 615 is a commercial silicone polymer that is commonly 

used as a fiber optic cladding material. The absorbance changes occuring in a GE 615-

clad fiber upon exposure to I, are shown in Figure A3.4. It appears that the reaction 

between and any reactive sites inside the siloxane coating is completed within the first 

30 minutes; given the high thickness of the GE 615 cladding (ca. 100 fzm), the siloxane 

networic must be fairly porous. The reaction between the cladding and iodine is also 

reversible, as indicated by the decrease of the signal to near zero after almost an hour 

without any iodine in the carrier stream. 

Although the GE 615 cladding could be used as an I, sensor, it would be desirable 

to increase the analytical sensitivity by placing the Ij sensing layer completely inside the 

evanescent field of the fiber. Also, it is not possible to control the composition of the GE 

615 polymer to tune the reactivity of the sensing material to iodine. The reactivity of GE 

615 or other cladding materials is extremely important, however, as any practical fiber 

optic sensor would require a protective cladding in addition to any sol-gel layers to 

increase sensor durability. Any reaction between Ij and the cladding material could 

prevent analyte fi-om reaching the sensing layer (or, at the very least, decrease response 

time), degrading sensor performance relative to a sensor without a cladding layer. 

The first sol-gel investigated was the phenyl-modified material fix>m Reference 

23. This formula was found to be unacceptable for the construction of a fiber optic based 

sensor, however. When coated onto an optical fiber, films were of poor quality (see 
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Material Composition Format Reactivity 
toward 
Iodine 

Reversibilitv 

Fiber dadding 
material 

GE 615 Silicone Thin film 

Bulk 

Low to 
Medium 

Very reversible 

Phenyl modified 
sol-gel 

40 ml Ethanol 
20 ml MTES 
20 ml DMDES 
5 ml DPDES 
3 ml conc. HNO3 

Thin film 
(110 nm) 

Does not 
gel into 
bulk 

Medium Very reversible 

Poly(ethylene 
glycol) modified 
sol-gel 

5 ml TEGS 
1.07 mlHzO 
5 ml Ethanol 
0.5 ml PEG 400 
0.56 ml 0.04 M 

conc. HCI 

Thin film Medium Low (non-porous) 

Phenyl modified 
Spin-on glass 

Accuglass 204 Thin film Medium Medium (non-
porous) 

Phthalocyanine-
modified sol-gel 

(TEA)2- Capped 
SiPC doped in a 
TMOS sol-gel 

Bulk Low (But high 
to NO2) 

Not reversible 

Table A3.2. Non-amine modified sol-gel materials investigated in the development of a 
fiber optic Ij sensor. 
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Figure A3.4. Response of GE 615 silicone cladding to 
saturated I, in air. Fiber length; 50 cm. The was removed 
from the carrier stream after 60 minutes. 



259 
Figure A3.2), and there was no observed absorbance increase from the formation of a 

charge-transfer complex when exposed to Ij. This may be a consequence of the high 

hydrophobicity of the sol-gel network, resulting in poor wettability of the sol-gel solution 

onto the silica fiber during dip-coating. 

To increase the film quality, a more hydrophillic sol-gel formula was created, 

utilizing poly(ethylene glycol) with an average molecular weight of400 as the electron-

donating agent. The response of a fiber coated with a PEG-400/TEOS film to Ij-saturated 

air is given in Figure A3.5. The primary disadvantage of this formulation is that the film 

is relatively non-porous, resulting in slow response and extremely long reversibility 

times. 

Related to the phenyl-modified sol-gel is Accuglass 204, a product of Allied 

Signal. Accuglass is a sol-gel like material that is designed to be spin-coated on top of 

microelectronic devices to serve as a protective coating. Although it was never tested as 

a coating for optical fibers (in part due to its high refiactive index), the reaction of 

Accuglass 204 with iodine was measured spectroscopically in a transmission format. 

Figure A3.6 contains the spectra of an Accuglass 204 film before and after reaction with 

iodine vapor. There are two new bands clearly visible after the reaction; one at 292 nm 

which is the actual charge-transfer band and another at 500 nm which is from 

uncomplexed I,. The complexed-I, band appears as an extremely weak absorbance in the 

wavelength range from 350-425 nm; as this is the band that is detected for all of the 

sensor materials discussed in this Appendix, it is clear that a dramatic increase in 

sensitivity could be realized by detection of the charge transfer band in the UV. 
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Figure A3.5. Response of a fiber coated with a PEG-400 
modified sol-gel to Ii-saturated air. Fiber length; 20 cm. 
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Figure A3.6. Response of an Accuglass 204 film coated 
onto a quartz slide to I, vapor. Black line; before 
exposure, grey line; after exposure. The peak between 
250 and 275 nm is due to the absorbance of phenyl 
groups. The two new bands appearing after exposure 
are the charge-transfer band (292 nm) and molecular I2 
absorbance (500 nm). 
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An approach to iodine sensing that was briefly pursued was to dope a sol-gel fibn 

with several redox-active indicator molecules, each indicator possessing a different redox 

potential and thus a different sensitivity to iodine oxidation. The signal contribution from 

iodine could then be deconvoluted from the total signal from all oxidants, introducing 

selectivity to the sensor. The series of indicator molecules that were investigated where 

oligomers of phthalocyaninatopoly(siloxane), end-c^ped with triethanol amine to impart 

solubility in polar solvents'". As the nimiber of phthalocyanine imits in the oligomer 

increases, the potential for oxidation becomes less positive, making the molecule more 

reactive towards oxidants it was hypothesized that the monomer would only react 

with oxidants stronger than I,, while the dimer or trimer would react with all oxidants. 

An attractive property of silicon phthalocyanine is that the primary absorption band for 

the n=l to n=3 oligomers do not overlap significantly, making it easy to measure the 

reaction of each molecule separately. The monomer, dimer and trimer silicon 

phthalocyaine were entrapped in sol-gel matrices; it was found that the trimer was easily 

degraded to the dimer and monomer by any acid or base catalyst present in the sol-gel 

formula. Leaching studies with organic solvents (pyridine and chloroform) suggested 

that the TEA-endcap was lost in the sol-gel hydrolysis reaction, and that the silicon 

phthalocyanine was subsequently covalently incorporated into the sol-gel network 

through the formation of bonds with the axial position of the oligomer. Only the 

monomer-doped sol-gel was tested for its reactivity towards gaseous oxidants, as seen in 

Figure A3.7. Exposure to NOj completely bleached the gel; the reaction with Ij-saturated 

air only decreased the intensity of the absorption band by ca. 30%. Unfortunately, both 
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Figure A3.7. The reaction of silicon phthalocyanine modified sol-gel bulks 
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respectively. 
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reactions were completely irreversible. This research direction was discontinued after 

these results. 

