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This dissertation explores the characterization of new phthalocyanine materials, 

and the processability of these materials with regard to thin film structures envisioned for 

use in organic based electronic devices. 

Highly ordered, coherent molecular assemblies are formed by Cu centered 

benzylo.xyetho.xy- substituted phthalocyanines. The influence of molccular aggregate 

interactions with solid supports, based on phenyl-phenyl interactions, manifests itself in 

large changes in wettability, and also in molecular orientations within those molecular 

aggregates. 

Selective deposition of these Pc assemblies was achieved based on chemical 

interactions with a heterogeneous surface. A facile process of creating alternating 

hydrophobic/hydrophilic regions on a Au substrate surface through a combination of 

microcontact printing and electropolymerization techniques (}.iCP/EP) was demonstrated. 

Optimization of the hydrophobic channel bottom regions with a phenyl terminated dopant 

results in patterned phthalocyanine stripes up to 500 ^m in length. 

The substitution of a Co metal center does not appreciably influence the properties 

of the benzyloxyethoxy- substituted phthalocyanine material, although the lone pair 

electron, in the d/ orbital perpendicular to the Pc macrocycle, appears to be responsible 

for differences in molecular orientation. The ability of the Co metal to coordinate ligands 

(i.e. O2) is particularly evident in electrochemical data taken of this material. 
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Two new photoreactive phthalocyanines, with styryl- and cinnamyl- terminations, 

result in the formation of new materials, whose preliminary characterization is presented. 

The photoexcited polymerization of the styryl- substituted material resulted in formation 

of a 1-dimensional rod-like polymer material, with a mean rod length of 72 nm. The 

conversion percentages for this material routinely reached 30%, and are expected to 

improve with purer monomeric materials. The photolysis of the cinnamyl- terminated 

material routinely reach 70% conversion, and resulted in an insoluble material, that 

allows for photopatteming. 

Conventional interdigitated microelectrode (IME) measurements made on these 

materials show conductivities as high as ca. 10 * Q ' cm ', and mobility values as high as 

10'^ cm" V"'s"'. These charge carrier properties, combined with the selective deposition 

possibilities (i.e. using patterned substrates and/or photolysis techniques) make this class 

of materials desirable for further investigation and applications in organic based 

electronic devices. 
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Chapter 1 

Introduction 

1.1 Organic Based Electronics 

The field of organic electronics is expanding and diversifying as an assortment of 

new materials and materials processing techniques are developed and combined." ' ̂  The 

impetus behind organic based electronics is the demand for a low-cost alternative to 

traditional silicon based microelectronic technology. A key attraction of organic based 

electronics is the possibility for solution based processing, such as recently developed 

printing techniques which lead to potentially low-cost manufacturing of transistor 

circuitry.' The combination of solution processable semiconducting organic 

materials, non-traditional printing methods (i.e. screen printing, ink-jet printing, and 

microcontact printing), and novel electrode substrates (i.e. ITO coated poly(ethylene 

terphthalate) allows for the creation of ligh^veight, large area, and flexible electronic 

device circuit elements.' 

It has been a goal of many research groups to develop discotic mesophase 

materials, like the phthalocyanines (Pc), as active elements in organic field-effect 

transistors (OFET). Discotic mesophase materials are desireable because of their good 

charge transporting properties and the possibility for easy processing through their 

tendency towards self-organization as columnar aggregates." ' *•' •* This dissertation 

charts progress towards that goal, focusing on issues of thin film formation. 
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microstructure within these thin fihns, dark and photoelectrical property characterization, 

new processing strategies involving patterning through microcontact printing/ 

electropolymerization ()aCP/EP) of heterogeneous surfaces, and photopolymerization of 

new classes of modified phthalocyanines. 

1.1.1 The thin film OFET 

A basic building block of modem microelectronics is the field-effect transistor 

(FET). The vision expressed for the development of the OFET is not to compete with the 

Si based FETs, but to fill a niche for devices where high performance specifications are 

not required, such as low-cost memory devices, or drive circuits for large area organic 

displays.'^ A description of a thin layer FET is given in the following paragraphs. 

A typical thin film FET has a device structure as shown in Figure 1.1. The role of 

a transistor, is to allow the flow of current through the source and drain electrodes, 

modulated by an applied gate voltage. In this way, the device element acts as a switch. 

In its 'on' state, a bias voltage is applied to the gate voltage, which causes the 

accumulation of charge carriers at the gate electrode/dielectric interface and also in the 

semiconducting layer between the source and drain region, also known as the channel 

region. With an appropriate applied gate voltage, additional charge is injected into the 

channel region thus allowing a high flux of charge to pass from the source to the drain, 

through the semiconducting medium. In an 'off state, diere is no bias voltage applied, 

and there are not enough charge carriers in the semiconducting region to sustain current 
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Figure 1.1 Drawing of a thin film field-effect transistor under a negative gate bias. 
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flow between the source and the drain. 

The main parameters measured when evaluating a FET are the field-effect 

mobility (|i') and the ratio of source-drain current in the "on" vs. "off state (I„„/Iofr). The 

mobility (|i) is defined as the velocity of a unit charge per unit electric field per unit 

cross-sectional area. The field-effect mobility (|a') is not equivalent to the mobility (|i), 

as will be measured in Chapter 7 using interdigitated microelectrode array (IME) circuits. 

The field-effect mobility is a measure of the mobility of charges that are injected into the 

semiconducting organic layer, in contrast to intrinsic charge carriers probed using 

conventional microcircuit technology. Field-effect mobilities |j' ^0.1 cm' V'' s"' and 

I^n/Ioff ratio ^ lO*" are required of FETs used as drive circuit elements in display units.'^ 

The mobilities of many organic materials have been evaluated for use in an 

OFET, but not all exhibit the required response. There are three theorized conditions that 

make an organic material suitable for use in an OFET: i) The frontier orbital energies of 

individual molecules, within a crystalline solid, must be at levels where electron injection 

and removal can occur with reasonable applied voltages with typical conductors and 

across the gate oxide/organic interface; ii) There must be sufficient overlap between 

molecules within a solid to allow charge migration (i.e. hopping) without excessive 

energy barriers; iii) Ideally, the molecular domains must be coherent between the source 

and drain contacts, and be oriented such that the axis which defines high charge mobility 

runs between the source and drain contacts.' ^ This last condition presumes a high degree 

of anisotropy in charge mobility, a property seen in some organic electronic materials. 
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particulary the rod-Hke polymers and rod-like aggregate assemblies such as those 

discussed in the following sections. 

/. 1.2 Synthetic design and processing techniques 

The fulfillment of all three conditions is dependent on synthetic design and 

processing techniques. In order to form materials with high mobilities using solution 

processing techniques, the material has to be soluble, form large-area uniform films, and 

have self-organizing tendencies. The TT-JT interactions between adjacent highly 

conjugated aromatic molecules form the charge carrier pathways; therefore, significant 

frontier orbital overlap is important, and generally results from a highly ordered material. 

Organic materials based on vacuum deposited or spin-cast small molecules are 

often crystalline in nature. Thin films of these materials typically possess small crystal 

domains, where domain diameters may be less than 10-50 nm. The field of organic 

molecular beam epitaxy (OMBE) was developed to assist in the creation of much larger 

single crystal domains of such molecules. Well-ordered domains of micron dimensions 

are achievable, but only for films which are at most a few molecular layers thick. In 

addition the higher processing costs associated with OMBE-based thin films would 

appear to preclude its use in a mass-production based technology.' 

Conversely, conjugated polymers often form uniform films, but it is more difficult 

to induce molecular alignment in polymers, and obtain a material of high purity.'"* A 

compromise between these two processing approaches has been achieved with self-
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organizing materials such as conjugated oligomers and discotic mesophase materials. A 

short review of materials used in organic electronic devices is given in the next section. 

1.2 Materials used in Organic Electronic Devices 

Most organic materials are classified as insulating materials with conductivities, 

(T, ranging from 10" to LO'" Q"' cm'. A lack of charge carriers, and poor frontier orbital 

overlap between adjacent molecules inhibit rapid charge migration through the solid. 

There exist certain classes of organic materials that have exhibited conductivities within 

the semiconductor regime (10"' ^ a ^ 10 " Q"' cm '), including conjugated polymers, 

conjugated oligomers, and discotic liquid crystalline materials." ' 

1.2.1 Conjugated polymers and oligomers 

A number of semiconducting polymers and oligomers have been used in organic 

based electronic devices. Mobilities above 0.1 cm'-V '-s ' and lon^oir ratios of greater than 

1000 have been achieved in OFETs produced with compounds such as 

poly(phenylene)s,"'' substituted thiophene oligomers,""'"® pentacene,"' thiophene-

based fused ring compounds,"®"'and regioregular poly(3-aIkylthiophene) 

derivatives.'These compounds are shown in Figure 1.2. The commonality between 

these molecules is the extended n system that facilitates the migration of charge carriers, 

and a certain degree of structural organization that enforces and sustains frontier orbital 

overlap between discrete polymer or oligomer units. Once charge is injected into an 
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Figure 1.2 Structures of typical p-type organic semiconductors. 
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organic semiconducting layer, the mobility of the charge is determined by the frontier 

orbital overlap between discrete molecules, and the influence of traps and energy barriers 

caused by impurities and defects. 

1.2.2 Discotic mesophase materials 

Chandrasekhar et al. (1977) discovered that a columnar liquid-crystalline phase 

can be formed by disc-like hexa-n-alkanoate substituted benzene molecules.' Soon 

after, a number of other discotic mesophase materials were identified (Figure 1.3).' 

Discotic mesophase materials consist of a conjugated rigid macrocycle core surrounded 

by flexible hydrocarbon chains. Usually, the conjugate rigid macrocyle cores, without 

peripheral substitution, form crystalline solids due to the overlap of the extended rt-

systems. These material are often insoluble except in concentrated sulfuric acid, and may 

be deposited by vacuum evaporation. The addition of long alkyl chains at the periphery 

of these molecules acts to counterbalance the strong n-n interactions, making the 

molecules soluble in common organic solvents. 

With peripheral substitution, many discotic mesophase materials adopt columnar 

aggregates hexagonal closed packed geometries, as seen in Figure 1.4a. The macrocycles 

are stacked cofacially in a column, making a macrocycle core, surrounded by an aliphatic 

periphery. There are many variations on the packing geometries, as seen in the 2-D 

lattices shown in Figure 1.4b.' Many of these variations occur when the macrocycle 

cores are at some angle with the main column axis, akin to the a and P packing phases 
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Figure 1.3 Early discotic mesophase materials. 
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Figure 1.4 a) Representation of a discotic columnar mesophase in a hexagonal 
closed packed geometry; b) Top view of 2-D lattices (elipses denote 
macrocycles that are titled with respect to the column axis: (I) 
hexagonal, (2) rectangular', (3) oblique, (4) rectangular^, (5) rectangular 
face-centered, and (6) nematic phase [adapted from ref. 1.26]. 
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seen in crystalline Pes, as discussed below. The last lattice shown in Figure 1.4b is the 

nematic phase, which consists of an isotropic distribution of molecules with the same 

long range orientational order. 

1.2.2 Substitutedphthalocyanines 

The substitutued phthalocyanines are one group of the larger class of molecules 

that form discotic mesophases. Without peripheral substitution, demetallated and 

divalent metal Pes adopt one of two crystalline packing phases, a or p, as seen in Figure 

1.5.' These two crystal packing phases are dictated by the overlap between adjacent 

Pc molecules. In the a phase, it is currently accepted that the Pc macrocycles are 

staggered such that the metal centers are placed in the hollow of an adjacent Pc 

macrocycle. The P phase is configured such that the metal center is coordinated with a 

bridging N on an adjacent Pc molecule. From these two crystal phases, it is easy to see 

that the metal center has a great deal of influence over the packing geometry. 

Like other discotic materials, the solubility of phthalocyanines can be improved 

by adding peripheral substituents, that force the macrocycles apart. Most peripherally 

substituted Pes are tetra- or octa- substituted in the 2,3 or 1,4 positions (Figure 1.6a). 

Various substituents have been placed on the periphery of the Pc macrocycle. There are 

several reviews and texts which summarized this area of research.'" Pes substituted 

with long chain subsituents, linked through an 0 or S heteroatom, form columnar 

mesophases, with the Pc macrocycle arranged perpendicular to the column axis.' 



39 

a phase 

columnar axis 

V N. \N 3,78 A ^ 

NR-F M N'T. 

N : 

P phase 

M.. ^ N N ,' 

columnar axis 

4.85 AI 

\ 

45.8' 

Figure 1.5 Representation of the two main molecular stacking phases found for 
crystalline metal centered phthalocyanines [adapted from refs. 1.27 and 
1.29]. 
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a 

N—M—N 

M = H, or 1 of 70 
different atoms 

b 
(S)-Pc(8,2): R= O 

MPcCOCHoCHaOBz)^: R=0 

Figure 1.6 a) Structure of the phthalocyanine macrocycle core showing eight side 
arms in the 2,3 position; b) substituents that have proven to form 
unusually coherent columnar assemblies, facilitated by the Langmuir-
Blodgett technique. 
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There have been a few distinct side-arms that have turned the crystalline Pc 

macrocyle into self-organizing rod-like assemblies. The formation of rod-like aggregates 

of these Pes can be facilitated by the Langmuir-Blodgett technique, that forces the 

molecules to interact, due to a decrease in area at the air-water interface. Using the LB 

technique, multilayer films of Pc columnar assemblies have been formed with great 

perfection.' 

One of these materials, (S)-Pc(8,2) reported by Nolte et al.'" is octasubstituted 

with a chiral center in each of the side arms (as seen in Figure 1.6b). The chiral side arms 

result in a material that is liquid crystalline at room temperature. This material is 

somewhat unique in that it forms multilayer films on the LB trough (routinely 2 phase 

transitions at room temperature and 3 at low temperatures), shows high optical anisotropy 

(Q-band ca. 3 x), and forms coherent layered structures by transfer to solid substrates. 

Similar properties have also been seen in an octasubstituted Pc molecule, synthesized and 

studied by the collaborative effort of the O'Brien research group and our own. 

1.2.4 Benzyloxyethoxy- substitutedphthalocyanines 

Octasubstituted phthalocyanines, where the side arms consist of benzyloxyethoxy 

moieties (Figure 1.6b), form highly ordered columnar assemblies, facilitated by the 

Langmuir-Blodgett technique.' In our studies to date we have observed that thin 

films of CuPc(0CH2CH20Bz)g contain the Pc oriented nearly "edge-on" to the substrate 

plane, with coherence lengths in individual rods averaging ca. 40 nm, as determined by 
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AFM imaging (Figure 1.7).'^' The column-to-column distances are 2.8 nm, and the Pc 

macrocylces are spaced 0.34 nm apart.We have also determined an approximate 

molecular orientation of this molecule from reflection absorption infrared spectroscopy 

(RAIRS) and polarized transmission FT-ER spectroscopy. From calculations based on 

theories presented in Appendices A and B, the Pc molecule was found to be tilted away 

from the surface normal ca. 30°, rotated around the column axis ca. 15°, and tilted away 

from the column axis by 25°.' 

We have found that a key feature of these molecules which leads to the stiff nature 

and coherence of each bilayer film is the benzyl termination in the eight side chains, 

which appears to enhance the interactions between adjacent Pc rings, and between 

adjacent Pc columns. The structural perfection in the individual Pc columns is reflected 

in both optical and electronic anisotropics. The Q-band visible spectrum has shown 

dichroic ratios as high as 2.'" The conductivity measured for this material ranged from 

lO'-lO® fl'cm"' with the ratio of conductivities measured along the Pc columns vs. 

across the Pc columns, varied from 2 to 10 times.'"" Preliminary field-effect 

mobility measurements, made in collaboration with Bell Labs Lucent Technologies, 

revealed hole mobilities in the range of 10"^ cm" V"'-s"' which were at least a factor of 3 

higher when measured along vs. across the Pc column axis direction.' 

1.2.5 Discotic mesophase materials and organic electronic devices 

The attraction of using discotic mesophase Pes as the active layer in organic 
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a 2.8 nm 

0.34 nm 

b 

Figure 1.7 a) Representation of the closed packed structure adopted by the 
CuPc(0CH2CH20Bz)g molecule with column to column spacing of 2.8 
nm and Pc to Pc spacing of 0.34 nm, and b) of the molecular 
orientation of the molecule within that array. 
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devices stems from the qualities of self-organization and the possibility of directional 

charge migration. 

Pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) 

measurements have been made on more than 30 discotic compounds that form a 

columnar hexagonal mesophase (DJ. PR-TRMC is a non-contact method and is carried 

out by irradiating the sample by a pulsed beam (0.2 - 50 ns) of high-energy electrons (3 

MeV) which creates a nearly uniform concentration of charge carriers within the sample. 

The mobility of the charge carriers are measured on the 100 nanometer length scale, using 

the appropriate microwave frequencies, and are believed to be the highest measured 

mobilities for these materials because the interface effects of electrodes and trap defects 

are avoided.'Discotic molecules studied varied in aromatic core structure as shown in 

Figure 1.8.' In all cases, the molecules studied were stacked orthogonally to a 

columnar axis with a cofacial distance of 3.5 ± 1 A. The maximum mobilities (|i) 

measured for these compounds ranged from 0.002 - 0.380 cm" V ' s '. The mobilities 

showed an increase with macrocycle core size, (defined by the number (n) of second-row 

elements (C, 0, and N) in the macrocycle), and a plot of log vs. 1/n gave a linear 

response. The increase in mobility with core size can be attributed to the larger orbital 

overlap between rt-orbitals of adjacent macrocycles, and the increase in the cohesiveness 

of the assembly due to van der Waals interactions.' •" Based on these findings, the 

phthalocyanine macrocycles have great potential for used in organic based electronic 

devices. 
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1.3 Polymeric Phthalocyanines 

It has been the goal of a number of researchers to stabilize cofacial phthalocyanine 

assemblies, creating rod-like macromolecular materials, with the creation of covalent 

bonds between adjacent Pes. There are two main strategies i) covalent bond formation 

through the metal center atom, or ii) covalent bond formation between side arms on 

adjacent Pc molecules.'"*" 

L3.1 Bridged main group phthalocyaninatometal complexes 

An example of the first strategy of covalent bonding are the bridged main group 

phthalocyaninatometal complexes (Figure 1.9). The pre-polymerized phthalocyaninato-

polysiloxanes (PcPS) are an example of a polymeric phthalocyanine assembly, held 

together by metal center bonding [PcMO]„ (M = Si, Ge, Sn) (Figure 1.9a). Oligomers of 

these molecules were first introduced by Kenney et al.,' and polymers were introduced 

by Marks et al. but without peripheral substituents for easy processing.' Wegner et al. 

created the first processable polymers through a polycondensation reaction of 

peripherally substituted dihydroxy-Pc monomers.Highly ordered, multilayered 

films of these peripherally substituted hairy rod molecules can be created using the LB 

technique. 

The PcPS systems show significant structural and electrical anisotropy. 

Conductivities have been reported to range firom 2.0 x 10'^ to 5.0 x 10"' Q ' cm ', with the 

anisotropy in o measure along vs. across the column axis ranging fi-om 2.5 to IS.'"" 
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M=Si,Ge,Sn 

b 
M- M- M-

0 = Pc 

M = +2 or +3 transition metals 

L = pyz, tz, byp, dib, ppd, CN , SCN 

Figure 1.9 Schematic of bridged phthalocyaninatometal complexes using a) main 
group elements bridged by oxygen atoms, and b) transition metals 
bridged by bidentate ligands. 
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Mobilities ranging from 10'^ -10'® cm*-V''-s ' have been reported as measured using 

conventional IME device circuits, and 2 x 10 " cm"*V''-s"' using PR-TRMC.'"'° 

1.3.2 Bridged transition metal phthalocyaninatometal complexes 

Another linking strategy using the reactivity of transition metal centers with 

bidentate ligands has been developed by Hanack et al. (Figure 1.9b).' " Stacked 

arrangements of substituted phthalocyaninato transition metal complexes have been 

produced using bidentate ligands such as pyrazine (pyz), p-diisocyanobenzene (dib), 

tetrazine (tz), p-phenylenediamine (ppd), CN", and SCN". These 'shish kebab' polymers 

show a range of conductivities that are dependent on the nature of the bridging ligand. 

The HOMO/LUMO levels of the 'shish kebab' Pc polymers are determined by the 

electronic states of the macrocycle and bidentate ligand, respectively. Intrinsic 

conductivities have been measured for Pc polymers linked through tetrazine and 

substituted tetrazine ligands with conductivities ranging from 0.05 to 0.3 Q ' cm '.'^'"'" 

1.3.3 Peripherally polymerizable phthalocyaninato complexes 

The second strategy, of forming covalent bonds through peripheral substituents is 

a less developed area of research when compared to the previous approaches. 

Polymerizable moieties, introduced at the periphery of the side arms (i.e. acryloyl or 

methacryloyl termini) that can be thermo- or photoinitiated, have been used to try to 

stabilize discotic mesophase materials.'^'"'" A representative group of these molecules 
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are shown in Figure 1.10. 

The main drawback to this strategy is that extensive cross-linking appears to occur 

between columnar aggregates which disrupts Pc-Pc interactions and therefore the 

structure of the columnar aggregates. When the polymerizable moiety is located at the 

periphery of the molecule, one can expect a cross-linked material, due to interactions of 

the side chains at the periphery of the columnar array in a closed packed arrangement. 

The solution to this disadvantage is to use unsymmetrically substituted Pes, that results in 

linear polymeric material,or to place the polymerizable groups within the side arm - a 

strategy employed in our research that is discussed below, and in Chapter 6. 

1.4 Processing Issues 

There are four recently applied approaches that show promise for patterning 

solution processible organic semiconductors: screen printing, ink-jet printing, 

microcontact printing (^CP), and micromolding in capillaries (MIMIC).' ̂  

1.4.1 Screen printing 

Screen printing is accomplished by mixing the organic materials with a suitable 

solvent, creating a viscous liquid that is squeezed through a screen mask. Features as 

small as 75 to 100 |im are achievable. A high performance screen printed FET was 

recently demonstrated using an ITO coated poly(ethylene terphthalate) fihn as the gate 

electrode, polyimide insulating layer, regioregular poly(3-hexylthiophene) 
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Figure 1.10 Representative peripherally polymerizabie phthalocyanines. 
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semiconducting layer, and screen printed conductive ink source and drain contacts.'^ 

Mobilities measured with this device ranged from 0.01 and 0.06 cm" V"' s '. Limitations 

to this technique are the relatively large size of the smallest achievable features, and the 

requirement of high viscosity inks. 

1.4.2 Ink-jet printing 

Ink-jet printing has been used for the generation of conjugated polymer light 

emitting diodes, and full-color displays, but has not been applied to the organic transistor 

until very recently. Although the resolution of ink-jet printing is 2 - 3 x smaller than with 

screen printing, 20 to 50 |am, it is still too large for mass-produced organic based FETs.'^ 

The source-drain channel width required to achieve adequate currents and switching 

speeds is 5 to 10 |jm.'" The resolution of this technique was recently improved, as 

reported by Sirringhause et al., by ink-jet printing onto a surface with hydrophilic 

channels flanked by hydrophobic repelling regions that confined the spread of the ink 

droplets.'" Channel regions down to 5 |am were achieved using this technique, with 

measured mobilities ranging from 0.01 to 0.02 cm'-V-s '. 

1.4.3 Microcontact printing 

Microcontact printing (^CP) and micromolding in capillaries (MIMIC) are two 

relatively new techniques that are amenable for patterning of organic materials.'^®"'" 

Both techniques use an elastomeric mold or stamp produced by casting and curing a 
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prepolymer of polydimethylsiloxane (PDMS) against a photoresist pattern. For |aCP the 

elastomeric stamp is inked with a reactant, most often an ethanolic solution of an 

alkylmercaptan, which is then printed onto a substrate, most often gold (Figure 1.1 

^CP is routinely used as a protective etch resist applied to Au and Ag surfaces. 

Features as small as ca. 30 nm in a 15 nm thick Au film have been demonstrated.'" 

More recently, |iCP has been used to define chemically ftinctionalized areas in a device 

geometry to aid in the patterning of an organic semiconducting material, as seen in the 

previous ink-jet printed device example.' 

1.4.4 Micromolding in capillaries 

MIMIC is achieved by pressing the flexible, elastomeric stamp onto a surface. 

The mold forms conformal liquid-tight seals to a variety of surfaces, creating an array of 

capillary channels on the surface (Figure 1.12).'^'"'" A liquid is applied to the capillary 

openings, and the organic material, in a suitable solvent, is drawn into those capillaries. 

The solvent is then left to evaporate, and then the mold removed, leaving the organic 

material molded to the features of the elastomer. Features created by MIMIC are limited 

by the flow of the organic/solvent mixture into the capillaries on a reasonable time scale. 

For that reason, feature sizes are limited to a few microns, and require low viscosity 

liquids. Attempts to improve the resolution of this technique on a reasonable time scale 

is currently being investigated by the used of pressure, and vacuum molding.' 

There are a number of recent examples of the applicability of MIMIC in the 
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Figure 1.11 Schematic of the formation of patterned monolayers using microcontact 
printing; a) PMDS stamp is inked, b) the stamp is brought into contact 
with the substrate, c) the stamp is removed, leaving a layer of material in 
contact areas. 
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Figure 1.12 Schematic of the formation of microstructures using MIMIC; a) 
placement of the PDMS mold on a solid substrate, b) polymer 
solution applied to end of mold, c) channels filled by capillary action, 
and d) solvent evaporated and PDMS mold peeled away. 
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formation of organic based electronic devices.'" ' " One example of an OFET with a 

channel length of 25 ^m produced using MIMIC in combination with screen printing and 

casting has been reported.'^' The base gate electrode material used was an ITO-coated 

sheet of poly(ethylene terephthalate). The dielectric layer (1 x 1 cm" squares of pre-

polymerized polyimide) was deposited onto the gate electrode using screen printing. The 

semiconducting layer of regioregular poly(3-hexylthiophene) was cast onto the surface, 

and resulted in a layer with thickness ranging from ca. 30- 100 run. MIMIC was used to 

define the source and drain contacts which were made from carbon paint (ca. 2% solid 

carbon in ethanol) or polyaniline dissolved in wi-cresol. The field-effect mobilities 

measured with these devices ranged from 0.01 - 0.05 cm"-V '-s '. In this study, MIMIC 

and screen printing were used in a complementary fashion; screen printing was used to 

define the large feature dielectric areas, and MIMIC was used to create the small feature 

source and drain contacts with 25 ^m resolution in the channel region. 

1.4.5 Molecular alignment layers 

Since it has been found that long range order and a high degree of frontier orbital 

overlap are keys for charge transport in conjugated materials the importance of molecular 

alignment has come to the forefront.'^ Because of this dependence on order and 

molecular orientation, special attention is now being paid to deposition conditions, 

mechanical and chemical substrate pretreatment,"'"'^' and substrate morphologies.'^" ' 

A number of different molecules have been aligned by the use of alignment layers and/or 
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rubbing.' " Alignment layers, with submicrometer features, have been produced by 

drawing a poly(tetrafluoroethylene) stylus across a glass slide, held at 200°C.'" Other 

t e c h n i q u e s  o f  i n d u c i n g  m o l e c u l a r  o r i e n t a t i o n  i n c l u d e  m e c h a n i c a l  r u b b i n g , " ® ' "  

and stretching.' " The use of alignment layers is most often seen in reports of 

polarized organic light emitting diodes,' " but there are a few articles describing 

the use of alignment layers in OFETs.' 

1.5 Overview of Experiments 

At present, there appears to be two significant research approaches to the 

optimization of organic based electronics. The first area involves molecular design. 

Creativity in synthetic design has transformed insoluble crystalline phthalocyanines, and 

related materials, into self-organizing and polymeric materials. The second, 

complementary area of research is the optimization of processing of these materials. New 

solution processing techniques such as microcontact printing, micro-molding in 

capillaries, ink-jet printing, and screen printing have been used to create high quality 

organic based devices, although the application of these techniques to Pc materials is in 

its infancy. 

The focus of this dissertation is to explore both the characterization of new 

phthalocyanine materials, and to explore the processability of these materials in context 

of the organic based electronic issues presented above. 
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1.5.1 Substrate surface modification 

Earlier experiments with CuPc(0CH2CH,0Bz)g had suggested that phenyl-phenyl 

interactions between a surface modifier and the Pc assembly play a critical role in the 

efficient transfer of coherent thin films of these Pc assemblies to metal, silicon/silicon 

oxide, and transparent conducting oxide substrates.Molecular assemblies with phenyl 

termination are believed to interact through both cofacial and edge-to-face arrangement of 

the aromatic groups,' that can strongly affect the type and coherence of the resultant 

molecular aggregate structures."' Whether such interactions strongly influence the 

transfer, ordering, and molecular orientation of Langmuir-Blodgett (LB) films of 

CUPC(0CH,CH,0BZ)5 is the subject of Chapter 3. 

1.5.2 Selective deposition 

It is also of interest to pattern films of CuPc(0CHiCH20Bz)j and other related 

phthalocyanine materials with micron and sub-micron width features, making use of its 

unusual tendency toward self-organization and the hydrophobic nature of the periphery of 

each Pc column. Chapter 4 presents steps towards the selective deposition of 

CuPcCOCHjCHiOBz)^ through its interactions with a hydrophobic/hydrophilic patterned 

substrate surface. A facile process of creating alternating hydrophobic/hydrophilic 

regions on a Au substrate surface through a combination of microcontact printing and 

electropolymerization techniques (^iCP/EP) was used. 
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1.5.3 Characterization of new phthalocyanine materials 

The characterization of three new phthalocyanine molecules are discussed. The 

metal center of the parent compound, CuPcCOCHXHiOBz),, was replaced with a Co 

atom. Both cobalt and copper atoms can adopt a square planar geometry and are 

physically capable of fitting within the Pc macrocycle. Therefore, the cobalt center 

should not distort the Pc macrocyle from it's D^h symmetry, and we can expect the same 

strong n-n interactions between adjacent Pes that help to self-organize this material into 

a coherent assembly. The copper metal center is a d' transition metal, and has one 

unpaired electron in a d/.^* orbital that has symmetry parallel to the Pc macrocycle plane, 

according to ligand-field bonding theory. The cobalt metal is a d' transition metal, and 

has one unpaired electron in a d^' orbital that is primarily perpendicular to the Pc 

macrocycle plane. This unpaired electron is in a geometric position which could lead to 

increased metal-metal interactions between adjacent Pes with cobalt metal centers. A 

thorough characterization of a cobalt centered analogue of the CuPc(0CH2CH20Bz)8 

molecule is discussed in Chapter 5 including: solution aggregation and Langmuir-

Blodgett behavior, Pc column structure determined by AFM and SAXS, molecular 

orientation as determined by RAIRS and polarized transmission FT-IR, solution 

electrochemistry, and thin film spectroelectrochemistry. 

A preliminary characterization of two photosensitive phthalocyanines are 

discussed in Chapter 6. A synthetic strategy was developed to introduce a reactive 

functionality within the periphery of the side arms of the CuPc(0CH2CH20Bz)g 
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molecule."" Contingent on the assumption that the introduction of a P-styryl terminus 

would not interrupt the strong non-covalent interactions seen with the 

CuPc(OCH,CH,OBz)g molecule, it was hypothesized that the substitution of a styryl 

group for the benzyloxy- terminus would result in the possibility of photodimerization 

reactions between side arms on adjacent phthalocyanines. If multiple dimerization 

reactions occurred within a coherent molecular assembly, we would expect rod-like, 

polymeric phthalocyanine materials to form. The molecules were studied with respect to 

solution aggregation, Langmuir-Blodgett behavior, reactivity under UV irradiation, and 

structural analysis (SAXS, AFM). Photolyzed materials were studied with respect to 

solubility, and structural analysis (SAX, ATM, and MALDI-TOF). 

1.5.4 Dark and photoelectrical characterization 

Finally the electronic characteristics of CoPc(OCH,CH,OBz)g and 

CuPc(0CH,CH,0CH2CH=CHPh)g were measured and compared with those measured on 

the parent compound, CuPcCOCHjCHiOBz),. Dark and photoconductivities, mobilities, 

and temperature dependance were measured using interdigitated microelectrode array 

devices with 10 ^m electrode spacing. These data, along with appropriate introductory 

material, are included in Chapter 7. 

