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Ultrathin organized films of organic electronic materials, such as phthalocyanines 

(Pc), are promising for both fundamental and applied studies due to their special optical, 

electronic and photoconductive properties. The studies presented in this dissertation include 

fabrication of ultrathin molecular assemblies by molecular beam epitaxy and Langmuir-

Blodgett techniques. The degree of molecular order, extent of charge transfer and the 

morphology within these films, assessed by methodologies, such as photoelectrochemistry, 

electrochemistry, surface analysis and optical spectroscopy were discussed and characterized. 

Under high vacuum condition, a wide range of ordered structures of some trivalent 

metal phthalocyanines, such as GaPc-Cl, InPc-Cl and AlPc-F, can be fabricated. These 

materials exhibit "layer-by-layer" growth on the single crystal SnS^ surface when deposited 

by molecular beam epitaxy (MBE). The MBE technique allows for closer packing of these 

highly ordered phthalocyanines than in self-assembled (SA) or Langmuir-Blodgett (LB) thin 

films, due to the lack of hydrocarbon side chains which are necessary for control of 

molecular architecture during SA or LB depositions. 

Several new solution processable substimted phthalocyanines are introduced, which 

due to their strong self-assembled tendency, may be suitable for the formation of well 

organized thin films by SA and LB techniques. It is found that the types of the substituents 

attached to the Pc rings play a significant role in determining both the aggregation tendency 
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and the electrochemical properties of Pes. Surface pressure-area isotherms of these 

substituted phthalocyanines show that there can be one or two stable phase transition regimes 

for monomolecular film at the air/water interface. On-trough spectroscopic studies of 

benzylalkoxy substituted phthalocyanines show that in the pressure-area region prior to the 

formation of the first stable phase extensive aggregation has occurred. 

Electrochemical studies of fully compressed fihns of substituted phthalocyanines on 

certain substrates show the presence of multiple electroactive domains, controlling the 

oxidation or reduction process of the Pc rings. Spectroelectrochemical studies of LB films 

of CuPcOQOBz suggest that the presence of both monomer and aggregates leads to the two 

separate oxidation processes. 
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CHAPTER ONE 

INTRODUCTION 

The research presented in this dissertation will include several important aspects 

relating to the characteristics of photoelectrochemistry and electrochemistry of 

phthalocyanines (Figure 1.1) and their derivatives; sohd state interface interactions between 

Pc films and inorganic semiconductors; and strong self-assembly tendencies of Pc 

derivatives in either thin fihn form or solution [1]. Three types of phthalocyanines were 

investigated in this research: (a) metallophthalocyanines, including chlorogallium 

phthalocyanine (GaPc-Cl), chloroindium phthalocyanine (InPc-Cl) and floroaluminum 

phthalocyanine (AlPc-F); (b) peripherally octa-substituted phthalocyanines, such as (2, 3, 9, 

10, 16, 17,23,24-octa carboxylic acid phthalocyaninato) copper (CuPc(C02Ci2H25)g), (2, 3, 

9, 10, 16, 17, 23, 24-octa (N-dodecylamide) phthalocyaninato) copper 

(CuPc(CONHC,2H25)g), and (2, 3, 9, 10, 16, 17, 23, 24-octa (2-benzyloxyethoxy) 

phthalocyaninato) copper (CuPc(0C2H40CH2C6Hs)g) (abbreviated as CuPcC02C,2, 

CUPCC0NHC,2 and CuPcOCiOBz respectively); (c) non-peripherally substituted 

phthalocyanines. Copper (II) 1,4,8,11, 15,18,22,25-octabutoxy-29//, 31//^phthalocyanine 

(CuPc(0C4H9)g), Nickel (II) 1,4,8, 11,15,18,22,25-octabutoxy-29//, 3 l/T-phthalocyanine 

(NiPc(0C4H9)g). 

Figure 1.2 gives the molecular configurations of GaPc-Cl, InPc-Cl and AlPc-F. These 



26 

Figure l.l Scliernatic representation of Phthalocyanine (Pc) molecule 



GaPc-Cl 

InPc-Cl 

AlPc-F 

Schematic representations of GaPc-Cl, InPc-Cl and AlPc-F. 



trivalent phthalocyanines exhibit epitaxial growth on certain dichalcogenide substrates to 

form coincident "superstructure" lattices when deposited by vacuum sublimation [2-4]. These 

Pc films have been shown to grow in a "layer by layer" fashion. Depositions of these dye 

fihns by a molecular beam epitaxy process allows for closer packing of the highly ordered 

chromophores than in self-assembled or Langmuir-Blodgett thin films, due to the lack of 

hydrocarbon sides chains necessary for control of molecular architecture in LB and SA [5]. 

The structure determined for ordered thin fihns of GaPc-Cl, InPc-Cl and AlPc-F suggested 

[4, 6] that the Pc's nucleate m square lattice configxirations with the flat-lying molecules 

spaced at ca. 13.7 A and an interplanar distance of ca. 3.4 A. A model of the molecular 

packing of AlPc-F -on SnSiis shown in Figure 1.3 [1]. 

Schematic illustrations of the peripherally octa-substituted phthalocyanines are shown 

in Figure 1.4. The significant characteristic of these substituted Pes is that not only do they 

form a stable Langmuir film on the air/water interface, but they also exhibit good self-

assembly as thin fihns on certain substrates, such as conductive gold metallized plastic 

optically transparent electrodes (Au-MPOTE). Langmuir-Blodgett (LB) thin films were 

fabricated by transfer of a Langmuir film to the solid substrate using a Langmuir-Blodgett 

trough. The UV-vis and infrared spectroscopic studies indicate [7] that the Pc molecules are 

nearly cofacially stacked in the fully compressed film with Pc-Pc spacuig of ca. 4 A, due to 

the inter- and intra-molecular interactions of the side chains, or the terminal benzyl groups 

of the ethylene oxide side chains interacting with each other to maximize TC-interaction. The 
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Figure 1.3 Molecular packing of AlPc-F on a layered inorganic semiconductor such as 

snsitl]. 
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Schematic representations of three new octa-substituted phthalocyanines 
[271], 
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Pc ring stacks at a certain angle ^ with respect to the long axis of the assembly, as shown in 

Figure 1.5. The monomeric Q-band absorption of most Pes are ca. 680-695 nm in solution 

while strongly aggregated Pes show a Q-band absorption peak at ca. 620-630 nm. 

As a comparison, CuPc(OC4H9)g and Ni(OC4H9)g were also subject to investigation 

(Figure 1.6). These Pes are substituted in the 1,4 positions as opposed to the 2, 3 positions 

and exhibit somewhat different physical and chemical properties, including their 

electrochemical and spectroscopic activities. The typical Q-band absorptions of 1, 4 octa 

alkoxy Pes are found at ca.740 nm. The X-ray diffraction experiments have suggested [8] 

that molecular packings for 1,4-octa-alkyl chain and octa-iso-alkoxy chain substituted Pes 

possess six of the substituents are approximately in the plane of the Pc ring, with the two 

remaining substiments acting as spacers between each molecule, packed in a slipped stack, 

with interplanar distances of ca. 8.5 A, as given in Figure 1.7. It is reasonable to assume that 

CuPc(OC4H9)g and NiPc(OC4H9)g films have the similar packing geometry. Due to the larger 

interplanar distance, the interaction between Pc is weak, and a smaller aggregation tendency 

for these 1,4 Pes is expected. 

1.1 Background 

Phthalocyanine chemistry has been undergoing a renaissance recently because the 

phthalocyanine dyes and related molecules demonstrate interesting optical and electrical 

properties, primarily as thin film materials [9]. Phthalocyanines possess electronic and 
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(a) (b) 

Figure 1.5 Schematic representations of 2, 3-octa-substituted Pc's molecular packing 
suggested by UV-vis and IE. measurements implying a "canting angle" 
of the Pc tings with respea to the long axis of the assembly, (a) top view, (b) 
side view [7], 
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CJCH. 

Figure 1.6 Schematic representations of two 1,4-octa-substituted phthalocyanines. 
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Figure 1.7 Schematic representations of 1,4-oCTa-substituted Pc's molecular packing from 
sinele X-ray structure determinations. Left side: (C5Hi3)gH2Pc, Right side: 
(iso-C5H„6)gH,Pc[116]. 
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morphologic characteristics which are very favorable or necessary for semiconductive or 

conductive properties. Photoconductivity in thin films of Pes can be adjusted over a wide 

range through addition of electron acceptors or donors [10-15]. In general, 

metallophthalocyanines are chemically and thermally stable. Many of these macrocyclic 

molecules can be easily synthesized in high yields and purity. Moreover, the properties of 

phthalocyanines can be extensively modified by varying the metal, peripheral and non-

peripheral substituents and the number of substituents. 

It is generally accepted that phthalocyanines interact with gases [16]. Sadaoka et al. 

in 1978 described a sensor using a thin film of metal-substituted phthalocyanine that changed 

conductivity on exposure to certain gases [17]. Collins and co-workers presented results of 

the gas sensitivity of copper phthalocyanine (CuPc), Zinc phthalocyanine (ZnPc), Cobalt 

phthalocyanine (CoPc), Nickel phthalocyanine (NiPc), and Lead phthalocyanine (PbPc) with 

particular reference to ammonia and toxic gas detection [18, 19]. In addition, three groups 

in England have investigated the electrical resistance changes produced in metal 

phthalocyanine (MPc) films by gas species [20-22]. 

Phthalocyanines have relatively large values of third order nonlinear optical 

susceptibility (x^), and unusual nonlinearities have been reported [23-29]. As an organic 

semiconductor with reasonable band gap energy, phthalocyanines are also often used as dye 

sensitizing layers for inorganic semiconductor devices [2-4, 30-32]. They are also excellent 

candidates for solar energy conversion and photovoltaic applications [1, 33, 34]. 
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There have been a number of theoretical and experimental studies about Langmuir-

Blodgett (LB) thin films of phthalocyanines and their derivatives [35-38]. Jones and his 

partners in 1994 reported [39] that high-quality LB multilayers have been prepared from the 

Lu(III) sandwich complex of 2, 3, 9, 10, 16, 17, 23, 24-octa (n-butoxy) phthalocyanine 

(LuPc2(OBu),6). It was indicated from the characterization of the surface pressure-area 

isotherms that a stable monolayer is formed correspdhding to an area 240 AVmolecule at a 

surface pressure of 30 mN/m"'. The LB films were highly birefiingent, and polarized spectra 

gave dichroic ratios of 3.3 for the 670 nm absorption band and between 0.5 and 2.8 for 

infrared absorption bands. It was also illustrated that the phthalocyanine rings were, on 

average, oriented perpendicular to the dipping direction but somewhat tilted from the water 

subphase. The above order was found not to form under three conditions: (a) unsubstituted 

LuPc, was used for LB films; (b) the horizontal lifting method of film preparation was used; 

(c) the surface pressure was increased to 50 mNm"', causing a molecular rearrangement. The 

ordering of LB films was improved by thermal annealing at 100 or 280 °C. Other interesting 

applications of such substituted phthalocyanines and structurally related compounds include 

applications in optical data storage [34], electrochromic substances [40, 41], low-

dimensional metals [42-47], rectifying devices [48], and carrier generation materials in NIR 

[49]. 

Introducing a variety of substituents to phthalocyanines often changes some of their 

characteristics. For example, the maximum visible absorption of some phthalocyanine 
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derivatives was shifted with respect to the unsubstituted Pes. Thus modified Pes can fimction 

as components in various processes driven by visible light: photoredox reactions and 

photooxidations in solution [1, 50, 51], therapy of cancer [1, 52-54], photoelectrochemical 

cells [55-59], photovoltaic cells [60, 61], and electrophotographic applications [62, 63]. 

Chapter Three will focus on some early work on the photoconductivity and 

morphology of chlorogallium phthalocyanine (GaPc-Cl), chloroindium phthalocyanine 

(InPc-Cl), floroaluminum phthalocyanine (AlPc-F) and some naphthalocyanines thin films, 

which were sublimed under high vacuum onto the inorganic semiconductor SnSi. Much of 

this work related to the vacuum deposited vanadyl phthalocyanine (VOPc), copper 

phthalocyanine (CuPc), chloroaluminum phthalocyanine, and chloroindium phthalocyanine 

(InPc-Cl) thin films which had been used to sensitize different inorganic/organic 

semiconductors. This work established the basic mechanism of the interface interaction 

between Pc thin films and substrates [2, 7,64-66]. Extrapolations of Kasha's exciton model 

are used to explain the dye sensitization behavior of the GaPc-Cl/SnS^ and AlPc-F/SnS, 

interface. We show that the photoconductivity is affected by the morphology and 

polymerization of thin film. 

In Chapters Four and Five, the surface behavior, the molecular orientation, and 

electrochemical and spectroscopic characteristics of new, solution processable, octa-

substituted phthalocyanines: CuPcCOiCjz, CuPcC0NHCi2, and CuPcOCjOBz will be 

discussed. In addition, CuPc(OC4H9)g and Ni(OC4H9)g were also subject to investigation. 
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Differences in the electrochemical and spectroscopic activities of these Pc's are correlated 

with the substituent effects of the side chains. An empirical model for highly ordered thin 

films will also be proposed. 

In Chapter Six, the molecxilar orientation and organization features of modified 

phthalocyanines mixed with different matrix molecules, such as Cgo and ferrocene molecules 

will be discussed. The influence of matrix molecules on the Pc have been investigated 

through their surface pressure-area isotherms, electronic spectra and cyclic voltammograms 

at different molar ratios. 

The formation of a thin film, whether it is a self-assembled or a LB thin film, 

involves the transfer of the phthalocyanines fi:om solution to solid substrates. The 

conventional LB film usually suffers from destruction of the fihn structure to some extent 

during the film transfer onto the electrode as movement of the substrate across the film 

formed at the air/water interface entails the surface flow of the monolayer [67]. It is 

necessary to develop a method which can directly smdy the free standing film at the 

air/water interface prior to transfer to a substrate. Thus, Chapter Seven will focus on 

discussions of on-trough cyclic voltammetric studies and on-trough spectroscopic studies of 

Langmuir-BIodgett monolayers of substituted phthalocyanines. These techniques will 

provide information about the structural features of monolayer organization, electron-transfer 

properties, and other chemical characteristics. 

The introductory chapter of this dissertation will give a basic review on the dye-
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sensitization process, thin film techniques including Langmuir-Blodgett deposition and cast 

films and the electrochemical behavior of phthalocyanines. 

1.2 Dye Sensitization 

1.2.1 Phthalocyanines as Semiconductors 

Inorganic semiconductors are solid materials with a relatively narrow forbidden 

energy band gap and conductivity in the range between 10'^ and lO-Q"' cm"'. It was found 

that the energy band gaps and conductivities of some organic materials, such as 

phthalocyanines, place them in the range between insulators and metals (conductors). Thus, 

these materials have occasional been defined as organic semiconductors. However, there are 

significant differences between these semiconductors and inorganic semiconductors. 

Inorganic semiconductors possess a high degree of covalent bonding, while organic 

semiconductors are usually bound by weak van der Waals forces which control the 

macroscopic electrical transport [68]. In addition, the binding interactions firom the orbital 

overlap of molecular organic semiconductors are about 0.1 eV, while those interactions for 

inorganic semiconductors are typically several eV [9]. 

30 years ago, Becher and Mark [69] found that electrically conducting polymers 

could be prepared by building inorganic groups into a polymer stmcture. Wildi and Hull [70] 

made copper-poly-Pc firom the nitrile of pyromellitic acid, and tested its conductive 

properties. Harrison et al.[71] studied the semiconducting properties of copper Pc to obtain 
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a thin-film transistor. Meier [72] examined the photoconduction of copper Pc in visible light. 

Copper Pc was then applied as photoelectric layer in television camera tubes. 

A semiconductor electrode to be used as a photoconductor or photovoltaic, or as an 

efficient solar energy converter should have at least two properties [73]: (1) a band gap Eg 

small enough to absorb the main part of the solar radiation lying in the visible region; (2) 

sufficient resistivity against corrosion or dissolution. However, most conventional 

semiconductors can not satisfy these two requirements simultaneously. Some materials are 

of narrow band gap but are easily corroded. Others are chemically stable but have relatively 

wide energy band gap, which limit the applications of these semiconductors. There are a 

number of possible approaches to improve these semiconductors as good 

photoelectrochemical solar cells. Dye sensitization of wide band gap semiconductors to 

visible wavelength light is one of the important and interesting characteristics of 

electrochemical photocells. 

1.2.2 Dye Sensitization Process 

There are a number of mechanisms used to explain the dye sensitization process. 

This chapter will only introduce one of them [74]: the electron injection from an excited dye 

molecule to the conduction band of an inorganic semiconductor substrate as demonstrated 

in Figure 1.8. 

Ideally, the excitation energy of the dye molecule is smaller than the band gap energy 



41 

Dye Excited State 

•es 
•ex 

Regenerator 
reg 

Dye Ground State 

Eg! energy band gap; 
rate constant of excited electron dye injection; 

kj,: rate constant of electron separated from excited state of dye and escaped from 
semiconductor/dye interface; 

k^; rate constant of decay of the excited dye electron back to ground state; 
k^: rate constant of electron regeneration from reductant; 
kgx: rate constant of electron excitation. 

Figure 1.8 Dye sensitization process of SnSz vacuum deposited by Pc thin film [74]. 



of the inorganic semiconductor substrate used. Excitation of the dye molecule causes an 

electron to jump from ground state to the excited state with rate coefficient (kex)- This 

excited electron can undergo a transfer process from the excited state of the dye molecule to 

the conduction band of the semiconductor (the injection rate coefficient kjnj). This injected 

electron has two options: it can be either efficiently dissociated from the oxidized dye (k^s) 

by the interfacial electric field, or it can return to the ground state of the dye molecule and 

release the energy (k^). Other processes such as energy transfer between dye molecules will 

also occur. 

The sensitized photocurrent J is proportional to the absorbed light intensitj': 

j=<|)i„(l-e-»0 (1) 

where: (|> is the quantum yield of carrier generation; 

IQ is the incident light intensity; 

p is the absorption coefficient of the fihn; 

t is the film thickness. 

The photocurrent spectrum can coincide with the absorption spectrum only if the pt 

term is small and the quantum yield is independent of wavelength. Under these conditions, 

(1) can be written as: 

J=(|)IcA (2) 

where A is the absorbance of the film. The action spectrum of the sensitized photocurrent 

will then be expected to correspond to the absorption spectrum. 



Since the photocurrent is caused by removing the electron from the dye at the surface 

of the semiconductor, the current will decay quickly fallowing first-order kinetics without 

a reductant in solution to resupply electrons [73]. It was also found that with the lack of a 

suitable reductant, the dye is quickly destroyed, forming a material which has a different 

color and is insoluble in water [75, 76]. However, the decay as well as chemical change of 

the dye can be prevented by adding a reductant to the solution. In the research involved in 

this dissertation, hydroquinone is chosen as a suitable reductant since it is transparent, and 

electrochemically and chemically stable in the potential window used, and it possesses 

understood electrochemical behavior. 

In addition, it has been shown that only dyes which are adsorbed on the surface of 

the inorganic semiconductor substrate would produce significant photocurrent, and that 

action spectra for the dye sensitization photocurrents are usually shifted from the absorption 

spectra of dyes in solutions [75]. The extent of dye adsorption on the semiconductor surface 

affects the photocurrent efficiency, which is usually termed as quantum yield per incident 

photon (QYIP). If the dye is soluble, or even partially soluble in an electrolyte solution, the 

adsorbed dye layers at the semiconductor surface will be destroyed. Thus, very weak light 

absorption will occur and weak photocurrent action spectra will be obtained. 

A low quantum yield could be attributed to the recombination of the photogenerated 

carriers via back reactions of the injected electron with the dye radical. The probability of 

this process increases with increasing the film thickness. Another possible process is the 
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surface quenching of the dye excited state. This process could limit QYIP via energy transfer 

to neighboring dye molecules at the dye/semiconductor interface. 

1.2.3 Semiconductor Substrates 

Most initial studies of dye sensitization in the past have been performed on metal 

oxide semiconductors. However, these semiconductors usually provide low quantum yields 

for charge injection (per incident or absorbed photon) for a wide range of dyes adsorbed to 

their surfaces [31,32,77, 78]. Layered semiconductors such as SnS,, WS,, WSe^ and MoS, 

have shown superior characteristics for the study of photosensitization process [74, 79-82]. 

There are several advantages in using SnS, as a dye sensitization substrate. SnS^ possesses 

a suitable energy band gap of 2.2 eV, which makes it transparent across most of the Q-band 

region of phthalocyanines. The SnS, crystal has a structure with the metal site existing in an 

octahedral sulfur environment [83-87], which terminates in a close-packed sulfur van der 

Waals surface. SnS, is easy to cleave and exposes clean, hexagonally closest packed planes 

of sulfur atoms, with low defect densities and good chemical stability [88]. Due to the weak 

van der Waals interaction between freshly cleaved surfaces of SnS, and organic deposits, it 

is possible to form highly ordered interfaces. This could avoid problems of lattice mismatch 

between the phthalocyanines and SnS, which limit epitaxial layer growth [89-93]. 
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1.2.4 Aggregates 

It is well known that interactions among dye molecules produce large spectral shifts 

and distinct changes in band shape [94-99]. Pes possess a certain degrees of self-association 

tendency and aggregate with each other either in solution or in thin films to form monomers, 

dimers, trimers or higher oligomers, depending upon the geometry and interaction strength 

among the Pc molecules. These effects result in spectral shifts as large as ± 200 nm. 

Theoretical descriptions of aggregates utilize geometrical arrangements for transition 

dipoles of dye molecules. The three simplest (assummg transition dipoles in dimer are in-

plane) orientations of aggregates are depicted in Figure 1.9. 

A head-to-tail configuration of the aggregate is defined as the J-aggregate, while the 

parallel packing structure is termed the H-aggregate. The definition of the oblique 

configuration is complicated, depending upon the angle between two transition dipoles. If 

the angle is smaller than 54.7°, the dimer is called a J-aggregate. The H-aggregate is found 

when the angle between transition dipoles is greater than 54.7°. Note that for an angle which 

is equal to 54.7°, there is no shift in the absorbance band. For simplicity, only head-to tail 

and parallel geometries will be considered here. These are reasonable approximations for the 

studies reported here. 

1.2.5 Kasha's Molecular Exciton Model 

Several theoretical models have been proposed to describe absorption spectral shifts 



46 

HEAD TO TAIL 
(jag^bgata) 

PARALLEL 
(H^gyegale) 

OBLIQUE 
(J/H-AggBgate) <0 %, 

Figure 1.9 The schematic diagrams of three different transition dipole orientations. 
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involving aggregation. Only Kasha's molecular exciton model will be introduced here. 

The exciton concept was first suggested by J. Frenkel in 1931 [100] as a general 

excitation delocalization mechanism to account for the capacity of solids to absorb high 

energy quanta. Later the concept was applied to diverse physical systems. Kasha modified 

the concept and proposed the molecular exciton model [101-108]. This model is applicable 

to molecular crystals in which the intermolecular electronic interaction is weak (van der 

Waals crystal). Usually, the single molecule of the crystal preserves its individuality [101]. 

Kasha stated [103-108] that the molecular exciton model treats the excited state 

resonance interaction between molecules in van der Waal's aggregates (lamellar systems), 

so- called "loosely-coupled systems", because intermolecular interactions are very weak. 

This interaction will strongly displace, or, split the lowest energy absorption bands, so that 

observed changes in the spectrum can be correlated with various molecular packing models 

and related to a precise molecular ultrastructure. 

For simplification, only the dimer's exciton resonance energy splitting is discussed 

here. The energy splitting diagram for a two molecule system (dimer) is presented in Figure 

1.10. The energy level can be expressed as [6]: 

AEc= AES + AD-S + 2e (3) 
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Figure 1.10 The energy splitting diagram for a two molecule system (dimer) [6]. 



49 

where; 

AEc is the transition energy of a dimer; 

AD is the displacement term, AD= D"-D' representing the difference between the 

interaction energy in the excited and ground state; 

2e is the exciton splitting energy term; 

S = AEs - AEv, is the solvation energy of the molecule in a solvent. 

For two coplanar transition dipoles, the point dipole-point dipole approximation is 

given and exciton splitting can be expressed by the formula [108]: 

2e=2M-(l-3cos^0)/R^ (4) 

where: 

R is the center-to-center distance between two molecules; 

0 is the angle made by the polarization axes of the molecule with the line between 

molecule centers; 

M is the ttansition dipole related to the experimental value of the oscillator strength 

/, which can also be calculated by integration of the corresponding molecular 

absorption band [6]. 

Although equation (4) suggests that the exciton energy splitting 2e can be determined 

experimentally, only one transition of the dimer is allowed by selection rules, and the other 

one is forbidden. Figures 1.11 and 1.12 illustrate the excitation energy splitting diagrams of 

two possible transition dipole arrangements ~ head-to-tail and parallel configurations. 
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Figure 1.11 Exciton splitting in dimer with transition dipoles in a head-to-tail configuration 
[102]. 
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Figure 1.12 Exciton splitting in dimer with transition dipoles in a parallel configuration 
[102]. 



For the head-to-tail configuration, from Figure I.II, it is apparent that the in-phase 

arrangement of transition dipoles leads to an electrostatic attraction, producing an allowed 

excited state E„„ which is lower in energy than the original van der Waals displaced states. 

The out-of-phase arrangement of transition dipoles leads to an electrostatic repulsion, 

producing a forbidden energy state Ejri- This state is higher in energy than the displaced 

origin. Therefore, in the spectral measiurement, a strong red shift for the transition in the 

dimer compared with the monomer will be observed. 

On the other hand, the energy level diagram of the Parallel configuration is given in 

Figure 1.12. As shown in the right part of the energy diagram, the out-of-phase dipole 

arrangement corresponds electrostatically to attraction so that E^i lies lower than the original 

van der waals displaced excited state. The in-phase-dipole interaction gives repulsion 

which is higher than the displaced state. From the sum of the vectors, the transitions from 

the ground state to excited state E^i is forbidden while transitions from the ground state to 

excited state E^t is allowed. Thus, a strong spectral blue shift for the transition in the dimer 

will be obtained. 

1.3 Langmuir-Blodgett Techniques 

Thin organic films deposited on solid substrates from the surface of water have 

applications in technologies ranging fix)m molecular electronics and micro-electronics to 

integrated optics and micro-Uthography. The Langmuir-Blodgett (LB) technique can produce 
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highly ordered thin films on various substrates using the nature of interactions between an 

air/water interface and an insoluble monolayer. Since there are physical and chemical 

interactions between the molecules, particularly for those macromolecules which are strong 

chromophores, it is always a problem to construct a highly organized two dimensional 

system (film) that can be used for devices which takes advantage of the intrinsic properties 

of molecules. LB techniques offer an opportunity to form ordered films of amphiphilic 

molecules that may or may not have the same order as in the bulk. The orientation and 

packing of molecules can be controlled to form a highly ordered two-dimensional system. 

Originally, this technique was developed for amphiphilic molecules in which there 

are two distinct regions: a hydrophilic (water-loving) headgroup that is easily soluble in 

water, and a tailgroup that is hydrophobic (water-hating) [109]. The formation of stable films 

on the air/water interface provides information about the existence of a sufficient balance 

between hydrophobic and hydrophilic mteractions. Generally, the bulk solution does not 

possess a natural ordering tendency. Once it spreads on the water subphase, the air/water 

interface provides the driving force to order the molecules. Thus, molecules should have a 

hydrophilic tendency to interact with water on one side and a hydrophobic tendency on the 

other side extending to air, to fabricate stable films. 

Recently the LB technique has been successfiilly used to form organized thin fihns 

of substituted phthalocyanines [35-39, 110-112]. Although these Pes do not follow the 

classical amphiphilic structure, the presence of the heteroatoms (nitrogen and oxygen atoms) 
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in the Pc ring and in the side chain connecting groups, and hydrophobic alkyl chains often 

allows one to fabricate stable Langmuir-Blodgett films and transfer these to suitable solid 

substrates. 

