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ABSTRACT 

The results of solution electrochemical and photoelectrochemical 

studies on a series of well-defined silicon phthalocyanine (SiPc) 

stacked-ring oligomers are presented. These molecules consist of one 

(monomer), two (dimer), and three (trimer) SiPc rings which are axially 

stacked through a O-Si-O backbone with t-butyldimethylsilyl "end cap" 

groups. The interplanar spacing in the dimer and trimer SiPc is about 
o 

3.4 A which facilitates the through-space molecular orbital overlap that 

gives them unique spectroscopic and electrochemical properties inter-

mediate between those observed for other systems in which the 

electroactive centers are non-interacting or have exclusively through-

bond interaction. 

There is a blue-shift in both the Q- and Soret absorbance maxima 

which is accompanied by an increased oscillator strength as more SiPc 

subunits are added per molecule. In dichloromethane solution, the 

cyclic voltammograms of these molecules exhibit multiple, one-electron, 

chemically reversible oxidations and reductions. The number of oxida-

tions and reductions observed for each molecule increases with the 

addition of more SiPc rings and the energy difference between successive 

electron transfers decreases. In addition, there is a large cathodic 

shift of 0.52 V in the first oxidation potential between the monomer and 

trimer SiPc indicating a net stabilization of the dimer and trimer 

towards oxidation with respect to the monomer SiPc. These electro-

chemical results are shown to correlate well with Ultraviolet 

xii 



xiii 

Photoelectron Spectroscopic (UPS) and lW-visible absorption spectro-

scopic data and energy level diagrams for the monomer, dimer, and trimer 

SiPc as well as higher-order polymeric SiPc are developed, 

Extensive photoelectrochemical studies on SiPc-modified 

electrodes are also reported. The effects of the chemical nature, EO, 

and concentration of the solution redox couple, as well as the influence 

of changing the electrode substrate and incident light intensity and 

wavelength on the photoresponse characteristics of these electrodes are 

presented and discussed. A solid-state band model for the dye-

sensitization process is discussed that treats the SiPc layer as a photo-

conductor that is capable of causing Fermi level pinning to occur at the 

SiPc!Sn02 interface, resulting in an open-circuit photovoltage of about 

200 mV which is independent of the solution EO. A molecular model is 

also developed that considers the specific molecular interactions which 

occur between the SiPc and the substrate, between adjacent SiPc molecules 

in the dye layer, and between the SiPc molecules and the solution redox 

species. Photoexcitation of the SiPc layer results in the formation of 

excitons in which the excited-state is de localized over an aggregate 

containing several SiPc molecules. 



CHAPTER 1 

INTRODUCTION 

Since the oil embargo of 1973, there has been a great emphasis 

on research to develop alternate energy sources. The ultimate goal is 

to shift our energy production from a very heavily petroleum based 

industry, which is a non-renewable resource, to other more abundant or 

inexhaustible sources. Some of the alternate energy sources· proposed 

are nuclear, coal, geothermal, wind, and solar. There are various 

problems associated with the development of each of these alternatives, 

but the most promising of them all, at least on paper, is solar energy. 

The sun provides the earth with vast amounts of energy in the form of 

both heat and light. It can be considered an inexhaustible energy 

resource since when the sun burns out, the earth as we know it will no 

longer exist. In addition, the sun provides a non-polluting source 

because the energy it emits does not lead directly to air and water 

contamination. 

As a result of the tremendous potential of the sun as an energy 

source, many attempts have been made to try to convert or transfer the 

heat and light output reaching the earth into more useful or storable 

energy forms. Probably the most straight forward approach, which is 

already in commercial use, is the solar water heater. The heat from the 

sun is collected and concentrated in what amounts to a black-coated box 

and transferred to the water circulating through it. These systems are 

1 



2 

referred to as "passive" since there is no conversion between different 

energy forms but simply a transfer of one energy form, heat, from the 

sun to the circulating water. The full potential of solar energy 

conversion, however, lies in "active" systems where there is a change 

between different energy forms, particularly that of light energy to 

electrical or chemical energy. Many different approaches have been used 

to convert light into more useful energy forms and these are summarized 

in Table 1.1. 

The first useful approach and probably the most familiar is the 

solid-state photovoltaic in which light is converted directly into 

electricity. This involves the use of single crystal semiconductor 

materials such as silicon and gallium arsenide in which a p-n junction 

is formed within the semiconductor. Metal contacts are then 

deposited onto the p- and n-type regions for connection to an external 

circuit through which the electrons can flow (see Figure 1.1). When 

light with energy sufficient to promote an electron from the valence 

band to the conduction band of the semiconductor (the band-gap energy) 

is absorbed, electrons will flow in the external circuit producing a 

current. These solid-state devices have been successful in producing 

electrical power with conversion efficiencies (electrical power out! 

solar power in) of about 20% for n-silicon (1). Although these cells 

produce electrical power directly and behave like batteries, the 

electrical energy is not readily storable and therefore when the sun 

does not shine, no power is available. Another disadvantage of the 

solid-state photovoltaics is associated with their cost. As previously 

mentioned, single crystal materials are required to obtain the 
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Table 1.1. Experimental approaches to solar energy conversion. 

1. Solid-State Photovoltaic Cells 

light -~ electricity 

2. Liquid-Junction Semiconductor Photoelectrolysis 

light -----7) chemical fuels (H2/02) 

3. Monolayer Dye-Modified Semiconductor Electrodes 

E 
Electricity (regenerative 

light ~ Storable Chemical fuels 

~ Chemical reactions 

cells) 

4. Multilayer Dye-Modified Semiconductor Electrodes 
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n-type p-type 

Figure 1.1. The p-n junction, 
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reasonable power conversion efficiencies. Single crystal materials 

are very expensive to produce using current technology and therefore 

the necessarily large solar panel arrays are impractical for widespread 

use. In addition, the manufacturing equipment required to form the 

very precise p-n junctions in the semiconductors and evaporate the 

metal contacts for connection to the external circuit involves an 

extremely large capital investment. These financial restrictions limit 

the number of companies th~t are capable of producing such devices. 

Although polycrystalline semiconductor materials are much easier and 

cheaper to produce, their power conversion efficiencies are only about 

1% due to recombination of the light-produced electron-hole pairs at 

grain boundaries and crystal defects. This severely limits their 

potential utility. 

The next approach used for solar energy conversion involved 

getting away from the solid-state devices that require precise diffusion 

of the dopants to form the necessary p-n junctions in the semiconductor 

substrate. In 1975, Gerischer (2) proposed that a new type of solar 

cell was possible based on a semiconductor-liquid junction. In these 

devices, the solid-state p-n junction is replaced by a semiconductor

solution interface which spontaneously forms a p-n junction when a 

semiconductor is immersed in a solution containing components that can 

be oxidized and reduced (a redox couple). The semiconductor now 

becomes one of the electrodes in an electrochemical cell and the device 

is called a "photoelectrochemical cell" (see Figure 1.2). In these 

cells, the photoactive semiconductor electrode is immersed in a 



hv 

& ........... ......... 

R'oad 

Ox 

--- - --.I.. 
(Red ) § 

I-" , 
C 

." I' Ox Red'l-

Photoelectrode 
Counter 
Electrode 

Figure 1.2. A schematic representation of a photoelectrochemical cell. 
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solution containing an appropriate redox couple and connected through 

an external circuit to a second electrode, called the counter electrode, 

which is usually a metal and also immersed in the solution. Since an 

electrochemical cell i.s involved, current is produced by simul-

taneous oxidation of a redox species at one electrode and reduction of 

another species at the other electrode. Therefore, if oxidation occurs 

at one electrode, reduction involving the same current must occur at 

the other electrode to maintain electroneutrality in the solution. If 

oxidation occurs at the semiconductor electrode, it is referred to as 

a "photoanode" and for a reduction process, it is called a "photo

cathode". 

Solar energy conversion based on these photoelectrochemical 

cells has several advantages over the solid-state photovoltaic devices 

previously discussed. Besides the ease of formation of the solution

semiconductor p-n junction interface, these systems are very versatile 

since they can be used as photovoltaic or photoelectrosynthetic devices. 

As a photovoltaic device, electricity can be produced in a regenerative 

cell in which a reversible solution redox couple is oxidized at one 

electrode and simultaneously reduced at the other. As a result, no net 

change in solution composition occurs. In photoelectrosynthetic cells, 

the electron or hole produced at the photoelectrode can be used to 

drive a chemical reaction that produces either fuels or other 

commercially important products at the counter electrode. 

The main emphasis in this area has been in the photoelectrolysis 

of water to simultaneously produce hydrogen at the cathode and oxygen 
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at the anode. The gases that are produced can then be collected, 

stored, and burned as fuels. Unfortunately, there are only a few 

readily available semiconductors that are thermodynamically capable of 

carrying out this simultaneous oxidation and reduction of water. These 

can be divided into two categories: the metal oxide type such as 

SrTi03 , TaZOS' and NbZOS and the non-oxide type such as SiC, CdS, CdSe, 

GaP, and InP (3). The main problem associated with the metal oxide 

semiconductors is their bandgap energies are typically in the range of 

3 to 4 eV which means that only photons in the near ultraviolet and 

ultraviolet have sufficient energy to form electron-hole pairs in these 

semiconductors. Only a very small fraction of the sun's output that 

reaches the earth is in this wavelength range and therefore from a 

solar energy conversion standpoint these semiconductors are not very 

useful (see Figure 1.3). The non-oxide semiconductors have smaller 

bandgaps and are capable of utilizing more of the incident radiation 

from the sun. Efficient solar energy conversion requires materials 

with bandgap energies in the range of 1.0 to 1.6 eV to obtain the 

maximum power output, i.e., the maximum product of photovoltage and 

photocurrent. However, as the bandgap decreases, the semiconductors 

generally become less stable since they become highly susceptible to 

photocorrosion (4,S). This is especially true for photoanodes in which 

photogenerated holes migrate to the semiconductor-solution interface 

and take part in the dissolution of the semiconductor or the formation 

of a surface layer that passivates the electrode (6-8). Large bandgap 
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metal oxide semiconductors are also thermodynamically susceptible to 

photocorrosion, but these processes usually have very slow kinetics (9). 

In 1976, it was reported that non-oxide semiconductors like 

CdS and CdSe could be stabilized against anodic decomposition by addi

tion of Na2S and S to the solution. The S -2 ions are preferentially 
n 

oxidized rather than the semiconductor lattice (10-12). Similar 

experiments have shown that many other non-oxide semiconductors can be 

-2 stabilized by the addition of chalcogenide ions X ,where X is S, Se, 
n 

or Te (13-18:. The preferential oxidation of these added species 

prevents the oxidation of water or other reducible species from 

occurring, but these cells can still be used for the generation of 

electricity if the oxidation can be reversed at the counter electrode. 

In fact, the best reported solar efficiency for the generation of 

electricity is about 14% and was obtained with one of these "stabilized" 

cells using single crystal n-GaAs (19). This 14% efficiency did require 

the use of single crystal material which still does not solve the cost 

problem associated with solar energy conversion. The idea of using 

semiconductor-liquid junction cells was based on the premise that 

reasonable efficiencies could be obtained using polycrystalline 

semiconductors. 

The answer to increasing the efficiency of polycrystalline 

semiconductor photoelectrochemical cells seems to be in chemically 

modifying the semiconductor surface. Heller and co-workers (20) showed 

that the solar to electrical efficiency of vapor deposited GaAs on 

graphite could be quadrupled by diffusing Ru+3 into the grain boundaries 
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of the film. +3 The Ru ions were shown to act primarily by reducing the 

recombination rate of electrons and holes at the GaAs surface (2~. 

Further work on chemical derivatization of semiconductor electrodes was 

performed by Anson (22), Hubbard (23), Kuwana (24), Miller (25), 

Murray (2~, and Wrighton (2~. These studies clearly showed that it is 

possible to drastically alter the behavior of an electrode substrate 

by chemically modifying its surface. By confining an e1ectroactive 

material to the surface of an electrode, it is possible to protect it 

from corrosion and still maintain e1ectroactivity. This is shown 

schematically in Figure 1.4. where an e1ectroactive species on a semi-

conductor photoanode can be oxidized by photogenerated holes which 

prevents the surface corrosion reactions from occurring. The oxidized 

surface molecules in turn oxidize another species in solution, provided 

it is thermodynamically possible. The presence of such a surface 

adsorbed or bound species however determines the oxidizing power of the 

hole that is produced. This can be either an advantage or a dis-

advantage depending on the system used. Murray and co-workers (28,29) 

were among the first to demonstrate a semiconductor electrode chemically 

modified with an e1ectroactive reagent. 

Gerischer (2) presented his theory for dye-sensitization on 

semiconductor electrodes in contact with a solution of dye in 1975. 

According to his model, only the dye molecules closest to the electrode 

surface, probably an adsorbed monolayer, contribute to the dye-

sensitization process (see Figure 1.5a). The advantage of using the 

dye solution is that longer wavelengths of light (1.5 to 2.0 eV) can be 

used to create electron-hole pair processes using the more stable large 
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Figure 1.4. Electron transfer via a surface-bound redox couple. 
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bandgap semiconductors. These 1.5 to 2.0 eV photons are readily 

available from the sun (Figure 1.3). The importance of intimate inter

action between the adsorbed dye molecules and the semiconductor 

substrate led to early work in several laboratories on the covalent 

attachment of the dye to the electrode surface using silane linkages 

(30). Photosensitization by covalently attached erythrosin (31) and 

phthalocyanines (32) on tin oxide was observed. Although covalent 

attachment and adsorption of dyes on electrodes has proved successful 

for sensitizing large bandgap semiconductors to visible and near

infrared radiation, the overall power efficiencies in terms of incident 

rather than absorbed light is very poor. This is due to the small 

amount of light that is absorbed by a monolayer or less of dye. The use 

of thicker insoluble dye films has not proven successful because of the 

high ohmic resistance of the films (13). In fact, Gerischer (311) 

suggested that there is little to be gained in using thicker dye films 

because of the high ohmic resistance and increased electron-hole 

quenching probability associated with them. 

In order for dye-modified electrodes to have solar efficiencies 

approaching those of the solid-state photovoltaics mentioned earlier, 

we have recognized, along with other researchers, it is necessary to go 

to multilayer systems. Towards this end, we have concentrated our work 

on dye molecules belonging to the phthalocyanine family. Phthalo

cyanines are particularly attractive for use in photosensitization for 

a number of reasons. First, they are relatively easy to synthesize and 

some are commercially available. This provides a variety of very 
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similar compounds with different properties, i.e., redox potentials and 

absorbance maxima. Phthalocyanines are both chemically and thermally 

stable. They sublime easily under vacuum which allows for purification 

and a convenient method for obtaining uniform thin films on a variety 

of substrates. Most phthalocyanines are insoluble in water and many 

other organic solvents so sublimed films will not dissolve off the 

substrates when exposed to solution. The most important property of 

the phthalocyanines which makes them useful as sensitizers is their 

strong absorbance in the visible region of the solar spectrum, with 

molar absorptivities typically greater than 200,000 1 mole-l cm-l In 

addition, they often exhibit semiconducting or photoconducting behavior 

of their own which is extremely important because it reduces the 

resistance in the dye film, thereby increasing the mobility of 

electrons and holes within the layer. If the mobility of the electrons 

and holes can be increased to the point where an electron-hole pair 

formed anywhere in the dye layer will be able to migrate to the sub

strate or to the solution to react, the incident solar efficiencies 

would be significantly increased over the monolayer systems, since the 

semiconducting multilayers of dye can absorb substantially more of the 

available photons (see Figure 1.5b) 

The particular phthalocyanines involved in the studies reported 

in this Dissertation are t-butyl-dimethylsilylsilicon phthalocyanines 

(SiPc) synthesized by Kenney and co-workers (35). The monomer SiPc 

is shown in Figure 1.6. The central atom is silicon surrounded by the 

large porphyrin-like aromatic phthalocyanine ring. The 
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FiJ:1;ure 1.6. The monomer silicon phtha1ocyanine. 
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t-butyldimethylsilyl axial "end caps" complete the valency requirements 

of the central silicon atom. The monomer, dimer, and trimer SiPc 

(Figure 1. 7) were synthesized in which two (dimer) and three (trimer) 

SiPc rings are cofacially sandwiched between the end caps. The rings 

are connected through an -O-Si-O- backbone with an interplanar spacing 
o 

of about 3.5 A (36) which allows for significant through-space overlap 

of the pi-systems of the individual SiPc rings. 

This silicon phthalocyanine series is unique in that they are 

somewhat soluble (ca. 1 ~) in dichloromethane and chloroform. This 

allows us to conveniently study the electrochemical and UV-visible 

absorption properties of the molecules in solution. The main focus of 

this research is to gain a better understanding of the dye-sensitized, 

photoelectrochemical process by relating the well-defined solution 

properties of the phthalocyanines to the solid-state properties of 

sublimed films of the compounds. The roles of the electrode substrate 

material, the energy levels of the phthalocyanines, and the redox 

potential of the contacting solution are studied. The importance of 

the orientation or aggregation of the SiPc on the electrode substrate, 

the intensity and wavelength of incident light, the properties and 

concentration of the solution redox couple, and other solution 

conditions are also investigated. 

In Chapter 3, the results of solution electrochemical studies 

on the monomer, dimer, and trimer SiPc are reported. It is shown that 

the through-space orbital overlap that results from the cofacial 

orientation of the SiPc rings in the dimer and trimer SiPc gives these 
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Figure 1. 7. The trim,er silicon phthalocyanine. 



molecules unique electrochemical and spectroscopic properties. An 

energy level diagram for each molecule is developed from this data and 

the properties of higher order SiPc oligomers are predicted. Informa

tion gained from these studies prove useful in explaining the 

solid-state conductive and photoconductive properties of many other 

phthalocyanines. 
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Chapter 4 presents detailed photoelectrochemical studies on 

monomer, dimer, and trimer SiPc-modified electrodes. The effects of 

the surface coverage of the SiPc, changing the electrode substrate, 

solution conditions, redox couple kinetics, formal potential, and 

concentration, as well as light intensity and wavelength on their 

photoelectrochemical response are investigated. A model system for a 

semiconductor substrate/dye layer/solution photoelectrochemical cell is 

developed in which the SiPc layer is treated as a photoconductor. 

Predictions for optimal performance are made based on the experimental 

results. 

In Chapter 5, the molecular nature of the dye-sensitization 

process on semiconductor electrodes is developed. The molecular 

processes that occur at the semiconductor/dye/solution interfaces are 

discussed. A molecular model is presented which treats the dye layer 

as islands of molecular aggregates. 

The synthesis and purification of the monomer, dimer, and trimer 

SiPc is described in Appendix A. A working wet-cell photovoltaic is 

described in Appendix B which uses a monomer SiPc/Sn02 photoanode and a 
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dimer SiPc/sn02 photocathode to produce electricity by the simultaneous 

oxidation of hydro quinone and reduction of benzoquinone. 



CHAPTER 2 

EXPERIMENTAL 

Non-Aqueous Electrochemistry 

The experimental set-up for the electrochemical studies is 

shown schematically in Figure 2.1. A standard three-electrode electro

chemical cell is employed with a working, counter, and reference 

electrode. Current-voltage measurements are made in the potentiostatic 

mode in which an external potential is applied between the reference 

and working electrodes and the resultant current that flows between the 

working and counter electrodes is measured. If a reduction current 

(injection of electrons from the electrode into the solution species) 

is flowing at the working electrode, an oxidative current (injection of 

electrons into the electrode from the solution species) of equal mag

nitude must flow at the counter electrode to maintain electroneutrality 

in the solution. The primary electrochemical technique used in these 

studies is cyclic voltammetry (Figure 2.2). In cyclic voltammetry, the 

applied potential between the reference and working electrodes is in 

the form of an isosceles triangular ramp where the voltage is changed 

linearly with time up to a potential (time) A, the switching potential 

or time. Since the potential is linearly related to time, the two 

quantities are interchangeable. Potential is usually used since it is 

the quantity of interest. The ramp is then reversed and the potential 

is scanned in the opposite direction (Figure 1.2a). An ideal 

21 
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Figure 2.1. Schematic representation of an electrochemical cell. 
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Figure 2.2. Cyclic voltarnmetry. 
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current-voltage curve for a "reversible" system is shown in Figure 2.2b. 

The voltannnograms are recorded using the "American" convention where 

negative potentials, with respect to the reference electrode, are 

displayed to the right and reduction currents (cathodic) are plotted 

upward. In this example, the applied potential is initially scanned 

negatively. 
0' 

When the potential approaches the formal potential, E 

for the reducible species in solution, a reduction current begins to 

flow at the working electrode and increases as the potential becomes 

more negative. The current will reach a maximum, which corresponds to 

the maximum rate at which electron transfer can occur under the 

particular experimental conditions and then begins to decay as the 

result of the limiting rate of the diffusion of electroactive species to 

the electrode. The direction of the potential scan is then reversed at 

some potential A, the switching potential, and an identical oxidative 

current-potential response is seen for the removal of the electron from 

the solution species if it is chemically stable. The advantages of 

cyclic voltannnetry are that information is obtained in a single experi
, 

ment about the energetics involved in the electron transfer (Eo ), the 

rate of the electron transfer process, and the chemical stability of 

the electrogenerated species. The detailed theory and criteria for 

chemical and electrochemical reversibility in cyclic voltannnetry has 

been previously discussed (37,38). 
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Apparatus 

A home-built potentiostat of conventional operational 

amplifier design was used for most of the current-voltage measurements. 

An "adder" configuration was used to allow for a variety of input 

voltage signals as well as a positive feedback circuit for iR 

compensation. A current follower was used to convert the current 

flowing between the working and counter electrodes to a proportional 

voltage. The vo1tammograms were recorded on a Houston x-y recorder. A 

Princeton Applied Research (PAR) model 173 polarographic analyzer was 

used for the differential pulse vo1tammetric studies. 

A custom designed all-glass cell was constructed for use in 

non-aqueous electrochemical studies. This cell had to have the 

following characteristics: 1) be inert to organic electrochemical 

solvents, 2) allow for easy removal of oxygen from the solution, 3) be 

able to maintain an oxygen-free atmosphere for the duration of the 

experiments, and 4) allow for reproducible positioning of the electrodes 

in the solution. An all-glass, vacuum tight cell was found to meet 

these requirements (Figure 2.3). The oxygen was removed from the solu-

tions by a freeze-pump-thaw method in ~Yhich the solutions were frozen 

at liquid nitrogen temperature and allowed to thaw under vacuum. This 

procedure was repeated at least twice for each solution and the reduc·-

-2 tion current due to dissolved oxygen was typically 10 ~A cm or less at 

a scan rate of 100 mV sec-1 

less than 10-6 M. 

This corresponds to an oxygen content of 
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The working and counter electrodes were made from 0.5 mm 

diameter platinum wire. The working electrode consisted of a platinum 

wire with a geometric area of about 0.2 cm2 , while the counter 
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electrode was a coiled piece of platinum wire. For each electrode, the 

platinum wire was sealed into a 3 mm O.D. Pyrex tube which had been 

added as an extension to a ground-glass joint (Figure 2.4). An 18-

gauge copper wire was attached to the platinum wire with copper epoxy 

(Ab1estik Laboratories, Gardena, CA) to save expense and make a more 

durable electrical connection. 

The reference electrode was a silver wire immersed in 0.01 M 

aqueous silver perchlorate contained in a glass tube with a ceramic frit 

sealed in the end. This was separated from the bulk solution by a salt 

bridge containing blank electrolyte (Figure 2.5). The stability of the 

potential of the reference electrode was found to be ± 10 mV by 

o measuring the E of ferrocene in each solution after the desired data 

were obtained. 

An adapter for the working electrode was made for thin-layer 

electrochemical measurements to determine the number of electrons, n, 

transferred in the oxidations and reductions observed in the cyclic 

vo1tammograms. The thin-layer cell consisted of a Teflon shroud that 

completely encased the platinum wire working electrode. The center 

of the shroud was drilled out to provide a solution volume of a few 

microliters around the wire electrode. The clearance between the wire 

and the inner wall of the Teflon shroud was a few thousandths of an 

inch (Figure 2.6). The volume of the thin-layer cell was calibrated 
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with ferrocene solutions of known concentrations, assuming n = 1.00. 

Thin-layer voltammograms were recorded on an x-y recorder using scan 

-1 rates of 5 mV sec or less. After correction for the background charge, 

the area, and therefore the charge passed during the electron transfer 

event, was determined by the copy-cut-weigh method. The charge 

calculated from at least 3 separate trials was averaged and the relative 

deviation was typically 10% or less. This method provided a convenient 

method for the determination of the number of electrons transferred for 

a particular oxidation or reduction event. 

Fast-scan cyclic voltammograms were obtained using a Krohn-Bite 

model 5200 function generator to provide 1 to 100 V sec-l triangular 

waveforms and the resultant current-voltage curves were recorded on a 

Tektronix 5441 storage oscilloscope with a 5A48 dual trace amplifier 

module and a 5B40 time base module used in the voltage amplifier mode. 

A variable voltage divider was used to obtain the desired x-axis 

sensitivity. The stored voltammograms were photographed with a 

Tektronix (Polaroid) C-5 oscilloscope camera. 

Reagents 

The organic solvents (dichloromethane .. acetonitrile, and 

dimethylsulfoxide) were obtained from Burdick and Jackson (Muskegon, MI), 

dried over activated alumina (Alfa Products, Danvers, MA), and used 

without further purification. No significant electroactive impurities 

were found in cyclic voltammograms run in the blank electrolytes. 

The supporting electrolytes, tetrabutylammonium perchlorate 

(TBAP) and tetraethylammonium perchlorate (TEAP) were obtained from the 
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Eastman Kodak Company. TBAP was recrystallized twice from ethy1-

acetate-pentane and dried under vacuum at 80°C. TEAP was recrystallized 

twice from water and dried at 100°C under vacuum. 

Ferrocene (Eastman Kodak) was purified by repeated sublimation 

at atmospheric pressure. The silicon phtha10cyanines were provided by 

Professor Malcolm Kenney at Case Western Reserve University and used 

without further purification. The synthesis of the monomer, dimer, and 

trimer t-buty1dimethy1si1y1 silicon phtha10cyanines (SiPc) is described 

in Appendix A. 

~queous Electrochemistry 

The electrochemical cells used for studies in aqueous media were 

of the "sandwich" design (Figure 2.7). They were constructed from 2" 

round Lucite stock. A 3/8" diameter hole was drilled through the 

center of the cell body which was about 3/4" thick. A 1/2" O.D. ridge 

was counter-sunk in the faces around the central hole to provide a 

seat for the rubber o-ring. The o-rings were used to prevent leakage 

and to define the geometric area of the electrode. Three holes were 

drilled from the periphery into the inner cell cavity for the counter 

and reference electrodes and a vacuum valve (Hamilton model HV 1-1). 