1.6 Summary of Results 

It is shown in Chapter 3 that phenyl-phenyl interactions between surface 
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modifiers and the Pc assembly play a critical role in the efficient transfer of coherent thin 

films of these Pc assemblies to metal and silicon/silicon oxide surfaces. Although the 

exact nature of the interaction (i.e. cofacial or edge-to-face) is unknown, the influence of 

those interaction are manifested in differences in not only transfer efficiency, but also 

molecular orientation within transferred films. It is also clear that an optimum surface 

coverage of phenyl groups is needed to effect the most efficient transfer of ordered 

bilayer films of CuPc(0CH2CH20Bz)8, as suggested in Section 3.5. 

Selective deposition of the CuPc(OCH,CH,OBz)a material was achieved and is 

discussed in Chapter 4. A facile process of creating alternating hydrophobic/hydrophilic 

regions on a Au substrate surface through a combination of microcontact printing and 

electropolymerization techniques (^CP/EP) was demonstrated. Several deposition 

techniques were evaluated, with the best selective deposition success achieved using a 

capillary action technique. Optimization of the channel bottom regions with a phenyl 

terminated dopant resulted in patterned stripes of CuPc(0CH,CH20Bz)g up to 500 |im in 

length with variability in thickness, ranging from ca. 0.05 to 0.20 ^m. Optical 

microscope images of representative patterned Pc regions show that the selectively 

patterned Pes are the most birefnngent near the hydrophilic chaimel walls. 

The characterization of three new phthalocyanine molecules are presented in 

Chapters 5 and 6. The replacement of a Co metal center for the Cu metal in the parent 

compound MPcCOCHjCH^OBz), did not affect the material properties appreciably, 

although the ability of the Co metal to coordinate other ligands (i.e. O,) is especially seen 
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in the electrochemical data taken of this material. 

A synthetic strategy was developed to introduce a dimerizable functionality 

within the periphery of the side arms of the CuPc(0CH,CH20Bz)g molecule. The results 

presented in Chapter 6 are preliminary in nature; therefore, definitive conclusions about 

the CuStyrylPc and CuCinnamylPc materials cannot be made. 

The photoexcited polymerization of the CuStyrylPc material resulted in the 

formation of a I-D polymeric material, as is evidenced by the rod-like features seen by 

AFM imaging (Figures 6.15 and 6.16). The conversion percentages for this material were 

consistently low (< 30%), but may be improved with purer monomeric starting materials. 

The presence of impurities in this material may have interrupted the cofacial aggregation 

between adjacent Pc molecules. Preliminary investigations, concerning properties of the 

purified material, indicate that coherent assemblies and higher conversion percentages are 

obtainable. 

The nature of the polymerized CuCinnamylPc material is unknown at this point. 

The insolubility of the fully polymerized species suggests that a crosslinked material has 

been formed. Low conversion materials could be imaged using AFM, but were in such 

low concentrations that the information gained using that technique are not definitive. 

Polymeric materials have not been observed by MALDI-TOF analysis, for this material 

to date, even using low conversion (2.5%, 5%, and 10%) samples. 

The dark and photoelectronic characteristics of CoPc(OCHiCH,OBz)8 and 

CuPc(0CH2CH20CH2CH=CHPh)g were measured and compared with those measured 
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for the parent compound, CuPc(OCH,CH,OBz)g. 

Dark conductivities for thin films of CuPc(0CH,CH,0Bz)8 were ca. 10 '° Q 'cm ' 

for , ranged from 2x10 '° to 5x10 ' Q 'cm ' for CT,,, and the ratio CTx/CTi, varied from 2 to 

40. These conductivity values are an order of magnitude smaller than those measured 

previously for the CuPcCOCHiCHiOBz)^ system. The decrease in conductivities may be 

due to fewer defect sites and greater coherence now achievable in transferred films of 

CuPc(0CHiCH20Bz)8. The cobalt centered analogue displayed similar j-V behavior with 

ranging from 10"'° to 7x10'^ Q''-cm"', o,, ranging 2x10'^ to 8x10'^ Q '-cm"', and 

ranging from 12 to 34. The mobilities were determined from the SCLC regime to be = 

3.22x10"^ cmVs ', = 4.66x10"' cmVs ' with = 14 for CuPcCOCHXH.OBz)^, 

and = 1.44x10'^ cm'V's"', li,, = 3.86x10"* cm'Vs ' with |a,/|a, = 27 for 

CoPc(OCH,CH,OBz)g. These mobilities are 1 to 2 orders of magnitude higher than those 

measured under field-effect conditions.'^® 

The conductivity and values determined for the Co centered material were 

consistently an order of magnitude larger than for the Cu centered material. The 

difference in conductivity between the two metal centered Pes may be explained by the 

presence of bound molecular 0, within the COPC(OCH2CH20BZ)j film, as revealed by 

solution and thin film electrochemistry behavior. Charged oxygen species (i.e. O,' ) 

would, in theory, help facilitate the generation of free charge carriers from the [Pc^e ] 

species which would manifest in enhanced dark and photoconductivities (Figure 7.2). 

Both materials exhibited increased in photocurrent densities, as high as ca. 50 x, 
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with illumination. The activation energies of the formation of free charge carriers were 

comparable for the two materials, but bear repeating over larger temperature ranges to 

elucidate effects observed due to the endothermic phase transitions at the upper limit of 

the temperatures studied here. 

A similar set of experiments were conducted on the CuCinnamylPc material 

before and after photolysis. The CuPc(0CH,CHiCH=CHBz)8 material showed 

comparable electronic properties in comparison to the Cu and Co metal centered Pes. 

These properties were not compromised by the photolysis of this Pc to convert it to the 

insoluble polymeric material. The mobilities measured for the photolyzed material were 

determined to be ~ 3.6 x 10'^ cm'Vs ', n,, = 1.7 x 10'^ cm"V 's ' and were up to an 

order of magnitude higher for the photolyzed CuCinnamylPc material vs. either 

MPc(OCH,CH,OBz)g materials. This increase in mobility is likely due to the increase in 

coherence of the molecular assembly. Multiple studies should be done to elucidate the 

effects of polymerization on the charge mobilities within this material. 
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2.1 Phthalocyanine Molecules 

(2,3,9,10,16,17,23,24-octakis((2-benzyloxy)ethoxy)phthalocyaninato) copper and 

cobalt were synthesized as reported by Drager and O'Brien,"' and are abbreviated 

CUPC(0CH,CH20BZ)8 and CoPcCOCHiCHiOBz)^, respectively. Polymerizable 

phthalocyanine molecules, (2,3,9,10,16,17,23,24-octakis(2-

styrylethoxy)phthalocyaninato) copper and (2,3,9,10,16,17,23,24-octakis((2 

cinnamyl)ethoxy)phthalocyaninato) copper were synthesized as reported by Drager,"" and 

are abbreviated CuPc(0CH,CH,CH=CHPh)8 and CuPc(0CHXH,0CH,CH=CHPh)8, 

respectively. Small volumes of phthalocyanine solutions were prepared using HPLC 

grade chloroform 99.9% (Aldrich). Small solution volumes were used to ensure that 

fresh solutions were made on a regular basis, avoiding degradation of the phthalocyanine 

in solution. 

2.2 Langmuir-Blodgett Materials and Techniques 

Langmuir-Blodgett films and pressure-area isotherms were recorded on a Riegler 

& Kerstein RK3 LB trough. The trough was equipped with a Whilhelmy balance (WSl) 

mounted midway between the compression barriers. The water subphase, in all cases, 

was 18 MQ Millipore Milli-Q water. 
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All Langmuir films were prepared from 150 |aL of ca. ImM CHCI3 solution of the 

phthalocyanine of interest, using a 250 ^L gas tight syringe, deposited at room 

temperature. It was assumed that all of the solvent had evaporated from the water 

surface after a 15 min interval. The barriers were compressed at 1 cmVs while the n-area 

isotherm was monitored, or until a desired position on the Ti-area isotherm was met. 

Langmuir films were lowered onto a baffle already beneath the air-water interface, 

partitioning the film into fifteen separate rectangular isolated regions, as developed by 

Smolenyak." ̂  " '' Transfers were made using the horizontal or Schaefer transfer method. 

A motor mounted above the trough drove the substrate into the film at ca. 0.15 cm/s, 

paused at the interface for 10 seconds, and lifted the film up at ca. 0.2 cm/s. Each bilayer 

transfer was done in a separate section of the baffle. Any remaining water left on the LB 

film after transfer was removed with a stream of dry nitrogen gas. 

2.3 Substrate Surface Preparation and Modification 

Langmuir layers of the phthalocyanine materials were transferred to various 

substrates for different characterization techniques. In all cases the substrates were first 

cleaned, and then hydrophobized in an appropriate manner. 

Si (100) wafers (with a native oxide layer), used for AFM imaging and for 

polarized transmission FT-IR studies, were obtained from MEMC Electronic Materials, 

Inc. Si wafers were cleaned by piranha treatment and/or air plasma etching. Wafer 

pieces were dried in a stream of dry nitrogen if needed before immersing in solutions of 
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disilazane modifiers. Two different disilazane modifiers were used, 1,1,1, 3, 3,3 -

Hexamethyldisilazane (HMDS) 97 % (Aldrich), and 1, 3 - diphenyl -1,1,3, 3 -

tetramethyldisilazane (DPTMDS) 96% (Aldrich). The HMDS modifier leaves a methyl 

terminated surface and the DPTMDS modifier leaves a phenyl terminated surface upon 

reaction. Silicon wafers were hydrophobized by heating (ca. 40° C) and sonicating for 30 

min a 10 % solution of the disilazane modifier of choice. Ratios of the two disilazane 

modifiers were used as explained further in Chapter 3, with the most success found for a 

5:5:90 v/v/v ratio of HMDS:DPTMDS:CHCl3. Modified substrate surfaces were washed 

with CHClj to remove unreacted silazanes, and were dried in a stream of nitrogen 

immediately prior to LB film deposition. Quartz substrates were also modified using this 

protocol. 

Au substrates used for RAIRS, electrochemical, and microcontact printing 

studies, consisted of a ca. 1000 A Au layer on a titanium-treated float glass (Evaporated 

Metal Films, Ithaca, NY). Au slides were cleaned by immersion in piranha solution (1:4 

solution of Hi0,:HiS04) for ca. 10 min, and were rinsed successively in water (18 MQ) 

and ethanol (200 proof, AAPER Alcohol and Chemical Co.) The Au substrates were 

dried in a stream of nitrogen before microcontact printing (described in detail in section 

2.9). Alternatively, for complete hydrophobization of the surface, Au slides were 

immersed in 0.1 mM ethanolic solutions of benzyloxyethanethiol, or octanethiol (98.5 %, 

Aldrich) after cleaning. Au slides remained in the thiol solutions for ca. 24 hour 

immersion times. Au substrates were then removed and rinsed with copious amounts of 
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ethanol, to remove unreacted thiols, and were dried in a stream of nitrogen immediately 

prior to LB film deposition. 

All of the hydrophobized substrates were evaluated by contact angle 

measurements (as discussed below), but the octanethiol and benzyloxyethane thiol 

modified Au surfaces were also evaluated using a redox probe. The porosity of the thiol 

modified Au surfaces were probed using the voltammetric oxidation/reduction of 

ferrocyanide solutions. Solutions of K4Fe(CN)6 at a 3 mM concentration in a degassed 

aqueous 0.1 M potassium hydrogen phthalate (KHP) electrolyte solution were used. 

Voltammetric scans were controlled with a Cypress Systems CS-10190 potentiostat. 

Ferrocyanide was recrystallized multiple times from a super saturated aqueous solution 

by adding an equivalent volume of ethanol.""' The tri-hydrate product was obtained by 

equilibrating the ferrocyanide in a desiccator over a saturated solution of sucrose (98+%, 

Aldrich) and NaCl (98+%, Aldrich).'' 

2.4 Contact Angle Measurements 

Hydrophobization procedures (described above) were evaluated by measuring the 

contact angles of 18 MQ Millipore Milli-Q water on all surfaces, before and after 

hydrophobization, by the sessile drop method. Images of multiple 5 nL water droplets on 

each surface were taken using a Pulnex TM-7CN video camera and Video Snapshot 

Snappy. The drop was back lit using a Fiber-Lite® model 190 fiber optic illuminator 

(Dolan-Jenner Industries, Inc.) and diffused by a piece of filter paper. Images were 
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converted into tagged image format using corresponding software, and angles were 

measured using Image-Pro Plus 1.3 software (Media Cybemetics). 

2.5 Ultraviolet-visible Spectrophotometry 

Solution and thin film UV-visible absorbance spectrophotometry were performed 

using a Hitachi U-2000 twin beam spectrophotometer. Solution spectra were taken of all 

materials were dissolved in CHClj in concentration ranging from 0.01 mM to 1.00 mM in 

O.IO cm matched quartz cuvettes. UV-vis absorbance spectra of multilayer thin films 

were taken in transmission mode on hydrophobized quartz substrates (hydrophobized 

according to the protocol ascribed to the Si(lOO) wafer samples described above), using a 

polarizing filter to obtain orientation dependent spectra. 

2.6 Atomic Force Microscopy Imaging 

In all cases, Af M images were recorded in tapping mode, with the Nanoscope III 

system (Digital Instruments, Santa Barbara, CA), with the sample immersed in 18 MQ 

Millipore Milli-Q water in the standard Digital Instruments solution cell. Oxide 

sharpened, silicon nitride tips, with nominal force constants of 0.38 N/m were ozone 

cleaned for ca. 1 h prior to use. It has been found that it is very important to remove all 

carbonaceous contamination from these tips before imaging "soft" samples, as is the case 

with the phthalcyanine materials. Tips used that were not cleaned under the ozone lamp, 

suffered from instability and tearing of the material wished to be imaged, as the tip was 
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attracted to the hydrophobic material. 

2.7 FT-IR Spectroscopy 

FT-IR spectra were obtained with a dry-air purged Nicolet 550 spectrometer with 

a Tungsten source and a liquid nitrogen cooled MCT detector. A Au wire grid polarizer 

(Cambridge Physical Sciences) was used in the thin film transmission and RAIRS 

experiments. RAIRS spectra were obtained with an FT-80 Fixed 80° Grazing Angle 

Accessory (Spectra-Tech). All spectra were collected with an aperture setting of 17 and 

0.5 cm ' resolution, and were the summation of 256 individual scans. 

Transmission polarized FT-IR spectra were obtained for each sample at 0° and 90° 

polarization with substrate normal to incident beam. Blank spectra of the bare Si(IOO) 

substrates at the sample polarization and angles were taken for each sample prior to 

deposition. These blank spectra served as a background correction, accounting for 

differences in absorption due to reflection and difference in path length. 

For transmission experiments on Si (100) wafers, it was found that the thickness, 

crystallinity, and doping level of the Si wafer are important for use as an optical quality 

substrate. All Si wafers used had mirror polished front surfaces, but optical quality pieces 

had roughened back surfaces. A video image of this surface revealed that these surfaces 

had irregular crystallite faces of ca. 100 |im'. This may help scatter the IR beam, 

disrupting interference pattems that were often observed using two sided polished Si 

wafers. Care must be taken when choosing optical quality Si for collecting transmission 
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IR spectra of thin films. 

It is also equally important to take an individual blank spectrum of each substrate 

piece before film transfer versus an air background within the context of the RAIRS 

experiment. These blank spectra were again subtracted fi:om the thin film spectra to 

achieve sufficient resolution on single bilayer film samples. 

2.8 Small Angle X-ray Scattering Measurements 

Small angle x-ray scattering (SAXS) measurements were made on 15 bilayer 

annealed and unannealed samples of CuPc(OCH2CHiOBz)j, CoPc(OCH2CH,OBz)s, and 

CuPc(OCH2CH,CH=CHPh)8. Multilayer (14 bilayers) samples were prepared on 

Si(lOO) substrates that were hydrophobized with a 5:5:90 v/v/v ratio of 

HMDS:DPTMDS:CHCl3 solution. Measurements were obtained in collaboration with 

Dr. Simon Bates and Michelle Hazeldon at Kratos Analytical. A Kratos XRD-6G00 

instrument with Bragg-Brentano optics, and Cu Ka radiation (1.54 A) were used in the 

analysis. 

2.9 Microcontact Printing 

Polydimetliylsiloxane (PDMS) elastomeric stamps were created fi-om a 

lithographically produced silicon master (15 ^lm wide lines and 10 nm wide spaces over a 

1 cm" surface - generously provided by Dr. Thomas Kratzmiiller and Dr. Hans-Georg 

Braun at the Institute of Polymer Research, Dresden, Germany). PDMS stamps were 
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prepared from the cotmnercial pre-polymer product, Sylgard 184 (Dow Coming), in a 

1.5:10 ratio of curing agent to elastomer. The stamps were cured at 120°C for ca. 10 

hours, removed from the master, and sonicated in ethanol before inking. 

AFM images were obtained of a similar master to the one used to cast the PDMS 

stamp. The actual silicon master was too large to fit within the AFM sample 

compartment. The master that was used for AFM imaging was produced at the same 

time, and with the same process as the master used in these experiments. The master has 

very well defined features, as seen in Figure 2.1. A 125|jm image of a master having 10 

|im lines, separated by 20 |im lines is shown in Figure 2.1a. The line scan in Figure 2.1b 

shows the height of each of these lines to be 2.0 |am. 

Stamps were inked with a ca. 1 mM ethanolic solution ofoctadecylmercaptan for 

ca. 1 min, and then blown dry with a stream of dry nitrogen. It is necessary that all of the 

ethanol carrier solvent is removed from the stamp prior to contact with the Au surface. 

Excess ethanol causes smearing of the pattern. A SEM sample stub was adhered to the 

back of the stamp using Silicone sealant, creating a handle for the stamp. Microcontact 

printing was achieved by bringing the inked stamp close (ca. 3 mm) to the Au surface, 

held by a pair of Uveezers. The sample was then dropped and pressed into the Au. The 

technique of dropping the stamp reduces the amount of smudging that can occur by 

"placing" the stamp on the surface. The inked PDMS stamp was left in contact with the 

Au surface for ca. 1 min. The Au surface was pulled away from the stamp using 

tweezers. The stamped surface was rinsed with copious amounts of ethanol, and dried in 
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Figure 2.1 Profile of a Si master, similar to the one used to produce the PDMS stamps, 
obtained by AFM imaging (a). A line scan cross section (b) was used to 
determine the profile dimensions. 
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a stream of N,. A good print would result in the visible observance of ethanoi running 

along the surface in the stamped line directions. 

The printed hydrophobic regions were occasionally doped with 1-phenyldodecane 

by immersing the C,3-SAM coated substrates in an ethanolic solution of 1-

phenyldodecane (I mM solution) after stamping, or by stamping with a doped thiol 

solution. 

AFM images of these stamped Au surfaces showed 10.4 ±0.1 |am wide lines of 

the C,8-SAM, alternating with 14.6 ±0.1 ^m wide spaces of bare gold. 

The stamped Au surfaces were produced immediately before deposition of the poly-

phenoxide barriers, through electropolymerization of w-aminophenol. 

A drop of solution containing wi-aminophenol (1 mM) and 0.2 M potassium 

hydrogen phthalate (KHP) 99.95-100.05% (Aldrich) was placed on the microcontact 

printed Au surface (Figure 2.2). The droplet size varied, but was 0.5 ± 0.1 cm in 

diameter. The Au substrate was secured in place with a brass clamp, and acted as the 

working electrode. A Ag/AgCl reference electrode, and a platinum coil reference 

electrode were positioned within the droplet (Figure 2.2). m-Aminophenol was 

electropolymerized by cycling the Au substrate from 0.3 V to l.l V vs. Ag/AgCl three 

successive cycles at a sweep rate of 50 millivolts per second. After 

electropolymerization, the pattemed substrate was rinsed with water, and dried in a 

stream of dry nitrogen before storing in a closed container. 
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Figure 2.2 Sketch of electrochemical polymerization of m-aminophenol (1 mM) in a 
droplet of 0.2M KHP aqueous electrolyte. The microcontact printed Au 
surface acts as the working electrode, a Ag/AgCl wire as the reference 
electrode, and a Pt coil as the auxiliary electrode. 
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2.10 Phthalocyanine application onto patterned substrates 

Selective water condensation, onto the hydrophilic polymeric barriers resulted by 

cooling the substrate at ca. 0° C at ca. 30% relative humidity. 

A cast solution of CuPc(OCH,CH,OBz)g (ImM) in CHClj onto the water 

condensed surface resulted in no selective deposition, due to the overpowering of the 

CHClj solution on the water blocked barriers. Subsequently, an aerosol of the CHClj 

solution was applied using an air brush attachment, within a glove bag held at ca. 30% 

relative humidity. 

Capillary filling of the patterned channels was carried out with a lO'^M 

chloroform solution of CuPc(0CH,CH,0Bz)8 The patterned substrate (without water 

condensation) was sandwiched against a piece of float glass such that exposed 

microcontact printed capillary ends were exposed (Figure 2.3). This sandwich 

configuration was held together with binder clips placed at the midpoint of the two 

pieces. A 2 ^L aliquot of a the chloroform solution was applied to the capillary ends 

using a 10 i^L syringe. The majority of this solution is drawn along the glass/substrate 

interface line, but a significant portion is immediately drawn into the patterned capillaries 

as observed by eye. The patterned substrate/float glass assembly was left sandwiched 

together for ca. 30 min, in the presence of a chloroform-saturated atmosphere. 

2.11 Optical Microscopy and Birefringence 

Selectively deposited fihns of CuPc(0CH,CH20Bz)8 were observed using a 
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Figure 2.3 Sandwich ceil configuration for capillary application of 2 jiL of 
CuPc(0CH2CH20Bz)g (0.05 mM) CHCI3 solution. 
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Nikon Eclipse ME600 microscope outfitted with crossed polarizing lenses. Areas of 

birefringence were noted, and were compared with fiber samples of 

CuPcCOCHiCHjOBz)^ also observed under normal illumination and through crossed 

polarizer A Nikon E950 digital camera was used to capture select images of the surface. 

2.12 Solution and Thin Film Voltammetry 

Solution phase and thin film cyclic voltammetry were carried out on the cobalt 

centered analogue of the parent compound, CoPcCOCHjCHjOBz^, using a Cypress 

Systems, Inc., Model CS-1090 potentiostat. A conventional three electrode cell was used 

for solution studies with a platinum wire annealed to form a hemispherical button as the 

working electrode, a coiled Pt wire for auxiliary electrode, and a pseudo Ag/AgCl 

reference electrode. The CoPc(OCH2CH20Bz)8 material was dissolved in 

dichlorobenzene (DCB) (99%, anhydrous), that was dried by slurrying with activated 

alumina immediately prior to use, at a 3 mM concentration. Tetrabutylammonium 

perchlorate (TBAP) (Sigma) recrystallized from ethanol and dried at 50 °C under 

vacuum, was used as the supporting electrolyte at 0.1 M concentrations. DCB solutions 

were degassed by repeated freeze-pump-thaw cycles, and then kept in a N, flooded 

atmosphere. Potentials were referenced to the ferrocenium/ferrocene (Fc*/Fc) redox 

couple (+ 0.4 V vs. SHE). 

Thin film voltammetric analysis was carried out on seven bilayer thick films of 

CoPc(OCH2CH20Bz)8 transferred to benzyloxyethanethiol modified Au substrates. 
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These films acted as the working electrode, with a Pt coiled wire and a Ag/AgCl 

(saturated KCl) electrode acting as the auxiliary and reference electrodes. The Ag/AgCl 

reference electrode was calibrated daily using the ferri/ferrocyanide redox couple. Thin 

films were in contact with 0.1 M LiC104 supporting electrolyte dissolved in 18 MQ 

Millipore Milli-Q water. The Au substrate surface was used as a reflective surface for 

obtaining UV-Visible spectra of the thin film under potential. A fiber optic probe 

connected to a CCD Array UV-Vis Spectrophotometer (Spectral Instruments, Inc., 

Tucson, AZ) was inserted into a water tight adapter to the solution cell, resulting in a total 

reflection path length of ca. 0.5 cm. 

2.13 Interdigitated Microelectrode Array Measurements 

CUPC(0CH,CH,0BZ)8, COPC(OCH,CH,OBZ)8, and 

CuPc(OCH2CH,OCH,CH=CHPh)8 thin films were deposited on 3 mm, 50 finger-pair 

interdigitated array microelectrodes (IME) with 10 |im spacings (Abtech). Films were 

deposited as pairs firom the same LB film, such that the current was measured along the 

column axis with one IME, and across the column axes on the other IME (Figure 2.4). 

One pair of circuits were mounted and sealed in a closed container. The microcircuits 

were secured using a spring clip, which also made electrical connection to the Au 

contacts of the microcircuit (Figure 2.5). These contacts were wired to BNC connectors 

that were connected to a Keithley sourcemeter, used to control the potential bias and 

measure the resultant currents. The Keithley sourcemeter was controlled using LabView 
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Figure 2.4 Orientation of interdigitated microfmger electrode (IME) array circuits for 
film deposition. Ij^ represents the current measured across the Pc column 
axes, and In represents the current measure along the Pc column axes. 
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software. Measurements were made under a continuous flow of N, which entered the 

container through two valves on either side. 

Conductivity values were calculated from the current response of linear bias 

potential scans from 0 to 5V at a 0.1 V scan rate. Space charge limited condition current-

voltage responses were recorded by cycling the potential from 0 to 50 V at a I V/s scan 

rate. Photoconductivities were determined from ohmic potential scans with irradiation 

from a HeNe laser (15 mW, 633 nm) or a Xe arc lamp (430 mW, 400 nm - 700 nm, IR 

filtered). Temperature variations were controlled using resistive heating elements 

mounted behind the contact clip, and were monitored using a thermocouple positioned 

close to the IME substrates (Figure 2.5). 

2.14 Photolysis of Polymerizable Phthalocyanines 

Multilayer thin films of the photoreactive phthalocyanine materials were 

transferred to hydrophobized quartz slides, and annealed at 210°C (CuStyrylPc) or 120 

°C (CuCinnamylPc) for at least 4 hours (usually overnight) at 75 mmHg to remove water 

associated with the Langmuir-Schaeffer transfer process. Care was taken to only remove 

films firom the vacuum oven only after it had cooled to avoid heat induced reactions 

involving the styryl/cinnamyl moieties. 

The samples were placed inside a photolysis chamber (Figure 2.6) equipped with 

two low pressure Hg lamps positioned above a 254.5 nm bandpass filter. The lamps were 

ca. 2.5 cm above the samples in this geometry. Pairs of transferred samples could be 
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Figure 2.6 Photolysis geometry for irradiation of polymerizable phthalocyanine materials 
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photolyzed simultaneously. A piece of glassware fitted with an inlet valve was place 

over the lamp/substrate set up and was purged with a continuous flow of N,. Later the 

glassware was replaced by a glove bag. 

UV-visible spectra were taken with a Hitachi U-2000 twin beam 

spectrophotometer to track the progress of polymerization. At the beginning of a 

photolysis run, spectra were taken every 5 min for the first 15 minutes, every 15 min for 

45 minutes, every 30 min for I hr, and once every hour following up to 12 hours. Three 

different spectra were taken for each sample, removing from the sample holder each time, 

in order to account for variability in film thickness. The absolute absorbance at ca. 250 

nm (attributed to the styryl/cinnamyl moiety) was used to calculate a percent conversion 

for photolysis. A baseline was estimated for the polymerizable Pes by comparison to the 

absorbance of the CuPc(0CHjCH20Bz)a in the low wavelength region. 

Photolyzed samples of CuPc(OCH,CH2CH=CHPh)8 and 

CuPc(0CH,CH,0CH,CH=CHPh)8 were sonicated in CHClj and/or benzene to remove 

the photolyzed material for further analysis. Solutions of photolyzed 

CuPc(0CH2CH,CH=CHPh)g were cast onto highly ordered pyrolitic graphite (HOPG) for 

AFM imaging. A Langmuir-Blodgett film was also made of the photolyzed material, and 

transferred onto a Si wafer for SAXS analysis. 

It was found that the CuPc(0CHiCH20CH,CH=CHPh)8 material was insoluble 

upon total conversion. To test the photopatteming of this material a TEM grid (630 

hexagon mesh) was placed on top of a 14 bilayer sample of 
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CuPc(0CH,CH20CH2CH=CHPh)8 on HOPG. After photolysis the masked portions were 

removed by rinsing with CHCI3. The remaining patterned material was seen under a 

600x microscope, and was imaged by AFM. 
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Effect of Phenyl-Terminated Surface Modifiers 

on Thin Film Transfer Efficiency and Molecular Orientation 

3.1 Introduction 

Rod-like self-organizing organic materials have attracted significant attention due 

to their unique electroactive and photoactive properties. These properties have been 

shown to be dependent both on the long range order and molecular orientation within thin 

films of these materials, as evaluated in field-effect transistors/ ' photovoltaics,^^'^ '' 

and polarized emission light emitting diodes.^ '""^ Because of this dependence on order 

and molecular orientation, special attention is now being paid to deposition conditions,^^' 

3.6,3.8.3.10.3.12 mechanical and chemical substrate pretreatment,^ " and substrate 

morphologies,^ for each of these materials. 

Discotic mesophase phthalocyanines, such as the compounds in the present study, 

are candidates for organic field effect transistor (OFET) and photovoltaic (PV) 

applications because of the unusually coherent thin films which can be formed from these 

molecules, owing to their tendency to self-organize in parallel columnar structures. 

Discotic mesophase materials are attractive for these technologies if the coherence length 

achievable in rod-like aggregates of these materials exceeds the expected separation 

distance between source/drain (OFET) or anode/cathode (PV) contacts (generally a 
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minimum coherence length of 100 nm is required). Under these conditions, charge 

mobilities along the rod axis greater than 0.01 cm' V ' s ' are expected.^ 

In our studies to date we have observed that thin films of CuPc(0CH,CH20Bz)8 

contain the Pc oriented nearly "edge-on" to the substrate plane, with coherence lengths in 

individual rods averaging ca. 40 nm."^ We have found that a key feature of these 

molecules which leads to the stiff nature and coherence of each bilayer film is the benzyl 

termination in the eight side chains, which appears to enhance the interactions between 

adjacent Pc rings, and between adjacent Pc columns.^" No other Pc material capable 

of forming a discotic mesophase, held in place by non-covalent interactions, has to date 

demonstrated such long range order and thin film coherence. The structural perfection in 

the individual Pc columns rivals that seen in the rod-like polymers of silicon-

phthalocyanines developed by Wegner and coworkers.^ " 

Our preliminary experiments with CuPc(0CH2CH,0Bz)g also suggested that 

phenyl-phenyl interactions between a surface modifier and the Pc assembly played a 

critical role in the efficient transfer of coherent thin films of these Pc assemblies to metal, 

silicon/silicon oxide, and transparent conducting oxide substrates.^^ ^" Molecular 

assemblies with phenyl termination are believed to interact through both cofacial and 

edge-to-face arrangement of the aromatic groups,^ that can strongly affect the type 

and coherence of the resultant molecular aggregate structures.^ We investigated 

whether such interactions strongly influence the transfer, ordering, and molecular 

orientation of Langmuir-Blodgett (LB) films of CuPc(0CH2CH20Bz)8. 
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In this chapter it is explained how the modification of gold surfaces with a custom 

phenyl-terminated thiol, 2-benzyloxyethanethiol (Figure 3.1), which mimics the side 

chain composition of these Pes, leads to a greater efficiency in transfer of 

CuPc(0CH2CH20Bz)g to gold surfaces, versus the efficiency of transfer seen for a CHj-

terminated alkanethiol self-assembled monolayer. Such phenyl surface modifications 

also influence the orientation of individual Pes as determined by reflection absorption IR 

spectroscopy (RAIRS). Analogous modification of the oxide surfaces of silicon wafers, 

with a mixture of 1,1,1,3,3,3 hexamethyldisilazane (HMDS) and 1,3 diphenyl-1,1,3,3 

tetramethyldisilazane (DPTMDS) (Figure 3.2) shows a higher degree of transfer versus 

the unmodified surfaces. The presence of phenyl groups in the surface modifier leads not 

only to higher efficiency in transfer, but to more ordered/optically anisotropic thin films. 

With the optimized surface modification schemes described below, coherence lengths in 

each Pc column of 100 nm or more are now achievable. 

3.2. Substrate Surface Treatments 

3.2.1 Reactions on Si and Au surfaces 

Metal and metal oxide surfaces are routinely modified to increase the adhesion of 

dissimilar materials to those surfaces. Reaction schemes are dependent on creating a 

covalent bond with a metal atom or oxidized metal atom at the solid substrate surface. 