1.3.1 Langmuir Pc Films, Langmuir-Blodgett Films and Cast Films 

Linear, cofacial stacks of Pes, doped with oxidants or eiectrochemically doped with 

ions reveal conductivity increases in excess of ten orders of magnitude. The formation of 

ordered aggregates in general lowers the barriers of redox reactions of Pes, so that redox 

reactions may occur more easily [113]. The electronic and optical properties of 

phthalocyariines are significantly altered by aggregation into such linear cofacial stacks. Such 

aggregates are routinely obtained by the formation of highly-ordered assemblies. 

A Langmuir film is composed of a monomolecular film at an air/water interface. 

Once this monomolecular thin fihn is transferred to a solid substrate, monolayer by 

monolayer, a classical LB fihn is constructed. 

A macroscopically organized thin film can also be formed by casting Pc solutions 

on a solid substrate, where the chromophores undergo aggregation as the solvent evaporates 

[1,25]. Compared to the LB technique, self-assembly is simple and rapid. It does not need 

fancy equipment. A needle or glass micropipet tip, is used to drop the solution onto a 

precleaned characterized surface. After solvent evaporation, an assembly containing a certain 

degree of organization is formed. However, there are some disadvantages of cast fihns versus 
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LB thin films. It is difficult to control the fihn thickness and uniformity. The surface of the 

film is generally less homogeneous, with more defect sites than a LB film. 

1.3.2 Surface Pressure-Area Isotherm 

An isotherm of a monolayer on the air-water interface can be obtained by plotting the 

surface pressure against the surface area of the molecules. The distance between molecules 

decreases with increasing surface pressure. Ideally an isotherm has three distinct regions as 

indicated in Figure 1.13. 

In regime (a), the molecules are just dropped so that they stand fireely on the air-water 

interface. Since the distance between molecules is large and the interaction between them is 

small or even nonexistent, the surface pressure (ji=Oo -o, where o,, is the surface tension of 

pure water and o is the surface of monolayer present) is usually small. The molecules act as 

a two dimensional "gas-like" phase. The approximately horizontal surface pressure region 

correspond to this regime. When the barriers are moving, the available area occupied by 

molecules is reduced and regime (b) is reached. Since molecules may contact each other, the 

interaction is large, resulting in the increase of surface pressure. Further compression of the 

molecules causes the strength of interaction between molecules to increase and an abrupt 

increase of surface pressure occurs (regime (c)). A phase transition relating to a transition 

firom "gas-like" phase to "liquid-like" phase or "solid-like" phase may occur. At this point 

the molecules tightly contact each other and can be ordered, existing in a closest packed 
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Figure 1.13 Typical surface pressure-area isotherm showing "phases" on the water 
subphase [109]. 



arrangement with accompanying high surface pressure. Extrapolating the surface pressure 

of this steeply rising portion to zero surface pressure gives a limiting area of the molecule, 

which is expected for the hypothetical state of an uncompressed close-packed layer [110]. 

Reducing surface area past this "solid" region results in a collapse of the ordered monolayer 

film (regime (d)) which is characterized by a drop in surface pressure. 

1.3.3 Fabrication of LB Fihn 

As mentioned previously, although phthalocyanines and substituted phthalocyanines 

are not typical amphiphilic, Langmuir fihns and Langmuir-Blodgett films or cast films can 

be fabricated due to the presence of the it-core and the weakly hydrophilic heteroatoms in 

the Pc ring and the hydrophobic substituted side chains. The thermal and chemical stabilities 

of these films depend upon the number of heteroatoms, number of side chains, 

hydrophobicity of the side chains, and length of the side chains. Side chains were initially 

introduced onto the peripheral of the Pc macrocycle to increase the solubility and 

processibility of the materials. Octa-substituted or tetra-substituted phthalocyanines, with 

long alkyl side chains, are among the most popular target molecules due to their desirable 

chemical and physical properties and synthetic accessibility. However, it is not easy to obtain 

isometrically pure tetra-substituted phthalocyanines. Of the five octa-substituted Pes utilized 

in this research work, most of them were synthesized. 

M.J. Cook et.al [8, 114-116] synthesized and studied octa-substituted 



phthalocyanines, in which the substituents are attached in the 1, 4, 8, 11, 15, 18, 22, 25 

positions on the Pc ring. Cook et. al. have conducted a number of research studies on these 

substituted phthalocyanines. Based on their investigation, it was found that the stability and 

molecular packing geometry of the 1, 4-octa-substituted Pc's monolayer on the air/water 

surface varied with the character and the length of the substituent chains R, and the central 

metal ion. The uidividual molecular plane of the metal-free 1,4-substituted Pc was 

approximately vertical to the water surface as deduced from the surface pressure-area 

isotherms. The orientation of the metallophthalocyanine molecule, however, was different. 

The higher value of the limiting surface area per molecule calculated for 

metallophthalocyanine might imply that the molecular plane was more titled or less densely 

packed. X-ray scattering experiments suggested [117] that the molecules of 1, 4 octa-

substituted Pc, (C,oH2iO)gH2Pc, lie flat on the water surface in the uncompressed monolayer 

with the aliphatic chains directed away from the water, while the molecules on the 

compressed monolayer were squeezed up to the vertical. It was also pointed out [115] that 

the success of the LB fihn deposition varied with the chain length. Longer straight chains 

lead to better transfer and ordering. Moreover, the X-ray diffraction characterization [8] of 

the molecular packing of non-peripheral octa-alkyl chain and octa-iso-alkoxy chain 

substituted Pc, (C6H,3)gH2Pc and (iso-C5H,,0)gH2Pc revealed that the six of the chains were 

approximately in the plane of the Pc ring with the remaining two chains acting as spacers 

between molecules, which were packed in a slipped stack, as illustrated in Figure 1.7 (a) and 



(b). The closest interplanar distance was 8.5 A implying weak Pc core/Pc core interactions. 

This weak molecular interaction may also account for the lower aggregation tendency of 1,4-

type Pes as revealed in their visible absorbance spectra, since the exciton splitting energy of 

a two-molecule system is proportional to the intennolecuiar spacing. It was apparent there 

was a little difference on the packing geometry in the crystal state between (iso-

CsH,,0)gH2Pc (Figure 1.7 (b)) and (C6H,3)gH2Pc. In the crystal structure of (C6H,3)gH2Pc, Pc 

molecules in adjacent stacks lie in the same plane, while in (iso-CjH|,0)gH2Pc molecules in 

adjacent stacks are not coplanar. 

There has been some success [115] in the deposition of the (RO)gPcs onto hydrophilic 

glass substrates by the Langmuir-Blodgett technique. The longer the straight-chain 

substituents were, the better the transfer ratio that was obtained. Metallated alkoxyl 

substituted Pc demonstrated better deposition characteristics than the metal-free analogous 

[116]. The X-ray diffraction [114] of (C5H,iO)gZnPc and (C5H,|0)gCuPc exhibited layered 

domains, with layer thicknesses of 26 A and 24 A, respectively. These values were close to 

the width of these two molecules and probably indicate that the molecules were standing 

more or less perpendicular to the substrate surface. 

The syntheses and characterizations of 2, 3, 9, 10, 16, 17, 23, 24 octa-substituted 

phthalocyanines have been carried out by numerous other researchers [118-120] and this 

group [7]. As expected, stable molecular monolayer behavior is seen at the air/water interface 

and suitable monolayer properties for multilayer construction, by conventional LB vertical 



dipping methods, were obtained for these Pes, by monitoring the surface pressure-area 

isotherms. Molecular orientations in Langmuir-Blodgett films, with an edge-on or a flat lying 

structtire of the Pc ring, have been seen for various Pes. In contrast with Cook's 1,4-octa-

substituted phthalocyanines, the differences in the aggregation introduced by 2, 3-position 

substitution are reflected by the Iraiiting area per molecule seen in the surface pressure-area 

isotherms on the LB trough and peak shifts of the absorption maxima in the electronic 

spectra. UV-vis and infixed spectroscopic studies suggest [7] that nearly linear cofacial Pc 

stacks are formed from the fully compressed films with Pc-Pc spacings of ca. 4 A, as shown 

in Figure 1.5. Obviously, these molecules have a relatively strong aggregation tendency 

which is dependent upon the intermolecular spacing and the orientation of the transition 

dipoles, coupled in three dimensions [6, 17, 55, 102, 103]. Solution and on-trough 

aggregation tendencies are strongly related to the electron withdrawing or donating 

properties of the substituents. Both electron withdrawing and electron donating octa-

substituted phthalocyanines were used in this investigation. 

1.4 On-Trough Spectroscopy 

The electronic absorption spectra of Pc arises firom a degenerate Q-band involving 

jt-7t'transition in the region of 600 to 800 nm [7,8,114-116]. The B-band transition occurs 

in the 340 to 360 nm region from a higher energy tc-t:'transition. The absorption maxima 

of metallophthalocyanines vary as a function of the solvent, axial coordination of the central 
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metal, peripheral substituents of the Pc rings, and electronic properties of the central metal. 

Langmuir-Blodgett monolayers are commonly investigated by surface pressure-area 

isotherm measurements only. The spectroscopic properties of these films have been generally 

studied by transferring to solid substrate first. During the transfer procedure, however, the 

structures of the monolayer may be changed due to the interaction between the molecules 

and substrate. Since the 1980s, studies of monolayers on the water subphase have been 

carried out by in-situ UV-vis absorption spectroscopy [121-127]. 

1.5 Redox Properties of Phthalocyanines 

As mentioned above, based on their characteristic absorption spectra and 

electroactivities, there are many applications for metallo-phthalocyanines in fields such as 

analytical sensors, electrocatalysis, photoconductive thin fihn detectors, optical storage, solar 

energy conversion, batteries, etc.. Pes can exhibit increased electrical conductivity in the 

oxidized or reduced state [128-131]. Phthalocyanines can be converted to the conducting 

state and the degree of oxidation can be controlled by potential using the electrochemical 

techniques. In the past years, electrochemical techniques, particularly cyclic voltammetry, 

have been extensively developed to investigate the role of substituent effects on the 

phthalocyanines [134-148] and electron-transfer properties. 

The Pc molecule is composed of 5 and 6 member aromatic rings containing nitrogen 

connected by alternating single and double bonds. It is an 18 n-electrons unit system in 



which 16 electrons are provided by sp- hybridized carbon and nitrogen atoms, and two 

electrons are from negative charge of its common oxidation state of (-2). The electronic 

configuration of Pc's allows easy oxidation to Pc (-1), Pc (0) or reduction to Pc (-3), Pc (-4), 

Pc (-5) and Pc (-6) [142-150]. In comparison with free base phthalocyanines, the redox 

potentials of metallo-substituted Pes are prominently influenced by nature of central metal 

atoms, the axial-substituents and peripheral substiments. This may be extremely important 

in nonaqueous electrochemical studies, particularly for transition metals since most transition 

metals prefer six-coordination and would bind a donor if no other ligands are competing 

[151]. 

It is well known that the point group symmetry of metallophthalocyanine without any 

axial substituent is 04^. The energy level diagram is shown in Figure 1.14. The most 

common electronic transition occurs from the HOMO [a,u (re)] to the LUMO [Cg (n*)], which 

is designated as the Q- band transition and the HOMO-1 [aiu (ii)] to the LUMO [Cg (71')] 

which is designated as the B- band or Soret band. Usually, the Q- band appears at 600-750 

nm and the B-and at 300-450 nm. For some transition metal phthalocyanines, it is possible 

that the d-orbitals of the metal are located close to or even between the HOMO and LUMO 

energy levels of Pes, as indicated by the dotted lines d(eg) and dz-(a,g) in the energy diagram 

of Figure 1.14. It should be noted that this phenomenon might cause an extra absorption band 

in the UV-VIS or near infixed region [152]. However, the study of the 

metallophthalocyanines in this dissertation revealed no such complexity. 
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Figure 1.14 The diagram of the energy levels in MPc and the various transitions [151], 
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To simplify and clarify the discussion of redox behavior, raetallophthalocyanines can 

be classified as main metal centered Pes and transition metal centered Pes. Since only 

transition metal phthalocyanines were involved in the electrochemical studies in this lab, 

only the general redox properties of transition metal phthalocyanines will be introduced. 

In general, the reduction and oxidation reaction can occur at both the metal center and 

the phthalocyanine rings. Due to the electronic configuration of Pc ring, it is easy to remove 

one to two electrons from HOMO level of Pc ring, to reach an oxidation state of Pc(-l), or 

to introduce up to four electrons to the LUMO level of Pc ring, approaching oxidation states 

of Pc (-3), Pc (-4), Pc (-5) and Pc (-6) [78, 137, 140-147, 153-155]. Leznoff [151] et.al. 

stated that the ring reduction processes were often electrochemically reversible, while the 

ring oxidation processes, especially that associated with Pc (0) /Pc (-1), were usually 

irreversible. 

It is noted that the d orbital energy levels of some transition metals lie between the 

HOMO and LUMO energy levels of tfie Pc ring. This may cause a disturbance of the redox 

process of the Pc ring if the center transition metal is also involved in an electrochemical 

reaction within the potential window regime of the Pc ring. Examples can be found in 

transition metals, such as Fe (+2), Co (+2) etc.. Because they are relatively electrochemically 

active, oxidation of these atoms to M (+3) or the reduction to M(+l) can occur only prior to 

an oxidation/reduction reaction of the phthalocyanine ring. Significant perplexing cyclic 

voltammograms could be accounted for because of the presence of these metals. 



On the other hand, the transition metals, copper Cu (+2) and nickel Ni (+2) used in 

this investigation are relatively electrochemically inactive within the oxidation/reduction 

potential window of Pc ring. These conclusions are supported by electronic and ESR 

spectroscopies [151]. Thus, the initial redox reaction of the Pc ring would not be greatly 

complicated by the presence of copper Cu (+2), zinc Zn (+2) and nickel Ni (+2) in 

phthalocyanines, but some minor changes might be introduced, such as a shift of the peak 

positions of oxidation/reduction and the ease of the redox behavior etc.. 

In addition to the interference of the redox process of the Pc ring by some transition 

metals, most electrochemical responses of these metal center phthalocyanines are similar to 

those of main metal group phthalocyanines. The ease of the redox chemistry of Pes is 

influenced by the extent of polarization of the central metal ions. The stronger the 

polarization of the central metal ions is, the easier the reduction process of Pc and the more 

difficult the oxidation. The potential differences between the first reduction and oxidation 

are about the same for main metal Pes and these transition metal Pes if the charge status and 

ionic radius are the same. 

As is well known, metal centered phthalocyanines possess different aggregation 

tendencies depending upon central atoms, axial and peripheral substituents. Thus, extra care 

must be taken to distingtiish the maximum potential positions for both monomer and 

aggregate species during the redox meastirements. 

In this research, the intent was to demonstrate that the coupling of these 
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phthalocyanine derivatives in a cofacial (face-to-face type) configuration can be induced by 

an aggregation effect, which is both electronic and steric. In terms of the results attained and 

the theory for a closely packed phthalocyanine system [156], it could be deduced that the 

strong interaction between n-electrons of the Pc cores resulted in an extreme enhancement 

of the electron density in the neutral form of the aggregates of the derivatized Pes. The effect 

of the electron delocalization over the aggregates was observed in their redox properties, e.g., 

peak spliting, the position shifts, etc.. These aggregates must be treated as a single redox 

entity., not several juxtaposed monomers since during the course of an experiment, a 

monomer peak was clearly separated from aggregation peaks. 

1.6 On-Trough Cyclic voltammetry 

It is often difficult to transfer a pure phthalocyanine monolayer onto a solid electrode 

without any destruction of the initial micro-structure. As described earlier, the Langmuir-

Blodgett technique is often used to fabricate and deposit monomolecular films. This method 

offers a way to build many monolayer and multilayer assemblies, consisting of single and 

multiple components for electrochemical research. However, the conventional process of the 

LB film deposition may induce destruction of the film structure to some extent during the 

film transfer onto sohd substrates including electrode since the surface flow of the monolayer 

is involved in the movement of the substrate through the original fihn formed at the air/water 

interface. 
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On-trough cyclic voltammetry provides a new method of assessing redox properties 

and chemical reactivities before the transfer of the Langmuir film to a substrate. In addition, 

it has been used to obtain information regarding the original structural features of the 

molecular organization of the Langmuir thin film, the electron transfer properties and 

chemical properties [67,157-158]. 

Photoconductivities, spectroscopic and electrochemical behaviors of phthalocyanines 

will be discussed in the following chapters. 
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EXPERIMENTAL 

2.1 Photoelectrochemistry of Thin Film Organic Semiconductors 

The organic semiconductors used were chlorogallium phthalocyanine (GaPc-Cl), 

chloroindium phthalocyanine (InPc-Cl), fluoroaluminum phthalocyanine (AlPc-F), 

chloroalumimun naphthalocyanine (AlNPc-Cl), chlorogallium naphthalocyanine (GaNPc-Cl) 

and fluoroaluminum naphthalocyanine (AlNPc-F). The details of the synthesis and 

purification processes of these molecules have been discussed elsewhere [64—67, 69, 70, 

159-163]. 

2.1.1 Sublimation Set-up 

All sublimation depositions were performed under high vacuum conditions in which 

the pressure was ca. lO'^-lO'® Torr. The thin films deposited on the semiconductor electrodes 

were produced in a special custom-designed vacuum deposition chamber. The deposition 

chamber was pumped by either a diffusion pump (ca. 10"® Torr) or a turbomolecular pump 

(10'* Torr). The schematic of this deposition chamber is displayed in Figure 2.1. 

The deposition chamber mainly contained a temperature-controlled evaporation 

source, a rotatable stage which could hold an electrode and a quartz crystal monitor to 

control film thickness. Purified Pes and NPcs were loaded to pyrolitic boron nitride crucibles 
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Figure 2.1 Scheme of the ultra-high vacuum deposition chamber [65] 
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(R.D. Mathis Company) which served as the evaporation source. These crucibles were placed 

in stainless steel cylinders fitted with a cap containing aperture to allow effusion of the 

compound into the vacuum chamber when the sample gun was heated. The cylinder was 

wrapped by threaded thin tantalum wire (<|)= 0.25mm). Temperature in the crucibles was 

monitored utilizing a thermocouple, and a commercially available temperature controller 

(Omega Model CN310) was employed to maintain the desired temperature to achieve 

different deposition rate. The deposition rate was varied from 0.5 to 1 OA/minute. A 

deposition substrate, usually an electrode, was held on a heatable and rotatable round stage 

facing the effusion source. Temperature in this rotatable steel stage was also controlled by 

an Omega temperature controller. In order to protect the high vacuum environment, the stage 

temperature was kept under 100°C because the epoxy, used to mount the electrode onto a 

metal support, started to decompose at this temperature. Deposition rate and thickness were 

monitored by a quartz crystal microbalance (QCM) which was suspended above the sample 

gun and stage. A Hewlett-Packard 5384A frequency monitor was used to measure the 

oscillation frequency of the QCM. The oscillation frequency was converted to thickness of 

a thin film using a spectrophotometric assay. 

2.1.2 Electrode Preparation 

The transition metal dichalcogenide, SnSi, was chosen as a semiconductor material 

for photoelectrochemical studies [74, 82,164-166]. SnS, is a layered material which can be 
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cleaved to obtain a clean and fresh surface for every deposition. The large band gap energy 

of SnSi (2.22 eV) makes it transparent across most of &e Q-band region of phthalocyanines 

and naphthalocyanines, providing an opportunity for both optical and photoelectrochemical 

characterization. The preparation of SnS, crystals has been described in other literature [74]. 

In order to increase the conductivity of the SnS, crystals. They were doped with chlorine. 

The chlorine doping density was determined to be ca. 10'® cm"^ by Mott-Schottky plots. The 

cleaved crystal (<t>=ca. 0.5 cm) was mounted on a metal support (a metal stub), surrounded 

with an epoxy shroud, and inserted into the high vacuimi system for Pc deposition. 

2.1.3 Photoelectrochemistry Experiment Set-up 

The photoelectrochemical experimental set-up is schematically given in Figure 2.2. 

A tungsten-halogen lamp (400 W, modulated at 25 Hz) was used as the illumination source. 

The desired wavelengths were selected by a J-YIR H-10 monochromator, which provided 

illumination over the wavelength range between 400 to 900 nm at a bandpass from 4-16 nm, 

with 0.5-2 mm entrance and exit slits. The output of the light source through the 

monochromator was calibrated using a calibrated photodiode (Hamamatsu model 5780-BQ), 

for which the current generation efficiency was known over the wavelength range 300 - 900 

nm. This calibration process is capable of correcting the variations in the source output. 

Potential control of the photoelectrode was achieved with a potentiostat (Princeton 

Applied Research Model 174A). The potentials for the photocurrent yield spectra were held 
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Figxire 2.2 Experimental set-up of photoelectrochemical study. 
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at 0.5 V versus Ag/AgCl (saturated KCl), which is positive enough with respect to the flat 

band potential of SnS, so that photocurrents have become nearly independent of potential 

[74]. A chopper (EG&G Model 192) was used to modulate the incident light at a frequency 

of 25 Hz. The photocurrent signal was then demodulated with a lock-in-amplifier (Ortec-

Brookdeal Model 9503). All of the photocurrent action spectra were reported as quantum 

yield per incident photon (QYIP), as a flmction of wavelength. 

The phthalocyanines and naphthalocyanines thin films deposited on SnS, electrodes 

were placed in a three electrode spectroelectrochemical sandwich type cell. Ag/AgCl in a 

saturated KCl solution was used as the reference electrode (+0.197V vs. NHE ) [167]. A 

platinum coil was used as the auxiliary electrode. Only front side illumination of the SnSi 

electrode was employed in this investigation. 

All solutions were prepared by using Milli-Pore filtered water distilled from 

potassium permanganate. Photoelectrochemical smdies were conducted in a 0.2M potassium 

hydrogen phthalate (KHP) (Aldrich, 99.99%) electrolyte at pH 4. The regenerating agent was 

0.2 M reagent grade hydroquinone (HQ, Eastman-Kodak). 

2.2 Thin Film Preparation 

2.2.1 LB Trough 

A Langmuir-Blodgett trough (Figure 2.3) was used to build LB fihns. The trough is 

constructed from a Teflon water batii and two movable Teflon barriers. The surface pressure 
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Figtire 2.3 Diagram of a LB trough for fabrication of the surface pressxire-
isotherms and deposition of monolayers on solid substrates. 



of the air/water interface is measured by a Wilheimy balance, which senses changes in the 

surface tension. A motor is connected to the barriers to control the speed and applied 

pressure on the monolayer which is regulated by a control device that receives information 

from the Wilhehny balance. The well allows substrate immersion into the water subphase. 

The solid substrate can be raised and lowered into the well by a deposition driver which is 

located above the water bath. In order to obtain a stable and reproducible monolayer on the 

air/water interface, the trough was placed in a laminar hood in this investigation. 

To fabricate a Langmuir film, the chloroform solution containing the molecules of 

interest was placed on the water surface. The solution spread rapidly to cover the available 

surface area evenly. The solvent slowly evaporated and left the molecules at the air/water 

interface in a two dimensional "gas-like" phase. 

2.2.2 Calibration of LB Trough 

Fatty acids, particularly stearic acid CH3(CH2),6COOH (Sigma, 98% pure), were 

selected as standards to calibrate the LB trough. A 2.5x10"^ M solution was made by 

dissolving the stearic acid in HPLC grade chloroform. 500 [al of solution were carefully 

dropped onto the water surface with the barriers of the trough completely opened. After the 

chloroform had evaporated, and the initial reorganization of molecules had been completed 

(within five minutes), compression of the LB films begim. LB films started to be 

compressed. During compression, a surface pressure-area isotherm was recorded by a 
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computer. The typical isotherm for such a fatty acid is shown in Figure 2.4. The area per 

molecule (defined as limiting area) was calculated by dividing the total surface area occupied 

by the monolayer at a given surface pressure by the total number of molecules in that 

monolayer. 

2.2.3 Isotherm Measurements of Pes 

The surface pressure-molecular area isotherms recorded with a fihn balance were 

stored in a computer for further data treatment. Chloroform (HPLC grade, purchased from 

Aldrich) solutions of substituted Pes were carefully dropped onto the water surface. The 

chloroform was allowed to evaporate and reorientation of the Pes was finished within ten 

minutes. The compression of the Langmuir film was begun with barriers moving at a rate of 

2 cm-/sec which is consistent with the calibration speed. The compression was stopped at the 

pressure collapse point, which is characterized by a steeply dropping surface pressure, with 

only a small decrease in surface area. 

2.2.4 Langmuir-Blodgett Thin Film Preparation 

There are two different methods employed to deposit LB thin films on a solid 

substrate: the vertical dipping and horizontal touching methods [112, 168-174]. The former 

one has been mostly used. In this method, the solid substrate is initially placed perpendicular 

to the water subphase. During the deposition the substrate is passed through the monolayer 
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Figure 2.4 Surface pressure-area isotherm of CH3(CH2)i7COOH (2.2.6 X 10"* M). 



film at a controlled rate [109]. Multilayer deposition can be accomplished by repetitive 

cycling of the substrate through the film at the air-water interface. The hydrophilicity or 

hydrophobicity of the solid substrate determines whether the substrate should be lifted from 

below the air-water interface first or dipped fi-om the air to water subphase first during 

deposition. For hydrophilic substrates, the hydrophilic head group in the LB film prefers to 

contact the surface first, with the hydrophobic tail group extending away from the surface. 

This is accomplished by lifting from the water subphase first. After the first monolayer is 

deposited, the substrate becomes hydrophobic. Upon reimmersion, a second monolayer is 

transferred, forming a bilayer with the hydrophilic head groups extending away. Retracting 

the substrate causes a third monolayer to be deposited leaving the substrate hydrophobic 

again. This process is schematically described in Figure 2.5. Theoretically, hundreds of 

layers can be deposited by repeating these deposition procedures. 

The other technique used to make LB thin films is the horizontal touching method 

[174] as presented in Figure 2.6. In this method, the substrate is placed parallel to the air-

water interface. Since the hydrophobic tail group is lifted away water surface, the substrate 

must be hydrophobic. During the deposition, the substrate is lowered at a constant rate until 

it contact the monolayer film. The substrate is lifted away and LB film is successftilly 

transferred. This method is suitable for extremely rigid or "solid-like" films. 

The various solid substrates, such as Au-MPOTE, ITO, and glass were used. The Pes 

are dissolved in the CHClj.The LB troughs in this laboratory included a NIMA 2401A and 
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Figure 2.5 Schematic description of vertical LB multilayer deposition technique [109], 
(a) first immersion, (b) first withdrawal, (c) second immersion, (d) multilayer 
formation. 
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Figure 2.6 Schematic description of the horizontal touching LB monolayer deposition 
technique [174], (a) lowering the substrate down, (b) the substrate touching 
the hydrophobic side of the molecules, (c) lifting the substrate up. 



a RK3 (from Riegler-Kiersten, Wiesbaden Germany). The substrates were cleaned by 

immersing them in 0.1 M HNO3 at temperature of 40°C for ca. 10 minutes to remove the 

organic contamination and subsequent washing with milli-pore water, followed by sonication 

in spectroscopic grade methanol and chloroform. In general, the deposition was controlled 

by setting the balance at a surface pressure where a compact Langmuir film was formed so 

that the Pc rings were either vertical or almost vertical to the water surface. On the other 

hand, the film transfer was sometimes set at a surface pressure (first transfer point) where the 

Pc rings were either parallel or just tilted a small angle to the water surface. 

LB thin film transfer was achieved by suspending a piece of substrate, either Au-

MPOTE, ITO or glass slide, on the dipper of the trough and moving this dipper up and down 

toward the water surface. The dipper speed was controlled at 0.1 mm/sec and the moving 

speed of the barrier at ca. 2 cm/min. The deposition sequence was decided by the 

hydrophilicity of the substrate. 

2.2.5 Derivatization of Microscope Slides 

It was found that some Pes, such as CuPc(OC4H9)8 and ZnPc(OC4Hg)8, have better 

transfer ratios while hydrophobic substrates were used. Thus sometime it is necessary to 

derivatize solid substrates. The normal microscope slide (purchased from Fisher Scientific, 

Pittsburgh, PA) was cleaned by ultrasonication in methanol for 10 minutes. Then the slide 

was immersed in warmed 0.1 M HNO3 solution for another 10 minutes. After rinsing in 
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triply distilled water and drying in air, this slide was placed in a plasma cleaner (Harrick 

Scientific) for a 10 minute plasma cleaning. 