A3.2 AMINE MODIFIED SOL-GELS FOR THE DETECTION OF I^ IN THE 

GAS PHASE 

Table A3.3 lists the formation constants, in solution, of several iodine charge 

transfer complexes From this data, it is clear that the sensitivity of an iodine sensor 

could be increased dramatically by utilizing an amine fimctionality as the electron-

donating group, although a disadvantage of increasing the sensor sensitivity by increasing 

the formation constant for the charge transfer complex is a decrease in signal 

reversibility. For some analytical applications, however, an integrating-type sensor may 

be desirable. By choosing an appropriate donor, it may be possible to "tune" a sensing 

material to optimize it for a particular application. For this reason, reversibility was not a 

concern in the development of the amine modified sol-gel materials listed in Table A3.4. 

A common feature of all of the amine-modified sol-gel formulas in Table A3.4 is 

that there are no added catalysts; the amines themselves catalyze the hydrolysis and 

condensation of the silica backbone. 

The first of these materials, modified with a primary amine fimctional group, was 

surprisingly not reactive to iodine at all. This was in direct contrast to the tertiary-amine 

sol-gel, which was foimd to be extremely reactive towards Ij. Fibers coated with this 

material visibly turn yellow if there is any iodine being handled in the same room that the 
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Donor Solvent Fomation Constant 
K/l mol-' 

Benzene 0.15 

Ethanoi 0.26 

Diethyl ether 0.97 

Methylamine 530 

Dimethylamine 6800 

Trimethylamine 12,100 

Pyridine 269 

Table A3.3. Formation constants for iodine complexes in solution. 
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Materiat ConriDosltion Format Reactivity 
toward 
iodine 

Reversibility 

Primary-amine 
modifî  sol-gel 

2 ml APTES 
0.8 ml Ethanol 
0.4 ml HjO 

Thin film 

Bulk 

Low ? 

Terfary-amlne 
modifî  sol-gel 

2 ml DMAPTES 
0.8 ml Ethanol 
0.4 ml HjO 

Thin film 

Bulk 

High Non-reversible 

Pyridine modified 
sol-gel 

1 mi TESP 
0.4 ml Ethanol 
0.2 ml HjO 

Bulk 

Thin Film 

High Non-reversible 

Pyridine/ethylene 
modified sol-gel 

5 mL TMSE 
1.0 ml TESP 
35 ml Ethanol 
1.0 mlHjO 

Thin film High Low 

Tertiary-
amine/ethylene 
modified sol-gel 

5 mL TMSE 
1.0 ml DMAPTES 
35 ml Ethanol 
1.0 ml HjO 

Thin film High Low 

Table A3.4. Amine modified sol-gel materials investigated in the development of a fiber 
optic I, sensor. 
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fibers are being stored in, even if the fibers are in a sealed container. Figure A3.8 is the 

optical response of one of these fibers to saturated iodine vapor. A curious feature of the 

response is the shift in absoibance that occurs between t^lO and t=l 10 minutes. It is 

possible that the reducing strength of the tertiary amine is sufBcient to produce 1% and that 

higher iodides are being formed. Supporting this hypothesis was the high reactivity of 

tributylamine to iodine; a few I^ crystals dropped into the solvent resulted in an extremely 

vigorous reaction, with a black sohd as the product. 

The pyridine-modified sol-gel did not appear to be as reactive. The formation of 

the charge-transfer complex between iodine and the pyridyl groups of the sol-gel network 

can be seen in Figure A3.9 as measured on a quartz substrate; optical fibers coated with a 

film of the pyridine-modified sol-gel did not siipport any guided modes. The general 

reactivity of amine-modified sol-gels to oxidants other than Ij was tested using 2 mm-

thick monoUths of the pyridine sol-gel. In Figure A3.10 A, the selectivity towards Br, is 

demonstrated. After a ca. 5 minute exposure to the respective halogen, the optical 

response is approximately equal, even though the vapor pressure of bromine is over 600 

times higher than the vapor pressiure for iodine. The bottom panel in Figure A3.10 is the 

spectrum of the pyridine sol-gel after reaction with NOj. An unknown reaction product 

was formed, as indicated by the new absorption band at ca. 600 nm. The new band is not 

due to free-NOj absorption, as can be seen by comparing the NOj/pyridine sol-gel 

reaction product spectrum with the spectrum of gas-phase NO2, also shown in Figure 

A3.10B. 

To create a pyridine-modified sol-gel film that could be coated onto optical fibers. 
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Figure A3.8. The optical response of an optical fiber 
coated with a tertiary-amine modified sol-gel fihn to 
saturated I, vapor in air. Fiber length; 20 cm. 
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Charge-transfer band (X ^=235 nm) 

and pyridine absorbance 

Absorbance due to 1^ 
(X =390 nm) 
* max ' 

200 400 600 800 1000 

Wavelength, nm 

Figure A3.9. Adsorption spectra of pyridine-modified sol-
gel film coated onto a quartz slide, before and after exposure 
to I^-saturated air. 
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Figure A3.10. (A) Reaction of a pyridine-modified soi-gel bulk (2 mm 
thick) to Brj in air. The response to is also shown for comparison. (B) 
Reaction of a pyridine-modified sol-gel bulk to NOj, and the spectrum of 
NO, in air. 
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a two-component, low refractive-index sol-gel formula was created that incorporated a 

bifimctional silicon alkoxide containing an ethylene bridging unit, 

bis(trimethyoxy)silylethane. This compound belongs to a class of sol-gel precursors that 

form highly-porous inorganic/organic hybrid networks the polysilsesquioxane created 

fit)m this particular precursor was found to have a surface area of over 700 mVg. 

Figure A3.11 shows the absorbance signal from a fiber coated with the 

pyridine/ethylene modified sol-gel upon exposure to at a concentration of 5 ppm in a 

N, carrier stream (flow rate =10 L/min). The response is rapid and sensitive, 

demonstrating the feasibility of constructing a large-area fiber optic iodine sensor using 

this material. 

A binary tertiary-amine/ethylene modified sol-gel was also coated onto an optical 

fiber, and tested as to its reactivity with iodine (Figure A3.12). This material exhibited an 

even faster response time and higher sensitivity than its pyridine counterpart. 

The spectra in Figures A3.11 and A3.12 were obtained from fibers that had been 

coated less than a week before the experiment; experiments to characterize optical fibers 

coated with either a pyridine/ethylene or the tertiary-amine/ethylene sol-gel film after 

aging for ca. two months failed to detect any response to iodine. Clearly, thin films made 

from these materials are highly sensitive to aging effects. 

A3.3 CONCLUSIONS AND FUTURE DIRECTIONS 

Of all the sol-gel materials investigated, the amine/ethylene binary sol-gel formula 
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Figure A3.11. Spectra obtained from an optical fiber 
overcoated with a pyridine/ethylene-modified sol-gel film 
after exposure to 5 ppm I2 in N,. Fiber length; 20 cm. 
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Figure A3.12. Spectra obtained from an optical fiber 
overcoated with a tertiary amine/ethylene-modified sol-gel 
film after exposure to 5 ppm in N,. Fiber length; 20 cm. 
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shows the most promise for the construction of a large-area fiber optic iodine sensor. The 

response time and detection limits of fibers coated with films of these sol-gels remain to 

be characterized. From the data in Figures A3.11 and A3.12, detection limits in the ppb 

range may be extrapolated based on simple lengthening of the sensor fiber. 