Two outer member ground glass joints were epoxied into two of the holes 

for the reference and counter electrodes which were constructed as 

previously described in the non-aqueous electrochemical section. The 

reference electrode was a silver chloride anodized silver wire immersed 

in 3.5 ~ potassium chloride saturated with silver chloride. This was 

separated from the bulk solution by a salt bridge containing blank 



7/25 outer 
~:;> • jOi nt 

I 
I II o :0 1/4-20 rod 

- ----- - --- - - -0
, 1 ___ _ 

vac~um 0 L __ ' 0 
1/// ~ 7/15 

outer 
jOint valve 

a) front view 

7 125 jOint 

b) side vIew 

Figure 2.7. Exploded-view of aqueous "sandwich" cell. 

cover 
(-plate 

33 



34 

electrolyte to prevent solution contamination. The working electrode 

was positioned on one of the faces of the cell body and an Ohmic 

contact was made by pressing the electrode surface against a brass 

contact with one of the cover plates and tightening the four 1/4"-20 

nuts. As mentioned earlier, the rubber o-rings prevented leakage from 

around the electrode and defined its geometric area, A quartz or Pyrex 

disk was pressed against another o-ring on the opposite face of the cell 

to completely seal the cell and allow for irradiation of the working 

electrode from either direction. This arrangement also allowed for the 

simultaneous positioning of two different working electrodes on the 

cell. Two cells were made with different working electrode areas as 

defined by the rubber o-ring diameter. The "large" area cell was 

0.70 cm2 and the "small" area was 0.02 cm2 for use with the Helium-Neon 

laser. All solutions were vacuum degassed by repeated cycles between 

vacuum and purified nitrogen overpressure. The cell was filled through 

the vacuum valve by nitrogen pressure after degassing. 

All aqueous solutions were prepared with triply-distilled water, 

where the available distilled water was distilled twice, the first time 

from alkaline perrnanganate. The supporting electrolytes were chosen to 

minimize solution resistance and to provide a pH buffer. For pH 1, 

0.10 M nitric acid was prepared from Baker Ultrex nitric acid. 

Alkimetric standard grade potassium hydrogen phthalate (KHP) from 

Matheson, Coleman, and Bell was used without further purification. A 

0.20 M solution of KHP has a pH of about 4.15. For pH 7, a 0.20 M 
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phosphate buffer containing mono and dibasic potassium phosphate was 

used. These were both reagent grade and used without further purifica-

tion. 

Various redox couples were used in the electrochemical and 

photoelectrochemical studies. The inorganic salts like potassium 

ferro- and ferricyanide, potassium iodide, iron(II) sulfate, and 

iron(III) nitrate were reagent grade and used without further purifica-

tion. The organic redox couples, obtained from Eastman Kodak, were 

hydroquinone, benzoquinone, 1,4-naphthoquinone, 1,4-naphthoquinone-2-

sulfonic acid, potassium salt, and 9,lO-anthraquinone-2-sulfonic acid, 

sodium salt. The sulfonic acid derivatives of naphthoquinone and 

anthraquinone were used to increase their solubility in water. Hydro-

quinone and the sulfonic acid derivatives of naphthoquinone and 

anthraquinone were purified by recrystallizing twice from water. Benzo-

quinone and 1,4-naphthoquinone were purified by repeated sublimation at 

atmospheric pressure, The iron(II) and iron(III) complexes with 

ethylenediamine tetraacetic acid (EDTA) and 1,lO-phenanthroline (o-phen) 

were prepared by mixing stoichiometric amounts of iron(II) and iron(III) 

sulfate with EDTA or o-phen, FeS04 '7H20 (Mallinkrodt), Fe2(S04)3'xH20 

(Me/B), and disodium EDTA (Fisher) were reagent grade and used without 

further purification. The 1,lO-phenanthroline monohydrate (Aldrich 

Gold Label) was also used without further purification. It was found 

+3 that the Fe(III) (o-phen) 3 complex was not stable in solution and 

electrochemical activity due to the uncomplexed iron(III) was observed. 

The pH of the potassium nitrate solutions of these complexes was 



adjusted using either ultrapure nitric acid (Baker) or potassium 

hydroxide. 

Photoelectrochemistry 
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In the photoelectrochemical studies two different light sources 

were used to provide steady-state illumination for the dye-modified 

electrodes: a 450 W Xenon arc lamp (Xe arc) from Oriel Corporation and 

a 4 mW He-Ne laser from Hughes Aircraft (model 3224-Pc). A variety of 

colored glass long-pass, band-pass, and neutral density filters (Oriel 

Corp.) were used to provide the wavelength range of light desired as 

well as being able to adjust its relative intensity over several orders 

of magnitude. 

To test the current-voltage characteristics of the various dye

modified electrodes, a steady-state illumination experiment was set--up 

as shown in Figure 2.8. The light from the Xe Arc lamp is collimated by 

an internal lens system within the lamp housing, passed through a water 

filter to remove some ultraviolet and infrared radiation, focused by a 

convex lens through the appropriate filter combination, and allowed to 

strike the working electrode mounted in one of the electrochemical 

cells. An LP 47 colored glass filter was usually used which absorbs 

radiation with wavelengths shorter than 450 nm. The electrodes of the 

cell are connected to the potentiostat and the resulting current-voltage 

curves were recorded on a Houston 2000 x-y recorder. Voltammograms were 

recorded in both the dark and under illumination to determine the 

photocurrent response of the electrode being studied, 
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Open-circuit photovoltages (V ) were measured by connecting a oc 
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very high input impedance voltmeter, usually a pH meter operated in the 

millivolt mode, between the working and counter electrodes. This 

measures the potential difference between the electrodes with 

essentially zero current flow. The change in V between the electrodes oc 

in the dark and light was directly measured and their potentials versus 

the reference electrode were also recorded to verify that only the 

potential of the working electrode was changing under illumination. 

The dependence of the photocurrent on light intensity was 

usually determined with the He-Ne laser since it provides light with a 

single wavelength at 632.8 nm. The relative intensity of light incident 

on the dye-modified electrode ~vas varied over the range of 1 to 100% by 

using neutral density filters. In the experiment, the electrode was 

mounted in the "small" area cell and poised at a potential at which 

significant photocurrent was observed, typically +0.3 to 0.4 V versus 

Ag/AgCl, with 10 to 50 ~ hydro quinone in solution. The electrode was 

then illuminated with the laser and the difference between the dark 

current and photocurrent was measured. 

Quantum efficiencies were measured for the dye-rnodified 

electrodes using both the He-Ne laser and the Xe Arc lamp. For the Xe 

Arc lamp, the quantum efficiencies were determined using a three filter 

combination (BP 33, LP 47, and IR) which provided polychromatic radia-

tion in the range of 680 to 800 nm with a maximum at 712 nrn. Narrow 

bandpass (10 nrn) interference filters (Oriel Corp.) were also used with 

peak transmittances at 660, 680, and 700 nm. The power output of the 



He-Ne laser and the Xe Arc lamp through the various filters was 

calibrated with an EG & G model 550 radiometer with the flat response 

filter. The quantum efficiency calculations in these studies were 

based on the current produced by the photons absorbed by the dye layer 

with hydroquinone in solution at a concentration of 50 roM. The 

percent transmittance of each film at the particular wavelength range 

of interest was determined using a Shimadzu 210 UV spectrophotometer. 

The total transmittance of the filters were measured along with the 

transmittance of the substrate with and without the dye layer. The 

number of photons per second absorbed by the dye layer was then 

calculated. 
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Another type of measurement that was performed on the dye

modified electrodes was to obtain their photo current response as a 

function of the wavelength of incident light which is called a "photo

action" spectrum. In this experiment, the dye-modified electrode is 

again poised at a potential at which a significant photocurrent is 

observed and the wavelength of incident light is varied by passing the 

output of the Xe Arc lamp through a Jobin-Yvon grating monochromator 

(Figure 2.9). Since the throughput of the monochromator severely 

attenuates the power incident on the electrode, a Princeton Applied 

Research model 125A chopper operating at 13 Hz and an Ortec Brookdea1 

model 9503 lock-in amplifier were used to increase the signa1-to-noise 

ratio of the measurements. The power versus wavelength throughput of 

the monochromator was calibrated with the EG & G radiometer and the 

measured photocurrent versus wavelength spectra were corrected by using 
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Figure 2.9. Experimental set-up for photoaction measurements. 
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Fortran IV programs written by Mr. Roy Ka11er for a Digital LSI 11/23 

minicomputer. The corrected photoaction spectra were recorded for each 

electrode using radiation from both the frontside (irradiation through 

the solution into the dye layer) and from the backside (irradiation 

through the substrate into the dye layer). The solution redox couple 

was usually hydro quinone at a concentration of 10 ~1. 

Photocurrent-photovo1tage measurements were made on some 

electrodes to determine their power efficiencies. The working and 

counter electrodes were connected through a resistance substitution box 

which provided resistances between 10 MQ and zero. The photovoltage 

under the particular current flow was then measured with the very high 

input impedance voltmeter. The Xe arc lamp was used for irradiation of 

the electrodes. 

Electrode Prepara~ion 

The electrode substrates used in the photoelectrochemical 

studies were: Sn02/g1ass, gold-metallized plastic optically transparent 

electrode (MPOTE), p-silicon, n-silicon, and platinum foil. The Sn02/ 

glass substrate was obtained from Pittsburgh Plate Glass and has about 

0.2 to 0.5 ~ of antimony-doped vapor deposited Sn02 on a glass substrate. 

The gold-MPOTE material consists of about 30 nm of gold deposited on a 

transparent polyester backing and was supplied by Sierracin Corporation. 

The highly doped p-si1icon substrate was generously supplied by Bruce 

Parkinson of the Solar Energy Research Institute. The n-silicon was 

supplied by Len Raymond of the Electrical Engineering Department of the 
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University of Arizona. The 0.5 mm platinum foil was obtained from Alfa 

Corporation. 

The gold-MPOTE, n-silicon, and p-si1icon substrate were ultra-

sonica1ly cleaned in ethanol and triple-distilled water before use. The 

platinum foil was cleaned in dilute ultrapure nitric acid (Baker 

Ultrex) and rinsed with triple-distilled water. The Sn02/g1ass sub-

strates were ultrasonically cleaned in Alconox detergent, rinsed with 

copious amounts of distilled water, followed by triple-distilled water, 

and finally rinsed with ethanol. These substrates were then exposed to 

an oxygen plasma (Harrick Corp.) at an oxygen pressure of about 50 

mi11iTorr for about 30 minutes. These electrodes were then immediately 

transferred to the sublimation vessel. 

Sublimation 

Thin films of the SiPc were deposited onto the various sub-

strates by vacuum sublimation. The sublimation vessel consisted of a 

Pyrex flask with a mask that defined the area of the electrode covered 

by the SiPc. The flask was evacuated to about 10-5 Torr and the SiPc 

was slowly brought up to sublimation temperature (ca. 200°C) by a 

heating mantle (G1as-Co1 Apparatus Company) as shown in Figure 2.10. 

Characterization of Films 

The solid-state absorbance spectra of the SiPc films were 

recorded using a Shimadzu UV-2l0 spectrophotometer. The spectra of 

both the blank substrate and the substrate plus SiPc film were measured 
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44 

for each electrode versus air in the reference beam. All spectra were 

-1 recorded using a 1 nm bandpass and a scan rate of 2 nm sec • 

The surface coverage of the films were determined by dissolving 

them off the substrate and recording their solution spectra. The films 

were dissolved in 10.00 ml of dich1oromethane and the solution 

absorbance measured in 1 cm path length cells. The number of SiPc 

molecules on the surface of the substrate was calculated from Beer's 

Law: 

# molecules - A N (0.0100 1) -~ 0 

where A is the absorbance at 666 nrn, E is the molar absorptivity 

5 -1 (4.2 x 10 1 mole cm), and N is Avogadro's number. For a more 
o 

(2.1) 

convenient measure of the surface coverage, the number of molecules 

can be converted to a coverage expressed in terms of equivalent mono-

02 
layers of SiPc. Assuming an area of 160 A per monomer SiPc molecule 

(39) and a closest-packed, flat surface orientation yields 6.3 x 1013 

-2 molecules cm for a monolayer coverage. The coverage in equivalent 

mono1ayers is: 

/I molecules # eq. mono. = ---";':'-':':;;";;-::;"::"'::"":::':::"";'""'--- ---::--
(6.3 x 1013 molecules cm-2) (A) 

2 
where A is the area of the SiPc film which was usually 0.70 cm . 

(2.2) 

Although this is a convenient way to express the surface coverage, the 

number of molecules is much more accurate since no assumptions about 

molecular area or orientation have to be made. The surface coverages 



in the subsequent chapters of this Dissertation are expressed in 

equivalent monolayers, but the actual number of molecules present on 

the electrode surface can be calculated using equation 2.2. 
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The method of dissolving off the film and measuring the solution 

absorbance allows a very accurate surface coverage determination but 

unfortunately this method is only useful for films that have not been 

mounted in the electrochemical cells since the o-ring of the cell removes 

some of the:SiPc fil~. Therefore, a method was developed to relate the 

solid-state absorbance spectra to the solution spectra. It was found 

that there was an almost linear relationship between the solid-state 

absorbance at 660 nm and the solution absorbance at 666 nm. A calibra

tion graph (Figure 2.11) was prepared using the solid-state and 

solution absorbance spectra of about 30 different SiPc films. There is 

a linear relationship between the two spectra up to a surface coverage 

of about 200 equivalent monolayers. At higher coverages, the solid

state absorbance at 660 nm reaches a plateau value that does not change 

with increased coverage and the method is no longer valid. For 

coverages below 200 equivalent monolayers, the average error between the 

coverages calculated from the solid-state and solution ahsorbances is 

10 to 15%. Although coverages determined from this method are not as 

accurate as those determined by dissolution of the film, it is very 

convenient and provides satisfactory surface coverage information. 

Films with surface coverages greater than 200 equivalent monolayers ,·yere 

determined by obtaining the solution spectrum of a second film prepared 

in the same sublimation batch. 
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Surface Analysis 

X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray photoelectron spectroscopy (XPS) data were obtained for a 

series of monomer SiPc films deposited on gold-MPOTE substrates using 

a GCA MacPherson ESCA 36 Photoelectron Spectrometer with a 127 0 

electrostatic analyzer and a MgKa x-ray source (1253.6 eV) operated at 

7 KV and 35 mAo The spectrometer was interfaced to a PDP 8/e mini-

computer for digital control of the analyzer and signal averaging 

capabilities. -6 The system base pressure was 10 Torr. The samples were 

mounted on the sample wheel using double stick tape. 

Auger Electron Spectroscopy (AES) 

A series of monomer SiPc films on Sn02/glass substrates were 

subjected to Auger Electron Spectroscopic (AES) analysis. The AES data 

were taken with a Physical Electronics Auger System with a single-pass 

cylindrical mirror analyzer. The electron gun was operated at 2 KV and 

100 nA with a beam diameter of about 1 mm. The system base pressure was 

-10 5 x 10 Torr. The samples were held on the wheel with brass clips. 

Scanning Electron Microscopy (SEM) 

Scanning electron micrographs of a plain Sn02/glass substrate 

and several SiPc films on Sn02/glass were obtained using a lSI DS-130 

Scanning Electron Microscope with a 20 KV electron beam. The samples 

were covered with about 30 nm of gold-palladium alloy and mounted on the 

sample holders with double-stick tape. A resolution of better than 
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0.1 ~ was obtained for these electrodes. The micrographs were recorded 

using a Polaroid type 55 film. 



CHAPTER 3 

NON-AQUEOUS ELECTROCHEMICAL STUDIES ON WELL-DEFINED SiPc OLIGOMERS 

Introduction 

By studying the solution electrochemical behavior of the 

individual, isolated SiPc molecules, we,were able to focus on the 

effects of additional SiPc subunits on the optical and electronic 

properties of a SiPc oligomer. These studies provide in£ormation that 

can be extrapolated to predict and/or explain the solid-state behavior of 

SiPc or other phtha10cyanine polymers or aggregates as thin films on 

electrode surfaces. 

Molecules containing multiple, identical, e1ectroactiv~ centers 

have been the subject of several recent investigations (40.-47). Hhen a 

molecule has two or more identical e1ectroactive centers, these 

centers can either interact with one another to create a molecule with 

very different properties from those of the monomeric species, or they 

can be totally non-interacting. Several types of interaction can exist 

between the individual centers: 1) through-bond, 2) through-space. and 

3) electrostatic or cou10mbic attraction or repulsion. Various tech

niques have been used to study these systems and some of the most useful 

are electrochemical and spectroscopic methods such as UV-visib1e, 

infrared, ultraviolet photoelectron (UPS) spectroscopies, and nuclear 

magnetic resonance spectroscopy (NMR). Electrochemical methods are 

particularly useful for studying these systems when the centers of 

interest are electrochemically active. The type and extent of 

49 
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interaction between the centers will manifest itself as a change in the 

o observed formal potential for electron transfer, E " and/or the number 

of electrons transferred (compared to the monomeric species) for a 

particular oxidation or reduction. Electrochemical methods have several 

advantages. They are easy to perform and qualitative data interpreta-

tion is usually fast and can provide a great deal of information about 

the energetics involved. Oxidation and reduction processes are similar 

to ionization and UV-visib1e excitation, respectively, and good experi-

mental agreement has been reported (48). Also, correlation of the 

electrochemical properties with spectrophotometric parameters for a 

series of similar compounds has been successful (49). 

Electrochemical studies on molecules with multiple, identical, 

e1ectroactive centers have been performed on molecules exhibiting a wide 

range of behavior from totally non-interacting to highly interacting. 

For molecules containing totally non-interacting centers, the electronic 

and optical properties of the molecule are the sum of those of the 

individual components. When discussing redox reactions, non-

interaction means that the oxidation or reduction of one of the centers 

in the molecule will not affect the potential at which another center 

will undergo electron transfer. The theoretical treatment developed by 

Flanagan (41) for such molecules indicates that even though the centers 

0' 
are non-interacting, there is still a small shift in the observed E of 

successive electron transfers due to statistical considerations. This 

shift in formal potential is given by: 

EF = E F _ E F = (2RT/F) In n, 
I n 

(3.1) 
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where ElF is the formal potential at which the first center undergoes 

F 
electron transfer, E is the potential at which the nth center under

n 

goes electron transfer, R is the Gas constant, T is the absolute 

temperature (OK), and F is the Faraday constant. The effect of this 

statistical factor is to broaden the cyclic voltammetric peaks obtained 

for a multiple center system compared to a single center system. This 

result has been confirmed experimentally in polymers such as polyvinyl 

naphthalene, polyvinyl anthracene, and polyvinyl ferrocene in which the 

electroactive centers are attached to a polyvinyl backbone structure (40, 

41). The cyclic voltammograms of the polymers show a multiple-electron 

wave that has a formal potential very close to that seen for the 

corresponding monomeric species. The wave is broadened and the peak 

current corresponds very well with the experimentally determined number 

of electroactive centers or the degree of polymerization in the molecule. 

For systems in which there is interaction between the identical 

electroactive centers, their electrochemical behavior is usually quite 

different than that seen for the monomeric species. Coulombic effects 

are the major factor in the interaction between multiple centers in 

oxidation and reduction reactions. The total potential shift observed 

is due to both an energetic component and the statistical component 

which are independent of one another and additive (50). In addition to 

the small statistical effect on the formal potential t there is also a 

shift in the free energy of oxidation or reduction that reflects the 

degree of interaction and therefore can be very large (highly inter-

acting) or very small (little or no interaction). This interaction can 



either stabilize or destabilize the polymer towards electron transfer 

compared to the monomer. The interaction between the individual 

centers can be due to electrostatic effects in which the resultant 

charge formed by the addition or removal of an electron on one center 

can influence the charge transfer energetics of another close neigh

boring center. 
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The largest interaction effects are seen in molecules that have 

centers which have molecular orbital overlap. This molecular orbital 

overlap can be either through-space or through-bond in nature. Through

bond interactions involve a coupling of the individual centers through 

a common chemical bond. A good example of this is the homologous 

aromatic series of benzene, naphthalene, anthracene, and tetracene in 

which the "monomer" benzene units are fused together to form "polymers." 

The effect of this extensive through-bond interaction is to create a 

more highly delocalized pi-system over the molecule, which causes a 

stabilization of both the oxidation and reduction products as more 

benzene subunits are added per molecule. Electrochemically, this 

stabilization is shown by a shift of the EO to less positive potentials 

(cathodic) for the first oxidation and to less negative potentials 

(anodic) for the first reduction process. Such shifts in EO are observed 

for the benzene naphthalene, anthracene, and tetracene series where the 

first oxidation potential of tetracene is about 1.5 V negative (easier) 

than that for benzene ~l). Also, the first reduction potential of 

tetracene is shifted about 1.0 V positive of that for naphthalene. The 

first reduction potential of benzene cannot be seen in acetonitrile since 

it is beyond the cathodic limit of the solvent system. This 



de1oca1ization of the pi-system does not continue indefinitely and 

electron density can become more localized in very large aromatic 

compounds. 

The system discussed above illustrates the highly interacting 

case. There are of course other systems that exhibit various degrees 
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of interaction. Among those studied are the bridged biferrocenes (42-a4), 

1,1'-po1yferrocenes (4'5', and some ligand-bridged ruthenium complexes 

(46,47). In these compounds, their electrochemical behavior can be 

systematically changed from that observed for interacting centers to 

that seen for non-interacting centers by varying the bridging ligands 

or groups. In the bridged biferrocenes, when the bridging group 

separates the two ferrocene moieties by a distance greater than or equal 

to a -CH2- unit, non-interacting behavior is seen. Only one oxidation 

wave is seen that corresponds to two, successive one-electron transfers 

(one to each ferrocene unit) very close to the oxidation potential for 

ferrocene. ~~en the ferrocene rings are directly fused, as in 

biferrocene and biferrocenylene, interaction is observed as a splitting 

of the single two successive one-electron wave into two waves, each 

corresponding to a single oxidation event. The first oxidation potential 

is also shifted to less positive potentials. Since in biferrocenylene 

the cyclopentadieny1 rings are joined both above and below the iron 

center, more interaction would be expected than in biferrocene where 

only one set of cyclopentadienyl rings are joined. The first oxidation 

potential of both biferrocenylene and biferrocene are cathodically 

shifted from the oxidation potential of ferrocene. This shift is much 

larger for biferrocenylene. 
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In the l,l'-polyferrocene systems, the addition of more ferro-

cene subunits per molecule all0~s more one-electron oxidations to 

occur (one per ferrocene unit) with a decrease in the energy difference 

between successive oxidations. In addition, the first oxidation 

potential of l,l'-quaterferrocene is cathodically shifted by 240 mV 

compared to ferrocene. 

In the ligand-bridged ruthenium-trimer complexes, three 

ruthenium atoms are linked through various ligands. Two of the 

ruthenium atoms have the same chemical and electronic environment. 

Electrochemical oxidation of these complexes yields two waves. The 

first wave involves two successive one-electron transfers corresponding 

to the oxidation of the two identical ruthenium atoms. The second one-

electron wave is due to the oxidation of the third, non-equivalent 

ruthenium atom. 

The electrochemical investigations on the monomer, dimer, and 

trimer SiPc show that there is definitely interaction between the SiPc 

rings in the dimer and trimer species. This behavior, however, is 

intermediate between the non-interacting and highly interacting cases 

discussed above. This is believed to be characteristic of aromatic 

systems that interact via through-space orbital overlap of their 

pi-systems. 

Results and Discussion 

The UV-visible absorption spectra for the monomer, dimer, and 

trimer SiPc in dichloromethane are shown in Figure 3.1. As with most 

phthalocyanines, they have two characteristic absorption regions: the 
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Figure 3.1. Solution absorbance spectra of the SiPcs in Dich1oro
methane. 
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Q-band absorption in the red region and the Soret-band in the near-UV 

(Table 3.1). There are two important differences between the spectra of 

the monomer, dimer, and trimer SiPc. First, there is a shift to 

shorter wavelengths (blue shift) of the peak maxima of both the Q- and 

Soret-bands as more SiPc subunits are added per molecule. Second, the 

peak absorbance, especially in the Q-band region decreases with 

polymerization. Although the peak absorbance decreases, the peak 

becomes broader and the integrated absorbance, referred to as the 

oscillator strength, increases for the dimer and trimer compared to the 

monomer SiPc. These spectra are in excellent agreement with the solu

tion UV-visib1e spectra of almost identical SiPc polymers in which the 

t-buty1dimethy1si1y1 end caps were replaced with di-t-buty1si1y1-

methy1si1y1 groups (52). Very little difference should be expected 

since the electronic transitions that give rise to the absorption bands 

are on the SiPc rings. The oscillator strengths for the monomer and 

dimer of this series have been calculated to be: Q-band-monomer 

0.68, dimer = 1.02 and Soret-band-monomer = 1.81, dimer = 2.22 (53). 

According to the molecular exciton model for molecular aggregates 

developed by Kaska (5~, the blue shift in the peak maxima for the dimer 

and trimer SiPc can be attributed to the fact that the pi-pi1~ transi

tions corresponding to these absorption bands have their identical 

electronic dipoles in the plane of the rings. As in the case of the 

dimer and trimer SiPc, when these dipoles are parallel to one another, 

the excited state, which Kaska refers to as an "exciton," is split into 

a higher energy and a lower energy component. Optical excitation is 



Table 3.1. UV-visible absorption data for monomer, dimer, and trimer 
SiPc. 

Q-band Soret band 
Molecule Almax (nm) e: (l/mole em) Almax (nm) e: (l/mole em) 

max max 

Monomer 666 4.2 x 105 352 7.1 x 104 

Dimer 632 2.5 x 105 340 1.1 x 105 

Trimer 620 1.5 x 105 330 1.4 x 105 

57 



58 

allowed to the higher energy level and is formally forbidden for the 

lower energy transition. In contrast, molecules such as naphthalene 

and anthracene have their transition dipoles in the same plane and they 

are oriented in a "head-to-tai1" configuration. Under these circum-

stances, the excited state is again split into higher and lower energy 

components, but optical excitation to the lower energy transition is now 

allowed. This results in the observed red-shift seen in the optical 

spectra of benzene, naphthalene, and anthracene. 

Figure 3.2 shows the cyclic vo1tammograms of the slightly 

soluble monomer, dimer, and trimer SiPc in dich1oromethane. The 

cathodic and anodic peak potentials, E and E ,observed with a p,c p,a 
-1 scan rate of 132 mV sec for each compound are listed in Table 3.2 for 

the reduction and oxidation waves. Also listed in the table is the 

EO for each electron transfer process. EO is defined as the midpoint 
m m 

between the anodic and cathodic peak potentials. This value should be 

very close to the reversible potentials, EO, since the peak current 

ratios are unity and the peak separations are 80 mV or less which 

indicates reversible behavior. The peak currents for the monomer are 

low because of the very low solubility of the monomer SiPc (ca. 0.1 ~) 

in dich1oromethane. When the peak currents are normalized to the same 

concentration, their relative magnitudes are as expected: monomer 

SiPc > dimer SiPc > trimer SiPc. A more convenient representation of 

the electrochemical data is given in Figure 3.3. The position of the 

anodic and cathodic peak currents are plotted versus potential for each 

oxidation and reduction process, respectively. The anodic peak 

potential for ferrocene is included as a reference point. 
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Figure 3.2. Cyclic voltammograms of the SiPcs in dichloromethane. 
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Table 3.2. Electrochemical behavior of SiPcs in CH2C12 .* 

SiPc Oxd/Red E (V) E (V) llE (l1lV) EO (V) p,c p,a p m 

monomer red -1.29 -1.21 80 -1.25 
(0.1 ~) red -1.85 -1.76 90 -1.81 

oxd +0.53 +0.60 70 +0.57 

dimer red -1.29 -1.22 70 -1.26 
(0.25 ~) red -1.65 -1.58 70 -1.62 

red -2.19 
O!Kd +0.20 +0.27 70 +0.24 
oxd +0.64 +0.73 90 +0.69 

trimer red -1.35 -1.28 70 -1.32 
(0.29 m}!) red -1.59 -1.51 80 -1.55 

red -1:97 -1.87 110 -1.93 
red -2.33 
oxd 0.00 +0.08 80 +0.04 
oxd +0.39 +0.47 80 +0.43 
oxd +0.83 +0.92 90 +0.88 

- - - - - - - - - - - - - - - - - -
ferrocene oxd -0.02 +0.06 80 +0.02 

All potentials versus Ag/O.Ol ~ AgCl04 aqueous reference electrode. 