A derivatization solution was made by mixing 1, 1, 1,3,3,3-hexamethyldisila2ane 

(98 %, obtained from Aldrich) with HPLC grade chloroform in a ratio of 1:5. The cleaned 

slide was immersed in this solution and heated to 40 C° for 1 hour. Since the chloroform is 

evaporated rapidly at this temperature, it is necessary to keep adding chloroform. 

2.2.6 Self-Assembly Thin Film Preparation 

Self-assembled thin films were rapid formed achieved by casting chloroform 

solutions of Pes on various substrates. A micropipet or 1 ml syringe was used to deliver the 

solution dropwize onto a microscopic slide, a Au-MPOTE or ITO electrode which was then 

covered with a desiccator lid in the presence of a reservoir of chloroform. After the 

chloroform had been evaporated in the presence of a chloroform atmosphere for a few 

minutes, the cast film of phthalocyanine was formed. 

2.3 Electrochemical Study of Pes in Non-Aqueous Solutions and Thin Films 

The electrochemical behavior of three new solution processable and octa-substituted 

copper phthalocyanines CuPcC02C,2, CuPcCONHC,,, and CuPcOCsOBz was investigated. 

All these new Pes were synthesized and purified as described elsewhere [175]. For the 

experiments described below, these substituted Pes were dissolved in spectrophotometric 
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grade chloroform (Aldrich). Thin films for electrochemical analysis were prepared on gold 

metallized plastic optically transparent electrodes (Au-MPOTE) and indium tin oxide (ITO). 

The Au-MPOTE consisting of a transparent polyster (ca. 0.25mm) was homogeneously 

coated with-a thin and ultra purified gold film (ca. 300 A) on one side (provided by Sierracin-

Sylmar and Kodak). The semi-transparent nature of these Au-MPOTE electrodes allowed 

optical measurements without serious interferences. Microscopicically well-ordered 

assemblies of both LB and cast thin films were obtained. 

2.3.1 Non-Aqueous Solution Cyclic Voltammetry 

Spectrophotometric grade dichloromethane (DCM) containing 0.1 M 

tetrabutylammonium perchlorate (TBAP) was used as the nonaqueous electrolyte solution. 

Both DCM and TBAP were obtained fi-om Aldrich Chemical Company, Milwaukee, WI.. 

DCM was purified by passing it through an activated alumina column prior to use to remove 

water and other impurities. TBAP was recrystallized twice from an ethyl acetate/pentane 

mixture and dried at 80 °C. 

Cyclic voltammetry was performed using a potentiostat (PAR Model 362) with a 

three-electrode system consisting of used, with a gold or platinum wire as the working 

electrode, a coiled platinum wire as the coimter electrode and a Ag/AgCl (saturated KCl) 

solution as the reference electrode as depicted in Figure 2.7. 

Solutions were purged with dry nitrogen gas for ca. 10 minutes prior to each 
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Figure 2.7 Non-aqueous electrochemical cell [113]. 
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voltammetric measurement to remove any dissolved oxygen. The aqueous Ag/AgCl 

(saturated KCI) reference electrode was separated frc«i the bulk solution by a ceramic frit 

and a salt bridge containing O.IM TBAP in DCM. The non-aqueous voltammetry is 

performed in a plastic glove bag under a nitrogen gas environment. Measurements were 

limited to DCM as the solvent due to the especially low solubility of octa-substituted Pc's 

and the irreversible blockage of the electrode by adsorbing reduced or oxidized products in 

other solvents. The measurements were also complicated by the relatively concentration of 

these substituted phthalocyanines (10"*-10'^ M) since at these concentrations aggregation was 

always present for CuPcCOiC,, and CuPcC0NHC,2 [7]. 

2.3.2 Thin Film Cyclic Voltammetry 

Aqueous electrochemical studies of LB thin films and cast films were performed in 

0.2 M KHP (Aldrich, 99.99%) and O.l M HNO3 (Jones-Hamilton, semiconductor grade) 

electrolyte solutions respectively. The electrochemical cell used in these experiments is the 

same as the three electrode system used for the photoelectrochemical studies discussed 

earlier. Au-MPOTE coated with substituted phthalocyanines served as the working electrode, 

Ag/AgCl (saturated KCI) was the reference electrode and the platinum coil wire was chosen 

as the counter electrode. Nitrogen was used to deoxygenate the solutions. 

2.4 LB and Self-Assemblies of Mixed Cgo/Substituted Phthalocyanine 
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2.4.1 Preparation of Solutions 

The Cfio was obtained from the Department of Physics at the University of Arizona, 

and purified by filtration with toluene and drying under vacuum. HPLC grade benzene 

(Aldrich) was used to make up a 2.5x10"' M of C^o solution, since C^o has a low solubility 

in chloroform. 

2.4.2 Formation and Characterization of Cgo/Phthalocyanine Thin Films 

Cfio and CuPcOCjOBz solutions were mixed in a variety of ratios. The solvent 

composition is a mixture of chloroform and benzene by ratio of 1:2. A 1 ml syringe was used 

to transfer this mixed solution to either the LB trough to form a LB thin film, or to a 

substrate (microscopic slide or Au-MPOTE) to form a self-assembled thin film. The 

chloroform and benzene were then allowed to evaporate 10 minutes. The characterization of 

these films were performed by UV-vis absorption spectroscopy and various electrochemical 

techniques. 

2.5 Fabrication of Stable Fibers from Octa-substituted Phthalocyanines 

Fibers of various substituted Pes could be produced using the LB trough. A few 

hundred microliter of a solution of derivatized phthalocyanine was dropped on the water 

surface of the LB trough. The monomolecular film was then compressed by the trough 

barriers after chloroform was evaporated. The compression was continued until the surface 
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pressure passed through the collapse point in the surface pressure-molecular area isotherm. 

At the collapse point, fibers were formed. The fibers in the trough could be lifted by a sharp 

object (needle or micropipet) and placed onto a substrate. 

2.6 Spectroscopic Analysis of Pc Thin Films 

2.6.1 Ultraviolet-Visible Spectroscopy (UV-VIS) 

Ultraviolet-visible absorption spectroscopy is one of the most fi-equently used 

techniques in the area of qualitative and quantitative molecular characterization. Ultraviolet-

visible spectra of most solution and thin films were achieved by using a dual beam Hitachi-

2000 Spectrophotometer. Dichroic UV-VIS spectra were taken by placing a polarizer in the 

holder of Hitachi-2000 spectrophotometer. Some thin film UV-vis spectra were taken using 

a model 410 spectrophotometer fi-om Spectral Instruments Incorporated. 

2.6.2 Fourier Transform Infi-ared Spectroscopy (FTIR) 

A nitrogen-purged Nicolet 51 OP IR spectrophotometer equipped with a tungsten 

source and MCT detector was used to obtain IR spectra of powder, thin films and fibers of 

substituted phthalocyanines. The IR samples were prepared by mixing phthalocyanine 

powder with pure, dry IR-grade KBr powder (Aldrich). All spectra were accomplished by 

collecting 128 scans at a resolution of 1.0 cm"'. A reference spectrum was taken with a blank 

substrate in the beam path and was subtracted firom the sample spectra accordingly. 
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2.7 On-Trough Spectroscopic and Electrochemical Studies 

A conventional LB trough was modified to perform on-trough spectroscopic and 

electrochemical studies. This was done so that the effects of the transfer process could be 

removed and the properties of the film at the air/water interface could be investigated. 

2.7.1 On-Trough Spectroscopy 

The on-trough spectroscopy experiment set up was simply constructed by using a LB 

trough, a spectrophotometer, an optical probe and a front-surface mirror. In this experiment, 

the RK3 trough (made in Germany) was used generate the surface pressure-area isotherm, 

while the absorption spectra of monolayers or submonolayers were measured at the air-water 

interface with a Spectral Instruments. Inc. (Tucson, Arizona) Model 410 spectrophotometer 

using a fiber optic probe. This specific spectrophotometer employs a tungsten-halogen light 

source for the 350 to 930 nm wavelength range, a charge coupled device (CCD) array 

detector and the latest digital signal processor (DSP) technique with a spectral bandwidth of 

1.2nm. The spectra were taken by passing light though the Langmuir film, which was then 

reflected off a mirror placed about 2 -3 mm under the water subphase back through the film 

to the collection fiber probe, as illustrated in Figure 2.8. 

Ideally, milli-pore water was used as the water subphase. Later, O.IM KHP, O.IM 

NaC104 and 0.1 M LiC104 were added to the subphase to study the effect of the electrolyte 

upon the Langmuir monolayer. All other experimental conditions, such as evaporation time. 
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Figure 2.8 Experimental set-up of the on-trough spectroscopy. 
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trough barrier compression speed, and solvent were as stated previously. 

2.7.2 On-Trough Cyclic Voltammetry 

The LB trough also occasionally served as a large electrochemical cell. A 

conventional three electrode system was employed for the electrochemical measurements. 

Similar electrode as were used in the thin film electrochemical study were used except for 

the introduction of new working electrodes. These new working electrodes included a 

99.9995% pure gold wire 0.75 mm in diameter, a piece of Indium Tin Oxide (ITO) and the 

gold metallized plastic optically transparent (Au-MPOTE) electrode. The gold wire was 

purchased from Aesar Company. The ITO electrode was made by 3000 -4000 A RF sputter 

indium tin oxide on a microscope slide (Kodak). The Au-MPOTE consisted of a thin film 

vapor coating (ca. 300 A) on a transparent polyester backing (Sierracin, Syhnar, California). 

Cyclic voltammograms were obtained by placing electrodes in contact v^ath the 

Langmuir film on the air/water interface in the Langmuir-Blodgett trough. The 0.1 M 

electrolyte solutions were prepared from potassium hydrogen phthalate (KHP), lithium 

perchlorate Gl.iC104) and sodium perchlorate (NaC104) respectively. All chemicals were 

obtained from Aldrich, and the solutions were prepared with millipore water. A computer 

driven potentiostat (Cypress Systems) was utilized to perform electrochemical 

measurements. For the on-trough electrochemistry, the working electrode was mounted on 

the lifter while the reference and counter electrodes were always immersed in the water 
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solution. The on-trough cyclic voltammetry experiment set-up is depicted in Figure 2.9. 

In order to avoid any possible reorganization of the structures during or after the 

transfer of the Langmuir fihn from air/water interface to the surfaces of the solid electrodes, 

the electrochemical measurement was taken immediately after the contact between the 

working electrode and the monolayer was made. 

For the electrochemical experiments, a chloroform solution containing the octa-

substituted phthalocyanine solution was spread on the surface of the water subphase solution 

and the desired surface concentration was attained by moving the trough barriers. Initially, 

the working electrode was held above the water surface with its surface perpendicular to the 

air/water interface. It was then brought into contact with the phthalocyanine films at a 

displacement speed of ca. 0.1 mm/sec. Contact between the end of the electrode and the film 

was sensed by monitoring the electronic noise level of the potentiostat to get the best results. 

Once the contact between electrode and the Langmuir film was made, the direction of the 

electrode movement was reversed and the electrode was pulled slightly away from the water 

surface to avoid pushing the monolayer down into the water subphase solution. Due to the 

surface tension at the solid-liquid junction, the solution undemeath the electrode was dragged 

upward by the electrode. Thus, the contact between the electrode and water solution was still 

maintained even after the electrode had been moved away from the original water surface by 

as much as 2 mm. 
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Figure 2.9 Experimental set-up of the on-trough cyclic voltammetry. 



93 

2.8 Surface Analysis 

2.8.1 Optical Microscopy 

A Carl Zeiss Axioplan Universal Microscope (in transmission mode) was used to 

image and investigate the topographical properties of CuPcOC^OBz fibers. The micrographs 

were obtained with an MC 63 S microscope camera. 

2.8.2 Transmission Electron Microscopy (TEM) 

High resolution transmission electron microscopy was used to obtain detailed 

structural information of Pes. This instrument allows two modes of operation, ultra-high 

resolution imaging and nanoprobe chemical analysis. Analytical accessories include the 

scanning system, high sensitivity energy dispersive X-ray spectrometer, and parallel-

detection electron energy loss spectrometer (PEELS). 

Two transmission electron microscopes were employed. The first was a JEOL JEM-

200CX transmission electron microscope equipped with a minimum dose system and a high-

resolution objective pole piece (Cs = 2.0 mm) operated at 200 KV accelerating voltage. This 

measurement was used to observe the images and diffraction patterns of CuPcOCiOBz LB 

and cast thin films which had been transferred to carbon grids (200 mesh, 3 mm in diameter). 

The other TEM was a Phillips Model 420 with a maximum 100 KV accelerating voltage. 

This was utilized to characterize ultra high vacuum deposited InPc-Cl thin films, which were 

deposited at different substrate temperatures, on the 200 mesh carbon grids. 
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2.8.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) primarily provides high-resolution and depth-

of-field images of the sample surface, and chemical analyses of micron-sized areas of the 

structure. The samples investigated were CuPcOCOBz fibers formed on the LB trough. The 

scanning electron micrographs were obtained with a Hitachi field emission 4500S scanning 

electron microscope. The microscope was operated at an electron gun voltage of 1 - 5 KV. 

The CuPcOCiOBz fiber was placed on a piece of microscope slide substrate which was 

either sputter coated with an aluminum thin film of about 300 A thickness or attached to a 

copper wire to reduce charging effects. The substrate was mounted on standard aluminum 

SEM smds with double sided tape. 

2.8.4 Wide Angle X-ray Scattering (WAXS) 

Wide angle X-ray Scattering (WAXS) is a technique used to reveal structural 

information. In this mvestigation, WAXS was employed to resolve the molecular orientation 

and structure information of CuPcOCiOBz fibers deposited on a mylar foil substrate. A 

rotating anode (Rigaku, with operation power of 9.8 kW) was used with a graphite 

monochromator to generate Cu-K, radiation (0.154 nm) with a wavelength resolution of 

A A./A. = 0.014. The beam divergence is of .056°, with a diameter of approximately 2 mm. A 

two-dimensional gas detector was used, which can resolve 512x512 pixels of 0.2 mm size. 



The distance between sample and detector was 8.2 cm, which allowed a maximum 

momentum transfer of ca. 31 nm*' and a momentumc&ansfer resolution of 0.06 nm"'. The 

background was taken by measuring an identical mylar foil without fibers. The fiber 

spectrum was collected over a period of 11 hours at room temperature under vacuum. 
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CHAPTER THREE 

PHOTOELECTROCHEMICAL STUDY OF THIN FILM ORGANIC 

SEMICONDUCTORS 

Under ultra high vacuum conditions, it is possible to create a wide range of ordered 

structures of certain trivalent metal phthalocyanines. These materials undergo "layer-by-

layer" growth on SnS, surfaces when deposited by molecular beam epitaxy (MBE). It is 

found that the Q-absorption band of AlPc-F thin films deposited by MBE is narrow and 

sharp, which is comparable with the line-shape of the Q-band of solution processable, 

substituted Pc thin films which are deposited by the Langmuir-Blodgett (LB) technique. In 

both systems, the Pes are known to form tightly packed linear cofacial aggregates. This fact 

may suggest that MBE allows for closer packing of highly ordered trivalent Pc than in self-

assembled or LB thin fibns, due to the lack of the hydrocarbon side chains which are 

necessary for control of molecular architecture. 

In this chapter, photoelectrochemical dye sensitization processes of certain trivalent 

metallophthalocyanines, such as chlorogallium phthalocyanine (GaPc-Cl), chloroindium 

phthalocyanine (InPc-Cl), fluoroaluminum phthalocyanine (AlPc-F), and some 

naphthalocyanines, deposited by MBE on freshly cleaved two dimensional metal 

dichalcogenide SnS, surfaces under ultra high vacuum conditions, are discussed. The 

photocurrent action spectra of fihns of these Pes and NPcs deposited at different coverages 



and substrate temperatures are presented. The Q-band of the electronic absorption spectra of 

Pc solutions and thin films grown epitaxially on a SnS, substrate are compared with the 

photocurrent action spectra. The shift of peak positions, as compared to the corresponding 

Q-band of Pc monomers, can be explained by the extended molecular exciton model. 

Furthermore, the peak positions of the monomer and aggregates in ordered Pc films are 

compared. The correlation between the spectral shift in the Q-band and the number of 

monolayers in the thin film is established. 

3.1 Packing Geometries of the Trivalent Metal Phthalocyanines 

The packing geometries for the first monolayer, and the onset of formation of the 

second layer for the trivalent metal Pes, e.g., InPc-Cl, GaPc-Cl and AlPc-F, deposited on a 

SnS, substrate have been previously proposed [4, 89, 166, 176-188]. At slow vacuum 

deposition rates (< 10 monolayers per hour) with suitable substrate temperatures (usually 

higher than room temperature), these trivalent metal Pes form 4-fold symmetric domains 

with the Pc ring adsorbed parallel to the plane of the SnS, substrate. The tendency to form 

this type of fiat-lying monolayer has already been demonstrated for several large aromatic 

molecules, regardless of their bulk crystallographic structures [4,189]. It has been proposed 

that large aromatic molecules form fiat-lying deposits which appear to nucleate along the 

three principle axes of the SnSi substrate [189-192]. 

RHEED and LEED data obtained by this lab revealed two dimensional growth of a 
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flat-lying Pc overlayer on the van der Waals surface of SnS, with a Pc-center to Pc-center 

distance of ca.13.7 A and an interplanar distance of olSA A [4,6,176, 177,193, 194]. The 

nucleation sites for Pc deposits were generally equally distributed at 60° to produce three 

rotated domains of sqiiare Pc lattice [4, 189, 195]. As a result of the presence of multiple 

domains in the ordered monolayer, the formation of long-range ordering is prevented. 

The layered growth geometries of the first monolayer of the trivalent Pes can be 

sustained to form multilayer films, but the position of the molecules in the subsequent layers 

are shifted in both x and y directions by about 1/2 of the molecular diameter [6]. If the first 

layer deposits with the axial halide pointed up, in the second layer the halide points down to 

complete a "dimer-like" bilayer of opposed Pc's [186]. Successive layers grow with this 

AB/A'B' pattern where the A'B' bilayer may be translated with respect to the AB bilayer as 

shown in Figiure 3.1. 

This type of bilayer packing allows the central metals to interact with the meso-

bridging aza-nitrogen atom of Pc molecules in the adjacent layer with a separation distance 

between the planes of Pc rings of ca. 3.4 A [196-198]. 

3.2 Dye Sensitization of a SnS, electrode 

The photoelectrochemical behavior of GaPc-Cl, AlPc-Cl and InPc-CI was 

investigated to obtain the photocurrent action spectra. The sensitized photocurrent spectra 

were expected to correlate with the corresponding solution electronic absorption spectra. 
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1 (Upper Panel) Schematic representations of the trivalent metal Pc domains 
formed at near monolayer coverage on SnS,. Each closest packed square 
lattice is aligned along a principle axis of the metal dichalcogenide substrate. 
(Lower panel) Left: A cross sectional view of the stacking of Pc. Right: A top 
view of the stacking of two back-to-back Pc's in adjacent bilayers [6], 
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When intense light is absorbed by Pc thin films, excitons will be formed in the fihn. The 

excitons can then migrate throughout the fihn. Based on Kasha's molecular exciton model, 

excitation of lattices inside the crystal to the exciton state usually produces no 

photoconduction of electrons [106-108]. Only those excitons that are formed and migrate to 

the surface boimdary layer will lead to a measurable photocurrent [3, 199,200]. The farther 

an exciton site is from the surface, the less chance it will have to reach the surface boundary 

due to the increased likelihood of the aimihilation of the exciton by fluorescence or through 

the nonradiative-recombination of the excited electron and lattice. As discussed earlier, since 

all Pc thin films lie flat on the surface of SnSi, the distance between the surface layer and the 

exciton origin is essentially constant. Assuming the charge injection probability to the SnS, 

surface is the same for all MPc-Cl (where M is the trivalent metal), the quantum yield per 

incident photon (QYIP) of these Pc monolayers should be linearly proportional to their 

intrinsic monolayer electronic absorbance, or the oscillator strengths (f). The oscillator 

strengths of some trivalent metallophthalocyanines are listed in Table 3.1. The plot of QYIP 

against the oscillator strength for the chloro-Pc monolayers is given in Figure 3.2, where the 

oscillator strengths were obtained by integrating their corresponding molecular absorption 

bands in dilute solution (10'^ M in pyridine). 
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Figure 3.2 The linear relationship between QYIP and oscillator strength (f) of three 
chloro-phthalocyanines. 
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Table 3.1: Oscillator strengths for different Pes 

Pc f (erg-cm) 

InPc-Cl 0.368 

GaPc-Cl 0.845 

AlPc-Cl 0.699 

As shown in Figure 3.2, there is a clear linear correlation between the QYIP and the 

oscillator strength. This relationship implies that the probability of charge injection from a 

Pc monolayer to a SnS, surface is independent of the chemical nature of the flat-lying MPc-

Cl. 

3.3 Photoelectrochemical Process of GaPc-Cl 

The photocurrent action spectra of GaPc-CI fihns grown epitaxially on SnSi at 

different coverages are displayed in Figure 3.4. The coverage of the thin film was estimated 

by the change in frequency of a QCM with the assumption that a change of 3-4 Hz 

corresponds to an equivalent monolayer. 

Figures 3.3 and 3.4 show the solution absorption spectrum in pyridine, and 

photocurrent yield spectra of GaPc-Cl on SnS^ at coverages of about 1-70 monolayers 

deposited at a substrate temperature of ca. 50° C. 

It is apparent that the monomer peak positions are red shifted in the epitaxial thin 

films as compared to the peak position in the corresponding solution spectrum at 687 nm. 
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Figure 3.3 The electronic absorption spectrum of GaPc-Cl pyridine solution (1.62x 10"' 
M). (Path length = 0.1 cm) 
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This could be attributed to a tendency of these Pc thin films to pack in crystal polymorphs 

that produce significantly broadened and red-shifted Q-band spectra [13, 56, 201-206]. It is 

surprising that a relatively narrow Q-band and an invariant peak at ca. 720 nm were observed 

under all conditions. With increasing coverage, the peak becomes broader and a shoulder 

around 790 nm appears. Different polymorphic crystalline forms of the trivalent metal Pc's 

have been studied [137, 201,207, 208]. Due to the nearly D4h symmetry of the molecules, 

the lowest unoccupied molecular orbital is doubly degenerate. The degeneracy is 

characterized by the single sharp transition observed in the B- and Q-bands for solution 

monomers [209]. According to previous work [137], both bands of 720 nm and 790 nm arise 

fi-om symmetry allowed Ag to £„ in-plane transitions. At low coverage, particularly at 

monolayer coverage, the Q-band of photocurrent action spectra at ca. 720 nm remains as 

narrow as the solution absorption spectra for unaggregated GaPc-Cl. As film thickness 

increases, a shoulder around 790 nm appears, corresponding to GaPc-Cl head-to-head 

aggregates. The Q-band, however, remains relatively narrow, indicating a homogeneous 

packing environment and a "layer-to-layer" growth model are sustained for those epitaxial 

layers. Upon further increases in coverage to ca. 70 monolayers, the QYIP is decreased. On 

the basis of the exciton hypothesis, photocurrent is created by the dissociation of excitons 

into carriers within the electrode boundary layer or the surface layer [3, 199, 200]. As the 

film thickness increases, the probability of an exciton reaching the boundary is lower and the 

probability of exciton recombination is much higher. 
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3.4 Photocurrent Study of AlPc-F 

In Figures 3.5 and 3.6 the solution absorption and photocurrent spectra of an 

epitaxially grown AlPc-F thin film deposited under high vacuum conditions is displayed. 

It is noted that AlPc-F prefers to form a linear cofacial stacking arrangement when 

it is deposited at the proper substrate temperature because of the large electronegativity of 

fluorine. It was found from solution electronic spectroscopic investigation of AlPc-F in 

pyridine, that AlPc-F displayed not only the sharp monomer peak at 674 nm, but also a 

tendency to generate aggregates which resulted in a blue- shifted absorption peak even in 

very dilute solution (Figure 3.7). Additional evidence of the strong aggregation tendency is 

the relative insolubility of AlPc-F in most commonly used organic solvents, including 

pyridine. 

Ultra high vacuum deposited AlPc-F thin fihns which were deposited at a relatively 

high substrate temperature appear to possess long range ordering, and purely linear cofacial 

AlPc-F stacking arrangements with an imique, narrow Q-band at 635 nm (Figure 3.6), that 

arises from H aggregates with eclipsed benzenoid portions of the molecules facilitated by 

strong Al®' -F*" -Al*^ -F** interactions. This kind of packing leads to a blue shift in the 

Q-band maximum as compared to the solution monomer spectrum. 

At lower substrate temperatures and multilayer fihn thicknesses, instead of the above 

unique molecular packing arrangement and long range ordering, AlPc-F thin films may 

possess several non-equivalent domains, including monomers, dimers and aggregates. Figure 
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Figure 3.7 Solution absorption spectra of AiPc-F in pyridine at different concentration 
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3.8 demonstrates a main peak blue shifted from the monomer absorbance maximum in 

pyridine at ca. 675 nm to ca. 635 nm for a coverage of sixteen monolayer grown epitaxially 

on SnS, surface with a shoulder at ca. 705nm. The extent of the blue shift is determined by 

the number of Pc units in the stack and their mtermolecular spacing. 

The Q YIP as determined by the photocurrent action experiments decreases at higher 

coverage of AlPc-F. This is clearly demonstrated by comparing the QYIP values in Figure 

3.8 and 3.9. The decay in the QYIP values with increasing AlPc-F coverage is expected if 

the photoinjection process involves dissociation of an exciton state at the AlPc-F/SnS, 

interface. This exciton may be created at a distance from the interface, so that it must diffuse 

through the Pc layers to the SnSi surface. Moreover, Figure 3.8 and 3.9 indicate that even 

at monolayer coverage with lower substrate temperature, H-aggregates of AlPc-F have been 

formed. This is consistent with the formation of a linear cofacial aggregate with an average 

dimension of at least 6-10 Pc units [6,103,108]. 

3.5 Comparison of the Action and Absorption Spectra of AiPc-F Epitaxial Thin Films 

According to the exciton model, photocurrent is created by the dissociation of 

excitons into carriers within the electrode boundary or siirface layer. The photocurrent action 

spectrum is shifted from the absorption spectrum as long as strongly absorbed light does not 

reach the "active boundary layer" [210]. A comparison is given in Figure 3.10 between the 

action and absorption spectra for a ca. 16 monolayer thin film of AlPc-F deposited on SnS, 
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surface at a substrate temperature of 50° C. 

The absorption spectrum of the AlPc-F thin films were obtained by passing light 

through a sample cleaved from a crystal of SnS, on which AlPc-F had been epitaxially 

grown. In both the action spectrum and the absorption spectrum, the main Q-band absorption 

occurs at ca. 635 nm. As mentioned in chapter one and equation (2), the photocurrent 

spectrum can coincide with the absorption spectrum for a thin film if it is assumed that the 

quantum yield for photoinjected charge is independent of wavelength. In the action spectrum, 

however, there is also a small extra peak at ca. 700 nm. It is noted that this material is 

considered to be a polymer, consisting of a stack of AlPc-F units linked by fluorine bridges 

[180]. Calculation by the point dipole sum approximation [6,103], using the known crystal 

parameters determined for AlPc-F [178, 180], shows that an absorption maximum is 

expected at 633 nm [6], which is in exact agreement with earlier reported results [211] and 

the experimental observation of ca. 635 nm in Figure 3.10. The smaller peak at ca. 700 nm, 

which is slightly red-shifted from the solution Q-band of 675 nm in pyridine, may 

correspond to the monomeric form of AlPc-F. 

The difference between the action and absorption spectra can be understood if due 

to the strong aggregation tendency of AlPc-F, the molecules are assumed to form scattered 

polymer units before the completion of the first fiill monolayer. Only those excitons which 

are absorbed by, or which migrate to, the surface layer will be active in producing current. 

Excitons absorbed by the scattered polymer units have less chance to reach the surface layer 
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because of the possibility of recombination at traps, fluorescence, and enhanced rate of 

radiationless intersystem crossing due to coupling of parallel transition dipoles which gives 

rise to a forbidden lower exciton state [104, 108]. As a result, when compared to the 

photocurrent peak at ca. 700 nm, the photocurrent peak at ca. 635 nm diminishes 

significantly relative to the number of absorbed photons. 