REFERENCES 
275 

1) Gale, R. J., Ed. "Spectroelectrochemistry: Theory and Practice Plenum Press: New 
York, 1988. 

2) Yamaguchi, T.; Valli, M.; Miyata, S.; Wakita, H. "In-situ absorption 
spectroelectrochemistry for the determination of the oxidation states and the local 
structure of metalloprotein model compounds". Analytical Sciences 1997,13, 37-40. 

3) Ferencz, A.; Armstrong, N. R.; Wegner, G. "Electrochemical Characterization of the 
Oxidation of LB Films of Polyphthalocyaninatosiloxane", Macromol. 1994,27, 1517-
1528. 

4) Ito, T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Washington, J.; Kubiak, C. P. 
"Effects of Rapid Intramolecular Electron Transfer on Vibrational Spectra", Science 
1997,277, 660-663. 

5) Clark, R. J. H.; Dyson, P. J.; Hiunphrey, D. G.; Johnson, B. F. G. "In Situ Infrared 
Spectroelectrochemical Studies of [Ru5C(CO)(,7)] and [Ru5C(CO)(,6)]^": The Redox 
Induced Conversion of Carbon Monoxide to Carbon Dioxide Polyhedron 1998,17, 
2985-2991. 

6) Page, S. E.; Gordon, K. C.; Burrell, A. K. "Altering the Balance between Ligand-
Based Radical Anion Formation and Dechelation in Electrochemically Reduced 
Binuclear Copper(I) Complexes: A Resonance Raman Spectroelectrochemical Study", 
Inorg. Chem. 1998,37,4452-4459. 

7) Wang, X. M.; Yan, M. D.; Zhu, J. J.; Chen, H. Y. "The Surface-Enhanced Raman 
Spectroelectrochemical Study on the Interaction between Beta-Cyclodextrin and the 
Electrochemically Generated Radical Intermediate of Flavin", J. Electroanal. Chem. 
1998,451, 187-192. 

8) Hamnett, A.; Christensen, P. A. "Analysis of Electrogenerated Films by Ellipsometry 
and Infrared Spectrometry", Analyst 1994,119, IZS-lAl. 

9) Bancroft, E. E.; Sidwell, J. S.; Blount, H. N. "Derivative Linear Sweep and Derivative 
Cyclic Voltabsorptometry", ^/za/. Chem. 1981,55,1390-1394. 

10) CoUinson, M.; Bowden, E. F. "UV-Vis Spectroscopy of Adsorbed Cytochrome c on 
Tin Oxide Electrodes", Anal. Chem. 1992, 64,1470-1476. 



276 
11) Hansen, W. N.; Knwana, T.; Osteryoimg, R. A. "Observation of Electrode-Solution 
Interface by Means of Internal Reflection Spectrometry", Anal. Chem. 1966,38,1810-
1821. 

12) Srinivasan, V. S.; Kuwana, T. 'Tntemal Reflection Spectroscopy at Optically 
Transparent Electrodes", / Pf^s. Chem. 1967, 72,1144-1148. 

13) Kuwana, T. "Spectroelectrochemistry at Optically Transparent Electrodes. I. 
Electrodes under Semi-infinite Diffusion Conditions Bard, A. J., Ed.; Marcel Dekken 
New York, 1974; Vol. 7, pp 1-78. 

14) Hanick, N. J. "InternalR^ection Spectroscopy"', Interscience Publishers: New 
York, 1967. 

15) Hansen, W. N.; Osteryoung, R. A.; Kuwana, T. "Internal Reflection Spectroscopic 
Observation of Electrode-Solution Interface",/. Am. Chem. Soc. 1966,88,1062. 

16) Winograd, N.; Kuwana, T. "Characteristics of the Electrode-Solution Interface under 
Faradaic and Non-Faradaic Conditions as Observed by Internal Reflection Spectroscopy", 
J. Electroanal. Chem. 1969,23,333-342. 

17) Plowman, T. E.; Saavedra, S. S.; Reichert, W. M. 'Tlanar integrated optical methods 
for examining thin films and their surface adlayers", Biomaterials 1998, /9,341-355. 

18) Bohn, P. W. "Optical Waveguide Techniques for Structural and Chemical Analysis in 
Thin Film and Interfacial Systems", Trends in Analytical Chemistry 1987, 6,223-233. 

19) BCang, L.; Dessy, R. E. "Slab Waveguides in Chemistry", Crit. Rev. Anal. Chem. 
1990,21, 377-388. 

20) Taylor, H. F.; Yariv, A. "Guided Wave Optics", Proceedings of the IEEE 1974, 62, 
1044-1060. 

21) Kogelnik, H. "Theory of Optical Waveguides"', Tamir, T., Ed.; Springer-Verlag: 
Berlin, 1990, pp 12-53. 

22) Yang, L.; Saavedra, S. S. "Chemical Sensing using Sol-Gel Derived Planar 
Waveguides and Indicator Phases", Anal. Chem. 1995, 67,1307-1314. 

23) Yang, L.; Saavedra, S. S.; Armstrong, N. R. "Sol-Gel Based, Planar Waveguide 
Sensor for Gaseous Iodine",Chem. 1996, 1834-1841. 



in 
24) Saavedra, S. S.; Reichert, W. M. 'Tn Situ Quantitation of Protein Adsorption Density 
by Integrated Optical Waveguide Attenuated Total Reflection Spectrometry", Langmuir 
1991, 7,995-999. 

25) Rabolt, J. F.; Santo, R.; Swalen, J. D. "Raman Measurements of Thin Polymer Fikns 
and Organic Monolayers", Appl. Spec. 1980,34, 517-521. 

26) DeGrandpre, M. D.; Burgess, L. W.; White, P. L.; Goldman, D. S. "Thin Film Planar 
Waveguide Sensor for Liquid Phase Absorbance Measurements", Anal. Chem. 1990, 62, 
2012-2017. 

27) Saavedra, S. S.; Reichert, W. M. "Integrated Optical Attenuated Total Reflection 
Spectrometry of Aqueous Superstrates using Prism-Coupled Polymer Waveguides", 
Anal. Chem. 1990, 62,2251-2256. 

28) Edmiston, P. L.; Lee, J. E.; Cheng, S.-S.; Saavedra, S. S. "Molecular Orientation 
Distributions in Protein Films. 1. Cytochrome c Adsorbed to Substrates of Variable 
Surface Chemistry", J. Am. Chem. Soc. 1997,119, 560-570. 

29) Wood, L. L.; Cheng, S.-S.; Edmiston, P. L.; Saavedra, S. S. "Molecular Oreintaion 
Distributions in Protein Films. 2. Site-Directed Immobilization of Yeast Cytochrome c 
on thiol-Capped, Self-Assembled Monolayers", J. Am. Chem. Soc. 1997,119, 571-576. 