Au and silicon surfaces are two such surfaces that can be modified spontaneously with a 

self-assembled monolayer (SAM) of an appropriate reactant. 
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Figure 3.1 2-Benzyloxyethanethiol molecule is analogous to the side arm on the Pc 
parent compound MPc(0CH2CH20Bz)8. 
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Figure 3.2 Reaction of disilazane reagents with hydroxylated Si substrates, showing 
resultant hydrophobized surface layers. 
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Organosilicon compounds, such as RSiXj, R^SiX,, or RjSiX (where X = CI or 

OR'), react with the native oxide (SiO,) layer present on a Si surface. This technology has 

been used to modify silica phases for chromatography and in the preparation of 

hydrophobic substrates for Langmuir-Blodgett deposition.^" The chlorosilanes are very 

water sensitive, and great care must be taken to avoid water contamination, which 

generates a polymeric Si-0 material at the surface, and within the reaction solution. 

Alkyl substituted disilazanes present an effective alternative. It has been found that 

alkylsubstituted disilazanes react preferentially with surface hydroxyl groups on silica 

surfaces according to:^ " 

2 5 SiOH + SiRj-NH-SiRj -> 2 =SiO-SiK, + NH3 (3.1) 

The two disilazane molecules mentioned above and their reaction products are shown in 

Figure 3.2. 

Nuzzo and Allara first observed the reaction of a dialkylsulfide with a Au surface 

resulted in an orientated monolayer at the surface.'^' Alkyl thiols also react 

spontaneously at Au and Ag surfaces, and result in a uniform model surface for studies of 

wetting, adhesion, and molecular conformation.^^* The exact reaction mechanism for the 

formation of the gold thiolate species (RS Au^) is unknown, but it involves the loss of the 

thiol hydrogen.^" What is known for certain is that straight chain alkane thiols form a 

close-packed, oriented monolayers on Au surfaces. The amount of disorder found in 

these layers has been shown to be dependent on chain length (more disorder is found 

when n ^ 9 for CH3(CHj)„SH)."''^ The 2-benzyloxyethanethiol modifier used in this 
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study is not expected to form a well ordered monolayer due its short chain length, the 

ethoxy linker, and the bulky terminal group. Our methyl terminated thiol of choice for 

comparison was octanethiol, due to its similarity in molecular length. 

Hydrophobized Au and Si surfaces, achieved using the thiol and disilazane 

chemistries, were evaluated using contact angle measurements and redox probes where 

applicable, as discussed below. 

3.2.2 Water contact angles on thiol modified Au and silane modified Si surfaces 

A listing of water contact angles for both Au and Si substrates are listed in Table 

3.1. Contact angles in excess of 95° for both the octanethiol and the 2-

benzyloxyethanethiol SAMs on Au suggest that a relatively compact layer at the Au 

surface is formed by both molecules.^^® The reaction of HMDS and DPTMDS with the 

native oxide layer present on Si (100) wafers also results in increased surface 

hydrophobicity; however, the contact angles on these substrates never exceeded ca. 68°, 

suggesting that there is still a low coverage of exposed oxide sites even though optimized 

versions of these treatments produced excellent Pc film quality (see below). 

3.2.3 Electrochemical characterization of modified Au surfaces 

It has been previously shown that short-chain alkane thiol assemblies are more 

disordered than long-chain thiol assemblies (n s9), due to differences in alkyl chain 

interactions and packing densities"^ "' and that large differences in van der Waals radii 
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Contact angles (°) 

Au surface modification 

None 54 ± 1 

Octanethiol 101 ± I 

Benzyloxyethane thiol 98 ± 1 

Si (100) wafer (w/ native oxide) surface modification 

None 39 ± I 

HMDS 62 ± 2 

DPTMDS 67 ± 1 

HMDS:DPTMDS 
50%: 50% 

Table 3.1 Contact angles of water on modified Au and Si surfaces. 
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of the tail group versus the head group in amphiphilic assemblies (as in modifier 2) lead 

to greater disorder and higher defect densities within a monomolecular layer.^'"' 

Voltammetric characterization of the modified Au surfaces with aqueous ferrocyanide 

solutions suggested that 2-benzyloxyethanethiol produces a less ordered surface layer, 

with significant small molecule accessability to the Au substrate. 

As shown in Figure 3.3, the oxidation/reduction process for Fe(CN)6"*was 

effectively blocked by the Au surface modified with octanethiol. This indicates that there 

is no accessibility to the Au surface through the thiolate layer. The oxidation/reduction of 

Fe(CN)6""'^ on a Au surface modified with 2-benzyloxyethanethiol and a clean Au surface 

produced nearly the same current density, over voltammetric sweep rates ranging fi^om 10 

mV/s to 1 V/s. The voltammetric data suggests that there is considerable accessibility for 

counterion penetration through the 2-benzyloxyethanethiol film to the Au electrode 

surface.^" One can conclude that although good coverage is obtained using 2-

benzyloxethanethiol, as indicated by the contact angle measurement, the monolayer film 

is not closely packed, as is the case with octanethiol, due to steric effects of the large 

terminus group (Figure 3.4). The hydrophilic ethoxy linkages may be facilitating the 

accessability of solvated counterions to the Au electrode surface. Since this fihn is not 

closely pack, one can assume a certain amount of flexibility in these modifying chains, 

which may be critical in obtaining optimum interactions with films of 

CuPc(0CH2CH20Bz)8 (see below). 
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Figure 3.3 Cyclic voltammetry of the FeCOOe*"^' redox couple on a) ( ) bare Au 
electrode, b) ( Au electrode with an adsorbed layer of octanethiol, 
and c) ( ) Au electrode with an adsorbed layer of 
benzy loxyethanethiol. 
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Figure 3.4 Representation of hydrophobic Au surfaces after reaction with a) 
octanethiol and b) benzyloxyethanethiol, showing the possible disorder 
within the later. 
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3.3 Pc Transfer to Octanethiol and 2-benzyloxyethanethiol modified Au 

Substrates 

Films of CUPC(OCH,CHjOBZ)8 have been typically transferred to all substrates at 

a point on the n-A curve where stable bilayers are formed, since these are the conditions 

which have produced the most coherent films, with the best long range molecular 

order.^AFM and RAIRS data on comparable substrates show the differences in bilayer 

film transfers of CuPc(0CH,CH20Bz)j to clean Au and Au substrates modified with 

either octanethiol, or 2-benzyloxyethanethiol. The small IR signal in Figure 3.5a, and 

corresponding AFM image (Figure 3.6a) are evidence that only small portions of a 

bilayer of CuPc(0CH2CH20Bz)j are transferred effectively to this surface. The 

remaining material is left on the LB trough, or picked up as a highly folded and defective 

film, elsewhere on the Au surface. 

Figure 3.6a shows a comer of a section of the Pc film whose dimensions were less 

than 250 jim x 250 (im, and a larger bare Au region - conditions typical of transfer to this 

unmodified surface. We hypothesize that the film that is transferred interacts with the Au 

surface through non-specific interactions of the film with carbonaceous contamination. 

Figure 3.5b reflects the improved transfer of CuPc(0CH,CH20Bz)3 due to non-specific 

hydrophobic interactions with the methyl-terminated octanethiol. A continuous fihn is 

still not achieved, as seen in the corresponding AFM image (Figure 3.6b). Bilayer islands 

are seen across the surface, with average dimensions of 500 |am x 500 [im, with large 

areas of bare Au surface revealed. Comparable results are obtained using 
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Figure 3.5 RAIRS spectra of a single bilayer film of CuPc(0CH2CH20Bz)8 onto a) a 
clean Au slide, b) a Au slide modified with octanethiol, and c) a Au slide 
modified with benzyloxyethanethiol. The (1204/1283 cm"'and 1103 
cm"'), and out-of-plane bending transitions (6pc.H = 745 cm ') have been 
marked. 
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Figure 3.6 Representative AFM images of bilayer transfers of CuPc(0CH2CH20Bz)g to a) a clean, 
unmodified Au surface, b) a Au surface modified with octanethiol, and c) a Au surface 
modified with benzyloxyethanethiol. 
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octadecanethiol, so chain length in the SAM layer cannot by itself be a contributing factor 

in determining Pc transfer efficiency to a methyl-terminated Au surface. 

Figure 3.5c shows the marked improvement in bilayer transfer of 

CUPC(0CH,CH,0BZ)8 to the Au surface modified with 2-benzyloxyethanethiol. The 

relative transfer efficiency on Au surfaces modified with 2-benzyloxyethanethiol is 

consistently a factor of at least 10 x versus the bare gold surface, and ca. 3 x versus the 

gold surfaces modified with CHj-terminated SAMs, estimated firom the maximum IR 

absorbance for each film at 1283 cm '. The corresponding AFM image (Figure 3.6c) 

shows a complete bilayer transfer of CuPc(0CH,CH20Bz)8 over a 100 p-m x 100 ^m 

area. Images of continuous film features are acquired from scans taken at random over 

the entire sample, within the physical limits of the imaging scan head (1^1 mm). The 

entire area of the transferred Pc film is ca. 1 cm\ The scan image shown in Figure 3.6c 

includes small "ridges" in the bilayer film, chosen to show the maximal corrugation in the 

Pc film observed, most other regions were much flatter. These ridges generally run from 

the lower left to the upper right sides of the image, and the average step heights in these 

ridges were 7 ± 2 nm, or approximately 2-3 Pc column diameters.^ 

These differences in interaction between methyl-terminated Au surface modifiers 

and phenyl-terminated modifiers are also seen when transfer of the Pc occurs directly 

from chloroform solutions by casting or by capillary forces.^"" In experiments presented 

in Chapter 4, we have created patterned thin films of CuPcCOCHiCHjOBz), by combining 

micro-contact printing to define a hydrophobic "channel", and electrochemical 
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polymerization of various phenols in the remaining bare gold regions to define 

hydrophilic "charmel-walls." In these experiments methyl-terminated SAM layers on 

gold, defining the bottom portions of these channels, are not wet effectively by 

chloroform solutions of CuPc(OCH2CH,OBz)8. The same SAM layers, doped with small 

percentages of phenyl-terminated alkane modifiers, allow for pin-hole-free, conformal, 

micron-width Pc films to be created.^"*' 

The RAIRS spectra of 1,3, and 5 bilayer thickness films, transferred to clean 

gold, octanethiol modified gold, and gold modified with 2-benzyloxyethanethiol were 

used to determine the molecular orientation of individual Pc chromophores within those 

films. A detailed explanation of these calculations are presented in Appendix A, adapted 

fi-om a treatment developed by Debe.^"*" As shown in Appendix A, a coordinate system is 

defined with respect to the plane of reflection and with respect to orthogonal dipole 

transitions within a molecule (Figure A.l and inset of Table 3.2). The coordinate system 

for the Pc molecule 1, specifically the x-y plane, is defined by using orthogonal 

absorbance intensities for in-plane stretching vibrations Vp^.o.c (1204,1283 cm '), and v^. 

0.C (1103 cm '), and for out-of-plane vibrations 6pj.H (745 cm"').^ We can 

calculate an average tilt angle, ijf, of this x-y plane (and therefore the Pc molecules) with 

respect to the surface normal, and a rotation angle of the x-y plane, 0, around an axis 

equivalent to the Pc column axis.^" Additional rotation of the Pes about the z-axis (angle 

4>) are determined in transmission IR experiments, on substrates such as Si (100) (see 

below). A schematic view of the angles are shown in the heading of Table 3.2, and 
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Defined coordinate axis 

A ,v(Fc^ 

Tilt angle, v;; (°) Rotation angle, 0 (°) 

Bilayer films transferred to clean An 

1 Bilayer 41.1 ±3 8.8 ±0.8 

SBilayers 35.9 ±0.2 14.2 ±0.3 

SBilayers 34.1 ±0.3 18.3 ±0.1 

Bilayer films transferred to ethanethiol modified Au 

1 Bilayer 38.6 ±4 8.6 ± 0.7 

3 Bilayers 35.3 ± 0.7 14.7 ± 0.2 

5 Bilayers 34.6 ± 0.3 18.5 ± 0.4 

Bilayer films transferred to benzyloxyethane thiol modified Ait 

1 Bilayer 35.2 ± 1 8.5 ± 0.5 

3 Bilayers 32.2 ±1.0 14.1 ±0.3 

5 Bilayers 32.6 ±0.7 17.9 ± 0.4 

Table 3.2 Molecular orientation angles based on RAIRS spectra. 
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values of \\i, and 0 are listed for 1,3, and 5 bilayer films on differently modified gold 

substrates. 

In general n/ decreases by a few degrees with increasing Pc coverage (i.e. the Pes 

assume a more edge-on orientation with respect to the substrate) and the rotation angle 0 

more than doubles with increasing Pc film thickness, suggesting a significant dependence 

for 0 on the Pc packing density. The observed changes in i|/ and 0 are greater than the 

average error in these values, and are therefore considered significant. The values of \\i 

on Au surfaces modified with 2-benzyloxyethanethiol change less with Pc coverage 

versus the unmodified or CHj-terminated SAM-modified Au surfaces, suggesting less 

reorganization of those films as Pc coverage increases. Increases in 0 with Pc coverage 

are believed to be due to differences in column packing. Phenyl-phenyl interactions may 

increase as six nearest neighbors become available for each Pc column, and hexagonal 

close-packing of the columns becomes dominant. Previous small angle X-ray scattering 

experiments have shown that multilayer films (coverages in excess of 5-10 bilayers) of 

this Pc form columns with hexagonal close packing, as viewed end-on,^but this 

packing architecture may not be achieved in single bilayer films. The RAIRS data 

suggest that other forms of space-filling are adopted in the single bilayer of 

CUPC(0CH2CH,0BZ)j, and that on average all of the Pc chromophores rotate (change 0, 

but not necessarily vj/) to a new space filling configuration as coverage is enhanced, as 

each column is surround by up to six nearest column neighbors. Additional small angle 

X-ray scattering experiments are underway to explore this change in orientation further. 
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3.4 Pc Transfer to Modified Silicon Substrates 

Si (100) surfaces with a thin oxide layer are amenable to modification with 

various silanes, and are excellent candidates for both AFM and transmission FT-IR 

characterization of these Pc aggregate thin films.^" Although a variety of other methyl-

terminated silane agents were evaluated initially, HMDS was chosen as a convenient 

method to create a methyl-terminated silicon/silicon oxid surface. 

Diphenyltetramethyldisilazane (DPTMDS) was selected to introduce phenyl-terminated 

groups to the silicon surface, and has comparable reactivity to HMDS. 

Representative 100 ^m scale AFM images of transferred LB films of 

CuPc(0CH,CH20Bz)g are shown in Figure 3.7. Figure 3.7a, which resulted firom transfer 

of the Pc to an unmodified Si surface, reveals the island-like structures of the bilayer film 

of CUPC(0CH,CH,0BZ)8, which typically had dimensions of ca. 50 |am X 100 nm, as 

to rn  f i lm  segmen t s ,  and  reg ions  where  ex tens ive  fo ld ing  o f  the  f i lm  occur red .^The  

rms roughness of such Pc-islands is ca. 11 nm. More continuous films of 

CUPC(0CH,CH20BZ)j were obtained for Si surfaces modified with either HMDS or 

DPTMDS, but occasional defects were observable on a typical 100 ^m X 100 |am scan 

region, and the rms roughness values were ca. 3 nm. The best overall film quality was 

obtained with Si surfaces modified with the 50:50 mixture of HMDS/DPTMDS (Figure 

3.7b). AFM characterization indicates full bilayer coverage and pinhole-fi-ee films over 

scan areas in excess of 100 |am X 100 ^m, which appears to be a critical dimension for 

the various device applications anticipated for these materials.'"^ As with transfer to Au 
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Figure 3.7 Representative AFM images of bilayer transfers of CuPc(0CH2CH20Bz)8 
to a) an unmodified Si oxide surface, and b) a Si oxide si^ace treated with 
a 5:5:90 v/v/v ratio of HMDS:DPTMDS:CHCl3 solution. 
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substrates, subtle striations or ridges are evident which indicate the rod-axis direction of 

the Pc aggregate (proceeding from lower right to upper left), which is parallel to the 

compression barrier direction on the LB trough.^Typical heights in these ridges were 

once again ca. 7 ± 2 nm. 

Figure 3.8 shows an AFM image, at the 100 x 100 nm scale, of a bilayer Pc film 

like that shown in Figure 3.7b (Si(lOO) wafer modified with 50/50 HMDS/DPTMDS), 

showing the improved microscopic ordering now obtainable for these Pc aggregates. It 

can be seen that the macro-domains in Figure 3.7b consist of large arrays of parallel Pc 

aggregates with coherence often in excess of 100 nm, column-column spacing of 2.7-2.8 

nm, and column orientation parallel to the compression barriers on the LB trough. This 

kind of microscopic near-perfection of these aggregates is not seen on Si(lOO) substrates 

hydrophobized by HMDS or DPTMDS alone. 

These same films were used for polarized transmission FT-IR investigations of 

the effects of surface modification on the average molecular ordering within the 

transferred films of CuPcCOCHiCHjOBz), (Figure 3.9).^ We calculated the dichroic 

ratio, R, defined as the ratio of the absorbances obtained with orthogonal polarized 

electric fields (R = A^^/Aj), by monitoring the absolute IR absorption for in-plane 

vibrations, Vpj.o-(: (1204,1283 cm"'), and Vc.o.c (1103 cm '), and for out-of-plane 

vibrations 6pj.H (745 cm"'). A detailed description of these calculations are presented in 

Appendix B. The average anisotropy values are listed in Table 3.3 for single bilayer and 

4 bilayer fibns transferred to bare Si, and Si wafers modified with HMDS, DPTMDS, and 
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0.0 nm 3.0 nm 

Figure 3.8 Tapping mode AFM image of a bilayer film of CuPcCOCHjCHiOBz)^, 
showing the coherence of these assemblies over a 100 nm x 100 nm scan 
area. 
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Figure 3.9 Polarized transmission FT-IR spectra of a 4 bilayer film of 
CUPC(OCH-,CHiOBZ)8 on a Si wafer treated with a 5:5:90 v/v/v ratio of 
HMDS:DPTMDS:CHCl3 solution. 
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Si wafer treatment I Bilayer Film 4 Bilayer Film 

No Modification 1.8 ±0.8 2.6 ±0.3 

HMDS 
100% 

2.0 ±0.5 2.3 ± 0.8 

HMDSiDPTMDS 
1.7 ±0.3 2.4 ± 0.9 

75%:  25% 
1.7 ±0.3 2.4 ± 0.9 

HMDS:DPTMDS 
50%: 50% 

4.5 ± 0.8 3.4 ± 0.8 

HMDS:DPTMDS 
25%: 75% 

1.8 ±0.3 2.0 ± 0.5 

DPTMDS 
100% 

1.1 ±0.9 1.9 ±0.6 

Table 3.3 Dichroic ratios, R, based on polarized transmission FT-IR spectra. 
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25:75, 50:50, and 75:25 mixtures of HMDS/DPTMDS. 

Values of R = for single bilayer films were ca. 2.0 on all substrates, except 

for the substrates modified with the 50/50 mixture of DPTMDS/HMDS, where dichroic 

ratios in excess of ca. 4 were observed. For thicker Pc films the dichroic ratios increased, 

regardless of modification scheme, but were again consistently higher on Si surfaces 

modified with the DPTMDS/HMDS mixture. The anisotropy values achieved with the 

HMDS/DPTMDS modified surface treatment rival those achieved with thin films of 

silicon phthalocyanine polymers, PcPS, shown by Wegner and coworkers.^ Using these 

dichroic ratios, an estimate of the average rotation angle, (J) (inset of Table 3.2), of the Pes 

around the z-axis can be calculated according to established treatments.^ A detailed 

explanation of these calculations are presented in Appendix B. For the Si (100) 

substrates treated with the optimum mixture of HMDS/DPTMDS, the average value of (j) 

was  27°  ±2° .  

3.5 Density of Surface Bound Phenyl Groups 

Previous studies support the idea that there is an optimum number of surface 

active groups needed to maximize the interaction of an organic film with a modified 

substrate. Ulman and Scaringe have previously introduced the idea of 

"commensurability of intra-assembly planes."^"*^ Their hypothesis includes the idea that 

even though a multilayer assembly can be formed, organized mainly on the basis of van 

der Waals interactions, the mismatch of fiinctional groups between adjacent layers can 
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affect the stability of the layered structure, and significantly impact the defect density in 

the resultant thin film. Their discussion focuses mainly on three conditional interactions 

of distinct layers within a two-dimensional assembly, i) matching of cross-sectional areas 

of specific functional groups, ii) the epitaxy of atomic (or molecular) layers, and Hi) 

matching of the valence bond geometry, the first of which, at least, appears to be 

important in the transfer of our Pc films. The control that surface functional group 

spacing exerts on the coherence and molecular orientation of these Pc aggregates is also 

consistent with the evolving views of large molecule epitaxy on well-defined surfaces, 

where coincident lattices in the overlayer, relative to the substrate, are routinely 

observed.^"'® 

The density of phenyl moieties per Pc unit in compact LB films of 

CuPcCOCHiCHjOBz)^ is ca. 1 unit per 50 A% based on the assumption that there are two 

phenyl moieties within the Pc that project onto the substrate surface (defined by the 

column-to-column spacing of ca. 28 A,^and the Pc-Pc intermolecular spacing of 3.4 

A") (see for example the schematic in Figure 1.7). One can compare the density of 

phenyl moieties found in LB films of CuPc(OCH,CH,OBz)g to an approximate maximum 

density of phenyl moieties on the Si oxide surface, modified with the 50/50 mixture of 

HMDS and DPTMDS. The surface coverage of HMDS and DPTMDS on high quality 

MCM-41 silica surface have shown to be dependent on steric effects.^" If one 

approximates the projected areas of the HMDS and DPTMDS molecules to be ca. 20 A" 

and ca. 30 A" respectively, and that an even distribution of the modifying molecules is 
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present over the Si substrate surface, the coverage of phenyl groups at the modified 

surface ca. one phenyl group per 50 A" projected area, corresponds well with the density 

of phenyl moieties found in the Pc assembly, i.e. a coincident arrangement of Pes and 

phenyl groups is implied, along the Pc aggregate column axis (Figure 3.10). The fact that 

Si oxide surfaces modified with 75/25 and 25/75 mixtures of HMDS/DPTMDS 

respectively, or pure DPTMDS, did not yield Pc film coherence or IR dichroic ratios as 

large as with the 50/50 ratio of HMDS/DPTMDS suggests that an optimum spacing of 

surface-phenyl groups is required in order to achieve the highest efficiency film transfer, 

without loss of long range order. 

3.6 Conclusions 

Optimization of the interactions of compact LB films of CuPcCOCHiCHiOBz)^ 

have been shown to be critically dependent upon surface modification of the substrate 

material, especially with regard to the requirement for phenyl groups in the modifier to 

allow for efficient wetting of the substrate, formation of conformal, ordered films, and to 

even affect the internal ordering (tilt and rotation angles) of the individual Pc 

chromophores within the rod-like aggregate. While the density and orientation of phenyl-

terminated modifiers is presently difficult to ascertain, it is clear that there must be some 

flexibility in 2-benzyloxyethanethiol attached to the Au surface, as revealed by the 

electrochemical studies, even though water contact angles suggest a reasonably non-

porous, hydrophobic surface. For phenyl-terminated modifiers on Si/oxide surfaces. 
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Figure 3.10 Schematic of a HMDS/DPTMDS modified Si/oxide surface suggesting how the spacing of phenyl 
groups might assist the transfer of coherent films of CuPc(0CH2CH20Bz)8, through edge-edge 
interactions between the surface phenyl groups and those at the periphery of the Pc aggregate 
column. ^ 

to 
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however, it is clear that an optimum surface coverage of phenyl groups is needed to effect 

the most efficient transfer of ordered bilayer films of CuPc(0CH,CH20Bz)8. 

The importance of these surface modifications to measurements of electronic 

properties (i.e. field effect mobilities), and to the templated growth of vertical columns of 

these Pes on other substrates will be explored in the future. It is clear that these 

optimized modifications, based on phenyl-phenyl interactions are critical in the patterning 

(Chapter 4) and polymerization (Chapter 5) of similar molecular assemblies, and are 

likely to be general in nature when it comes to producing confomial thin films of 

molecular materials based on aromatic hydrocarbons of significant size. 
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Chapter 4 

Selective Deposition of Rodiike Phthalocyanine Aggregates on Au Surfaces 

Patterned with a Combination of Microcontact Printing and Electropolymerization 

4.1 Introduction 

Several classes of organic materials have recently shown promise for electronic or 

photonic devices, including conjugated polymers, conjugated small molecules (i.e. 

oligothiophenes, and monomeric phthalocyanines), and various discotic liquid crystalline 

materials.""""^ Simple wet-processing techniques are needed; however, to create 

patterned thin films of these materials on a variety of conductive and non-conductive 

substrates.'"^"'"' 

Presented in this chapter are steps towards the selective deposition of 

CuPc(0CH2CH20Bz)g through its interactions with a hydrophobic/hydrophilic patterned 

substrate surface. A facile process was developed to create alternating 

hydrophobic/hydrophilic regions on a Au substrate surface through a combination of 

microcontact printing and electropolymerization techniques (^CP/EP). 

It is of interest to pattern fihns of CuPc(OCH2CH,OBz)8 and other related 

phthalocyanine materials with micron and sub-micron width features, making use of its 

unusual tendency toward self-organization and tlie hydrophobic nature of the periphery of 

each Pc column. There have been a few recent studies in which thin film organic 
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materials have been patterned on substrates with alternating repellant/attractive features. 

Sirringhaus et al. were recently able to produce high resolution ink-jet printed transistor 

circuit elements using polyimide barriers to direct the flow of a water soluble conducting 

polymer to form source/drain contacts.^" Bourgoin and Palacin have recently shown that 

an LB film of nickel tetrakis(hexyloxycarbonyl)phthalocyanine can be selectively 

deposited onto micron-sized hydrophobic stripes of a hydrophobic/hydrophilic patterned 

substrate using traditional vertical dipping of a substrate through an LB film of the 

phthalocyanines.^"^ 

In contrast to more classically amphiphilic Pes, the stiff bilayer LB films of 

CuPc(0CH2CH,0Bz)G arise from a combination of TC-IT interactions between the Pc 

macrocycles, and either cofacial or edge-face interactions between the terminal benzyl 

groups on each side chain. Vertical dipping for transfer of LB films of this material does 

not lead to coherent films, but the Langmuir-Schaefer horizontal transfer technique 

results in well ordered bilayer films on a variety of substrates."* 

The transfer efficiency of bilayers of CuPc(0CH2CH20Bz)8 to hydrophobized 

substrates can also be significantly improved by the introduction of phenyl-terminated 

surface modifiers, as shown in Chapter 3.^ *® Surfaces terminated with phenyl groups 

provide for efficient transfer of these 5.6 nm bilayer fihns, with pinhole-free areas up to 1 

cm\'*The enhanced transfer efficiency of this material is apparently due to specific 

interactions between the phenyl terminated exterior of these thin fihns and phenyl 

moieties present in the hydrophobic substrate modifiers. Patterning strategies discussed 
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here have therefore been developed to take advantage of the differences in surface 

wetting and the chemical specificity of the peripheral phenyl termination to produce 

patterned arrays of CuPc(0CH2CH,0Bz)j and related materials. 

The supposition behind this patterning strategy is depicted in Figure 4.1. The 

benzyloxyethoxy-substituted Pc, when brought in close proximity to a 

hydrophobic/hydrophilic patterned substrate surface, should be attracted to the 

hydrophobic regions and repelled by the hydrophilic regions. A layer of water, 

selectively condensed on the hydrophilic regions, should repel the Pes from those areas 

even further. The hydrophobic region can be functionalized to further attract the Pc 

molecules by the introduction of phenyl terminated moieties, as will be discussed near the 

end of this chapter. 

4.2 Fabrication of the Patterned Substrate Surface 

Soft lithography techniques, such as microcontact printing (nCP) and capillary 

flow in soft polymer channels (MIMIC) have both been shown to provide for the 

formation of patterned arrays of molecular materials."* " Combining these techniques 

through nCP/EP provides for a convenient pathway to a patterned substrate surface with a 

significant contrast in wettability and polarity between the hydrophobic channel bottom 

and the electropolymerized hydrophilic walls. 

The strategy for creation of these patterned surfaces is shown in Figure 4.2. The 

hydrophobic regions are defined initially on the Au surface using conventional 
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Figure 4.2 Microcontact printing/electropolymerization (mCP-EP) steps taken to 
produce the hydrophobic/hydrophilic patterned surface, and the application 
techniques leading to the final selective deposition of 
CuPcCOCHjCHjOBz),. 
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microcontact printing. The polymeric barriers are next grown in the bare Au regions, 

through the electropolymerization of m-aminophenol. The presence and quahty of the 

patterned substrate surface was evaluated using atomic force microscopy (AFM), 

reflection-absorption infrared spectroscopy (RAIRS), and contact angle measurements. 

Several different application techniques were explored including, aerosol deposition, and 

Langmuir-Schaefer deposition. The greatest success was achieved using a capillary 

action technique that allowed for selective deposition of CuPc(OCH2CH,OBz)8 as ca. 

500 |im length, 10 |im width, 0.05 |am to 0.20 |^m thickness films. 

4.2.1 Microcontact printing 

Conventional microcontact printing was used to create hydrophobic stripes on the 

bare Au surface, as described in detail in Chapter 2.'' A polydimethylsiloxane 

(PDMS) stamp was cast from a master having alternating 10 |im lines spaced 15 |im 

apart. The stamp was inked with a 1 mM ethanolic solution of octadecylmercaptan (Cij-

SH). Printing resulted in 10.4 ±0.1 nm width lines of the C,g-SH SAM, alternating with 

14.6 ±0.1 nm width spaces of bare gold as determined by AFM imaging (Figure 4.3a). 

AFM imaging of the Cu-SH SAM pattemed surface was difficult to achieve. This 

is believed to be due to the great differences in attractive and repulsive forces the tip feels 

while scanning across the hydrophobic SAM regions, and bare Au regions. The total 

height z-scales were consistently a factor of 10 x larger than expected (ca. 40 nm). 

Ellipsometric data for C,g-SH SAM layers indicate that the total film thickness should be 
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Figure 4.3 Tapping mode AFM image of microcontact printed CigSH SAM regions (a). 
The average width variation for the hydrophobic stripes were calculated to 
be 10.4 ± 0.1 |am and 14.6 ± 0.1 ^m for the bare gold regions. The average 
C,gSH SAM step height (ca. 3.5 nm) was determined by taking a bearing 
analyis over the whole image (b). 
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ca. 2.5 - 3.0 Bearing analysis of small regions on the surface (Figure 4.3b) 

revealed that the average height difference between the bare Au and C, g-SH SAM regions 

are only ca. 3.5 nm. This value is in much better agreement with the expected height 

differential. There was a surprising lack of AFM imaging of microcontact printed SAM 

patterns on Au reported in the literature to compare these findings with. Most 

microcontact printing images are taken of etched samples by SEM/ or by friction 

force microscopy (FFM) where the unstamped regions are backfilled with a 

complementary thiol.'*" 

More routine characterization of the microcontact printed Cjj-SH SAM surfaces 

were done by contact angle measurements and/or RAIRS. Contact angle measurements 

offer a simple way of characterizing small changes in surface composition. The angle 

made between a solvent drop and a solid surface is measured, and is determined by a 

balance between cohesive forces in the liquid, and adhesive forces between the liquid and 

the solid surface.^" The wetting characteristics of a heterogenous surface (with domains 

> 100 X 100 A") can be explained using the Cassie equation, 

COS0 = f, COS0, + f, cosO,, (4.1) 

where 0 is the contact angle of a liquid on a heterogeneous surface composed of a fraction 

(f,) of one chemical group and a fraction of a second chemical group (f,). The angles 0, 

and 02 are the contact angles of the liquid on pure homogeneous surfaces of components 1 

and 2. The average contact angle measured on a "clean" Au surface (component 1) was 

54 ± 2°. The average contact angle measured for a purely C,8-SH SAM covered surface 
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(component 2) was 96 ± 1 The contact angle on a microcontact printed C, g-SH 

SAM/Au surface was measured to be 73 ± I ° very close to the predicted angle (72°) 

determined by the Cassie equation (4.1) with f, = 0.6 and f, = 0.4. 

The C-H stretching region in the RAIRS spectra (Figure 4.4a) taken of a C,a-SH 

SAM patterned substrate confirms the band assignments for a compact self-assembled 

monolayer of octadecylmercaptan [v,(CH2) at 2916 cm ', V5(CH,) at 2848 cm ', and 

(CH3 ip) at 2965 cm-'].''-' 

4.2.2 Electropolymerization of m-aminophenol 

Electropolymerization of phenolic compounds occurs on gold surfaces at 

moderate potentials, producing conformal, pinhole-free, electrically insulating poly-

phenoxide films, which have been used previously as passivating layers, and to fill 

pinholes in other electrode-modifying organic films.' Chemical polymerization of 

these same phenols is straightforward, and may enable the patterning techniques 

discussed here to be applicable to non-conductive substrates in the future.'" 