* 0.2 M TBAP supporting electrolyte, scan rate - 132 mV/sec. 
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The monomer SiPc shows two reversible reductions producing 

chemically stable mono- and dianions at E = -1.29 V and -1.85 V. p,c 

One chemically reversible oxidation was observed at E = +0.60 V. The p,a 

cathodic and anodic peak potentials and the separations between them, 

~E (70-90 mV for each redox process), are independent of scan rate over p 
-1 

the range of 13.2 to 650 mV sec • Using the method of Nicholson (3"8) 

for determining the standard heterogeneous electron transfer rate 

coefficient, k , from the peak potential separation of the cyclic 
s 

voltammetric waves and assuming a one-electron transfer (see below) with 

an estimated diffusion coefficient of 1 x 10-6 cm2 sec-I, we calculate 

3 -1 that k is greater than 3 x 10 cm sec for the first oxidation of the s 

monomer SiPc in dichloromethane. Comparable values of k are obtained 
s 

for the first oxidation and reduction of the dimer and trimer SiPcs. 

The peak current ratio, i Ii ,is unity at all scan rates explored p,C p,a 

for the monomer SiPc. 

Three reductions and two oxidations are observed for the dimer 

SiPc. The first two reductions appear to be chemically reversible and 

occur at E =-1.29 V and -1.65 V, respectively. Both oxidations at p,c 

E = 0.27 V and 0.73 V also appear chemically reversible. A third 
p,a 

reduction peak (not shown in Figure 3.2) can be seen close to the 

cathodic solvent limit at E = -2.19 V, but little or no oxidative p,c 

current is seen on reversing the potential sweep. 

For the trimer SiPc, four reductions and three oxidations were 

observed. The first two reductions appear chemically reversible at all 

scan rates used and occur at E = -1.35 V and -1.59 V, respectively. p,c 
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The third reduction at E = -1.97 V, like the third reduction for the p,c 

dimer, approaches chemical reversibility only at the faster scan rates. 

The current for the fourth reduction (not shown in Figure 3.2) is 

superimposed on the cathodic limit of the solvent at about E = p,c 

-2.33 V. It is only seen at the faster scan rates and lower current 

sensitivities. No current is observed on the reverse scan even at the 

fastest scan rate used which was 650 mV sec-I. The lack of full 

reversibility of the third reduction process of the dimer and third and 

fourth reduction processes of the trimer under the conditions used can 

be associated with the strength of the reducing power or the extreme 

basicity of the anions formed. The majority of trianions or tetranions 

react with the solvent or supporting electrolyte before they can be 

electrochemically oxidized. Since the product of the third reduction 

of the trimer SiPc does not appear to be chemically stable, it is 

possible that the observed reduction current in the fourth reduction 

wave is due to an electrochemically active product formed by reaction of 

the trianion with either the solvent or supporting electrolyte. All 

three oxidations for the trimer SiPc at E = 0.08 V, 0.47 V, and p,a 

0.92 V produced chemically stable cations. 

The number of electrons transferred, n, in the first oxidation 

of each of the phthalocyanines was determined by thin layer coulometry. 

The thin layer cell volume was found to be 2.2 ~l by calibration with 

ferrocene (n = 1.0). Thin layer voltamrnograms were obtained using a 

-1 scan rate of 5 mV sec • The thin layer coulometric results are listed 

in Table 3.3. The reported average charge is based on at least three 

separate trials. The number of electrons transferred in the first 



Table 3.3. Thin layer coulometry on SiPcs in CH2C12 .* 

Concentration Average Average Deviation 
Compound (roM) Charge (llC) in Charge (%) 

Ferrocene 0.10 18 5 

Monomer SiPc 0.14 23 5 

Dimer SiPc 0.097 17 5 

Trimer SiPc 0.13 15 5 

* 0.2 M TBAP 

t based on 1.0 e for ferrocene, calculated for the first 
oxidation process for each SiPc. 

t n 

1.0 

0.91 

0.97 

0,64 



oxidation of the monomer and dimer SiPc was found to be one, within 

the limits of the experimental error. The fractional value of the 

number of electrons transferred in the trimer SiPc (n = 0. 04) may be 
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due to slow electron transfer which led to a broadened voltammogram and 

poor resolution of the background charge. This significantly low n 

value could also be caused by impurities in the trimer SiPc that are 

neither electroactive or absorb in the UV-visible. Since the solubility 

of the SiPc is low (ca. 1 ~), the low current. levels could be attrib

uted to incomplete dissolution but concentrations of about 0.1 roM were 

used in each coulometric study to assure complete solubility of each 

compound. Recent FT-NMR studies on the trimer SiPc in CDC13 have 

shown evidence of a slow decomposition with time after solubilizing and 

therefore may account for the low peak currents and n-value for the 

trimer SiPc. 

Although the thin layer coulometric studies were only performed 

on the oxidations of the monomer, dimer, and trimer SiPc, it can be 

inferred from the cyclic voltammograms that each of the reductions also 

involve only one electron. Since the magnitudes of the peak currents 

for the reductions are identical to those observed for the oxidations 

and allowing for small variations in the diffusion coefficients of the 

charged species, each cyclic voltammetric wave corresponds to a one

electron event. 

The monomer, dimer, and trimer SiPc represent an interesting 

class of molecules that exhibit electrochemical behavior that is 

intermediate between that seen for molecules containing either highly 
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interacting or totally non-interacting aromatic centers (Figure 3.3). 

Significant interactions exist between the co facial phthalocyanine 

rings, but these are primarily through-space overlap of the pi-systems. 

Additional evidence of interaction is seen in the UV-visible (53), 

NMR (52), and Ultraviolet Photoelectron Spectra (UPS) (55), Without 

this through-space orbital overlap, the oxidations and reductions of 

the dimer and trimer would occur with the same free energy differences 

as those of the monomer. Multiple electron transfers would be 

observed for the first oxidation and reduction steps for the dimer and 

trimer SiPc. 

The electrochemical behavior resulting from through-space 

orbital interaction between the cofacial rings in the dimer and trimer 

SiPc is also quite different from that observed for molecules with 

primarily through-bond overlap. The presence of additional SiPc rings 

in the dimer and trimer causes a large cathodic shift in the first 

oxidation potential, but results in a small cathodic shift in the first 

reduction potential. 

The small cathodic shift in the first reduction potential 

between the monomer, dimer, and trimer SiPc suggests a small 

destabilization of the reduced state of the trimer SiPc with respect to 

the monomer and dimer SiPc. Actually, there is a net stabilization if 

the idea of a symmetry potential as developed for alternate aromatic 

hydrocarbons (AAH) by Parker is used (51). The orbitals of AAH exist 

as pairs of bonding and antibonding orbitals of energy -€ and +€, and 

the potential required to add an electron to an antibonding orbital 
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should be the same but opposite in sign to that required to remove an 

electron from a bonding orbital. This assumes that the potentials are 

referred to the zero reference potential which Parker asserts is the 

midpoint potential between the first oxidation and reduction potentials. 

The solvation energies of the resulting cation and anion radicals are 

assumed to be equal. The midpoint potential is a measure of the 

average energy of the molecule and has been shown to be essentially 

constant (± 0.05 V) for a series of AAH such as benzene, naphthalene, 

anthracene, etc. Applying this treatment to the SiPc series, midpoint 

potentials can be calculated from the first oxidation and reduction 

potentials of each SiPc molecule and are tabulated in Table 3.4. The 

energy difference between the first oxidation and reduction potentials 

and (EO-E 0d) are computed in the last column of the table and show a 
ml 

decrease on going from the monomer to the trimer SiPc. This indicates 

a net stabilization of both the first oxidation and reduction processes 

with the addition of more SiPc rings per molecule, as is expected by 

virtue of the greater extent of delocalization in the dimer and trimer 

SiPc. Unlike the AAH series, the midpoint potentials for the SiPc 

series shift to more negative values indicating an increase in the 

average absolute energy per molecule. This means that there is a 

stabilization of both the one-electron oxidation and reduction products. 

The free energy difference between subsequent oxidations and reductions 

of the dimer and trimer is smaller than for the monomer SiPc. Similar 

observations have been made in biferrocene, biferrocenylene, bridged 

biferrocenes, l,l'-polyferrocenes, and some ligand-bridged ruthenium 
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Table 3.4. Midpoint potentials for the SiPes. 

Molecule EO (V) EO d (V) E mid (V) IEo-E'd l (V) ox re ml. 

Monomer +0.57 -1.25 -0.34 0.91 

Dimer +0.24 -1.26 -0.51 0.75 

Trimer +0.04 -1.32 -0.64 0.68 
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complexes (42-47). The presence of the second and third aromatic 

center appears to stabilize the monocation, making the first oxidation 

energetically more feasible and the energy difference between successive 

oxidations smaller. 

Previous UPS studies by Hush and Cheung on similar monomer and 

dimer SiPc molecules show a splitting of the HOMOs in the dimer SiPc 

with an energy difference of 0.32 eV between the two orbitals (55). A 

similar splitting of 1.05 eV is seen for the benzene E level in the UPS 
g 

spectra of [2.2.2] [1,3,5] cyclophane ('57~58·). The larger splitting 

(1.05 vs 0.32 eV) is expected in the paracyclophane since the spacing 

between the cofacial benzene rings is smaller. Although the para-

cyclophanes are very similar to the phthalocyanine oligomers in terms 

of their cofacial structure and UPS spectra, they do not exhibit blue-

shifting in their optical absorption spectra. The absorbance maxima 

are red-shifted on going from the monomer unit benzene to the dimer 

[2.2.2] paracyclophane to a multilayer paracyclophane containing four 

cofacially-stacked benzene rings (58,59). The fact that a red-shift is 

observed in the optical absorption spectra of the higher order para-

cyclophane oligomers may be due to the non-planarity of the cofacial 
o 

benzene rings and their close proximity «3 A) to one another. This 

increased interaction between adjacent rings and possible through-bond 

coupling with the bridging ethylene groups may cause a reorientation 

of the benzene transition dipoles making optical excitation to the lower 

energy transition possible (58). 
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Using the UPS data for the monomer and dimer SiPc along with 

the optical absorbance and electrochemical data it should be possible to 

construct simplified energy level diagrams for the SiPc series. The 

first reduction, ED
R, and oxidation potentials, EDOX' of a molecule can 

be related to the energies of its LUMO and HOMO, respectively (60). 

These in turn are related to the gas phase ionization potential (IP) and 

electron affinity (EA) of the molecule by the following equations: 

ED = EA + C 
R 

(3.2) 

(3.3) 

where C and C' are constants that include changes in solvation energies 

of the oxidized and reduced molecule and the potential of the reference 

electrode versus a free electron in vacuum. It has been shown experi-

metnally that linear relationships between EA (LUMO) and EDR (4~, as 

well as IP (HOMO) and EDOX (61,62) exist for a series of closely 

related dyes. A linear free energy relationship was found between the 

energy of the first excited singlet state, E , and the absolute dif
s 

o 0 . 
ference of IP and EA (or E Rand E OX) for cyanine dyes (49.). 

Therefore, it should be possible to estimate the energy spacing between 

the HOMOs and LUMOs of the SiPc oligomers from the energy difference 

between their first oxidation and reduction potentials. 

A simple energy level diagram for the monomer, dimer, and trimer 

SiPc is shown in Figure 3.4. Using the visible absorbance maxima at 

1.87 eV for the monomer SiPc, the spacing between the HOMO and LUMO is 

estimated. This compares well with the energy difference of 1.81 eV 
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calculated from the electrochemical data (Eo
OX - EO

R
). The position of 

the monomer SiPc HOMO is obtained from the UPS data (55). For the 

dimer SiPc, the UPS data shows a 0.32 eV splitting of the individual 

SiPc ring HOMOs as shown. A similar splitting of the Ll~Os' is expected 

from molecular orbital theory. Using this splitting scheme, the energy 

difference between the HOMO and LUMO is estimated as 1.55 eV for the 

dimer SiPc. This agrees very well with the electrochemically calculated 

value of 1.49 eV. For both the monomer and dimer SiPc, the difference 

between the spectroscopicallY and electrochemically calculated energies 

is 0.06 eV. Assuming this difference remains constant from the dimer 

to the trimer SiPc, an energy difference of 1.42 eV can be estimated 

for the trimer. We predict that UPS data for the trimer SiPc, if 

available, would show a HOMO to LUMO energy difference of about 1.42 eV. 

The proposed energy levels shown for the trimer SiPc show an equal 

spacing between the HOMOs and LUMOs of the individual SiPc levels as a 

convenient oversimplification. UPS data on the trimer would allow a 

much more accurate determination of the actual spacing between adjacent 

levels as in the case of the dimer SiPc. It is interesting to note that 

the optical spectroscopic energies also shown in the figure do not 

reflect the true LUMO to HOMO energy spacing. For the monomer SiPc, 

the energy of the absorbance maximum and the electrochemical data agree 

as expected. However, the optical spectroscopic data suggests an 

increase in the HOMO to LUMO spacing in the dimer and trimer SiPc which 

contradicts the UPS and electrochemical data. This discrepancy is 
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explained as previously mentioned, since the cofacially oriented SiPc 

rings in the dimer and trimer do not allow excitation between their 

HOMO and LurID levels, but rather involve excitation from a HOMO to some 

other higher energy level. 

From Figure 3.4 we can see the effects of the unsymmetrical 

splitting of the SiPc HOMOs in the dimer and trimer on their relative 

positions. The HOMO of the trimer SiPc is stabilized by about 0.4 eV 

compared to the monomer and its LUMO is stabilized by only about 0.2 eV. 

This agrees well with the shift in the midpoint potential as discussed 

previously, which shows a net increase in the average energy of a SiPc 

molecule as additional SiPc rings are added. 

As the number of SiPc rings per molecule is increased, we 

observe an increase in the number of oxidations and reductions and the 

energy difference between successive electron transfers decreases. This 

leads to the prediction that higher order SiPc oligomers (tetramers, 

pentamers, etc.) should continue to show more and more closely spaced 

electron transfer steps. These electrochemical reactions may correlate 

with a convergence of the HOMOs of the individual SiPc rings to form a 

valence band and the LUMOs of the SiPc to form a conduction band in a 

conducting or semiconducting solid. This is shown in Figure 3.4 as the 

closely spaced levels in the proposed scheme for higher order SiPc 

polymers. The spacing between the individual SiPc subunit HOMOs and 

LUMOs becomes smaller and smaller until they coalesce into a valence 

band (HOMOs) and a conduction band (LUMOs). 



In an attempt to verify this prediction, higher order SiPc 

polymers were formed by polymerizing dihydroxysilicon phthalocyanine 

[SiPc(OH)2] under vacuum (63) and their dichloromethane solutions 

studied electrochemically. Although these polymers have an extremely 

low solubility in dichloromethane (less than 10-5 M), we were able to 

distinguish oxidation peak potentials using differential pulse 

voltammetry. The polymerized material was repeatedly extracted with 
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d!ehloromethane and each extract analyzed electrochemically. The ox i-

dation peaks of the successive extractions were reproducibly broadened 

and shifted to more negative potentials. Assuming the higher the 

degree of polymerization, the lower the solubility of the molecule, each 

successive extract should contain higher order polymers. The first 

oxidation potential of the monomer species was at +0.65 V which agrees 

very well with the first oxidation potential of the monomer SiPc. This 

first oxidation potential was shifted to more negative values in each 

successive extract and the peak current decreased so that in the fourth 

and final extract in which electrochemical activity could be observed, 

the E was shifted to -0.05 V. This value of E is 130 mV negative p,a p,a 

of the first oxidation potential of +0.08 V for the trimer SiPc. In 

addition to the cathodic shift in oxidation potential the width of the 

oxidation waves increased between successive extracts. This broadening 

of the oxidation waves is consistent with the convergence of the first, 

second, third, etc. oxidation waves of the polymer since the energy 

difference between successive oxidations is becoming smaller and smaller. 

Once the potential difference between successive oxidations is about 
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100 mV or less, the individual oxinations waves will not be completely 

resolved from one another and could eventually coalesce into one, 

multiple-electron wave (64). These conclusions must be tempered by the 

consideration that the degree of polymerization of the SiPc(OH)2 

extracts was unknown, in contrast to the synthesized monomer, dimer, 

and trimer SiPc series. 

Similar studies on stacked-ring aromatic systems such as co

facial porphyrins have been reported (65,66). Geiger and Brennan have 

recently reported on the voltamrnetric activity of a cobalt metallocycle, 

"triple-decker" compound which shows a similar stabilization of the one

electron cation and an apparent destabilization of the one-electron 

anion relative to the monomer of that series (67). In view of the 

results discussed for the SiPc series, this apparent destabilization 

may in fact be a small stabilization since the through-space inter

actions between the cofacial ferrocene rings may cause a cathodic shift 

in midpoint potential between the two and three ring systems as seen in 

the dimer and trimer SiPc. 

These electrochemical studies clearly point to the importance 

of the cofacial orientation of large macrocycles in determining both 

their solid-state redox behavior and conductivity. The co facial 

orientation in the dimer and trimer SiPc makes them much easier to 

oxidize than the monomer SiPc. This result is consistent with recent 

studies on the dramatic increase in conductivity of similar polymeric 

phthalocyanines that have been doped with weak oxidants like iodine. 

Fluoroaluminum and fluorogallium phthalocyanines (68) as well as 

germanium and tin phthalocyanines (6~ which are known to be cofacially 
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-1 -1 oriented in the solid-state, form highly conducting (up to 5 ohm cm ), 

linearly-stacked polymers when doped with iodine or other halogens. The 

cofacia1 orientation of the phtha10cyanines allows the through-space 

orbital overlap needed to stabilize the oxidation of the polymer and as 

a result a weak oxidant like iodine can cause charge transfer to occur. 

As with other "molecular conductors", the dramatic increase in 

conductivity is attributed to partial or incomplete charge transfer 

between the donor (Pc) and the acceptor (12) molecules (70). The 

solution electrochemistry of the dimer and trimer SiPc shows that two 

or more cofacially-stacked phthalocyanine rings will behave as a single 

entity with its own redox properties. This oligomer is more easily 

oxidized than the monomeric species. In addition, other porphyrins 

and phthalocyanines which do not normally axially aggregate in the 

solid-state have been found to exist as a column of metal-ligand 

moieties surrounded by parallel tunnels containing polyiodide 

(r-3 or r-5) when doped with 12 (71-72)., Similar observations have also 

been made with other linear chain conductors in which conductivity is 

highest along the axis of polymerization. (70). Future studies may show 

the energy gained from stabilization of the oxidized state through 

molecular orbital overlap in the stacked polymer is large enough to 

allow the non-oriented molecules to reorient themselves into a more 

interactive configuration when doped with an oxidizing species. 

The molecular orbital overlap favored by cofacial orientation 

of the phthalocyanine rings also influences their conductivity when 

undoped. Most phthalocyanines are known to exist in several different 

crystallographic orientations. Probably the most widely studied 
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polymorph is metal-free phthalocyanine (H2Pc) in which two hydrogen 

atoms replace the central metal atom. H2Pc has been shown to exist in 

three different phases: a-, S-, and x-phase (73). The x-phase has a 

solid-state visible absorption spectrum that is both broadened and red-

shifted compared to the a- and S-phases. This is consistent with a 

higher degree of intermolecular interaction in the x-phase. The 

proposed structure for the x-phase is an axial stack of cofacial H2Pc 

dimers which would facilitate through-space pi-i~teraction. Solid-

state conductivity measurements have shown the x-phase H2Pc has the 

highest conductivity and photoconductivity of the three known phases. 

Similar results were obtained for x-phase copper phthalocyanine (CuPc) 

In addition,from the information obtained about molecular 

stabilization via through-space orbital overlap, it is possible to 

approximate the energies of the HOMOs and LUMOs of the SiPcs in the 

solid-state using the first oxidation and reduction potentials in 

solution. Again electrochemical and spectroscopic methods can be used 

to estimate the energy levels of the SiPcs in thin solid films. Pre-

vious work has shown there is a very good correlation between the 

surface ionization potentials, I , and the first oxidation potentials s 

of several phthalocyanines in N,N-dimethylacetamide (DMA) solution (75). 

A constant difference of +0.7±0.1 V was found between the first ox ida-

tion potential and I for a series of phthalocyanines that contain 
s 

divalent metal atoms or their equivalent (H2Pc, ZnPc, MgPc, and CuPc). 

A change in the valency of the central metal atom to trivalent or 



tetravalent atoms results in a positive shift in the first ligand 

oxidation potential. This effect has also been observed in meta11o-

porphyrins (76). For phtha10cyanines in which the first oxidation 

occurs on the Pc ring, it is possible to estimate I using solution 
s 

oxidation potentials. The surface electron affinities, A , can be 
s 

calculated from the I values and the band-gap energy of the phtha1os 

cyanines. The band-gap energy can, in turn, be estimated from the 
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UV-visib1e absorption spectra. For similar phtha10cyanines, I and A 
s s 

values can be determined from solution electrochemical studies and UV-

visible spectroscopy or vice-versa. This treatment should be 

particularly useful for the monomer, dimer, and trimer SiPc series 

since the central atom does not change from molecule to molecule, the 

oxidations are exclusively ring centered, and the oxidation potentials 

were measured for each under identical experimental conditions. The 

ability to estimate the values of I and A for the SiPcs is important 
s s 

in the development of a model to explain and predict the solid-state 

photoe1ectrochemica1 behavior of SiPc-modified electrodes. This is 

discussed in detail in the next chapter. 

Based only on these solution UV-visib1e spectroscopic and 

electrochemical results, the trimer SiPc is expected to show the best 

photocurrent response of the three molecules since it is capable of 

absorbing the most visible light (highest oscillator strength) and most 

closely resembles the semiconductor behavior required for facile 

electron mobility through the dye layer, 



CHAPTER 4 

PHOTO ELECTROCHEMICAL STUDIES ON WELL-DEFINED SIPC OLIGOMERS 

Introduction 

In this chapter, the photoelectrochemical behavior of the 

monomer, dimer, and trimer SiPc is studied. A model system is 

presented based on a semiconductor/dye/solution representation. Each 

of the components, namely the semiconductor, the dye layer, and the 

contacting solution will be treated individually according to accepted 

theory. An idealized model for the semiconductor/dye/solution is 

constructed and predictions about photoresponse characteristics are 

presented. Since most of this theory has been developed and presented 

elsewhere, only a brief, idealized treatment will be given. References 

are included in each section if a more detailed discussion is desired. 

The Semiconductor 

The basic theory behind the photoelectrochemical dye sensitiza

tion process usually involves the use of solid-state band theory. This 

affords a simple representation of the relationship between the levels 

of the various components of the system. In this representation, the 

molecular orbitals of the molecules that compose the semiconductor 

merge to form bands of continuous energy levels. The occupied orbitals 

form a continuum of filled levels called the "valence band" since these 

usually contain the valence electrons of the material. Likewise, the 

unoccupied orbitals form a continuum of empty levels referred to as the 
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"conduction band." Energy levels between the valence and conduction 

bands are forbidden or not allowed and make up the band gap of the semi

conductor. A simplified band model for a semiconductor is shown in 

Figure 4.1. The energy of an electron in the semiconductor with 

respect to a free electron in vacuum which is assigned as the zero of 

energy is plotted on the vertical axis. The horizontal axis represents 

the distance into the semiconductor from its surface. The valence band 

edge, Evb ' represents the energy of the highest occupied level in the 

semiconductor which is analogous to the highest occupied molecular 

orbital (HOMO) in discrete molecules. Similarly, the conduction band 

edge, Ecb ' can be considered as the energy of the lowest unoccupied 

orbital of the semiconductor since all levels that lie above it in 

energy are vacant under normal conditions. The dotted line denoted Ef 

is referred to as the Fermi level of the semiconductor which is a 

thermodynamic quantity defined as the electrochemical potential of an 

electron in the solid. It can be thought of as the average energy of 

an electron in the semiconductor. It is important to stress, however, 

that the Fermi level of a semiconductor is a thermodynamic quantity and 

its energy does not necessarily correspond to an actual energy level in 

the semiconductor since an ideal semiconductor does not have allowed 

levels within its bandgap region. 

The position of the Fermi level of a semiconductor with respect 

to its valence and conduction bands determines its overall electrical 

and photoelectrochemical characteristics. The semiconductor shown in 

Figure 4.1 would be an intrinsic (undoped) semiconductor with its Fermi 
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Figure 4.1. A simplified band model for a semiconductor. 
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level located at the midpoint energy between Ecb and E
vb

• Most 

connnercially available semiconductors, however, are "doped" to 

R2 

increase their conductivities and give them the desired conduction 

characteristics. A semiconductor can be either "n-doped" or "p-doped." 

In a n-doped semiconductor, electron donating atoms are diffused into 

interstitial sites in the solid to create an excess of electrons. 

Electrons become the majority carriers of current in these "n-type" 

semiconductors. This n-doping results in raising the position of the 

Fermi level up towards the conduction band since more electrons are 

added to solid. 

Semiconductors that are doped with electron accepting atoms are 

referred to as "p-type." These atoms create empty orbitals or "holes" 

in the valence band and they become the majority current carrier. The 

position of the Fermi level is lowered towards the valence band since 

electrons are essentially being removed from the semiconductor. The 

effects of n- and p-doping on the position of the Fermi level are shown 

in Figure 4.2. 

The energy band diagrams for semiconductors shown so far have 

depicted them at their so-called "flat-band" conditions. Under Hat

band conditions, the conduction and valence band edges remain at the 

same energy from the surface of the semiconductor into the bulk. When 

a semiconductor is connected to an external voltage source through an 

Ohmic contact, electrons can be forced into or out of it which causes 

the bands to bend near the semiconductor surface. Band bending results 

when the semiconductor is held or "biased" at a potential that is 
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either positive or negative of its flat-band potential V
fb

• The 

relationship between voltage and energy is given by: 

E = -eV 

R4 

(4.1) 

where E is the energy, e is the charge on an electron, and V is the 

voltage. Band bending occurs over a very narrow layer (usually ~ 10 nm) 

called the space-charge region (SCR) that gives the semiconductor the 

ability to internally separate charge. Metals do not have a SCR and 

therefore are unable to internally separate charge. When the semi

conductor is biased positive of its flat band potential, the Fermi level 

is pushed downward which results in upward bending of the bands within 

its SCR. Upward bending indicates a depletion of electrons in the :' 

region. An applied voltage negative of Vfb will cause the Fermi level 

to move upward causing a downward bending of the bands within the SCR, 

indicating an accumulation of electrons at the surface of the semi

conductor. The effects of positive and negative bias on band bending 

is shown in Figure 4.3 for an n-type semiconductor. Note that the 

energy of the conduction and valence band edges, Ecb and Evb ' are fixed 

at the surface of the semiconductor and do not shift with applied 

potential. Therefore, any change of applied voltage is equivalent to a 

corresponding change in the band bending across the SCR and is given by: 

(4.2) 

where ~~SCR is the potential drop across the SCR and Vapp is the 

applied voltage. The thickness of the SCR is dependent on the doping 
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or carrier density within the semiconductor. The higher the carrier 

density, the higher the conductivity of the semiconductor and the 

thinner the SCR. As the carrier density is increased to values 

approaching the value of 1023 cm-3 the SCR thickness becomes very small. 