30) Edmiston, P. L.; Saavedra, S. S. "Molecular Orientation Distributions inb Protein 
Films: HI. Yeast Cytochrome c Immobilized on Pyridyl Disulfide-Capped Phosphlipid 
Bilayers", Biophysical Journal 1998, 74,999-1006. 

31) Edmiston, P. L.; Saavedra, S. S. "Molecular Oreintation Distributions in Protein 
Films. 4. A Multilayer Composed of Yeast Cytochrome c Bound through an 
Intermediate Streptavidin Layer to a Planar Supported Phospholipid Bilayer", J. Am. 
Chem. Soc. 1998,1665-1671. 

32) Itoh, K.; Fuijishima, A. "An Application of Optical Waveguides to Chemistry: 
Construction of Optical Waveguide Electrodes", J. Phys. Chem. 1988, 92, 7043-7045. 

33) Itoh, K.; Fujishima, A. "An Application of Optical Waveguides to Electrochemical 
and Photoelectrochemical Processes Murphy, O. J., Ed.; Plenum Press: New York, 
1992, pp 219-225. 

34) Piraud, C.; Mwarania, E.; Wylangowski, G.; Wilkinson, J.; OT)wyer, K.; Schif&in, 
D. J. "Optoelectrochemical Thin-Film Chlorine Sensor Employing Evanescent Fields on 
Planar Optical Waveguides", Anal. Chem. 1992,64,651-655. 



278 
35) Piraud, C.; Mwarania, E.; Yao, K.; 0*Dwyer, K.; SchifGrin, D. J.; Wilkinson, J. 
"Optoelectrochemical Transduction on Planar Optical Waveguide", J. Lightwave 
Technol 1992,10,693-699. 

36) Matsuda, N.; Takatsii, A.; Kato, K.; Shigesato, Y. "In Situ Observation of Adsorbed 
Heptylviologen Cation Radicals by Slab Optical Waveguide Spectroscopy Utilizing 
In(Uum-Tin-Oxide Electrode", Chem. Lett. 1998, 125-126. 

37) BCato, K.; Takatsu, A.; Matsuda, N.; Azumi, R.; Matsumoto, M. "A Slab-Optical-
Waveguide Absorption Spectroscopyof Langmuir-Blodgett Films with a White Light 
Excitiation Source", Chem. Lett. 1995,437-438. 

38) Choquette, S. J.; Locasciobrown, L.; Durst, R. A. 'Tlanar Wave-Guide 
Immunosensor with Fluorescent Liposome Amplification AnaL Chem. 1992, 64, 55-60. 

39) Hafich, M.; Chen, D.; Huber, J. "Properties of Optical-Waveguides Formed by 
Thermal Migration of Thallium Ions in Glass", Appl. Phys. Lett. 1978,33, 997-999. 

40) Kapila, D.; Plawsky, J. L. "Difiiision-Processes for Integrated Wave-Guide 
Fabrication in Glasses; A Solid-State Electrochemical Approach", Chemical Engineering 
Science 1995,50,2589-2600. 

41) Dunphy, D. R.; Mendes, S. B.; Saavedra, S. S.; Armstrong, N. R. "The Electroactive 
Integrated Optical Waveguide: Ultrasensitive Spectroelectrochemistry of Submonolayer 
Adsorbates", AnaL Chem. 1997, 69,3086-3094. 

42) Dunphy, D. R.; Mendes, S. B.; Saavedra, S. S.; Armstrong, N. R. 
"Spectroelectrochemistry of Monolayer and Sub-Monolayer Films using an Electroactive 
Integrated Optical Waveguide"-, Wieckowski, Ed.; Marcel Dekker, Inc.: New York, In 
press. 

43) Knoll, W. "Interfaces and Thin Films as Seen by Bound Electromagnetic Waves", 
Annu. Rev. Phys. Chem. 1998, 49, 569-638. 

44) Lavers, C. R.; Harris, R. D.; Hao, S.; Wilkinson, J. S.; OTywyer, K.; Brust, M.; 
Schiffiin, D. J. "Electrochemically-ControUed Waveguide-cooupled Surface Plasmon 
Sensing", J. Electroanal. Chem. 1995,387,11-22. 

45) Salamon, Z.; Macleod, H. A.; Tollin, G. "Surface Plasmon Resonance as a Tool for 
Investigating the Biochemical and Biophysical Properties of Membrane Protein Systems. 
1: Theoretical Principles", BBA-Rev. Biomemembranes 1997,1331,117-129. 



279 
46) Hanken, D. G.; Com, R. M. "Electric Fields and Interference Effects inside 
Noncentrosymmetric Multilayer Films at Electrode Surfaces fiom Electrochemically 
Modulated Surface Plasmon Resonance Experiments", Anal. Chem. 1997, 69,3665-3673. 

47) Hanken, D. G.; Com, R. M. "Electric Fields and Interference Effects inside 
Noncentrosymmetric Multilayer Films at Electrode Surfaces from Electrochemically 
Modulated Surface Plasmon Resonance Experiments", Electroanal. Chem. 1997,20, 
141-225. 

48) Iwasaki, Y.; Horiuchi, T.; Morita, M.; Niwa, O. "Analysis of Electrochemical 
Processes using Surface Plasmon Resonance", Sensors and Actuators B 1998, 50, 145-
148. 

49) Jory, M. J.; Bradberry, G. W.; Cann, P. S.; Sambles, J. R. "Surface-Plasmon Opto-
Electrochemistry", Sensors and Actuators B 1996,35,197-201. 

50) Sagara, T.; lizuka, J.; Niki, K. "Electroreflectance Study of the Redox Reaction of 
Methylene Blue Adsorbed on a Pyrolytic Gr^hite Electrode", Langmuir 1992, 8, 1018-
1025. 

51) Kim, S.; Wang, Z.; Scherson, D. A. "Theoretical Aspects of Differential Reflectance 
and Electrreflectance Spectroscopy in the UV-Vis Region as Applied to the Study of 
Molecular Layers Adsorbed on Metal Surfaces", J. Phys. Chem. B 1997,101,2735-2740. 

52) Com, R. M. "In Situ Second Harmonic Generation Studies of Molecular Orientation 
at Electrode Surfaces Lipowski, J. and Ross, P. N., Ed.; VCH Publishers: New York, 
1992, pp 391-408. 

53) Caseri, W.; Sauer, T.; Wegner, G. "Soluble Phthalocyaninato-polysiloxanes: Rigid 
Rod Pol5miers of High Molecular Weight", Makromol Chem., Rapid Commun. 1988, 9, 
651-657. 

54) Wegner, G. "Control of Molecular and Supramolecular Architecture of Polymers, 
Polymersystems and Nanocomposites", Mol. Cryst. Liq. Cryst. 1993,235, 1-34. 