3.6 Effect of Temperature 

It was found that the morphology and crystal growth of the films depend significantly 

on the substrate temperature. On SnSi, ordered crystal growth was enhanced at a higher 

temperature. Figure 3.11 demonstrates photocurrent yield spectra of InPc-Cl deposited on 

SnSi at different substrate temperatures. 

Obviously, the peak at ca. 730 nm is broad at a substrate temperature of 20°C, with 

a FWHM of ca. 150 nm. Molecular exciton theory has revealed that the width of such a 

spectrum is a reflection of the number of nonequivalent orientations of the Pc's [108,212]. 

By this model, the peak position corresponds to ensembles of discrete InPc-Cl monomer 

and/or dimer structures. Transmission electron micrographs and the corresponding electron 

dif&action patterns for InPc-Cl films deposited under similar deposition conditions on a 

mesh carbon grid also suggest that the fihns deposited at 20°C are amorphous. 

At a higher substrate temperature of 50°C, the FWHM of the photocurrent spectrum 

shown in Figure 3.11 narrows to ca. 140 nm, indicating a more crystalline nature of the film. 
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Figure 3.11 Photoojrrent jieid spectra of InPc-Cl deposited on SnS, at different substrate 
temperatures. 
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The TEM results under these conditions also suggest a more polycrystalline film because of 

the larger domain sizes and ring-like diffraction pattern. 

3.7 The Relationship between QYIP and QYAP 

The quantum yield, defined as electrons per photon absorbed (QYAP) by Pc 

molecules on semiconductor surface SnS,, is related to the photocurrent yield and the 

mechanisms of exciton transport. The QYAP is proportional to the percentage of photons 

absorbed by the thin film, while the QYIP is proportional to percentage of transmitted light. 

The relationship of QYAP and QYIP can be expressed by the following relationship: 

QYAP = QYIP/Absorbed% 

A comparison of QYIP and QYAP, obtained at the corresponding maximum absorption 

wavelength, for monolayer coverage of trivaient Pes deposited on SnS, at a substrate 

temperature 50°C is summarized in Table 3.2. 

Table 3.2: QYIP and QYAP of Pes 

Absorbance/monolayer QYIP (%) QYAP (%) 

0.013 0.31 10 

0.028 0.78 12 

0.026 0.65 11 

0.0042 0.20 20 

InPc-Cl 

GaPc-Cl 

AlPc-Cl 

AlPc-F 

In order to calculate QYAP from QYIP, it is necessary to know the monolayer 
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absorbance for each metallophthalocyanine. An estimate of the absorbance per monolayer 

was obtained from the consideration of the solution spectrum of a known concentration 

[209]. It is not surprising that the QYAP values at comparable Pc coverages scales linearly 

with the oscillator strength of the monomer in the order of GaPc-Cl > AlPc-Cl > InPc-Cl. 

The QYAP and QYIP of InPc-Cl epitaxially grown thin films at different coverages as a 

fimction of the number of equivalent monolayer are"plotted in Figure 3.12. 

Obviously, the QYIP and QYAP values of InPc-Cl layers exhibit the coverage 

dependence as expected from multilayers of phthalocyanines [31, 186, 199,200, 208,213-

215]. For the thinnest film (ca. 0.1 equivalent monolayers), the QYAP reaches almost 50 %, 

and decreases steeply with increasing film coverage. This result is consistent with the 

hypothesis that only those excited state Pes in contact with the SnS, surface undergo exciton 

dissociation to inject charge into the SnS2 conduction band. The photocurrent produced by 

excitation at any other location within the epitaxial layer can only be achieved by exciton 

diffusion, which is usually competitive with the exciton recombination process and other 

radiative, and nonradiative decay processes [31, 213], The likelihood of exciton 

recombination increases with the film thickness. This also explains why at submonolayer 

coverages, the QYIP increases almost linearly with increasing InPc-Cl thickness. The 

increase, however, is much slower beyond monolayer coverage. The onset of aggregation of 

InPc-Cl on the SnS2 surface even at submonolayer coverages causes deviation from a perfect 

Imear relationship between QYIP versus Pc coverage at submonolayer levels. 
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Figure 3.12 The comparison of QYEP and QYAP of InPc-Cl thin films on SnS, surface 
[5]. 
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The relationship between QYIP and coverages of GaPc-Cl is presented in Figure 

3.13. From the figure, it can be seen that although the QYAP may decrease with increasing 

fihn thickness, the QYIP increases significantly with coverage up to ca. 35 monolayers 

before dropping off. The QYTP increase, therefore, demonstrates that exciton transport is 

reasonably efficient up to GaPc-Cl film thickness of ca. 120 A. This finding is consistent 

with the exciton diffusion lengths reported by other researchers [216,217]. 

By comparison, the QYAP and QYIP values for AlPc-F thin films on SnSs are lower 

than those for the trivalent phthalocyanine chlorides. This effect may be caused by the 

different aggregate arrangement of AIPc-F. The strong electroneganivity (4.0) of fluorine 

combined with the relatively large polarizability of aluminum (electronegativity of 1.5) leads 

to a linear cofacial stacking arrangements of AlPc-F aggregates, in which the benzenoid 

portions of the molecules are eclipsed and the Pes are held together by strong AI®"-F''-

Al'^-F*" interactions to form H-aggregates. As predicted by Kasha et. al. [103, 108], for 

linear cofacial assemblies, relaxation of the excited state to the lowest energy level of the 

singlet is less probable than for the staggered J-aggregates. This excited state is more likely 

to decay through intersystem crossing to form the triplet state. In general, charge injection 

firom the triplet state into the SnS, conduction band is not expected to be as efficient as 

injection firom the lowest singlet state. The experimental data suggest that the quantum yield 

values for sensitization from AlPc-F aggregates are at least an order of magnitude lower than 

for the trivalent metal phthalocyanine chlorides. This behavior may be explained by the 
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3.8 Exciton Splitting in GaPc-Cl and AlPc-F aggregates 

Films of trivalent metal chloride Pes commonly display a red-shift in the Q-band of 

their electronic absorption spectra. Ordered epitaxial Pc thin films are treated by an extension 

of the point dipole model of Kasha from monolayer to multilayer coverages, according to the 

structiires proposed for those assemblies [6]. In the calculations, the lattice spacing for 

molecular centers, a, and the ring-ring separation distance, h, are assumed to be 13.7 A and 

3.34 A respectively [6]. 

As introduced in chapter 1, for a closest packed monolayer system the transition 

energy is AEmi = AEj + D - S + 2e, and for a multilayer system AE^ = AEj + D - S + 2e. In 

order to calculate the value D - S, it is assumed that the environments of the Pes in the 

ordered system are almost identical. It has been demonstrated that this assumption is 

reasonable since AE^j - AEj - e for the trivalent Pes of interest here are quite similar [6]. The 

D value can be estimated by comparing certain calculated and experimental results. For the 

closest packed molecular system studied in this dissertation, the average value of D-S is -175 

cm"' and average value of D is -627 cm"' [6]. Such a calculation with a square lattice packing 

leads to a predicted monolayer Q-band maximum at ca. 719 nm (13904 cm"') for GaPc-Cl, 

which is close to the observed spectrum at ca. 720 nm (13889 cm*'). If the second and third 

GaPc-Cl layers are also shifted as mentioned before, summation of the transition dipole 
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interactions for up to 16 monolayers leads to a movement of the Q-band transition to 796 nm. 

Such an absorbance peak is seen in the photocunent spectra of epitaxial GaPc-Cl thin films 

(Figure 3.4). 

As described earlier, the AlPc-F system can be crystallized in a linear cofacial 

arrangement to produce a parallel coupling of adjacent transition dipoles. This type of 

geometric arrangement results in Q-band optical transitions in which the higher energy 

position of the exciton manifold is preferentially populated, and the band is blue shifted from 

its position in the monomer [1, 6, 38, 108]. The exciton coupling calculations imply an 

interplanar spacing of 3.66 A for an eclipsed orientation of the adjacent AlPc-F units. The 

Q-band maximimi for a 16 monolayers film is predicted to be at 633 nm, which is close to 

the experimental value of 635 nm. 

3.9 Photocurrent Spectra of Naphthalocyanines 

Naphthalocyanines (NPc), the phthalocyanine's analogue, have recently attracted 

much attention from materials chemists [218-220]. The solution electronic absorption spectra 

and the photorrent yield spectra of VONPc, AlNPc-Cl and GaNPc-CI which were grown by 

vacuum deposition on the van der Waal's surface of the semiconductor SnS, at a substrate 

temperature of 50° C are illustrated in Figures 3.14-3.18. In contrast to the corresponding 

Pes, the position of the maximum absorption peaks in dimethylsulfoxide (DMSO) are red 

shifted about 100 nm since the extra benzene rings cause a higher extent of conjugation in 
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Figure 3.14 Solution absorption spectra of Gal^c-Cl in DMSO with different 
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Figure 3.15 Solution absorption spectra of AlNPc-Cl in DMSO with different 
concentrations. 
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Figure 3.16 Photocurrent yield spectrum of VONPc with 9 monolayer coverage on SnS-
surface at the substrate temperature of 50°C. 
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the molecules. The increased conjugation leads to lower HOMO to LUMO molecular orbital 

transition energies. The peak maximum of the photocurrent action spectrum for AlNPc-Cl 

is around 820 nm, red shifted slightly from the monomer absorbance maximum of 791 nm 

in DMSO, which is typical for dyes adsorbed on a low doped SnS^ substrate [6, 74]. The 

photocurrent spectra of VONPc and GaNPc-Cl do not show sharp peaks. Compared to the 

spectra for the related MPc-Cls, the absorption bands are broader, indicating that the films 

consist of a number of nonequivalent orientations of NPc molecules aggregated at the van 

der Waals distance. The strong aggregation properties of the NPc derivatives in solution have 

been noted earlier [221]. These results suggest that it is more difficult to get NPc to form 

epitaxial thin fihns, probably because of larger molecular size and its strong aggregation 

tendency. 
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CHAPTER FOUR 

MACROMOLECULAR ASSEMBLIES AND SPECTROSCOPIC 

CHARACTERISTICS OF OCTA-SUBSTITUTED PHTHALOCYANINES 

Generally, phthalocyanines have strong electronic absorption properties arising from 

the large ti - it* electron transition probabilities in the conjugated system of the Pc rings. 

However, phthalocyanines without any side chains are usually neither solution processabie 

in most organic solvents at room temperature, nor well-behaved in molecular assembly 

techniques that form highly ordered thin films. These drawbacks limit the expanding 

applications of phthalocyanines. As discussed in chapter one, three new 2, 3, 9, 10.16, 17, 

23, 24-octa-substituted copper phthalocyanines, an ester substituted copper Pc 

(CuPc(COOC,2H25)8), an amide substituted copper Pc (CuPc(CONHCi2H25)g) and a benzyl-

oxyethoxy substituted copper Pc (CuPc(0C2H40CH2C6H5)g) were recently synthesized [7] 

and brought into our investigations. For convenience, these Pes are abbreviated CuPcC02C,2, 

CUPCC0NHC,2 and CuPc0C20Bz, respectively, and are shown schematically in Figure 1.4. 

In contrast to unsubstituted phthalocyanines, these substituted Pes are solution 

processabie in common organic solvents such as chloroform. With these solubilizing side 

chains introduced, these modified phthalocyanines demonstrate a tendency toward self-

association, even in quite dilute solutions. They display well defined surface pressure-area 

isotherms on the Langmuir-Blodgett trough, forming well organized thin fihns. In addition. 
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these Pes can be cast as monolayer or multilayer thin fihns directly from solvent evaporation 

on various solid substrate surfaces. On the semiconductor electrode SnS,, these Pes have a 

tendency to form thin films containing isolated Pc monomers [222]. 

Although substituted phthalocyanine thin films can be fabricated by different 

methods, such as vacuum sublimation, electron-beam evaporation, solvent evaporation from 

a suspension, or dispersion in a polymer matrix, the film thickness and uniformity are not 

easily controlled. For the substituted Pes discussed in this dissertation, the fimctional groups 

present in the side chains are conductive to preferential orientation and ordering at the 

air/water interface. Consequently, the Langmuir-Blodgett film transfer technique provides 

an excellent opportimity for good control over fihn thickness, uniformity and crystallite size. 

In this chapter, macromolecular assemblies and their spectroscopic characteristics 

will be presented. As a contrasting example, commercially available 1,4, 8,11, 15,18,22, 

25-octa-substituted Copper phthalocyanine (CuPc(OC4H9)8) and 1,4, 8, 11, 15, 18, 22,25-

octa-substituted Nickel phthalocyanine (NiPc(OC4H9)g) will also be briefly discussed. 

4.1 Solution Electronic Spectra of Octa-Substituted Phthalocyanines 

Due to the conjugated n-electron system of the Pc ring, phthalocyanines exhibit two 

main electronic absorption in the ultraviolet-visible wavelength range resisting from a ti-tc* 

electronic transition. The absorption extinction coefficients of these molecules are large, 

around 1.5 X 10^ M''cm''. The electronic transition from the HOMO to LUMO (the Q-band) 



occurs around 600-700 nm [1, 223]. The band in the 350-500 nm region (the B-band 

transition) corresponds to the HOMO-1 to LUMO electronic transition. The exact peak 

position and peak splitting depend upon the packing geometry of phthalocyanine molecules, 

as demonstrated by the molecular exciton coupling model [6, 102, 103,106, 107,224]. 

4.2 Aggregation Tendencies 

Figures 4.1, 4.2 and 4.3 illustrate the typical electronic absorption spectra of 

CuPcCOiC,,, CUPCC0NHC,2 and CuPcOCiOBz respectively in chloroform solution. It was 

found that in dilute solutions (< 10"^ M), CuPcCONHCi, and CuPcOCjOBz displayed 

characteristic Q-band transitions at 692 nm and 677 nm, respectively, which are associated 

with monomeric geometric configtirations. With increasing solution concentrations, the Q-

bands broaden and are blue shifted. Additional peaks occur at ca. 634 nm and 626 nm for 

CuPcCOiCij and CuPcOCiOBz, respectively. These additional peaks are assigned as dimer 

or aggregate peaks since the aggregation tendency is large at relatively high concentrations. 

In contrast, CuPcCOiCn did not show a complete monomeric peak in chloroform at room 

temperature, even in very dilute solutions (10'^ M). This phenomenon reflects the fact that 

CuPcC02C,2 possesses a very strong aggregation capability due to strong intermolecular 

interactions, relative to the CuPcC0NHC,2 and CuPcOC20Bz. The extent of aggregation can 

be determined and expressed as an aggregation constant. The aggregation constants of these 

substituted phthalocyanines were measiired [175], and it was found that the constants had the 



1 1 I j j  

62C nm 
a; \ 

nm 

1 

.5 

see e." 

Figure 4.1 Solution absorption spectra of CuPcCOiCij at different concentrations (path 
length = 1 cm), (a) 4.57xlO-5M, (b) 2.74xlO-'M, (c) 1.06x10"^ (d) 
8.07xl0^M[175]. 
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Figure 4.2 Solution absorption spectra of CuPcCONHCp at different concentrations 
(path length = 1 cm), (a) 1.30xlO-'M. (b) 8.68xiO-=M, (c) 5 rd) 
1.79xlO-^M [175]. • • 
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Solution absorption spectra of CuPcOC^OBz at different concentrations (path 
length = 0.1 cm), (a) d.SOxIO'^M, (b) l.lOxlQ-'M. (c) l.llxlQ-^M. (d) 
4.41xlO'"M. The absorbance of (b), (c) and (d) are enlarged by 3. 10, 10 
respectively [175]. 
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relative magnitudes CuPcCOiC,, > CuPcCONHCij > CuPcOCiOBz. These results are not 

surprising. Experiments reveal that the aggregation effect is directly related to chemical 

properties of the substituent group attached to the phthalocyanines. Changing the substituents 

on the Pc ring varies the extent of aggregation of the molecules. Usually, the aggregation is 

enhanced by the presence of electron-withdrawing substituent groups on the Pc's periphery 

[225, 226]. An ester substituent group -COOCijHjs is more electronegative than an amide 

substituent group -CONHCiiHij, and an amide group is more electronegative than an ether 

substituent group -OCiRjOCHiCgHj [227]. This order of the electronegativity ties parallels 

the observed extent of aggregation of the compound studied in this dissertation. The 

influence of electron withdrawing or electron donating substiments on the aggregation is in 

agreement with simple models which account for the splitting in normally degenerate ground 

states for such molecular systems, as a result of the weak interactions in the n frontier 

orbitals of closely packed Pc system [228]. 

In contrast to the peripherally substituted Pes, the electronic spectra of CuPc(OC4H9)g 

and NiPc(OC4H9)g are different (Figures 4.4 and 4.5). The different substituted positions 

cause different electronic spectroscopic behavior. The maximum Q-band peak positions of 

these non-peripheral substituted phthalocyanines are red-shifted relative to metal-free 

phthalocyanine [115, 116]. It is reasonable to assume that the 1, 4-octa-substituted 

phthalocyanine molecules [116] stack in slipped colimms which form a herring bone type 

arrangement, with relatively weak interaction between adjacent Pc rings, which prevents 
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Figure 4.4 Solution absorption spectra of CuPc(OC4H9)g in chloroform, (a) 3.47xlO''M 
(path length = 0.1 cm), (b) 3.47x10'^(pathlength =1.0 cm), (c) 3.47x10-^M 
(path length = 1.0 cm). 
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Figure 4.5 Solution absorption spectra of NiPc(OC4H9)g in chloroform, (a). 6.53^ 10''M 
(path length = 1.0 cm); (b). 6.53^10"^M (path length = 0.1 cm); (c). 
1.31^10~'M (path length = 0.1 cm). 
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aggregation in solutions. Based on this fact, the molecular exciton coupling model predicts 

that a red shifted band may arise when molecules within cofacial columns are significantly 

slipped with one ring offset relative to its neighboring rings in the column [108]. The 

bathochromic shift induced by the non-peripheral- alkoxy groups is more pronounced and 

leads to Q-band absorption at typically 740 nm [229,230], In chloroform solutions, the Q-

band is 752 nm for CuPc(OC4H9)g and 748 nm for NiPc(OC4H9)8, indicating monomeric 

absorption. There are no apparent dimer or aggregation peaks with increased solution 

concentration. Because the meta-position substitution on the benzene, 1, 4-alkoxy-

substitution may cause more electron delocalization effects in the conjugation system of the 

phthalocyanine ring than peripherally substituted Pes, due to the electron donating character 

of alkoxy substituents. 

4.3 Surface Pressure-Area Isotherms and Monolayer Formation of Octa-Substituted 

Phthalocyanines 

Typical surface pressure-area isotherms of CuPcCOiC,!, CuPcCONHC,, and 

CuPcOCjOBz are illustrated in Figures 4.6 and 4.7 for films spread from chloroform 

solutions. The isotherm of CuPcCOiC,, shows that it does not undergo the phase transitions 

which are observed in the other Pes. This could be a reflection of strong intermolecular 

interactions between CuPcCOiCjj molecules since CuPcCOjC,, may have already formed 

stable aggregates before the formation of the monolayer on the water surface. An indistinct 
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Figure 4.6 Surface pressure-area isotherm of substituted phthalocyanines. (a) 
CUPCCO2C12 (3.27><10-'M), (b)CuPcCONHC,2(3.12xlO-*M). 
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phase transition still can be found in Figure 4.6. Extrapolation of the isotherm from a surface 

pressure of 40 mN/m to zero pressure at the steep part of the isotherm yields a surface area 

per close-packed molecule of about 175 A-, which may correspond to a packing geometry 

of an edge-on tilted orientation of the Pc ring with the side chains fully extended in the same 

plane as the Pc core [7,231-234]. 

Curve (b) of Figure 4.6 shows the isotherm of CuPcCONHC,,. By comparison to the 

isotherm obtained for CuPcCOiCij, this isotherm has two apparent condensed phase 

transition regions as the surface area per molecule is decreased. The surface areas per close 

packed CuPcCONHC,, molecule are 345 A- (surface pressure from 20 mN/m extrapolated 

to zero) and 175 A- (surface pressure extrapolated from 40 mN/m to zero), which are 

assigned as the first transition state and the second transition state respectively. If one 

assumes that at the first transition state, die Pc core and the amide portion (-CONH-) of the 

substituent lie parallel to the air/water interface, with the alkyl chain away from the air/water 

interface., the area occupied by every CuPcCONHC,, molecule is ca. 340 A- which is very 

close to the 345 A* obtained by extrapolating from the isotherm. The compression isotherm 

of CuPcC0NHCi2 produced the largest surface area per molecule of the three octa-

substituted phthalocyanines. The long alkyl chains attached to the periphery of the Pc ring 

may have enough hydrogen bonding interaction with the subphase via the amide group (-

CONH-) to allow the molecules to pack with their face parallel to the water subphase without 

slipping, stacking or overlapping. The area per molecule from the second transition state has 
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two possible explanations. Mostly likely, the long alkyl amide substituents are fully 

extended, lying with the same plane as the Pc core. 1^ ends of the alkyl chains are likely 

to be oriented edge-on to the air/water interface at a tilt angle of ca. 45-50° to the normal 

axis. Another possible explanation is that at the second transition state, under severe 

compression, the Pc core and the amide (-CONH-) portion are still lying on the water surface 

due to the hydrogen bonding with the subphase, but instead of lying perfectly parallel to the 

interface, the Pc core is tilted at a certain angle with respect to the surface. 

Although it was apparent that the molecular orientation of CuPcCOjCii and 

CuPcCONHCi, on the air/water interface are different, the isotherms are not stable or 

reproducible for either molecule, due to their strong aggregation abilities. It was also found 

that for all three of these octa-substituted Pes, stable and reproducible behavior was strongly 

influenced by the total amount of Pc placed on the trough, the concentration of the stock 

solution, the trough geometry, the age of the solution, and the rate of compression of the thin 

film. Usually, freshly made solutions showed better phase transition states in the isotherms. 

Without ultrasonacation of the solution prior to use, the molecules are tightly aggregated, 

restdting in indistinct phase transition states and variable molecular surface areas. 

Figure 4.7 displays the surface pressure-area isotherm of CuPcOCoOBz. Surprisingly, 

this isotherm shows two very distinct condensed phase transition states, in contrast with 

CuPcCOiCiz and CuPcCONHCn. The isotherm is quite reproducible if the same 

experimental conditions are maintained. Under different experimental environments, such 
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as the use of different troughs and different starting solution concentrations, the isotherms 

are dissimilar. The limiting surface areas per molecule obtained from isotherm are 99 A- and 

53 A", extrapolating from the first and second phase transition states, respectively. Based on 

previous discussions, the area of the first phase transition state is too small to correspond to 

the Pc-core lying tilted with respect to the water subphase, with the side chains extending 

perpendicular to the Pc ring (Figure 4.8 (a)). One possible orientation could be that the side 

chains are fully extended in the same plane as the Pc ring, lying edge-on to the air/water 

interface (Figure 4.8 (b)). During the course of compression, the alkoxy chains from different 

CuPcOCiOBz molecules interact each other. This interaction is stronger in the second phase 

ttansition region. It is possible that one layer of CuPcOCiOBz is slipped from the water 

surface by this intermolecular interaction, resisting in an overlapping bilayer configuration. 

This model is shown in Figure 4.8 (b). A similar molecular orientation has been proposed 

for the 2, 9,16,23-tetra-tert-butyltetrabenzotriazaporphine system [235]. 

The isotherms of CuPc(OC4H9)8 and NiPc(OC4H9)g were also investigated and are 

shown in Figures 4.9 and 4.10. These isotherms are more stable and reproducible than those 

for CuPcC02C,2 and CuPcCONHCi,, but less so than that for CuPcOCjOBz. For both 

molecules, only one sharp phase transition state can be obtained, with an extrapolated surface 

area of 103 A^ and 98 A^, for CuPc(OC4H9)g and NiPc(OC4H9)8, respectively. It is noted 

[116,117] that for these non-peripherally alkoxy substituted phthalocyanines, the molecular 

planes lie flat on the water surface in the uncompressed monolayer with the side chains 
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Figure 4.8 Possible molecular orientations of first and second phase transitions of 
CuPcOC^OBz. (a) ideal models, (b) real models. 
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Figure 4.9 Surface pressure-area isotherm of CuPc(OC4H9)g (3.12x10 M) 
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extended away from the surface. During the course of the compression, however, the 

molecular planes are forced up perpendicular to the water surface, or tilted a certain angle 

with respect to the water surface. Thus, in the phase transition state, the molecular 

orientations of CuPc(OC4H9)g and NiPc(OC4H9)g might be the same as the first phase 

transition state of CuPcOCiOBz since they are both alkoxy substituted Pes. The 1,4 position 

substitution may prevent the existence of the second phase transition. 

4.4 Fabrication of Fibers of Peripherally Substituted Phthalocyanines 

A common feature of all three peripherally octa-substituted phthalocyanines is that 

these molecules produce distinct blue fibers on the water surface when the surface pressure 

passes the collapse point. Elongated blue fibers are visible with an orientation parallel to the 

barriers of the trough. The length of the fibers is limited by the trough size. A glass 

micropipet tip or a needle tip can be used to take the fibers out of the trough to a microscope 

slide in order to image with an optical microscope. Figure 4.11 displays the optical 

micrographs of CuPcCOiC,, and CuPcCONHC^. 

The fibers are formed as a bundle of thin threads which are floating on the air/water 

surface. It was found that these fibers are relatively fragile and easy to break into small units 

during the transfer process. The ends of the fibers are usually frayed and the fibers exhibit 

birefringence using polarized light microscopy. 

The optical micrographs of CuPcOCoOBz are shown in Figure 4.12. Unlike the other 



Figure 4.11 Optical micrographs of (a) CuPcCONHCij and (b) CuPcCOiCj, fibers. 



Figure 4.12 Optical micrographs of CuPcOCjOBz fibers. 
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two octa-substituted phthalocyanines, the fibers of CuPcOCiOBz are exceptionally rigid, 

and easy to withdraw from the water surface of the trough and transfer to a solid substrate 

without structural damage. No birefringence is found while the CuPcOCnOBz fibers are 

examined using polarized light. The UV-vis measurements taken by A. Schmidt [ Figure 

4.13] show that the CuPcOCjOBz fibers exhibit high optical density and dichroic character. 

The Q-band of the CuPcOCjOBz demonstrates an aggregation peak at 620 nm with a 

shoulder at 670 nm possibly corresponding to monomer absorbance. The blue-shifted 

absorbance maximum is expected for the formation of an H-aggregate (Figure 4.3). The 

electronic spectra taken with the polarizer oriented parallel and perpendicular to the fiber 

direction display significant difference as expected for oriented fibers. The dichroic ratio R 

(A//Ax), which was obtained from the absorbance either at 620 nm or 670 nm, was 1.31. The 

R can be used to estimate the orientation and ordering of the Pc chromophore rings in the 

fibers with respect to the reference plane. The large R value suggests that the Pc rings with 

alkoxy side chains are well ordered along long axis of assembly, forming a columnar 

discotic-like cofacial stacked assembly with Pc ring almost perpendicular or tilted a large 

angle with respect to the longitude direction of fiber. 