At very high doping densities of 1019_1020 cm-3 , the space charge 

region is about 1 nm and electron tunnelling through the SCR gives the 

semiconductor almost metallic properties (77). These highly doped semi-

conductors are referred to as "semi-metals" since they have 

conductivities and electrical characteristics approaching those of 

metals. 

A model of the photosensitization process requires knowledge of 

the absolute values of Evb ' Ecb ' Ebg , and Ef for the particular semi

conductor of interest. Fortunately, these values are experimentally 

determinable (Figure 4.4). EVb can be evaluated by measuring the photo-

electric work function, ~PE' which is the energy required to remove an 

electron from the valence band to vacuum. This quantity is also known 

as the ionization potential, I. The experimentally measurable 
s 

electron affinity, EA, is the energy released in bringing an electron 

from vacuum to the conduction band and therefore defines Ecb. The 

bandgap energy, Ebg , is most easily evaluated from absorption

photoconductivity spectra. If ~Ebg is used in combination with Evb ' an 

alternate determination of the position of Ecb can be made. The Fermi 

level can be directly determined by measuring the thermoelectric work 

function, ~TE. Other procedures involve the measurement of contact 

potential difference by either the vibrating capacitor or retardation 
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potential methods (78). In addition to these parameters, it is also 

useful to know whether the majority carriers are electrons or holes 

(n- or p-type). This is usually determined by measuring the Hall 

coefficient or sign of the contact potential difference. 

The Solution 

The solution component can also be considered in terms of a 

solid-state band treatment. When a redox couple (both the oxidized and 

reduced forms) is dissolved in a suitable solvent, the resulting 

solution will have an average potential defined as the formal potential, 

0' 0' 
E ,of that couple. This E is measured versus some reference 

potential, usually expressed versus the normal hydrogen electrode (NHE). 

In order to relate potentials measured against the NHE in solution to 

those on the absolute scale versus an electron in vacuum or vice-versa, 

it is necessary to know the energy of the NHE on the absolute scale. 

Although it is impossible to measure this value rigorously, a value of 

-4.5 to -4.7 eV for the NHE versus an electron in vacuum has been 

estimated (79-81). Using this estimated va~ue, it is possible to place 

solution redox energies on the same scale with the energies associated 

with the semiconductor valence and conduction bands. Figure 4.5 shows 

the energy distribution of a typical redox couple in solution. The 

energy levels are controlled by the ionization energy of the reduced 

species and the electron affinity of the oxidized species in solution. 

These fluctuate over a considerable range due to varying degrees of 

interaction with the surrounding electrolyte. The standard redox 

o potential, E , which is the Fermi level of the solution, is an average 
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of the ionization energy and electron affinity of the redox couple. 

Energy fluctuations lead to a distribution about the most probable 

values of Eo d and EO h d t' w en average over 1me. re ox The width of the 

distribution is controlled by the reorganization energy, h d ,which re ox 

is the energy involved in alterations of the inner and outer solvation 

structures due to the loss or gain of an electron. These reorganiza-

tion energies can cause a large energy distribution. Memming (84) 

calculated reorganization energies on Sn02 electrodes and found a value 

of 0.4 ± 0.2 eV for ferri/ferrocyanide in acetate buffer and 1.7 

+3 +4, ± 0.2 eV for Ce ICe 1n 0.5 ~ H2S04 , Although there is obviously a 

very broad range of energies involved for the oxidized and reduced 

o forms of a redox couple in solution, only a single energy level, Ef , 

will be used for simplicity. 

When a redox couple comes into contact with a metal, electron 

transfer occurs via oxidation or reduction of the solution species until 

the Fel~i levels of each are at equilibrium as shown in Figure 4.5. 

At equilibrium, the Fermi level of the metal is the same as the Fermi 

level of the solution and no further net current flow occurs. The 

Fermi level of the metal can be moved up or down with respect to the 

solution by application of an external voltage, Movement of the metal 

Fermi level will cause electron transfer to occur since the two Fermi 

levels are no longer equal. The direction of current flow will depend 

on the extent of overlap between the metal Fermi level and the dis-

tributions for the oxidized and reduced states of the redox couple. If 

the Fermi level of the metal is moved upward from its equilibrium 
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position, electrons will flow from the metal to reduce the oxidized 

form of the redox couple. Likewise, if the metal Fermi level is moved 

downward, electrons will flow into the metal by oxidation of the reduced 

form of the redox couple. 

The detailed theory of charge transfer and energy distributions 

in solution have been developed by Marcus (82), Gerischer (83), 

Memming (84), Bockris (85), and Hush (86,87). 

The treatment presented above was developed for a single-step, 

one-electron transfers for reversible systems with no chemical 

complications. Therefore, this theory can be applied to the ferri/ 

ferrocyanide couple which involves a simple one-electron transfer. For 

other couples such as hydro quinone/benzoquinone , this treatment is not 

valid since the charge transfer mechanism involves two electrons and 

two protons. As a result of this much more complicated mechanism, a 

single Fermi level for the hydroquinone/benzoquinone system cannot be 

defined because the average energy of the molecule changes with each 

electron transfer and proton transfer event. o Although an average Ef 

is reported for hydroquinone/benzoquinone, this may not be truly 

representative of the actual energetics of the molecules due to very 

complicated electron transfer mechanisms. 

The Semiconductor/Solution Interface 

When a semiconductor and solution come into contact, a 

spontaneous p-n junction is formed at the interface. Figure 4.6 shows 

the semiconductor and solution before and after contact. Since the 

electrochemical potentials of the electrons (defined by Ef and EO redox) 
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Figure 4.6. A redox couple in contact with a semiconductor. 
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are different in the two media, there will be a spontaneous flow of 

electrons or holes via oxidation or reduction of solution species to 

drive them to equilibrium. This results in band bending across the SCR 

of the semiconductor and the direction of band bending will depend on 

the relative positions of Ef and EO d • 
re ox 

The photoelectrochemical behavior of semiconductor electrodes 

can be explained in terms of the solid-state band model. Hhen the 

semiconductor absorbs light that has an energy greater than or equal 

to its pandgap energy, an electron-hole pair is formed. Under the 

proper bias conditions, for example, upward band bending for an-type 

semiconductor as shown in Figure 4.7a, the electron-hole pair will be 

separated by the electric field across the SCR of the semiconductor. 

The electron can travel into the bulk semiconductor (energetically 

downhill) and the hole can migrate to the semiconductor/solution inter-

face where it can be filled by an electron from oxidation of the 

reduced form of the solution redox couple. An analogous process on a 

p-type semiconductor involves reduction of the oxidized form of the 

solution redox couple (Figure 4.7b). The electron can travel through 

the semiconductor into an external circuit to a second (counter) 

electrode where it can reduce some species in solution. The utilization 

of this electron gives the photoelectrochemical system a great deal of 

versatility. As shown in Figure 4.Sa the reaction at the counter 

electrode can be the reduction of the same reversible redox couple 

producing a regenerative photovoltaic cell in which no net change in 

solution composition occurs. This electron can also be used in other 
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Figure 4.7. Photoelectrolysis at semiconductor electrodes. 
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reduction reactions such as hydrogen production from water or other 

commercially important products or intermediates. The electrochemical 

potential of this electron determines its reducing power and is limited 

by Ecb of the semiconductor. An n-type semiconductor then is a photo

anode and a p-type semiconductor functions as a photocathode with the 
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oxidizing power of a photogenerated hole determined by the semiconductor 

E
vb

' The net reaction in a photoelectrochemical cell with a photoanode 

in a solution of redox couple is: 

(semiconductor) (4.3) 

ANODE: h+ + Red ---3» Ox (4.4) 

CATHODE: e + Ox' ----'')~ Red' (4.5) 

NET: Red + Ox' --------~~ Ox + Red' (4.6) 

where Ox/Red and Ox'/Red' mayor may not be the same redox couple. 

T~;o important parameters in terms of using photoelectrochemical 

cells as energy conversion devices are their open-circuit photovoltage, 

v , and their short-circuit photocurrent, I , which is proportional 
oc sc 

to the quantum yield of electrons or holes at the photoelectrode. The 

maximum power output is a function of both V and I 
oc sc 

Therefore we 

wish to maximize both V and I oc sc 
The maximum V that can be produced oc 

by a semiconductor/redox couple pair should be the difference between 

the flat band potential of the semiconductor and the Fermi level of the 

solution: 

eV (max) 
oc I V EO I e fb - redox 

(4.7) 
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as shown in Figure 4.9. A change in EO should cause a proportional redox 

change in V (max). The magnitude of I is not as predictable since oc sc 

it is a complicated function of the efficiency of carrier generation 

and interfacial electron transfer kinetics, but it can be determined 

from experimental photocurrent-vo1tage data. A more detailed treatment 

of the se~iconductor/solution interface and their photoe1ectrochemical 

properties has been presented in recent review articles by Heller ($9)~ 

Wrighton (90), and Gerischer (91). 

The Semiconductor/Dye/Solution Model 

The concepts of the semiconducting properties of organic dyes 

investigated in the early fifties have been directly applied to mono-

layers of adsorbed dyes for applications in photographic science (92~93). 

The theory developed by Tributsch (94) and Calvin (95' treated the 

system as a semiconductor in contact with a solution of dye or with a 

monolayer of adsorbed dye on its surface. Discrete energy levels for 

the HOMO and LUMO are assigned for the dye molecules since little or no 

intermolecular interaction is assumed (Figure 4.10). The energy of 

the HOMO is estimated from vapor phase ionization potentials and the 

energy of the LUMO is obtained from electron affinity measurements or 

from the absorbance spectra of the molecules. According to this model, 

when the dye absorbs a photon with sufficient energy to promote an 

electron from its HOMO to its LUMO, the electron can be transferred to 

the conduction band of a properly biased, n-type semiconductor. The 

vacant ground-state orbital is filled with an electron by oxidizing the 

solution redox species. This model is essentially identical with that 
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Figure 4.10. Dye-sensitization on a semiconductor electrode in 
contact with a dye solution or with an adsorbed 
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presented for the semiconductor/solution interface except in this case 

the electrons are photogenerated in the dye and then transferred to the 

semiconductor. The advantage of this dye-sensitization process is that 

the dye will typically absorb photons with much lower energies than the 

semiconductor thereby bringing about the same redox processes with a 

lower light energy input. 

A model based on multilayers of dye deposited on a semi

conductor substrate has been presented by Bard (96), Faulkner (97), and 

others. In these models the dye layer is considered to be a semi

conductor with its own valence and conduction bands (Figure 4.11). The 

dye-sensitization process is essentially the same as that for the case 

of a monolayer of adsorbed dye or a dye solution in contact with the 

semiconductor. Since the dye layer is considered to be semiconducting 

and more importantly, photoconducting, an electron-hole pair formed 

anywhere in the layer should have sufficient mobility to separate and 

diffuse to the proper interfaces to react. 

Multilayer dye systems offer a great deal of versatility since 

we have experimental control over almost all of the factors involved in 

determining their photocurrent response. We can use various semi

conductor substrates which change the relative positions of Ecb and 

EVb with those of the dye. Also, by changing the doping density we can 

vary the position of the semiconductor Fermi level. A variety of dyes 

can be used which absorb over different wavelength ranges which again 

changes the relative positions of the valence and conduction bands of 

the dye and semiconductor. The Fermi level of the solution can be 
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Figure 4.11. Dye-sensitization on a semiconductor electrode with 
multilayer dye coverage. 
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changed by using different redox couples with different EO d • Other re ox 

important factors are the solution conditions such as concentration of 

redox couple, pH, and ionic strength. Varying solution pH can be very 

o 
useful since the E d for many redox couples is sensitive to pH. This re ox 

allows us to change the EO without changing the redox couple in redox 

solution. A change in pH can also affect the semiconductor substrate 

since the flat band potentials of metal oxide semiconductors such as 

Sn02 are sensitive to pH and shift with an almost Nernstian response 

as shown by work in this laboratory (9~ and others (99-100). There-

fore, changes in V (max) can be expected with a change in solution pH. oc 

If the dye layer acts as a semiconductor it can be deposited on 

a metallic substrate and still maintain its photosensitization behavior 

as shown in Figure 4.12. In this case, it is important that the dye 

layer be non-porous to prevent reaction of the solution redox couple on 

the metal substrate which would "short-circuit" the photoresponse. The 

photoe1ectrochemica1 response of the layer will then be determined by 

the position of the metal Fermi level which depends on the applied 

voltage. 

The Ideal Dye-Sensitized 
Semiconductor System 

Based on the n-type semiconductor/dye multilayer (semi-

conductor)/solution model, an ideal system can be developed. It should 

have the following characteristics for maximum photoresponse and power 

output: 1) The dye layer should absorb strongly over as much of the 

visible wavelength range as possible, A bandgap energy of about 
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Figure 4.12. Dye-sensitization on a metallic electrode with 
multilayer dye coverage. 



1.0-1.5 eV ~rould be bp.st since this would capture most of the available 

sunlight. 2) The conduction band edge of the semiconductor substrate 

should be as close to the dye conduction band as possible to give the 

photo·-produced electron maximum reducing power at the counter electrode. 

3) The EO d of the solution should be very close to the valence band re ox 

edge of the dye to obtain a maximum open-circuit photovoltage. 

4) The maximum photocurrent should be limited only by the incident 

light intensity. 5) The semiconductor/dye interface should have the 

rectifying characteristics of a photodiode as shown in Figure 4.13. 

Under reverse-bias conditions, very little or no current should flow 

through the interface until very high voltages are reached. In the 

light, the reversed-bias interface should pass a photocurrent, I , that p 

is proportional to light intensity. The semiconductor/dye interface 

should then show anodic rectification where the back cathodic reaction 

is effectively blocked and the photocurrent should begin to flow at 

potentials equal to or more positive than the Vfb of the semiconductor 

substrate. 

In this work, solid-state studies on monomer, dimer, and trimer 

SiPc-modified electrodes are presented. The absorbance spectra of thin 

films of the SiPcs are presented and discussed. The absorbance spectra 

along with photoaction spectra for monomer SiPc/Sn02 electrodes are 

used to model the dye-modified surface and the molecular nature of the 

dye-sensitization process is discussed. 

The results of photoelectrochemical studies on SiPc-modified 

electrodes are presented which treat the role of competing electron 

transfer kinetics on the dye layer and on the electrode substrate, the 
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concentration and chemical nature of the solution redox couple, thermo-

dynamic constraints, light intensity effects, and Fermi level pinning 

of the Sn02 substrate by the SiPc layer on the overall photoresponse 

characteristics of these systems. The ideal solid-state band model is 

modified to account for the experimental results. 

Results and Discussion 

Solid-State Absorption Spectra 

Thin films of the monomer, dimer, and trimer SiPc were sub-

limed on Sn02/glass substrates. Figures 4.14-4.16 show a comparison of 

their solid-state absorption spectra with their corresponding solution 

spectra in dichloromethane. The peak maxima for each are listed in 

Table 4.1. Two main differences in the spectra that are readily 

apparent are: 1) The solid-state absorption profiles are quite 

broadened compared to the solution spectra and 2) there is a shift to 

longer wavelengths (red shift) in the peak absorbance of the solid-

state spectra with respect to their solution counterparts. The 

broadening of the solid-state spectra is not surprising since we are 

looking at an immobilized dye layer in which many different local 

environments are possible. The solution spectra are not broadened as 

-5 much, especially in very dilute solution «10 ~), since all of the 

molecules see essentially equivalent average environments. The red-

shifting of the solid-state spectra is significant since it is a strong 

indication that there is interaction between the SiPc molecules and/or 

the Sn02 substrate. 
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Figure 4.14. Comparison of the solution and solid-state absorption 
spectra for the monomer SiPc. 
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Table 4.1. Comparison of the solution and solid-state absorbance 
maxima for the SiPes. 

Sol (nm) Solid-State (nm) /)''A (n1"l) 

Monomer 666 704, 624 38 

Dimer 634 656 22 

Trimer 620 814, 648, 564 194 

110 
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The monomer SiPc films are unusual in that the shape of the 

absorption profile changes dramatically with surface coverage. As the 

surface coverage is increased, the films begin to absorb at the wave-

lengths between the absorbance peaks at 704 and 624 nm of the thinnest 

films. This "filling-in" effect continues with increasing coverage 

until an absorbance spectrum resembling a square-wave is obtained 

(Figure 4.17). At a coverage of about 300 equivalent mono1ayers or 

higher, most of the light with wavelengths between 600 and 700 nm is 

absorbed. This filling-in effect with increased surface coverage is 

not seen for either the dimer or trimer SiPc films. As the surface 

coverage increases, their entire absorption profile grows propor-

tionate1y. The change in the absorption profile for the monomer SiPc 

films is indicative of the formation of at least two different 

orientations of dye on the substrate and this is discussed in a later 

section on the photoaction spectra for a series of monomer SiPc films 

with various surface coverages. 

Photoe1ectrochemistry on Monomer, Dimer, and 
Trimer SiPc/Sn02 Electrodes 

l~en monomer, dimer and trimer SiPc films were sublimed on 

Sn0 2/g1ass substrates for preliminary photoe1ectrochemica1 experiments 

using hydroquinone in solution, the trimer SiPc was expected to give 

the best photoresponse of the three. This prediction was based on 

results obtained from UV-visib1e absorption spectroscopic and solution 

electrochemical results as discussed in Chapter 3. Since the trimer 

SiPc showed the largest red shift in its solid-state spectra (see 
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Table 4.1) and more closely resembles the desired semiconductor band 

structure as shown in the solution electrochemical studies, it was 

expected to be the best photoconductor, followed by the dimer SiPc, and 

then the monomer SiPc. 

During the preliminary studies, the monomer SiPc films were 

found to give far superior photocurrent response with hydro quinone in 

solution with little or no response from the dimer and trimer SiPc 

films. These results, in combination with the unusual "filling-in" 

effect seen in the solid-state absorption spectra of the monomer SiPc 

films was the first indication that intermolecular interactions in the 

films is a critical factor in determining the photoe1ectrochemical 

efficiencies of these systems. 

The surprisingly poor photocurrent response of the dimer and 

trimer SiPc films with hydroquinone as the reducing agent in solution 

must be due to either a physical or energetic limitation. It is 

possible that the much larger size of the dimer and trimer SiPc 

molecules limits the extent to which they can interact with one another 

and with the Sn02 surface. This is a very reasonable assumption since 

from a qualitative point of view the structures of the dimer and trimer 

SiPc do not allow the same degree of intermolecular interaction as for 
o 

monomer SiPc molecules. The interplanar spacing of about 3.5 A does 

not allow the dimer and trimer molecules to intermesh their rings like 

gear teeth and therefore interaction is only possible on the outer 

rings which is obstructed by the rather bulky end cap groups. The 
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trimer SiPc did, however, show the largest red shift in the solid-state 

absorption spectra which would indicate a higher degree of interaction. 

This inconsistency suggests that some other factor is deter-

mining the photocurrent response of the dimer and trimer SiPc films. 

From the solution electrochemical data presented in Chapter 3, it was 

found that there isa cathodic shift of 0.52 V in the first oxidation 

potential of the trimer SiPc with respect to the monomer SiPc. This 

cathodic shift in the first oxidation potential indicates that the 

dimer and trimer SiPc are more easily oxidized than the monomer SiPc 

and consequently, their oxidized states have less oxidizing power. 

Therefore, the very small photocurrents seen for the dimer and trimer 

SiPc films may be due to a thermodynamic limitation. The oxidized dimer 

and trimer SiPc molecules left behind after excitation may not be 

thermodynamically capable of reducing hydroquinone. 

To test this assumption, a series of quinones with different 

EO d were used. Benzoquinone (EO = +0.25 V), 1,4-naphthoquinone-2-re ox 

sulfonate, sodium salt (EO = +0.13 V), and 9,10-anthraquinone-2-

sulfonate, potassium salt (EO = -0.26 V) were used since their redox 

potentials varied over a range of 0.51 V and they all undergo similar 

charge transfer reactions involving two electrons and two protons. The 

redox potentials listed for the quinones were obtained in pH 4 solution. 

The sulfonic acid derivatives of 1,4-naphthoquinone and 9,10-

anthraquinone were used since they have a higher solubility in water. 

The electron transfer mechanisms involved should be similar and the 

effect of changing EO d to more negative values can be studied. The 
re ox 



current-voltage curves for the monomer, dimer, and trimer SiPc!Sn02 

electrodes are shown in Figures 4.18-4.20 in 5 mM solutions of the 
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three .quinones. The data are summarized in Table 4.2 as the potential 

at which the photocurrent crosses the dark current, V ,and the on 

difference between V and EO cl for the particular quinone in solu-on re .ox 

tion. A negative value for (V - EO d ) indicates anodic on re ox 

rectification as predicted from the model system. A positive value 

indicates cathodic rectification and is expected for a redox couple with 

an EO too positive for the dye to oxidize. This type of behavior redox 

would only be seen on metallic or semimeta1lic substrates that allow 

electron flow in either direction. The fact that both photoanodic and 

photocathodic currents are seen on all of the films suggests that they 

are behaving more like photoconductors than semiconductors. Unlike a 

semiconductor, a photoconductor is capable of being either a photo-

cathode or a photoanode depending on the position of the Fermi level of 

the contacting substrate. Amorphous hydrogenated silicon has recently 

been shown to be an example of a photoconductor that can both oxidize 

and reduce solution species depending on the applied voltage (101). 

The monomer SiPc!Sn02 electrode exhibits photoanodic behavior 

with benzoquinone and naphthoquinone in solution. The dimer SiPc!Sn02 

electrode likewise shows photoanodic behavior for both benzoquinone 

and naphthoquinone, but the difference between V and EO d for both on re ox 

are very small compared to those obtained with the monomer SiPc!Sn02 

electrode. This suggests that the EO d for benzoquinone is very close re ox 

to or slightly below the valence band of the dimer SiPc. For 
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Figure 4.18. Thermodynamic effect on the photocurrent response of a 
monomer SiPc-modified electrode. -- Experimental 
conditions: 5 roM quinone in 0.2 M KHP (pH 4): 
scan rate- 20 mV7sec: LP47 Xe arc-lamp. 
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Table 4.2. The effect of EOredox on the photoresponse of monomer, 
dimer, and trimer ~iPc/Sn02 electrodes. 

* 

Film Quinone V * (V) Iv EO I (V) 
on on redox 

Monomer BQ -0.01 -0,26 
NQ -0.06 -0.19 
AQ -0.15 +0.11 

Dimer BQ +0.20 -0.05 
NQ +0.08 -0.05 
AQ -0.13 +0.13 

Trimer BQ +0.35 +0.09 
NQ +0.12 -0,01 
AQ -0.25 +0.01 

V is defined as the potential at which the photocurrent crosses 
tR~ dark current. 
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naphthoquinone, which has a less positive EO d ,the photocurrent turns re ox 

on at a less positive potential. Finally, the trimer SiPc/Sn02 

electrode shows photocathodic rectification for benzoquinone and a 

slight photoanodic rectification for naphthoquinone. All three SiPc/ 

Sn02 electrodes behave similarly with anthraquinone in solution. 

Anthraquinone has an EO d that is negative of the estimated flat band re ox 

potential for the Sn02 substrate. The flat band potential of highly 

. 19 20 -3 doped semLconductors (10 -10 carriers cm ) has been estimated to be 

about -0.2 V versus the Ag/AgCl reference electrode by Memming (77) and 

also by capacitance measurements in this laboratory (102). Although 

the highly doped Sn02 appears to have almost metallic properties at 

large positive bias potentials, it seems to behave more like an-type 
I 

semiconductor near its flat band potential. This can be rationalized 

by the fact that the SCR thickness is potential dependent. At large 

bias potentials away from V
fb

, the potential drop across the SCR is 

very large and its thickness decreases. This results in a higher 

tunnelling probability for an electron through this layer giving the 

Sn02 metallic-like behavior. However, at potentials close to Vfb , the 

potential drop across the SCR is much less and its thickness is 

greater. This gives the SnOZ n-type semiconducting beh~vior near its 

flat band potential (77). As a result, even though the EO d for re ox 

anthraquinone is at a more negative potential, photoanodic current 

cannot flow until the applied potential is positive of the flat band 

potential for Sn02 . This behavior is predictable from the semi

conductor/dye/solution model presented earlier. 
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Using the energy level diagram for the monomer, dimer and 

trimer SiPc molecules developed in Chapter 3, it is possible to 

rationalize these experimental results as shown in Figure 4.21. In this 

figure the energy levels of the various conduction and valence bands 

and the EO d for the quinones are plotted on the same absolute energy re ox 

scale. The conduction band edge for Sn02 was placed at -4.4 eV (91) 

for a solution at pH 4. Since its bandgap energy is about 3.5 eV, the 

valence band edge is at -7.9 eV. In assigning the positions of the 

valence bands for the monomer, dimer and trimer SiPc, the surface 

ionization potentials, I , are more useful than the vapor phase poten
s 

tials since they more accurately reflect interactions between the 

molecules in the solid film (103). I values have been determined for 
s 

several phthalocyanines and appear to be rather insensitive to the 

nature of the atom in the center of the ring (103-104).For the phthalo-

cyanines measured, all of the I values were between -4.95 and -5.15 eV. s 

Therefore an I value of -5.0 eV was chosen for the monomer SiPc. The 
s 

positions of the valence band edges for the dimer and trimer SiPc were 

obtained using Figure 3.4 which places EVb at -4.8 eV for the dimer 

SiPc and -4.7 eV for the trimer SiPc. The positions of EO for 
redox 

benzoquinone, naphthoquinone, and anthraquinone were placed at -4.85, 

-4.70, and -4.3 eV, respectively. These values were determined by 

subtracting their solution EO d values from -4.7 eV which is the re ox 

absolute energy of an electron in the Ag/AgCl reference electrode. The 

solution redox potentials for hydrogen and oxygen production from water 

at pH 4 are also listed in Figure 4.21. 
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As predicted from the electrochemical results, the EO d of 
re ox 

benzoquinone is above the valence band of the monomer SiPc, slightly 

below the valence band of the dimer SiPc, and well below that of the 

trimer SiPc. The E;edox for naphthoquinone is about even with the 

valence band of the trimer SiPc and above those of the monomer and dimer 

SiPc. The anthraquinone EO d is well above 'the valence band of 
re ox 

all three, but is also above the flat band potential for Sn02 . The 

agreement between this simple energy level diagram and the photo-

electrochemical results is remarkably good. However~ it must be 

remembered that this diagram followed several assumptions which had to 

be made in order to assign the various energy levels. 

From Figure 4.21, the reducing strength of the quinones is 

anthraquinone> naphthoquinone> benzoquinone. In general, the redox 

couple with the greater reducing strength should produce larger photo-

currents due to the greater thermodynamic driving force for the 

reaction. This general trend is not observed for the monomer SiPc!Sn0 2 

electrode as shown in Figure 4.18. In fact, the photocurrent response 

of the monomer SiPc!Sn02 electrode in anthraquinone is much lower than 

those seen for either naphthoquinone or benzoquinone. This is not too 

surprising because although the thermodynamic driving force is largest 

for anthraquinone, kinetic limitations must also be considered. Since 

only the oxidized form of the quinones are in solution, the reduced 

forms must be electrochemically generated at the electrode surface 

before anodic photocurrents can be seen. Differences in the amounts of 
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reduced quinone produced in each case may account for the lower photo-

currents for naphthoquinone and anthraquinone. Another possibility is 

that due to their more negative EO d ,naphthohydroquinone and re ox 

especially anthrahydroquinone are more susceptible to oxidation by dis-

solved oxygen than hydroquinone. It is very difficult to prepare a 

solution of anthrahydroquinone because any dissolved oxygen quickly 

oxidizes it to anthraquinone. Therefore, trace amounts of oxygen in 

solution may oxidize some of the electrochemically produced anthra-

hydroquinone reducing its concentration at the electrode surface. 