55) Sauer, T.; Amdt, T.; Batchelder, D. N.; Kalachev, A. A.; Wegner, G. "The Stmcture 
of Langmuir-Blodgett Films from Substituted Phthalocyaninato-polysiloxanes", Thin 
Solid Films 1990,187, 357-374. 

56) Kalachev, A. A.; Sauer, T.; Vogel, V.; Plate, N. A.; Wegner, G. "Influence of 
Subphase Conditions on the Properties of Langmuir-Blodgett Films From Substituted 
Phthalocyaninato-Polysiloxanes", Thin Solid Films 1990,188,341-353. 



280 
57) Schwiegk, S.; Vahlenkamp, T.; Xu, Y.; Wegner, G. "Origin of Orientation 
Phenomena Observed in Layered Langmuir-Blodgett Structures of Hairy-Rod Polymers", 
Macromolecules 1992,25, 2513-2525. 

58) Armstrong, N. R.; Dunphy, D. R.; Smolenyak, P. E.; Rengel, H.; Mendes, S.; 
Saavedra, S. S.; O'Brian, D. F.; Wegner, G. "Electrochemical Processes of the 
Polyphthalocyaninatosiloxanes and Related Cofacially Aggregated Phthalocyanine 
Assemblies", Polymer Abstracts In press. 

59) Smolenyak, P. E.; Osbum, E. J.; Chen, S. Y.; Chau, L. K.; O'Brian, D. F.; Armstrong, 
N. R. "Spectroscopic and Electrochemical Characterization of Langmuir-Blodgett Films 
of (2,3,9,10,16,17,23,24-0ctakis((2-benzyloxy)ethoxy)phthalocyaninato)copper and its 
Metal-free Analogue", Langmuir 1997,13,6568-6576. 

60) Smolenyak, P. E.; Peterson, R. A.; Torker, M.; O'Brian, D. F.; Armstrong, N. R. 
Manascript in preparation. 

61) Smolenyak, P. E.; Peterson, R. A.; Dunphy, D. R.; Mendes, S. B.; Nebesny, K. W.; 
O'Brian, D. F.; Saavedra, S. S.; Armstrong, N. R. 'Tormation and Spectroelectrochemical 
Characterization of Multilayer and Submonolayer Thin Films of2,3,9,10,16,17,23,24-
Octakis((2-benzyloxy)ethoxy)phthalocyaninato Copper", Journal of Porphyrins and 
Phthalocyanines Submitted. 

62) Bowden, E. F. "Wiring Mother Nature: Interfacial Electrochemistry of Proteins", The 
Electrochemical Society Interface 1997, Winter, 40-44. 

63) Hawkridge, F. M.; Taniguchi, I. "The Direct Electron Transfer Reactions of 
Cytochrome c at Electrode Surfaces", Comments Inorg. Chem. 1995,17,163-187. 

64)Taniguchi, I. "Probing Metalloproteins an Bioelectrochemical Systems: Rapid 
Electron-Transfer at Functional Electrode Surfaces", The Electrochemical Society 
Interface 1997, Winter, 34-37. 

65) Luff, B. J.; Wilkinson, J. S.; Perrone, G. Indium Tim Oxide Overlayered Waveguides 
for Sensor Applications", Applied Optics 1997, 36, 7066-7072. 

66) Mendes, S. B.; Saavedra, S. S. "Comparison of Full-Wave and Ray-Optics Models", 
J. Phys. Chem. 1998. 

67) Li, L. "Determination of Bound Modes of Mulitlayer Planar Waveguides by 
Integration of an Initial-Value Problem", J. Opt. Soc. Am. A 1994,11,984-991. 



281 
68) Davies, B. M.; Pannell, K. H.; Albright, S. P. "Diffusion Barrier of Sol-Gel Derived 
Silica for Sprayed Tin Oxide Film on Soda-Lime Glass", J. Mater. Res. 1994, 9, 226-228. 

69) Melles Griot Catalog, Optics Guide 5,1990, pp 3-6. 

70) Mendes, S. B.; Li, L.; Burke, J. J.; Lee, J. E.; Saavedra, S. S. "70-nm-Bandwidth 
Achromatic Waveguide Coupler", Appl. Opt. 1995,34,6180-6186. 

71) Mendes, S. B. "Broadband Attenuated Total Reflection Spectroscopy in the Optical 
Waveguide Regime"-, University of Arizona: Tucson, 1997. 

72) Margoliash, E.; Frohwirt, N. "Spectrum of Horse-Heart Cytochrome c", Biochem. J. 
1959, 71, 570-572. 

73) Mendes, S. B.; Li, L.; Burke, J. J.; Lee, J. E.; Dimphy, D. R.; Saavedra, S. S. "Broad-
Band Attenuated Total Reflection Spectroscopy of a Hydrated Protein Film on a Single 
Mode Planar Waveguide", Langmuir 1996,12, 3374-3376. 

74) Mendes, S. B. "Achromatic Prism-Coupler for Planar Waveguide", Optics 
Communications 1997,136,320-326. 

75) Hartnagel, H. L.; Dawer, A. L.; Jain, A. K.; Jagadish, C. "Semiconducting 
TransparentThin Films"', Institute of Physics: Bristol, 1995. 

76) Chopra, K. L.; Major, S.; Pandya, D. K. 'Transparent Conductors-A Status Review", 
Thin Solid Films 1983,102,1-46. 

77) Collinson, M.; Bowden, E. F. "Chronoabsorptometric Determination of Adsorption 
Isotherms for Cytochrome c on Tin Oxide Electrodes", Langmuir 1992, 8,2552-2559. 

78) Horrocks, B. R.; Mirkin, M. V.; Bard, A. J. "Scanning Electrochemical Microscopy. 
25. Application to Investigation of the Kinetics of Heterogeneous Electron Transfer at 
Semiconductor (WSei and Si) Electrodes", J. Phys. Chem. 1994,98, 9106-9114. 

79) Kaplan, L.; Rusman, I.; Boxman, R. L.; Goldsmith, S.; Nathan, M.; Ben-Jacob, E. 
"STM and XPS Study of Filtered Vacuum Arc Deposited Sn-0 Films", Thin Solid Films 
1996,290-291, 355-361. 

80) Swanepoel, R. 'T)etenmnation of the Thickness and Optical Constants of Amorphous 
Silicon",/. Phys. E. Sci. Instrum. 1983,16, 1214-1222. 



282 
81) Mendes, S. B. "Andlise Comparativa Dos Metodos De Corvas Envoltorias E Modas 
Guidas Com Extensao A Microstruturas Anisotropicas Em Filmes Dieletricos 
Universidade Federal Do Rio Grande Do Sul Insituto De Fisica: Porto Alegre, 1991. 

82) Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F.; Muilenberg, G. E., ed. 
"HandbookofX-Ray Photoelectron Spectroscopy"-, Perkin-Elemer Corp.: Eden Prarie, 
MN, 1979. 

83) Adamson, A. W. "Physical Chemistry of Surfaces John Wiley and Sons: New 
York, 1990. 