Wide angle X-ray scattering (WAXS) data (Table 4.1) indicates that the fibers may 

have an approximately hexagonal columnar Dh structural symmetry at room temperature. The 

data fit a structural model consisting of bundles of parallel face-to-face molecular stacks with 

the side chains fiiUy extended, with an inter-column distance of 27.7 A. A spacing between 
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Figure 4.13 UV'-vis spectra of the CuPcOC;OBz fiber taken with polarizer either (a) 
parallel or (b) perpendicular to the fiber's longitudinal direction. 
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two almost coincident Pc rings of ca. 3.4 A can be deduced from the large angles around 26.5 

degrees. The Bragg peak at 20.9 degrees corresponds to a spacing of 4.25 A, which may arise 

from the separation distance between amorphous alkoxy chains in two adjacent 

monomolecular layers. The possible packing geometry is shown in Figure 4.14 

Table 4.1: Wide angle X-ray scattering data of CuPcOCjOBz fiber 

Peak position 20 (°) Spacing d (A) Interpretation 

3.69 ±0.03 24.0 ±0.3 Dh(lOO) 

6.29 ±0.03 14.1 ±0.1 Dh(llO) 

9.88 ±0.08 9.0 ±0.1 Dh(210) 

20.9 ± 0.08 4.25 ± 0.02 planar spacing of alkoxy 

26.5 ±0.08 3.36 ±0.01 planar spacing of Pc ring 

4.5 Deposition of Pc LB Thin Fihns on Solid Substrates 

Octa-substituted phthalocyanine monolayers were transferred from the LB trough at 

both the first and second phase transitions onto various solid substrates. The vertical dipping 

method was used, with a surface pressure at the first phase transition of 15 mN/m and at the 

second phase transition of 35 mN/m, and a deposition rate of 0.1 mm/sec. Both hydrophilic 

and hydrophobic microscope slides were chosen as solid substrates. It was found that if a 

hydrophilic substrate was used, a better transfer ratio, particularly for the first monolayer, 

was achieved (ca. 100%) by first withdrawing the substrate, which was inamersed in the 

water prior to spreading the solution onto the air/water interface, from the water subphase 
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Figure 4.14 Molecular packing in the fiber of CuPcOCiOBz. 
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to air. The second layer was transferred by reinsertion of the slide into the water subphase 

to form a Y-type "tail-to-tail" Langmuir-Blodgett thin fihn in which the hydrophilic groups 

were pointed toward the substrate [109]. However, except for the first layer transfer, the 

transfer ratio for consecutive layers was only ca. 40% to 65% producing a non-homogeneous 

surface. Alternatively, a pre-treated hydrophobized microscope slide could be used as a 

substrate. Due to the hydrophobic nature of the HMDS treated surface, the thin film was 

transferred by dipping the substrate from air into the water subphase first, with transfer ratios 

for the first layer of ca. 100%. Y-fashion "head-to-head" LB thin films were formed by 

multilayer transfer, with the hydrophobic portion of the molecule pointed toward the 

substrate, as expected. The transfer ratios on subsequent dipping cycles were ca. 50%. 

The low transfer ratio for multilayer transfer and the non-homogeneity of the LB thin 

films may be the reflection of the strong aggregation tendency of these octa-substituted 

phthalocyanines. The intermolecular interaction may prevent the molecules from uniformly 

spreading on the air/water interface as a homogeneous Langmuir monolayer. Different 

molecular aggregate domains may already exist prior to transfer. Thus it is almost impossible 

to get a high and constant transfer ratio for each individual transfer step. The other possibility 

is that, with repeated withdrawal and insertion of the substrates, which are already coated 

with phthalocyanines, removal or partial loss of the LB film might take place. It was found 

that the transfer ratio was fairly insensitive to the insertion or withdrawal rate of the 

substrates. Usually, the transfer ratio is better at the second phase transition state for 
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CuPcCONHC,, and CuPcOCiOBz due to the film rigidness at this point. 

Monolayer transfer of the octa-substituted phth^ ocyanines from the trough onto other 

substrates, such as Au-MPOTE, ITO, quartz and SnS, was also examined. As expected, 

different transfer ratios were obtained for each of the solid substrates. Depending upon the 

hydrophilicity and hydrophobicity of the substrates, the ratios can be somewhat improved 

by choosing a different initial deposition method as discussed above to form Y-type "tail-to-

tail" or "head-to-head" multilayer LB thin films. 

By comparison with glass and derivatized glass, quartz and Au-MPOTE plastic slides 

did not have reasonable transfer behavior for multilayer depositions. Particularly for 

depositions beyond 6 or 7 monolayers, the transfer ratio dropped to zero, or sometimes to 

negative values indicating there was no material being transferred with each deposition. In 

these substituted Pc films adhesion to the substrates appeared poor. Reinsertion of the 

substrate which was already coated on each side with one or more layers, resulted in the loss 

of the previously deposited monolayer from the substrate. With repeated withdrawal and 

insertion of the substrate, repeated film deposition and removal took place. Thus, more than 

6 monolayers of substituted phthalocyanines could not be built up on quartz or Au-MPOTE 

substrates by simply repeating the insertion and withdrawal cycle. 

4.6 UV-vis Spectroscopic Characterization of LB and Cast Fibns 

The LTV-vis spectra of LB films and cast films of CuPcCOjCjz, CuPcCONHC,, and 
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CuPcOCjOBz are displayed in Figures 4.15, 4.16 and 4.17. For the LB thin films, all 

multilayer film transfers were performed at a surface pressure of 35 mN/m. As mentioned 

earlier, in chloroform solutions, due to the strong electron-withdrawing property of the 

peripheral substituent, CuPcCOiCit is strongly aggregated, even in very dilute solution. The 

absorption maxima of cast films of the three Pes occur around 610-640 nm with the 

shoulders at ca. 690 nm. The main Q-bands are blue-shifted ca. 60 nm from the monomeric 

Q-bands seen in solutions of CuPcCONHC,, and CuPcOCiOBz. This blue-shift in the Q-

band, versus the monomer Q-band absorption, indicates that these substituted Pes are 

linearly cofacially stacked to form aggregates in cast films [11,236, 237]. The magnitude 

of the shift of the Q-band is dependent upon the intermolecular spacing and the relative 

orientation of transition dipoles coupled in three dimensions [5,6, 55,102, 103, 108,204, 

236, 238-244], The full width at half maximum (FWHM) of the Q-band for CUPCCO2C12, 

CuPcCONHC,, and CuPcOCiOBz cast films are 147 nm, 148 nm and 119 nm, respectively. 

Based on Kasha's molecular exciton theory, the width of the Q-band is proportional to the 

number of non-eqiiivalent domains in such molecular assemblies. A narrower FWHM 

implies a more homogeneous microenvironment in the thin film. The extent of exciton 

splitting is strongly dependent upon the molar extinction coefficient of the dye, which is 

expressed as a function of the oscillator strength in equation (7), and the spacing between Pc 

ring. Previous work performed in this lab has shown that the Q-band position and FWHM 

are sensitive to the changes in microenvironment extending over 6-10 monomolecular units 
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Figure 4.15 Solution and thin films absorption spectra of CuPcCO^C,,. (a) 4.4x10"^M 
in chloroform (path length = I cm), (b) cast film on quartz substrate, (c) 2 
ML LB film on hydrophobic glass. The absorbance of (c) is multiplied bv 8 
[7]. 
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Figure 4.16 Solution and thin films absorption spectra of CuPcCONHC,,. (a) 5.21 >< 10"^M 
in chloroform (path length = 1 cm), (b) cast film on quartz substrate, (c) cast 
film on SnS2,(d)2 ML LB film on hrdrophobic glass. The absorbance of (b), 
(c) and (d) are multiplied by 3, 8, and 8 times respectively [7]. 
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Figure 4.17 Solution and thin films absorption spectra of CuPcOC^OBz. (a) 1.1 x IC^M 
in chloroform (path length = 1 cm), (b) S.Sl^IO'^M in chloroform (path 
length = 0.1 cm), (b) cast film on quartz substrate, (d) 6 ML LB thin film 
on hydrophobic glass. The absorbance of (a), (b), (c) and (d) are multiplied 
by 3, 0.6, 4.5, and 6 respectively [7]. 
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[6]. The small FWHM value of the thin film Q-band suggest that CuPcOCiOBz is more 

microscopically organized along the column axis in cast films than the other two Pes. In 

contrast with other phthalocyanines [14,19,120,245-248], these three phthalocyanines are 

more ordered in cast films. 

The absorption spectra of LB films are also illustrated in Figures 4.15, 4.16,4.17. 

Similar to the cast films, the maximum peak positions of CuPcCOiC,!, CuPcC0NHC,2 and 

CuPcOCiOBz range from 620 nm to 650 nm with a shoulder around 690 nm. Again, the 

main Q-bands are blue-shifted from their monomeric peaks with a FWHM of 126 nm for 

CuPcCOjCij, 145 nm for CuFcCONHCi^, and 114 nm for CuPcOCiOBz. The FWHM data 

for both cast and LB films are quite similar indicating that octa-substituted phthalocyanines 

in these films are organized to a similar extent. In other words, these Pes have a strong self-

assembling tendency. Sometimes there are an additional shoulder(s) on the low energy side 

of the main Q-band in the spectra of cast films and LB films, with a position close to that of 

the respective monomer in dilute solution. This extra peak may arise from randomly oriented 

monomers in the films [249]. Minor changes in the molecular architecture may also explain 

this additional absorption peak. 

It is known [102] that the selection rules for the allowed transitions predict that lower 

energy transitions are allowed with a red shift in the Q-band of the spectrum of J-aggregates 

if 0° < 0 < 54.7°, and the higher energy transitions are allowed with a blue shift and the 

formation of the H-aggregates if 54.7° < 0 < 90°, where 0 is the angle made by the 
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polarization axes of the unit molecule with the line between molecular centers. The 

aggregated molecules of these 2, 3-octa substituted Pes are considered to exist as Pc rings 

cofacially stacked to form H-aggregates in isolated linear chains. Since the molecular 

components in the Pc chains are translationally equivalent and the single Pc molecule has 

a planar structure [7], the aggregated Pc complexes can be schematically described as in 

Figure 4.18. The stacked molecules tend to be slightly staggered, to accommodate the 

placement of the metal at the center of one Pc ring in close proximity to the bridging nitrogen 

of an adjacent Pc ring. In this type of molecular packing geometry, the ring-ring separation 

distance is 3.34 A with a canting angle (|) about 45.2°. Similar canting angles have been 

observed for some aggregates of peripherally substituted phthalocyanines [250,251]. 

The electronic absorption spectra of NiPc(0C4Hg)g LB thin fihns deposited on 

hydrophilic microscopic slides (Figure 4.19) reveals that there are two prominent peaks in 

the visible region . The more intense peak is around 750 nm which is consistent with the 

solution spectrum value and the minor peak is at ca. 667 nm. The absorption spectrum of 

CuPc(OC4H9)g has a main peak at ca.750 nm with a shoulder at 683 nm (Figure 4.20). The 

FWHM values of the Q-band for NiPc(OC4H9)9 and CuPc(OC4H9)g LB films are 178 nm and 

133 nm, respectively. Cook et. al. stated [115, 116, 252] that for this type of substituted 

phthalocyanine LB film the spectra usually do not appear to fall into the monomer/dimer 

category. The deposition of the (R.O)gPcs on to hydrophilic glass by the LB technique 

exhibits a fair transfer ratio. These films display some extent of ordering and the molecules 
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(b) 

Schematic representations of 2, 3-oaa-substituted Pc's molecular packing 
suggested by UV-vis and IR measurements implying a "canting angle" 
of the Pc rings with respect to the long axis of the assembly, (a) top \'ie'.v, (b) 
side view [7]. 
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Figure 4.19 Absorption spectrum of NiPc(OC4H9)g LB film (12 monolayer) deposited on 
a glass slide at a transfer pressure of 33 mN/m. 
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Figure 4.20 Absorption spectrum of CuPc(OC4Hg)8 LB film (5 monolayer) deposited 
on glass slide at a transfer pressure of 30 mN/m. 
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are arranged with their planes approximately more or less perpendicular to the substrate 

surface [114]. According to X-ray diffraction studies [116, 253], the possible solid state 

crystal structure of 1, 4- octa alkyl and iso-alkoxy substituted phthalocyanines were 

proposed, as shown in Figiire 4.21. In this structural model, unlike in 2, 3-octa substituted 

Pes, six side chains are approximately in the same molecular plane of the Pc ring, and the 

other two chains stand almost perpendicularly to the plane acting as the spacers between 

molecules packed in a slipped stack. The shortest distance between molecules is around 8.5 

A, leading to only weak ring-ring interaction [116]. It is reasonable to assume that 

CuPc(OC4H9)g and NiPc(OC4H9)8 possess a similar molecular packing geometry with 

relatively large interplanar distances. The weak aggregation tendency exhibited by these 1, 

4-substituted Pes, in contrast with peripherally substituted Pes, may also be explained by this 

sort of characteristic molecular packing since molecular exciton coupling is strongly 

dependent upon the intermolecular spacing [102,103, 108] 

4.7 FT-TR Spectroscopic Characteristics of Substimted Pes 

Infrared spectroscopy is a powerful probe for examining molecular orientation and 

intermolecular envirormients in thin films [254-259]. In a molecule, the transition dipole 

moments of the vibrational modes can be polarized in different directions, and the orientation 

of the corresponding chemical subunits may be evaluated from polarized vibrational spectra 

by accounting for the polarization direction of the electric field E relative to the deposition 
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Figure 4.21 Schematic representations of 1.4-oaa-substituted Pc's molecular packing from 
single X-ray structure determinations. Left side; (C5H,3)gH2Pc, Right side; 
(iso-CjHu6)jH,Pc[116]. 
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direction D of the LB thin films. 

The IR data presented in this dissertation were obtained for both LB thin films which 

were deposited on ZnSe crystals and for powder mixed with IR grade BCBr and made into a 

pellet. Figures 4.22, 4.23, 4.24 and 4.25 display the 3200-700 cm"' region for normal 

incidence transmission spectra of CuPcCOjC,,, CuPcCONHC,,, CuPcOCjOBz and 

NiPc(OC4H9)g LB thin films. Most of the vibrational bands were assigned based on data in 

the literature [257-265]. The peaks assignments are listed in Tables 4.2, 4.3, 4.4 and 4.5 

below: 
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Figure 4.22 Transmission FT-IR spectra of CuPcCOiCjz taken in (a) KBr pellet, (b) 10 
ML LB film on ZnSe substrate at parallel polarization, (b) 10 ML LB film 
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Figure 4.23 Transmission FT-IR spectra of CuPcCONHCij taken in (a) KBr pellet, (b) 
10 ML LB film on ZnSe substrate at parallel polarization, (b) 10 ML LB film 
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Figure 4.24 Transmission FT-IR spectra of CuPcOCjCBz taken in (a) KBr pellet, (b) 12 
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Table 4.2: Peak assignments and dichroic ratios of CuPcC02C,2 
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V (cm"') Peak assignment" R 

2959 Va (-CH3) 1.07 

2923 Va(-CH,-) 1.15 

2851 v.(-CH,-) 1.32 

1730 V (-C=0) 1.19 

1468 6s (-CH2-) 

739 6 (ring C-H op) 1.71 

Table 4.3: Peak assignment and dichroic ratios of CuPcCONHC,, 

V (cm"') Peak assignment R 

2960 Va(-CH3) 1.07 

2924 Va(-CH3-) 0.961 

2855 Vs(-CHr) 0.932 

1771, 1713 V (-C=0), amide 0.768, 0.810 

1468, 1460 63 (-CH,-) 

735 6 (ring C-H op) 1.42 
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Table 4.4: Peak assignment and dichroic ratios of CuPcOCjOBz 

V (cm"') Peak assignment R 

2928 Va(-CH,-) 0.978 

2867 Vs(-CH,-) 0.878 

1283 v,(Pc-0-C) 1.10 

1204 v, (Pc-O-C) 1.05 

1103 vJC-O-C) 1.01 

1069 V (ring, C-H ip) 0.992 

1046 V, (C-O-C) 1.03 

745 6 (ring C-H op) 1.01 

698 6 (ring C-H op) 1.03 

Table 4.5: Peak assignment of NiPc(0C4H,)g 

V (cm"') Peak assignment R 

2957 Va(-CH3) 0.983 

2937 Va(-CH,-) 1.01 

2870 v,(-CH,-) 0.963 

1511 6 (ring) 1.08 

1274 V, (Pc-O-C) 1.01 

1220 V, (Pc-O-C) 1.02 

1074 V (ring C-H, ip) 0.970 
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According to the literature, the positions of the peak frequencies for the symmetric 

stretching and asymmetric stretching modes for -CH,, (vj (-CH,-), VjC-CHi-)) of octa-

substituted Pes provide information about the intermolecular environment of the aikyl chain. 

The peak for the symmetric stretch Vj (-CH,-) mode of a crystalline n-aikane sample (2850 

cm"') is 6 cm"' lower than in the liquid, while the (-CH,-) mode (2920 cm"') is 8 cm"' lower 

than the solution value (2928 cm"') [257]. Frequencies for CH3(CH2)2iSH in KBr and 

CH3(CH2)2ISH in liquid also shows shifts of +6 and +4 cm"' for the above modes upon 

changing from the solid to liquid phase [258]. By comparison, v, (-CHj-) and (-CH,-) of 

CuPcCOiCji and CuPcCONHC,, in KBr and LB film deposited on ZnSe (listed in tables 4.1 

and 4.2) suggest that the average local environment of an individual chain for CuPcCOjC,, 

and CuPcCONHC,, is intermediate between the crystalline and liquid states, with 

CUPCC0NHC,2 tending more toward a liquid-like state. 

The peak frequency of the -CH,- symmetric bending vibration mode S^-CHi-) is also 

a diagnostic probe for the geometric packing of the hydrocarbon chains [259, 264]. In an 

asymmetric environment, such as orthorhombic or monoclinic packing, this vibrational mode 

of the crystallized hydrocarbon chains splits into two components. However, if the 

hydrocarbon chain is in a symmetric packing geometry, there is only one vibrational band. 

The data in this dissertation show only one 6s(-CH2-) peak (1468 cm) for CuPcC02C,2 LB 

thin film and two 6s(-CH2-) peaks (1468 and 1460 cm"', respectively) for CuPcCONHC,2. 

These data may imply that there is a symmetric transition dipole for the CuPcC02C,2 alkyl 
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group and an asymmetric transition dipole interaction in the side chains of CuPcCONHC,,. 

Theoretically, in normal incidence transmission spectroscopy with plane polarized 

light, the electric field vector (E) interacts with transition dipoles parallel to the substrate 

svirface. The ordering of the molecules about the direction of film deposition (D) can be 

deduced fi-om polarized transmission spectra. The linear dichroic ratio of a particular peak 

(R) can be described as the function of the observed peak intensity A as: 

R = A(E//D)/A(ExD) 

where the E//D and EJ.D are the electric field vectors parallel and perpendicular to the 

deposition direction, respectively. The R value for some bands of some of the peaks of these 

three substituted phthalocyanines are listed in Table 4.2, 4.3 and 4.4. According to the 

literature [260,261], bands at 749,735 and 745 cm"' observed m the spectra of CuPcCOiC,,, 

CUPCC0NHC,2 and CuPcOCiOBz, respectively, were assigned as an out-of-plane C-H 

deformation of the macrocyclic ring. R values of 1.71 for CuPcCOjC,, and 1.42 for 

CUPCC0NHC,2 suggest a more intense vibrational mode for light polarized parallel to the 

dipping direction. That is, on average, the molecular Pc columns of CuPcCOiC,, and 

CUPCC0NHC,2 are somewhat parallel to the deposition direction 

In contrast, the R value of CuPc0C20Bz at 745 cm"' is almost unity; that is, the 

intensity of spectral features examined with perpendicular and parallel polarized light are 

identical (R = 1.01). This may imply random orientation of the Pc ring. Waveguide 

measurements have also confirmed this. 
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The IR peaks assignment and R ratios for NiPc(OC4H9)g and CuPc(OC4H9)g are listed 

in table 4.5. The nearly unity dichroic ratios for almost all the peaks suggest that there is little 

or no anisotropic ordering in the orientation of the molecules relative to the substrate [116, 

266]. That is, there is a lack of significant ordering of molecules on the solid substrate. These 

results are expected due to the larger interplanar distance mentioned earlier which causes 

weaker interaction and self-assembly tendency between the molecules, as compared with 

2, 3-octa substituted Pes. 
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CHAPTER FIVE 

ELECTROCHEMICAL ANALYSES OF SELF-ASSEMBLED SUBSTITUTED 

PHTHALOC YANINE THIN FILMS 

The electrochemical activity of phthalocyanines has been an attractive topic for years 

because of their applications in various fields, particularly when the Langmuir-Blodgett 

technique is used to generate highly ordered thin films with a monolayer structure for 

commercial applications, such as electrochromic devices [267], molecular electronics [268, 

269], and optical switching devices [270]. LB films of such conjugated materials are capable 

of providing mixed valence states in oxidation or reduction reactions [131]. As mentioned 

in the previous chapter, the molecular assembly properties in either non-aqueous solution or 

the LB and cast thin fihns have been greatly improved by the introduction of peripheral 

substituents to the Pc ring. In this chapter, the electrochemical behavior of three 2, 3, 9, 10, 

16, 17, 23, 24-octa-substituted phthalocyanines and one 1, 4, 8, 11, 15, 18, 22, 25-octa-

substituted nickel phthalocyanine discussed in chapter four is investigated. In addition, the 

interaction between the 18 n-electron aromatic core of the phthalocyanine ring and fimctional 

peripheral octa-substituents attached to the Pc ring is examined. 

5.1 Non-Aqueous Redox Properties of Octa-Substituted Phthalocyanines 

It was found that the substituents on the Pc core played a significant role in 
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controlling the energetic level for the reduction/oxidation (redox) processes since these 

functional substituents change the aggregation behavior resulting an extreme change in the 

electrochemical properties of the Pes in both non-aqueous and thin fihn forms. Figures 5.1-

5.3 [271] illustrate the cyclic voltammograms of CuPcCOjCji, CuPcCONHC,, and 

CuPcOCiOBz conducted in dichloromethane (DCM) using 0.1 M tetrabutylammonium 

perchlorate (TBAP) as an electrolyte. In the concentration range used for cyclic voltammetry 

investigation, CuPcCOjC,, exists mainly as an aggregate form and CuPcOCjOBz as a 

monomer. CuPcC0NHCi2, on the other hand, appears a mixture of monomer and aggregate. 

As shown in Figure 5.1, within the potential window available in the solvent used, 

one oxidation and two reduction peaks for CuPcC02C,2, were observed with quasi-

electrochemical reversibility and an approximate 60 mV potential separation (AEp) between 

the cathodic and anodic peaks at a scan rate of 20 mV/sec. It was noted that the separation 

potential is also a function of the scan rate. A linear relationship of peak current ip versus the 

square root of the scan rate v indicates a diffusion-controlled quasi-one-electron transfer 

process [271]. 

One irreversible and two partially overlapped reversible reduction peaks of 

CUPCC0NHC,2 were obtained as displayed in Figure 5.2. The peak current ratio between the 

two reduction peaks varied with the concentration of CuPcC0NHC,2. This implies that these 

narrowly separated peaks are probably from the same origin, and attributable to a one 

electron redox process related to the monomer and aggregate domains [134,135,272]. A 
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Figure 5.1 Cyclic voltanunograms of 0.6 mM CuPcC02C,2 in 0.1 M TBAP/CHiCU at Au 
electrode [271]. Scan rate = 100 mV/sec. (a) oxidation curve, (b) reduction 
curve. 
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Figure 5.2 Cyclic voltammograms of 0.6 mM CuPcCONHCi, in 0. IM TBAP/CHiClj at 
Au electrode [271], Scan rate = 100 mV/sec. (a), oxidation curve; (b). 
reduction curve. 
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Figure 5.3 Cyclic voltammogram of 0.6 mM CuPcOCiOBz in 0.1 M TBAP/CHiCU at 
Au electrode [271], Scan rate = 100 mV/sec. 
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pre-wave at -0.80 V was also observed (especially at the lower concentration) indicating the 

anion radical adsorbed at the electrode surface. Three re-oxidation peaks appeared at the 

return scan, corresponding to the re-oxidations of the monomer, dimmer and adsorbed 

species respectively. 

With the potential window, only one irreversible oxidation peak occurred for 

CuPcOCjOBz as exhibited in Figure 5.3. The peak shape and the dependence of the linearity 

of the peak current on the scan rate indicate the adsorption of CuPcOC^OBz at the electrode 

surface favored at the positive side of the potential of zero charge [271]. The peak positions 

of three Pes are summarized in Table 5.1. 
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Table 5.1: Peak potentials of CuPcC02C,2, CuPcCONHC,! 
and CuPcOCiOBz LB films fi-om non-aqueous CV 

Ep„V Ep,,V AEp,V 

CuPcCO^C/;, 

1st Reduction peak -0.49 -0.37 0.12 

2nd Reduction peak -0.88 -0.68 0.20 

Oxidation peak 1.10 1.30 0.20 

CuPcCONHC,: 

1st Reduction peak -1.20 -1.07 0.13 

2nd Reduction peak 1.34 -1.21 0.13 

Oxidation peak N/A 1.12 N/A 

CuPcOC^OBz 

1st Reduction peak N/A 1.05 N/A 

Note: 1 • Epc - Cathodic (Reduction) peak potential; 
2. Epa - Anodic (Oxidation) peak potential; 
3. AEp - Peak potential difference (Epa - Ep^); 
4. Potentials referenced to Ag/AgCl (satd. KCl) reference 
electrode; 
5. Scan rate -100 mV/sec. 

5.2 Reduction/Oxidation of Substituted Pc LB Films in Aqueous Media 

Aqueous cyclic voltammetry of three octa-substituted phthalocyanines was performed 

using a gold optical transparent electrode (Au-MPOTE), on which the Pc had been deposited. 

Figures 5.4-5.6 depict the cyclic voltammograms of multilayer LB thin films of 
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Cyclic voltammograms of a 4 ML CuPcCOjCi, LB film on Au-MPOTE 
electrode in (a) 0.1 M HNO3, (b) 0.2 M KHP. Scan rate = 100 mV/sec. 
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Figure 5.5 Cyclic voltammograms of a 4 ML CuPcCONHCij LB film on Au-MPOTE 
electrode in (a) 0.1 M HNO3, (b) 0.2 M KHP. Scan rate = 100 mV/sec. 
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Figure 5.6 Cyclic voltammograms of a 10 ML CuPcOCjOBz LB film on Au-MPOTE 
electrode in (a) O.IM HNO3, (b) 0.2 M KHP. Scan rate = 100 mV/sec. 
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CuPcC02Ci2, CUPCC0NHC,2 and CuPcOCiOBz in contact with 0.1 M HNO3 and 0.2 M 

KHP, respectively. The voltammetric oxidation and/or reduction responses of these octa-

substituted phthalocyanine LB films in aqueous solution exhibit similar behavior as to those 

for CHiCU in 0.1 M TBAP within a potential window of+L2 to -0.6 V (versus the Ag/AgCl 

reference electrode). This limited potential window confined the experiment to the study of 

the reduction process for these fihns. The peak positions for three substituted 

phthalocyanines are listed in Table 5.2. 
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Table 5.2: Peak potentials of CuPcCOiCij, 
CUPCC0NHC,2 and CuPcOCiOBz LB films from CV 

0.1 MHNO, 0.2MKHP 

E^,V E^,V AE„,V E^,V E^,V AE„,V 

CmPCCOiC/J 

1st Reduction -0.19 -0.13 0.06 -0.36 -0.30 0.06 

2nd Reduction -0.30 -0.24 0.06 -0.50 -0.42 0.08 

CuPcCONHC,. 

1st Reduction -0.18 -0.05 0.13 -0.36 -0.24 0.12 

2nd Reduction -0.37 -0.20 0.17 N/A N/A N/A 

CuPcOC^OBz 

1st Reduction 0.62 0.66 0.04 0.47 0.54 0.07 

2nd Reduction 0.98 1.04 0.06 0.93 0.98 0.05 

Note: 1. Epc - Cathodic (Reduction) peak potential; 
2. Epj - Anodic (Oxidation) peak potential; 
3. AEp - Peak potential difference (Epa - Epc); 
4. Potentials referenced to Ag/AgCl (satd. KCl) reference 
electrode; 
5. Scan rate -100 mV/sec. 