As shown in Figure 4.5, voltammetric oxidation of w-aminophenol (wAP) 

provides for the formation of an insulating fiUn (at pH = 4.0; Ep = 0.76 volts vs. 

Ag/AgCI). The first oxidative sweep accounts for the bulk of the polymer formation. 

The polymerization occurs through the oxygen atoms, resulting in an insulating polymer 

with subsequent lower peak currents on the 2"'' and 3"* scans.'Recent studies, in our 

lab, have shown that polymerization at higher pH, where the -NH, groups are 
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Figure 4.4 RAIRS spectra of a) a microcontact printed SAM of octadecylmercaptan 

and of b) a Au surface with both the patterned alkanethiol and the 
electrochemically grown poly-phenoxide channels. The width and shape 
of the N-H stretch at 3360 cm"' is characteristic of an extensively hydrated 
and H-bonded polymer network. 
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Figure 4.5 The current vs voltage response observed during the electropolymerization 

of OT-aminophenol at a microcontact printed gold working electrode surface 
(three successive scans were monitored, as noted numerically, at a 50 mV/s 
sweep rate). 
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deprotonated, does not seem to produce films with the same insulating nature. The total 

charge passed on three voltammetric scans, correlated with the area of Au remaining after 

microcontact printing of the C,8-SAM, creates a poly-phenoxide film estimated from 

coulometric analysis to be ca. 25-30 nm thick. Patterned polyphenoxide film thicknesses 

were confirmed by AFM characterization, as shown in Figure 4.6. 

AFM images of the patterned substrate surface were imaged in tapping mode in 

Millipore Milli-Q water. The polyphenoxide films appeared to be uniform across the 

sample surface, and the C,8-SH SAM regions appeared devoid of polyphenoxide film 

growth. The polyphenoxide barriers retained the dimensional integrity of the original 

HCP layers, and the line scan in Figure 4.6b shows the height uniformity of those 

hydrophilic barriers. 

RAIRS data for such polyphenoxide modified surfaces (Figure 4.4b) shows a 

broad absorption band centered around 3360 cm"', assigned to N-H stretching vibrations, 

broadened and split by heterogeneous hydrogen bonding interactions. Recent work in our 

laboratory suggests that the dimensional integrity of these poly-phenoxide stripes can be 

sustained down to ca. 600-700 nm width, defined by contact printing of C,8-SH layers. 

The height and integrity of these poly-phenoxide barriers can be controlled by solution 

concentration of the monomer, pH, and total charge passed but they are limited in 

thickness by their electrically passivating nature, and generally do not form barriers in 

excess of 30 nm thicknesses, as indicated by recent studies in our lab. 

Contact angles of water on the nCP/EP substrate surface were measured to be 58 
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Figure 4.6 Tapping mode AFM height image of a) the patterned Au surface after 
microcontact printing and electropolymerization of m-aminophenol, and b) 
the line scan of this region, showing that the poly-phenoxide stripes are ca. 
25 nm in height above the alkanethiol layer. 
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i: 1 Again, the Cassie equation (4.1) can be used to explain this wetting profile. The 

contact angle measured for a pure polyphenoxide film (component 1) was determined to 

be 43 ± I and the contact angle measured for a pure C,8-SH SAM film (component 2) is 

96 ± 1 The predicted angle, where f, = 0.6 and f, = 0.4, for the heterogeneous surface 

was calculated to be 67°. The observed contact angle is not in very good agreement with 

the predicted angle by the Cassie equation. Corrections can be made for the height 

differential between the two components, but the change in the predicted angle is only < 

0.1%. 

Regardless of the Cassie equation discrepancies, selective condensation of water 

is easily achieved on only the hydrophobic regions. Cooling the nCP/EP substrate to ca. 

0°C in a humid environment (ca. 30% relative humidity) showed that water selectively 

condensed onto the hydrophilic poly-phenoxide "barriers". Some condensation features 

approached 75-100 microns as seen in Figure 4.7. 

4.3 Methods of Phthalocyanine Application 

Several different approaches were evaluated for adding films of 

CuPc(OCH2CH,OBz)8 to these ^CP/EP patterned surfaces: aerosol, Langmuir-Schaefer, 

and capillary applications. The first two approaches were preceded by condensation of 

water onto the hydrophilic regions of the substrate, to ensure maximum wettability 

contrast between the channel walls and bottom features. Tapping mode AFM and optical 

microscopy were the main techniques used for analysis of these samples. 
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Figure 4.7 A video microscope image, shown at 600 x magnification, of water 
condensation patterns on the the hydrophilic poly-phenoxide stripes, 
achieved by cooling the substrate (ca. 0 °C) in a humid environment (ca. 

30% relative humidity). 
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4.3.1 Aerosol application 

The first application trials included casting a solution (ca. 0.01 mM 

CUPC(OCH2CH,OBZ)8 in CHClj) onto the water condensed ^CP/EP surface. There was 

no patterning of CuPc(OCH2CH,OBz)8 using this application technique. The CHClj 

solution overpowered all water barriers, leaving a homogeneous film of 

CuPcCOCHjCHjOBz), over the entire surface. The results from that experiment lead to 

an aerosol deposition of chloroform solutions of CuPc(0CH,CH20Bz)8. Aerosol 

solutions, sprayed onto the nCP/EP patterned substrates, showed only modest 

confinement of the Pc film within the channel regions, as seen in Figure 4.8. The water 

blocked barriers did direct the Pc film away from certain regions (pointed out by the 

arrows). One can also observe that the Pc material has condensed around the water 

droplets, as seen at the far right edge of the image, leaving circles of material. Because of 

fast evaporation times, the aerosol technique leaves little equilibration time for the 

CUPC(OCH2CH,OBZ)8 molecules to interact with the |iCP/EP surface. 

4.3.2 Langmuir-Schaefer deposition 

Langmuir-Schaefer transfer of LB bilayer films allows for a longer equilibration 

time between the fiCP/EP substrate and the Pc material, and also allows for the selective 

deposition of highly ordered Pc assemblies. Deposition of the Pc material onto the 

(iCP/EP surface did provide for selective uptake of the Pc into the hydrophobic channel 

regions (Figure 4.9). Although there is considerable tearing of the bilayer film, there are 
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Figure 4.8 Tapping mode AFM image, shown in phase mode, of deposited 
CuPc(0CH2CH20Bz)8 onto a water condensed patterned substrate using an 
aerosol technique. Arrows point out areas block from Pc covereage. 
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Figure 4.9 Tapping mode AFM height images of LB-formed bilayers of CuPc(0CH2CH20Bz)g horizontally transferred 
onto patterned, hydrated surfaces (as in Figure 4.7) defined by microcontact printing of Cu-SH only. Figures (a) 
and (b) represent transfer with the Pc rod-like aggregate axis oriented perpendicular and parallel to the poly-
phenoxide stripes. -
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also many ca. 5 nm x 10 nm regions where the 5.6 nm thickness film was transferred. 

Since the molecular assemblies of these Pes are anisotropic, the Langmuir-

Schaefer transfer was done in two different orientations, as shown in the insets. 

Selective deposition was much more successful (larger intact areas of the Pc film were 

successfully transferred) when the stripes in the ^CP/EP surface were aligned 

perpendicular to the Pc column axis, as was the case in Figures 4.9a. These observations 

are consistent with the hypothesis that separation of the Pc film occurs preferentially 

along the "chain-ends" of these aggregates, rather than between the aggregate columns. 

The Pc bilayer film left in the hydrophobic trough undergoes folding and some linkages 

between the adjacent channels are retained. 

More successful differential transfer was achieved by introducing a phenyl-

terminated dopant into the hydrophobic channel region (Figures 4.10). One can see very 

large portions of the Pc film have been transferred solely to the phenyl-doped 

hydrophobic regions in Figure 4.10a. The size of these transferred aligned materials can 

extend over 100 |am. The basis behind the introduction of phenyl moieties within the 

hydrophobic region will be discussed further in Section 4.4. 

4.3.3 Capillary action 

The best examples of selective deposition were achieved using capillary forces to 

fill the hydrophobic/hydrophilic channels with dilute CHClj solutions of 

CuPc(0CH,CH20Bz)g. Instead of condensing water onto the hydrophilic barriers to 



Figure 4.10 Tapping mode AFM height images of LB-formed bilayers of CuPcCOCHiCHiOBz)^ horizontally transferred 
onto patterned, hydrated surfaces (as in Figure 4.7) defined by printing of C,g-SH and doping with ca. 10% 
(mole) of 1-phenyldodecane. Figures (a) and (b) represent transfer with the Pc rod-like aggregate axis oriented 
perpendicular and parallel to the poly-phenoxide stripes. ~ 
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enhance the wettability contrast, the nCP/EP surface was sandwiched against a piece of 

float glass. Clamping the two surfaces in place provided an air gap above the charmels of 

ca. 50 thickness. A ca. 2-5 microliter volume of the CuPc(0CH,CH,0Bz)3 solution 

was applied at the lower edge of the freshly prepared capillaries (for a more detailed 

explanation, refer to Section 2.9). A portion of the solution is instantly drawn into the 

capillaries, while the bulk of the CHClj runs around the glass/^CP/EP interface. The 

CHClj solution was allowed to dry slowly in a chloroform-saturated atmosphere (ca. 30 

min). The success of these capillary experiments varied, with an average "success" (as 

defined in the following paragraphs) rate of 10-15%. 

Initial experiments used pure C, g -SH SAM layers to define the hydrophobic 

channel bottoms for these capillary filling experiments. AFM imaging showed that the 

CHCI3 solution carrying CuPc(0CH,CH,0Bz)8 was drawn into the channel regions. As 

the CHCI3 evaporated the Pes aggregated, forming circle structures imaged in Figure 

4.11. The aggregation patterns show the inefficient wetting of the Pes to the C,8-SAM 

surface. The Pc aggregate globules were nearly circular, with feature diameters of ca. 4.5 

^m. 

4.4 Enhancing Selective Deposition through Phenyl-Phenyl Interactions 

Recent studies, described in Chapter 3, indicate that phenyl-terminated surface 

modifiers are essential for efficient transfer of bilayer LB films of 

CUPC(0CH2CH20BZ)8.^~® A simple doping procedure was developed to add 
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Figure 4.11 Tapping AFM image shown in a) height and b) phase contrast mode of the jaCP/EP surface after capillary 
filling with a chloroform solution of CuPc(0CHiCH20Bz)g with a hydrophobic channel bottom defined by 
printing with C,g-SH only. 
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phenyldodecane to the C, g-thiol layers as depicted in Figure 4.12. The phenyldodecane 

molecules were assumed to interact with the alkyl terminated C,g-SH SAM regions, and 

were predicted to cause increased wetting by CuPc(0CH2CH20Bz)j. 

Several different doping procedures were used to try and incorporate 

phenyldodecane into the C,8-SH SAM regions, without loss of the integrity of the 

electrochemically grown polyphenoxide channel walls. The success of incorporation of 

this dopant was monitored using RAIRS (Figure 4.13). Transmission FT-DR. spectra in 

the C-H stretching region of bulk octadecylmercaptan and 1-phenyldodecane show small 

differences in the asymmetric-CH, stretch (2850 cm ') and even larger differences in the 

region of the Fermi resonance (2935 cm"') (Figure 4.13a and 4.13b). The broadened 

peaks in this spectral region are used as a signature for the presence of I-phenyldodecane 

incorporated into the surface modifiers. 

RAIRS spectra show that 1-phenyldodecane can be incorporated into a Cjg-SAM 

(Figure 4.13c) by doping the octadecylmercaptan solution with 10 mole % 

phenyldodecane (Figure 4.13d), or by immersing the already formed C,a-SAM film into 

a dilute solution of 1-phenyldodecane for ca. 30 min (Figure 4.13e). Nearly equivalent 

results are obtained by printing C,8-SAM layers created from solutions doped with 10 

mole % phenyldodecane, as can be seen by comparing Figure 4.14f and 4.14g. The 

broadening of the Fermi resonance region at 2935 cm ' shows that phenyldodecane is 

incorporated into the nCP hydrophobic channel regions. 

A CHClj solution of CuPc(0CH2CH,0Bz)g was again introduced into the phenyl-
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Figure 4.12 Depiction of how the strength of interaction for CuPcCOCHjCHiOBz)^ can be increased by the introduction of 
1-phenyldodecane molecules within the hydrophobic C,8 SAM regions of the patterned substrate. 
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Figure 4.13 FT-IR spectra of bulk a) octadecylmercaptan and b) 1-phenyldodecane; 
RAIRS spectra of c) a C,8-SAM on Au d) a Cig-SAM formed from a 
solution doped wth 10% 1-phenyldodecane, e) a C,8-SAM immersed in a 
I mM solution of 1-phenyldodecane, 0 a nCP C,a-SAM, and g) a ̂ CP 
C,3-SAM from a solution doped with 10% 1-phenyldodecane. 
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Figure 4.14 Tapping mode AFM height images showing the |iCP/EP patterned surface, with 1-phenyldodecane doped 
into the hydrophobic regions, afler capillary fllling of the poly-phenoxide channels with a chloroform solution 
of CuPc(0CH2CH20Bz)8. The image in b) shows the end of a Pc stripe defined by termination of capillary 
flow, showing that these micron-width Pc films extends well above the 25-30 nm height poly-phenoxide 
channel walls. 
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doped channels using capillary action. AFM and optical microscopy (Figures 4.14 and 

4.15) reveal nearly continuous Pc stripes were created in these phenyl-doped channels. 

The lengths of the patterned stripes were observed to be up to 500 |4m with some 

variability in thickness, ranging from ca. 0.05 ^m to 0.20 ^m, depending upon the 

proximity to the end of the flow region. For most of the well-formed channels, cessation 

of flow occurred at nearly the same distance from the solution source (Figure 4.14a) and 

minimal spillover of the Pc was observed, even though the height of the Pc stripe was as 

much as 10 X in excess of the height of the poly-phenoxide barriers (Figure 4.14b). The 

high surface tension in these Pc films, which is related to the stiffhess of bilayer LB films 

and fibers of this material, is sufficient to maintain the integrity of these nearly free form 

narrow films. The variability in thickness of each Pc stripe can be attributed to slight 

differences in flow velocity, drying rates, and concentration of the Pc. AFM images of 

selected regions of the tops of these Pc stripes showed them to be quite smooth, with rms 

roughness of ca. 2 nm over an area of ca. 1 ^m'. 

4.5 Molecular Alignment within the Patterned Pc Films 

Device applications of these and other rod-like aggregate and polymer materials 

are enhanced if alignment of the organic material can be achieved during patterning. It 

has been previously shown that alignment in rod-like polymers and aggregates can be 

achieved by flow due to sheer forces.^"" No evidence of alignment was shown, however, 

in previous studies of Pc patterning using vertical dipping of LB films through channels 
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similar to those reported here/ The extent of molecular organization within the 

capillary patterned regions was difficult to determined, because of the very small sample 

sizes. 

Optical microscopy, using crossed polarizers, was chosen to determine whether 

the patterned Pc material showed any evidence for molecular aligimient. The 

phenomenon of birefringence (literally 'double refraction') is seen only in materials 

where the refractive indices are different in orthogonal directions due to the anisotropic 

alignment of molecules within that solid. An optical microscope, outfitted with crossed 

polarizers is used to look for birefringence within a material. 

The propagation of light can be traced through the experimental setup and also in 

a light vector diagram (Figure 4.16).^"'^ The case depicted is one where the permitted 

transition dipoles of the liquid crystal are placed at 45 ° to the crossed polarizers of the 

microscope. The incident polarized light (OP) is resolved into two components OS, and 

OS, with equal amplitudes. These light vectors are propagated at different velocities, 

dictated by the two different refractive indices. The light vectors emerge with the same 

amplitude, but with a phase angle difference of 5. These orthogonal light vectors are 

resolved by the analyzer polarizer, and interference occurs between the two waves with a 

phase lag of 5. If the liquid crystal is rotated away from the 45° angle, the resolved light 

waves will have a decreased amplitude, and the sample will appear to dim, until the 

permitted indices for these transition dipoles are aligned with the crossed polarizer 

indices, and the sample appears dark. Color variations in the resolved light waves, which 
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Figure 4.16 Figure depicting the phenomena of birefringence in a liquid crystal, showing the allowed light transmittance 
through the liquid crystal in the experimental set up (a) and in a light vector diagram (b). [Adapted from Ref. 
4.45] 
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are often observed in aligned birefringent samples, are dependent on the phase lag, 6, and 

the thickness of the sample. 

Figure 4.15 shows optical microscope images of ca. 50-100 ^m thickness fibers of 

CUPC(0CH,CH20BZ)8 under normal illumination (a) and under crossed polarizers in (b), 

showing birefringence over most of the sample. The color variations are due to local 

thickness and/or ordering differences. 

Similar optical microscope images of representative patterned Pc regions show 

that the selectively patterned Pes are the most birefringent near the hydrophilic channel 

walls. This suggests that preferential alignment during capillary filling occurs in regions 

where shear forces are likely to be maximized, where hydrophilic/hydrophobic contrast is 

greatest, and where the columnar aggregates are most likely to be aligned parallel to the 

channel axis. This birefringence appears to be greatest in regions where capillary flow 

produced the thinnest Pc fihns (as revealed by AFM characterization) and is minimized in 

regions where the Pc films are thickest. 

4.6 Other Variables Studied 

There are several variables, with respect to the capillary action experiment that 

can be explored. The carrier solvent used, the possibility of using a textured top surface, 

and the application of this technique to a different polymeric material are discussed 

further in Appendix C. 



145 

4.7 Conclusions 

In summary, patterning of rod-like aggregates of liquid crystalline Pes can be 

achieved by capillary filling of topless channels, defined by a combination of micro-

contact printing and electropolymerization (^CP/EP). This technique produces micron 

dimension regions with significant variation in hydrophobicity and wettability by the 

organic material. This electrochemical approach to defining channels on a conductive 

substrate is a convenient method for creating such disparate surfaces, but other chemical 

polymerization routes, coupled to capillary filling of soft polymer molds are likely to be 

successful in creating similar patterns on non-conductive substrates. 

It is clear that for molecular aggregates such as those discussed here the choice of 

molecular composition to the channel bottom is critical to efficient wetting, and account 

must be taken of phenyl-phenyl interactions in the way in which they affect self-

organization. These results suggest that comparable combinations of hydrophobic and 

hydrophilic channel walls and upper and lower surfaces can be used to create convenient 

patterns of a wider range of hydrophobic monomeric and polymeric materials. Recent 

results suggest that the ^CP/EP strategy can be extrapolated to sub-micron dimensions, 

which are anticipated to provide for alignment through capillary forces of a wider range 

of rod-like polymers and aggregates. 
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Chapter S 

A Comparison of CoPcCOCHiCHiOBz), and CuPcCOCHiCHjOBz), 

5.1 Introduction 

As has been discussed in Chapters 3 and in previous publications that highly 

ordered thin fiUns of 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethoxy) phthalocyaninato 

copper (CUPC(0CH,CH,0BZ)8) can be created using the Langmuir-Blodgett technique. 

The structural, optical, and electronic characteristics of this material have been 

extensively characterized/ Recently, a cobalt centered analogue, 

CoPc(OCH,CH,OBz)g, shown in Figure 5.1, has been synthesized according to the 

strategy reported by Drager and O'Brien.^^ It was of interest to compare this cobalt 

analogue to the copper centered Pc with regard to aggregation and electronic properties 

that may differ due to differences in the electronic structure of the two metals. 

Both cobalt and copper atoms can adopt a square planar geometry and are 

physically capable of fitting within the Pc macrocycle; therefore, the cobalt center should 

not distort the Pc macrocyle from its symmetry, and we can expect the same strong 

Ti-^T interactions between adjacent Pes that help to self-organize this material into a 

coherent assembly. The copper metal center is a d' transition metal, and has one unpaired 

electron in a d^\y* orbital that has symmetry parallel to the Pc macrocycle plane, 

according to ligand-field bonding theory. The cobalt metal is a d^ transition metal, and 

has one unpaired electron in a d^" orbital that is mainly perpendicular to the Pc 
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M = Co 

Figure 5.1 Drawing of 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethoxy) 
phthalocyaninato cobalt (CoPc(OCH2CH20Bz)g). 



148 

macrocycle plane. This unpaired electron is in a geometric position which could lead to 

increased metal-metal interactions between adjacent Pes with cobalt metal centers. 

Co complexes, however, often adopt six coordinate ligands, in an octahedral 

geometry, making it susceptible to water and 0, binding.^^'^' This may affect the 

structural and electronic characteristics of this material in contrast with the copper 

centered material. 

Presented in this chapter is a companion characterization of the cobalt centered 

Pc, CoPc(OCH,CH20Bz)8 with regards to structure, optical, and electrochemical 

behavior. The electronic properties of this material in thin films are presented in Chapter 

7. We have found few dissimilarities between the Cu and Co centered materials. The 

column to column spacing, in multilayer films, was determined with small angle x-ray 

scattering (SAXS), and confirmed by AFM imaging. The Pc molecular orientation, 

within the aggregate structure was determined by reflection absorption FT-IR (RAIRS) 

and polarized transmission FT-IR spectroscopies. The electrochemical and 

spectroelectrochemical data provides both electronic and structural information. 

5.2 Solution Aggregation and Langmuir-Blodgett Behavior 

5.2.1 Solution aggregation by UV-visible spectrophotometry 

Like its copper centered analogue, the CoPc(OCH2CH20Bz)j material is readily 

soluble in chloroform. UV-visible spectra of a 10 |iM solution of CoPc(OCH2CH20Bz)g 

in CHClj (Figure 5.2, solid line) shows the expected 7i - ti* transition in the Q band at 
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670 nm, and the Soret band at 297 nm. There is also a small absorption band at 405 nm, 

which has been suggested to be a metal to ligand charge transfer band (d - n*) and has 

been seen in other cobalt centered phthalocyanines.^' A reference spectrum of the 

CuPc(OCH,CH,OBz)g material is also shown in Figure 5.2. The CoPc(OCH,CH20Bz)8 

Q-band is slightly blue shifted (7 nm) vs. the CuPcCOCHjCHiOBz)^. The extinction 

coefficient at 670 nm for CoPc(OCH2CH,OBz)g was determined from solutions ranging 

in concentration from 1 |aM to 100 |iM, to be = 6.3 E"* M''cm ', which is ca. 3 x less 

than that calculated for the parent compound, CuPcCOCHXHjOBz), 

(86,7=1.9 E' M-'cm"'). 

The shape of the Q-band spectral region changes shape, due to the cofacial 

interactions of a distorted H aggregate structure at these higher concentrations (500 |aM, 

Figure 2a, dashed line), as explained by Kasha's molecular exciton theory." The 

distorted H aggregate structure is defined as a slip-stacked cofacial aggregate of adjacent 

Pc macrocycle plains that may include a small rotation of the two macrocycles away from 

a commensurate geometry. 

5.2.2 Langmuir-Blodgett behavior 

A 1 mM CHClj solution of CoPc(OCH2CH,OBz)8 is applied to the Langmuir-

Blodgett trough. The Pc is in an aggregated form, based on the absorption spectra and on 

trough spectroscopy studies." Upon barrier compression, the molecular aggregates 

become aligned forming larger rod-like aggregates, with the Pc column axis parallel to 
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the compression barriers. A full monolayer of this aligned material is achieved at ca. 110 

A"/molecule (Figure5.3) and a bilayer follows at ca. 50 A'/molecule. Continued 

compression of the CoPc(OCH,CH20Bz)8 assembly beyond FT, produces fiber-like 

bundles up to 10 cm in length that can be removed intact from the subphase surface using 

tweezers.^"* 

Although there is little difference in the position of the Fl-area phase transitions 

when comparing the cobalt centered Pc to the copper centered Pc, there is a difference in 

the shape of these transitions. The lack of definition in the 7r-area isotherm for 

COPC(OCH,CH,OBZ)8 indicates that the coherence of that material at the two structural 

transitions (Tl, and Fl,) is not as great as it is in the Cu centered material. 

5.2.3 Thin film aggregation by UV-visible spectrophotometry 

The Langmuir-Schaefer horizontal transfer method is used to create multilayer 

thin films of CoPc(OCH2CH,OBz)8 on solid supports, which are used for subsequent 

characterization studies.^ "* All films that are transferred from the LB trough are annealed 

for at least 2 hours at 120 °C in vacuum (75 mmHg) to remove adventitious water. The 

effects of annealing can be seen dramatically in UV-visible spectra of 7 bilayer thick 

films, transferred to hydrophobized quartz slides, recorded before and after annealing 

(Figure 5.4). 

The spectra were taken using polarized light, in order to determine the amount of 

Q-band dichroism in transferred films of CoPc(OCH,CH,OBz)8. The presence of the 
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peak at 681 nm in the Q-band of Figure 2b indicates that a significant fraction of the 

CoPc(OCH2CH,OBz)g molecules within the unannealed film are in 'monomeric'-like 

environment/^' ̂ There is a slight dichroism (Rggo „m ~ ca. 1.5) seen in the Q-band before 

annealing (Figure 5.4a). This indicates that there is some anisotropy within the film after 

Langmuir-Schaefer transfer, and before annealing. 

After annealing, the Q-band spectral shape changes dramatically as does the 

anisotropy in absolute absorbance using orthogonal polarizations nm ~ ca. 4), 

indicating that there is a substantial amount of molecular reorganization within the film to 

a more energetically favored structure. The increase in absorbance at 622 nm also 

indicates that the majority of the CoPc(OCH,CH20Bz)8 molecules are in a cofacial 

aggregate environment after annealing. The dramatic structural rearrangement could be 

due not only to the removal of adventitious water, but also to the removal of molecular 

HjO and On, associated with the Co metal centers.'^'^' 

5.3 Pc Column Structure Determined by AFM and SAXS 

5.2.1 AFM imaging 

One bilayer films of CoPc(OCH2CH,OBz)g were transferred to hydrophobized 

Si(lOO) substrates for imaging by AFM. Precautions were taken to clean the tip by ozone 

cleaning in order to achieve good images of this relatively soft material without damaging 

the surface, as has been described previously.^"* The AFM image chosen (Figure 5.5a) 

shows the molecular Pc columns which were aligned parallel with the compression 
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28.0 ± 0.3 nm-

50 nm 

50 nm 

Figure 5.5 Tapping mode AFM image of a CoPc(OCH2CH20Bz)8 bilayer film, on a 
hydrophobized Si (100) substrate, showing a) the rod-like columnar 
structures and b) the lateral distance between ten adjacent Pc columns (28.0 
± 0.3 nm) which translates into a column diameter of ca. 2.8 nm. 
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barriers on the Langmuir-Blodgett trough. Two arrows and a line indicate where the 

cross sectional analysis was taken for Figure 5.5b. The distance was measured over 10 

adjacent Pc molecules over many different scan lines, divided by ten and averaged to 

determine the average column to column distance of ca. 2.8 nm. This measurement was 

subsequently confirmed by small angle x-ray scattering measurements as described 

below. 

The coherence of these rod-like aggregates can be seen in an unusual AFM image, 

shown in Figure 5.6. The large 'crater' features have been determined to be solvent 

evaporation sites, that are often seen when imaging bilayer films of these materials. The 

image was captured over a 175 ^im x 175 |am area were the Pc column aggregates have 

been interrupted by what appears to be a particle of dust. The Pc columns can be seen to 

curve around the dust particle in the left hand side of the image. There appear to be few 

breaks within select Pc columns that extend around a radius of ca. 75 ^m. The 

convergence of two distinct Pc column domains can also be seen in the upper right comer 

of the same image. Both of these 'abnormalities' speak to the strong non-covalent 

interactions that hold these self-organizing assemblies together, that make the 

MPc(0CH2CH20Bz)g series truly unique. 

5.3.2 Small angle x-ray scattering 

Small angle x-ray reflectometry of fourteen bilayer films of 

CoPcCOCHiCHiOBz), were recorded on Si (100) substrates (Figure 5.7) A single Bragg 



157 

H 

0 0.0"! 3.0 175 fim 

Figure 5.6 Tapping mode AFM image of a CoPc(OCH2CH20Bz)g bilayer film, on a 
hydrophobized Si (100) substrate, showing the coherence lengths of this 
material can be > 150 |im and are maintained around a dust particle (dashed 
arrow on left side of image. Two domains are also seen converging in the 
upper right hand comer of the image. 
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3.78° in 26 
FWFM 0.240" 

Figure 5.7 Small angle x-ray scattering measurement of a 14 bilayer thin film of 
CoPc(OCH2CH20Bz)8 on Si (100). The Bragg peak found at 3.78°in 20 
corresponds wiA a 2.34 nm layer spacing and a 2.70 nm column to column 
center distance. 
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peak at 20 = 3.78° was observed that corresponds to a layer spacing of 2.34 nm. We can 

assume a hexagonal close packing for this material, as suggested by wide angle scattering 

measurements made on fiber-like bundles of the CuPcCOCHiCHiOBz)^ material.'" By 

doing so, the layer spacing of 2.34 nm corresponds to a column to column spacing of 2.70 

nm (as depicted in the cartoon inset in Figure 5.7). This value is in agreement with our 

previously reported column to column distance for CuPc(0CH,CH20Bz)8 of ca. 2.69 to 

2.73 nm.' 

The full-width-at-half-maximum (FWHM) of the Bragg peak in this x-ray data 

can be used as an indication of coherence length (L) of the multilayer assembly in the z-

axis direction, i.e. perpendicular to the substrate plane. The Scherrer relationship allows 

for estimation of L which is proportional to the wavelength of the x-ray radition used (Ji 

= 1.54 A), the constant K (commonly assigned a value of 0.9) and inversely proportional 

to the cosine of the Bragg reflection angle (20), and the FWHM of the Bragg reflection 

peak, A(20) in radians. We previously reported a coherence length of L = ca. 65 nm for 

the Cu centered Pc. The CoPc(OCHXHjOBz)g films show a coherence length of L = ca. 

33 nm, calculated from a FWHM of0.240 for the main Bragg reflection peak. 

5.4 Molecular Structure within the Pc Columns as Determined by Orientation 

Infrared Studies 

5.4.1 FT-IR spectra of isotropic samples 

A transmission FT-IR spectrum of an isotropic sample of CoPc(OCH2CHjOBz)8 
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was taken in a KBr pellet as seen in Figure 5.8. The infrared transitions, normalized 

absorbance values, and band assigiunents are listed in Table 5.1. As a comparison, 

transmission FT-IR spectrum of an isotropic sample of the Cu centered Pc is shown in 

Figure 5.9, with normalized absorbance values, and band assignments listed in Table 5.2. 

Band assignments were based on previously published data for similar Pcs.^ 

5.4.2 Molecular orientation by RAIRS 

Seven bilayer thick films were transferred to modified Au surfaces for RAIRS 

studies, and to hydrophobized Si(lOO) wafers for polarized transmission IR studies. 

There is precedence for using these techniques to determine the orientation of Pc 

molecules within rod-like structures. Sauer et al. have used both transmission and 

RAIRS studies to determine the orientation of the macrocycle planes of the Pc molecules 

in their polymerized silicon phthalocyanine (PcPS) assemblies.^An explanation of the 

theory and calculations associated with these measurements are detailed in Appendix A. 

RAIRS characterization of multilayer films of CoPcCOCHiCHjOBz), deposited 

onto Au substrates, using perpendicularly polarized incident radiation, was used to 

determine the molecular orientation of the Co centered Pc. The RAIRS experiment is 

especially sensitive to the tilt angle of the Pc chromophore, as it has been shown that 

when the plane of the Pc in a thin film assembly is at 90°to the substrate, the bands 

completely disappear.' 