84) Wakaki, M.; Kanai, Y. 'Tar-Infrared Reflectivity Spectra of Non-Doped and Mg-
Doped In203 Single Crystals", Jpn. J. Appl. Phys. 1986,25, 502-503. 

85) Morrison, S. R. "Electrochemistry at Semiconductor and Oxidized Metal 
Electrodes Plenum Press: New Yoiic, 1980. 

86) Armstrong, N. R.; Shepard Jr, V. R. "Differential Capacitance Studies of Silane-
Modified Sn02 Electrodes at Low Modulation Frequencies", J. Phys. Chem. 1981, 85, 
2965-2970-

87) Dutoit, E. C.; Van Meirhaeghe, R. L.; Cardon, F.; Gomes, W. P. "Investigation of the 
Frequency-Dependence of the Impedance of the Nearly Ideally Polarizable 
Semiconductor Electrodes CdSe, CdS and TiOi", Ber. Bunsenges. physik. Chem. 1975, 
79,1206-1212. 

88) Lyon, L. A.; Hupp, J. T. "Energetics of Semiconductor Electrode/Solution Interfaces: 
EQCM Evidence for Charge-Compensating Cation Adsorption and Intercalation during 
Acciunulation Layer Formation in the Titanium Dioxide/Acetonitirile System", J. Phys. 
Chem. 1995, 99,15718-15720. 

89) Kavan, L.; Kratochvilov^ K.; Gratzel, M. "Study of Nanocrystalline TiO, (Anatase) 
Electrode in the Accumulation Regime", J. Electroanal. Chem. 1995, 294, 93-102. 

90) Lemon, B. I.; Hupp, J. T. "Electrochemical Quartz Crystal Microbalance Studies of 
Electron Addition at Nonocrystalline Tin Oxide/Water and Zinc Oxide/Water Interfaces: 
Evidence for Band-Edge-Determining Proton Uptake", J. Phys. Chem. B 1997,101, 
2425-2429. 

91) Garcia-Jareno, J. J.; Navarro-Laboulais, J.; Vicente, F. "Charge Transport in Prussian 
Blue Films Deposited on ITO Electrodes", Electrochimica Acta 1996,41, 835-841. 



283 
92) Ellis, D.; Eckhofif, M.; Neff, V. D. '̂ Electrochromism in the Mixed-Valence 
Hexacyanides. 1. Voltanunetric and Spectral Studies of the Oxidation and Reduction of 
Thin Films of Prussian Blue", J. Phys. Chem. 1981,85,1225-1231. 

93) Itaya, K.; Ataka, T.; Toshima, S. "Spectroelectrochemistry and Electrochemical 
Preparation Method of Prussian Blue Formation", J. Am. Chem. Soc. 1982,104,4767-
4772. 

94) Mortimer, R. J.; Rosseinsky, D. R. "Electrochemical Polychromicity in Iron 
Hexacyanoferrate Films, and a New Film Form of Ferricyanide", J. Electroanal. Chem. 
1983,151,133-147. 

95) Mortimer, R. J.; Rosseinsky, D. R. "Iron Hexacyanoferrate Films: 
Spectroelectrochemical Distinction and Electrodeposition Sequence of'Soluble' (K"^-
containing) and Insoluble' (K^-free) Prussian Blue, and Composition Changes in 
Polyelectrochromic Switching", y. Chem. Soc. Dalton Trans. 1984,2059-2061. 

96) Buser, H. J.; Schwarzenbach, D.; Petter, W.; Ludi, A. "The Crystal Structure of 
Prussian Blue: Fe4[Fe(CN)6]3-xH20",/norg^. Chem. 1977, 75,2704-2710. 

97) Bard, A. J.; Faulkner, L. R. ^^Electrochemical Methods John Wiley & Sons: New 
York, 1980. 

98) Debe, M. K. "Extracting Physical Structure Information From Thin Organic Films 
with Reflection Absorption Infrared-Spectroscopy", J. Appl. Phys. 1984, 55, 3354-3366. 

99) Edmiston, P. L.; Lee, J. E.; Wood, L. L.; Saavedra, S. S. "Dipole Orientation 
Distributions in Langmuir-BIodgett Films by Planar Waveguide Linear Dichroism and 
Fluorescence Anisotropy", y. Phys. Chem. 1996,100, IIS-IZA. 

100) Neher, D. "Substituted Rigid Rod-Like Polymers-Building blocks for Photonic 
Devices", Ad\>. Mater. 1995, 7, 691-702. 

101) Schulze, M.; Seufert, M.; Fakirov, C.; Tebbe, H.; Buchholz, V.; Wegner, G. 
"Supramolecular Architectures of Cellulose Derivatives", Macromolecular Symposia 
1997,120,237-245. 

102) Loscher, F.; Ruckstuhl, T.; Jaworek, T.; Wegner, G.; Seeger, S. "Immobilization of 
Biomolecules on Langmuir-BIodgett Films of Regenerative Cellulose Derivatives", 
Langmuir 1998,14,2786-2789. 

103) Duda, G.; Wegner, G. "A Helical Copolyglutamate as Solvent Matrix for Oleophilic 
Dyes in Langmuir-BIodgett Films", Makromol. Chem., Rapid Commun. 1988,9,495-
501. 



284 
104) Schaub, M.; Fakirov, C.; Schmidt, A.; Lieser, G.; Wenz, G.; Wegner, G.; Albouy, 
P.-A.; Wu, H.; Foster, M. D.; Majiiczak, C.; Satija, S. 'TJltrathin Layers and 
Supramolecular Architecture of Isopentyl Cellulose", Macromolecules 1995,28, 1221-
1228. 

105) BCrauter, G.; Schumacher, A.; Gosele, U.; Jaworek, T.; Wegner, G. "Room 
Temperature Silicon Wafer Bonding with Ultra-Thin Polymer Films", Adv. Mater. 1997, 
9,417-420. 

106) Hickel, W.; Duda, G.; Jurich, M.; Krohl, T.; Rochford, K.; Stegeman, G. I.; Swalen, 
J. D.; Wegner, G.; Knoll, W. "Optical Waveguides from Novel Polymeric Langmuir-
Blodgett Multilayer Assemblies", Langmuir 1990, 5,1403-1407. 

107) Wu, J.; Lieser, G.; Wegner, G. 'T)irect Imaging of Individual Shape Persistent 
Macromolecules and Their Interaction by TEM", Adv. Mater. 1996,8,151. 

108) Buchholz, V.; Adler, P.; Baker, M.; Holle, W.; Simon, A.; Wegner, G. 
"Regeneration and Hydroxyl Accessibility of Cellulose in Ultrathin Films", Langmuir 
1997,13, 3206-3209. 