As displayed in Figure 5.4, two quasi-reversible reduction peaks are present for a 

CuPcCOiCji LB multilayer film (four monolayers) in solutions of 0.1 M HNO3 and 0.2 M 

KHP. In HNO3, two broad reduction waves at -0.19 and -0.30 V are seen, followed by a 

decline in current at -0.55 V. The wave then rises again due to the solvent interference. It is 

obvious that the reduction waves are accompanied by two symmetric oxidation waves in the 
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return sweep positioned at -0.24 and -0.13 V. In KHP, these two near-Nemstian reduction/re-

oxidation reactions are still clear as seen in Figure 5.4, although there is a slight potential 

shift to the negative direction as listed in the Table 5.2. The different corresponding positions 

of the peak potentials for HNO3 and KHP suggest that CuPcCOjC,, LB films are sensitive 

to the solution environment or pH value and electrolyte species. It was also found that the 

current ratios of these two reduction peaks varied fi'om sample to sample, indicating that 

these two reduction peaks resulted from the same reduction/oxidation reaction. That is they 

have a common origin arising from coupled electrochemical processes in thin films whose 

microstructure, (which helps to control the electrochemical process), varies between 

depositions. That is, there is more than one electrochemically active domain existing in dense 

and highly ordered Pc films which equilibrate to changes of the electrode potential at 

different scan rates [273-279]. A coupled electrochemical activity has been observed for the 

oxidation of spinal-polymerized silicon phthalocyanine PcPS LB thin films [55]. In PcPS 

thin films, the oxidation process was caused by one electron transfer from up to 80 % of the 

Pc rings in the film, regardless of the film coverage. The oxidation process was separated 

over a voltage windows of ca. 0.8 V with two discemable voltammetric peaks. The peak 

intensity changed with the film thickness, scan rate and electrolyte used. The variation of the 

iA'^ values reflect slow counter ion transport in the LB films. The transport controls the 

electrochemical process through the slow equilibration of the thin film at different electrode 

potentials, and creates more than one type of electroneutral state [55, 271]. 
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Similar electrochemical behavior is obtained for CUPCCONHCIT as shown in Figiire 

5.5. Two reduction waves occurred in a 0.1 M HNO3 electrolyte solution with the first 

reduction/re-oxidation potentials paired at -0.18 & -0.05 V, and the second at -0.37 & -0.20 

V, respectively. However, only one reduction peak is apparent in KHP. This is attributed to 

two unresolved reduction peaks at -0.36 V along with a re-oxidation peak at -0.24 V as 

shown in the Figure. Similarly, two reduction peaks for CuPcCOiC,, could result from the 

same electrochemical origin since the peak current intensity ratio changed with different 

CUPCC0NHC,2 LB films and experimental conditions. Overall, the electrochemical 

processes involved in these two octa-substituted phthalocyanines can be expressed as: 

monomer: Pc + e Pc 

aggregate: (Pc)„ + xe (Pc)„^""' 

It is clear that the choice of the aqueous electrolytes affected the peak potentials seen 

in the cyclic voltammetric results. The reaction taking place occured between the electrode 

surface coated with the LB film of Pc and the electrolyte. The reduction potentials were 

usually more positive in HNO3 than in KHP. That is, the CuPcCOjCij and CuPcCONHCji 

LB films are easier to reduce in 0.1 M HNO3. Moreover, it was found that the 

electrochemical domain in HNO3, reflected as the peak current intensity ratio, was distinct 

from that in KHP. The ratio of the reduction current intensity between the second and first 

peaks, i(pc2/i(pci), is greater in 0.1 N HNO3 than in 0.2 M KHP, especially at higher scan rates. 

This phenomenon could be attributed to the size of the charge-compensating transport ions. 
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It is easier for the smaller hydrogen ions in HNOj to penetrate effectively into the dense film 

than for the larger potassium ions in KHP. Based on this fact, it is reasonable to assume that 

the redox processes involved in octa-substituted phthalocyanines are controlled by the 

counter ion limited transport. 

Cyclic voltammograms of a 10 monolayer CuPcOCjOBz LB film on Au-MPOTE in 

both 0.1 M HNO3 and 0.2 M KHP are shown in Figtire 5.6. It is noted that two distinctive 

and well separated reversible oxidation peaks occurred at 0.54 and 0.98 V in KHP, and at 

0.66 and 1.04 V in HNO3, respectively, in sharp contrast to the corresponding irreversible 

oxidation peaks of CuPcOC^OBz in non-aqueous solution given in Figure 5.3. There is no 

reduction activity for such a limited potential window. Again, the current intensity ratio 

i(pa2/i(pai) changes from film to film, suggesting the presence of two coupled electrochemical 

domains with a one-electron oxidation process. Recent spectroelectrochemical study 

indicates that the first oxidation peak is corresponding to the aggregates of CuPcOCjOBz, 

while the second one is relating to the monomer. The electrochemical reaction of 

CuPcOCiOBz can be written as: 

monomer: Pc - e »• Pc^*"' 

aggregate: (Pc)„ - xe - (Pc)„'*-"' 

The extremely reproducible cyclic voltammograms of CuPcOC^OBz LB thin films produced 

under similar experimental environments indicate that the stabilization of a monooxidized 

state (Pc'*"*) could be a result of the delocalization of the unpaired electrons in the Pc cation 
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radical over the Pc aggregate in highly ordered and dense thin films [55,156,272,280,281]. 

5.3 Electrochemical Behavior of Monolayer LB Thin Films 

Electrochemical investigation of monolayer LB thin films is relatively difficult to 

accomplish due to the low redox sensitivity of these ultra-thin fihns. However, the cyclic 

voltammetric results of the CuPcOCjOBz monolayer LB film deposited on Au-MPOTE 

electrode were better than expected as shown in Figure 5.7. The experiments were conducted 

in both 0.1 M HNOj and 0.2 M KHP with a scan rate of 100 mV/sec. Similar to multilayer 

LB films, there are apparently two pairs of quasi-reversible oxidation peaks for the 

CuPcOCiOBz monolayer film in both the HNOj and KHP electrolytes. Their peak potential 

positions are compared in Table 5.3. 
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E vs Ag/AgCl (V) 

Figure 5.7 Cyclic voltammograms of a monolayer CuPc0C20Bz LB Film on Au-MPOTE 
electrode in (a) 0.1 M HNO3, (b) 0.2 M KPIP. Scan rate = 100 mV/sec. 
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Table: 5.3 Peak potentials of CuPcOCiOBz 
monolayer thin fikn from CV 

0.1 MHNOj 0.2MFCHP 

E^,V E V AE„,V Eoc,V AE„,V 

CuPcOC;OBz 

1st Oxidation 0.63 0.67 0.04 0.56 0.60 0.04 

2nd Oxidation 0.98 1.07 0.09 0.98 1.07 0.09 

Note: 1 • Epc - Cathodic (Reduction) peak potential; 
2. Epa - Anodic (Oxidation) peak potential; 
3. AEp - Peak potential difference (Ep^ - Ep^); 
4. Potentials referenced to Ag/AgCl (satd. KCl) reference 
electrode; 
5. Scan rate -100 mV/sec. 

In 0.2 M KHP aqueous solution, the peak positions of two oxidation/re-reduction 

pairs are shifted towards the positive direction by over 0.04 V. The AEp values varies from 

0.04 to 0.09 V, which is relatively close to the values of multilayers film. As stated earlier, 

at the second phase transition region, the monomolecular layer of CuPcOCjOBz at the 

air/water interface may be overlapped forming a bilayer. Thus, a bilayer fihn is obtained 

through the standard monolayer transfer process in one stroke. The significance of the cyclic 

voltammogram from the CuPcOC^OBz bilayer thin fihn is that it reveals the existence of the 

aggregation tendency. That is, even at low coverage, there are akeady several molecular 

domains-both monomer and aggregates in the highly ordered LB thin films. 
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5.4 Cyclic Voltammetry of Substituted Pc Cast Films 

The electrochemical activity of three octa-substituted phthalocyanines was also 

carried out in aqueous BIN03 and KHP solutions as displayed in Figures 5.8-5.10. Cyclic 

voltammograms of the CuPcCOiC,, and CuPcCONHCj, cast films are consistent and similar 

to those for the corresponding LB films at comparable coverages. There were two apparent 

reversible reduction peaks for the CuPcCOiCij cast film both in 0.1 M HNO3 (at -0.18 & -

0.30 V), and in 0.2 M KHP (at -0.34 &. -0.48 V), representing a near-Nemstian 

electrochemical response in different electrolytes. For the CuPcC0NHC,2 cast film, two 

resolved irreversible reduction peaks were obtained in 0.1 M HNO3 with potentials 

positioned at -0.17 & -0.30 V, but on the reverse scan only one re-oxidation peak was found 

at -0.11 V due to an overlap of the two peaks. Not surprisingly, only one unresolved 

reduction peak occurred in 0.2 M BCHP. The results firom the cast films of CuPcCOiC,, and 

CUPCC0NHC,2 demonstrated a coimter ion dependence, with redox processes in 0.1 M 

HNO3 occurring at more positive potentials than in 0.2 M KHP due to the easier penetration 

of the smaller compensating hydrogen ions. These conclusions are consistent with the 

statement made in chapter four that among the three octa-substimted phthalocyanines, 

CuPcCOjC,, possesses the strongest aggregation tendency. In cast fihns, these molecules 

exhibit high aggregation tendency and form highly ordered self-assemblies. 

Unlike in the corresponding LB thin films, only an irreversible oxidation peak was 

observed in the cast fihn of CuPcOCjOBz. The oxidation peak potentials in both 0.1 M 
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Figure 5.8 Cyclic voltammograms of a CuPcCOjCij cast film on Au-MPOTE electrode 
in (a) 0.1 M HNOj, (b) 0.2 M KHP. Scan rate = 100 mV/sec. 
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Figure 5.9 Cyclic voltammograms of a CuPcCONHCiz cast film on Au-MPOTE electrode 
in (a) 0.1 M HNOj, (b) 0.2 M KHP. Scan rate = 100 mV/sec. 
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Figure 5.10 Cyclic voltammograms of a CuPcOCjOBz cast film on Au-MPOTE electrode 
in (a) 0.1 M HNO3, (b) 0.2M KHP. Scan rate = 100 mV/sec. 
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HNO3 and 0.2 M KHP are close to the first oxidation potentials in LB films of comparable 

thickness. This phenomenon suggests that the weaker aggregation tendency of the 

CuPcOCjOBz film creates the dispersed aggregates upon casting. As a result, a major 

structural reorganization may take place upon oxidation. As mentioned in chapter four, 

among the three octa-substituted phthalocyanine LB films, CuPcOC^OBz has the smallest 

dichroic ratio in the IR region. This indicates that the CuPcOCiOBz LB and cast films are 

macroscopically less organized than the CUPCCO2C12 and CuPcCONHC,, ones. The 

reduction and oxidation peak potentials of the three Pes are summarized in Table 5.4. 
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Table 5.4: Peak potentials of CuPcCOjC,,, 
CuPcCONHCiiand CuPcOCUOBz LB cast films from CV 

0.1 MHNO3 0.2MKHP 

E^,V E^,V AEp,V E^,V E^,V AE„ V 

CuPcCO.Cjj 

1st Reduction -0.18 -0.13 0.05 -0.34 -0.38 0.06 

2nd Reduction -0.30 -0.24 0.06 -0.48 -0.40 0.08 

CuPcCONHCn 

1st Reduction -0.17 -0.11 N/A -0.30 -0.22 0.08 

2nd Reduction -0.30 N/A N/A N/A N/A N/A 

CuPcOC.OBz 

1st Reduction N/A 0.70 N/A N/A 0.68 N/A 

Note: 1 • Epc - Cathodic (Reduction) peak potential; 
2. Epa - Anodic (Oxidation) peak potential; 
3. AEp - Peak potential difference (Ep^ - Ep^); 
4. Potentials referenced to Ag/AgCI (satd. KCl) reference 
electrode; 
5. Scan rate -100 mV/sec. 

5.5 Electrochemical Stability of Pc Thin Films 

Repeated cyclic scans for the three substituted phthalocyanines LB and cast films 

were attempted in both 0.2 M KHP and 0.1 M HNO3. Figures 5.11-5.13 demonstrate the 

multi-scan cyclic voltammograms of the CuPcCOiC,!, CuPcCONHC,, and CuPcOCiOBz 

LB films in BCHP. For all of the Pes, it is clear that there is a break-in effect on the first scan 
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E vs Ag/AgCl (V) 

Figure 5.11 Repeated cyclic scans for a CuPcCOiCij LB film (4 monolayers) on Au-
MPOTE electrode in 0.2 M KHP. Scan rate =100 mV/sec. 
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Figure 5.12 Repeated cyclic scans for a CuPcCONHCn LB film (4 monolayers) on Au-
MPOTE electrode in 0.2 M KHP. Scan rate =100 mV/sec. 
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Figure 5.13 Repeated cyclic scans for a CuPcOC^OBz LB film (10 monolayers) on Au-
MPOTE electrode in 0.2 M KHP. Scan rate = 100 mV/sec. 
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with some enhancement of the reductive or oxidative peaks, followed by essentially identical 

electrochemical response on the next scans. Different iA'^ behavior for the different LB fihns 

with the same Pc could be attributed to the preparation methods used. In addition, for the 

CuPcOCiOBz film, there is a considerable variation in voltammograms as the scan was 

repeated for a fresh-made film. Similarly, a residual current is obvious at the onset of the test. 

The sequential scans for all Pes are consistent over more than 10 cycles suggesting that the 

films are chemically stable. It is interesting to note that similar multi-scans could be achieved 

for the cast films of CuPcCOiC,,, CuPcC0NHC,2 and CuPcOC^OBz at coverages 

comparable to the corresponding LB films. 

5.6 Sweep Rate Dependence of Voltammetry of Pc Thin Films 

Figures 5.14-5.16 display the effect of sweep rate for the multilayer LB films of 

CUPCCO2C12, CUPCC0NHC,2 and CuPcOC^OBz in 0.2 M KHP. The scan rate ranged firom 

20 to 100 mV/sec.. It is known that the redox processes of these Pes are controlled by the rate 

of electron transfer and diffusion of counter ions penetrating through the condensed LB film 

[55]. The kinetically facile and limited oxidation or reduction processes of the Pes associated 

with the basic redox chemistry is in agreement with the existence of two different 

electrochemical domains. Similar electrochemical features have been reported for thicker 

polymer films which have been electrodeposited [282-290]. 

If the rate of charge transfer and difiusion of counter ions through the fihn is fast 
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Figure 5.14 Cyclic voltammograms of a CuPcCOiCjj LB film (4 monolayers) on Au-
MPOTE electrode in 0.2 M KHP. Scan rates of (a) 20 mV/sec, (b) 100 
mV/sec, (c) 200 mV/sec, (d) 500 mV/sec. 
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-0.18V 

E vs Ag/AgCl (V) 

Figure 5.15 Cyclic voltarmnograms of a CuPcCONHCij LB film (4 monolayers) on Au-
MPOTE electrode in 0.2 M KHP. Scan rates of (a) 20 mV/sec, (b)100mV/sec, 
(c) 200 mV/sec, (d) 500 mV/sec. 
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Figure 5.16 Cyclic voltammograms of a CuPcOCjOBz LB film (10 monolayers) on Au-
MPOTE electrode in 0.2 M KHP. Scan rates of (a) 10 mV/sec, (b) 50 mV/sec, 
(c) 100 mV/sec, (d) 200 mV/sec. 
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compared to the potential scan rate, the redox behavior nearly satisfies the Nerastian 

relationship, and the Nemst equation can be used to describe the electrochemical behavior 

of the film [291]. It was found, however, for all three substituted phthalocyanines, the peak 

potentials shifted with the scan rate. The plots of reduction or oxidation peak current ip 

versus the scan rate v or v''^ reveal that the ip dependence is complicated, and is of a 

nonlinear relationship between capacitive current and charging current [156, 274,275, 277, 

292], 

In 0.1 M HNO3, the peak potential difference AEp of CuPcCOiC,! LB fihn is ca. 60 

mV at the scan rates less than 200 mV/sec, indicating that the redox rate is controlled by 

relatively fast counter ion diffusion through die thin film fi-om the bulk solution within an 

electroactive domain. That is, there is a fast equilibration between the counter ion diffusion 

and varying electrode potential. AEp is greater than 60 mV for the CuPcCOiC,, LB film in 

0.2 M KHP even at a scan rate as slow as 10 mV/sec, suggesting the redox process is 

controlled by slow counter ion movement at all scan rates. This behavior fiirther supports the 

hypothesis that the redox reaction of the CuPcCOiCn film is sensitive to pH and the smaller 

size of the H* ions penetrating into the film more effectively than the larger K* ions. 

It is apparent that in both 0.1 M HNO3 and 0.2 M KHP, the AEp of the LB film of 

CUPCC0NHC,2 for the second quasi-reversible reduction waves is greater than 60 mV even 

at the scan rate of 10 mV/sec. as shown in Figure 5.15. This implies that a slower charge 

equilibration process is involved in this type of film as compared to a comparable coverage 
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of the CuPcCOzC,, film. 

For the CUPCOC2OB2 LB film, in either 0.1 M HNO3 or 0.2 M KHP, a consistent 

AEp of 60 mV is determined for both the first and second oxidation waves at scan rates less 

than 200 mV/sec.. This reflects the fact that there is relatively fast diffusion of compensation 

ions within a domain, which is the rate determining step. 

5.7 Coulometric Analysis of LB Films 

Based on the above discussion, it is clear that the current produced in the reduction 

or oxidation process of octa-substituted phthalocyanines is limited by the rate of electron 

transport, counter ion transport and solvent permeation. However, it is difficult to distinguish 

between the faradaic and nonfaradaic capacitive current using the cyclic voltammetry 

technique [273-279]. The capacitive currents were estimated by extrapolating linearly the 

current-voltage (iA^ curve firom a potential where the reaction took place (excluding the 

background residue current). That is, it is assumed that the current flow is entirely capacitive 

current that is proportional to the total current. However, if a nonlinear background current 

is assumed, as recommended for several polymeric electroactive films [275, 277], the 

faradaic charge quoted by the above linear method dropped as much as 30 %. 

For the cyclic voltammograms shown in Figure 5.4, after substraction of the 

estimated capacitive current using the linear extrapolation, the total integrated charge under 

the two reversible reduction peaks was determined to be ca. 39 ncoul/cm- for 4 monolayers 
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of CuPcCOiC,, LB film. The projected area of this molecule firom the surface pressure-area 

isotherm is estimated to be 175 A* for the dense LB film. A theoretical value of the charge 

passed for a 4 monolayer LB film with the above area per molecule is calculated to be ca. 37 

Hcoul/cm*. Similar experimental results were also achieved for CuPcCONHC,, LB films. 

Since LB film transfer was performed at the second transition state where the extrapolated 

surface area per molecule from the isotherm is ca. 175A", the theoretical charge passed for 

four monolayer CuPcCONHC,, LB film is estimated to be 38 ficoul/cm-. The total integrated 

charge from Figure 5.5 under the reduction waves was 36 |icoul/cm-. Overall, the firactional 

electroactivity of the CuPcCO^Cii and CuPcC0NHCi2 Pc rings is between 70 to 110 %, 

depending upon the freshness and deposition method of the fu-st layer of the LB films. 

The total integrated charge under the two oxidation waves of a 10 monolayer 

CuPcOCiOBz LB film (Figure 5.6) in KHP is determined to be ca. 34 |icoul/cm-, after 

correction for the estimated capacitive current. At the second transition state, where the 

projected area per molecule of CuPcOCjOBz is 98 A- (with an assumption of a constant 

density of the bilayer), and integrated change of 166 ficoul/cm- (for 10 monolayer) is 

calculated. This result implies that up to 20-30% of CuPcOCiOBz in this highly ordered 

dense LB film participate in the oxidation reaction. 

Furthermore, the coulometric analysis of a CuPcOCiOBz bilayer was also done, 

although tiiere was some diflSculty in resolving the real faradaic charge from the capacitive 

charge in voltammogram such as in Figure 5.7. The integrated charge under the two 
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oxidation peaks for this bilayer film was 21 [icoul/cm-. This result suggests that 60 % of 

CuPcOCiOBz molecules are involved in the oxidationj)rocess. The greater value obtained 

for the multilayer LB film than the monolayer fiirther supports the difficulty of subsequent 

layer transfer beyond the first monolayer, and indicates possible loss or reorganization 

following the deposition process. 

Recent spectroelectrochemical studies of CuPcOC^OBz multilayer LB film on ITO 

(Figiu-e 5.17) show even at an electrode potential of 1.1 V (versus Ag/AgCl reference 

electrode), which is more positive than the second oxidation potential, there is still a large 

portion of Pc molecules remaining unoxidized. This statement is supported by a strong Q-

band absorption of CuPcOCoOBz at potential of 1.15 V in Figure 5.17, implying a difficult 

and slow kinetic process of charge transport through thicker, dense packed film. 

5.8 Electrochemical Behavior of NiPc(OC4H9)g Monolayer and Multilayer LB Films 

The electrochemical reactivity of non-peripheral 1,4-octa-substituted NiPc(OC4H9)g 

LB thin films of coverages was also investigated by performing voltammetric 

characterizations in both HNO3 and KHP. NiPc(OC4H9)g behaves analogously to the CuPc, 

in that the metal center is not easily oxidized when compared to the ring, especially at 

potentials lower than 1.2 V [151]. Not surprisingly, the LB thin films of NiPc(OC4H9)g 

possess similar redox characteristic as for the CuPcOCjOBz, because both of them have 

alkoxy type substituents attached to the Pc ring which donate electrons similarly regardless 

of the substitution positions. As depicted in Figures 5.18 and 5.19, for monolayer and 
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Figure 5.17 Spectra of 9 ML CuPcOCjOBz on ITO electrode obtained by spectro-
electrochemical measurements. Potentials vs. Ag/AgCI of (a) -0.16 V, (b) 
0.44 V, (c) 0.44 V (re-reduction side), (d) 1.15 V. Scan rate = 5 mV/sec. 
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multilayer LB films of NiPc(OC4H9)g in either 0.1 M HNO3 or 0.2 M KHP solution with a 

scan rate of 100 mV/sec, and within the potential window limit of the electrolyte, only 

oxidation peaks appear. The positions are listed in Table 5.5. 

Table 5.5: Peak potentials of NiPc(OC4H9)g 
monolayer and multilayer LB films from CV 

Monolayer 

1st Oxidation 

2nd Oxidation 

0.1 MHNO, 0.2 M KHP 

Epc,V Ep^V AEp,V Ep„V E^,, V AEp,V 

-0.30 -0.40 0.10 0.27 0.52 0.25 

-0.59 -0.72 0.13 N/A N/A N/A 

Six Monolayers 

1st Oxidation -0.30 -0.40 0.10 0.25 N/A N/A 

2nd Oxidation -0.59 0.72 0.13 0.41 0.52 0.11 

Note: 1- Epc - Cathodic (Reduction) peak potential; 
2. Epa - Anodic (Oxidation) peak potential; 
3. AEp - Peak potential difference (Epj - Ep^); 
4. Potentials referenced to Ag/AgCl (sated. KCl) reference 
electrode; 
5. Scan rate - 100 mV/sec. 

Cyclic voltammograms of NiPc(OC4H9)8 in 0.1 M HNO3 media exhibit two well 

separated irreversible oxidation peaks for both monolayer and six monolayer LB films. 

However, in 0.2 M KHP aqueous solution, there is only one broad irreversible oxidation 
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Figure 5.18 Cyclic voltammograms of a NiPc(0C4H,)g LB film (monolayer) in (a) 0.1 M 
(b) 0.2 M KHP. Scan rate = 100 mV/sec. 
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Figure 5.19 Cyclic voltammograms of a NiPc(OC4H9)g LB film (6 monolayers) in (a) 0.1 
M HNO3, (b) 0.2 M KHP. Scan rate = 100 mV/sec. 
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peak for the monolayer film with AEp of 0.25V, and one irreversible oxidation/re-reduction 

pair accompanied with an extra re-reduction peak for the six monolayer film. The broadness 

of the oxidation peak implies that it is composed of two overlapped or unresolved 

irreversible oxidation peaks. These results are in sharp contrast to the two reversible or quasi-

reversible oxidation peaks of CuPcOCiOBz LB films in both HNO3 and KHP solutions at 

comparable coverages. 

It is apparent that substituted position on the Pc ring plays important role in the redox 

process. As discussed in the previous chapter, the molecular packing geometry of 1,4 alkoxy 

octa-substituted Pes [116] leads to a larger interplanar distance between two adjacent layers 

of the Pc rings. The weaker interaction between the cores results in lower aggregation 

tendency and a weaker exciton coupling effect of NiPc(OC4H9)g than that seen in other 

peripherally substituted Pes. It is reasonable to assume that the LB films generated by this 

material have a tendency to form a more unique molecular packing structure. The redox 

properties of these NiPc(OC4H9)8 films are not as stable as these of CuE^OCjOBz LB films, 

supporting the hypothesis that the greater space between two Pc rings reduces the ability to 

delocalize the unpaired electrons in the monooxidized cation radical over the Pc aggregate 

in these highly compressed thin films. 

Repeated cyclic scans for both monolayer and multilayer LB fihns in either 0.1 M 

HNO3 or 0.2 M KHP were attempted as delineated in Figure 5.19. Once again, similar to 

peripherally substituted Pes, there is a break-in effect in which the peak currents in the first 
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cycle differ from those in subsequent scans. Subsequent scans only demonstrated a small 

variation in peak current, suggesting that the films are chemical stable. 

The irreversible redox reactivities of NiPc(OC4H9)8 LB films fiirther suggest that 

there is a slow equilibrium between the charged species and the compacted thin film at 

varying electrode potentials. The rate of charge transfer and diffusion of the counter ions 

through the fihn are relatively slow as compared to the scan rates used, as illustrated in 

Figures 5.20 in 0.2 M BCHP. The AEp value is greater than 60 mV at all scan rates for this 

one-electron transfer process even at scan rates as slow as 10 mV/sec. For both monolayer 

and multilayer fihn coverages, the relationship of the peak current ip versus scan rate v is 

between v and v implying a complex nonlinear relationship between the capacitive current 

and charging potential [274,275,277,292]. 

5.9 Substituent Effects on the Electrochemical Properties of Pes 

As discussed in the previous chapter, the electrochemical properties of different 

peripheral octa-substituted phthalocyanines are quite different. Two reduction peaks are 

obvious for the thin films of octa-ester substimted Pc and octa-amide Pc in aqueous 

electrolytes, whereas two oxidation peaks are observed for the octa-benzyl-oxyethoxy 

modified Pc. The substituents definitely play a significant role in the redox process, by 

disturbing the HOMO/LUMO orbital energy levels of the unsubstituted phthalocyanine ring. 

The reduction or oxidation properties of these modified Pes depends upon the 



219 

-lOirV/k 
iOniVM 
SOntV/b 

-lOOmV/* 
200mV/t 

600 400 200 

E vs Ag/AgCI (mV) 

Figure 5.20 Cyclic voltammograms of a NiPc(OC4H9)9 LB film (6 monolayers) on ITO 
electrode in 0.2 M KHP at different scan rates. 
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electronegativities of substituents introduced to the Pc ring. The electronegativity of the 

substituents is related to [271]: (a) the electron withdrawing or electron donating character 

of the substituent on the Pc ring, which may determine both the reduction/oxidation energies 

for the monomeric species; (b) the extent of aggregation tendency; (c) the ability to stabilize 

the product of the redox reaction in contact with aqueous media. The redox study of octa-

substituted phthalocyanines conducted in non-aqueous media indicates that octa-ester 

modified Pc is the most easily reduced, and the octa-benzyl-oxyethoxy modified Pc the most 

easily oxidized. Figure 5.21 provides a qualitative view of the HOMO/LUMO energy gap 

of the unsubstituted Pc based on the correlation between monomer and dimer, where e 

represents the half exciton coupled splitting energy, and y is the energy splitting of the 

HOMO level due to the formation of a dimer. 

The existence of the van der Waals forces in the aggregate causes energy splitting of 

both the ground and excited states [228]. In the neutral state of the dimer, electrons fill both 

the u-bonding and antibonding orbitals, resulting in a net nonbonding character between two 

rings. The total energy is lower in the dimer form than in the monomer species due to the van 

der Waal's attraction between the molecules. As a result of the energy splitting, easier 

oxidation of the dimer is expected [156, 293, 294] since during the oxidation process, an 

electron is taken from the antibonding orbital of the dimer. This mono-oxidized species is 

stabilized by the delocalized deficiency of the electron density over the two Pc ring system. 

Similar electrochemical behavior is also expected for reduction of the Pc dimer with a 
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e: the half exciton coupled splitting energy; 
y: the energy splitting of the HOMO level due to the formation of a dimer. 

Figure 5.21 Schematic view of the HOMO/LUMO energy gap of the unsubstituted Pc 
based on the correlation between the monomer and the dimer [271]. 
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decrease in the first reduction potential. For the mono-reduced state, one electron has been 

added to the Eg energy level of the dimer and the interaction gains stability as compared to 

the monomer through the delocalization of the extra electron over the two rings in the dimer 

system. 