Orthogonal vibrations in and out of the Pc macrocycle were chosen to define a 
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Figure 5.8 Transmission FT-IR spectrum of an isotropic CoPcCOCHaCH^OBz)^ sample in a KBr pellet. 
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V (cm"') Normalized 
Absorbance 

Band assignments^ 

3028 0.107 Vc.„ (aromatic) 

2922 0.252 Vaz(-CH,-) 

2858 0.242 Vs(-CH,-) 

1606 0.266 Vc^c (benzene stretch) 

1524 0.307 Vc=N (pyrrole stretch) 

1495 0.474 Vc=N (pyrrole stretch) 

1474 0.760 Vc-N, 6C.C.N (pyrrole stretch) 

1452 0.636 Pc ring vibration 

1418 0.598 Vc=c (benzene stretch) 

1358 0.618 Pc ring vibration 

1279 0.867 v,(Pc-0-C) 

1203 0.555 v,(Pc-0-C) 

1103 1.000 V3(C-0-C) 

1070 0.684 v,(ring C-H, ip) 

1026 0.484 Pc ring vibration 

937 0.366 Pc ring vibration 

748 0.441 5(ring C-H, op) 

698 0.400 6(ring C-H, op) 

Table 5.1 Representative infrared absorbance values for CoPc(OCH,CH,OBz)8 as 
measured in isotropic bulk KBr pellets with referenced band assignments. 
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V (cm') Normalized 
Absorbance 

Band assignments^ '• ^ 

3028 0.070 Vj-.H (aromatic) 

2929 0.158 v.(-CH,-) 

2863 0.184 v,(-CH,-) 

1608 0.234 Vc=c (benzene stretch) 

1510 0.410 Vc»N (pyrrole stretch) 

1471 0.692 Vc-N. 5e.c.N (pyiTole stretch) 

1452 0.641 Pc ring vibration 

1410 0.545 Vc^c (benzene stretch) 

1357 0.508 Pc ring vibration 

1282 0.855 v,(Pc-0-C) 

1204 0.530 v,(Pc-0-C) 

1103 1.000 v,(C-0-C) 

1068 0.500 v,(ring C-H, ip) 

1047 0.358 Pc ring vibration 

936 0.228 Pc ring vibration 

745 0.818 8(ring C-H, op) 

697 0.459 8(ring C-H, op) 

Table 5.2 Representative infrared absorbance values for CuPc(OCH2CH,OBz)8 as 
measured in isotropic bulk KBr pellets with referenced band assignments. 
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"molecular vibrational plane", v,pj.o.c.ip) at I204cm''/1283cm ' and 1103 cm ' in the plane 

of the Pc ring, and 5,ringc-H.op) 745cm' out of the plane of the Pc ring. This plane is 

orthogonal to the real geometric plane of the Pc macrocycle, and an estimate of its 

orientation can be determined by ratioing the intensities of the Vp^.o.(. and the bands 

in the thin film to the relative intensities of these bands in isotropic powders. Two angles 

of rotation for the Pc materials can be calculated using this treatment; \\i, the rotation 

angle of the Pc macrocycle away from the surface normal, and 0, the rotation angle of the 

Pc macrocycle around the Pc column axis. 

Applying a treatment adapted from Debe to the absolute absorption values listed 

in Table 5.3, we determined that the Pc macrocycle of the Cu centered Pc is tilted at ca. 

33° from the surface normal, and is rotated at ca. 18° degrees around the Pc column 

axis.^ The Co centered Pc macrocyle was determined to be tilted away firom the 

substrate normal by ca. 40° (ij/), and rotated around the Pc column axis by 25° (0). The 

tilt angle of 40° to the substrate normal is consistent with a Pc aggregate assembly that is 

in a stacking arrangement reminiscent of the P-phase of the crystalline material, where 

the metal center of one Pc is coordinating with a bridging N atom on an adjacent Pc 

molecule.^' 

5.4.3 Molecular orientation by polarized transmission FT-IR 

Polarized transmission FT-IR spectra, probing the in-plane and out-of-plane 

infrared vibrational transitions in the Pc ring, and in the ethylene oxide side chains, were 
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CuPc(OCH,CH:OBz)s Bulk Thin film 

745 cm' 0.03029 0.00248 

1204 cm' 0.01972 0.00399 

1283 cm"' 0.03470 0.00681 

CoPc(OCH£HpBz)s Bulk Thin film 

745 cm' 0.0122 0.0023 

1204 cm 0.0115 0.0021 

1283 cm 0.0192 0.0054 

Calailated Euler angles Tilt angle, T (°) Rotation angle, 0 (°) 

Pc column axis 
lO' 

CuPc(OCH,CHmz), 32.6° ± 0.7° 17.9° ± 0.4° 

CoPc(OCHfiHpBz)s 39.7° ± 4.0° ^24.7° ± 3.6° 

Table 5.3 Representative infrared absorbance values for CuPc(0CH,CH,0Bz)8 and 
CoPc(OCH2CH,OBz)8 as measured in isotropic bulk KBr pellets and at 
grazing angles on Au substrates using RAIRS, and calculated Euler tilt 

angles (v)/) and rotation angles (0) according to a method adapted firom 
Debe."' 
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examined to determined the macrocycle orientation with respect to the column director 

axis. The absorbance intensities for orthogonal vibrations using two different 

polarizations of the incident beam are ratioed (Aj^/A,) as seen in Figure 5.10. The 

vibrations which lie in the plane of the Pc ring are the stretches, Vpj.o.(., for the alkoxy 

groups attached to the Pc ring (1204,1283 cm '), and those in the ethylene oxide chains 

(^c-o-c ^ cm')). The vibration which occurs out of the plane of the Pc ring is the 

bend, at 745 cm'. The dichroism is examined as a function of annealing with an 

average increase in dichroic ratio over all bands from R = 1.6 ± 0.1 to R = 2.4 ± 0.6. 

Values of the order parameter S, and the average tilt angle were calculated according 

to the formalisms reported by ourselves and others as discussed in Appendix '* 

The order parameter ranges in value from 0 ^ S ^ 1, and is a term representing the 

amount of spread in the orientations of the Pc columns axes within a 2-D assembly. The 

higher the order parameter the more uniform is the alignment of the rod-like aggregates. 

The tilt angle v|/' is the angle the Pc macrocycle makes with the Pc column axis, and is 

analogous to the angle (|>, in the RAIRS calculation. Values for S, and ij/' are listed in 

Table 5.4 for both the copper and cobalt centered Pes, along with the dichroic ratios, R, 

for individual vibrational bands. 

5.4.4 Molecular orientation of CoPc(0CH2CH2OBz)g 

If we consider the RAIRS and polarized transmission ER molecular orientation 

calculations, we can describe the average molecular orientation of the 
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Figure 5.10 Polarized transmission FT-IR data of a) unannealed and b) annealed seven bilayer films 

of CoPc(OCH2CH20Bz)g, showing the dichroic nature of these films. Highlighted 
absorbance peaks were used in the orientation calculations as described in Section 5.4. 



before annealing after annealing 

V 
(cm') 

Band' •A|i 
(xlO=) 

Ax 
(xlO=) 

R S A|| 
(xlO=) 

Ax 
(KlO=) 

R S V' C )  

749 ^ Pc-M 0.628 0.377 0.59 0.25 37.5 0.959 0.454 0.47 0.36 34.4 

1103 ^a.C-O-C 0.555 0.849 1.67 0.25 37.7 0.863 1.532 2.97 0.49 30.1 

1204 ^s, Pc-O-C 0.234 0.373 1.58 0.23 38.5 0.185 0.527 2.85 0.48 30.6 

1279 Pc-O-C 0.507 0.846 1.52 0.21 39.0 0.388 1.153 1.77 0.28 36.9 

Average values over all bands for R, S, 
(uncertainty) 

and T' 1.62 
(0.08) 

0.24 
(0.02) 

38.2 
(0.7) 

2.43 
(0.5,) 

0.40 
(0.1„) 

33.0 
(3.2) 

Table 5.4 Transmission IR Data for 14 bilayer CoPc(CH2CH20Bz)8 films on hydrophobized Si, showing the dichroic ratio 
(R), order parameter (S), and tilt angle (\{/) of the Pc with respect to the column director axis before and after 
annealing. Raw absorbance values (x 100) are also tabulated where A„ is the absorbance for those bands when 
the polarized IR beam is aligned parallel to the Pc aggregate column axis, and is orthogonal to that plane. 
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COPC(OCHICH,OBZ)8 molecules within the columnar assembly. As shown in Figure 

5.1 la, a coordinate system is defined with respect to the plane of reflection and with 

respect to orthogonal dipole transitions within a molecule. The coordinate system for the 

Pc molecule, specifically the x-y plane, is defined by using orthogonal absorbance 

intensities for in-plane stretching vibrations {"^pc o-c ~ 1204, and 1283 cm '), and out-of-

plane bending transitions (6p,.„ = 745 cm'). The average tilt angle, i|;, of this x-y plane 

(and therefore the Pc molecules) with respect to the surface normal, and a rotation angle 

of the x-y plane, 0, around an axis equivalent to the Pc column axis are calculated from 

the RAIRS data (See Appendix A). Additional rotation of the Pes about the z-axis (angle 

(J)) are determined in transmission IR experiments (ij/') (See Appendix B). These defined 

angles and the molecular orientation of the CoPc(OCH,CH,OBz)8 system are presented in 

Figure 5.1 lb. The Pc molecule was first rotated around through = 40°, 0 = 25°, and (j) 

orv|;' = 35°. 

5.5 Solution and Thin Film Electrochemistry 

5.5.1 Solution voltammetry 

A typical cyclic voltammogram of CoPc(OCH,CH,OBz)8 dissolved in 

dichlorobenzene (DCB) at 3 mM concentration is shown in Figure 5.12a. The redox 

peaks are broad and weak in response, but better defined peaks are obtainable using 

differential pulse voltammetry as shown in Figure 5.12b. Based on comparisons wth 

previous studies, there are two quasi-reversible one electron oxidation peaks (0.13 V and 
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b 

Figure 5.11 Calculated a) Euler angles (\j/, 0, and (j)) and the tilt angle\j;' which is 
equivalent to(() and b) a pictorial orientation of the CoPc(OCH2CH20Bz)g 
molecule with respect to those angles. 
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Figure 5.12 Cyclic voltammetry (a) and differential pulsed-voltammetry (b) showing five quasi-reversible redox couples 
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0.86V), one quasi-reversible one electron reduction peak (-2.04 V), and one additional 

quasi-reversible peak (-1.48 V) within the limit of the solvent window.^ The potentials 

given are referenced to the Fc^/Fc redox couple. Peak assignments were made based on 

the work of Nevin and Simon et al.^ and are listed with the redox potentials in Table 

5.5. 

The FWHM of the reduction peak at -1.48 V suggests that two different reduction 

processes may be occurring within a narrow potential region. At that potential, one 

would expect to see the reduction of the Co"^ metal center according to a one electron 

reduction, 

+  € '<->  Co* '  (5 .1 )  

but the broadness of the peak suggests that there may be more that one process occurring 

at that potential. It has been suggested that the catalytic reduction of oxygen, associated 

strongly with the cobalt metal centers within the fihn, is reduced to a anion radical 

species, 0,'", according to:^' 

O = O - Co*^ + e' o o;" + . (5.2) 

Once the 0,*' species is created, it is able to diffuse out into solution, where it can be re-

oxidized to molecular 0,: 

©2 + e" o 0*2", (5.3) 

or it may acquire a proton, becoming the peroxy radical (OOH*). Within the peak shape 
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Peak assignment^ E,,, (vs. Fc"/Fc) 

[Co'Tc'f" «[Co-^Pc'-]'^ 0.86 V 

[Co-^Pc'-]"' • [Co-^Pc-f 0.13 V 

[Co-"Pc-f «[Co'^Pc--]'" -1.48 V 

[Co'^Pc--]'" « [Co'^Pc'-]-- -2.04 V 

Table 5.5 Assignment of redox potentials for solution electrochemistry of 
CoPc(OCH,CH20Bz)g dissolved in DCB at 3 mM concentration with 0.1 
M TBAP supporting electrolyte. Voltammetric scans were taken at 50 
mV/s scan rates. 



175 

centered at -1.48 V, one can identify a shoulder at -1.65V that further supports the idea of 

two processes within this voltammetric peak. The two processes that are most likely 

occurring are i) the reduction of the O, - Co"^ species, according to reaction 5.2, and ii) 

the reduction of Co*"^ metal centers with no bound oxygen (5.1). 

Great care was taken to degas the solution using multiple freeze pump cycles. 

The 'catalytic' peak shape decreased but persisted, indicating strong coordination of 

oxygen to cobalt in this material. Based on this data, a portion of the Co metal centers 

must have bound molecular 0,, that cannot be removed by successive fi-eeze-pump-thaw 

cycles. The presence of 0, in the Co material may be responsible for the higher dark-

current voltage responses observed vs. the Cu centered material as discussed in Chapter 

7. 

5.5.2 Thin film spectroelectrochemistry on An 

Thin film cyclic voltammetry of seven bilayer fibns of CoPc(OCH2CH;OBz)g on 

a Au working electrode surface is shown in Figure 5.13a. The voltammetric response is 

significantly perturbed in this condensed phase form of Pc as compared with the solution 

response. On the oxidative sweep between 0.0 V and 1.25 V, one would expect to see a 

quasi-reversible one electron redox couple associated with the oxidation and reduction of 

the Pc macrocyle. Instead, two oxidation peaks are seen at 0.486 V and 0.978 V, but only 

one reduction at 0.723 V on the reverse sweep. We have observed this voltammetric 

response for thin films of CuPc(0CH2CH,0Bz)j, and it has been observed for the PcPs 
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Figure 5.13 Thin film voltammetry of a seven bilayer film of CoPc(OCH2CH20Bz)g 
transferred to a hydrophobized Au substrate in contact with an aqueous 
electrolyte of 0.1 M LiC104 (a); UV-visible spectra were recorded at 
certain potentials throughout the experiment (b). Defining spectra are 
shown numerically, as indicated in the voltammogram in a). 
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system as 

Looking at the UV-visible spectra, obtained while under potential control, helps to 

explain this observation. One can see significant changes in the thin film absorption 

spectrum in the Q-band region within the oxidation sweep firom O.OV to 1.250 V (Figure 

5.13b). The drop in the Q-band spectrum indicates that we are observing the oxidation of 

the Pc macrocyle ring. Previous studies have suggested that there are two oxidation 

processes due to 'monomeric' and 'aggregate' species within the film that have different 

oxidation potentials.^^' ^ The 'aggregate' species is easier to oxidize because of the 

stabilization effects of product cation radical species, Pc", due to overlapping TI systems 

in the aggregate material. The UV-vis spectrum taken at 0.700 V, in between the first 

and second oxidation peaks, shows the total disappearance of the Q-band. Spectra taken 

after the second oxidation peak shows a minimum at 670 nm, attributed to total loss of 

the 'monomeric' species. Although there is only one broad reduction peak on the reverse 

scan, UV-vis spectra taken at 0.700 V and 0.500 V show that first the monomeric Pc'* 

species are reduced, with the increase in intensity at 670 nm, and then the aggregate 

species is reduced, with the increase in intensity at 615 nm. These spectra confirm that 

the aggregate material is more easily oxidized, and that the monomeric material is less 

easily oxidized. 

On the reductive sweep, we see the reduction of the Co metal center, which has 

become more easily reduced by being in the thin film structure. Again, the catalytic 

reduction of residual bound O2 accompanies the metal center reduction, even after long 
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purge times with dry N, gas. Corresponding absorption spectra to the numbers in Figure 

5.13a are shown in Figure 5.13c. There is little change in the shape of the Q band, further 

supporting the idea that the Co metal center is being reduced and oxidized within the 

potential window from 0 to - 1.0 V. 

5.5.3 Thin film spectroelectrochemistry on ITO 

Similar results are obtained for a condensed phase film on an ITO substrate. The 

potential window is much narrower on this electrode surface, but since ITO is a 

promising transparent substrate for use in photovoltaic device geometries, it is useful to 

look at the CoPc(OCH2CH,OBz)g material response on this surface as well. Two peaks 

for the oxidation and reduction of the Pc macrocyie are seen within this potential window 

(Figure 5.14a). The E,^, at 0.421 V Is assigned to the oxidation/reduction of the 

'aggregate' Pc species, and the ^t 0.772 V is assigned to the oxidation/reduction of 

the 'monomeric' Pc species. The corresponding UV-visible spectra are shown in Figure 

5.14b. Upon oxidation of the Pc macrocycle, the absorbance of the n - n* transition in 

the Q band at 672 nm decrease appreciably, and there is a new maximum at 500 nm due 

to the absorbance of the Pc"^ cation radical at full oxidation. Upon reduction, the Q band 

increases in intensity until it approaches the initial intensity. 

5.6 Conclusions 

The replacement of a Co metal center for the Cu metal in the parent compound 
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MPc(OCH2CH,OBz)8 does not affect the material properties appreciably. The Langmuir-

Blodgett isotherm showed two similar phase transitions for both metal centers, but the 

transitions for the Co centered Pc were not as well defined. Highly ordered thin films of 

the CoPc(OCH2CHiOBz)8 material are achievable using the Langmuir-Schaeffer transfer 

process, and thin film annealing, as seen in the UV-visible, AFM, and SAXS data. 

The lone pair electron, in the d^' orbital, mainly perpendicular to the Pc 

macrocycle, appears to be responsible for the differences in molecular orientation and in 

certain aspects of the electrochemical behavior. The molecular orientation, as determined 

by RAIRS and polarized transmission FT-IR, places the CoPc(OCH,CH,OBz)g molecules 

in a packing arrangement reminiscent of the p phase in the crystalline material. This 

arrangement is stabilized by the coordination of the metal center to a bridging N atom on 

an adjacent Pc molecule. The lone pair electron, in the d^* orbital enhances the 

coordination, and makes the p phase the more energetically stable configuration. 

The ability of the Co metal to coordinate other ligands (i.e. O,) is seen especially 

in the electrochemical data taken of this material in solution. The reduction of the Co"^"^ 

metal center is accompanied by a reduction of strongly associated 0, to the anion radical 

species, O,", according to Eq. 5.2. The strong association of O, within these films may 

partially responsible for the increase in conductivity values for the Co centered vs. the Cu 

centered Pc, as will be discussed in Chapter 7. 

The examination of the effects of metal atom substitution demonstrates the 

balance between the metal center interactions and the non-covalent interactions of the Pc 
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macrocycles and the benzyloxyethoxy- side arms of these unique Pes. A recently 

synthesized rhodium centered analogue has proven to be a poor metal center, because of 

its strong ligand coordinating ability. Axial ligand substitutions have forced these Rh 

centered Pes apart, interrupting the non-covalent interactions that hold these assemblies 

together. Preliminary data show that ordered thin films cannot be achieved with this 

material. 

In conclusion, the metal center chosen for these Pc materials can disrupt the non-

covalent interactions that have proven to form highly ordered rod-like assemblies. It 

appears that care must be taken in selecting a metal center which adopts a square planar 

geometry, and does not have a high affinity for axial ligands, if similar molecular 

assemblies, akin to those adopted by the parent compound, are desirable. 
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Polymeric Octasubstituted Phthalocyanines 
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6.1 Introduction 

It has been the goal of a number of researchers to rationally control the formation 

of new phthalocyanine assemblies through the creation of covalent bonds between 

adjacent Pes. There are two main strategies, as discussed in Section 1.3, i) covalent bond 

formation through the metal center atom, or ii) covalent bond formation between side 

arms on adjacent Pc molecules." The prepolymerized phthalocyaninato-polysiloxanes 

(PcPS) are one system that relies on covalent Si-O-Si bonds between adjacent Pc 

molecules. Oligomers of these molecules were first introduced by Kenney et al.,^ * and 

polymers were introduced by Marks et al., but without peripheral substituents for easy 

processing.®"^ Wegner et al. created the first processable polymers through a 

polycondensation reaction of peripherally substituted dihydroxy-Pc monomers.® 

Other covalent bond formation approaches have included the introduction of 

polymerizable moieties at the periphery of the side arms (i.e. acryloyl or methacryloyl 

termini) that can be thermo- or photoinitiated, but this strategy often results in materials 

which are cross-linked between the columns."'® ' ®" 

Recently, a synthetic strategy was developed to introduce a dimerizable 

functionality within the periphery of the side arms of the CuPc(0CH2CH20Bz)g 

molecule.®It has been shown by Whitten et al. that P-substituted styrenes, present at 
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the termini of fatty acids and lipids in LB multilayers, will undergo a photoexcited [2+2] 

cycloaddition reaction, creating cyclobutane rings.® Contingent on the assumption 

that the introduction of P-styryl termini would not interrupt the strong non-covalent 

interactions seen with the CuPc(0CH,CH,0Bz)8 assemblies, it was hypothesized that the 

substitution of a styryl groups for the benzyloxy- termini would result in the possibility of 

dimerization reactions between side arms on adjacent phthalocyanines. If multiple 

dimerization reactions occurred within a coherent molecular assembly, we would expect 

rod-like, polymeric phthalocyanine materials to result (Figure 6.1). 

There is a distance dependence on cyclobutane formation. It was found that the 

'magic'distance for solid state photodimerization ranges from 3.5 - 4.2 A.®" The known 

distance between adjacent CuPc(0CH,CH20Bz)g molecules within the columnar 

assemblies has been confirmed by previous wide angle x-ray scattering measurements, 

and is 3.4 A, which is sufficiently close for cyclobutane formation.® 

Presented in this chapter is the preliminary characterization of two photoreactive 

phthalocyanines shown in Figure 6.2: (2,3,9,10,16,17,23,24-oktakis(2-

styrylethoxy)phthalocyaninato) copper and (2,3,9,10,16,17,23,24-oktakis(2-

cinnamylethoxy)phthalocyaninato) copper, abbreviated CuPc(OCH,CH2CH=CHPh)8 or 

CuStyrylPc, and CuPc(OCH,CH,OCH,CH=CHPh)g or CuCinnamylPc respectively. The 

molecules were studied with respect to solution aggregation, Langmuir-Blodgett 

behavior, reactivity under UV irradiation, and structural analysis (SAXS, AFM). 

Photolyzed materials were studied with respect to solubility, and structural analysis 



Figure 6.1 Depiction of the photoexcited [2+2] cycloaddition reactions expected to 
occur within an ordered molecular assembly of CuStyrylPc. 



2,3,9,10,16,17,23,24-octakis(2-styrylethoxy) 2,3,9,10,16,17,23,24-octakis((2-cinnamyl)ethoxy) 
phthalocyaninato copper phthalocyaninato copper 

Figure 6.2 Structures of photoreactive phthalocyanine molecules a) CuPc(OCH2CH2CH=CHPh)8, and b) 
CuPc(0CH2CH20CH2CH=CHPh)8. 
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(SAX, AFM, and MALDI-TOF). 

6.2 CuPc(OCHjCHjCH=CHPh), 

It should be noted that very recent data suggests that the 

CuPc(OCH,CH2CH=CHPh)8 material included impurities that have likely compromised 

the preliminary characterization of this material. All data presented in the following 

discussion were obtained on the 'impure' material, unless otherwise noted. The 

characterization of this material bears repeating, and conclusions discussed here may be 

upheld or disputed based on future experimental results. 

6.2.1 Solution aggregation of CuPc(OCH,CH,CH=CHPh)g 

The CuStyrylPc material was found to be less soluble in CHClj than the parent 

material, CuPc(OCH,CH,OBz)g. The UV-visible solution spectra of CuStyrylPc in 

CHCI3 (Figure 6.3) shows an expected transition in the Q band at 680 nm, and the 

Soret band at 337 nm. There is also a small absorption band at 435 nm, which has been 

suggested to be a metal to ligand charge transfer band (MLCT, d - n*) and has been seen 

in other phthalocyanines.®" The strong absorbance at 254 nm is assigned to the styryl 

moiety, and is used later as a marker for the extent of the [2+2] photodimerization 

reactions in thin fihn assemblies. 

A reference spectrum of the CuPc(0CH2CH20Bz)8 material is also shown in 

Figure 6.3. One will first notice that the Q-band transition is broader for the CuStyrylPc 
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Figure 6.3 Solution UV-visible spectra of CuPc(OCH2CH2CH=CHPh)8 taken in 
CHCI3 solutions ranging in concentration from 0.5 mM to 0.1 mM (a). 
The Q-band is more clearly seen in b). The UV-visible spectrum of 
CuPc(0CH2CH20Bz)8 at 0.05 mM concentration is presented as a 
watermark for reference. 
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material, and at higher concentrations the absorbance on either side of this transition 

increases away from baseline (Figure 6.3b). This is attributed to solubility effects, where 

the increase in baseline absorbance can be caused by scattering of light by insoluble 

particles of material. The Soret band, and MLCT band are less defined in the spectrum of 

CuStyrylPc versus the parent compound. An extinction coefficient was determined for 

the CuStyrylPc material from solutions ranging in concentration from 1 |iM to 100 |aM, 

to be = 1.9 M 'cm ' which is ca. 10 x less than that calculated for the parent 

compound, CuPc(0CH,CH,0Bz)8 (8^77 = 1.9 M 'cm '). If a significant portion of the 

CuStyrylPc material is impure, then the concentrations associated with these 

measurements would be in error, and the extinction coefficient of a purified material may 

be found to be higher than these initial measurements. 

At higher concentrations, the relative intensities of the transitions in the Q-band 

spectral region should change. The "aggregate" peak at 618 nm should increase, and the 

"monomeric" peak at 680 nm should decrease due to cofacial interactions of an H 

aggregate structure at these higher concentrations, as explained by Kasha's molecular 

exciton theory."' ®" Instead, the transition at 680 nm red-shifts to 683 nm, and becomes 

more pronounced (Figure 6.4). The baseline also strays even higher than in the more 

dilute solutions, again giving evidence that CuStyrylPc is not completely solvated by 

CHCI3 at these concentrations. 

Several different solvent systems were used to try and solvate the CuStyrylPc 

material including CHCI3, benzene, DMF, pyridine, and toluene. The solvent system that 
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seemed to solvate the material best was a 1:1 CHCI3 to benzene mixture. The data 

surrounding these experiments, including LB isotherms, and AFM imaging of cast films 

from CHCI3, benzene, and a 1; 1 ratio of the two are included in Appendix D. 

6.2.2 Pressure-area isotherms for CuPc(0CH,CH2CH=CHPh)g 

Chloroform solutions of 1 mM CuPc(OCH2CH2CH=CHPh)8 were applied to the 

Langmuir-Blodgett trough. Fl-area isotherms for both CuStyrylPc and CuCinnamylPc 

are included in Figure 6.5, although the discussion of the CuCinnamylPc isotherm is 

presented in Section 6.5.2. In comparison to the parent compound, 

CuPc(0CH,CH20Bz)8, the first transition for the CuStyrylPc material occurs at a smaller 

area per molecule. The first transition, for CuStyrylPc occurs at ca. 85 A" / molecule, 

followed by a slight plateau, and then a sharp rise in surface pressure at ca. 40 A' / 

molecule (*), forming fibrous material on the trough. These fibers could not be lifted off 

of the surface with tweezers, but could be transferred to hydrophobized substrates using a 

Schaefer-Langmuir transfer. 

Assuming that CuPc(0CH2CH20Bz)g and CuStyrylPc behave similarly during 

compression, the area" / molecule is expected to be comparable for the two materials, 

however, the difference observed, ca. 30 AVmolecuIe, is quite large. The discrepancy 

between the areaVmolecule of the first transition for the CuStyrylPc vs. the parent 

material can be explained by the presence of an impurity. The presence of an impurity 

would i) affect the concentration of CuStyrylPc material on the trough and ii) may 
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suppress the advent of the initial phase transition by interrupting Pc molecular 

interactions. 

The Langmuir-Schaefer horizontal transfer method was used to create multilayer 

thin films of CuStyrylPc on solid supports for subsequent characterization studies. All 

films transferred fi-om the LB trough were annealed for at least 2 hours at 210 °C in 

vacuum (75 mmHg) to remove adventitious water, and to attempt to induce ordering 

upon cooling by taking the materials past their LC transition temperatures.® 

No ordering affects were observed by polarized UV-visible spectrophotometry, as 

seen in Figure 6.6. The Q-band shows little dichroism before or after annealing, in 

contrast to the dichroism seen for the CuPc(0CH,CH,0Bz)8,®CoPc(OCH,CH20Bz)8 

(Figure 5.4), and purified CuStyrylPc materials, as will be discussed in Section 6.4.3. 

6.2.3 FT-IR spectral analysis of CuPc(OCH.CH^CH^CHPh)^ 

A transmission FT-IR spectrum of an isotropic sample of CuStyrylPc was taken in 

a KBr pellet as seen in Figures 6.7. The infirared transition, normalized absorbance 

values, and band assignments are listed in Table 6.1. Empirical band assignments were 

based on published literature.®^ ® " 

A few infi-ared bands for the CuStyrylPc molecules are unique to that of the parent 

compound. The peaks at 964 cm ', and 1595cm"' are assigned to the P-styryl moiety. 

The small pronounced peak at 3331cm'' is assigned as an overtone band of the strong 

peak at 1595 cm"'. There also appears to be splitting of the bands normally occurring at 
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V (cm"') 

Normalized 
Absorbance 

Band assignments®^ ® " 

3331 0.065 overtone of 1595cm'' 

3000 0.167 (aromatic) 

2935 0.266 Va.(-CH,-) 

2869 0.263 Vs(-CH,-) 

1595 0.981 V3(trans -C=C-) 

1493 0.712 Vc=N' ^c-c-N (pyrrole stretch) 

1459 1.000 Pc ring vibration 

1418 0.572 Vc=c (benzene stretch) 

1386 0.578 Pc ring vibration 

1353 0.311 Pc ring vibration 

1305 0.782 
v,(Pc-0-C) 

1277 0.730 
v,(Pc-0-C) 

1205 0.566 v,(Pc-0-C) 

1103 0.458 v,(C-0-C) 

1072 0.461 
V3(ring C-H, ip) 

1054 0.524 
V3(ring C-H, ip) 

1027 0.351 Pc ring vibration 

964 0.579 v(trans alkene, C-H) 

746 0.726 8(ring C-H, op) 

692 0.673 6(ring C-H, op) 

Table 6.1 Representative infrared absorbance values for 
CuPc(OCHXH,CH=CHPh)g as measured in an isotropic bulk KBr pellet 
with referenced band assignments. 
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1282cm'' and 1068 cm ' into 1305cm '/l277 cm ' and 1054cm''/1027cm"', respectively. 

Slight changes in infrared spectra of Pes can be affected by crystalline packing (i.e. a vs. 

P phases), and may explain the differences seen between the bulk IR spectrum of 

CuStyrylPc and the parent compound.® 

RAIRS and transmission polarized FT-IR spectra were taken for the CuStyrylPc 

material in order to determine the average molecular orientation within the Pc assemblies. 

Seven 'bilayer' thick films were transferred to modified Au surfaces for RAIRS studies, 

and to hydrophobized Si(lOO) wafers for polarized transmission IR studies. In light of 

the details given for these orientation calculations in Sections 3.3,3.4, 5.4 and 

Appendices A and B, no further explanation will be presented here. Orthogonal 

vibrations in and out of the Pc macrocycle were chosen to define a "molecular vibrational 

plane" (V(pc.o.c,ip) at 1305cm '/1277cm'' and 1205 cm"' in the plane of the Pc ring, and 

c-H,op) at 746cm '). A representative RAIRS spectrum is shown in Figure 6.8 and 

normalized absorbance values are listed in Table 6.2. Using the absorbance values in 

Tables 6.1 and 6.2, the Euler angles were calculated to be vj; = 43° ± 3° and 0 = 63° ± 6°. 

Representative polarized transmission FT-IR spectra are shown in Figure 6.9 and 

normalized absorbance values are listed in Table 6.3. Absorbance values gave an average 

dichroic ratio of, R = Aj^/A,,, of 1.1 ± 0.1, over all absorbance bands. This dichroic ratio 

correlates with a tilt angle v}/' (or (j) in the Euler coordinate system) = 44° ±3°. 

All calculated angles, based on both the RAIRS and polarized transmission FT-IR 

data, are within error to those expected for an isotropic assembly (v|; = 45°, 0 = 54.7°, 
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V (cm')  
Normalized 
Absorbance 

Band assignments®^' ®" 

3024 0.064 Vc.H (aromatic) 

2928 0.158 Vaz(-CH,-) 

2854 0.109 v.(-CH,-) 

1725 0.091 v„(trans -C=C-) 

1604 0.314 V5(trans -C=C-) 

1461 1.000 Pc ring vibration 

1419 0.503 Vc=c (benzene stretch) 

1354 0.267 Pc ring vibration 

1278 0.842 v,(Pc-0-C) 

1204 0.613 V5(Pc-0-C) 

1108 0.703 v,(C-0-C) 

1059 0.707 v^iring C-H, ip) 

964 0.644 v(trans alkene, C-H) 

746 0.801 6(ring C-H, op) 

693 0.711 5(ring C-H, op) 

Table 6.2 Representative infrared absorbance values for a 14 layer film of 
CuPc(0CH,CH2CH=CHPh)g on Au, as measured in the ElAIRS 
experiment. 
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V (cm')  

Absorbance 
II 

Absorbance 

1 Band assignments®^-® 

3028 0.00083 0.00098 Vc.H (aromatic) 

2935 0.00143 0.00115 V.(-CH2-) 

2857 0.00087 0.00085 Vs(-CH2-) 

1597 0.00300 0.00248 V5(trans -C=C-) 

1496 0.00240 0.00239 Vc=N> Sc-cN (pyrrole stretch) 

1460 0.00346 0.00324 Pc ring vibration 

1419 0.00104 0.00108 Vc=c (benzene stretch) 

1388 0.00204 0.00197 Pc ring vibration 

1305 0.00284 0.00257 v,(Pc-0-C) 

1281 0.00228 0.00209 v,(Pc-0-C) 

1206 0.00240 0.00232 V3(Pc-0-C) 

1106 0.00222 0.00201 v,(C-0-C) 

1058 0.00201 0.00238 v,(ring C-H, ip) 

966 0.00170 0.00153 v(trans alkene, C-H) 

745 0.00300 0.00278 5(ring C-H, op) 

692 0.00110 0.00152 8(ring C-H, op) 

Table 6.3 Representative infrared absorbance values for a 14 layer film of 
CuPc(OCH2CH2CH=CHPh)8 on Si, as measured in a transmission 
polarized experiment. 
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and vj/' or (j) = 45 °). There appears to be no long range molecular order that would reflect 

in a distinct molecular orientation that is detectable using grazing angle or polarized 

transmission FT-IR. 