109) Gruner, J.; Remmers, M.; Neher, D. "Direct Determination of the Emission Zone in 
a Polymer Light-Emitting Diode", Adv. Mater. 1997,9,964 

110) Remmers, M.; Neher, D.; Wegner, G. 'Thoto-cross-linkable Poly(p-phenylene)s. 
Synthesis, Langmuir-BIodgett Multilayer Film Properties and Pattem Formation", 
Macromol. Chem. Phys. 1997,198,2551-2561. 

111) (Silerova) Back, R.; BCalvoda, L.; Neher, D.; Ferencz, A.; Wu, J.; Wegner, G. 
Electrical Conductivity of Highly Organized Langmuir-BIodgett Films of 
Phthalocyaninato-PoIysiloxaneC/te/n. Mater. 1998,10,2284-2292. 

112) Sauer, T.; Caseri, W.; Wegner, G.; Vogel, A.; Hoffinan, B. "Development of Novel 
Chemical Sensor Devices Based on LB Films from Phthalocyaninatopolysiloxane 
Polymers", J. Phys. D: Appl. Phys. 1990,23, 79-84. 

113) Tans, S. J.; Miedma, R.; Geerligs, L. J.; Dekker, C.; J., W.; Wegner, G. "Electrical 
Transport in Monolayers of Phthalocyanine Molecular Wires and AFM Imaging of a 
Single Wire Bridging Two Electrodes", Synthetic Metals 1997, 84, 733-734. 

114) Rengel, H. "Substituierte Phthalocyaninatopolysiloxane: Darstellung und 
Elektrochemische Untersuchungen an Supramolekularen Strukturen Johannes-
Gutenberg Universitat: Mainz, 1997. 



285 
115) Sauer, T.; Wegner, G. "Small-Angle X-ray Scattering fix)m Dilute Solutions of 
Substituted Phthalocyaninato-Polysiloxanes", Macromolecules 1991,24,2240-2252. 

116) Bowden, E. F.; Hawkridge, F. M.; Blount, H. N." Electrochemical Aspects of 
Bioenergetics Srinivasan, S., Chizmadzhev, Y. A., Bockris, J. O. M., Conway, B. E. 
and Yeager, E., Ed.; Plenum Press: New York, 1985, pp 297-346. 

117) Bowden, E. F.; Clark, R. A.; Willit, J. L.; Song, S. "Protein Monolayer 
Electrochemistry: A Stategy for Probing Biological Electron Tranter Kinetics 
Schultz, F. A. and Taniguchi, L, Ed.; The Electrochemical Society: Permington, NJ, 1993, 
pp 34-45. 

118) Allen, H.; Hill, O.; Guo, L. H.; McLendon, G. "Direct Electrochemistry of 
Cytochrome c"\ Scott, R. A. and Mauk, A. G., Ed.; University Science Books: Saiisalito, 
1996, pp 317-334. 

119) Tominaga, M.; Kumagai, T.; Takita, S.; Taniguchi, 1. "Effect of Surface 
Hydrophilicity of an Indium Oxide Electrode on Direct Electron Transfer of Myoglobins" 
Chem. Lett. 1993,1771-1774. 

120) El Kasmi, A.; Wallace, J. M.; Bowden, E. F.; Binet, S. M.; Lindreman, R. J. 
"Controlling Interfacial Electron-Transfer Kinetics of Cytochrome c with Mixed Self-
Assembled Monolayers", J. Am. Chem. Soc. 1998,120,225-226. 

121) Amold, S.; Feng, Z. Q.; Kakiuchi, T.; Knoll, W.; Niki, K. "Investigation of the 
Electrode Reaction of Cytochrome c through Mixed Self-Assembled Monolayers of 
Alkanethiols onGold(lll) Surfaces",/. Electroanal. Chem. 1997, 438, 91-97. 

122) Clark, R. A.; Bowden, E. F. "Voltammetric Peak Broadening for Cytochrome 
c/AIkanethiolate Monolayer Structures: Dispersion of Formal Potentials", Langmuir 
1997,13, 559-565. 

123) Nahir, T. M.; Bowden, E. F. "The Distribution of Standard Rate Constants for 
Electron Transfer Between Thiol-Modified Gold Electrodes and Adsorbed Cytochrome 
c'\J. Electroanal. Chem. 1996, 410,9-13. 

124) Koppenol, W. H.; Margoliash, E. "The Asyrmnetric Distribution of Charges on the 
Surface of Horse Heart Cytochrome c: Functional Implications", J. Biol. Chem. 1982, 
257, ^26-AA31. 

125) Qi, P. X.; Beckman, R. A.; Wand, A. J. "Solution Structure of Horese Heart 
Cytochrome c and Detection of Redox-Related Structural Changes by High-REsolution 
IH-NMR", Biochem. 1996, 35, 12275-12286. 



286 
126) Teleford, J. R.; Wittung-Stafshede, P.; Gray, H. B.; Winkler, J. R. "Protein Folding 
Triggered by Electron Transfer", Acc. Chem. Res. 1998,31,755-763. 

127) Du, Y.; Dunphy, D. R.; Saavedra, S. S. "Theoretical Calculations of Orientations of 
Molecules Adsorbed onto Surfaces with Various Surface Roughness", in preparation 
1998. 

128) Bowden, E. F.; Hawkridge, F. M.; Blount, H. N. "Interfacial Electrochemistry of 
Cytochrome c at Tin Oxide, Indium Oxide, Gold, and Platinum Electrodes", J. 
Electroanal. Chem. 1984,161,355-376. 

129) Phillips, J. M.; Cava, R. J.; Thomas, G. A.; Carter, S. A.; Kwo, J.; Siegrist, T.; 
BCrajewski, J. J.; Marshall, J. H.; Peck Jr., W. F.; Rapkine, D. H. "Zinc-Indium-Oxide: A 
High Conductivity Transparent Conducting Oxide", Phys. Lett. 1995, 67,2246-
2248. 

130) Shi, Y.; Slaterbeck, A. F.; Seliskar, C. J.; Heineman, W. R. "Spectroelectrochemical 
Sensing Based on Multimode Selectivity Simultaneously Achievable in a Single Device. 
1. Demonstration of Concept with Ferricyanide", Chem. 1998. 

131) Himsperger, R. G. "Integrated Optics: Theory and Technology"', Springer-Verlag: 
BerUn, 1991; Vol. 33. 

132) Plenio, H.; Burth, D. "Indenyl Crown Ethers: Heterotopic Ligands with Pi- and 
Sigma-Faces and the Synthesis of Cymantrene and Coboltocene Crown Ethers and their 
Alkaline Metal Ion Complexes", Organometallics 1996,15, 1151-1156. 

133) Beer, P. D.; Smith, D. K. 'Tunable Bis(ferrocenyl) Receptors for the Solution-Phase 
Electrochemical Sensing of Transition-Metal Cations", J. Chem. Soc.-Dalton Trans. 
1998,3, 417-423. 

134) Slone, C. S.; Mirkin, C. A.; Yap, G. P. A.; Guzei, I. A.; Rheingold, A. L. 
"Oxidation-State-Dependent Reactivity and Catalytic Properties of a Rh(I) Complex 
Formed from a Redox-Switchable Hemilabile Ligand", J. Am. Chem. Soc. 1997,119, 
10743-10753. 