Since less anthrahydroquinone is present, lower photocurrents are 

observed. Therefore, if equal concentrations of each of the reduced 

quinones were present in solution, the relative magnitudes of the 'anodic 

photocurrents would be: anthraquinone> naphthoquinone> benzoquinone. 

The definitive experiment to verify the role of dissolved 

oxygen would be to run the photo current-voltage curves in a solution 

-3 saturated with oxygen (ca. 10 ~) and one that has been deoxygenated 

-5 «10 ~). If the anodic photocurrents are significantly lower in the 

oxygen-saturated solution, then this would be supporting evidence for 

the reaction of the reduced quinone with oxygen. 

Another possible factor in determining the magnitudes of the 

anodic photocurrents obtained with each quinone is the role of the 

one-electron reduction product, the semiquinone. The amount of semi-

quinone formed in each solution may be different and its oxidation 

back to the quinone form involves a different EO which may change the 

relative reducing strengths of the quinone series, 
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Monomer SiPc-Modified Electrodes 

The monomer SiPc covered Sn02 electrodes were found to give 

better photo current response than those covered with the dimer or 

trimer SiPc. This fact along with the dramatic change in the solid

state UV-visible absorption spectra with coverage exhibited by the 

monomer SiPc led to the decision to concentrate subsequent photo

electrochemical studies on these electrodes. As a result, a detailed 

study was carried out on monomer SiPc-modified electrodes that included 

exploring the effects of various parameters on their photo current 

response in photoelectrochemical cells. The influence of film coverage, 

electrode substrate, the nature of the solution redox couple and its 

concentration, and light intensity on photo electrochemical response 

were studied. 

Film Thickness 

As a result of the "filling-in" effect observed during the 

preliminary UV-visible spectroscopic studies on monomer Sn02 

electrodes, a study on the role of SiPc surface coverage on photo

current response was undertaken. Monomer SiPc modified electrodes 

with higher surface coverage were expected to produce larger photo

currents because of the extreme broadening of their UV-visible spectra 

between 600 and 700 nm. Since they are capable of absorbing more of 

the incident light, they should produce larger photocurrents. Pre

liminary photoelectrochemical studies on electrodes with various 

surface coverages showed that the magnitude of the photocurrent response 

decreased drastically with increased coverage. Since the electrodes 
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with the higher surface coverages of the monomer SiPc absorb a great 

deal more light than those with lower coverages, thp. difference in 

photocurrent response is probably due to a drop in the quantum 

efficiency of carrier generation. In order to test this, a series of 

five SiPc/Sn02 electrodes were prepared with surface coverages between 

13 and 320 equivalent monolayers. The quantum efficiencies of these 

electrodes were measured at different applied bias potentials and 

several different wavelength ranges. The results of these quantum 

efficiency measurements are summarized in Table 4.3. The quantum 

efficiency is defined as the number of electrons out per photon absorbed. 

The efficiencies were highest for broad-band irradiation with a maximum 

intensity at 712 nm. Ideally, the quantum efficiency for a particular 

film should be the same at all wavelengths at which it absorbs since 

the calculations correct for the differences in absorbance. In this 

case, the quantum efficiency changes with wavelength due to the change 

in penetration depth of the incident photons with wavelength. At 

660 nm, the quantum efficiency drops off more rapidly with surface 

coverage than at 680 and 700 nm because the absorbance of the films is 

less and therefore the penetration depth is greater. As a result, the 

photons at 660 nm excite SiPc molecules further away from the Sn02 sub

strate which are less likely to produce a photocurrent because of the 

high resistivity of the dye layer. Figure 4.22 shows the quantum 

efficiency for broad-band radiation as a function of surface coverage. 

The efficiency drops off dramatically between coverages of 13 and 36 

equivalent mono1ayers and decreases more gradually at higher coverages. 
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Table 4.3. Quantum efficiencies of some monomer SiPc/Sn0
2 

electrodes. ~': 

g'uantum Efficienci: (%) 
Havelength Bandpass Bias ~face Covera~e (eg. mono.) 

(nm) (FHHN)(i1m) Potential (V) 13 36 98 195 320 

660 10 +0,.20 1.9 1.0 0.35 0.059 0.074 
+0·.40 5.·1 2,.9 0·.61 0,.16 0.18 
+0 •. 60 7·.0 4 .• 1 0·.84 0.30 0.29 

680 10 +0.20 1-.6 1.1 0.34 0.065 0.019 
+0·.·40 4 .• 2 2.·7 0·.69 0.18 0.057 
+0.60 6.2 3.9 0.94 0.32 0.083 

700 10 +0 •. 20 1.2 0.84 0.28 0.079 0.013 
+0 •. 40 2.9 2·.0 0·.53 0.22 0.053 
+0.60 4.3 2.8 0.81 0.38 0.091 

712 60 +0·.20 2.6 0.56 0.34 0.083 0.055 
+0.40 6.7 1.4 0.63 0.20 0.15 
+0·.·60 9·.·2 1-.9 0 .• 88 0.34 0.26 

633 Laser +0 •. 20 0.32 0.21 0.33 0.·17 0.054 
line +0.40 0.66 0,.53 0 .• 79 0.38 0.14 

+0.60 1.1 0 •. 83 1.3 0.62 0.20 

~': 

10~ HQ in 0.2N KHP 
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This decrease in quantum efficiency is not as severe if reflectance 

losses due to the substrate and the SiPc films are taken into account. 

Recent reflectance studies on SiPc/SnOZ electrodes have shown that a 

SiPc film with a surface coverage of 26 equivalent mono1ayers reflects 

about 26% of the incident light at 680 nm which increases to 40% for 

coverages of 110 equivalent monolayers or higher. The Sn02/glass sub

strate also reflects about 15% of the incident light over the wavelength 

range of 400 to 900 nm. If these reflectance losses are accounted for, 

the quantum efficiencies calculated in Table 4.3 would increase by an 

average factor of about 1.Z. 

The dependence of the quantum efficiency on surface coverage 

shows similar behavior at the other wavelengths explored except for the 

helium-neon laser line at 633 nm. In this case, the quantum 

efficiencies are significantly lower than those measured at the other 

wavelengths. The efficiency decreases initially with increasing 

coverage, but increases at a coverage of 98 equivalent mono1ayers before 

it decreases again with further coverage. This anomalous behavior has 

to do with the much higher intensity of the laser which is delivered at 

a single wavelength. This is explained by saturation effects and is 

discussed in more detail in a following section of this Chapter on the 

light intensity dependence of the photocurrent on SiPc-modified 

electrodes. 
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Photoaction Spectra 

The fact that the dramatic broadening of the UV-visible spectrum 

of the monomer SiPc with increased surface coverage is accompanied by a 

corresponding decrease in quantum efficiency suggests that the dye is 

being deposited on the Sn02 surface in multiple orientations, To try 

and find evidence for these different orientations, photoaction spectra 

were obtained for the five SiPc/Sn02 electrodes used in the quantum 

efficiency measurements. In a photoaction measurement, the SiPc/Sn02 

electrode is held at a potential at which significant photocurrents are 

observable and the photocurrent response is measured as a function of 

the wavelength of light irradiating it. Based on the dye sensitization 

model presented in the Introduction of this Chapter, photocurrents 

should be observed only at wavelengths at which the SiPc molecules can 

absorb. As a result, these photoaction spectra should be able to 

distinguish between those wavelengths that are absorbed and contribute 

to the photocurrent response and those that do not. 

The broadened absorbance spectra can be rationalized on the 

basis of two different models. In the first, it is assumed that the 

first layers of dye deposited are highly ordered and lead to a red

shifted absorbance spectrum. This ordering continues for several layers 

and eventually the dye begins to lose its ordering and deposits in 

random orientations. This random orientation causes the observed 

broadening of the absorbance spectrum. This situation is shown 

schematically in Figure 4.23. If the photocurrent is produced only 

by photons absorbed by the highly ordered dye layer~ we should be able 
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to distinguish this by comparing photoaction spectra obtained using 

frontside and backside illumination. With backside illumination, the 

light passes through the glass/Sn02 substrate and into the dye layer, 

in that order. Frontside illumination passes the light through the 

solution, into the dye layer, and then into the Sn0
2

/g1ass substrate. 

As a result, backside illumination should enhance the photoresponse of 

the dye molecules closest to the Sn02 surface over those further 

removed. Likewise, fronts ide illumination should enhance the photo

response of the outermost dye layers over those closest to the Sn02 

surface. The expected frontside/backside photoaction spectra for the 

situation where only the ordered dye layers closest to the surface are 

photoactive is illustrated in Figure 4.24. If the ordered molecules 

have an absorbance spectrum as shown for phase 1 and the unordered 

molecules absorb as phase 2, both the frontside and backside photo

action spectra should follow the shape of the phase 1 absorption 

spectrum. The frontside spectra is expected to have a lower intensity 

since some of the incident light is absorbed by phase 2 without pro

ducing a photocurrent. 

A second possibility is that multiple orientations of dye are 

deposited which are all photoactive. This is illustrated in Figure 4.25 

for the simplest case of only two different orientations. The first 

dye layers are deposited in one photoactive orientation (phase 1) and 

then additional layers deposit in a second photoactive orientation 

(phase 2) with a different absorption spectrum. In this case, the 

broadened absorbance spectrum is again obtained as shown in Figure 4.26, 
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but the corresponding frontside/backside photoaction spectra will 

distinguish between the two different orientations. With backside 

illumination, the photoresponse of phase 1 which is closest to the Sn02 

will dominate over the photoresponse of phase 2. Frontside illumination 

will enhance the photoresponse of phase 2 so the photoaction spectrum 

will more closely resemble the absorbance spectrum of phase 2 with a 

small contribution from phase 1. The relative intensities of the photo

currents produced by each phase will of course depend on the relative 

photoresponse and thickness of each of the two phases. 

Backside/frontside photoaction spectra were obtained for five 

monomer SiPc/Sn02 electrodes with surface coverages between 13 and 

320 equivalent monolayers. As shown in Figure 4.27. the photoresponse 

for backside illumination of the SiPc/Sn02 electrode with 36 equivalent 

monolayers closely follows the shape of its absorbance spectrum. With 

frontside illumination (Figure 4.28), the photocurrents are lower than 

those obtained for backside illumination and a "filling-in" effect is 

seen around 660 nm. This increased photocurrent between the frontside and 

backside photoaction spectra around 660 becomes even more pronounced at 

higher SiPc surface coverages. This is clearly shown in Figure 4.29-

4.31 which compares the absorbance spectra of the electrodes ~ith their 

frontside and backside photoaction spectra. The backside spectra 

closely follow the shapes of the corresponding absorbance spectra with 

a slight enhancement of the photocurrent response in the region around 

660 nm. The enhancement around 660 nm is much more pronounced in the 
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frontside spectra and totally dominates the spectra for the SiPc 

electrodes with 195 and 320 equivalent monolayer coverages. 
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Based on these results, it appears that the monomer SiPc is 

deposited in at least two different orientations on Sn02 substrates. 

The orientation is coverage dependent with the orientation closest to 

the Sn02 surface having a red-shifted absorbance spectrum with respect 

to the subsequently deposited orientation or orientations. This 

suggests that the broadened absorption spectrum observed for the SiPc 

films with higher surface coverages is actually a sum of the absorbance 

spectra of the individual orientations. This is shown in Figure 4.32 

where the square-wave absorbance spectrum is shown to be a sum of the 

absorbance due to one orientation with absorbance maxima at 700 and 

620 nm and a second orientation that is blue-shifted with maxilna at 

660 and 580 nm. 

Surface Analytical Studies 

To gain a better understanding of how the monomer SiPc is 

oriented on the Sn02 substrate, a series of films with varying surface 

coverages were prepared and studied by UV-visible spectrophotometry, 

X-ray photoelectron spectroscopy (XPS), Auger electron spectrometry 

(AES) , scanning electron microscopy (SEM) , and electrochemical analysis. 

X-Raz Photoelectron Spectroscopy (XPS). In the first experi

ment, four SiPc films were sublimed on gold-metallized plastic optically 

transparent electrode (MPOTE) substrates with surface coverages between 

23 and 205 equivalent monolayers. These films were then subjected to 
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XPS analysis using a MgKa x-ray source ann monitoring the intensity of 

the Au(4f) photoelectron signal. The thickness of a uniform film 

covering a gold substrate can be calculated by measuring the difference 

in the intensity of the Au(4f) signal with coverage as shown in 

Figure 4.33 using the equation (105), 

I = I exp (-x/A) 
o 

(4.8) 

where I is the intensity of the gold signal from the bare substrate, 
o 

I is the intensity of the gold signal attenuated by the film, x is the 

thickness of the film, and A is the escape depth of the Au(4f) photo-

electron. In Table 4.4, the spectrophotometrically calculated surface 

coverages are compared with the film thicknesses calculated from the XPS 
o 

data as described above using an escape depth of 20 A for the Au(4f) 

photoelectron (106). The porosity of the SiPc films were determined by 

measuring the peak currents for ferri/ferrocyanide on the underlying 

gold substrate. By measuring the peak currents, an indication of the 

extent of dye coverage can be obtained. As demonstrated by Matsuda 

et al. (107) for partially covered electrodes, the magnitudes of the 

anodic and cathodic peak currents decrease and the voltammograms become 

more drawn out as the surface coverage is increased. A larger potential 

difference, ~E , indicates a slowing of the heterogeneous kinetics on 
p 

the exposed substrate with increasing surface coverage. In fact, the 

minimum radii of the active electrode sites can be estimated using 

chronoamperometric techniques (108). Therefore, the electrodes which 

exhibit broadened voltammograms and smaller peak currents have surface 
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Table 4.4. XPS characterization of SiPc films. 

Spectrophotometric XPS Counts 
Electrode Coverage (eg. mono .• ·) Au(4f) 

Au Intrex -0- 33088 

1 23 3952 

2 55 2648 

3 133 1856 

4 205 1864 

0 
~': Assuming Au (4f) electron escape depth of 20 A,. 
+ Not measurable. 

Film thickness 
from XPS (~~.:) 

42 

51 

58 

58 

Peak 
Current (uA) 

4.8 

4.4 

0.6 

0·.3 

0 

llEE....(mV) 

70 

100 

160 

f-

+ 

~ 
~ 
0' 
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coverages that are approaching saturation coverage which obstructs 

access of the ferrocyanide to the gold substrate. These 6E values are 
p 

included in Table 4.4 for a scan rate of 20 mV sec-I. The thicknesses 

calculated from the XPS data appear to be unrealistically low since 
o 

they correspond to 1 A or less per equivalent monolayer of coverage. 

These extremely low thicknesses can be explained by the porosity of the 

SiPc films as shown electrochemically. The thicknesses calculated from 

the XPS data assume that the layer has a uniform thickness and is non-

porous. This is clearly not the case for all of the SiPc films except 

the one with 205 equivalent monolayers of SiPc. This film appears to be 

electrochemically non-porous, but again the film thickness calculated 

from the XPS data is unrealistic. This may be due to a high Au(4f) 

photoelectron intensity due to bare substrate. Since the SiPc film did 

not cover the entire substrate, the unfocused x-ray beam may have been 

sampling some bare gold substrate. 

AES, SEM Analysis. In another similar experiment, a series of 

three SiPc films with surface coverages of 23, 85, and 218 equivalent 

monolayers on Sn02 were subjected to Auger electron spectroscopic (AES) 

and Scanning electron microscopic (SEM) analysis, as well as an electro-

chemical porosity determination. The AES experiment involved looking 

at the peak to peak intensity of the derivative of the Sn (~rnN) Auger 

transition as a function of surface coverage and comparing this with 

the electrochemical porosity measurements. Since the escape depth of an 

electron is approximately proportional to its kinetic energy, the 

escape depth of the Auger electron is smaller than that of the Au(4f) 
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photoelectron (8 A ,versus 20 A) and the AES experiment should be even 

more surface sensitive than XPS. This is indeed the case as shown in 

Table 4.5 where the underlying Sn02 substrate is only seen through the 

23 equivalent monolayer film even though the 85 equivalent monolayer 

film is still electrochemically porous. 

In an attempt to observe changes in crystalline structure as a 

function of surface coverage, three films prepared in the same batch 

with identical UV-visible spectroscopic coverages as those used in the 

AES experiment were subjected to SEM analysis. The micrographs of all 

three films and an unmodified Sn02 substrate showed essentially 

identical surface morphology with no evidence of crystallinity at 

33,000 x magnification and a resolution of better than O.l~. If any 

crystalline structure does exist on the Sn02 surface, it has dimensions 

smaller than O.l~. Therefore it appears that the monomer SiPc is 

deposited as an amorphous film on the Sn02 substrate. Micrographs of 

similar coverages of sublimed films of chlorogallium phthalocyanine 

(GaPcCI) and iodogallium phthalocyanine (GaPcI) on gold-MPOTE show 

definite evidence of crystalline structure (109). 

Substrate Dependence 

The monomer SiPc was sublimed onto a variety of substrates to 

determine their effects on its surface orientation and photoresponse 

characteristics. The substrates used were glass, Sn02/glass, platinum 

foil, gold-MPOTE, n-Silicon, and p-Silicon. The films were all 

prepared in the same sublimation batch to obtain as close to the same 

coverage on each as possible. In addition, a series of monomer SiPc 



Table 4.5. Auger electron spectroscopic characterization of 8iPc/8nOZ electrodes. 

Relative 
Spectrophotometric p-p Intensity Electrochemical 

Electrode Coverage Ceq. mono.) Sn{NNN) (a.u.) Peak Current CpA) ilE (mv) 
L-

8nOZ 1.0 112 70 

1 25 0.55 38 200 

2 85 5 500 

3 218 

I-' 
.I:"
~ 
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films of various thickcesses (20-220 equivalent mono1ayers) were 

sublimed onto the transparent glass, Sn02/glass, and gold-MPOTE 

substrates in order to try to observe any macroscopic differences in 

orientation caused by a change in substrate with UV-visible spectro

photometry. The films were prepared on all three substrates in the same 

sublimation batch and their solid-state absorption spectra recorded. 

These spectra are shown for the SiPc films on the gold-MPOTE and glass 

substrates in Figure 4.34-4.35. The general shapes of the absorbance 

spectra for a given film thickness are eseential1y identical with only 

slight intensity differences which are probably due to positioning 

errors in the spectrophotometer or non-uniform sublimation conditions. 

The apparent peaks in the spectra of the SiPc films on the gold-MFOTE 

substrate around 800 nm are due to interference effects. It appears 

that the surface orientation of the monomer SiPc is independent of 

small substrate surface morphology changes. Since all of the other 

substrates used in these studies CPt foil, n-Si, and p-Si) were also 

macroscopically smooth, similar dye orientation is expected. 

SiPc films with a surface coverage of 250 equivalent monolayers 

were sublimed onto the five substrates. These films were assumed to be 

non-porous by the absence of electrochemical activity of ferrocyanide 

on the SiPc/Sn02 and SiPc/go1d-MPOTE electrodes as previously dis

cussed. Non-porous films were used so that only the substrate effect 

on the open-circuit photovoltage and photocurrent response of the SiPc 

films could be studied. The results of these photoelectrochemical 

studies with 1 roM hydroquinone/benzoquinone in 0.2 M KHP are summarized 
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in Table 4.6. Each of the SiPc modified substrates are characterized 

in terms of their measured open-circuit photovo1tages, V • Also oc 

included is the photovo1tage calculated from the photocurrent-voltage 

curves and is defined as the difference between the solution EO d and re ox 

tlepotentia1 at which the photocurrent crosses the dark current on the 

anodic potential sweep, V • The SiPc/Sn02 electrode shows a large V on oc 

of -230 mV and anodic photocurrent is observed at all potentials 

positive of +0.03 V. A much smaller cathodic photocurrent is seen at 

more negative potentials (Figure 4.36). For the SiPc/gold-MPOTE film, 

a much smaller V of -84 mV is measured and large cathodic and anodic oc 

photocurrents are seen at potentials more negative or positive of about 

+0.2 V, respectively, as shown in Figure 4.37. The SiPc/Pt electrode 

was the only one that appeared to be somewhat porous as evidenced by a 

dark reaction for hydroquinone/benzoquinone. but its photoelectro-

chemical behavior is very similar to that of the SiPc/gold-MPOTE 

electrode. The measured V is larger than that obtained for the goldoc 

MPOTE electrode but much smaller than the V for the Sn02 substrate. oc 

A very small photocurrent response is seen for the SiPc/n-Si electrode. 

This poor response coupled with very unstable V measurements made it oc 

very difficult to evaluate this electrode, but a substantial photo-

voltage greater than -200 mV is present. Unlike the other electrodes, 

a positive photovo1tage of 54 mV is obtained with the SiPc/p-Si 

electrode. In addition , photocathodic currents are observed at 

potentials more negative than +0.33 V and very little photoanodic 

current is seen at more positive potentials (Figure 4.38). 



Table 4.6.. Substrate dependence on photoresponse of SiPc-modified 
electrodes·. 

(vs. Aux)(mV) Substrate V V (ca1c'd)(mV) oc oc 

Sn02 -230 mV -250 mV 

Go1d-MPOTE -84 -100 

Pt foil -109 -100 

P-Si +54 +50 

n-Si (-192)~'· - .. ': 

~'. Very small photocurrent, measurements only approximate. 

+ Calculated from current-voltage curves (see text). 

+ 
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Figure 4.37. Substrate dependence: A SiPc/Au-N"POTE electrod~J" 
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Figure 4.38. Substrate dependence: A SiPc/P-Si electrode. 
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These results clearly show that the photoresponse character-

istics of monomer SiPc-modified electrodes are dependent on the 

electrical properties of the substrate material. Three distinct types 

of behavior are observed for the five substrates. The Sn02 and n-,Si 

electrodes behave as photoanodes characterized by large negative V oc 

values. On these electrodes, very little cathodic photocurrent is 

seen and only at potentials much more negative than the EO d of the re ox 

solution. The p-Si electrode acts as a photocathode, sensitizing only 

the reduction of benzoquinone as evidenced by its positive V . The oc 

gold-}WOTE and Pt foil electrodes show symmetrical photoanodic and 

photocathodic behavior, indicative of the role of the SiPc film as a 

photoconductor. The fact that a negative V is measured on these oc 

electrodes suggests improved electron transfer kinetics for hydro-

quinone/benzoquinone on the illuminated SiPc layer with a slight shift 

in the EO d on the SiPc film. This effect is discussed in more 
re ox 

detail in a later section on the effect of redox couple on photocurrent 

response. 

The low conductivity of the n-Si substrate along with the 

possibility of poor Ohmic contact between it and the brass connection 

may account for its poor photoresponse. The large negative V oc 

measured is typical of that expected for n-type semiconductor as 

discussed in the Introduction to this Chapter. The Sn02/glass 

substrate showed n-type behavior in that the magnitude of the anodic 

photocurrent was greater than the cathodic photocurrent but this 

anodic rectification effect is diminished by its high doping density. 



20 -3( \ With a carrier density of about 10 cm 109~ the Sn02 has a very 
o 

narrow space-charge thickness of about 10-20 A (77~ giving it almost 

metallic conduction characteristics. Consequently, both photoanodic 

and photocathodic rectification can be observed on Sn0
2

• If a true 

high-quality n-type semiconductor substrate was used, a large negative 

V should be seen and only a photoanodic current would result, as oc 

predicted from the model system discussed in the Introduction. 

The p-Si substrate shows photocathodic rectification with a 

positive V . Behaving as a true p-type semiconductor, the p-Si oc 

substrate allows reduction of benzoquinone but not oxidation of hydro-

quinone. A better quality electrical contact between the p-Si 

substrate and the measuring circuit may enhance its photo current 

response. An approximate energy level diagram is shown in Figure 4.39 

for the SiPc/Si electrode. This diagram illustrates how this electrode 

can exhibit either photoanodic or photocathodic rectification depending 

on whether it is n- or p- doped. The valence band of silicon is at 

about -5.1 eV and its conduction band is at -4.0 eV (110). The monomer 

SiPc valence and conduction bands, obtained from Figure 4.21, are 

situated such that they overlap those of the silicon. Therefore the 

SiPc can either transfer an electron into the conduction band of 

n-silicon (photoanode) or inject a hole into the valence band of 

p-silicon (photocathode). The fact that the valence band edges of 

silicon and the monomer SiPc are at almost the same energy means there 

is little driving force for hole transfer and may be another reason why 

only small photocathodic currents were observed on the SiPc/p-Si electrode. 
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Solution Redox Couple Dependence 

The results of the substrate dependence experiments led to the 

use of Sn02/glass as the substrate of choice for future experiments. 

Although it appears to behave more like a semi-metal than an-type 

semiconductor, there is still photoanodic rectification, especially 

near its flat-band potential. In addition, the largest photocurrents 

are observed on Sn02 substrates. These qualities make it very useful 

in studies designed to compare the photoresponse of monomer SiPc-

modified electrodes to those predicted by the model system developed in 

the Introduction of this Chapter. 

According to this model, the photocurrent response of the SiPc/ 

Sn02 should be dependent on the EO d of the contacting solution. In 
re ox 

particular, a change in EO d should result in a corresponding change re ox 

in the maximum open-circuit photovoltage, all other factors being 

equal. The main objective of this study is to examine the effects of 

both the electron transfer properties and EO d of the solution redox re ox 

couple on the photocurrent response of monomer SiPc-modified electrodes. 

Photoelectrochemical studies on SiPc deposited on gold-MPOTE 

substrates showed that it was possible to obtain a photovoltage even 

though the films were porous. Similar results have been observed with 

porous chlorogallium phthalocyanine films on gold-}~OTE substrates (Ill). 

According to the theoretical dye-sensitization model, this should be 

impossible since the rates of electron transfer are assumed to be fast 

on both the illuminated film and the substrate. As a result, the 

photooxidized solution species can be quickly reduced by the metal as 

shown schematically in Figure 4.40. 



hV 

Figure 4.40. Schematic reuresentation of "short-circuiting" on a 
porous electrode. 
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The relative rates of electron transfer on both the SiPc film 

and the substrate must be extremely important in determining the 

maximum photocurrent and photovo1tage obtainable on porous film 

electrodes. Depending on these relative rates, the electron transfer 

can occur on the substrate, the SiPc film, or both. If the rate is 

much faster on the substrate, the current-voltage curves with and 

without illumination should be about the same since the reaction is 

occurring mainly on the substrate. As a result, little or no photo-

voltage is expected. If, however, the kinetics are much faster on the 

illuminated SiPc layer, the dark reaction will still occur on the 

substrate, but under illumination the electron transfer will occur 

mainly on the SiPc dye layer. In addition, if the EO d is different re ox 

on the dye layer than on the substrate, a photovoltage can be produced. 