6.3 Photolysis of CuPc(OCHjCHjCH=CHPh)g 

6.3.1 Changes in the UV-visible spectnm 

UV-visible spectra of multilayer films of CuStyrylPc were taken to determine the 

initial absorbance of the styryl absorption band at 256 nm. A representative UV-visible 

spectrum is shown in Figure 6.10. The Q-band has a maximum at 680 nm assigned to the 

7t-n* transition of Pc molecules in 'monomeric' environments, and a smaller shoulder at 

625 nm, assigned to the k-k* transitions of Pc molecules in 'aggregate' environments.* 

6.19.6.21 Normally, the 'aggregate' transition is higher in intensity for these materials in the 

condensed phase.* *' The Q-band spectral shape indicates that the CuStyrylPc material 

has a significant portion of molecules that are not in a highly ordered, coherent assembly, 

which may be due to impurity effects. 

Multilayer fihns of CuStyrylPc on quartz substrates were photolyzed in a N, 

flooded environment. Greater experimental detail can be found in Section 2.14. UV-

visible absorption spectra were taken at 5 min intervals for the first 15 min, 15 min 

intervals for the next 45 min, 30 min intervals for the next hour, and I + hrs intervals at 

time points following. As seen in Figure 6.10, the styryl absorption band decreases over 

a 1800 min. time period. 
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F^re 6.10 a) UV-visible absoibance spectra of a 28 layer LB film of CWc(OCH/I!H^H=CHPh)8 monitored during 
irradiation with 255 nm filtered light from a low-pressure mercuiy lamp in a diy nitrogen purged 
environment, b) The percent conversion of die styiyl band vs time, which was calculated using corrected 
absoibance values based on an estimated baseline value of 0.35 absoibance units at 255 nm. 
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The percent conversion at each time point was determined by dividing the new 

absorbance by the initial absorbance of the styryl band. The absorbance values were 

corrected, using a baseline absorbance value of 0.35 at 256 nm, determined by an 

estimated baseline absorption of the parent compound in the Soret and MLCT band 

regions. A plot of the % conversion vs time results in an exponential increase, with a 

time constant of t = 450 min. The percent conversion of the CuStyrylPc material seldom 

exceeded 30% conversion. 

The photolyzed samples of CuStyrylPc were removed from the quartz slides by 

sonicating in a 1:1 CHCl3:benzene solvent mixture. The photolyzed material was then 

cast onto HOPG for AFM imaging or submitted for MALDI analysis. 

6.3.2 AFM characterization 

AFM imaging was used to gain topographical structural information about the 

CuStyrylPc material before and after photolysis. Single 'bilayer' films were transferred 

to HOPG or Si substrates for AFM imaging. LB fihns were compressed just past the 

'bilayer' transition point to ensure that ordered domains would be present in the sample. 

Representative AFM images taken before annealing and/or photolysis are shown in 

Figure 6.11. One will note tears and folds in the image surface topography, which are 

common feature associated with an LB transferred thin film. One should also note the 

lines of holes that are present in the film. These holes are more distinguishable in Figure 

6.1 lb, which is an image taken over the scan size area noted by the box in Figure 6.1 la. 



2.0Min 0.0Dm••EZm 75.0nm 1.0|Liin 0.0nm•••EZZ] 35.0nm 

F^re 6.11 Tapping mode AFM images of a film of CuStyiylPc on HOPG, transferred at a point on the isothenn beyond 
the 'bilayer' transition. 
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The lines of holes are directionally aligned, running from the lower left to the upper right 

of the image. The directionality of these lines may be a function of the step edges in the 

underlying graphite surface. 

The sample imaged in Figure 6.11 was annealed at 210° C and 75 mmHg for two 

hours. This temperature was chosen because the CuStyrylPc material has a reversible 

endotherm at 212°C, found in DSC studies, associated with the LC phase transition.® 

AFM images taken after annealing revealed that the holes present before annealing 

enlarge and coalesce, as seen in Figure 6.12. The images in Figure 6.12 a and b were 

taken very near the image taken in Figure 6.11. The enlargement of the holes could be 

due to a combination of three different effects, i) the removal of residual water within the 

film, ii) the transition through the LC phase allowed for molecular reorganization, which 

created a denser material, leaving larger open spaces, or iii) the phase separation of the 

CuPc(OCH,CH,CH=CHPh)g molecules from impurities still present in the film after LB 

deposition. 

The effects of photolysis on film topography were also investigated. Again, a 1 

'bilayer' film of CuStyrylPc was transferred to HOFG, and annealed for 2 hours at 

210°C. A representative 1.0 |im image of that surface is shown in Figure 6.13a. The 

holes present in the film are probably due to solvent liberation, and molecular 

reorganization due to annealing, as discussed in the preceding paragraph. This same 

surface was imaged after 30 min, and 90 min. annealing times, as shown in Figure 6.13b 

and 6.13c. Large topographical features seen on the surface using the video monitor were 



25 Mm O-Onin 100.0 nin 2.0 pm 0*0 nm I 35.0 nm 

F^ure 6.12 Tapping mode AFM images of the same sample shown in Figure 6.13, after annealing at 210° under vacuum 
for 2 hours. 

N» 
O a\ 



Figure 6.13 T^ing mode AFM images of an annealed, 1 layer tiiin film of 
CuStyrylPc on HOPG a) before photolysis, b) photolyzed 34 min., and 
c) photolyzed 94 min. 
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used to maintain the approximate position of the tip on the surface. 

There are subtle changes in the topographical features after photolysis. Features 

that were monitored include the step height, the rms roughness, the number of holes over 

a 500 500 nm" area, and the diameter of those holes. The statistics measured on these 

three images are tabulated in Table 6.4. One can see that the step heights, rms roughness, 

and size of the holes increase with photolysis time, while the number of holes decreases. 

From this data, one can conclude that photolysis induces molecular and structural 

rearrangement of topographical features within the film. 

Solutions of the solvated photolyzed material were also cast onto HOPG for 

imaging. It was hoped that the products of the photolysis reactions would result in a 

unique structure, that could be easily distinguishable from monomeric Pc molecules. It 

was found that there is some inherent difficulty associated with these measurements, that 

holds true for both the CuStyrylPc and the CuCinnamylPc materials. Due to the low 

conversions, the polymeric material is always at a lower concentration than the 

monomeric material. To improve the probability of finding the polymeric structures 

within a monomeric matrix, the photolyzed material solutions used for casting were 

diluted to concentrations s 0.05 |aM. The success of imaging structurally distinct features 

was only 10%, even with the use of very dilute solutions and very smooth HOPG or Si 

(100) surfaces. 

AFM images of a cast solution of photolyzed CuStyrylPc can be seen in Figure 

6.14-6.16. A large scale image (5 |im) is seen in Figure 6.14 in both the height (a) and 
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Un-photolyzed Photolyzed 30 min. Photolyzed 90 min. 

Step heights 3.0 nm 4.0 nm 5.0 nm 

Rms roughness 2.0 nm 2.0 nm 3.0 nm 

U o f  h o l e s  o v e r  . -
500 ^ 500 nm' 

41 16 

Hole diameters 5 @ 65+ nm 10 @ 90-100 nm 9 @ 100-150 nm 
32 @ ca. 45 nm 20 @ 60-70 nm 7 @ 60-75 nm 
2 1 @ < 4 0 n m  l l @ < l l n m  

Table 6.4 Tabulation of statistics concerning the images of annealed, 1 layer thin 
films of CuStyrylPc transferred to HOPG for photolysis (Figure 6.13). 
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deflection (b) modes. One can see small, oblong features strewn across the surface. A 

1.0 ^m scan size (6.14c) reveals that the oblong features are bundles of smaller rod-like 

features. These bundles of materials are relatively soft, and can be moved in the scan 

direction by the tip if high force constants are used. Smaller scan sizes reveal the 

presence of relatively smooth domains of rod-like aggregates in the areas around the 

larger bundles, as seen in Figures 6.15 and 6.16. 

The observed column to column distance between adjacent Pc rods was 6.4 nm ± 

0.2 nm. This distance is approximately twice the expected column diameter for the 

CuStyrylPc molecule, assuming that it adopts the same hexagonal closed packed 

arrangement that the parent compound, CuPc(0CH2CH20Bz)j.®" Other possible packing 

arrangements are adopted by discotic materials, as seen in Figure 1.4. These packing 

arrangements are reasonable for the polymerized CuStyrylPc macromolecules, and may 

account for the larger than expected column to column distances observed in the AFM 

images. The exact molecular rod packing and column to column distances can only be 

elucidated by thorough wide angle x-ray analysis. 

Average rod lengths were determined by measuring rod lengths within a 500 nm x 

500 nm area that includes the area of Figure 6.16a. Only rods with distinct end points 

were measured and are included in a histogram (6.16b) that shows the large variation of 

rod lengths. The rod lengths ranged from 5 nm to 250 nm, with a mean length of 72 nm. 

The average length corresponds with ca. 212 monomer units, assuming a 0.34 nm 

molecular spacing, which has been observed for the parent compound.® 
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F^re 6.14 Tapping mode AFM images collected in a) height and b) deflection 
m(^es showing a cast solution of photoly^ CuStyiylPc on HOPG at tfie 
5 fjm and c) 1 fjm scales. 
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Figure 6.15 T qjping mode images of cast solutions of photolyzed CuStyiy IPc on 
HOPG. 



50 100 150 200 250 300 

Rod Length (nm) 
Figure 6.16 a) T^ing mode AFM image of cast photolyzed 

CuPc(CXIHiCH^=CHPh)8 material on HOPG. A Fourier domain 
transfomiation (inset) of die AFM image indicates tfie 3-fold symmetry 
packing of tfie rixilike stmctures. b) The histogram of molecular 
objects wifli defined end points were measured with lengths ranging 
frcm 5 to 290 nm, with a mean lengdi of 72 nm. 
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A Fourier domain transformation, seen in the inset of Figure 6.16a, of that image 

indicates a 3-fold symmetry packing of the rod-like structures. Precedence for substrate 

influence on the packing of molecular rods has been reported by Rabe and Schillter for 

their dendritic nanorod systems on HOPG.® 

6.3.3 MALDl analysis 

Solutions of the photolyzed material were also submitted to the Mass 

Spectrometry Facility (Department of Chemistry, University of Arizona, Tucson, AZ) for 

MALDI-TOF analysis. In the low-mass region, the MALDI-TOF data showed a 

sequence of mass peaks corresponding to monomeric through hexameric oligomers of 

CuStyrylPc (Figure 6.17).^ High m/z signals were rarely and randomly observed 

using a variety of matrices, but masses as high as 2.85 x 10' m/z were observed, which 

would correspond to ca. 160 unit macromolecule (Figure 6.18). The success of the 

MALDI-TOF analysis is dependent on the ability to desorb and ionize the large rod-like 

macromolecules from the solid sample matrix. The sizes of the molecular objects 

revealed by AFM imaging, as discussed in the previous section, imply that the analysis is 

unable to probe the highest molecular weight species present. 

6.3.4 SAXS analysis 

Small angle x-ray reflectometry of 3 fourteen 'bilayer' fihns of CuStyrylPc were 

recorded on Si (100) substrates (Figure 6.19). Fihns were transferred at the 'bilayer' 
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Figure 6.17 MALDI mass spectrum of an amorphous film of CuPc(OCH2CH2CH—CHPh),, photolyzed to 15% conversion, 
using a dilhranol matrix.®^" ^ 
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Figure 6.18 Mass spectnim of a 28 monolayer LB film of CuPc(OCH2CH2CH=CHPh)8 photolyzed disolved in 
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transition, or just before the collapse to fiber formation. All samples were annealed prior 

to analysis. The first sample was unphotolyzed (Figure 6.19a). A single Bragg peak at 

20 = 4.10° was observed, corresponding to a layer spacing of 2.15 nm. We can assume a 

hexagonal close packing for this material, as suggested by wide angle scattering 

measurements made on fiber-like bundles of the CuPc(0CH,CH,0Bz)8 material.®By 

doing so, the layer spacing of 2.15 nm corresponds to a column to column spacing of 2.48 

nm. The second sample was photolyzed for 1300 min (Figure 6.19b), and reached ca. 30 

% conversion. It had a single Bragg peak at 20 = 4.04°, corresponding to a layer spacing 

of 2.18 nm and a column to column spacing of 2.52 nm. The difference in the Bragg peak 

angles and corresponding layer spacing is within the error of the measurement. 

The flill-width-at-half-maximum (FWHM) of the Bragg peak in this x-ray data 

can be used as an indication of coherence length (L) of the multilayer assembly in the z-

axis direction, i.e. perpendicular to the substrate plane. As explained in Section 5.3.2, the 

Scherrer relationship allows for an estimation of the coherence length, L. The 

CuStyrylPc film, before photolysis, shows a coherence length of L = ca. 53 nm, 

calculated from a FWHM of 0.150° for the main Bragg reflection peak. After photolysis, 

L increases to 107 nm, determined from a FWHM of 0.074°. This increase in coherence 

length may be due to increased ordering, induced by the formation of covalent bonds 

between adjacent Pc molecules. 

The third sample was a Langmuir-Blodgett multilayer fibn of photolyzed 

CuStyrylPc material deposited on hydrophobized Si (Figure 6.19c). The amount of 



10 -

4.10 in 26 

FWHM 0.150 
04 in 20 

FWHM 0.074 
4.08 in 26 

FWHM 0.061 

^(20) 

F^re 6.19 Small angle x-ray scattering data taken on samples of CuPc(OCH^HiCH=CHPh)g in a a) 28 'bilayer' thin 
film on a Si wafer, b) a photolyzed 28 'bilayer' film on a Si wafer, and c) a 14 layer film of the photolyzed 
rod like material of CuPc(OCH/I!H/!^H=CHPh)8 transferred to a Si wafer. 
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photolyzed material needed to create a 1 mM solution, for deposition on the LB trough, 

was amassed by creating a 168 'bilayer' film of CuStyrylPc made fi:om 12 separate 

isotherm runs. The 168 'bilayer' sample was annealed and photolyzed for 1830 min for 

maximum covalent bond formation. The photolyzed material was removed from the Si 

by sonication in a 1:1 CHCljibenzene solvent mixture. A 1 mM solution was made of the 

photolyzed material, and deposited on the LB trough. The 7i-area isotherm for the 

photolyzed material is seen in Figure 6.20. A second LB compression of the material was 

made, stopping at a pressure of 19.4 mN/nr (*) for film transfer. A 14 layer film was 

transferred to hydrophobized Si, annealed, and analyzed as the third sample. 

A Bragg peak at 20 = 4.08° was observed for the third sample. This Bragg peak 

corresponds with a layer spacing of 2.16 nm, and a column to column spacing of 2.49 

nm. The FWHM of the Bragg peak decreased further to 0.061 corresponding with a 

coherence length of 130 nm. 

The consistency in the Bragg angle reflection for all three samples suggests that 

the layer structure of the material is unchanged upon photolysis. The increase in the 

height of the Bragg peak, and the decrease in the FWMH are indications that the layer 

structure is becoming more ordered upon photolysis, which may be due to the exclusion 

of impurity materials. 
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Photolyzed CuStyrylPc Isotherm 

"" " Photolyzed CuStyrylPc Isotherm 

for film transfer 
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Figure 6 JIO Pressure vs area isotheims for ttie photolyzed CuStyrylPc material, 
showing a fiill mn (solid line), and an isotheim stopp^ at 19.4 mN/hi^ 
for Langmuir-Schaefifer transfer. 
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6.4 Purity of CuPc(OCH,CHjCH=CHPh)g 

6.4.1 Purification 

The purity of the CuStyrylPc material came into question because of subtle 

differences between the FT-IR spectral data, listed in Tables 6.1-6.3. The difference seen 

in the splitting of bands normally occurring at 1282cm"' and 1068 cm ' into 1305cm"'/ 

1277 cm"' and 1054cm '/1027cm ' are atypical because these bands are assigned to 

functionalities associated with the Pc macrocycle, and not the subsituents of the side 

arms. Splitting of these bands is unexpected, and was not found to be consistent between 

the bulk, RAIRS, and transmission spectra. 

The CuStyrylPc material was recently re-analyzed for purity, and it was found 

that a number of unidentified impurities were present. A TLC plate analysis, using a 95:5 

CHCljiMeOH solvent mixture, revealed 3 spots with R^ values of 0.0,0.6, and 1.0. Both 

the spots at R^ values of 0.0 and 1.0 were colored green. The spot at 0.6 was seen as a 

dark spot, only under a UV source. 

Initially, a solvent extraction was performed on a portion of the material using 

HiO and CHClj. IR data gave evidence that the 'impurity' species may be water soluble, 

partitioning into the subphase of the LB trough. This was based on RAIRS spectra taken 

of LB transferred thin films, which did not show the anomalous peaks, and peak splitting 

observed in the bulk IR spectrum. The solvent extraction did not change the TLC 

analysis results appreciably. The remaining material was purified in the O'Brien lab by 

flash column chromatography. Unfortunately, silicone grease was introduced to the 
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sample during the solvent extraction, and was carried through with the separated material. 

The silicone grease interfered with attempts at analyzing this material by IR 

spectroscopy, but UV-visible, LB behavior, and photolysis studies of the separated 

material were undertaken. 

6.4.2 Solution aggregation and LB behavior of purified CuStyrylPc 

UV-visible spectra of the purified material were taken in solution and of thin film 

samples transferred to quartz. The UV-visible spectra are seen in Figure 6.21, are typical 

for a Pc material, and can be compared to spectra of the CuPc(0CH,CH20Bz)g, 

CoPc(OCH2CH,OBz)8, and CuPc(OCH2CHiOCH2CH=CHPh)8 materials. The solution 

Q-band is well defined with a maximum absorbance at 679 nm and a shoulder at 622 run. 

The Q-band also reaches baseline on either side, contrary to what was seen previously in 

Figures 6.3 and 6.4. The MLCT band at 405 nm and the Soret band at 338nni are also 

well defined, contrary to the poorly defined peaks in Figure 6.3. Again, the styryl moiety 

absorbance band is seen at 252 nm. The thin film spectrum is also shown in Figure 6.21, 

and is discussed further in Section 6.4.3. 

A chloroform solution (0.3 mM) of the CuStyrylPc was applied to the Langmuir-

Blodgett trough. The Fl-area isotherm for the material is included in Figure 6.22. In 

comparison to the original CuStyrylPc compound, the purified material exhibits a larger 

area" per molecule at the first transition. The first transition, Fl,, for the purified 

CuStyrylPc can be extrapolated to an area of ca. 100 AVmolecule. The purified material 
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Solution 

~ ~ Thin Film (X 5)" 
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Figure 621 UV-visible spectra of tfie purified CuPc(C)CHiCHiCH=CHPh)8 
material in a) a CHCI3 solution at ca. 03 mM concentration, and b) a 
fiber film (x 5). 
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F^re 622 Pressure vs area isodieim for tfie purified CuStytylPc material. The * 
indicates where the film fiilly collapses, fomiing fibrous features on Ihe 
LB trough. 
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also exhibits a distinct second transition, n,, with an onset at ca. 70 AVmolecuie. Fibrous 

features were formed after the second transition, fl,, at a surface pressure ofca. 37 

mN/m" (*). The film, including fibrous features, were transferred to hydrophobized 

quartz, using the Langmuir-Schaeffer transfer method for annealing and photolysis 

studies. 

6.4.3 Affects of annealing on purified CuPc(OCH,CH2CH=CHPh)3 thin films 

The LB transferred thin film shows a Q-band spectral shape favoring the presence 

of'aggregate' species (Figure 6.21). There is a relative increase in the absorbance at 622 

nm and a decrease at 679 nm, not observed in Figures 6.6 or 6.10. This behavior is quite 

similar to that seen for the parent compound, and now suggests that the CuStyrylPc 

aggregates similarly to the parent compound. The odd shape of the Q-band spectrum 

obtained earlier (Figure 6.3-6.4,6.6, and 6.10) is likely due to the presence of impurity 

species. 

Thin film samples were annealed overnight to 210 °C at 75 mmHg to remove 

adventitious water, and to incur temperature related phase transitions as indicated by DSC 

measurements made on the original CuStyrylPc material.® The affects of annealing 

were followed using polarized UV-visible spectrophotometry. One can compare the 

differences in dichroism seen under two orthogonal polarizations for a thin film before 

and after annealing in Figure 6.23. There is no dichroism seen for the material prior to 

aimealing (Figure 6.23a), but after annealing the dichroic ratio at 622 nm is = 3. This 
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is consistent with previous studies done on the CuPc(0CH,CH20Bz)/ "' and 

COPC(OCH,CH,OBZ)8 (Figure 5.4) materials. Polarized UV-visible spectra taken of thin 

films of the original CuStyrylPc material showed no dichroism before or after annealing 

as shown in Figure 6.6. 

6.4.4 Photolysis of purified CuPc(OCH,CH;CH=CHPh)s material 

Multilayer films of the purified CuStyrylPc on quartz substrates were photolyzed 

in a flooded environment over a 18 hr period. UV-visible absorption spectra were 

taken at 5 min intervals for the first 15 min, 15 min intervals for the next 45 min, 30 min 

intervals for the next hour, and 1+ hrs intervals at time points following. As seen in 

Figure 6.24, the styryl absorption band decreases over a 1080 min time period. 

The absorbance values were corrected using a baseline absorbance value of 0.12 

at 255 nm, determined by an estimated baseline absorption of the parent compound in the 

Soret and MLCT band regions. A plot of the percent conversion vs time results in an 

exponential increase, with a time constant of t = ca. 200 min. The percent conversion of 

the purified CuStyrylPc material reached ca. 55% conversion, but there was significant 

loss of the Q-band as well. 

The photolyzed samples of the purified CuStyrylPc material were able to be 

removed from the quartz slides by sonicating in CHClj. 
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6.4.5 Polarized transmission FT-IR analysis 

Although the silicone grease IR bands mask off large regions where the Pc 

spectral bands are present, there is a clear window from 1700 cm ' to 1300 cm ' that can 

be used to determine the affects of annealing and photolysis. Polarized transmission FT-

IR spectra were taken of thin films of the purified CuStyrylPc material transferred to a 

hydrophobized Si wafers. IR spectra taken before and after annealing, and after 

photolysis are shown in Figure 6.25 (IR band identification is shown in 6.25b). There is 

no dichroism seen in the films before annealing, which confirms the data taken in the 

visible region on the spectrum. After annealing, significant dichroism is seen of ca. 3. 

6.5 Characterization of CuPc(0CH2CH20CH2CH=CHPh), Before Photolysis 

6.5.1 Solution aggregation 

The CuCinnamylPc material was found to be as soluble in CHClj as the parent 

compound, CuPc(0CH2CH20Bz)8. The UV-visible solution spectra of CuCinnamylPc in 

CHCI3 (Figure 6.26) shows the expected 7T - n* transition in the Q band at 677 ran / 625 

nm, and the Soret band at 293 nm / 339 nm. There is also a small MLCT absorption band 

at 407 nm. The strong absorbance at 250 nm is assigned to the cinnamyl moiety, and is 

used later as a marker for the extent of the [2+2] photodimerization reactions in thin film 

assemblies. 

A reference spectrum of the CuPc(0CH2CH,0Bz)g material is also shown in 

Figure 6.26. The two spectra are very similar, except for the strong absorbance at 250 
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Figure 6.25 Polarized transmission PT-IR spectra of a fiber film of the purified 
CuStyrylPc material a) before annealing, b) after annealing, and c) after 
1080 min photolysis on hydrophobic Si. 
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Figure 626 Solution UV-visible spectra of CuPc((X]HiCHpCH2CH=CHPh)8 taken 
in CHCI3 solutions ranging in concentration frcm 0.5 mM to 0.1 mM . 
The UV-visible spectrum of CuPc(CXIHiCHPBz)8 at 0.05 mM 
concentration is presented as a watemia^ for reference. 
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nm, due to the cinnamyl moiety. The extinction coefficient was determined for the 

CuCinnamylPc material fi-om solutions ranging in concentration from 1 to 100 ^M, 

to be 8577 = 9.2 M 'cm ' which is comparable to that calculated for the parent 

compound, CuPc(0CHjCH,0Bz)8 (E677 = 1.9 M 'cm '). 

At higher concentrations, the relative intensities of the transitions in the Q-band 

spectral region change as seen in Figure 6.27. The "aggregate" peak at 625 nm increases, 

and the "monomeric" peak at 677 nm decreases due to cofacial interactions of an H 

aggregate structure. Comparable spectra for the parent compound at the same 

concentrations were not possible, due to the high extinction coefficient, even with 0.01 

cm path length quartz curettes. 

6.5.2 Pressure-area isotherm for CuPc(0CH,CH20CH2CH=CHPh)g 

Chloroform solutions of 1 mM CuPc(OCH2CH,OCH,CH=CHPh)8 were applied 

to the Langmuir-Blodgett trough. One should refer back to Figure 6.5 for the Fl-area 

isotherm for CuCinnamylPc. The first transition, FI,, for CuCinnamylPc occurs at ca. 

100 A V molecule, followed by a well defined plateau, and a second transition, FI,, at ca. 

50 A" / molecule. Continued compression of the CuCinnamylPc assembly beyond Fl, 

produces fiber-like bundles at ca. 25 A" / molecule (A). Fiber bundles, >10 cm in length, 

could be removed from the water-air interface using tweezer. 

The Langmuir-Schaefer horizontal transfer method was used to create multilayer 
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Figure 621 Solution UV-visible spectra of CuPc(C)CH^pCH^=CHPh)8 taken 
in CHClj solutions ranging in concentration frc*n 0.1 mM to 1.01^. 
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thin films of CuCimiamylPc on solid supports for subsequent characterization studies. 

All films transferred fi-om the LB trough were annealed for at least 2 hours at 120 °C in 

vacuimi (75 mmHg) to remove adventitious water, and to induce ordering upon cooling 

by taking the materials past their LC transition temperatures.® 

6.5.3 IR data for CuPc(OCH,CHpCHfiH=CHPh), 

Only preliminary infrared data has been acquired on this molecule at this point. 

The bulk infrared spectrum for the CuCinnamylPc material in a KBr pellet, shown in 

Figure 6.28, is very similar to the parent compound, with the exception of peaks at 

1718cm ' and 966cm"'. These peaks can be assigned to the trans alkene functionality 

present in this molecule. The infrared transitions, normalized absorbance values, and 

band assignments are listed in Table 6.5. Empirical band assigiunents were based on 

published literature.®^ ' " 

6.6 Photolysis of CuPc(0CH2CH20CH2CH=CHPh), 

6.6.1 Changes in the UV-visible spectrum 

UV-visible spectra of multilayer films of CuCinnamylPc were taken to determine 

the initial absorbance of the cinnamyl absorption band at 251 nm on quartz slides. A 

representative UV-visible spectrum is shown in Figure 6.29. The Q-band has a maximum 

at 625 rmi assigned to the ir-Jt* transition of Pc molecules in 'aggregate' environments, 

and a smaller shoulder at 677 nm, assigned to the 7t-7i* transitions of Pc molecules in 



0.22 

0.20 

0.18 

0.16 

0.14 

0.12 
e 

0.10 

0.08 
00 0.06 

00 

00 
0.04 

0.02 

0.00 

3000 2750 1750 1500 1250 1000 750 

Wavenumbers (cm') 

Figure 628 FT-IR spectrum of CuPc((XJH^HiC)CH/I!H=CHPh)g in a KBr pellet; the asterisks show the bands assigned 
to a trans alkene moiety at 1718 on ' and 966 cm"'. 

NJ U» 



236 

V (cm') 
Normalized 
Absorbance Band assignments®^'® ~ 

3023 0.167 Vc.H (aromatic) 

2929 0.266 v,.(-CH,-) 

2859 0.263 Vs(-CH,-) 

1764 0.062 vji trans -C=C-) 

1718 0.240 V3(trans -C=C-) 

1607 0.331 V(,=c (benzene stretch) 

1509 0.552 Vc=N (pyrrole stretch) 

1471 0.757 Vc^N, 5c.c.n (pyrrole stretch) 

1450 0.699 Pc ring vibration 

1410 0.670 Vc=c (benzene stretch) 

1357 0.716 Pc ring vibration 

1282 0.972 v,(Pc-0-C) 

1204 0.678 Vj(Pc-0-C) 

1107 1.000 v,(C-0-C) 

1067 0.679 v,(ring C-H, ip) 

966 0.601 v(trans alkene, C-H) 

935 0.415 Pc ring vibration 

745 0.810 5(ring C-H, op) 

691 0.539 5(ring C-H, op) 

Table 6.5 Representative in&ared absorbance values for 
CuPc(0CH,CH20CH,CH=CHPh)g as measured in an isotropic bulk KBr 
pellet with referenced band assignments. 
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'monomeric' environments. The Q-band spectral shape is similar to condensed thin fihns 

of the parent compound, CuPc(OCH2CH,OBz)8 and indicates that the CuCiimamylPc 

material has a significant portion of molecules that are in a cofacial packing 

arrangement.®""' 

Like the CuStyrylPc material, multilayer LB films, deposited on quartz substrates, 

were photolyzed in a N, flooded environment. UV-visible absorption spectra were taken 

at the above prescribed intervals. One can see in Figure 6.29 that the cinnamyl 

absorption band (252 nm) decreases significantly over time. The percent conversion was 

calculated using a baseline absorbance value of 0.13 at 251 nm, determined by an 

estimated baseline absorption of the parent compound in the Soret and MLCT band 

regions. A plot of the % conversion vs. time results in an exponential increase, with a 

time constant of t = ca. 320 min. The final % conversion for the CuCinnamylPc material 

often reached ca. 75%. 

The photolyzed CuCinnamylPc material was found to be insoluble in CHClj, 

CHClj/benzene, DMF, and toluene, even after extended sonication times (60 min.). This 

insolubility is a very attractive attribute, because of the potential for photopatteming of 

this material, as discussed in Section 6.7. 

6.6.2 AFM imaging 

A similar set of AFM imaging experiments, as were conducted on the CuStyrylPc 

material, were conducted on the CuCinnamylPc material. Bilayer fihns of 
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CuCinnamylPc were transferred to hydrophobized Si surfaces for imaging. AFM images 

of an armealed film, pre-photolysis, are seen at the 5.0 ^m, 1.0 ^m, and 0.5 ^m scales in 

Figures 6.30 and at the 100 nm scale in Figure 6.31. The larger topographical features, 

seen at the larger scan sizes include local folding, holes, and mounds of material. The 

number and size of holes found in the pre-photolyzed fibn of CuCinnamylPc are less than 

those found in the CuStyrylPc material (Figure 6.14a and Table 6.4). Over a 500 x 500 

nm* area, 17 holes were counted with sizes ranging from 18-25 nm (9 holes), and 29-52 

nm (8 holes). There were a number of mounds of material, as can be seen in Figure 

6.30c. The exact nature of these mounds of material is unknown. 

Scanning in the areas in between the holes and mounds, one can begin to see 

molecular resolution images. Figure 6.31 is one such image, shown in both height and 

amplitude modes. There are faint column-like features that run from the lower left to the 

upper right side of the image. The column to column distances of these features is 2.8 ± 

0.3 nm, and when compared to the column to column distances of 2.8 nm seen in images 

of CUPC(0CH,CH,0BZ)8 and CoPc(OCH,CH20BZ)J this suggests that the features are 

molecular columns of Pc molecules. 