135) Higgens, T. B.; Mirkin, C. A. "Model Coordination Complexes for Designing 
Poly(terthiophene)/Rh(I) Hybrid Materials with Electrochemically Tunable Reactivities", 
Chem. Mater. 1998,10, 1589-1595. 

136) Synowicki, R. A. "Spectroscopic EUipsometry Characterization of Indiimi Tin 
Oxide Film Microstructure and Optical Constants", Thin Solid Films 1998,313-314,394-
397. 



287 
137) Cataldi, T. R. L; De Benedetto, G. E.; Bianchini, A. "X-Ray Photoelectron 
Spectroscopic Investigation and Electrochemistry of Polynuclear IndiumOU) 
Hexacyanoferrate Films", J. Electranal. Chem. 1998,448,111-117. 

138) Chen, S. "Electrocatalytic Oxidation of Thiosulfate by Metal Hexacyanoferrate Film 
Modified Electrodes", J. Electroanal. Chem. 1996,417,145-153. 

139) De Benedetto, G.; Cataldi, T. R. I. "Highly-Stabilized Polynuclear Indiimi-
Hexacyanoferrate Fihn Electrodes Modified by Ruthenium Species", Langmuir 1998,14, 
6274-6279. 

140) BCasiviswanathan, S.; Srinivas, V.; Kar, A. K.; Mathur, B. K.; Qiopra, K. L. 
"Scanning Tunneling Spectroscopy of Indium Tin Oxide Film in Air", Applied Surface 
Science 1997,115,399-401. 

141) Chen, K.; Herr, B. R.; Singewald, E. T.; Mirkdn, C. A. "Cobalt-Mediated 
Modification of Oxide Surfaces with Redox-Active Molecules", Langmuir 1992, 8,2585-
2587. 

142) Nishiyama, K.; Ishida, H.; Taniguchi, L "Aminosilane Modified Indium Oxide 
Electrodes for Direct Electron Transfer of Ferredoxin", J. Electroanal. Chem. 1994,373, 
255-258. 

143) Wilson, R.; Schififrin, D. J. "Use of Fluorescamine for the Spectrofluorimetric 
Investigation of Primary Amines on Silanized Glass and Indium Tin Oxide-Coated 
Glass", Analyst 1995,120,175-178. 

144) Cohen, D. J.; King, B. C.; Hawkridge, F. M. "Spectroelectrochemical and 
Electrochemical Determination of Ligand Binding and Electron Transfer Properites of 
Myoglobin, Cyanomyoglobin, and Imidazolemyoglobin", J. Electroanal. Chem. 1998, 
447, 53-62. 

145) Cherry, R. J.; Bjomsen, A. J.; Zapien, D. C. "Direct Electron Transfer of Ferritin 
Adsorbed at Tin-Doped Indium Oxide Electrodes", Langmuir 1998,14, 1971-1973. 

146) Bevington, P. R. "Data Reduction and Error Analysis for the Physical Sciences 
Mc-Graw Hill: New York, 1969. 

147) Anton, H. "Elementary Linear Algebra 5th ed.; John Wiley & Sons; New York, 
1987. 

148) Snow, A. W.; Barger, W. R.; Klustry, M.; Wohltjen, H.; Jarvis, N. L. "Simultaneous 
Electrical-Conductivity and Piezoelectric Mass Measurements on Iodine-doped 
Phthalocyanine Langmuir-Blodgett-Films Langmuir 1986,2, 513-519. 



288 
149) Wang, H. Y.; Ko, W. H.; Batzel, D. A.; Kenney, M. E.; Lando, J. B. 
"Phthalocyanine Langmuir-Blodgett-Film Microsensors for Halogen Gases", Sens. 
Actuators 1990,5/, 138-141. 

150) Wang, H.; Lando, J. B. "Gas-Sensing Mechanism of Phthalocyanine Langmuir-
Blodgett-Films", Langmuir 1994,10, 790-796. 

151) Brinker, C. J.; Scherer, G. W. "Sol-GelScience"; Academic Press, Inc.; San Diego, 
1990. 

152) Brinker, C. J.; Hurd, A. J.; Schunk, P. R.; Frye, G. C.; Ashley, C. S. "Review of Sol-
Gel Thin Film Formation", J. Non-Cryst. Solids 1992,147&148,424-436. 

153) Loy, D. A.; Shea, K. J. "Bridged Polysilsesqmoxanes. Highly Porous Hybrid 
Organic-hiorganic Materials", Chem. Rev. 1995, 95, 1431-1442. 

154) Schubert, U.; Husing, N.; Lorenz, A. "Hybrid Inorganic-Organic Materials by Sol-
Gel Processing of Organofimctional Metal Alkoxides", Chem. Mater. 1995, 7, 2010-
2027. 

155) Greenwood, N. N.; Eamshaw, A. '̂̂ Chemistry of the Elements Pergamon Press: 
Oxford, 1984. 

156) Grattan, K. T. V.; Badini, G. E.; Palmer, A. W.; Tseung, A. C. C. "Use of Sol-Gel 
Techniques for Fibre-Optic Sensor Applications", Sensors and Actuators A 
25 1991,483-487. 

157) MacCraith, B. D.; McDonagh, C. M.; O'Keefe, G.; Keyes, E. T.; Vos, J. G.; ©"Kelly, 
B.; McGilp, J. F. 'Tibre Optic Oxygen Sensor Based on Fluorescence Quenching of 
Evanescent-wave Excited Ruthenium Complexes in Sol-Gel Derived Porous Coatings", 
Analyst 1993,118,385-389. 

158) Kuo, J. B.; Chou, T. L.; Wong, E. J. "Optical Waveguide Sensor using Evanescent 
Wave Excitiation of Fluorescent Dye in Sol-Gel Glass", Electronics Letters 1991,27, 
1247-1249. 

159) BQimcak, C.; Radhakrishnan, G.; Jaduszliwer, B. "A Remote Fiber Optic Dosimeter 
Network for Detecting Hydrazine Vapor", SPIE Proceedings 1995,2367, 80-88. 

160) Sinha, A. K.; Bihari, B.; Kamath, M.; Mandal, B.; Chen, L. "Thin Film Processing 
and Nonlinear Optical Properties of Novel Axially Modified Phthalocyanine 
Derivatives", Proceedings of the SPIE 1995,2527,18-31. 



289 
161) Mezza, T. M.; Armstrong, N. R.; Ritter EE, G. W.; lafalice, J. P.; Kenney, M. E. 
"Electrochemical Studies on Stacked-Ring Silicon Phthalocyanines", J. Electroanal. 
Chem. 1982,137,227-237. 



IMAGE EVALUATION 

150mm 

IIV14GE. Inc 
1653 East Man Street 
Rochester. NY 14609 USA 
Phone: 716/482-0300 
Fax: 716/288-5989 