To study the role of competing electron transfer kinetics on 

the photoresponse of SiPc-modified electrodes, electrochemically porous 

films were sublimed onto both Sn02 and gold-MPOTE substrates with 

surface coverages of 22 and 44 equivalent monolayers. For the gold-

MPOTE electrodes on which the electron transfer rate for ferri/ferro-

-3 -1 cyanide are very fast (ca. 10 cm sec ), there is essentially no 

difference between the vo1tammograms recorded in the dark and under 

illumination from a LP47 filtered xenon arc lamp (Figure 4.41). On 

the modified Sn02 electrodes, there is a noticeable difference between 

the dark and light vo1tammograms as shown in Figure 4.42. The 

voltammetric data obtained for 1 mM solutions of ferri/ferrocyanide and 

hydroquinone/benzoquinone in 0.2 M KHP on each electrode is summarized 
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Figure 4.41. Effect of competing electron transfer kinetics: Faster kinetics on the 
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in Table 4.7. The potential differences between the anodic and cathodic 

peak currents, 6E , are listed for each electrode in the dark and under p 

illumination. The average of the anodic and cathodic peak potentials, 

E?, is also listed for each redox couple on each electrode along with 
m 

the measured open-circuit photovo1tage, V oc These redox couples were 

chosen because they both have an E;edox of about +0.25 V in 0.2 ~ KHP, 

but have very different electron transfer rates. The heterogenous rate 

constant, k ~ for ferricyanide on gold is about 10-3 cm sec-1 and about 
s 

-6 -1 10 cm sec for hydroquinone. These k values are about an order of 
s 

magnitude less on Sn02 . The results listed in Table 4.7 clearly show 

the influence of the different rates of electron transfer on the gold 

substrate and on the illuminated SiPc molecules. For ferricyanide~ 

which has very fast kinetics on gold, no photovo1tage is observed and 

neither the peak potential difference or EO changes on illumination. 
m 

With hydroquinone in solution, a negative photovoltage of -0.16 V is 

observed on the SiPc/go1d-MPOTE electrodes and the magnitude of the 

photovoltage is very close to the change in EO of -0.14 V caused by 
m 

illumination. As shown by the smaller 6E in the light, the electron 
p 

transfer kinetics are faster on the illuminated SiPc than on the gold 

substrate. 

For both SiPc/Sn02 electrodes, photovo1tages were obtained in 

each solution. This can be attributed to faster kinetics for both 

ferricyanide and hydroquinone on the illuminated SiPc as shown by 

smaller 6E values in the light. p 



Table 4.7. Effect of competing kinetics on the photoresponse of porous SiPc-modified electrodes. 

Surface Redox I'lEp(V) 0 I'lEp(V)+ EO(V) 
(V) 

Electrode Coverage Couple (dark) E (dark) 
(lif,'iht) d\f,'iht) 

V m oc 

SiPc/ Au AU-HPOTE 22 Fe(CN) -3/-4 0.·085 +0.23 0.085 +0.23 -0.00 
HQ/BQ 6 0.580 +0.29 0.290 +0.15 -0.166 

44 Fe(CN)6-3/-4 0 •. 10 +0.23 0.10 +0.23 -0.00 
HQ/BQ ~ 0~86 -"'#': 0.40 +0.15 -0.16 

SiPc/Sn02 22 Fe(CN) -3/-4 0.24 +0.23 0.·21 +0.20 -0 •. 058 
HQ/BQ 6 >1 - "'#': 0.38 +0.12 -0.210 

44 Fe(CN) -3/-4 0.59 +0.21 0.33 +0.08 -0.152 
HQ/BQ 6 >1 -"'#': -"'#': - .. ': -0.213 

-k 
Not measurable due to poor peak definition. 

+ LP47 filtered xenon arc, 1 mN redox couple in 0·.2 H KHP. 

f-' 

'" '-I 
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These studies illustrate the importance of competing electron 

transfer rates between the exposed substrate and illuminated SiPc in 

determining the photoresponse characteristics of porous film electrodes. 

Slower kinetics on the substrate with respect to those on the illuminated 

dye result in a greater relative photoresponse. A greater photocurrent 

response can be realized by slowing down the kinetics on the substrate 

by increasing the surface coverage of the dye or by choosing a redox 

couple such as hydro quinone that has faster kinetics on the illuminated 

dye. 

The reason why the electron transfer kinetics for hydro quinone 

are faster on the illuminated SiPc layer than on the gold substrate is 

not clear. Interactions between the SiPc molecules and hydro quinone 

may result in a stabilization of the hydro quinone molecule making 

electron transfer more facile. This may be due to the fact that the 

charge transfer is occurring between two interacting aromatic centers 

and more closely resembles homogeneous electron transfer as for two 

molecules in solution. Electron transfer with the gold substrate 

involves heterogeneous electron transfer between two dissimilar 

materials. The one-electron oxidation product of hydroquinone, the 

semiquinone, may also be important in the electron transfer process on 

the illuminated SiPc molecules. 

On non-porous electrodes, the same type of photocurrent 

response is seen for both ferricyanide and hydroquinone since the 

substrate reaction is completely suppressed by the non-porosity of the 

film. 



Effect of Changing EO d re ox 
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The ideal dye-sensitization model predicts that a change in the 

solution EO d should cause a corresponding change in the maximum re ox 

open-circuit photovoltage produced by a SiPc-modified electrode. The 

maximum open-circuit photovoltage should be equal to Ef-E P d (see re ox 

Figure 4.9) and therefore a change in either Ef or EO d will change re ox 

the open-circuit photovoltage in a predictable manner. 

In order to study thA effect of changing the EO of the redox 

solution, a series of iron complexes were used. The complexes used 

were: ferri/ferrocyanide and the iron (II) and iron (III) complexes 

with ethylenediamine tetraacetic acid (EDTA) and o-phenanthroline 

(o-phen). These redox couples were chosen because they all undergo 

chemically reversible one-electron transfers with reasonably fast 

kinetics at different formal potentials as shown by cyclic voltammetry 

on platinum. An electrochemically non-porous SiPc/SnOZ electrode with 

a surface coverage of about ZZO equivalent monolayers was prepared. The 

photoelectrochemical response of this electrode was measured in solu-

tions containing I ~ of both the oxidized and reduced forms of redox 

couple in O.Z ~ KN0 3 and the pH adjusted by addition of HN03 or KOH. 

The open-circuit photovoltages, Voc ' were measured while illuminating 

the electrode with a LP47 filtered xenon arc lamp. The results are 

summarized in Table 4.8 where the EO, the average of the anodic and m 

cathodic peak potentials, is listed along with the peak potential 

difference 6Ep on both platinum and unmodified SnOZ' The V obtained oc 

in each solution is also listed. The magnitude of V is essentially oc 



Table 4.8·. Effect of EO d on the photoresponse of SiPc/Sn02 electrodes .• 
re ox 

Solution 
Redox Couple pH/media EO(V)(Pt) 

m 
L1 Ep 0 Em(Sn02) 

Fe(EDTA)-2/-1 3/KN03 -0.07 90mV -0.,07 

Fe(CN)6-4/-3 3/KN03 +0 .• 25 70 +0.25 

Fe(CN)6-4/-3 7/KN03 +0 .• 24 80 +0 .• 24 
..,,': 

Fe(0-Phen)+2/+3 7/KN03 
+0 •. 89 70 + -

* +2 The solutions of the Fe(o-phen) complex were unstable. 

+ Irreversible·. 

L1 Ep 

120mV 

70 

120 

+ -

V (V) 
oc 

-0 .• ,17 

-0 .• 17 

-0.16 

-0.16 

t-' 
-...J 
o 



the same in each solution, independent of the solution EO d and pH. re ox 
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This result certainly does not agree with those predicted from the ideal 

semiconductor/dye/solution model that indicates V should change with 
Oc 

the solution E;edox' The fact that a change in pH did not affect the 

open-circuit photovoltage can be rationalized by the non-porosity of 

the SiPc film. The film blocks the ionizable surface groups on the 

Sn02 substrate preventing the expected shift in flat-band potential 

with pH. A shift in flat-band potential would cause a similar change 

in the V measured in solutions of different pH (98-100). The results oc 

of the Auger electron spectroscopic studies described in the previous 

section on the surface characterization of the SiPc films are con-

sistent with the film blocking the Sn0
2 

surface since there is no 

observable tin signal for non-porous (>150 equivalent monolayer ) SiFc/ 

Sn02 electrodes. 

An open-circuit photovoltage that is independent of EO d re ox 

suggests that Fermi level pinning is occurring at the SiPc/Sn02 inter

face (J12,J)3). When Fermi level pinning occurs, illumination of a 

semiconductor can result in an output voltage that is independent of 

the solution redox potential and is usually caused by semiconductor 

surface states which are energy levels or states at or near the surface 

of a semiconductor. Surface states can result from dangling bonds, 

surface imperfections, or interactions of the semiconductor surface 

with adsorbed solution species. The density and energy distribution of 

these states will determine their Fermi level or work function and can 

cause band-bending to occur in the SCR of the semiconductor, If the 
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12 -2 
density of these states is high enough (> 10 cm ), the band-bending 

becomes fixed by their energy level. This is seen in Schottky barrier 

devices where a metal film is deposited on a semiconductor surface. 

The .band-bending across the SCR of the semiconductor is fixed by the 

differences in their Fermi levels and is unaffected by the addition of 

other metal overlayers. With Fermi level pinning, the additional 

potential drop caused by changing the EO d of the solution does not re ox 

occur across the SCR of the semiconductor as in the non-pinned case, 

but rather occurs across the Helmholtz layer at the semiconductor/ 

solution interface. This causes the energies of the conduction and 

valence band edges to shift with E;edox' The effect of changing EO d re ox 

on a "non-pinned" and a "pinned" semiconductor is shown in Figure 4.43. 

The SiPc molecules can be considered as a surface state on the 

Sn02 since they have well-defined energies and are present at coverages 

15 -2 of about 10 molecules cm • Illuminated SiPc can therefore "pin" the 

valence and conduction band edges of the Sn02 substrate so that V oc 

becomes independent of the solution EO d . The additional potential 
re ox 

drop caused by a change in EO d occurs across either the SiPc film re ox 

or the Helmholtz layer at the SiPc/solution interface. This is shown 

in Figure 4.44. The conduction and valence band edges and therefore 

the flat-band potential of the Sn02 are shifted with a change in EO d . re ox 

The change in the potential drop, ¢ ,is assumed to be across the SiPc pc 

layer. Evidence for this band edge shifting is seen in the voltammo-

grams where the onset of the photocurrent, which is related to, but 

not necessarily equal to the flat-band potential of Sn02 , shifts with 
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the EO d resulting in a constant V re ox oc The downward band-bending 

shown across the SCR of the Sn0
2 

is suggested by the fact that a 

negative V is measured. 
oc 

Since most phtha10cyanine layers have very low conductivities 
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in the dark (llQ), facile charge transfer between the solution and the 

SiPc layer may not occur without illumination. In the light, however, 

the conductivity of the layer increases. Therefore, it is possible 

that Fermi level pinning only occurs under illumination. This assump-

tion could be tested by Mott-Schottky capacitance measurements on 

SiPc!Sn02 electrodes with and without irradiation in contact with 

solutions with different redox potentials. If Fermi level pinning only 

occurs while the electrode is illuminated, the flat-band potential 

determined from the Mott-Schottky measurements should remain constant 

in all of the solutions in the dark and shift with EO in the light. redox 

Capacitance measurements by others in this laboratory have 

shown that the estimated flat-band potentials for unmodified Sn02 and 

for SiPc!Sn02 electrodes are equivalent, within experimental error (102). 

These results support the idea of Fermi level pinning occurring only 

when the SiPc layer is irradiated. The interpretation of capacitance 

measurements on irradiated SiPc!Sn02 electrodes is not as straight 

forward since they are complicated by faradiac activity even in blank 

electrolytes. 
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Concentration Dependence 

Another important variable in .determining the magnitude of the 

photocurrent response of a monomer SiPc-modified electrode is the 

concentration of the redox couple in solution. Ultimately, we do not 

want the maximum photocurrent obtainable to be mass transport limited, 

i.e., limited by the amount of redox couple available at the electrode 

surface. Instead, we would prefer to have the photocurrent limit 

determined by the incident light flux so that the reaction rate depends 

only on the rate of arrival of photons to the dye layer. According to 

the ideal dye-sensitization model, there should be a linear relation

ship between PLlotocurrent and the concentration of the solution redox 

couple. The photocurrent is expected to continue to increase with 

higher concentrations until a photon-limited response is reached. 

Therefore, it is important to know the effect of varying the concentra

tion of the solution redox couple on the photocurrent at a constant 

light flux. This experiment was performed using various concentrations 

(0.05-100 ~) of potassium ferrocyanide and hydroquinone on both porous 

(26 equivalent monolayers) and non-porous (200 equivalent monolayers) 

monomer SiPc/Sn02 electrodes. Figures 4.45 and 4.46 show the photo-

current density produced by each film under constant intensity 

illumination from a LP47 filtered xenon arc lamp as a function of redox 

couple present in solution. The photocurrent on the non-porous 

electrode was monitored at +0.25 V in both the potassium ferrocyanide 

and hydro quinone solutions since it is very close to their formal 
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potentials and the electrode shows similar photocurrent-voltage 

behavior in both solutions. 

The potentials at which the photocurrent was monitored for the 

porous SiPc electrode was not as straight forward. Since quasi-

re,'ersible electron transfer is seen for both hydro quinone and 

ferrocyanide, the photocurrent was measured at the anodic peak potential 
~ .. 

obtained for the 5 x 10 M solutions. These turned out to be +0.17 

and +0.10 V for ferrocyanide and hydroquinone, respectively. These 

peak potentials shift anodically with increased concentration as shown 

for ferrocyanide in Figure 4.47 with similar behavior for hydroquinone. 

These potentials allow determination of the maximum photocurrent at the 

lower concentrations and since the same potential is used for all 

solutions, the dependence of the photocurrent on concentration can be 

effectively measured. 

For ferro cyanide , the photocurrent increases linearly with the 

logarithm of concentration between 0.5 and 50 roM on the porous film and 

between 0.5 and 10 roM for the non-porous film. The upward curvature at 

low concentration is due to a non-zero photocurrent of about 

-2 2 ~A cm at zero concentration. This small photocurrent is probably 

due to charging effects from illumination of the dye. The photo-

current reaches a plateau at higher concentrations. 

With hydroquinone, both the porous and non-porous films show a 

linear dependence with the logarithm of concentration between 0.1 and 

1 w1. A similar tailing at the low concentration end is observed as 

previously discussed. Above 1 roM hydroquinone,the photocurrent begins 
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Figure 4.47. Anodic peak current shift with increased ferrocyanide 
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to gradually level off and eventually decrease at concentrations above 

5 roM on both films. 

The photocurrent is plotted on a linear concentration scale for 

the porous electrode in Figure 4.48. For hydroquinone, linear 

behavior is seen up to about 0.5 ~ and up to 5 ~ for ferrocyanide. 

Similar concentration dependences for other phthalocyanine~odified 

electrodes have been observed (96,109)·. The non-porous electrode shows 

non-linear behavior over the entire concentration range studied. The 

observed concentration dependence can be explained by examining the 

photocurrent-voltage curves for the porous and non-porous electrodes. 

The current-voltage curves for the non-porous film electrode in 

0.5 and 5 ~ hydroquinone are shown in Figure 4.49. Similar curves are 

obtained in ferrocyanide solution. No dark current is observed. For 

concentrations less than 3 roM, the current plateaus and remains at a 

constant value that does not decay when the potential sweep is stopped. 

The magnitude of the plateau current can be increased by stirring the 

solution. In studies on a similar non-porous film in 0.5 ~ hydro-

quinone, the magnitude of the plateau current was independent of scan 

-1 -1 rate between 5-20 mV sec • At higher scan rates (50-500 mV sec ) the 

magnitude of the plateau current increases due to charging current that 

quickly decays to the plateau value obtained at 20 mV sec-lor less 

when the scan is stopped and held at a constant potential. Again, this 

plateau current can be increased by stirring the solution. Increasing 

the redox couple concentration above 3 ~ results in a dramatic change 

in the shape of the photocurrent-voltage curve. A current plateau is 
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no longer observed, but rather an almost straight line (Figure 4.49) is 

obtained. For a constant illumination intensity, the current at any 

-1 
voltage is independent of scan rate over the range of 10-100 mV sec 

and is nqt affected by stirring. Also, the photocurrent does not 

decay when the scan is stopped and held at a fixed potential. 

For the porous films, the dark current due to electron transfer 

on the SnOZ substrate becomes important, in contrast to the non-porous 

films where no dark current is seen. The observed photocurrent-

voltage behavior is highly dependent on the kinetics of the solution 

redox couple on the exposed SnOZ substrate. This kinetic effect is 

clearly shown by comparing results obtained using ferrocyanide which is 

reversible on SnOZ (~Ep = 70 mY) and hydro quinone ~hich is very 

irreversible (~E > lV). For porous SiPc films with ferrocyanid~ the 
p 

dark current on the exposed SnOZ substrate is quite substantial although 

the kinetics are partially obstructed by the presence of the SiPc film. 

This is shown in Figure 4.50 where the ~E for the SiPc coated electrode 
p 

At low is about 275 mV compared to uncoated SnOZ where ~Ep = 70 mY. 

ferrocyanide concentrations, the photocurrent dominates, with a current 

that peaks and then decays towards a constant plateau value. The 

light driven current on the phthalocyanine surface is large enough to 

oxidize or reduce most of the redox couple before it can reach the bare 

SnOz substrate. Therefore, no peak due to dark current is seen. At 

faster scan rates, two peaks can be seen, one due to the photo current 

and one due to the dark current on SnOZ' As the concentration of 

ferrocyanide is increased the dark current begins to compete more 
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effectively with the photocurrent and eventually at 50 ~ or higher the 

dark current dominates with a constant additional photocurrent of about 

-2 200 ~A cm (Figure 4.51). Therefore, the maximum photocurrent 

-2 obtainable on this particular electrode is about 200 ~A cm at the 

light flux used. This effect accounts for the linear dependence of the 

photocurrent on concentration up to about 5~. At concentrations above 

5 roM the photo current becomes non-linear and reaches a maximum value 

-2 of about 200 ~A cm at ferrocyanide above 10 roM (Figure 4.45). It is 

interesting to note that in the concentration range in which the photo-

current dominates, the peak currents are essentially identical to those 

seen on the electrode in the dark (Figure 4.50). This suggests that 

the active areas of the exposed Sn02 substrate and photoactive SiPc 

sites are equivalent. 

With hydroquinone in solution, the photo current-voltage behavior 

of the porous electrode is quite different at higher concentrations. 

The kinetics for the reaction of hydro quinone on Sn02 are very poor. 

At low concentrations a plateau current is obtained that remains 

constant even at potentials where the dark current should dominate as 

seen with ferrocyanide in solution (Figure 4.50). This current can be 

increased by stirring and the dark current can be seen at higher scan 

rates as with ferrocyanide. In the concentration range of 0.05-

0.5 roM the photocurrent has a linear dependence. Above 0.5 ~, the 

photocurrent becomes non-linear and reaches a maximum value at 5 roM. 

At higher concentrations, the photo current begins to decrease and for 

concentrations of 3 roM or higher a linear photocurrent-vo1tage curve 
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similar to those obtained with the non-porous film electrodes is 

observed as shown in Figure 4.52. 

The data presented above suggests that the photocurrent 

plateau values obtained at redox couple concentrations of 3 roM or less 

are mass transport limited, i.e., the magnitude of the current is 

determined by the rate of arrival of redox couple to the electrode 

surface. Stirring the solution increases the flux of electroactive 

material to the electrode and therefore increases the observed photo-

current. The fact that the photocurrent does not decay as the square 

root of time as is predicted by the Cottrell equation for mass trans-

port limited currents (115) can best be explained by local heating 

effects at the electrode/solution interface. The xenon arc lamp 

supplies the dye layer with several hundred milliwatts of power, and a 

significant fraction of this power is absorbed. The poor quantum 

efficiencies of this electrode which can be less than 1% for the thicker 

films means that 99% of the absorbed light is reradiated by the dye into 

its surroundings. Most of the reradiated light is in the form of heat due 

to electron-hole pair recombination. This causes local heating at the 

dye-solution interface and results in convection which essentially 

stirs the solution. This convection increases the flux of electro-

active species to the electrode and the current does not decay with the 

1/2 b h' 0 1 f ' h' 1/2 d expected t e aV10r. n y at aster scan rates 1S t 1S t ecay 

seen. Similar results would be expected for a rotating disk electrode 

operating at a rotation rate of 7 rpm as estimated from the Levich 

Equation (lls). 
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For redox couple concentrations greater than 3 ~, the photo-

current-voltage curves show a linear, Ohmic-·1ike behavior for both 

porous and non-porous electrodes. The photo current at any potential is 

not mass transport limited since stirring the solution or increasing 

the concentration has no effect. This suggests that the current is 

light limited, i.e., limited by the rate of arrival of photons to the 

dye layer. A change in the light intensity in this concentration 

region should cause a corresponding change in the measured photo-

current yielding a linear relationship. This is confirmed in the next 

section on the light intensity dependence. 

The fact that photo current actually decreases on both the porous 

and non-porous films at high hydro quinone concentrations is probably 

due to chemical effects. The oxidation of hydroquinone to benzoquinone 

involves two electrons and two protons and is not as straight forward 

as the one electron oxidation of ferro cyanide to ferricyanide. A long 

term illumination study on a monomer SiPc/Sn02 electrode provided 

evidence of electrode passivation by the products of hydro quinone oxida-

tion. In this experiment, a monomer SiPc/Sn02 film was irradiated for 

16 hours in 10 ~ hydroquinone/benzoquinone solution and the photo-

current was monitored as a function of time. During the experiment the 

-2 initial photocurrent of 100 ~A cm decreased monotonically with time 

-2 to a value of 35 ~A cm after 16 hours of irradiation. The total 

current passed during this experiment was about 2 Coulombs, The 

15 -2 surface dye coverage was 7.6 x 10 molecules cm (measured 

spectrophotometrically) which yields a turnover number of 170 per hour. 
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The decrease in photo current was not due to deterioration of the dye 

since the spectrophotometric assay showed no significant loss of 

chromophore. In addition, most of the initial photocurrent response 

was recovered by soaking the electrode in water for several hours. The 

decreased photocurrent therefore appears to be caused by adsorption of 

oxidation product to the electrode surface. Gas chromatographic studies 

using various phthalocyanines as column adsorbants clearly showed that 

aromatic hydrocarbons such as phenols and amines are retained by the 

phthalocyanines (116,117). Calculated adsorption enthalpies were 

-1 typically in the range of 10-15 kcal mole . 

If a weak adsorption of hydroquinone was occurring on the SiPc 

layer, the resulting concentration dependence should resemble a 

Langmuir-type adsorption isotherm in which the photocurrent rises 

rapidly at low hydroquinone concentrations and levels off to a constant 

plateau at higher concentrations. As shown in Figure 4.46, the photo-

current does rise rapidly at the lower concentrations, but instead of a 

constant plateau current, the photo current decreases at higher 

concentrations. This decrease in photocurrent may be due to ·the 

oxidation products of the weakly adsorbed hydro quinone passivating the 

active surface as previously discussed. The photocurrent begins to 

drop off at a concentration at about 5 mM. Soriaga and Hubbard (118) 

have shown that the surface of a platinum electrode is saturated with 

adsorbed hydroquinone at concentrations of about 1 ~ or higher. 

Therefore, if we assume that the SiPc layer is saturated with adsorbed 

hydroquinone at concentrations of 5 mM or higher, a plateau current 
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should be observed. The fact that the photocurrent decreases at higher 

concentrations may be due to the presence of adsorbed hydroquinone 

oxidation products on the SiPc layer which passivates some of the 

active area, resulting in a decrease in the observed photocurrent. 

Further evidence for interaction between the SiPc molecules and hydro-

quinone is the cathodic shift in EO observed on the illuminated dye 
redox 

layer at the lower hydroquinone concentrations. A weak interaction may 

cause a net stabilization of the adsorbed quinone which results in a 

shift in the average energy of the molecule. 

A plateau photocurrent limit is seen at the higher ferrocyanide 

concentrations (Figure 4.45). This plateau current is not due to 

adsorption effects but rather is a light-limited photocurrent. This is 

demonstrated in the next section on the effect of light intensity on 

photocurrent response. A cathodic shift is also observed for ferro-

cyanide on the illuminated dye layer, but this shift is not as large 

as that seen for hydroquinone (Figure 4.50). 

In situ laser Raman studies could be used to provide evidence 

for a weak interaction between quinones and phthalocyanine dye layers. 

Even for weak interactions, changes in the quinone and/or phthalocyanine 

Raman spectra should be seen. 

Light Intensity Dependence 

As mentioned in the previous section on the concentration 

dependence of the solution redox couple on the photocurrent response 

of SiPc/Sn02 electrodes, the intensity of the incident light is a major 
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factor in determining their overall photoresponse characteristics. 

Depending on the redox couple concentration and the light intensity, 

two distinctly different types of photocurrent-voltage curves can be 

observed. When the photocurrent is mass transport-limited. a plateau 

current is obtained and a straight line (Ohmic) current-voltage 

response is seen when the system is light-limited. The effects of 

concentration and light intensity are illustrated in Figures 4.52-4.55. 

The photocurrent-voltage curves shown in Figure 4.53 were obtained with 

0.64 roM hydroquinone in solution and illumination from a LP47 filtered 

xenon arc lamp using various neutral density filters to change the 

incident light intensity. The same non-porous electrode used in the 

concentration dependence studies was used. At this low hydro quinone 

concentration, a mass transport limited plateau current is observed for 

the full LP47 filtered lamp output. As the incident light flux is 

reduced with the 0.2 and 0.4 neutral density filters, a plateau current 

is still observed, but it is anodically shifted. A greater overpoten

tial is required to reach a mass transport-limited current as the light 

intensity is reduced. With a 1.0 neutral density filter, an "Ohmic" 

light-limited response is observed. The resultant photocurrent 

dependence on relative light intensity is plotted in Figure 4.54 with 

the electrode biased at 0.25 and 0.60 V. A non-linear dependence with 

light intensity is observed at both bias potentials. This non-linearity 

is easily explained from the photocurrent-voltage curves in Figure 4.52. 

As the light intensity is decreased, the photocurrent changes from a 
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mass transport-limited case to a light-limited one. This effect 

becomes more apparent at higher bias potentials. 
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The photocurrent-voltage curves for the same electrode in 5 roM 

hydroquinone sQlution are shown in Figure 4.55. At this concentration, 

a light-limited response is obtained even for the full output of the 

lamp. The photocurrent dependence on light intensity is shown in 

Figure 4.56. At both 0.25 and 0.60 V, a linear relationship between 

light intensity and photocurrent is seen. This is the expected result 

since all of the photocurrent-voltage curves in Figure 4.55 are 

light-limited. 

Similar results have been observed for electrodes that were 

irradiated with a 4 mW helium-neon laser. Figure 4.57 shows a photo

current versus relative light intensity plot for a porous (85 equivalent 

monolayer) SiPc/Sn02 electrode. Since the hydro quinone concentration 

was 10 ~, a light-limited photocurrent is expected and therefore a 

linear photocurrent response is not surprising. 