AFM imaging was also used to observe the topographical changes in a 1 bilayer 

film of CuCinnamylPc as a function of photolysis time. The images are broken up into 

scan sizes > l.O |jm, shown in Figure 6.32, and < 0.5 jam, shown in Figures 6.33. The 

same scan area, indicated by the circled feature in Figure 6.28, was imaged before 

photolysis (a), after 10 min. photolysis (b), and after rinsing with CHCI3 (c). At the 5.0 



Figure 6.30 Tapping mode AFM images of an annealed, 1 bilayer thin film of 
CuCinnamylPc on hydrophobized Si at a) 5.0 ^m scale, b) 1.0 |am scale, 
and c) 0.5 ^m scale. 
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Figure 6.31 Tapping mode AFM images of a bilayer film of CuCinnamylPc on hydrophobized Si. 
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Figure 6.32 AFM images of a 1 bilayer film of CuCimiamylPc deposited on 
hydrophobized Si a) pre-photolysis, b) after 10 min photolysis, and c) after 
rinsing away un-photolyzed material with CHCI3 at 5.0 ^m and 1.0 |im 
scan sizes. The circles highlight a permanent feature that shows that the 
images were taken in roughly the same area on the surface 
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Figure 6.33 AFM images of a 1 bilayer film of CuCimiamylPc deposited on 
hydrophobized Si a) pre-photolysis, b) after 10 min photolysis, and c) 
after rinsing away un-photolyzed material with CHCI3 at 500 nm and 
250 nm scan sizes. 



244 

[im scan size, there is little variation. At the 1.0 scan size, one can see topographical 

changes between the three conditions. After photolysis, the number and height of the 

bumps decreases, as indicated by a change in rms roughness from 1.34 nm to 0.85 nm. 

Upon rinsing away of the unphotolyzed material the rms roughness decreases to 0.48 nm. 

One can also note that the topography becomes more fibrous in texture, after rinsing. 

In general, the rms roughness of the fibns decreased from 1.14 ± 0.18 nm before 

photolysis, to 0.88 ± 0.12 nm after photolysis, and 0.45 ± 0.04 nm after rinsing with 

CHClj. In the images taken at smaller scan sizes (Figure 6.33) the same trend is 

observed. The number of mounds of material decreases upon photolysis and rinsing. 

These mounds are relatively soft, as observed by the smearing seen in the 250 nm scan 

size of 6.33a. Again, the texture of the topography becomes more fibrous after rinsing. 

The decrease in roughness associated with photolysis could be due to the 

reorganization of the film during that process, and the subsequent removal of 

unphotolyzed material. By the reduction of the number of mounds upon photolysis and 

rinsing, one can conclude that the unphotolyzed material is concentrated in those features. 

The CuCinnamylPc molecules in those features may be of a lower ordering that in the 

surrounding material, as is evidenced by the molecular features shown in Figure 6.31. 

One should also note that a 10 min photolysis time resulted in a detectable amount 

of insoluble material. Further studies are underway to determine the minimum photolysis 

times required for ftill reaction, as a frinction of fihn thickness. 

Recast films of photolyzed CuCinnamylPc materials were imaged by AFM on 
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HOPG. Because of the insolubility of the fully photolyzed material, very short photolysis 

times (s 10 min) were used to create the materials that were subsequently dissolved and 

cast. Again, very dilute solutions (s 0.05 ^M) were used to try and maximize the 

contrast between monomeric and polymeric structural features. Large scale images (5 

^m and 1 |am) are seen in Figure 6.34. The features of these images are not as distinct as 

in the case of the CuStyrylPc material. The taller topographical features are relatively 

soft, and are easily smeared across the surface by the AFM tip (Figure 6.34a). Between 

these large features is a smoother topography, that consists of a network of aggregate 

islands, that have some rod-like features (Figure 6.34b). Scanning on the 100 nm scale, 

Figure 6.35, reveals bump-like features, and also small domains of rod-like features in the 

area sunounding those bumps. The average width of the rod-like features within those 

domains is 7.5 ± 2.5 nm, and the average length is ca. 35 nm. 

6.6.3 MALDIand SAXS analysis 

No successful detection of CuCinnamylPc polymeric materials have been 

observed by MALDI-TOF analysis to date, even with low conversion (2.5%, 5%, and 

10%) samples. SAXS analysis of thin films of CuCinnamylPc, before and after complete 

photolysis, are currently being investigated. 

6.7 Photopatterning of CuPc(OCHjCHjOCH,CH=CHPh)j 

The ability to photopattem the CuCiimamylPc material would result in the 
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Figure 6.34 AFM images of a cast film from a 10% photolyzed 
CuPc(0CH,CH,0CH,CH=CHPh)8 CHClj solution. 
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Figure 6.35 AFM images of a cast film from a 5% photolyzed 
CuPc(0CHXH,0CH,CH=CHPh)8 CHCI3 solution. 
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selective deposition of a highly ordered array of molecules. This possibility is highly 

desirable in the area of organic based electronics. The success of patterning of the 

CuCinnamylPc material is dependent on the solubility differences between the 

monomeric and polymeric materials. If the solubilities are very different, then an 

irradiated portion of the film will be rinsed away, and the photolyzed material will 

remain, as seen in Figure 6.36. 

A preliminary experiment concerning the possibility of photopatteming the 

CuCinnamylPc material was attempted using a TEM grid as a mask. A 7 'bilayer' film of 

CuCinnamylPc was deposited on a hydrophobized Si wafer, and was aiuiealed. Several 

TEM grids (698 hex mesh) were laid across the surface. The film was photolyzed for 5 

hours, and was rinsed with CHClj. By visual observation, the material appeared 

patterned in the exact shape of the TEM grids, due to changes in reflectivity off of the 

surface. Looking at the surface under 600 x magnification (Figure 6.37), one can see that 

the photopatteming is not an exact replica of the mask, but has resulted in smaller 

features due to light leakage around the edges of the mask. This is a function of the gap 

between the TEM grid and the Pc material, and is probably due to minute kinks in the 

delicate copper grid, which did not allow it to lay flat on the surface. AFM imaging, 

shown in Figure 6.38, has shown that the photolyzed featiu-es are ca. 86% of the TEM 

grid dimensions, and that the maximum height features of the photolyzed materials 

corresponds with a 7 'bilayer' fihn. More recent studies have shown that submicron 

features can be patterned using a photolithography mask, leaving almost vertical features 
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Figure 6.36 Patterning of phthalocyanines through photolysis. 
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Figure 6.37 Video images of a) a TEM grid (698 hex mesh) used as a mask for 
photolysis of a 7 bilayer sample of CuPc(OCH2CH,OCH2CH=CHPh)8 
on Si. The unphotolyzed material was rinsed away with CHCI3, and the 
insoluble material is seen in the video image (b). 
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A B 

Figure 6.38 Tapping mode AFM image of the photo-pattemed 7 bilayer thin fihn of 
CuPc(0CH2CH20CHXH=CHPh)8 on Si. The hei^t difference between 
points A and B is 22.5 nm, as determined by a bearing analysis. 
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of the polymerized material. 

The significance of our ability to photo-pattem the CuCinnamylPc material is 

enhanced when considered with the electronic properties of the material, before and after 

photolysis. These results are discussed in Section 7.4, and are put into a larger context in 

Section 8.2. 

6.8 Conclusions 

The results presented in this chapter are preliminary in nature; therefore, definitive 

conclusions about the CuStyrylPc and CuCinnamylPc materials cannot be made. Several 

points can be made as to their characteristics and potential applications. 

The photoexcited polymerization of the CuStyrylPc material resulted in the 

formation of a 1-D polymeric material, as is evidenced by the rod-like features seen by 

AFM imaging (Figures 6.15 and 6.16). The percent conversions for this material were 

consistently low (< 30%), but may be improved with purer monomeric starting materials. 

The presence of impurities in this material may have interrupted the cofacial aggregation 

between adjacent Pc molecules, as can be seen in the differences in the Q-bands of the 

UV-visible spectra (Figiu-es 6.3-6.4,6.6 and 6.21). Further investigations, concerning 

properties of the purified material, are currently underway. 

The exact nature of the polymerized CuCinnamylPc material is presently 

unknown. The insolubility of the fully polymerized species suggests that a crosslinked 

material has been formed. Low conversion materials were able to be imaged using AFM, 
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but were in such low concentrations that the information gained using that technique is 

not definitive. No successful detection of polymeric materials have been observed by 

MALDI-TOF analysis, for this material to date, even with low conversion (2.5%, 5%, and 

10%) samples. 

The potential strength of the CuCinnamylPc material is its change in solubility 

after polymerization. The need for aligned materials, with the processing advantage of 

selective deposition, is great in the area of organic based electronics. The conductivity 

and mobilities measured for this material, before and after photolysis, are discussed in 

Section 7.4. The results from that section, combined with the possibility for 

photopatteming, make further investigations into the use of the CuCinnamylPc material 

in organic based electronics crucial. 
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Chapter 7 

Dark and Photoelectrical Characteristics of CuPcCOCHjCHjOBz),, 

CoPc(OCHjCHjOBz)g, and CuPc(OCHjCHjOCHjCH=CHPh)g 

7.1 Introduction 

Most organic materials are classified as insulating materials with conductivities, 

CT, ranging from 10" to lO'" Q'cm"'. A lack of charge carriers, and poor frontier orbital 

overlap between adjacent molecules generally inhibit rapid charge migration through an 

insulating solid. There exist certain classes of organic materials; however, that exhibit 

conductivities within the semiconductor regime (10"' ^ CT ^ 10' Q ' cm ') that include 

conjugated polymers, conjugated small molecules (i.e. oligothiophenes, monomeric 

phthalocyanines), and various discotic liquid crystalline materials as discussed in Chapter 

I. These classes of materials adopt structures that favor orbital overlap, which facilitate 

charge migration. This general area is reviewed from three main sources, which the 

reader should refer to for more detail.^ 

A band model of energy states for organic solids is often used. It is based on the 

orbital overlap and subsequent splitting of a large number of molecular orbitals within a 

solid, which creates a lower energy band with bonding characteristics (valence band), and 

a higher energy band with anti-bonding characteristics (conduction band) Figure 7.1. 

Although the width of these bands can be quite narrow (^ O.I eV) and therefore classic 

semiconductor theories of transport often do not apply, the description of these frontier 
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orbitals using semiconductor terminology is often convenient. The energy that separates 

these two bands is defined as the electrical band gap energy. For insulators the electrical 

band gap energy is ^2 eV, and in semiconductors s 2 eV. The electrical band gap energy 

is not necessarily equal to the optical band gap energy. The optical excited state often is 

of lower energy, and one can define the difference between electrical band gap and the 

optical band gap as the exciton binding energy (Figure 7.1c). 

The transport of electrons in an organic material is dependent on the generation of 

fi-ee charge carriers, and the migration of those charge carriers within the solid. The first 

step towards this process is the promotion of an electron, e , from the valence band to the 

conduction band, by thermal- or photo-excitation, or by application of an external field. 

The removal of an e fi-om the valence band leaves a positively charged hole, h^. The 

'bound' electron-hole pair, [h*e ], or Frenkel exciton, is held together by coulombic 

interactions that must be overcome to enable the generation of free charge carriers. If 

exciton generation and charge separation is achieved due to thermal effects, then the 

semiconductor is called intrinsic. Most organic semiconductors are not intrinsic, and 

depend on impurities (that act as electron donors or acceptors), or applied fields, to 

facilitate the dissociation of the exciton. Semiconductors that achieve fi'ee charge carriers 

through these processes are termed extrinsic. 

Once the charge carriers have been generated, their velocity per unit area and 

applied field (the mobility (^) in cm" V ' s"') will be limited by the number and energy of 

trap states that exist within the material. Trap states are caused by chemical impurities 
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and/or structural disorder within a material, and have energy states between the valence 

and conduction bands. If the energy from the lowest energy level of the electron (hole) 

trap state to the bottom (top) of the conduction (valence) band is ca. kT, then the trap is 

termed shallow. If the energy is greater than kT, then the trap is termed deep. Shallow 

electron (hole) traps are almost always filled, and are thought to be in thermal equilibrium 

with the conduction (valence) band. If a charge carrier is caught in a deep trap, the 

probability of its escape is low. The time a charge spends in one of these traps dictates its 

mobility within the material. 

A summary diagram showing the steps towards charge generation, including 

exciton formation, exciton dissociation, trapping, recombination, and free charge carrier 

collection is seen in Figure l.lJ'* As can be seen in the diagram, each processes can have 

a direct or indirect influence on every other process. The studies described in the next 

section were undertaken to elucidate the effects of each of these steps in the total charge 

generation and transfer processes of three Pc materials. 

7.2 Electrical Properties Investigated 

The current density vs voltage behavior for the MPc(OCH2CHjOBz)8 molecules 

(where M = Cu, and Co), and the photoreactive Pc, CuPc(0CH2CH20CH2CH=CHPh)8, 

were measured under dark conditions in both Ohmic and space charge limited conditions 

(SCLC), under illumination with HeNe laser and Xe Arc lamp light sources, and with 

temperature variation (293 K to 333 K). From these measurements, the conductivity (a). 
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photoconductivity (apu), activation energy (AE), and mobilities (|j) were estimated. A 

theoretical explanation for each of these parameters follows. 

7.2.1 Dark conductivities 

The conductivity of an organic material can be determined by a direct current, 

two electrode measurement. Interdigitated microcircuit electrodes (IMEs) are often used 

in such measurements. Use of an IME has several desirable qualities: i) The application 

of a few volts (5 V) across the electrodes (spaced at 5 -15 |Am) results in a large field 

gradient (10'' V/cm); ii) The open geometry allows for full device exposure upon light 

illumination for photoconductivity measurements; iii) The geometry of the device allows 

for the measurement of anisotropics in conductivity and were used such that the 

multilayer films made up of Pc columns were orientated so that the director axis was 

either parallel or perpendicular to the fingers of the IME as illustrated in Figure 7.3. With 

this arrangement, we are able to measure the current density along the column axis (j,,) 

and also the current density orthogonal to the column axis O J, at any applied potential. 

A voltage is applied to the IME and the resultant current, i, is measured. In plane 

conductivity estimates, using IMEs can be calculated according to 

0-=-;^L (7.1) 

where V is the potential applied within ohmic regions, and L the electrode spacing in 
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Figure 7.3 Film deposition orientation on interdigitated microfinger electrode (IME) 
array circuits. Ij^ represents the current measured across the Pc column 
axes, and In represents the current measure along the Pc column axes. 
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centimeters. The current density, j, is calculated form the measured current i, divided by 

the cross-sectional area. The cross-sectional area is approximated by multiplying the fibn 

depth times one half the total perimeter of the device. The use of this treatment is 

dependent on the assumption that there is ohmic contact between the organic material and 

the electrodes, and that current flows equally through the cross-sectional area. 

7.2.2 SCLC conductivities 

The conductivity measurements described in the previous sections apply to 

current density vs potential responses that follow Ohm's law. If the potential applied to a 

material is such that all of the traps are filled, and both electrons and holes are injected 

into the material fi'om the electrode contacts, it is said to be under space charge limited 

conditions (SCLC). A band model energy diagram with electron trap states under SCLC 

is shown in Figure 7.4. A comparable diagram can be drawn for hole conduction, limited 

by hole traps near the valence band. For most organic materials, both electron and hole 

traps must be considered. SCLC behavior is recognized by slope of 1 for a j vs V' plot. 

The slope of this plot can be used to estimate charge mobility within the material 

according to Child's law, where the geometric relationship between field and current is 

due to the fact that charges are injected at both anode and cathode contacts: 

9 V -

7SCLC ~ g ^3 
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Figure 7.4 a) Band model energy diagram of an organic solid with trap states (T1-T3) 
under b) the SCLC condition. A comparable diagram can be drawn for hole 
conduction, limited by traps near the valence band 
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where j^^ic's the charge density in the SCLC regime, is the permittivity of free space, 

E is the dielectric constant of the material (assumed to be between 2-10, based on similar 

conjugated systems), |a is the mobility, V is the potential, and d is the separation between 

the electrodes. 

The number and depth of traps can influence the onset voltage at which SCLC is 

observed. In a material containing shallow traps, only a portion of the injected carriers 

will be free; therefore, more carriers must be injected at higher bias voltages than in a 

trap-free material. 

7.2.3 Thermally excited dark conductivities 

The temperature dependence of the conductivity for most organic materials 

follows an Arrenhius-type relationship; 

r A17 N 
cr = cr  ̂exp 

AE 

2kT. 
(7.3) 

where the activation energy term, AE, is a combination of the energy needed to generate 

the charge carrier exciton pair and also the energy needed to separate that exciton pair 

into discrete charge carriers. 

A plot of the log of the dark conductivity vs l/T is used to determined the 

activation energy, AE, of a material. Variations in the slope of these plots are seen over 

large temperature ranges, but for the temperature range used in the following 
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experiments, the slope is expected to be constant. Deviations from a constant slope can 

be due to morphological changes upon heating (i.e. a LC phase transition), and/or a 

distribution of energies in the impurity states. 

7.2.4 Photoconductivities 

Charge carrier generation, as defined above, is the excitation of an electron from 

the top of the valence band into the bottom of the conduction band, leaving a positively 

charged hole in the valance band and creating a bound electron-hole pair. The energy 

needed for intrinsic charge carrier generation for organic semiconductors is close in 

magnitude to optical absorption energies (1-4 eV) vs thermal energy (0.026 eV) at room 

temperature. Materials with low dark conductivities can exhibit large 

photoconductivities, which has lead to many practical applications such as photocopiers 

and solar cells. Photoconduction arises from an increase in the number of electron-hole 

pairs (or excitons) that are generated by the absorption of photons with energy, hv 2: the 

band gap energy. 

If an organic semiconductor is under constant illumination then a number of 

additional excitons (An) are generated on top of the intrinsic number of excitons, n^^, 

created by thermal excitation. If the illumination is interrupted, the number of excitons 

decays exponentially and follows 

n = riT + Anexp(-t / r) (7.4) 

where t is time, and T is the lifetime of the carriers. The lifetime of the carriers, t, is 
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determined by the recombination events as described previously, and is inversely 

proportional to the number and depth of the trap states within a material. Therefore, the 

analysis of the decay of the photocurrent as a function of time can elucidate information 

about the trap states in a material. 

7.3 CuPc(OCHjCHjOBz)g and CoPc(OCHjCHjOBz)g 

Charge motion within an organic material is highly dependent on the overlap of 

molecular orbitals; therefore, semiconductor behavior is expected from Cu and Co metal 

centered Pes due to the strong n-n interactions between adjacent molecules in the 

columnar assemblies described thus far.'^ Previous conductivity measurements have 

been made on CuPc(0CH,CH,0Bz)8 using IMEs with 15 (am spacings. The 

conductivities were determined from current-voltage responses measured along (II) and 

across (1) the Pc column axis. Reported conductivites ranged fromlO ' to 10'* Q 'cm ' 

with an anisotropy value ((Th/ctJ ranging from 2.0 to 10.0.^^ 

The investigations detailed in this chapter are meant to build and expand upon 

these initial measurements. Twenty-eight bilayer LB films of CuPc(OCH2CH,OBz)5, and 

CoPc(OCH2CH20Bz)8 were deposited onto pairs of IME circuits with 10 fam electrode 

spacings. Smaller electrode spacings were used to increase the field across the device, 

therefore increasing the observed current density. Ideally, electrode spacings on the order 

of 100 nm would give the most accurate information on the conductivities and charge 

carrier mobility values, as was discussed in Chapter 1 (Section 1.2.5). Films were 
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deposited such that anisotropy measurements could be made as explained in Section 2.13. 

There was a significant amount of variability in cuaent-voltage characteristics observed 

on multiple samples. A certain amount of variability between samples is expected due to 

the "wet" processing techniques used, as explained in Section 2.2. We report in all 

subsequent tables either a range of values, or a median value from multiple measurements 

on different samples. 

7.5.1 Dark conductivities of CuPciOCH.CH.OBz)^ and CoPc(OCH2CH,OBz)s 

Representative j-V curves for both CuPcCOCHjCHiOBz), and 

CoPc(OCH3CH,OBz)8 are plotted in Figure 7.5. Cu and Co metal centered samples 

consistently displayed ohmic behavior between 0 and 5 volts. Non-linearity was seen in 

some samples above 5 volts under illumination, but all conductivity calculations were 

made using low field measurement, within the ohmic regime using equation 7.1. The 

conductivities measured along (o,,) and across (CTJ the Pc column axes, and the computed 

anisotropy values, {ajaj are listed in Table 7.1. Also included in Table 7.1 are 

photoconductivity values that will be discussed below. 

As was stated earlier, a certain amount of variability between samples was 

observed. The data for two different samples are shown in Figure 7.5, and speak to that 

point. The open data points show an ohmic current-voltage response, and contrast 

beUveen measurements made along and across the columnar aggregates (observed 1 out 

of 6 different samples). The filled data points were observed more often (5 out of 6 
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CuPc(OCH£Hmz), CoPc(OCH,CHmz), 

a. ^1 2, 
Scm' Scm' Scm"' Scm"' CT. 

Dark lO-io 2xlO-'°to 2 to lO-'" to 

o
 

o
 

X
 10 to 

5x10" 50 7x10-' 8x10"' 20 

HeNe 6x10'° to 1x10® to 17 to 2x10-'° to IxlO"' to 10 to 
(15 mW) 2x10'' 4x10-' 23 5x10" 5x10-' 70 

Xe arc lamp SxlO' to 5x10' to 6 to 2x10-'° to 2x10"'to 8 to 
(430 mW) SxlO' 9x10' 17 7x10" 6x10"' 98 

Table 7.1 Dark and photoconductivities calculated for CuPcCOCH^CHiOBz), and 
COPC(OCH;,CH20BZ)8 based on j-V response curves. 
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samples), but are not consistent with expected behavior, nor with previous studies of 

these materials. The current-voltage response measured both along and across the 

columnar aggregates are random in nature, and are much larger in amplitude for the case 

measured along the columns (•). 

Dark conductivities for 28 bilayer films of CuPc(0CH2CH,0Bz)g were measured 

to be ca. 10"'° Q 'cm ' for ranged from 2x10"' to 5x10 ' Q 'cm ' for CT,,, and the ratio 

(0||/cTj^) varied fi-om 2 to 40. These conductivity values are an order of magnitude lower 

than those previously reported for this material, 10'^-10'® Q '-cm The decrease in 

conductivities may be due to the greater coherence achievable in transferred films of this 

material, due in part to increased purity of the material facilitated by improved synthetic 

techniques.'^'^^ A decrease in the number of defect sites would decrease the intrinsic 

dark conductivity of the material. 

The cobalt centered analogue displayed similar j-V behavior (Figure 7.5b) with 

ranging fi-om 10"'° to 7x10"' Q''-cm'', CT,, ranging 2x10"' to 8x 10"^ Q '-cm"', and CJ|,/(Jj^ 

ranging fi-om 12 to 34. The dark conductivity values are in agreement with other 

literature reported values for similar phthalocyanine materials.^ 

The order of magnitude difference between the conductivities found for the Co vs 

the Cu metal centered Pc may be explained by the likelihood that there is entrapped O, in 

the CoPc(OCH2CH20Bz)5 fihns. The strong association of O, with the Co metal center, 

as was discussed in Section 5.5, may produce an impurity species, such as the anion 

radical species O,", which could then facilitate the dissociation of an electron-hole pair. 
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[Pc'^e ], creating free charge carriers. If we assume that there is an equal probability for 

the thermal formation of [Pc*e ] species in both Cu and Co centered Pes, then the 

increased conductivity observed for the Co Pc material may be a function of O," content 

within the film. 

73.2 SCLC ofCuPc(OCH,CHpBz), and CoPc(OCH,CHmz), 

At potentials above 15 volts, both Pc materials exhibit non-linear current voltage 

responses under dark conditions, suggesting that the space charged limited condition 

(SCLC) regime has been reached. In this regime, all of the charge traps are filled and 

excess charge is freely injected into the material from the electrodes (Figure 7.4). The 

dark j-V curves for both materials were measured under potentials ranging from 0 to 50 

volts. A plot of the current density vs the square of the potential is shown in Figure 7.6. 

Mobilities were calculated from the slopes of these plots, using Child's law (Eq. 7.2), 

and are listed in Table 7.2. An estimation of the dielectric constant, s = 2, was used, 

based on dielectric constants listed for various polymeric materials.^ '* 

The mobilities measured in this study are 1 to 2 orders of magnitude higher than 

hole field-effect mobilities (^') measured in collaboration with Bell Labs Lucent 

Technologies (^ = ca. 10'® cm"-V"' s ') and are quite reasonable as compared with other 

reported literature values.^^ (The field-effect mobility is a measure of the mobility of 

charges that are injected into the semiconducting organic layer, in contrast to the thermal 

or photoexcited charge carriers probed using conventional EME microcircuit technology.) 
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CuPc(OCH,CHmz)s CoPciOCH.CHpBz), 

^11 Hi Hll 
cm"V''s'' cm'V's"' cm'Vs"' cmV"'s'' 

8 = 2 3.22X10-' ^DDXLO-* 14 1.44X10' S.SEXLO"" 27 

Table 7.2 Typical mobilities measured in the SCLC regime for 
CUPC(0CH,CH,0BZ)8 and CoPc(OCH,CH,OBz)8 
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The ratio of the mobiUties measured along (li,,) and across (|i J the Pc column axes were 

ca. 10 X as compared with the 3 x contrast in the field-effect mobility (ji') study.'^ The 

similarity in the charge mobilities for the Cu and Co metal center Pes indicates that once 

free charges are generated, they are able to move through both materials at the same 

relative velocities. 

Using the mobility values as determined above, one can estimate the number of 

charge carriers using Ohm's law; 

V 
Ja = neM— (7.5) 

where is the current density in the ohmic region, n is the number of charge carriers, e is 

the charge of an electron, |a is the mobility (determined in the SCLC regime), V is the 

applied potential, and L is the electrode spacing in centimeters. Using equation 7.5 and 

the range of mobilities found for these materials, the number of charge carriers were 

estimated and are listed in Table 7.3. These numbers are comparable for those 

determined for the PcPS system (I x 10'^ cm'^ at room temperature).''' 

7.3.3 Thermally excited dark conductivities of CuPcfOCH.CH.OBz)^ and 

CoPc(OCH,CHmz), 

Current responses under low applied potentials (within the ohmic regime) were 

also measured as a function of temperature, ranging from 293 to 333 K. The 
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CuPc(OCH,CH,OBz), CoPc(OCH:CH,OBz), 

Hi n, "i n, 
(cm"*) (cm"') (cm') (cm') 

2X10'-' 3x10" to 7x10" 4x io"^to3 xlO" 3 xlO'^to 1 xio'' 

Table 7.3 Number of charge carriers calculated from the dark and 
photoconductivities determined in the Ohmic regime and the mobilities 
determined in the SCLC regime. 
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conductivities were calculated from i-V curves taken at each temperature for both CuPc 

and CoPc multilayer fihns. The natural log of the conductivities are plotted vs 1/T, for a 

representative CoPc(OCH,CH20Bz)g sample, in Figure 7.7. Activation energies 

measured for CuPc(0CHiCH20Bz)8 and CoPcCOCHjCHiOBz)^ ranged from ca. 0.3 -1.3 

eV and 0.8-1.5 eV, respectively. Both of these values seem reasonable, based on 

literature reported values." 

The occurrence of breaks within the In CT vs 1/T plots were observed on several 

occasions. There exists a crucial factor that could account for this discrepancy, and 

shows the need for further j-V temperature dependence studies. Differential scanning 

calorimetry (DSC) data taken on both the Cu and Co centered Pes revealed endotherms, 

associated with the LC phase, at 341 K and 338 K respectively.^^ Although both of these 

endotherms occur at temperatures above the highest temperatures probed here, the onset 

of those endotherms begins at ca. 323K, well inside the temperature range used to 

measure the j-V responses. Therefore, the values of AE, calculated for the Cu and Co Pes 

may have been affected by morphological changes upon an increase in temperature. 

7.3.4 Photoconductivities of CuPcfOCH.CH^OBz)^ and CoPc(0CH2CH20Bz)3 

Both Cu and Co metal centered samples showed significant increases in 

conductivity under illumination using a HeNe laser (15mW, 632 nm radiation) or an IR-

filtered Xe arc lamp (run at 6 A or ca. 460 mW) shown in Figure 7.8. Ranges of 

photoconductivities are listed in Table 7.1. The photoconductivities for both Cu and Co 
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materials increased by an order of magnitude vs dark conductivities. The contrast is 

greater for CuPc(0CH,CH20Bz)8 because of the very low dark conductivities that it 

exhibits. Upon excitation, it was not uncommon for the j-V slopes to become non-linear. 

This is explained by the SCLC regime constraints. As more photons enter the material, 

more [Pc^e ] species and the more charge carriers are created. The increased number of 

charge carriers fill in the trap states quickly, so that subsequent photogenerated charge 

carriers can be injected under SCLC conditions. 

Long light exposure photocurrent responses were recorded vs time to try and 

elucidate the time constants of the charge trap filling/emptying functions (Eq. 7.4). 

Maximum photocurrent densities recorded for both CuPc(0CH2CH20Bz)8 and 

CoPc(OCH2CH,OBz)g are presented in Table 7.4. A representative photocurrent vs time 

response is shown in Figure 7.9 where a HeNe laser was used to irradiate a 

CUPC(OCH2CH,OBZ)8 film held at a potential of 5 volts (within ohmic conditions). 

There is a ca. 0.20 mA/cm" jump in the current density with illumination, and after 20 

min of light exposure, the photocurrent density reaches a maximum. The time constant 

for a fit to this exponential growth fit ca. 280 s. Upon removal of the light source, the 

photocurrent density drops by ca. 0.35 mA/cm" and exponentially decays to baseline with 

a time constant of ca. 490 s. Growth and decay for CoPcCOCHiCHjOBz)^ were also 

analyzed, and time constants of ca. 100 s and 250 s were determined, respectively. The 

shorter time constants observed in the Co centered Pc material may be a result of the 

presence of Oi/O," which facilitate charge dissociation of [Pc^e ] species. 
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CuPc(OCH,CH,OBz) 8 CoPc(OCH,CH,OBz)s 

j x  
mA/cm" mA/cm* 

j./ji 
mA/cm" 

j i i  
mA/cm" 

JYJI 

HeNe 
( I S m W )  

0.02 0.49 25 
0.0007 to 

0.02 
0.018 to 

0.36 18 to 26 

Xe arc lamp 
(430 mW) 

0.006 to 
0.12 

0.55 to 
2.7 

23 to 
92 

0.008 0.06 7.5 

Table 7.4 Maximum photocurrent densities for CuPc(0CH,CH-,0Bz)8 and 
COPC(OCH,CH,OBZ)8 
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Figure 7.9 Timed photocurrent density plot for a CuPc(0CH2CH20Bz)8 held at 5 V, 
under HeNe lamp irradiation. The time constants were fit using 
exponential groA^ and decay functions. 
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A more exact determination of the time constant, T, for the photocurrent decay can 

be obtained by plotting the In i/Ai, where Ai is the change in the measured current upon 

photoexcitation. (The assumption that the current, i, is proportional to the number of 

photoexcited charge carriers has been made, and applied to Eq. 7.4) The resulting plot, 

shown in Figure 7.10, can be fit with two linear segments. A time constant of 735 s is 

found for the decay function nearer in time to when the light source was turned off, and 

represents those charges that are annihilated due to recombination and/or reach one of the 

two electrodes in a relatively short amount of time. A second time constant of 1417 s is 

much longer than the first, and represent those charges that are held in deep traps for a 

significant amount of time before annihilation due to recombination and/or reaching an 

electrode. This data suggests that there exists a complex distribution of trap states within 

these Pc materials. 

7.4 CuPc(OCHjCHjOCHjCH=CHPh)g 

The ability to photopattem the CuPc(OCH2CH,OCHjCH=CHPh)8 assemblies, as 

described in Chapter 6, makes this particular material especially desirable for use in thin 

film devices. The conductivity and mobility values are of special interest, and were 

measured before and after photolysis. If the CuPc(0CH2CH20CH,CH=CHPh)8 material 

is to become a pattemable active layer in a device such as an OFET or solar cell, then it is 

crucial to determine the electronic characteristics of the material, and whether the 

photolysis reaction has an affect on those properties. 
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The same parameters as were discussed above for the Cu and Co metal centered 

Pes (MPC(0CHjCH20BZ)j) were investigated in the case of the cinnamyl- modified Pc. 

It should be noted that spectral bandpass filters were used in order to reduce the 

excitation intensity at A. = 254 nm. A simple solubility test was used to determine 

whether the CuPc(0CH,CH20CH2CH=CHPh)8 films remained unpolymerized during 

photocurrent measurements. Table 7.5 is used to summarize all findings measured on 28 

bilayer films of CuPc(OCH,CH,OCH2CH=CHPh)8, deposited on IMEs with 10 [am 

electrode spacings. 