Figure 5.22 gives a schematic view of the relative HOMO/LUMO energy levels of 

the octa-peripherally substituted phthalocyanines. It demonstrates the influence of the 

electron withdrawing/donating properties of the substituents. Assimie that during the 

substitution process, the HOMO/LUMO energy separation levels involved in the first 

oxidation and reduction reaction are kept constant, only the absolute energy value changes 

upon the attachment of different substituents. This assumption has been applied by Cowan 

et.al. [294]. The previous studies revealed that ester substituents showed the strongest 

reduction tendencies among three types of substituents studied in this dissertation, and 

ethoxy modified functional group displayed the strongest oxidation properties [275]. 

If the Pc is peripherally substituted by some fiinctional groups, such as ester, amide 

or ethoxy, the absolute energy level would be shifted based upon the electron withdrawing 

or donating property of the substituents. The removal of electron density from the HOMO 

level of the monomer Pc by an electron withdrawing substituents such as ester and amide 

groups would essentially lower the absolute energy of the Pc and increase the apparent 

bonding character of the dimer with the enhanced stability. On the other hand, adding an 

electron donating substituent, such as the ethoxy fiinctional group, usually results in extra 
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Figitte 5.22 The schematic illustration of the relative HOMO/LUMO energy levels of the 
peripherally octa-substituted phthalocyanines influenced by the electron 
withdrawing/donating properties of the substituents [271]. 
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electron density in the LUMO level which is not expected to increase the stability of the 

dimer. These residts are very consistent with the aggregation constant measurement 

conducted in this laboratory [5], which revealed that the aggregation constant increases with 

electron-withdrawing character of the substituent. 

5.10 A Proposed Model of Electrochemical Processes of LB Films 

The electrochemical processes involved in the three octa-substituted phthalocyanines 

indicate the existence of more than one electroactive domain in the dense LB thin films, with 

different rates of equilibration to changing electrode potential. Generally, it can be 

hypothesized that the first domain in a LB film displays a reduction or oxidation reaction 

with facile electron and ion transport. The second domain reflects the deeper reduction or 

oxidation process inside the thin film due to the combination of the processes of the 

restricted ion and electron diffiision [55]. The reduction or oxidation reaction of the 

substituted Pc thin fihn within the electroactive domains is strongly affected by the counter 

ion expulsion rate. The preNdous study done by this laboratory [271] revealed that these LB 

fihns are microscopically well oedered, with the Pc rings standing almost perpendicular to 

the electrode substrate with the side chains compressed at a slightly different angle to 

accommodate the closest packing. 

The proposed LB film structure of CuPcOCiOBz is shown schematically in Figure 

5.23. Assimie that there are the grain boundaries among crystallites and open charmels due 
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Figure 5.23 The cross-section view of 2, 3-octa-substituted Pc's LB film [271], 
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to the existence of substituent side chains in the fihn. During the oxidation process, in both 

regions some fixed-site counter anions trapped in th^hn exist near the oxidized Pc rings 

to form bound cation-anion pairs. The spectroelectrochemical studies of a 9 monolayer LB 

film of CuPcOC^OBz on an ITO electrode in KHP electrolyte suggest that during the redox 

reaction, there is an equilibriimi process between the monomer and aggregate forms. 

Absorption spectra were taken while oxidation of Pc thin film was proceeding with a very 

slow scan rate. From Figure 5.24, it is seen that prior to the first oxidation potential (500 

mV), the Q-band of both the aggregate (ca. 617 nm) and monomer (ca. 675 nm) are shown. 

After the completion of first oxidation process (ca. 740 mV), the absorption of aggregate is 

decreased with an almost unchanged absorption intensity of monomer. When the second 

oxidation reaction is finished, the Q-band of monomer at ca. 675 nm disappears essentially. 

A narrow, intense absorption peak occurs at 615 nm, which implies the formation of a unique 

domain in the LB film under this potential. Changing in the ca. 520 nm and ca. 840 nm band 

intensities may indicate the onset for loss of parent neutral CuPc0C20Bz. 

As discussed earlier, the oxidation potential is disturbed by the aggregation 

interaction between Pes. The oxidation/reduction potentials become less energetically 

demanding with increasing size of the aggregates. Mezza [113] pointed out that 

oxidation/reduction potential difference for a monomer, dimer, trimer etc. in the SiPc system 

could be as much as several hundred millivolts. That is, a less positive potential is needed 

for oxidizing a Pc aggregate. Thus, it is reasonable to believe that for CuPcOCjOBz 
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Figure 5.24 Spectra of 9 ML CuPcOC^OBz on ITO electrode obtained by spectro-
electrochemical measurements. Potentials vs. Ag/AgCl of (a) -0.16 V, (b) 
0.44 V, (c) 0.74 V, (d) 1.04 V. Scan rate =10 mV/sec. 
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molecules the first oxidation potential is most likely related to the oxidation process of Pc 

aggregates, (Pc)n (Pc)n'^'* + xe, while the second one corresponds to monomer oxidation, 

Pc»»Pc" + e. Comparable electrochemical processes are also proposed for CuPcCOiCij and 

CUPCC0NHC,2. The presence of both monomer and aggregates leads to two separate 

reduction processes. The aggregate form is expected to have a lower reduction potential. 
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CHAPTER SIX 

CHARACTERIZATION OF MIXED LB FILMS OF PHTHALOCYANINES AND 

OTHER MATERIALS 

As a class of noa-amphiphilic molecules, peripherally octa-substituted 

phthalocyanines exhibit fair monolayer behavior at the air/water interface, and form excellent 

LB films. However, the isotherms of these materials are not very stable or reproducible. 

Also, the interaction between the Pc molecules results in the formation of cofacially stacked 

aggregates even before the compression of the film (see chapter seven). Thus, it is reasonable 

to presume that the characteristics of the LB films discussed in previous chapters, including 

molecular limiting area, spectroscopic properties and electrochemical reactivity, may result 

from a combination of the properties of both monomer and aggregates. Mixing 

phthalocyanine molecules with other suitable materials may impede the interaction between 

Pc molecules and reveal the separate features due to both the monomer and aggregate. 

Previous studies of mixed LB fihns of long chain hydrocarbon substituted phthalocyanine 

mixed with stearic acid have been presented [235,295,296]. In this lab, it is found that the 

addition of cylinder-like molecules, e.g. ferrocene and decamethylferrocene, or the spherical 

molecule C^o, as space filling material changes the features of the monolayer on the water 

surface and mcreases the molecular limiting areas of CuPcOCiOBz and CuPcC0NHC,2. A 

positive shift in the oxidation potential for the one-electron oxidation process and a change 
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in the UV-vis absorption bands also occur in mixed CuPcCOiCBz/Cjo LB films. 

6.1 The Isotherms of CuPcOCiOBz, CuPcCONHC,, Mixed with Cgo, Ferrocene and 

Decamethylferrocene 

In order to investigate the influence of adding space filling materials to the Pc 

solutions, the surface pressure-area isotherms of a series of mixtures of CuPcOCjOBz/Cgo, 

CuPcCONHCij/Cfio, CuPcOCiOBz/ferrocene and CuPcOCiOBz/decamethylferrocene at 

different molar ratios were measured as illustrated in Figures 6.1,6.2,6.5 and 6.6. It has been 

noted that ferrocene and decamethylferrocene do not give stable monolayer behavior at the 

air/water interface. It is impossible to obtain a surface pressure-area isotherm for either 

ferrocene or decamethylferrocene, due to the slight solubility of these molecules in the water 

subphase. Because of their solubility, the molecules may be lost by submerging below the 

air/water interface. It is also found that the formation of a C^o monolayer is not stable and 

reproducible, although a surface pressure-area isotherm of €«) from benzene solution can be 

achieved. The limiting area is 27 A'/molecule which was extrapolated from the isotherm of 

Figure 6.1. The behavior of pure Cso at the air/water interface indicates a collapsed film 

rather than a homogeneous monolayer [297]. Mixed fihns of Cjo and fatty acids or long-

alcohols in a 1:1 ratio [298-300] also do not give the expected areas, indicating aggregation 

of the C«, molecules. The smaller limiting area for molecules on the LB trough compared 

with the value for C^o obtained by X-ray diffraction (7 A in diameter corresponding to 38.5 



[301] suggests that molecules tend to be pushed up or overlap each other during the 

compression. _ 

It is apparent that upon addition of C^o to the CuPcOCiOBz solution, as presented in 

Figure 6.1, the shape of the isotherms are distorted, in contrast to the two sharp phase 

transition states of pure CuPcOCiOBz. With increasing ratio in the CuPcOCiOBz/Cjo 

mixed solution (curve (a) and (b) in Figure 6.1), the first and second phase transitions 

become ambiguous, and the limiting area of CuPcOC^OBz at the "first transition state" 

becomes larger. As discussed previously, during the first phase transition, the side chains of 

CuPcOCiOBz are fully extended lying in the same plane as the Pc ring edge-on to the 

air/water interface. Addition of molecules may break, or at least partially break the 

interactions between Pc rings and the interactions between the temiinal benzene rings which 

hold the aggregate together. molecules are assumed to be located between adjacent 

CuPcOCiOBz molecules, acting as spacing materials. This molecular arrangement leads to 

the formation of a "sandwich" molecular packing geometry and an increase in the limiting 

area of CuPcOCiOBz with increasing C^o ratio in the mixture (Figure 6.2). In chapter four, 

it is hypothesized that one layer of CuPcOC^OBz is slipped from the water surface to form 

an overlapping bilayer configuration at the second phase transition of CuPcOCiOBz. 

However, the presence of C^o molecules may interrupt the interdigitation between the 

terminal benzene rings and break up this "bilayer" configuration. Thus the second phase 

transition became more ambiguous and the width of the phase transition plateau of the 
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Figure 6.1 Surface pressure-area isotherms of CuPcOCjOBz/Cgo mixtures, (a) 
CuPcOCjOBz; = 1 ;0, (b) CuPcOCjOBz: 0® = 2:1, (c) CuPcOCjOBz: Cgo 
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isotherms in Figure 6.1 increases with increasing Cgo concentrations from (a) to (b). 

When Cgo molecules are mixed with another peripheral octa-substituted Pc, 

CUPCC0NHC,2, the situation is little different as depicted in Figure 6.3. Without the addition 

of any Cjo, the surface pressure-area isotherm displayed two clear and separated phase 

transitions (curve b), implying the possibility of two molecular orientations at the air/water 

interface as the monolayer was compressed. However, as the amount of C®) in the 

CuPcCONHCi/Cfio mixed solution increased, the second phase transition began to disappear. 

At a CuPcCONHCii/Cjo ratio of 1:2, only one phase transition state exists (curve (e)). The 

limiting area per molecule obtained from curve (e) is 182 AVmolecule which is between the 

limiting area values obtained for the first transition (225 AVmolecule) and the second 

transition (129 AVmolecule) for pure CuPcCONHCji. It is believed that the C^) molecules 

are tightly incorporated into the CuPcCONHC,, molecules. As mentioned in the previous 

chapter, for the CuPcCONHC,2 system, some carbonyl groups possess the ability to form 

hydrogen bonds with the water surface. This may result in a molecular orientation in which 

the Pc ring lies flat or tilts at a small angle with respect to the air/water interface with the 

alkyl moiety chains extending away to form a "basket-like" molecular configuration with a 

cavity dimension larger than 13 A, without slipping, stacking or overlapping. This 

assxmiption is supported by the comparison of the width of the transition regions for different 

isotherms with varying Cgo/Pc ratios. Based on this fact, we hypothesize that in the 

CuPcCONHC,t/Cso mixed monolayer on the water surface, Cgo molecules are incorporated 
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Figure 6.3 Surface pressure-area isotherms of CuPcCONHCjz/Cgo mixtures, (a) 
CuPcCONHCi2:C6o = 0:1, (b) CuPcCONHCurCjo = 1:0, (c) CuPcCONHCiz: 
Cfio = 2:1, (d) CuPcCOMHCi2:Cfio =1:1, (e) CuPcC0NHCi2:C«, = 1:2. 
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into the "basket" formed by the side chains reducing aggregation between CuPcCONHC,2 

molecules which exist as monomers on the water sxirface (Figure 6.4 (a)). Possible rt-electron 

delocalization between Pc ring and Cgo stabilizes this configxiration. Diederich et.al. obtained 

similar results for the mixed -Cyo/Azacrown system [297]. The rigidity of this 

configuration and hydrogen bonding between the Pc and water subphase prevent the opening 

of the "basket". When the monolayer is further compressed, the Pc ring starts to tih with 

plane of the Pc ring canting ca. 50-60° with respect to the water siuface [7]. It is noted that 

another packing geometry in which some of C^, molecules lie between two Pc 'basket' is also 

possible [Figure 6.4 (b)]. This geometry is caused by the contraction of the side chains which 

reduce the size of 'basket' and prevent C^o from filling in the "cavity". With this type of 

molecular orientation, Pc molecules have a stronger tendency to form aggregates. The on-

trough spectroscopic study should be a powerful technique to identify which molecular 

packing is more favorable at the air/water interface due to the different maximum absorption 

wavelengths of the monomer and aggregates. 

The influence of cavity filling cylinder-like materials, such as ferrocene and 

decamethylferrocene, on the molecular orientation of CuPcOCiOBz at the air/water interface 

and the isotherm features were also investigated as demonstrated in Figure 6.5 and 6.6, 

respectively. In contrast to the CuPcOCjOBz/Cm mixture, addition of either ferrocene or 

decamethylferrocene does not significantly affect the orientation of CuPcOCiOBz on the 

water surface. It is apparent that these isotherms exhibit two clear phase transition states at 
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Figure 6.4 Proposed molecular packing of CuPcC0NHC,2 at the air/water interface in 
the presence of C«,-
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Figure 6.5 Surface pressure-area isotherms of CuPcOCjOBz/Ferrocene mixtures, (a) 
CuPcOCjOBz: Ferrocene = 1:0, (b) CuPcOC^OBz: Ferrocene = 2:1, (c) 
CuPcOCjOBz: Ferrocene = 1:1, (d) CuPcOC20Bz:Ferrocene = 1:2. 
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Figure 6.6 Surface pressure-area isotherms of CuPcOC20Bz/DecamethyIferrocene 
mixtures, (a) CuPcOCjOBziDeca = 1:0; (b) CuPcOCiOBzrDeca = 2:1; (c) 
CuPc0C20Bz:Deca = 1:1; (d) CuPc0C20Bz:Deca = 1:2. 
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all mixture ratios. Unlike the mixed monolayer of Pc mixed with fatty acid reported by Lever 

et. al. [295], a mixed monolayer of CuPcOC,OBz and either ferrocene or 

decamethylferrocene does not give a smaller compressibility than a pure Pc monolayer, 

indicating that a similar compact monolayer has been obtained. As expected, the area 

occupied by one CuPcOC^OBz changes in a consistent manner upon increasing the 

concentration of the ferrocene or decamethylferrocene in the CuPcOCiOBz/ferrocene or 

CuPcOCiOBz/ decamethylferrocene mixture from curves (a) to (d). It is suggested that 

ferrocene or decamethylferrocene molecules locate between extended CuPcOCiOBz 

molecules as in Figure 6.2. Such an arrangement allows the CuPcOC^OBz molecules to stack 

and retain a sandwiches packing geometry with the ferrocene or decamethylferrocene, and 

leads to the expansion of the limiting area. At the second transition state, however, the 

average extrapolated areas per molecule of both the ferrocene and decamethylferrocene 

mixed monolayer remain unchanged, compared with Pure CuPcOC^OBz monolayer. This 

situation may indicate that the ferrocene or decamethylferrocene molecules are "pushed up" 

between CuPcOCiOBz molecules upon compression [302]. 

6.2 The Spectroscopic Studies of CuPcOCjOBz/Cjo Mixture 

The UV-vis spectra of the CuPcOC^OBz/Cgo mixed LB fihns transferred to a Au-

MPOTE thin film are given in Figure 6.7. The addition of C^o does not improve the 

multilayer transfer process to a variety of substrates. It is found that within the wavelength 
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Fieure 6.7 Absorption spectra of CuPcOC,OBz/C6o mixed 9 monolayer LB film. (1:2) 
CuPcOCOBz : Cfio = 1 : 2, (1:1) CuPcOCOBz : Ca, = 1 : 1, (2:1) 

CuPcOCpBz : Cfio = 2 : 1. 
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range used, the Cm molecule does not influence the electronic transition properties of 

CuPcOCjOBz, particularly in the Q-band region. However, this is expected, because C^o does 

not strongly absorb in this wavelength region. The broad and blue-shifted Q-band suggests 

that CuPcOCiOBz molecules tend to form H-aggregates, even in these mixed multilayer LB 

films. Another interesting feature of the mixed multilayer spectra is that there is a very weak 

, broad absorption band in the region of400 nm to 480 nm, which is well resolved from the 

B-band of the Pc in the higher C^o ratio mixtures. This band originates from the interaction 

between C®, molecules [297]. This may indicate that there exist microscopic regions of €«)-

aggregation in the CuPcOCjOBz/Cgo multilayer LB fihns. 

Spectroelectrochemical investigation was also attempted. Figure 6.8 depicts two 

absorption spectra of a 9 monolayer, 1 to 1 ratio CuPcOC^OBz LB fihn before and after 

oxidation at 1.1 volts for ca. 60 seconds. Unlike the behavior seen for other Pes [55], the 

main Q-band of the CuPcOCoOBz/Cgo film does not display any apparent changes such as 

shifting of the peak maximum, the appearance of the extra peaks or changes in absorption 

intensity upon oxidation. However, in the wavelength regime of 400nm to 500 nm, a 

relatively narrow absorption maximum arises which is mist likely due to the B-band 

absorption of CuPcOCiOBz. It is presumed that removal of one electron from HOMO level 

may increase the electronic transition probability of the HOMO-1 orbital. 
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Figure 6.8 Absorption spectra of CuPcOC^OBz/Cgo mixed 9 monolayer LB film before 
and after oxidation at LI V. 



244 

6.3 Redox Reactivity Investigation of CuPcOCiOBz/Cgo Mixture 

Figure 6.9-6.12 show a series of repeated cyclic voltammograms of 

CuPcOCiOBz/Cgo multilayer LB films at different mixture ratios conducted in a 0.2 M KHP 

supporting electrolyte solution with a scan rate of 100 mV/sec. The oxidation peak positions 

are summarized in table 6.1. 

Table 6.1: Peak potentials of CuPcOCjOBz/Cjo multilayers at different mixture ratios 

mixture ratio first oxidation second oxidation 

(CuPcOCOBz/Cfio) Epa Epc AEp Ep. Epc AEp 

1 :0 0.54V 0.47V 0.07V 0.98V 0.93V 0.05V 

2 : 1 0.62V 0.57V 0.05V 1.03V 0.92V O.IIV 

I : I 0.75V 0.68V 0.07V L08V 0.94V 0.14V 

1 :2 0.82V 0.76V 0.06V 1.13V N/A N/A 

Note: 1- Epc - Cathodic (Reduction) peak potential; 
2. Epa - Anodic (Oxidation) peak potential; 
3. AEp - Peak potential difference (Epj, - Ep^); 
4. Potentials referenced to Ag/AgCl (satd. KCl) reference 
electrode; 
5. Scan rate - 100 mV/sec. 

Most of the oxidation peaks for these films are reversible or quasi-reversible at the 

scan rate of 100 mV/sec. The oxidation peak potentials, Epa, observed are substantially 

shifted toward the positive direction with increasing C^o ratio in the mixed LB film. It is 

assumed that the addition of molecules could somewhat interrupt the interaction [235] 
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Figure 6.9 Repeated cyclic scans for a CuPcOCzOBz LB film (10 monolayer) on Au-
MPOTE electrode in 0.2 M KHP. Scan rate = 100 mV/sec. 
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Figure 6.10 Repeated cyclic scans for a mixed CuPcOCjO^z/Cgo LB film (9 monolayer) 
with ratio of CuPcOCjOBz :C^ = 2 : 1 on the Au-MPOTE electrode in 0.2 
M KHP. Scan rate =100 mV/sec. 
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E vs Ag/AgCl (V) 

Figure 6.11 Repeated cyclic scans for a mixed CuPcOCjOBz/Cgo LB film (9 monolayer) 
with ratio of CuPcOCjOBz ; C^o = 1 : 1 on the Au-MPOTE electrode m 0.2 
M KHP. Scan rate =100 mV/sec. 
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Figure 6.12 Repeated cyclic scans for a mixed CuPcOCzOBz/Ca, LB film (11 monolayer) 
wiA ratio of CuPcOCjOBz : €«, = 1 ; 2 on the Au-MPOTE electrode in 0.2 
M KHP. Scan rate = 100 mV/sec. 
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between CuPcOCiOBz molecules, reducing the aggregation tendency. As more Cm is added, 

more CuPcOCjOBz aggregates are dissociated forming monomers. Generally, in the n-ring 

system, n-n interaction often results in the perturbed oxidation potential, where the first 

oxidation becomes less energetically demanding with increase in the aggregation number 

[134, 135,239,271, 281,293,294]. 

It was noted [271] that the aggregation of Fes can be treated as a weak bonding 

arrangement with splitting of both ground state HOMO and excited state LUMO energies 

of the affected orbitals, resulting in a smaller energy gap and an energetically more feasible 

first oxidation. The interaction between the HOMO orbital in the' dimer or aggregate 

stabilizes the one-electron oxidation product since the monooxidized species may delocalize 

the unpaired electron in the cation radical over the whole Pc aggregate. In the related 

polymerized PcPS system [55], every polymer unit contains 10 to 100 Pc rings. The small 

interplanar distance and stronger interaction between Pc rings lead to a large negative shift 

of the first oxidation potential of the polymer with respect to the monomer. Similar results 

have been obtained with other molecules such as t-butyldimethylsilyl silicon phthalocyanine 

[242], biferroccene [303], biferrocenylene [304], bridged biferrocenes and 1, 1'-

polyferrocenes [305], ligand-bridged ruthenium complexes [306], porphyrins [307,308] and 

metallocycle molecules [309]. Based on previous arguments, we can hypothesize that for the 

conjugated system, a larger extent of aggregation gives a more negative first oxidation 

potential. 
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6.4 Examination of the Permeability of a CuPcOCiOBz/Cgo LB Film 

The permeability and imiformity of the CuPcOCiOBz/Cgo (2 : 1 ratio) LB film was 

investigated by cyclic voltammetry in a ca. 10'^ M potassium ferrocyanide solution with 0.2 

M BCHP electrolyte as displayed in Figure 6.13. It is apparent that the oxidation/re-reduction 

of Fe(CN)6^ occurring on bare Au-MPOTE electrode (voltammogram (a)) is blocked by the 

CuPcOCoOBz/Cfio film coated on Au-MPOTE (voltammogram (c)) (although the oxidation 

potential of ferrocyanide is lower than CuPc0C20Bz) indicating a densely packed and 

impenetrable (or pin-hole firee) CuPcOCiOBz/Cgo LB fihn. However, the oxidation current 

of the CuPcOCiOBz/Cfio film is substantially increased over that seen in electrolyte solution 

without ferrocyanide anions. It is assumed that the presence of ferrocyanide anion 

electrocatalyzes the regeneration of neutral CuPcOCiOBz [55]. The oxidation of the 

ferrocyanide anion at this electrode can only occur if the Pc film is conductive, transferring 

the electron and compensating ion between the electrode and ferrocyanide solution. Similar 

behavior has also been seen on the reversed re-reduction sweep. 
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Figure 6.13 Permeability of a 9 monolayer mixed LB film (CuPcOQOBz/Cgo = 2 ; 1) in 
0.2 M KHP/ lO'^M K4[Fe(CN)s]. Scan rate = lOOmV/sec. (a) K^peCO^g], 
(b) LB film of CuPcOCjOBz/Cfio = 2:1, (c) LB film of CuPcOCjOBz/Ca = 
2 : 1 in 0.2 M KHP/ lO'^M K4[Fe(CN)6] solution. 
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CHAPTER SEVEN 

ON-TROUGH SPECTROSCOPIC AND CYCLIC VOLTAMMETRIC STUDIES OF 

LB FILMS OF Pes AT THE AIR/WATER INTERFACE 

It is well known that surface pressure-area isotherms do not give a complete 

molecular level picture of thin film packing structures. Spectroscopic and electrochemical 

investigations of Pc monolayers in tandem with the formation of the isotherm provide 

important information about molecular orientation, intermolecular distance, electron and 

charge transfer processes and die microscopic enviromnent surrounding each molecule [125]. 

Usually, these studies are performed on an LB thin film which has been fabricated by 

transferring the monolayer film from the air/water interface to a solid substrate. However, 

the conventional LB fihn may undergo deformation of the film structure during film transfer 

onto the solid substrate [170] due to the movement of the substrate through the film formed 

at the air/water interface. Investigation of the original Langmuir film at the air-water 

interface, prior to being transferred to a substrate, may reveal information regarding initial 

film formation, chromophore density, geometric orientation, two-dimensional configuration, 

aggregation behavior, electron and charge transfer properties, and chemical and physical 

stability. Since exciton coupling theory is essentially based on the treatment of molecular 

geometry, a combination of the isotherm and spectroscopic measurements using the exciton 

coupling theory can be usefiil in drawing conclusions about fihn structure [126]. Changes 
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in the amount molecular aggregation in the spread monolayers, upon compression, can also 

be studied on the basis of wavelength shifts of the lowest energy absorption band. 

7.1 Isotherms of CuPcOCiOBz Obtained with Different Subphase Solutions 

The influence of different subphase solutions on the surface pressure-area isotherm 

of CuPcOCjOBz was examined, as given in Figure 7.1 and 7.2. The isotherm and 

spectroscopic behavior on a pure milli-pore water subphase were compared to the behavior 

on subphases of various supporting electrolytes which were necessary to make the subphase 

sufficiently conductive for electrochemical experiments. Subphases of 0.1 M KHP, 0.1 M 

NaC104, and 0.1 M LiC104 were used to study the interaction between different metal cations 

and CuPcOCiOBz. It has been noted [310] that the surface pressure-area isotherms of 

surfactant derivatives, such as the ruthenium tris (bipyridine) complex, Ru(bpy)3-'^, are 

affected by the composition of the subphase solution. The cations in the subphase might 

change the stability of the monolayer at the air/water interface [311, 312] and prevent 

deposition [313]. For the CuPcOCiOBz system studied in this lab, it is apparent that for both 

phase transition states, the addition of supporting electrolytes causes the transition from a 

liquid-like condensed film to a solid-like film to become less sharp, indicating that the 

monolayer fihn is relatively more compressible in the presence of electrolyte. In addition, 

both the average limiting area per CuPcOCjOBz and the surface pressure at the &st phase 

transition point increase in the sequence from Figure 7.1 (a) to Figure 7.2 (b), which are 
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Figure 7.1 Surface pressure-area isotherms of CuPcOCiOBz with (a) milli-pore water, 
(b) 0.1 M KHP as subphases. 
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Figure 7.2 Surface pressure-area isotherms of CuPcOCjOBz with (a) 0.1 M NaCI04, 
(b) 0.1 M LiC104 as subphases. 



256 

listed in table 7.1. 

Table 7.1: Limiting areas and surface pressures of first phase transition of CuPcOCiOBz 
in the presence of electrolytes 

Water 

0.1 MKHP 

0.1 MNaC104 

O.I MLiC104 

Limiting area (A*) 

53 

57 

63 

70 

Surface pressure (mN/m) 

24 

34 

44 

50 

It is assumed that the increases in the limiting area and surface pressure at the first phase 

transition are due to the interaction between M' and CuPcOC^OBz molecules, which 

interrupts or reduces the van der Waal's interaction between the Pc rings or interdigitation 

of the terminal benzene rings of side chains. Lithium, being the smallest element in the group 

lA has the highest ionization energy and lowest density of any solid at room temperature 

[314]. It is also possible that Li", Na*, K" possess coordinating ability with some organic 

ligand [315-317]. The stability of coordination complexes non-chelating ligands diminishes 

in the order of Li* > Na* > K" [314]. If during the course of compression, the oxygen atoms 

in the side chains of CuPcOCiOBz molecules coordinate with M" at the air/water interface, 

the interaction may allow the incorporation of water and salt molecules into the molecular 

packing structure of CuPc0C20Bz which causes an extra extension and stretch of the side 

chains , resulting in an expansion of the limiting area and a drift in surface pressure. 
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It was found that formation of CuPcOCiOBz fibers was also largely affected by the 

composition of subphase. As mentioned earlier, beyond the second phase transition surface 

pressure, CuPcOQOBz molecules are strongly interdigitated with each other, forming stable 

fibers. However, the presence of electrolyte reduces the rigidity of the fibers and increases 

the difficulty of the transfer process. When 0.1 M LiC104 was used as the subphase, instead 

of a bundle of needle like fibers on the trough, uniform, sheet like fibers are formed. This 

result further indicates that the aggregation of Pc molecules is broken up, or at least partially 

broken up by interaction between Pc molecules and Li*, so that more CuPcOC^OBz 

molecules exist as monomers. 