Linear plots are not always obtained when the laser is used as 

shown in Figure 4.58. The three films used ranged in surface coverage 

from 15 to 120 equivalent monolayers of SiPc. For the thinnest film, 

linear behavior is seen up to about 45% of the full laser output and 

then the photocurrent response curves downward to another linear 

response with a shallower slope. The other two films show a linear 

response throughout the entire laser intensity range. The fact that a 

linear response is obtained over the entire intensity range tested has 

several important implications. First. the power efficiency of the 
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photoelectrochemical cell~ Q , is calculated from the slope of the power 

line: 

o -power 

d(i ) 
:::: slope :::: --.-E 

d(I) 

where di is the change in photo current and dI is the change in 
p 

(4.9) 

relative light intensity. The power efficiencies for several SiPc/Sn02 

electrodes have been calculated from linear photocurrent-relative light 

intensity plots and were found to range between 0.01 and 0.5%. Chemical 

complications and changes in reaction mechanism can show up as 

deviations from linear behavior. This effect was discussed above where 

a change from mass transport-limited to light--limited photocurrents with 

varying light intensities resulted in a non-linear response (Figure 

4.52). 

Although the helium-neon laser output is only 4 mW, the power 

is concentrated into a 1 rom diameter beam and therefore the power 

density in the beam is about 500 mW cm-2, which is about twice the 

power density supplied by the xenon arc lamp. In addition, all of the 

power is at a single wavelength, 632.8 nm. Therefore, it is possible 

that light saturation effects may be seen using the laser as the light 

source. 

In view of the above discussion, the change in slope of the 

photocurrent versus relative light intensity at higher intensities is 

probably due to change in the current-limiting processes at the 

electrode. The photon flux at which the photocurrent response changes 
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slope on the film with the lowest surface coverage corresponds to about 

-1 -1 -1 800 photons sec molecule • This flux is 325 photons sec 

-1 -1 
molecule for the 80 equivalent monolayer film and 220 photons sec 

mo1ecu1e-1 for the 120 equivalent monolayer film even at full laser 

output. The fact that linear light intensity dependence is seen for 

both of these films and not for the lower coverage film suggests that 

some sort of light saturation effect is being observed. Light 

saturation is not a completely satisfactory explanation since the photo-

current should reach a maximum value that does not change with increased 

light intensity. Another possible explanation is that the dye is being 

photodegraded at the higher light intensities. This is consistent with 

the fact that the photocurrents observed at higher intensities tend to 

decrease with time and do not return to their initial magnitudes when 

identical measurements are repeated. As a result, the slope of 

consecutive intensity dependence studies on the same film decrease. The 

other two films with higher surface coverages exhibit linear dependences 

and show a very slow photocurrent degradation at the higher laser 

intensities. Similar results were obtained for the photocurrent-light 

intensity dependence of a second series of six electrodes with surface 

coverages between 30 and 320 equivalent mono1ayers of SiPc. Although 

the relative light intensity at which deviation from linearity was 

observed changed with coverage, no straight forward relationship was 

found. The general trend however is that as the surface coverage is 

increased, higher light intensities are required to cause non-linearity. 
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The linear light intensity dependence of the photocurrent at 

high solution redox couple concentrations indicates that the SiPc/Sn02 

photoelectrode is behaving like a photodiode, as predicted by the ideal 

model system. Its conductivity can be increased by increasing the 

incident photon flux. As shown in Figure 4.59, a family of linear 

photocurrent-voltage curves can be generated by varying the incident 

light intensity. As previously mentioned, these curves resemble an 

"Ohm's Law" plot in which the photocurrent is 1inear.1y related to the 

applied voltage by an effective film resistance, Reff , This effective 

film resistance can be calculated using Ohm's Law: 

E = app 
i 

(4.10) 
p 

where E is the applied voltage and i is the measured photocurrent, app p 

Table 4.9 lists the effective resistances calculated from the linear 

photocurrent-vo1tage curves for several SiPc/Sn02 electrodes with 

different surface coverages. These calculated resistances are of 

course not necessarily representative of the true film resistances since 

they are d. c. measurements ~l7hich include resistance contributions from 

electron transfer at the SiPc/so1ution, SiPc/Sn02 and platinum counter 

electrodes as well as any solution and external contact resistances. A 

more accurate method involves using a.c. impedance techniques to measure 

the electrochemical cell capacitive and resistive components. Impedance 

studies by others in this laboratory were performed on a non-porous 

SiPc/Sn02 electrode (220 eqiuvalent monolayers) in 10 ~ hydroquinone 

and irradiated by a LP47 filtered xenon arc lamp (102). An overall 
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Table 4-.9. The effective resistance of the SiPc-layer as a function 
of surface coverage. 

.'. 
Surface Coverage Reff CKn)" 

Ceq. monolayer) 

13 1.5 

20 1...3 

26 3-.0 

36 l..4 

94 1.0 

98 2.3 

111 2·.0 

143 1,.2 

195 3.0 

201 10 

320 1.4 

0..,': 
LP47 filtered Xe are, 10 In!! HQ in 0.2 H KHP 
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cell resistance of 2.8 kQ was measured in the dark, which decreased with 

illumination to 2.1 kQ. This a.c. impedance value agrees well with 

those determined from the photocurrent-voltage curves and verifies that 

the resistance of the SiPc film decreases upon illumination. From the 

resistances calculated in Table 4.9, the resistance of the SiPc film 

increases with increased surface coverage. Although this is not true 

in all cases, this is the general trend. 

The results of these light intensity studies clearly show that 

the photoelectrochemical process on SiPc/Sn02 electrodes is primarily 

controlled by the photon flux which is consistent with previous studies 

of phthalocyanine modified electrodes (96,119-124). 

Summary of Resu~ts 

The experimental results discussed in this Chapter can be 

summarized as follows: 1) The monomer, dimer, and trimer SiPc as well 

as many other phthalocyanines, have been shown to behave as photo-

conductors. They are capable of functioning as either photoanodes or 

photocathodes depending on the electrode substrate and the EO d of re ox 

the contacting solution. Whether they will behave as photoanodes or 

photocathodes can be predicted from the relative energies of the dye 

HOMO or valence band and the EO This in turn can be calculated redox' 

from UPS and electrochemical data. If the EO d is negative of the re ox 

dye HOMO or valence band, cathodic rectification is seen. Anodic 

rectification is observed for an E;edox that is positive of the dye 

HOMO or valence band. 2) The monomer SiPc appears to deposit on a 

variety of substrates in at least two different photoactive phases which 
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have significantly different absorption spectra. No evidence is seen 

for crystalline structure on electron micrographs with a resolution of 

better than O.l~. The second phase does not begin to appear until a 

surface coverage of about 80 to 100 equivalent monolayers is obtained. 

3) The quantum efficiencies for monomer SiPc/Sn02 electrodes can be 

greater than 9% for very low surface coverages (ca. 20 equivalent mono-

layers). This efficiency decreases dramatically with increased surface 

coverage due to the lower conductivity of the films. These calculated 

efficiencies do not account for light lost due to the reflectivity of 

the SiPc films. The reflectivity of the thicker films can be as high 

as 50%. If this is taken into account~ the efficiencies of the thicker 

films will be larger and the decrease in quantum efficiency with 

surface coverage will not be as dramatic as shown in Figure 4.22. 

4) Monomer SiPc films are porous up to surface coverages of about 150 

to 200 equivalent monolayers. 5) The relative rates of electron 

transfer on the substrate and the illuminated dye layer are extremely 

important in determining the photocurrent response of porous dye-

modified electrodes. Faster kinetics on the illuminated dye with 

respect to the substrate result in a greater relative photo current 

response. 6) The measured photovoltage of a SiPc/Sn02 electrode is 

independent of EO d and pH over the range of -0.1 to +0.8 V due to 
re ox 

Fermi level pinning at the Sn02/dye interface. 7) Whether a mass 

transport-limited (plateau-type) or a light-limited (linear, "Ohmic"-

type) photocurrent response is obtained depends on both the light 

intensity and the solution redox couple concentration. Saturation 

effects can be seen at light intensities that provide the electrode 



-1 -1 with more than 1000 photons sec molecule 

20R 

With 100 to 150 m1.J' cm-2 

radiation from the xenon arc lamp, light-limited photocurrents are seen 

for redox couple concentrations of 3 ~1 or higher. 

Ihe "Revised" Model 

As shown by the results of the photoelectrochemical studies 

discussed in this Chapter, it is obvious that some modifications must 

be made to the "ideal" semiconductor/dye/solution model presented in 

the Introduction section. In most respects, the "ideal!! model is 

capable of adequately explaining the experimental results. One of the 

main deficiencies of the model has to do with treating the dye layer as 

a semiconductor. It is quite clear from the substrate dependence 

studies that the SiPc layer behaves more like a photoconductor than a 

semiconductor. The fact that both anodic and cathodic photocurrents 

are observable on all of the SiPc-modified electrodes indicates the 

photoconductive rather than semiconducting nature of the SiPc layer. 

In addition, the fact that a change in EO d did not cause a similar . re ox 

change in the open-circuit photovo1tage suggests that the band edges 

of the semiconductor are "pinned" at the surface by the presence of 

the SiPc molecules. By including the concepts of Fermi level pinning 

and the photoconductive nature of the dye layer, a dye-sensitization 

model based strictly on a solid-state band scheme can be used to explain 

and account for the experimental results obtained in these studies. 

This solid-state band model treats the dye layer as simply an electron 

shuttle and does not deal with the molecular interactions involved in 

the dye-sensitization process. The intermolecular interactions between 
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the dye and the substrate as well as between the dye and the solution 

redox couple are very important in understanding the dye-sensitization 

process from a molecular point of view. The implications of the 

molecular nature of this process are discussed in the following 

Conclusion Chapter. 

Improvements for Optimal Performance 

The SiPc-modified electrodes used in the studies discussed in 

this Chapter do not represent the maximum performance that can be 

obtained. Each of the components of the system: the semiconductor, 

the dye layer, and the solution can be optimized for an improved photo

current response. First, a more useful semiconductor substrate can be 

used. As mentioned in the Introduction to this Chapter, the maximum 

reducing power of an electron transferred to a n-type semiconductor from 

the photoexcited dye is determined by the energy of the conduction band 

edge of the semiconductor, Ecb ' From Figure 4.21 it can be seen that 

the excited-state SiPc level is about 1.5 eV above the conduction band 

of Sn02 . This means that about 1.5 eV is wasted in transferring an 

electron from the dye to the Sn02 substrate. In addition, the con

duction band of Sn02 is about 0.2 eV below the energy required to reduce 

water to hydrogen, which is one of the most desired products we wish to 

form at the counter electrode. Other metal oxide semiconductor sub

strates such as SrTi03 , Nb 20S' and Ta20S which have their conduction 

band edges about 0.4 eV above the energy required to produce hydrogen 

can be used in place of Sn02 • Also, non-oxide semiconductors such as 

CdS and CdSe can be used whose conduction band edges are about 0.8 eV 
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above that of Sn02 to gain even more reducing power at the counter 

electrode. A non-porous phthalocyanine film may also protect these 

semiconductors which are very susceptible to photoanodic decomposition. 

As far as the dye layer is concerned~ we want to increase the 

carrier mobility through these films. One way is to I!dope" the 

phthalocyanine film with weak oxidants like 12 as described in 

Chapter 3. This doping would enhance the conductivity of the film, 

thereby improving the mobility of electrons. Atmospheric gases such 

as O2 have been shown to increase the conductivities of phthalocyanine 

films (125,126). Another approach is to use other phthalocyanines that 

are capable of aggregating on the surface in more highly conductive 

orientations. The presence of the bulky organosilane end cap groups on 

the SiPc molecules used in these studies prevents the desired axial 

aggregation in the solid-state. Other phthalocyanines such as H2Pc 

(127), GaPc-Cl (109-111) 'and GaPc-I (lll) have been shown to exist as 

aggregates in the solid-state and have a definite crystal structure 

when deposited on electrode substrates. 

Finally, the solution component can be optimized by using a 

redox couple that does not adsorb on the dye surface or decompose upon 

oxidation or reduction. Organic couples like hydroquinone/benzoquinone 

showed evidence of both adsorbing onto the SiPc layer and decomposition 

which resulted in a decrease in photocurrent response with time. 

Inorganic couples like ferri/ferrocyanide are less likely to adsorb on 

the dye layer or decompose upon oxidation or reduction. The con

centration of the redox couple should be high enough to assure that the 

photocurrent response of the system is strictly limited by the 
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intensity of the incident light. The other solution conditions such as 

pH and supporting electrolyte concentration can also be adjusted for 

optimal performance. 



CHAPTER 5 

CONCLUSION 

Summary of Results 

The results of solution electrochemical and photoelectro

chemical studies on a series of well-defined SiPc oligomers were 

presented in this Dissertation. The through-space orbital overlap 

facilitated by the cofacial orientation of the SiPc rings in the dimer 

and trimer of the series causes their unique electrochemical and 

spectroscopic properties. Using electrochemical, UV-visible absorption 

spectroscopy, and Ultraviolet Photoelectron Spectroscopy (UPS), it is 

possible to construct simple energy level dia~rams for each molecule to 

explain their observed behavior and predict the properties of higher 

order oligomers. The chemical information gained from these solution 

electrochemical studies on the SiPc series is useful in explaining the 

solid-state conductivity and photoconductivity observed for several 

other phthalocyanines. The implications of through-space interactions 

between the pi-systems of co facial molecules are discussed and extended 

to other oligomeric systems. 

Extensive photoelectrochemical studies on SiPc-modified elec

trodes led to a more thorough understanding of their behavior in the 

dye-sensitization process on semiconductor electrodes. An improved 

model was presented which emphasized the photoconductive rather than 

the semiconducting nature of the SiPc dye layer. The limited 
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photovoltage response of monomer SiPc/Sn02 electrodes was explained by 

"pinning" of the Sn02 valence and conduction band edges by the presence 

of the dye overlayer. The results of these photoelectrochemical 

studies were shown to be consistent with and applicable to other dye

modified electrode systems. 

Information Obtained from These Studies 

Although this work has provided a great deal of information 

about the properties of molecules with through-space orbital overlap of 

their pi-systems, there is still more to be learned. Further work is 

needed to clarify the effects of this type of interaction on the 

solution and solid-state properties of these molecules. Electrochemical 

and vapor phase UPS studies on higher order SiPc oligomers (e.g. 

tetramer, pentamer, etc.) and related compounds are needed to compare 

the actual HOHO and LUNO energies with those predicted from the general 

trends shown by the monomer, dimer, and trimer SiPc. Besides further 

experimental work, theoretical treatments for dealing with the various 

types of molecular interaction are needed. Theoretical work similar 

to that developed for non-interacting systems would be extremely useful. 

A solid-state band model based on a semiconductor/photoconductor/ 

solution scheme was developed at the end of Chapter 4. This model is 

useful in explaining the observed photoelectrochemical behavior for the 

SiPc/Sn02 electrodes, but it does not consider the molecular nature of 

the processes involved in dye-sensitization. In order to fully 

understand the dye-sensitization process, the influence of the dye 

orientation on the electrode surface, the interactions between the dye 
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layer and the solution species, and the mechanism of charge transport 

through the SiPc film and the SiPc/Sn02 interface must be developed 

from a basic molecular point of view. Some of this information can be 

obtained from the work presented in this Dissertation as is discussed 

below, but further studies are needed to complete the picture. 

Dye Orientation 

The solid-state band model treats the dye layer as a continuous, 

uniform film. This is clearly not the case for the SiPc films as shown 

by the studies reported in Chapter 4. Therefore, the question of how 

the dye is oriented on the electrode substrate is one that needs to be 

addressed. None of the studies presented earlier actually provide 

definite answers to how the SiPc is oriented in the solid-state, but 

some of this information can be inferred from the data presented. 

Although the scanning electron micrographs (SEM) of the SiPc/ 

Sn02 electrodes did not provide any direct informatidn about crystal

linity, we do know that any features that are present on the substrate 

are smaller than 0.1 ~, which is the resolution for these particular 

samples. Using this information along with the cyclic voltammograms 
\ 

of ferrocyanide on the SiPc/gold-MPOTE electrodes, it is possible to 

infer something about the approximate extent of coverage of the sub-

strate. Since the substrate dependence studies showed that the 

absorbance spectra of the monomer SiPc deposited on Sn02 and gold-

MPOTE are essentially identical, we can assume similar dye orientations 

on each. 



Using the experimentally verified theory developed by Matsuda 

et al. (107,108) for voltammetry at partially covered electrodes~ it 

should be possible to estimate the fraction of gold substrate covered 

by the different surface coverages of SiPc from the cyclic voltarnrno-

grams of ferrocyanide on these electrodes. According to this theory, 

the peak currents and shapes of the voltarnrnetric curves obtained on 

electrodes that are partially covered with an electrochemically 

inactive material should be identical with those obtained on a non-

covered electrode unless the pore size of the exposed active surface 

is about the same or less than the thickness of the Nernst diffusion 

layer. The Nernst diffusion layer thickness, 8, is given by 
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8 = (TIDt)I/2, where D is the diffusion coefficient of the electroactive 

species and t is the electrolysis time. Therefore, as the average 

pore size of the exposed substrate becomes smaller, faster scan rates 

are required (smaller 8) to detect surface inhomogeneity. This surface 

inhomogeneity manifests itself in the cyclic vo1tammograms as a 

decrease in the normalized peak currents and an increase in the peak 

potential separation, ~E. If the same scan rate is used for all of 
p 

the electrodes with different fractional coverages (8 = constant), 

higher coverages are required to detect inhomogeneity as the average 

pore size decreases. This theory assumes a uniform distribution of 

active sites of given radius surrounded by a region of inactive 

material which in this case is the SiPc molecules. From the SEM 

photomicrographs, we can assume that the pore size is less than 0.1 ~. 

Matsuda estimates that a fractional surface coverage of 0.7 to 0.8 



would be required before surface inhomogeneity would be electrochemi

cally detectable for an average pore diameter of less than 0.1 ll· 
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The cyclic voltammograms of the SiPc/gold-MPOTE electrodes were 

all obtained using a scan rate of 20 mV sec-1 At this scan rate the 

diffusion layer thickness, a, is about 150 ll, assuming a diffusion 

coefficient of 6. 8 x 10-6 
Ctu

2 sec -l for ferrol:yanide (107). With this 

larg~ diffusion layer thickness, a very high fractional surface 

coverage would be required to be able to elel:trochemically detect 

surface inhomogeneity and therefore ~he estimated fractiunal coverage 

of 0.7 tu 0.8 appears reasonable. Using this treatm~nt, a surface 

coverage of 23 equivalent mo~olayers of SiPc corresponds to about a 70% 

coverage of the gold substrate since only a small change in peak 

current and peak separation was observed (Table 4.4). Similarly, the 

55 and 133 equivalent monolayer SiPc films correspond to fractional 

coverages of 0.98 and 0.99, respectively. If we assume a uniform 

distribution of SiPc molecules, a surface coverage of 23 equivalent 

monolayers results in the formation of phthalocyanine "islands" or 

aggregates each containing about 30 SiPc molecules and occupying about 

70% of the gold substrate area. Increasing the SiPc coverage to 55 

equivalent monolayers results in covering up over 98% of the gold 

substrate and 133 equivalent monolayers essentially blocks the entire 

substrate surface. It is also interesting to note that the UV-visible 

absorption spectra show that the additional photoactive phase or 

phases do not start ot appear until a surface coverage of about 100 
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equivalent monolayers is reached. At this surface coverage, over 98% 

of the gold substrate is covered by SiPc molecules. 

According to the above information, it appears that the SiPc is 

deposited on the substrate as small islands of aggregates which 

gradually coalesce to block the entire gold surface as more molecules 

are deposited. At a SiPc coverage of about 100 equivalent monolayers, 

the substrate surface is almost completely covered and additional SiPc 

molecules begin to deposit in at least one different orientation. This is 

shown schematically is Figure 5.1. This diagram is overly simplified 

and does not take into account the rather large organosilane "end cap" 

groups on the SiPc molecules. These end caps give the SiPc molecule 

2 the shape of a flattened d orbital which prevents a true co facial 
z 

orientation in the solid-state. As a result, only a partial overlap of 

the pi-systems of two adjacent SiPc molecules is possible. The effect 

of the end cap groups on orientation is shown in Figure 5.2. Other 

phthalocyanines such as chlorogallium phthalocyanine (GaPc-Cl) and 

iodogallium phthalocyanine (GaPe-I), which show evidence of definite 

crystal structure in the solid-state, do not have these large end cap 

groups and therefore a more complete cofacial orientation is possible 

Q07-109). Evidence for this higher degree of interaction is shown by 

both a definite crystalline solid-state structure as shown by SEM and 

also by a much larger red-shifting of the solid-state absorbance 

spectra with respect to its solution spectra. This shift is about 

100 nm for the GaPc-Cl and only about 40 nm for the SiPc. 
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.0) Surface Coverage < 100eq. mono. 

SUBSTRATE 

b) Surface Coverage>100eq. mono. 

Figure 5.1. Schematic representation of a SiPc covered substrate. 
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Figure 5.2. Structural representation of the monomer SiPc molecules. 
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Therefore. it appears that the first SiPc molecules deposited 

on the substrate exist as small islands of aggregates that have a 

solid-state absorbance spectrum that is red-shifted from their solu

tion spectrum due to intel~olecu1ar interactions within these 

aggregates. This red-shifting does not appear to be due to specific 

interactions with a particular substrate material since it is observed 

on a variety of different substrates. These small islands continue to 

grow with the deposition of more SiPc molecules and eventually coalesce 

at a surface coverage of about 100 equivalent mono1ayers. Additional 

SiPc molecules deposit in at least one different orientation which 

fills in the small amount of remaining bare substrate. These molecules 

have solid-state absorption spectra that indicate a smaller extent of 

intermolecular interaction as shown by a very small shift in their 

absorbance peak maxima with respect to their solution spectrum. The 

solid-state band model treats the dye layer as a continuous film of 

uniform thickness. This is clearly not the case for the SiPc molecules. 

Even at surface coverages greater than 150 equivalent mono1ayers, the 

film does not have a uniform thickness and contains at least two 

distinctly different orientations. 

Obviously, there is a need to obtain much more precise informa

tion about the structure of the dye layer. This could be done through 

the use of electron microscopy, photoacoustic spectroscopy. reflectance 

studies, Raman and Infrared (IR) spectroscopy. By using an electron 

microscope with a field-emission electron source, better resolution 

can be obtained without severe beam damage. This may allow the 



identification of the small crystallites or SiPc islands on the 

substrate surface. 
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Photoacoustic spectroscopy should be extremely useful in 

obtaining more accurate absorbance spectra for phthalocyanine films. 

UV-visible spectrophotometric methods are not very useful for thick 

films due to their very high absorbance and reflectivity. Photo

acoustic spectroscopy combined with reflectance spectroscopy will 

provide a much more accurate measure of the amount and wavelengths of 

light absorbed or reflected by the films. It will also be useful to 

know how the absorbance and reflectance properties of the films change 

with surface coverage. 

Insight into the question of how the individual dye molecules 

are oriented with respect to one another and how they interact with 

their neighbors can be obtained using Raman and/or IR spectroscopy. 

One way to approach this problem is to study the solution Raman and IR 

spectra of well-defined oligomers like the monomer, dimer, and trimer 

SiPc and attempt to identify changes in the IR and Raman band 

frequencies and relative intensities that can be attributed to through

space interactions between the pi-systems. Evidence for cofacial 

orientation in solid films of phthalocyanines can be inferred if 

similar shifts are observed in the solid-state IR and Raman spectra. 

Loutfy and co-workers have recently reported on the solid-state 

optical, electrical, and photoelectrical properties of SiPc(OH)2 and 

GePc(OH)2 (12~. Intense near-infrared absorption peaks around 870 to 

890 nm are attributed to strong intermolecular interactions in the 
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solid-state that may arise from the existence of staggered parallel-

plane dimer aggregates similar to those proposed by Sharp and Lardon for 

x-H2Pc r3~. The electrical conductivity of these phthalocyanines was 

found to increase as the intermolecular spacing between the rings in 

the solid-state crystals decreased. Photovoltaic data on several 

germanium phthalocyanines with" different end cap groups showed that as 

the group becomes larger, the conversion efficiency drops and the near-

infrared absorbance maxima is blue-shifted which indicates a decrease in 

the extent of intermolecular interaction. These results again point to 

the importance of cofacial solid-state orientation in determining the 

photoresponse characteristics of the phthalocyanines. 

Interactions of the SiPc Layer with 
Solution Species 

The solid-state band model for dye-sensitization treats the dye 

layer as simply an electron shuttle and assumes that there are no 

chemical interactions between it and the solution species. The photo-

electrochemical studies presented in Chapter 4 show that this assumption 

is probably valid for ferri/ferrocyanide in solution since the photo-

current response is linear with concentration over a wide range and 

limits at the higher concentrations due to a light-limited response. 

This assumption however is not valid for hydro quinone since there is 

evidence for the possibility of quinone adsorption on the dye layer. 

This adsorption not only influences the maximum current output, but also 

effects the energetics involved in the electron transfer processes. The 

non-linear concentration dependence of the photocurrent with 
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hydroquinone concentration, the decrease of the photocurrent with hydro_ 

quinone concentration, the decrease in photocurrent obtained at 

hydro quinone concentrations of 10 ~ or higher, and the gradual decrease 

in photo current response with time all indicate that adsorption of 

hydroquinone and/or its oxidation products is occurring on the SiPc 

layer. Further evidence for possible quinone adsorption has been found 

by gas chromatographic studies on aromatic compounds using phthalo

cyanines as adsorbents. Enthalpies of adsorption of 10-15 kcal mole-l 

were found for phenols, aromatic amines, and alcohols which indicate 

definite retention of these compounds on the phthalocyanines. Although 

quinones are probably not as strongly retained due to their weaker 

dipoles, there is still the possibility of some degree of interaction. 

In addition, Soriaga and Hubbard (118) have shown that quinones adsorb 

strongly on platinum surfaces and reach saturation coverage in solutions 

containing about 1 ~ quinone, Hubbard has also shown evidence that 

both quinone and hydroquinone adsorb identically and irreversibly on 

platinum surfaces. Also, these strongly adsorbed quinones were found 

to undergo irreversible oxidation to products which they have not been 

able to identify (118). Similar adsorption behavior is expected to 

occur on the phthalocyanine molecules due to their aromatic properties. 

In fact this interaction may be even stronger on phthalocyanines since 

the formation of intermolecular charge transfer complexes between 

phthalocyanines and quinone derivatives in solution has been shown to 

occur (12.8'. A one-to-one charge-transfer complex was found for 

magnesium phthalocyanine and a naphthoquinone derivative with a free 



energy of formation of greater than -0.2 eV or -4.7 Kca1/mole. The 

formation of similar charge-transfer complexes occurring on solid 

phtha10cyanine films may account for the cathodic shift in the EO d re ox 
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of the hydroquinone/benzoquinone couple on the illuminated SiPc layer. 

The formation of the charge-transfer complex between the phthalocyanine 

and the quinone causes a stabilization of the resulting complex. 

Complete charge transfer is forced to occur due to the very high 

electrical field through the SiPc layer which is on the order of 10
4 

to 

5 -1 10 V cm . This stabilization changes the average energy of the 

hydroquinone making it more easily oxidized. This increased ease of 

oxidation may cause the observed cathodic shift in its EO d on the re ox 

illuminated SiPc film. 

Evidence for hydroquinone adsorption and charge transfer 

complex formation can be obtained using laser Raman spectroscopy. The 

solution Raman spectra of solutions of the phtha10cyanine and quinone 

can be compared with their individual solution spectra. Any changes in 

the Raman band frequencies and relative intensities can be attributed 

to the formation of a charge transfer complex. UV-visib1e spectro-

photometry can also be used to identify charge-transfer complex 

formation in a similar manner. The Raman studies can then be extended 

to solutions of quinone in contact with a solid phtha10cyanine film. 