7.2 On-Trough Spectroscopic Studies of CuPcOCiOBz and NiPc(OC4H9)g at the Air/Water 

Interface. 

On-firough spectra were initially recorded over a period of time starting from the 

initial film formation, without any barrier compression, to investigate the possible 

spontaneous slow reorientation and reorganization processes of the CuPcOC^OBz molecules 

at the air/water interface. As displayed in Figure 7.3, the absorption spectra of a 

CuPcOCjOBz monolayer at 52% surface coverage developed as a function of time. The 

sp>ectrum measured immediately after spreading the CuPcOCiOBz chloroform solution on 

the water surface shows the main peak at ca. 685 nm, corresponding to the monomer 

absorption, with a small shoulder at 609 nm, due to the aggregate absorption. The absorbance 
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ratio of monomer to aggregates is 2.8. The relative peak intensities aroimd 680 nm 

decrease with time while the relative peak intensiti^ aroimd 620 nm increase. After 15 

minutes, the aggregate peak becomes predominant with a ratio of 0.7. It is also found 

that absolute absorption intensities for both monomer and aggregates are not consistendy 

increased or decreased with the amount of time allowed for the fihn to develop. 

Occasionally, after time has passed, no absorption can be seen at the same surface 

concentration where it had been observed previously. Furthermore, these observations are 

independent of both the initial concentration of the CuPcOCiOBz solution and the subphase 

electrolyte composition. These results indicate that, even without any compression and with 

surface coverage less than unity, the CuPcOCiOBz molecules are not uniformly distributed 

at the air/water interface. Instead, these molecules prefer to self-assemble to form many 

different molecular packing domains. Similar results on monolayers of porphyrin esters [318] 

and tetrakis (cumylphenoxy)-phthalocyanines have been reported [319]. Lever et al. stated 

[126, 320, 321] that these experimental results imply that each molecule at the air/water 

interface experiences the same degree of exciton coupling due to a spontaneous self -

assembly process to form oriented domains, irrespective of the degree of compression. It is 

suggested that due to the formation of aggregates on the subphase and the low surface 

concentration, some portion of the water surface area is uncovered by CuPcOCiOBz 

molecules. Also, the size and quantity of domains formed are different at the same surface 

coverage leading to observed differences in the on-trough spectra. It is reasonable to assume 
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that aggregates are floating and moving around the water surface [157], with respect to the 

illumination beam of the spectrometer. Thus, different absorption intensities are obtained as 

the mmiber of molecules illuminated at any given time varies. 

The on-trough electronic absorption spectra of the CuPcOCjOBz monolayer at 

different surface pressures (Figure 7.4) were obtained by simultaneously monitoring the 

isotherms and spectra at certain stages on the isotherm. Monomer and aggregates peak 

intensities vary depending upon the monolayer fabrication conditions. Without compressing 

the monolayer (curve (a) in Figure 7.4), the absorption peaks of both monomer and 

aggregates are weak. As the monolayer is compressed from (a) to (d) in Figure 7.4, the 

surface coverage rises from 52% to 136% and the surface pressure increases from 0 mN/m 

to 63 mN/m at which point the film collapses and fiber formation begins, resulting in the 

intensity of the peak due to aggregate absorption (ca. 620 nm) begirming to exceed that of 

the monomer peak (ca. 680 nm).That is, as the surface concentration increases, a greater 

number of molecules are present as aggregates and a decrease in the monomer concentration 

is observed [127]. This statement is supported by a plot of aggregate/monomer absorbance 

ratio as a function of the molecular number density (Figure 7.5). It is clear that the 

aggregate/monomer ratio continually increases in a nearly linear maimer during the 

compression. The deviation from a linear relationship could be caused by errors in baselme 

correction of the individual absorption spectrum since the signal to noise ratio is relatively 

low. It should be mentioned that on-trough spectra of the first and second phase transition 
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Figure 7.4 On-trough spectra of CuPcOCjOBz at different surface pressures with milli-
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states (curve (b) and (c) in Figure 7.4) do not sliow significant differences in either peak 

position or width. The only difference is in the absorption intensities which are related to the 

chromophore density changing in the monolayer. 

Another interesting feature of the aggregate absorption peak is that the peak 

wavelength shifts from 604 nm for an uncompressed monolayer to 621 nm for a fiilly 

compressed fiber. The shifting of this Q-band for siich aggregates is dependent upon the 

intermolecular spacing of molecules and the relative orientation of the transition dipoles 

coupled in two dimensions [5, 6, 16, 55,102,103]. According to die orientation studies of 

CuPcOCiOBz molecules detailed in previous chapters, it is presimied'that the one axis of the 

Pc ring lies in the plane of the interface, while another axis rotates from in the plane to 

normal to the plane of the interface as the monolayer compressed. That is, the Pc ring 

becomes tilted with respect to the water surface [Figure 4.18 ]. The tilt angle ((|)) can be 

estimated from the measured area per molecule using the following relation: 

(|> = area extrapolated from the isotherm/theoretical estimated area 

Thus the tilt angle of CuPcOCjOBz on the water surface at the first transition is around 60°. 

This value should be considered as an average value because the molecules probably adopt 

a range of similar tilt angles from one domain to the other. 

Similar on-trough spectroscopic studies were performed for a monolayer of 1,4-octa 

position substimted Pc, NiPc(0C4Hg)g at the air/water interface. Again, the isotherm and 

absorption spectra at different surface pressures were monitored simultaneously. The data 
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in Figure 7.6 were collected over a period of time starting from the initial film formation at 

a surface coverage of 66%, to get reorganization information of NiPc(OC4H9)j on the water 

surface. The spectrum taken immediately after spreading the solution (curve (a)) has a 

relatively narrow absorption peak at 775 nm with a high absorption intensity, in contrast with 

the other three spectra (curve (b), (c) and (d)). The peak intensities gradually decrease with 

time developed, while the peak width broadens and peak position undergoes a bathochromic 

shift. These broad peaks indicate the existence of randomly orientated domains of 

NiPc(OC4H9)g in the monolayer since the shape and peak position do not correspond to an 

LB thin film monomer at 750 nm, or H-aggregates at 683 nm. This assumption is supported 

by the particular geometric packing of NiPc(OC4H9)8 molecules with a larger interplanar 

distance, compared with CuPcOCiOBz, discussed by Cook [116]. The larger interplanar 

spacing suggests weak core-core interactions between Pc molecules, resulting in much less 

aggregation tendency and a more disordered molecular orientation, with loose Pc ring 

packing in the monolayer. These results fiarther support the idea that the substituted position 

on the Pc ring plays a significant role in die self-assembly of such a monomolecular system. 

Not surprisingly, the on-trough spectra of NiPc(OC4H9)g taken at different surface 

pressures (presented in Figure 7.7) do not demonstrate substantial changes in either peak 

shape or peak position as the monolayer was compressed. As the molecular number density 

increases, the surface concentration is enhanced resulting in an increase in the absorbance. 

At very high surface pressure (curve (c)), a weak absorption feature possibly due to an 
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Figure 7.6 Development of NiPc(OC4H9)g absorption spectra with time, after spreading 
the solution on the water surface and before compressing, (a) 0 min., Q)) 10 
min., (c) 15 min., (d) 20 min.. 



266 

0.10 

0.08 

0> 
 ̂ 0.06 c 

(0 
L-
o 

0.04 

< 

0.02 

550 600 700 750 850 650 800 900 

Wavelength (nm) 

Figure 7.7 On-trough spectra of NiPc(OC4H9)g at different surface pressures with milli-
pore water as subphase. (a) 0 mN/m, (b) 30 mN/m, (c) 62 mN/m. 
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H-aggregate appears as a shoulder of main Q-band absorption. Obviously the NiPc(OC4H9)9 

forms aggregates in certain situations, such as when the molecular packing density is very 

high. 

7.3 Spectroscopic Behavior of CuPcOCiOBz at AirAVater Interface with Different 

Electrolytes as Subphases 

The on-trough spectroscopic characteristics of the CuPcOC^OBz monolayer at 

air/water interface with different supporting electrolytes as subphases were also studied. 

Figure 7.8 to 7.10 represent the spectra taken at different surface pressures while either 0.1 

M KHP, 0.1 M NaC104 or 0.1 M LiC104 solution was used as the subphase, respectively. It 

should be noted that at the surface coverage of ca. 55%, the spectra of CuPcOC^OBz in the 

presence of KHP and NaC104 (Figure 7.8 and 7.9)do not indicate any significant change 

compared with a spectrum obtained on the pure milli-pore water surface, except for a 

decrease in the signal/noise ratio and small absorption intensity fluctuation when 0.1 M KHP 

and 0.1 N NaCl04 are used as the subphase. The intensity fluctuation indicates the formation 

of monolayer domains which are drifting on the subphase solution [123]. It is assumed that 

the presence of the K" or Na" ions leads to a more homogeneous film than that which is 

formed on the milli-pore water surface. Within this film there is a lower density of 

chromophores resulting in a lower absorbance and a decreased signal/noise ratio. 

In contrast, as shown in Figure 7.10, the presence of LiC104 in the water subphase 
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Figure 7.8 On-trough spectra of CuPcOCjOBz at different surface pressures with 0.1 M 
KHP solution as subphase. (a) 0 mN/m, (b) 30 mN/m, (c) 57 mN/m, (d) fiber. 
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Figure 7.9 On-trough spectra of CuPcOCjOBz at different surface pressures with 0.1 
M NaCI04 solution as subphase. (a) 0 mN/m, (b) 25 mN/m, (c) 50 mN/m, 
(d) fiber. 
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Figure 7.10 On-trough spectra of CuPcOC^OBz at different surface pressures with 0.1 M 
LiC104 solution as subphase. (a) 0 mN/m, (b) 30 mN/m, (c) 51 mN/m, (d) 
fiber. 
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causes a significant change in the on-trough spectra of the CuPcOC^OBz monolayer when 

the initial surface coverage is about the same (55%) as the previous studies. It is clear that 

the monomer electronic absorption peak is always the dominant peak at all stages of the 

compression before the monolayer film collapsed to form fibers, including the initial stage 

of compression (curve (a)), first phase transition point (curve (b)), and second phase 

transition point (curve (c)). Even at the stage of fiber formation, unlike other on-trough 

spectra, there are two well separated features due to monomer (680 nm) and aggregate 

absorption (620 mn) each with relatively high absorption intensities. 

There exists a balance between the forces keeping Pc units close together and the 

interaction of the Pc ring with the subphase. Computer generated molecular simulations of 

a CuPcOCiOBz molecule provided two possible energy minimized configurations shown in 

Figure 7.11 (a) and (b) [7]. In molecular structure (a), the eight side chains are distributed 

equally around the Pc ring, which resulted in the terminal benzyl groups firom two different 

benzene rings interacting each other to maximize their n interaction and produces a cavity 

in each pair of side chains. In molecular structure (b), two adjacent side chains fi-om same 

benzene ring are close to each other to maximize van der Waal interaction, producing a "pin-

wheel" structure. The presence of Li' may decrease the interaction between Pc molecules and 

break the interdigitation between terminal benzyl groups, increasing the relative contribution 

of the Pc-subphase interaction. It is apparent that interaction between Li" ion and the Pc 

molecule is stronger than with any other monocation used. As mentioned earlier, although 
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Figure 7.11 Schematic illustrations ofpossible molecular configurations of CuPcOC^OBz. 
(a) and (b) are computer generated models [7], (c) proposed molecular model 
of interaction between CuPc0C20Bz and Li* ions. 



Ill, 

it is not favorable, monocations M* of alkali metals can still form coordination complexes 

whose formation constants follow the sequence Li" > 1^* > K". In 1967, Pedersen [322,323] 

announced that several macrocyclic polyethers form stable complexes with alkali metals. The 

stability of complexes was found to depend upon the number and geometrical disposition of 

these "crown-ether" like oxygen atoms, and the size and shape of potential coordination 

polyhedra relative to the size of the cation [314], The most stable Li"-"crown" complex can 

be formed when the hole size of "crown" is 1.2-1.5 A with 4 "ether like" oxygen atoms in a 

14 member heterocycle system. It is reasonable to assiune that two adjacent substituents on 

the same benzene ring of CuPcOCiOBz molecule can be treated as a 14 member "crown-

ether" like molecular system with four "ether like" oxygen atoms. Due to the "crown" size 

and reactivity of Li", CuPcOCjOBz and Li" may form a "chelate like" complex which 

possesses fair stability. The proposed structure is illustrate in Figure 7.11 (c). The formation 

of such a "chelate" would prevent, or at least reduce the aggregation between CuPcOC^OBz 

molecules, leaving large amounts of monomer in the monolayer on the water surface as the 

compression proceeds. It is also possible to assume that every CuPcOCiOBz molecule can 

coordinate with up to four Li*- to form as many as four pairs of "chelate-like" complexes on 

the water surface due to the small size and low density of Li cation, and the nimiber of 

peripheral substituents on a CuPcOCjOBz molecule. In this case, the interaction between Pc 

and Li" is stronger than the cation-Pc interaction of other electrolyte subphases. The 

CuPcOCiOBz spectra developed with time with 0.1 M LiC104 solution as the subphase 



(Figure 7.12) reflect a strong interaction between Pc and Li* 

made. 
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and support the assumption 

7.4 On-Trough Cyclic Voltammetric Studies of CuPcOC^OBz 

The on-trough cyclic voltammetric characterizations of CuPcOCjOBz monolayer 

were carried out on an aqueous subphase containing 0.1 M LiC104. Only the horizontal 

touching method was used to make the contact between the monolayer and electrode, to 

avoid the destruction of the film structure during the film transfer onto the electrode and 

omission of the mass transfer process of the redox species from the solution bulk to the 

electrode surface [157]. 

The cyclic voltammograms were measured using a planar ITO electrode in contact 

with the CuPcOCiOBz monolayer at different stages of compression. Figures 7.13 (a) and 

(b) and 7.14 display the cyclic voltammograms at the first phase transition state, second 

phase transition state and the point of rigid fiber formation, respectively. At all three of these 

stages, two reversible or quasi-reversible oxidation peaks occur, which are very similar to 

those seen in previous cyclic voltammetric studies of both LB and cast films of 

CuPcOCiOBz (chapter five). The two broad oxidation peaks correspond to the oxidation 

processes of two types of domains-monomer and aggregates. These observations also reflect 

the existence of strong molecular aggregation tendency, and fiirther support the assumption 

that on the air/water interface, CuPcOCjOBz tends to form monolayer aggregates rather than 
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Figure 7.12 Development of CuPcOCjOBz absorption spectra with time, after spreading 
the solution on the surface of 0.1 M LiC104 solution subphase and before 
compressing, (a) 0 min., (b) 5 min., (c) 10 min., (d) 15 min.. 
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distribute uniformly over the available surface area as a "gaseous-like" state [157]. 

Attempts to perform cyclic voltammetric studies on the water surface prior to film 

compression were unsuccessful. Thus it is impossible to compare the cyclic voltammograms 

of the monolayer taken before and during compression at different surface concentrations and 

surface pressures. Probably the sensitivity of ITO electrode is not high enough so that the 

poor signal/noise ratio is superimposed onto the possible oxidation peaks, from the 

uncompressed fihn. 

Another thin film electrode Au-MPOTE was also tried and the resulting cyclic 

voltammograms are shown in Figure 7.15. It is apparent that although the experimental 

conditions are similar to those for the cyclic voltammograms taken with the ITO electrode 

in Figure 7.13 and 7.14, the oxidation peaks are ambiguous and can barely be seen. Thus it 

can be concluded that the material and fabrication of the electrode used in on-trough cyclic 

voltanunetric studies are critical. 
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Figure 7.15 On-trough cyclic voltammograms of CuPcCX^OBz monolayer in contart with 
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CHAPTER EIGHT 

CONCLUSIONS AND FUTURE DIRECTIONS 

8.1 Conclusions 

The ability to fabricate highly ordered thin films offers an opportunity to study 

certain materials which have been difficult to characterize previously. Ultrathin organized 

films of organic electronic materials, such as phthalocyanines, are promising for both 

fundamental and applied studies due to theu* special optical, electronic and photoconductive 

properties. The research presented in this dissertation includes fabrication of ultrathin 

molecular assemblies by molecular beam epitaxy and Langmuir-Blodgett techniques. The 

degree of molecular ordering and the morphology within these films, assessed by 

methodologies, such as photoelectrochemistry, electrochemistry, and spectroscopy, etc., were 

addressed and characterized. 

It is apparent tliat imder ultra high vacuum conditions, it is possible to create a wide 

range of ordered structures of certain trivalent metal phthalocyanine, e.g. GaPc-Cl, InPc-Cl 

and AlPc-F. These materials undergo "layer-by-layer" growth, on the basal surface of single 

crystal SnS2 when deposited by molecular beam epitaxy. The MBE technique allows for 

closer packing of the highly ordered chromophores than in self-assembled or Langmuir-

Blodgett thin fihns, due to the lack of hydrocarbon side chains which are necessary for 

control of molecular architecture during SA or LB depositions [5], In the dye sensitization 
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process, SnS, acts as a photoelectrode, on which ultra thin Pc films are deposited, and which 

is subsequently immersed in aqueous electrolytes. The charges, which are generated by 

absorption of photons by the Pc, are injected into the conduction band of SnSi. The 

photocurrent produced by the absorption of photons in the Pc multilayer, monolayer and 

submonolayer can be studied as a function of incident photon energy to yield a photocurrent 

action spectrum. It is also possible to obtain the absorption spectra of these Pc thin films on 

SnSi thin layer. 

These trivalent Pes often display narrow bands in their photocurrent spectra which 

are either red-shifled (GaPc-Cl ,720 nm, and InPc-Cl, 705 nm), or blue-shifted (AlPc-F, 635 

nm) from their dilute solution absorption spectra. The red-shifted Q-band of GaPc-Cl, and 

InPc-Cl thin films results from a stacking arrangement which produce a close-packed square 

lattice in the first monolayer, with second and subsequent layers shifted by ca. 1/2 molecular 

diameter in both the x and y directions, with the Pc rings parallel to the substrate plane [2, 

4,6, 89,209]. The blue-shift seen in AlPc-F can also be explained by the morphology of the 

film. Due to the large electronegativity of F and the relatively large polarizability of Al, a 

pure linear cofacial stacking arrangement of AlPc-F is foimd to be facilitated by strong 

A1»"-F®"-AI*^-F** interactions (Figure 1.3). The spectra can be interpreted in terms of the 

hypothesized structures for these ultra thin films using an adaptation of Kasha's molecular 

exciton theory. The shape and position of Q-band region is a probe of the local envirorunent 

of the chromophores. 
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It is known that phthalocyanines without side chains are usually neither solution 

processable in most organic solvents at room temperature, nor well-behaved in molecular 

assembly techniques. However, those problems can be avoided by modifying the 

supramolecular architecture through placing suitable substituents on the Pc rings. New 

solution processable octa-substituted Pes are synthesized [7] and characterized in this 

dissertation. The substituted Pes, particularly peripherally octa-substituted Pes, such as 

CuPcCOjC,,, CUPCC0NHC,2 and CuPcOCOBz, demonstrate a strong aggregation tendency 

in solution, LB and cast thin fihn forms. Because of van der Waals interactions of the Pc 

rings and side chains, and additional specific interactions, e.g. hydrogen bonding between 

amide-linked side chains and u interactions at the ends of the benzyloxyethoxy side chains, 

those molecules cofacially stack to form well organized and highly ordered assemblies with 

interplanar distances of ca. 4 A as shown in Figure 1.5. 

The aggregation of Pc molecules has been found dependent upon the 

electronegativity of the substituents. Increasing the electron withdrawing property of 

substituents normally enhances the aggregation tendency of molecules. According to 

documented substituent constants [227], the electronegativity decreases from ester to amide 

to ether substituents. The experimental results show that CuPcCOiC,, molecules form the 

most strongly associated aggregates of the three Pes, with an aggregation constant of» 5 

X 10® [7], due to the electron withdrawing effect of the ester functionality which increases 

the interaction between adjacent Pc rings. The strength of this cofacial interaction is large 
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enough that the ester-modified Pc shows little tendency to form two stable phases at the 

air/water interface and gives die most highly ordered, oriented, condensed LB films [7]. The 

presence of amide groups enhances the interaction between side chains in adjacent Pes, 

which favors an eclipsed configuration for the aggregate, with greater disorder in the side 

chains than the ester Pc. The aggregation constant of CuPcC0NHC,2 is 5 ^ 10®. 

The aggregation tendency and LB film properties of CuPcOCiOBz are unique with 

an aggregation constant of 3 '< 10*, due to the interdigitation of the terminal benzyl groups 

and the van der Waals interaction between Pc rings. The aggregation character leads to two 

distinct phases at the air/water interface on the LB trough and the formation of stable, visible, 

needle-like fibers, which indicate superlattice organization. Wide angle X-ray scattering data 

suggest that in the fiber, Pc rings are coincidently stacked with a hexagonal columnar-like 

molecular packing (Figure 4.14). 

It is also noted that the substituents attached to the Pc ring play a important role in 

controlling the energy levels for redox processes. The electrochemical properties of the three 

peripherally octa-substituted Pes show significant differences, due to the different electron 

donating or electron withdrawing substituents attached to the Pc rings. It is apparent that 

stable electrochemical oxidation or reduction products can be obtained in these dense LB or 

cast thin fihns, in contact with aqueous electrolytes. Spectroelectrochemical studies of LB 

films of CuPcOCiOBz suggest that the presence of both monomer and aggregates leads to 

two separate oxidation processes. The intensities of these two oxidation peaks vary from fiUn 
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to film, as the aggregate size and the relative ratio of monomer to aggregates in the thin film 

is not reproducible on consecutive depositions unda the same conditions. The potential 

difference between the two oxidation processes could be as much as several hundred 

millivolts. A less positive potential is needed to oxidize a Pc aggregate. It is believed that the 

first oxidation potential is related to the oxidation of Pc aggregate, while the second one 

corresponds to monomer oxidation. The non-aqueous environment offered by the 

surrounding side chains protects the oxidized or reduced Pc ring fi-om solvent attack 

[271].The highly condensed characteristic leads to the slow electrochemical equilibration of 

thin films with changing electrode potentials. 

In the u-ring system, strong TT-TT ring interactions often result in a perturbation in the 

first oxidation or reduction potentials. As a result, the first oxidation or reduction potential 

becomes less energetically demanding with increasing aggregate size. Addition of suitable 

materials, such as or ferrocene molecules, can interrupt the aggregation between Pc 

molecules and leads to the formation of more homogeneous and pin-hole fi-ee LB thin films. 

Because of the presence of a significant amount of monomers, the oxidation potential of 

CUPC0C20BZ become more positive than in the absence of Cgo-

In the non-peripherally octabutoxy substituted phthalocyanines, the different 

molecular packing arrangement (Figure 1.7) [116] leads to a distance between two adjacent 

PC rings of ca. 8.5 A. This larger interplanar distance results in weaker interaction between 

Pc cores. In sharp contrast to the peripherally substituted Pes, these type of molecules do not 
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exhibit a strong aggregation tendency in either solution or LB thin films. Only one phase can 

be obtained at the air/water interface. The redox properties of LB films of NiPc(OC4H9)g are 

not as stable as these of CuPcOCiOBz LB films, supporting the hypothesis that the greater 

space between two adjacent Pc rings reduces the ability to delocalize the unpaired electrons 

in the monooxidized cation radical over the Pc aggregate in highly compressed thin fihns. 

The on-trough spectroscopic studies reported in chapter seven indicate that when 

CuPcOCiOBz molecules rest at the air/water interface, they are not uniformly distributed 

over the entire trough as they would be in an ideal two-dimensional gas-like state. They tend 

to form many different size islands even at submonolayer coverage. Each molecule 

experiences the same degree of exciton coupling irrespective of the degree of compression 

[126]. That is, the substituted Pc molecules formed self-assembled oriented domains. It is 

found that the presence of alkali ions, particularly Li* ions, reduces the aggregation of Pc 

molecules resulting in the formation of a uniformly homogeneous monolayer on the water 

surface, due to the incorporation between Li* ions and oxygens of the side chains. 

8.2 Future Directions 

The research reported in this dissertation demonstrates that well organized ultra thin 

phthalocyanine films possess many interesting properties. For use as a transducer layer of 

a chemical sensor, solar conversion device, or photoreceptor of Xerox machine, it is 

important to be able to fabricate defect firee thin films with long range ordering in two or 
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three dimensions with certain unique optical, photoconductive and electrical properties. More 

investigation is needed to achieve this goal. 

The molecular packing geometries of substituted Pes on certain substrates have been 

analyzed spectroscopically and estimated by computer modeling. In contrast to the geometry 

of Pc films on various substrate, the initial molecular orientation of Pc molecules at the 

air/water interface is not well understood. It is assumed that CuPcOCiOBz rings are tilted 

a certain angle with respect to the water surface, lying edge-on to the water surface at the first 

phase transition. At the second phase transition, part of the monolayer is slipped, overlapping 

the remaining part of monolayer which remains in contact with the water surface. The 

situation is different for CuPcC0NHC,2. At the first phase transition, Pc molecules may form 

a "basket' like configuration in which the amide side chains stand perpendicular to the Pc 

ring and the Pc ring lies parallel or tilts a large angle to the water surface. Relatively strong 

hydrogen bonding between amide side chains and the water surface may favor this 

arrangement. On-trough polarized spectroscopic analyses, such as polarized UV-vis, and FT-

IR can be applied to measure the chromophore orientation and density at the air/water 

interface to support the above proposed molecular configurations. 

Spectroelectrochemical studies indicate the strong aggregation tendency of 

CuPcOCiOBz in LB thin films. It was noted that due to the different substituted positions 

on the Pc ring, NiPc(OC4H9)g molecules do not display strong aggregation tendencies. The 

appearance of only one broad irreversible oxidation peak for NiPc(OC4H9)g in KHP 
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suggested that this material may have a tendency to form more than one molecular packing 

structure. This hypothesis can be investigated by ^ectroelectrochemical analysis on 

NiPc(OC4H9)g LB films, based on the fact that the different oxidation states of Pc should 

possess different spectroscopic properties [9, 55]. 

It is known that the aggregation of CuPcOCjOBz can be broken up by addition of Li* 

ions. A molecular model of Li"^ incorporating with CuPcOCiOBz was proposed.(Figure 

7.11). Li^-NMR can be used to further examine the environment of the Li* ion and the exact 

number of Li* ions bound to every Pc molecule in the Li'-CuPcOCjOBz complex. 

From the coulometric analysis of LB films, it is found that only 20-30% of 

CuPcOCiOBz molecules are oxidized. It is noted that the oxidation of CuPcOCiOBz LB film 

is limited by rates of electron transport, counter ion transport, solvent permeation etc., due 

to the dense packing and non-aqueous envirorunent provided by side chains. Thus, smaller 

charge compensation ions, such as Br", may be used to characterize charge transfer process 

and improve the extent of oxidation of Pc molecules in thin film. 

The error involved in extrapolating the capacitive current fi-om the cyclic 

voltammogram alone may be enough to explain the low oxidation ratio. One possible way 

to reduce this effect is to analyze AA/AE (derivative of the absorbance versus potential data) 

as a function of potential, since these derivative functions parallel only the flow of faradaic 

current [55]. From the plot of AA/AE, the points where apparent diffusion control began or 

where capacitive current flow dominated the electrochemical process should be readily seen. 
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