Resonance-enhanced and even surface-enhanced resonance Raman spectros-

copy (SERRS) might be used to attempt to identify similar frequency 

shifts and relative intensity changes that can be attributable to 

charge-transfer complex formation or adsorption of the quinone. 
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Charge Transport through The SiPc Layer 

According to the solid-state band model, the dye layer behaves 

as either a semiconductor or a photoconductor. Based on the substrate 

dependence studies. the SiPc layer appears to behave more like a photo

conductor than a semiconductor since it allows charge flow in either 

direction. In the band model, charge transport processes through the 

dye layer are assumed to be the same as those involved in conduction 

through a semiconductor which involve the migration of electrons or 

holes by "hopping" between adjacent atoms or molecules. This assumes 

that a continuous, uniform band structure exists. The structure of the 

SiPc layer is anything but uniform as discussed earlier. It probably 

consists of little islands of aggregates of SiPc molecules. The inter

action between these molecules results in an average energy change of 

about 0.1 eV per aggregate as estimated from the 40 nm red-shift in the 

solidLstate absorption with respect to the solution spectra. This is 

far less than the 0.4 eV energy change observed for the trimer SiPc with 

respect to the monomer SiPc, which again indicates the lack of a full 

cofacia1 interaction between monomer SiPc molecules in the solid-state. 

The mechanism of electron and hole mobility through the SiPc 

layer is probably via oxidation or reduction of one molecule by an 

adjacent molecule. Normally this process would not lead to current 

flow, but under the influence of a strong electric field, this process 

is accelerated. Also, since the SiPc molecules appear to exist as 

islands of aggregates with weak interactions between adjacent molecules, 

the excited-state phtha10cyanine is probably an "exciton"', An exciton 
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is the resonance interaction between excited states of coupled 

aggregate systems. In an exciton, the excited state is not localized 

on a single molecule but is delocalized over the entire molecular 

aggregate. Depending on the extent of interaction between the molecules 

within the aggregate, varying degrees of band-like structure can exist. 

A band structure similar to that of a semiconductor can exist when 

there is very strong coupling within the aggregate. As discussed in 

Chapter 3, the exciton band theory presented by Kaska (54) predicts a 

blue-shifted absorbance maximum for cofacially oriented molecules like 

the dimer and trimer SiPc compared to the monomer SiPc. This theory 

also predicts red-shifted absorbance maxima for molecular aggregates 

that are oriented head-to-tail. Therefore, the red-shifted solid-state 

absorbance spectrum of the monomer SiPc suggests that the molecules are 

oriented such that their optical transition dipoles are head-to-tail to 

one another. This is reasonable based on the presence of the axial end 

cap groups which prevent a full cofacial orientation and force the 

molecules into a "slipped" ring conformation as shown in Figure 5.2. 

This slipped ring orientation is also consistent with the red-shift in 

the solid-state absorbance spectra. 

One of the most important areas for future research involves 

increasing the photoconductivity of the dye layer. This is necessary to 

make these photoelectrochemical devices commercially viable. As 

mentioned in Chapter 4, this can be done by doping the films with ,.;reak 

oxidants like 12 or O2 , It is also possible to use other phthalo

cyanines that are capable of axial aggregation. In this respect, 
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complete control over the deposition conditions is desirable. The 

extent and quality of crystal growth on the substrate is dependent on 

the deposition rate, the substrate temperature, ambient gases, etc. 

Therefore, independent control of each of these parameters is important 

in obtaining the highest ordered films possible and the highest degree 

of reproducibility. Epitaxial growth of phtha10cyanine films may 

provide a means of obtaining large, high quality, well-defined crystals 

on the substrate. GaPc-C1 films prepared under such conditions in this 

laboratory have shown that it is possible to grow very thick films which 

have a definite crystal structure and maintain high photoconductivity 

(111) • 

The SiPc/Substrate Interface 

There appears to be an "Ohmic" contact between the SiPc and the 

substrate on which it is deposited. This again is due to the fact that 

both anodic and cathodic photocurrents are observable which are 

dependent on applied potential and EO d . In the case of the Sn02 re ox 

substrate, there is evidence of Fermi level pinning since the magnitude 

of the open-circuit photovo1tage is not affected by a change in EO d re ox 

as predicted by the "ideal" band model. This suggests that there is a 

net charge transfer reaction at the Sn02/SiPc interface. In addition, 

this process must involve the transfer of electrons to the SiPc layer 

from the Sn02 since a negative open-circuit photovo1tage is measured. 

Evidence for this interaction is not seen in the solid-state absorbance 

spectrum, but this is not surprising. Since the SiPc molecules have 

. . 012 1 _2 we11-def1ned energy levels, a concentrat10n of about 1 mo1ecu es CM 
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is capable of causing Fermi level pinning (112,113)'This corresponds to 

a SiPc surface coverage of less than 1 equivalent monolayer which would 

not be detectable by the spectrophotometer used in these studies. Even 

if it were possible to detect less than a monolayer coverage, it is not 

clear that electron transfer between the SiPc and SnOZ occurs without 

illumination. Capacitance measurements performed by others in this 

laboratory have shown that the flat-band potential of SnOZ does not 

change with coverage by a SiPc film in the dark (102). If there were 

charge transfer at the SiPc/SnOZ interface without an applied field in 

the dark, the flat-band potentials of an SiPc covered SnOZ electrode 

and an uncovered SnOZ electrode should be different. Therefore, it is 

possible that significant charge transfer at the SiPc/SnOZ interface 

only occurs under illumination. As mentioned in Chapter 4, Mott-Schottky 

capacitance measurements on SiPc/SnOZ electrodes in the dark and under 

illumination may provide evidence for a shift in the SnOZ flat-band 

potential only under illumination. 

Mechanism of Charge Transfer at 
the Solution/Dye Interface 

The solid-state band model describes the charge transfer reac-

tion at the solution/dye interface as simply the transfer of an electron 

to the vacant dye HOMO (or hole in the valence band) by the oxidation of 

the reduced form of the solution redox couple. Again, this model does 

not take into account the actual molecular processes occurring at this 

interface. As demonstrated in Chapter 4, electron transfer with the 

solution redox couple can occur simultaneously on both the illuminated 
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dye as well as on the exposed substrate. In addition, it is possible 

to see electron transfer on the dye layer in the dark as demonstrated 

by Fan and Faulkner (9~\). This dark reaction can also be seen on SiPc-

modified electrodes, but it occurs only at very high overpotentials and 

therefore is not usually significant. 

The most important electron transfer reaction that we are 

concerned with is that which occurs on the illuminated dye molecules. 

To fully understand this process it is necessary to know the actual 

mechanism involved. There are several mechanisms that can be proposed 

for this process and two of the most likely are: 

1) Pc hv ) Pc* (5.1) 

Pc* + Red ---7 Pc + Ox (5.2) 

Pc - ) Pc + e - (substrate) (5.3) 

2) Pc h" ) Pc* (5.1) 

Pc* > Pc+ + e (substrate) (5.4) 

Pc+ + Red --7 Pc + Ox (5.5) 

The first mechanism involves the excited state dye, Pc*, 

oxidizing the redox couple to form the anion, Pc-. This anion then 

gives up an electron to return to the neutral dye, Pc. In the second 

mechanism, the excited state dye gives up an electron to form the dye 

. P + cat10n, c. This cation then oxidizes the redox couple to return to 

its neutral state. The experimental evidence that we have favors the 

second mechanism, which involves transfer of an electron from the 

excited state to the substrate, followed by oxidation of the redox 
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couple by the dye cation. In the solution EO d dependence studies, it 
re ox 

was found that the photoelectrochemical response could be predicted 

based on the relative positions of the SiPc HOMO and the EO d . Photo
re ox 

anodic currents were not seen when EO d was below the SiPc HOMO. This 
re ox 

suggests that the reaction 

+ Pc + Red ---:) Pc + Ox (S.S) 

is necessary for anodic photocurrents to be observed. In addition, 

pulsed-dye laser studies performed by others in this laboratory (102) 

have shown that there is a net anodic current flow when SiPc!Sn02 

electrodes are illuminated without a redox couple in solution. This 

indicates that the reaction 

Pc* --~) Pc+ + e- (substrate) (S .4) 

is occurring. Therefore, the reaction mechanisms leading to anodic and 

cathodic photocurrents are probably: 

Anodic: Pc hv 
) Pc~: (S.l) 

Pc* > Pc+ + e (substrate) (S.4) 

+ 
Red Pc + ~ Pc + Ox (S.S) 

Cathodic: Pc hv----) Pc'" (S .1) 

Pc* + Ox --7 Pc+ + Red (S.6) 

+ 
Pc + e - (substrate) -7 Pc (S.7) 

The electrons and holes produced are able to migrate through the 

aggregates due to the very high electrical field across the dye layer. 
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The question of which mechanism is actually occurring depends on 

the relative rates of reactions 5.4 and 5.2. Under the experimental 

conditions used in these studies, reaction 5.4, which involves formation 

of the dye cation and transfer of an electron to the substrate, appears 

to be favored over reaction 5.2 which involves the formati .. m of the dye 

anion by oxidation of the solution redox couple. A change in the 

experimental conditions, particularly a change in the EO of the solution 

redox couple may shift the relative r3.tes of the electron transfer 

reactions to favor the formation of the dye anion and cause mechanism 

1 to dominate. 

The experimental evidence presented here is strictly circum

stantial, but it is possible to identify which mechanism is occurring 

by obtaining the excited state absorption spectra of the SiPc molecules. 

In this experiment, the excited state phtha10cyanine is generated by a 

light pulse and their absorbance spectrum is obtained simultaneously. 

By comparing the resulting absorbance spectrum to those of the phtha1o

cyanine anions and cations, it should be possible to identify which 

species are involved in the charge transfer processes. This will then 

indicate which mechanism occurs during electron transfer on SiPc

modified electrodes. 

The Molecular Model 

The molecular counterpart of the solid-state band model for 

dye-sensitization is shown in Figure 5.3, This model is for an SiPc~ 

modified electrode with a low surface coverage. There are essentially 

three processes occurring on the electrode involving electron transfer. 
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Figure 5.3. The molecular model for dye-sensitization by SiPc. 
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First, there is electron transfer that can occur in the dark on the 

exposed substrate. This process depends only on applied potential. A 

second electron transfer process that can occur is the oxidation or 

reduction of a solution species on the phthalocyanine layer itself1n 

the dark. This reaction usually occurs only at very high applied 

voltages. The most important electron process is that due to the 

excited-state phthalocyanine. As previously discussed, the excited

state phthalocyanine is probably an exciton in which the excited-state 

is delocalized over a molecular aggregate containing several SiPc 

molecules. Therefore, excitation involves the entire aggregate rather 

than a single SiPc molecule as shown in Figure 5.3. Again, the presence 

of the axial end caps are ignored for simplicity in the representation. 

An electron-hole pair is formed by optical excitation within the 

aggregate. This electron-hole pair then separates under the applied 

electrical field with the electron moving towards the substrate and the 

hole towards the solution. 

This molecular model can also explain the decrease in.photo

current response with increased SiPc coverage. At higher SiPc 

coverages, the islands continue to grow in size and random orientations 

of molecules begin to deposit (see Figure 5.1). The excited-state may 

now be localized on a single SiPc molecule or delocalized over only a 

couple of molecules. Since these outermost molecules are not in direct 

contact with the substrate, the electron or hole in the excited-state 

molecules must traverse at least one of the large molecular aggregates 

to reach the substrate. This allows an increased probability for 
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recombination to occur at the boundaries between the two orientations 

which results in a lower quantum efficiency for the electrode. This is 

analogous to the difference in quantum efficiencies seen between a 

single crystal semiconductor and a po1ycrysta11ine semiconductor. The 

quantum efficiency is much lower in the po1ycrysta11ine semiconductor 

because of grain boundaries and structural discontinuities that allow 

electron-hole recombination to occur. 

Future Outlook for Solar Energy Conversion via 
Dye-Sensitized Semiconductor Electrodes 

The basic photoe1ectrochemica1 studies presented in this 

Dissertation show that solar energy conversion using dye-sensitized 

semiconductor electrodes is certainly a viable alternative to a 

petroleum-based energy supply. Although the photoe1ectrochemica1 cells 

used in this work had very low power conversion efficiencies, basic 

research for understanding the fundamental processes that occur during 

the dye-sensitization process have been demonstrated, The e1ectro-

chemical and photoe1ectrochemica1 studies also point the way to future 

research in this area on the importance of intermolecular interactions 

within the dye layer and how they influence the surface structure and 

photoresponse characteristics of the dye-modified electrode. 

A great deal of work is still needed in the area of fundamental 

research on the molecular processes that occur during the dye-

sensitization process as well as on applied research to develop these 

devices for commercial or private applications. Although solar energy 

conversion may not be practical for all parts of the world, it does 



have tremendous potential in areas where the sun shines most of the 

time. Solar energy is certainly not the total answer to our future 

energy needs, but it is definitely an alternative that should be 

thoroughly evaluated. Since the sun is a free, inexhaustible source of 

energy that does not lead directly to air, water, or radioactive con

tamination of the environment and can be utilized for a variety of 

different applications, its potential advantages out-weigh the high cost 

and time required to fully develop it through basic and applied research. 



APPENDIX A 

SYNTHESIS OF THE MONOMER, DL~ER, AND TRIMER SILICON PHTHALOCYANINES 

The SiPc(OH)2 and SiPcC12 starting materials were synthesized 

according to the method of Esposito et a1. (129). 

SiPc(OSiMe2t-Bu)Z 

A mixture of SiPc(OH)2 (0.43 g), t-BuMe ZSiC1 (1.0 g), dry 

tri-n-buty1amine (15 m1), and distilled nitrogen-purged quinoline 

(30 m1) was ref1uxed with stirring and protection from atmospheric 

moisture for 1 hour. The reaction mixture was filtered and the solid 

was washed with water, acetone, and hexane, then dried. 

A portion of it was recrystallized from tetrahydronaphtha1ene 

and washed with hexane and acetone. The product, red-reflecting, b1ue

transmitting crystals, was dried at 100°C under vacuum. NMR (CDC13) 

C 9.61 (m, 3,6-Pc), 8.32 (m, 4,5-Pc), -1.44 (s, t-Bu) , -2.9S (s, Me). 

Analysis: Calculated for C44H46NS02Si3: C, 65,80~ H, 5.77~ Si, 10.49, 

Found: C, 66.05; H, 5.51; Si, 10.19. 

The material used for the electrochemical studies was prepared 

by a similar, but scaled-up procedure. 

236 



237 

t-BQ~e?SiO(SiPCO)2SiMe2~Bu 

A mixture of SiPcC12 (0.50 g), SiPc(OH)2 (1.3 g), and distilled, 

nitrogen_purged quinoline (50 m1) was ref1uxed with stirring and pro

tection from atmospheric moisture for 1 hour. The reaction mixture was 

filtered, washed with a 1:1 acetone-water solution and dried (0.44 g). 

It was then mixed with a solution of sodium hydroxide (3 g), water 

(60 ml), and pyridine (60 ml) and refluxed with stirring for 2 hours. 

The suspension thus obtained was filtered and the solid was washed with 

a 1:1 water-acetone solution and dried (0.43 g). A mixture of this, 

t-BuMe 2SiC1 (0.15 g), and dry pyridine (50 ml) was refluxed with 

stirring and protection from moisture for 3 hours. The resultant was 

filtered and the product was isolated from the filtrate by vacuum 

evaporation. This product was dissolved in acetone. The solution was 

diluted with water and the suspension formed was filtered. The solid 

was washed with a 1:1 acetone-water solution and dried (0.46 g). 

This solid was then extracted with warm toluene. The extract, 

after being filtered, was evaporated under vacuum and dried (0.31 g). 

The resultant solid was analyzed by NMR spectroscopy and was found to 

contain ca. 90% of the dimer. 

Two portions of a similar product were recrystallized from 

toluene and washed with methylcyclohexane. The products, red-reflecting, 

blue-transmitting crystals, were combined and dried at 110°C under 

vacuum. NMR (CDC13): 89.03 (m, 3,6-Pc). 8.32 (m, 4,5-Pc), -2.32 

(s, t-Bu) , _4.08 (s, Me). 
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t-BuMe2SiO (SiPcO) 3SiMe2t-Bu 

A mixture of SiPcC12 (0.58 g), SiPc(OH)2 (1.15 g), dry tri-n

butylamine (225 ~1), and distilled, nitrogen-purged quinoline (125 ml) 

was ref1uxed with stirring and protection from atmospheric moisture for 

1 hour. The reaction mixture was filtered, the solid washed with a 1:1 

acetone-water solution, dried, and mixed with concentrated sulfuric acid 

(160 m1). This mixture was stirred for 3 hours and the solution that 

was formed was poured on crushed ice (ca. 800 g). After being isolated 

by filtration, the resulting solid was washed with water and dried. It 

was mixed with concentrated ammonium hydroxide (600 m1) and the 

suspension was stirred for 15 hours. The resultant was filtered off, 

washed with water and acetone, and dried (1.2 g). A combination of it 

(1.0 g), t-BuMe2SiC1 (0.76 g), and dry pyridine (250 m1) was ref1uxed 

with stirring and protection from moisture for 5 hours. The mixture 

obtained was filtered and the residue was washed with hot ~yridine. 

Finally, the filtrate and washings were evaporated to dryness under 

vacuum. The product from this procedure was mixed with acetone. The 

resultant was diluted with water and the suspension was filtered. After 

being washed with a 3:2 acetone-water solution, the isolated solid was 

dried (0.89 g). It was found to contain ca. 79% of the trimer by NMR 

spectroscopy. 

This product was extracted twice with ref1uxing toluene. The 

remaining solid, a dark blue powder, was dried in an oven (0.65 g) and 

then at 110°C under vacuum. NMR (CDC13): 08.55 (m, 3,6-Pc outer rings), 

8.37 (m, 3,6-Pc inner ring), 8.06 (m, 4,5-Pc outer and inner rings), 

-2.73 (s, t-Bu), -4.57 (s, Me). 



APPENDIX B 

A WET-CELL PHOTOVOLTAIC CELL USING SiPc-MODIFIED Sn02 ELECTRODES 

Introduction 

As stated in the Introduction to this Dissertation, one of the 

advantages of using liquid-junction photoe1ectrochemica1 cells is their 

versatility. Photogenerated electrons at an n-type semiconductor can 

be used to reduce some solution species at the counter electrode. This 

reaction can be reversible as in a photovo1taic cell or irreversible as 

in a photoe1ectrosynthetic cell. In this Chapter, a unique wet-cell 

photovo1taic cell is described in which a monomer SiPc/Sn02 photoanode 

and a dimer SiPc/Sn02 photocathode are used to produce electricity by 

simultaneous oxidation and reduction of hydroquinone and benzoquinone. 

In Chapter 4, it was demonstrated that the SiPc films behave as 

photoconductors. An illuminated SiPc' film allows the flow of either 

electrons or holes depending on the substrate material and the applied 

voltage. The semi-metallic nature of the highly doped n-Sn02 substrate 

also allows current flow in either direction. Due to the energy dif-

ference between the valence band edges of the monomer, dimer. and trimer 

SiPc (Figure 4.21), the EO d of the hydroquinone/benzoquinone redox 
re ox 

couple was shown to be situated such that anodic rectification occurs 

on the monomer SiPc/Sn02 electrodes and cathodic rectification is seen 

on the dimer and trimer SiPc/Sn02 electrodes. By using these 
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photoresponse characteristics, a monomer-dimer SiPc photovoltaic cell 

can be made with hydroquinone and benzoquinone in solution. 

Results and Discussion 

The current-voltage curves obtained for a monomer SiPc/Sn02 

electrode (20 equivalent monolayer) and a dimer SiPc/Sn0
2 

electrode with 

1 roM hydroquinone/benzoquinone in 0.2 M KHP are shown in Figure B.1. 

The monomer SiPc/Sn02 electrode exhibits anodic rectification under 

illumination from a LP47 filtered xenon arc lamp with a turn-on 

potential, V ,of about +0.05 V. The turn-on potential is defined 
on 

here as the potential where the photocurrent crosses the dark current. 

The dimer SiPc/Sn02 electrode shows cathodic rectification with a V on 

of about +0.47 V. The EO'd for the hydroquinone/benzoquinone couple re ox 

is indicated in each vo1tammogram. Based on these sets of vo1tammograms, 

we would expect to be able to produce photovoltaic cells using either a 

monomer or dimer SiPc/Sn02 photoe1ectrode and a platinum counter 

electrode. The monomer SiPc/Sn02 photoanode-Pt cathode cell should 

produce an open-circuit photovo1tage, V
oc

' of about -0.24 V and the 

dimer SiPc/Sn02 photocathode-Pt anode cell a V of about +0.17 V. 
oc 

Therefore, either one of these cells can function as a photovo1taic 

device with a V of about ±0.20 V. This type of correlation between oc 

photovo1tammetric data and the power output characteristics of photo-

voltaic cells has been previously demonstrated (13~. 

If, however, a monomer SiPc/Sn02 photoanode is used in combina

tion with a dimer SiPc/Sn02 photocathode, a photovo1taic cell with a 

V of about 0.4 V should be obtained. This is shown schematically in 
oc 
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1 mM Hal BO(O.2M KHP) - -

0) dimer S i Pc I Sn02 
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E 
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• • 

b) monomer Si Pcl Sn0
2 

Figure B.1. Photocurrent-voltage curves for monomer and dimer 
SiPc/Sn0

2 
electrodes. 
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Figure B.2. The measured cell photovoltage between the two photo-

electrodes is the sum of the photovoltages generated by each electrode 

with respect to a platinum counter electrode. Figure B.3 is a 

photocurrent-photovoltage plot for the monomer SiPc!Sn0
2
-dimer SiPc!Sn02 

photovoltaic in I roM hydroquinone!benzoquinone and illumination from a 

LP47 filtered xenon arc lamp. The photovoltages generated between the 

dimer and monomer SiPc!Sn02 electrodes under different load conditions 

were measured by varying the external resistor ~ (Figure B.2). An 

open-circuit photovoltage, V ,of 0.39 V and a short-circuit photo-
oc 

-2 current (I ) of 60 A cm were obtained. The maximum power output, 
sc 

P ,can be calculated by: 
max 

P = (I x V ) max p ph max 
(B.I) . 

where Ip and V
ph 

are the photocurrent and photovoltage, respectively, 

at the maximum power point on the photocurrent-photovoltage curve. 

-2 From Figure B-3, a maximum power of 8.4 ~W cm can be calculated which 

corresponds to Ip = 38 ~A cm-
2 

and Vph = 0.22 V. 

Although the maximum power output of this wet-cell photovoltaic 

is rather low, it does demonstrate the potential of incorporating both 

a photoanode and a photocathode into a cell to increase its photo-

voltage output. Higher power outputs could be obtained by optimizing 

the experimental conditions. Ideally, we would like to design a 

photovoltaic cell with a photoanode and photocathode that have the 

photocurrent~voltage characteristics shown in Figure B.4. The 

photoanode should exhibit pure anodic rectification with its flat-band 
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hv hv 

Ox Red 

Photoanode Photocathode 

Figure B.2. Schematic representation of a photoelectrochemical cell 
using both a photoanode and a photocathode. 
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Figure B.3. Photocurrent-photovoltage plot for a monomer-climer 
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Figure B.4. Ideal photocurrent-voltage curves for non-polarizable 
photoelectrodes. 
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potential as far negative of E;edox as possible. Likewise, the photo

cathode should show cathodic rectification with its flat-band potential 

as far positive of EO d as possible. The photocurrent response of re ox 

each electrode should be as steep as possible so that large currents 

can be drawn with a minimum change in potential, i.e. the electrodes 

should be non-polarizable. Towards this end, the electrode substrates 

should be high quality semiconductors with a n_type anode and a p-type 

cathode. This would assure a large photovoltage and block the reverse 

redox reaction resulting in higher photocurrents. The redox couple 

concentration and the other solution conditions such as pH and 

supporting electrolyte concentration can be optimized to obtain a 

strictly light-limited photocurrent response. 

The electrodes used in these studies were very low coverage 

SiPc films which allowed a substantial amount of light to pass through 

without being absorbed. These electrodes were used to obtain the 

highest photocurrents since their photocurrent response drops with 

increased surface coverage as discussed in the previous Chapter. Due 

to the high transmittance of these films, their power conversion 

efficiencies (power out/power in) are very low. The power conversion 

efficiency, n, can be calculated from the equation (131): 

n = I V FF/I sc DC 0 
(B.2) 

where I is the short circuit photocurrent, V is the open-circuit 
sc oc 

photovoltage, FF is the fill factor, and I is the incident light 
o 

intensity. The fill factor is a measure of the polarizability of the 



photoelectrodes. It is obtained from the photocurrent-photovoltage 

curve as a ratio of the area enclosed by the power response of the cell 

to the area enclosed by the rectangle formed by the values of I and 
sc 

V For optimum power conversion efficiency a fill factor as close to 
oc 

1.0 as possible is desirable since it indicates non-polarizability of 

the photoelectrodes as shown in Figure B.4. The power conversion 

efficiency of the monomer-dimer SiPc photovoltaic is 0.014% using a fill 

factor of 0.57 (calculated from Figure B.3 as described above), 

I sc 
-2 -2 60 ~A cm ,V = 0.39 V, and I = 100 mW cm . This power con-oc 0 

version efficiency is extremely low due to the high transmittance of the 

SiPc films and the fact that the incident light without wavelengths 

between 600 and 700 nm cannot be utilized by the electrodes. 

One way to improve the power conversion efficiency of the 

electrodes is to use more highly conductive films that are "doped" or 

well-ordered as discussed at the end of Chapter 4. Since they are more 

conductive, thicker films can be used that are capable of absorbin8 and 

utilizing more of the incident light. Ideally, we would want a dye 

layer thickness which is about the same as the penetration depth of the 

incident photons. This would optimize the photoresponse of the dye 

layer. 

A second approach for increasing the overall power efficiency 

of the cell is to use a multielectrode stack of low coverage photo-

anodes and phtoocathodes as shown in Figure B.S. In this cell, several 

pairs of photoanodes and photocathodes are connected in series like the 

plates of a conventional automotive lead-acid battery. The light 
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transmitted by the first electrode is available to the second electrode 

in the stack and so on. By placing several individual cells in series, 

most of the incident light is absorbed by the thinner, more efficient 

films resulting in a higher power output. The use of lower surface 

coverage electrodes also decreases the amount of light that is lost due 

to the high reflectivity of the thicker dye films. It is also possible 

to envision placing the multielectrode stack in an optical resonator. 

With this design, the light is directed into the resonator and allowed 

to reflect back and forth through the electrodes thereby utilizing more 

of the available light. Using two different dyes that have different 

absorbance maxima will also help to optimize the photocurrent output of 

the system. Photoelectrolysis using these types of linear arrays of 

chemically modified semitransparent electrodes has been previously 

demonstrated in this laboratory (132). 

Although the power output of the monomer SiPc/Sn02-dimer SiPc/ 

Sn02 wet-cell photovoltaic device described above is only 8.4 ~W, the 

concept of using both a photoanode and photocathode to simultaneously 

oxidize and reduce a solution redox couple to produce electricity has 

been demonstrated. Further improvements in cell design and particularly 

in photoelectrode design are required to bring these devices closer to 

commercial viability. 
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