7.4.1 Dark conductivity of CuPc(OCH2CH;OCH2CH=CHPh)g 

The dark conductivities were found to be comparable to the Cu and Co centered 

Pes. There was a 3 fold increase in dark conductivity values upon photolysis as shown in 

Figure 7.11. The ratio also increased appreciably from ca. 1 to 2 orders of 

magnitude. This remarkable increase may be due to one or a combination of two factors 

i) photolysis facilitates the restructuring of the material into a more coherent assembly, 

which could increase the charge carrier mobilities within the material, or ii) some of the 

trap states were filled during photolysis, again, increasing the charge carrier mobilities. 

7.4.2 Photoconductivity of CuPcf0CH2CH2OCH2CH=CHPh)g 

Photoconductivity followed the same trends with increases of ca. 3 in HeNe 

and Xe arc lamp photocurrents, seen after photolysis. The photocurrent density was 
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Before Photolysis After Photolysis 

Conductivity <^1 5| 
Scm' Scm' o, 

(T, CT, 
Scm"' Scm'' CT 

Dark 

HeNe 
(15 mW) 

Xe arc lamp 
(430 mW) 

1.5 X 10 '° 9.1 X lO '" 6 

6.9 X 10-'° 7.6 X lO '" 10 

5.8x10-'° 6.6 xlO ' 11 

4.8 X 10"" 5.9 X 10 ' 123 

1.1 X 10"' 2.2 X 10 ' 20 

1.6x10" 2.6x10' 16 

1 II 1 II 

Time constants 
^growth ^ ^decay 

719s/NA 847s/NA 1230s/ 1579s 1230s/ 
753s 

Activation 
Energy, AE 

0.91 eV 1.17 eV 1.19 eV 0.77 eV 

Mobility 
cm'V's"' 

NA NA 3.6x10"' 1.7x10-' 

Table 7.5 Dark and photoelectrical properties found for 
CuPc(0CH2CH,0CH,CH=CHPh)g measured before and after photolysis 
to full conversion. 
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monitored at 5 V applied field for long light exposure times before and after photolysis 

(Figure 7.12). The response of the photocurrent density due to light exposure observed 

during long light exposures were much sharper in some cases than observed with either 

the Cu or Co centered Pes, and had few data points in the on/off transition. For this 

reason, growth and decay time constants were difficult to determine. Estimated time 

constants determined for the time periods immediately following the initial changes in 

photocurrent density upon irradiation or removal of the light source are given in Table 

7.5, but should not be taken as conclusive numbers. One can see that the maximum 

photocurrent densities are lower than shown in Figure 7.9, but increase 

substantially after photolysis. The values increase ca. 5 x after photolysis for both 

HeNe and Xe arc lamp irradiation. This increase may be due, again, to restructuring of 

the material and/or the filling of trap states during the photolysis process. 

7.4.3 Thermally excited conductivity of CuPc(OCH2CH,OCH2CH=CHPh)g 

Temperature dependent studies on CuCinnamylPc show that similar activation 

energies are seen in comparison to the Cu and Co centered Pes (refer back to Table 7.5). 

Little variation, when comparing values of AE determined before and after photolysis, 

were observed. The similarity in AE values indicates that the energy needed for fi^ee 

charge carrier generation is not affected by the photolysis process. This further supports 

the idea that the photolysis process is affecting the free charge carrier mobilities within 

the material. 
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Figure 7.12 Timed photocurrent density plot for CuCinnamylPc held at 5 V, under 
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(d), before photolysis (a) and (c), and after photolyis (b) and (d). 
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7.4.4 SCLC ofCuPc(OCH,CH,OCH,CH=CHPh), 

Mobility values were determined for only the photolyzed material. SCLC 

measurements were not made on un-photolyzed material in order to preserve the integrity 

of that film for subsequent analysis. The mobilities determined for the photolyzed 

CuCinnamylPc material were found to be = 3.6 x 10•^ li,, = 1.7 x 10"\ and = 

46, (refer back to Table 7.5). These mobility values are much higher than were seen for 

the Cu and Co centered Pes. 

The increase in mobility has already been discussed in the context of increases in 

conductivities measured. The photolysis could increase the coherence of the material, or 

the photolysis could fill trap states are filled during that process. Both of these scenarios 

would increase the mobilities measured for the CuCinnamylPc material. Multiple 

measurements, including SCLC measurements on un-photolyzed materials to determine 

the effects of photolysis on mobilities measured should be completed before any further 

conclusions can be drawn. 

7.5 Conclusions 

7.5.1 CuPc(OCH,CH,OBz)s and CoPc(OCH.CHpBz)s 

The CuPc(OCH2CH,OBz)8 and CoPc(OCH2CH,OBz)8 materials showed 

comparable electronic properties. The conductivity and mobility values determined for 

the Co centered material were consistently an order of magnitude larger than for the Cu 
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centered material. The difference in conductivity and mobility between the two metal 

centered Pes may be explained by the presence of bound molecular O, within the 

CoPc(OCH,CH20Bz)8 film, as revealed in Section 5.5. Charged oxygen species (i.e. O,") 

would, in theory, help facilitate the generation of firee charge carriers from the [Pc"e ] 

species which would manifest in enhanced dark and photoconductivities (Figure 7.2). 

The activation energies were comparable for the two materials, but bear repeating 

over larger temperature ranges to elucidate effects observed due to the endothermic phase 

transitions at the upper limit of the temperatures studied here. 

7.5.2 CuPc(OCH;CH.OCH£H=CHPh), 

The CuPc(OCH,CH,OCH2CH=CHPh)8 material showed comparable electronic 

properties to the Cu and Co metal centered Pes. These properties were not compromised 

by the photolysis of this Pc, converting it to the insoluble polymeric material. The 

mobilities measured for this material were up to an order of magnitude higher for the 

photolyzed CuCinnamylPc material vs either MPc(OCHXHiOBz)8 materials. This 

increase in mobility is likely due to the increase in coherence of the molecular assembly, 

and/or fill a portion of the trapping levels within the material. Multiple studies should be 

done to elucidate the effects of polymerization on the charge mobilities within this 

material. 
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7.5.3 Evaluation vs the PcPS System 

In general, CuPc(0CH,CH20Bz)8, CoPc(OCH2CH20Bz)8, and 

CuPc(OCH2CH,OCH,CH=CHPh)8 are competitive materials for use in thin film OFET 

and photovoltaic devices due to the high photo vs dark conductivity/mobility contrast, 

and the high directional anisotropy found in these materials. The highest conductivity 

values measured in these experiments are 2 orders of magnitude lower than those 

measured for the PcPS system which have been reported to range fi-om 2.0 x lO"^ to 5.0 x 

10 ® Q"'-cm"', with the anisotropy in a measure along vs across the column axis ranging 

from 2.5 to 13.^'° These low conductivities can be easily remedied, if desired, with 

chemical or electrochemical dopants that are used quite often to increase the amount of 

intrinsic charge carriers within a given system. Otherwise, the low dark conductivities 

are desirable for applications such as xerography, where the large contrasts between dark 

and photoconductivities are required. 

The mobilities reported for the PcPS systems have been measured using 

conventional IMEs as used in this study, and the pulse-radiolysis time-resolved 

microwave (PR-TRMC) technique. As was explained in Section 1.2.5, the PR-TRMC 

technique is non-invasive, and is proposed to measure the maximum charge carrier 

mobilities expected for a given sample. Mobilities ranging from 10"^ -10'® cm"-V '-s ' 

have been reported for the PcPS system as measured in the SCLC regime.^" These 

values are 2 to 3 orders of magnitude lower than those measured for the systems studied 

here. Mobilities measured on the PcPS system using the PR-TRMC method were as high 



291 

as ca. 2 X 10 * cm'-V'-s ', 4 orders of magnitude higher than those measured using 

conventional IMEs. Based on these values, we might expect a similar increase in the 

mobilities for the materials studied here, which projects mobilities well into the range 

required for OFET device performance 0.1 cm" V's"'). 

Of the materials studied here, the CuCinnamylPc materials is most desirable 

because of the high measured mobilities and possibility of photo-patterning. 
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Chapter 8 

Conclusions 

8.1 Summary of Results 

The focus of this dissertation has been to explore both the characterization of new 

phthalocyanine materials, and to explore the processability of these materials in the 

context of the organic based electronic issues presented throughout the previous text. 

8.1.1 Substrate surface modification 

It has been shown in Chapter 3 that phenyl-phenyl interactions between surface 

modifiers and the Pc assembly play a critical role in the efficient transfer of coherent thin 

films of these Pc assemblies to metal and silicon/silicon oxide surfaces. Although the 

exact nature of the interaction (i.e. cofaciai or edge-to-face) is unknown, the influence of 

those interactions manifest in differences in transfer efficiency, and in molecular 

orientation within the Pc columns of transferred films. It is also clear that an optimum 

surface coverage of phenyl groups is needed to effect the most efficient transfer of 

ordered bilayer films of CuPc(0CH2CH20Bz)g, as suggested in Section 3.5. 

These findings are applicable in any instance in which a thin film of the 

benzyoxyethoxy- substituted Pc (or related materials) is deposited onto a solid support for 

characterization, or for evaluation in a device platform. The influence of phenyl-phenyl 

interactions plays a significant role in the ability to selectively deposit these materials, as 
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discussed in Section 4.4. Although a systematic study was not done to investigate the 

influence of substrate modification in the microcircuit studies of Chapter 7, a 5:5:90 v/v/v 

ratio of HMDS:DPTMDS:CHCl3 solution was used in all cases to modify the IME device 

circuits before thin film deposition. This was done to ensure measurements were made 

on the highest quality and most coherent films. It appears that this enhanced coherence is 

manifest in the high anisotropy seen in the dark and photoconductivities observed as 

discussed below. 

8.1.2 Selective deposition 

Selective deposition of the CuPc(0CH,CH20Bz)8 material was achieved as 

discussed in Chapter 4. The strategy chosen took advantage of the unusual tendency 

toward self-organization of the CuPc(0CH2CH20Bz)8 material and the hydrophobic 

nature (i.e. phenyl termination) of the periphery of each Pc column. A facile process of 

creating alternating hydrophobic/hydrophilic regions on a Au substrate surface through a 

combination of microcontact printing and electropolymerization techniques (nCP/EP) 

was demonstrated. This techniques is easily adaptable to any situation where insulating 

features are required on a conductive substrate, and could be extended to chemical 

formation of hydrophilic polymer using the MIMIC approach on non-conductive 

substrates; an approach currently being investigated. Several Pc deposition techniques 

were evaluated, with the best selective deposition success achieved using a capillary 

action technique. 
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Optimization of the channel bottom regions with a phenyl terminated dopant 

resulted in patterned stripes of CuPc(0CH,CH,0Bz)8 up to 500 |am in length with 

variability in thickness, ranging from ca. 0.05 ^m to 0.20 ^m. Optical microscope 

images of representative patterned Pc regions show that the selectively patterned Pes are 

the most birefringent near the hydrophilic channel walls. This suggests that preferential 

alignment during capillary filling occurs in regions where shear forces are likely to be 

maximized, where hydrophilic/hydrophobic contrast is greatest, and where the columnar 

aggregates are most likely to be aligned parallel to the channel a.\is. It is therefore 

essential that these experiments be extended to sub-micron channel widths, which should 

accentuate the ordering of the Pc assemblies during capillary flow. 

8.1.3 Characterization of new phthalocyanine materials 

The characterization of three new phthalocyanine molecules were presented in 

Chapters 5 and 6. 

8.1.3.1 CoPc(OCH,CH:OBz)s 

A thorough characterization of a cobalt centered analogue of the 

CUPC(0CH2CH20BZ)j molecule is discussed in Chapter 5. The replacement of a Co 

metal center for the Cu metal in the parent compound MPc(0CHXH20Bz)j did not affect 

the material properties appreciably. The Langmuir-Blodgett isotherm showed two similar 

phase transitions for both metal centers, but the transitions for the Co centered Pc were 
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not as well defined. Highly ordered thin films of the CoPc(OCH,CH20Bz)g material are 

achievable using the Langmuir-Schaeffer transfer process, and thin film annealing, as 

seen in UV-visible, AFM, and SAXS data. 

The lone pair electron, in the d^" orbital, perpendicular to the Pc macrocycle 

appears to be responsible for the differences in molecular orientation and in certain 

aspects of the electrochemical behavior. The ability of the Co metal to coordinate other 

ligands (i.e. 0,) is particularly evident in the electrochemical data taken of this material. 

These effects, attributed to metal atom substitution, demonstrate the balance 

between metal center interactions and non-covalent interactions of the Pc macrocycles 

and the benzyloxyethoxy- side arms of these unique Pes. It appears that care must be 

taken to chose a metal center which adopts a square planar geometry, and does not have a 

high affinity for axial ligands, if similar molecular assemblies akin to those adopted by 

the parent compound are desirable. 

8.1.3.2 CuPc(OCH,CH.CH=CHPh)s and CuPc(OCH,CH,OCH,CH=CHPh)s 

Preliminary characterizations of two photoreactive phthalocyanines are discussed 

in Chapter 6. A synthetic strategy was developed to introduce a dimerizable functionality 

within the periphery of the side arms of the CuPc(0CH2CH,0Bz)g molecule. The results 

presented are preliminary in nature; therefore, definitive conclusions about the 

CuStyrylPc and CuCinnamylPc materials cannot be made. Several points can be made as 

to their characteristics and potential applications. 
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The photoexcited polymerization of the CuStyrylPc material resulted in the 

formation of a 1-D polymeric material, as evidenced by the rod-like features seen by 

AFM imaging (Figures 6.15 and 6.16). The conversion percentages for this material were 

consistently low (< 30%), but may be improved with purer monomeric starting materials. 

The presence of impurities in this material may have interrupted the cofacial aggregation 

between adjacent Pc molecules, as can be seen in the differences in the Q-bands of the 

UV-visible spectra (Figures 6.3-6.4,6.6, and 6.21,6.23). Preliminary investigations, 

concerning properties of the purified material, indicate that coherent assemblies and 

higher conversion percentages are obtainable. 

The exact nature of the microstructure of the polymerized CuCinnamylPc material 

is presently unknown. The insolubility of the fully polymerized species suggests that an 

extensively crosslinked material has been formed. Low photolysis conversion percentage 

materials were imaged using AFM, but were in such low concentrations that the 

information gained using that technique is not definitive. Polymeric materials have not 

been observed to date by MALDI-TOF analysis even with low conversion (2.5%, 5%, 

and 10%) samples. The ability to photo-pattern this material, coupled with its appealing 

electrical properties, nevertheless argues for significant future characterization efforts. 

8.1.4 Dark and photoelectrical characterization 

The dark and photoelectronic characteristics of CoPc(OCH,CH20Bz)j and 

CuPc(0CH,CH20CH2CH=CHPh)s were measured and compared with those measured 



for the parent compound, CuPc(0CH2CH,0Bz)g. Dark and photoconductivities, 

mobilities, and temperature dependance were measured using interdigitated 

microelectrode array devices with 10 ^m electrode spacing. 

8.1.4.1 CuPc(OCHfiHmz), and CoPc(OCH,CH,OBz), 

The CuPcCOCH^CHjOBz), and CoPc(OCH2CH20Bz)8 materials showed 

comparable electronic properties. Dark conductivities for 28 bilayer films of 

CuPc(0CH2CH20Bz)8 were measured to be ca. 10 '° Q 'cm ' for , ranged from 2^ 10 '° 

to 5x 10"' Q 'cm"' for o,,, and the ratio CTh/CTj. varied from 2 to 40. The cobalt centered 

analogue displayed similar j-V behavior with Oj^ ranging from 10"'° to 7x10"' Q ' cm"', CTi, 

ranging 2x10"'' to 8x10"' Q ' cm"', and ranging from 12 to 34. The mobilities 

were determined from the SCLC regime to be = 3.22x10'^ cm'V 's"', la,, = 4.66x10""* 

cm'V 's"' with = 14 for CuPc(OCH,CH,OBz)g, and = 1.44x10"^ cm"V"'s"', la,, = 

3.86x 10"* cm'V 's"' with lan/fij. = 27 for CoPc(OCH2CHiOBz)8. 

The conductivity and mobility values determined for the Co centered material 

were consistently an order of magnitude larger than for the Cu centered material. The 

difference in conductivity between the two metal centered Pes may be explained by the 

presence of bound molecular 0, within the CoPc(OCH2CH,OBz)g film, as revealed by 

solution and thin film electrochemistry behavior. Charged oxygen species (i.e. 0,") 

would, in theory, help facilitate the generation of free charge carriers from the [Pc"e"] 

species which would manifest in enhanced dark and photoconductivities (Figure 7.2). 



298 

Both materials exhibit an increase in photocurrent densities, as high as ca. 50 x, 

with illumination. The activation energies of the formation of free charge carriers were 

comparable for the two materials, but bear repeating over larger temperature ranges to 

elucidate effects observed due to the endothermic phase transitions at the upper limit of 

the temperatures studied here. 

8.1.4.2 CuPc(OCH,CH.OCH,CH=CHPh), 

A similar set of experiments were conducted on the CuCinnamylPc material 

before and after photolysis. The CuPc(OCH,CH,OCH,CH=CHPh)g material showed 

comparable electronic properties in comparison to the Cu and Co metal centered Pes. 

These properties were not compromised by the photolysis of this Pc to convert it to the 

insoluble polymeric material. The mobilities measured for the photolyzed material were 

determined to be = 3.6 x 10"^ cm"V 's ', n,, = 1.7 x lO"' cm"V"'s ' and were up to an 

order of magnitude higher for the photolyzed CuCinnamylPc material vs either 

MPC(0CH2CH,0BZ)j materials. This increase in mobility is likely due to the increase in 

coherence of the molecular assembly. Multiple studies should be done to elucidate the 

effects of polymerization on the charge mobilities within this material. 

8.2 Future directions 

The (T and ^ values determined for these materials are encouraging for use in an 

OFET device. The highest mobilities, determined for the CuCinnamylPc material, are 
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still 100 times smaller than required for commercial use, but are comparable to other 

materials that are currently being investigated for use in OFETs. Furthermore, the 

measured mobilities may be improved with decreases in source-drain channel distances. 

PR-TRMC studies on similar materials (i.e. the PcPS system) have shown that the 

conventional IME measurements are non-ideal for the determination of upper-limit 

mobilities for organic materials. The PR-TRMC method probes the velocity of charge 

carriers over short distances, ca. 100 nm, that are of the same magnitude as the coherence 

lengths achievable in these (Cu and Co) materials. Our ability to measure the upper-limit 

mobilities for these Pc materials will depend on making mobility measurements over sub-

micron distances. 

A combination of the concepts described in this dissertation will be required to 

achieve this goal. Creative ways of producing sub-micron channel regions using wet-

processing techniques are currently being explored that use a combination of |aCP and 

electroless silver deposition. Concurrently, studies are underway to produce 

hydrophobic/hydrophilic patterned surfaces for selective deposition using sub-micron, 

diffraction grating patterns. A combination of these technologies could produce device 

platforms with submicron channel regions, and the possibility of solution 

casting/selective deposition applications. 

It is clear that once these chaimel regions are produced, the optimized 

modification of these devices, based on phenyl-phenyl interactions will be critical in the 

patterning of Pc materials for performance measurements. The high anisotropy in cr and 
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^ measure along vs across the columnar aggregates of these assemblies make these 

materials desirable, but also requires that the material be well aligned for optimum 

performance. The aligiunent of these Pc materials becomes even more crucial if 

measurements will be made at distances comparable to the coherence lengths achievable 

in these assemblies. The LB approach is of course a well tested alternative to wet-

processing techniques, that will consistently produce thin films with high molecule order 

and coherence lengths. 

The polymerizable Pes offer another direction for the patterning of these 

materials, and can be combined with [iCP/EP techniques, in order to create devices with 

submicron features. The CuCinnamylPc material has shown to be photopattemable at 

micron distances, and more recently at sub-micron distances. With the use of a 

commercial mask aligner, highly ordered thin films of the material, deposited by the LB 

technique to an appropriate device substrate, could be patterned specifically in the 

channel regions. 

Based on projected upper limit mobility values, which are well into the range 

required for OFET device performance (s 0.1 cm" V"' s"'), the CuPcCOCHjCH^OBz)^, 

CoPc(OCH2CH20Bz)g, and CuPc(OCH2CH,OCH,CH=CHPh)8 materials are likely to be 

competitive for use in OFET devices. The dark vs photocurrent contrast, seen especially 

for the CUPC(0CH,CH,0BZ)8 material, makes it a very desirable material for use in a 

photovoltaic device. 

The utility of these materials in those regards is not predicted to be limited by the 
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properties of the material, but on the ability to process and pattern them in a ideal 

configuration. In turn the ability to process and pattern these materials come down to 

fundamental chemical issues such as molecular design which dictates self-organizing 

molecule-molecule interactions, and chemical interface interactions between organic 

active layers and device platform elements. 

The goal of this dissertation has been to lay the foundation for many of the ideas 

discussed in this concluding section: The influence of molecular aggregate interactions 

with a solid support, based on phenyl-phenyl interactions, manifests itself not only in 

wettability, but also in molecular orientations within those molecular aggregates; 

Selective deposition of these Pc assemblies can be achieved based on chemical 

interactions with a heterogeneous surface; The photolysis of Pes with peripheral styryl-

and cinnamyl- groups result in the formation of new materials, whose properties have 

only begun to be explored; Conventional IME measurements can made on these 

materials, and indicate that the CT and ^ properties of these materials make them desirable 

for further investigation and application to working device platforms. 
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Appendix A: 

Phthalocyanine Molecular Orientation by RAIRS 

Debe's molecular orientation treatment requires that there be two or more 

vibrational modes within a molecule that are mutually orthogonal and can be used to 

define a plane with respect to the molecule.'"^ For our purposes, vibrations in and out of 

the Pc macrocycle core were chosen to define the molecular vibrational plane. The v(Pc-

0-C) symmetric and asymmetric stretches at 1204cm"'/1283cm"' and 1103cm'' 

respectively are in the plane of the CuPc(OCH2CH,OBz)8 macrocycle and the 8(ring C-

H,op) bend at 745cm ' is out of the plane. 

The orientation of the molecular vibrational plane can be determined by a set of 

simple equations that relate the molecular vibrational plane to the surface coordinates via 

Euler angles. Following is an account of Debe's derivation in the context of the 

molecules of interest here. One should refer to the original publications for a full 

derivation.' 

The Euler angles, \\i, 0, and ^ are defined in relation to the molecular vibrational 

plane coordinates (x', y', z') and the surface coordinates (x, y, z). The angle \\i is defined 

as the rotation around the y axis, through the xz plane. The angle 0 is defined as the 

rotation angle around x, through the yz plane. The angle (j) is defined as the rotation angle 

around z through the xy plane, but due to the surface selection rules of reflections at 

grazing angles, this technique is insensitive to changes in (j). The two sets of coordinates, 



(x, y, z) and (x', y\ z'), are related by a transformation matrix: 

'A 
X 

c 
cosy/ cos^sinv^ sin(/ sin^^ f \ 

X 

y' = -sin|/ cos^cos^^^ cos^/sin^ y 

vz', . 0 -sin^ cos9 VZ, 

We assign the out- of plane moment (the Sfring C-H.op> bend at 745cmto be 

parallel to x' and the in plane moment fv(Pc-O-C) at 1204cm' and 1283cm') be parallel 

to v'. In doing so. the angle \u is the tilt angle of the Pc macrocvle awav from the surface 

normal, and 9 is the rotation of the Pc macrocvle around the Pc column axis (Figure A.H 

We can let represent the intensity of the i"" vibrational band of an out of plane 

vibration of the Pc molecule and l| j represent the intensity of the i"* vibrational band in 

the plane of the Pc molecule (both intensities represented as thin fibn intensities by the 

superscript t). Recall that the intensity of a band is proportional to the square of the 

dipole moment, Mj, and the electric field vector, E Ij x |M • Ef. From the 

transformation matrix we see that: 

M,. = MI,. y & Mj „ = X . (Eq. A.2) 

Taking into account that the only portion of the dipole moment that is probed is parallel 
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v(Pc-O-C) 
< • •y 

Figure A.1 Pictorial definition of Euler angles vj/, 0, and ((> with regards to the 
molecular orientation. 
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to the surface normal we can write: 

M , O - Z  =  

M., 

M. 

y 2 = 

A ' A 
X 2 = 

MU COS{/DEBESIN^ 

M UO SIN{/DEBESIN^ 

(Eq. A.3) 

The resultant intensities of the orthogonal mode pair can then be written: 

I L X  

M 

M t,0 

|E|'COSVSIN'^ 

|E|"SINVSIN"^ 

(Eq. A.4) 

Debe defined a fractional change, 6j, in the relative absorbance between an isotropic bulk 

spectrum and that of a thin film spectrum: 

R - I I  R  

HI I 
(Eq. A.5) 

where I, is the maximum intensity possible, which corresponds to MJE. The maximum 

intensities are again proportional to the square of the dipole moment and electric field 

vector: 

I QC M.. |El" & I(„ oc M,., lEp. (Eq. A.6) 

Combining equations A.4 through A.6 we are left with two simple equations relating the 

Euler angles to the change in measured absorption of two orthogonal bands within the 

molecule: 
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8^^ = 3COS^^SIN^^ - 1 

G = 3SINVSIN"^ - 1 
2 . 2 ^ .  ( E q .  A . 7 )  

Looking back to the definition of 5, we can simplify equation A.7 in terms of the 

measured intensities: 

I' 
^ = 3COS~^/SIN"^ 

(Eq. A.8) 

i,o • 1 *2/1 = 3sm ^/sin d 
i.o 

Solving these equations simultaneously we can determine i|/D^i,e ''Y 

I' l" I' V 1.0 *1.1 . 7  , , 1.0 _• .2/1 I.I • 1/1 
7b-x 77"= tan andGby t, • 2 = sm d or —5 r—= sin 9 
IL I ; 3I;„sin-t/ 3,1,,cos-w M,0 1,0 

Based on the values calculated for v^; and 6, the third Eulerian angle (j> can be 

calculated according to 

S-̂  = 3cos"<̂  - I • (Eq. A.9) 

Although the calculations of v{/ and a are independant of film thickness due to the use of a 

ratio of the in-plane and out-of-plane intensities, the calculation of ̂  requires the 

normalization of the absolute absorbance values of each band due to film thickness. 

Determining the fihn thickness normalized intensities is beyond the scope of our present 
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study. 

The angle ^ can be approximated using polarized transmission FT-ER data which 

is used to calculate an average tilt of the Pc macrocycles with respect to the column 

assembly axis, v|/', and is discussed in Appendix B. 
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Sauer et al. has reported the use of polarized transmission FT-IR intensities for the 

determination of the ordering of molecules within phthalocyaninato-polysiloxane (PcPS) 

assemblies.'"^ These calculations can be applied to the Pc aggregates we are presently 

studying. The molecular ordering calculations are based upon the linear dichroic ratio, R, 

of a particular infrared band, defined below: 

where is the absorption of an infrared band with the incident polarization 

perpendicular to the Pc aggregate column axis (in the plane of the macrocycle), and A,, is 

the absorption of an infrared band with the polarization parallel to the Pc aggregate 

column axis (out of the plane of the Pc macrocyle). Aj^ and A,, are pictorially defined in 

Figure B.l. 

An order parameter term, S, as applied also by Sauer et al. to the PcPS system can 

be calculated from the dichroic ratios. The order parameter concept is well known in the 

area of nematic liquid crystals. The nematic order parameter: 

(Eq. B.l) 

(Eq. B.2) 
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a 1 Plane polarized perpendicular 
to Pc column axis 

/A 

b Plane polarized parallel to Pc 
column axis 

Figure B.l Pictoral definition of parameters a) Aj^ and b) An in the transmission 
polarized FT-IR experiment. 
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is the second moment of the orientation distribution function of the molecular symmetry 

axes in terms of Legendre polynomials, Pi(cos0). Considering the distribution function 

in only two dimensions we have: 

5, = 2(cos" (Eq. B.3) 

where vj/' is defined as the angle of the Pc macrocyle with respect to the aggregate column 

axis. The order parameter is related to the dichroic ratio by: 

/? — 1 
5i=——-( l-2COS"a),  (Eq. B.4)  

" R + \^ ' 

where a is the angle between a specific transition moment and the molecular symmetry 

axis. For the vibrations in and out of the plane of the Pc macrocycle, a = 90° and 0° 

respectively. 

The following relates equation B.4 with the definition of vj/': 

/? = 

(cos-;/) l-(sinV) 
/ . -» \ = / . \ for in plane modes 
(SIN"V') 
l - - \  / M  - ( E q - B - S )  
\sm i/rj \sin 
/ -> \ = , / . •. \ for out of plane modes 

This can then be simplified into: 

for in plane modes 

(sin^ = (Eq. B .6) 
for out of plane modes 

The angle n/' is essentially the angle made beUveen the Pc macrocycle and that of 
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the Pc column assembly axis. This angle, is thus analogous to the undetemiinable angle, 

(j», in the RAIRS experiment. Using these two complementary techiques, we are able to 

approximate the position of the Pc molecules within these highly ordered assemblies. 
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Appendix C: 

Alternative Approaciies to Selective Deposition by the Capillary Action Technique 

C.l Patterning of an Alkylpolythiophene Material 

The capillary patterning technique, presented in Chapter 4, is presumed to work 

with other polymeric materials. To test this supposition, the patterning of a regioregular 

alkyl substituted polythiophene molecule was attempted. This molecule was disolved in 

CHClj, and was introduced to the purely C,8-SH SAM channels via the procedure found 

in Section 2.9. Some patterning of the alkylpolythiophene was observed, as seen in 

Figure C.l, producing ca. 30 nm high and ca. 100 ^m long films. The patteniing is not as 

well defined as is the case with the CuPc(0CH2CH,0Bz)g molecule, but this experiment 

demonstrates the possibility of extending this technique to other molecular systems. 

C.2 Using a Low Vapor Pressure Solvent 

There are several variables in the capillary patterning experiment described in 

Chapter 4 that can be explored. The solvent used in those experiments was usually 

CHClj. An alternative solvent that has been used successfiilly in MIMIC experiments is 

iV-methyl-2-pyrrolidone. This solvent has a lower vapor pressure than CHCI3, and allows 

for a longer equilibration time of the CuPcCOCHjCHiOBz)^ molecules within the 

capillary regions. The CuPcCOCHjCHjOBz)^ molecules were also easily soluble in N-

methyl-2-pyrrolidone The main disadvantage of using this solvent is that the time 
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Poly(3-dodecylthiophene-2,5-diyl) 
(regioregular) ,CH,(CH,)„ai, 

Figure C.l Capillary patterning of 3-alkylthiophene polymer. 
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allowed for that solvent to evaporate has to be increased from ca. 30 min (the case for 

CHCI3) to 24 - 36 hours. Over 36 different samples, there was no selective deposition 

observed using N-methyl-2-pyrrolidone as the solvent for the capillary action experiment. 

C.3 Using a Textured Alignment Layer 

The possibility of enhancing the alignment was approached by using a textured 

poly(tetrafluoroethylene) surface as the top cover to the capillary sandwich cell. A 

number of different molecules have shown alignment through the use of alignment layers 

and/or rubbing.'"® Alignment layers, with submicrometer features, have been produced 

by drawing a poly(tetrafluoroethylene) stylus across a glass slide, held at 200°C.^ An 

AFM image of the poly(tetrafluoroethylene) textured surface, produced in this lab, is 

shown in Figure C.2. The poly(tetrafluoroethylene) features are ca. 500 nm wide and can 

be greater than 50 |^m in length. 

To test the effects of an alignment layer on the CuPc(OCH,CH,OBz)g system, a 

CHCI3 solution was cast onto a hydrophobized piece of Si (100). The 

poly(tetrafluoroethylene) alignment layer was immediately slid into place on top of the Si 

wafer, and the CHCI3 was allowed to evaporate. After separation of the silicon and glass 

alignment layer, the condensed CuPc(0CH,CH,0Bz)8 film showed large scale features, 

reminiscent of the poly(tetrafluoroethylene) alignment layer, and also pocked hole-like 

features that are believed to be due to the evaporation of CHCI3 (Figure C.3). Imaging on 

a 500 nm scale revealed no molecular structure within this CuPc(OCH,CH,OBz)g film. 
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Figure C.2 Textured surface created by running a Teflon stylus over a glass slide 
heated to 200°C. 
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40 nm 

0 nm 

0 [im 50 [am 

0 [im 5 |im 

Figure C.3 AFM images of a textured CuPc(0CH2CH20Bz)g thin film created by 
molding with the textured Teflon substrate. 



317 

Polarized transmission FT-IR experiments were carried out on this sample to evaluate 

whether there was any anisotropy within the CuPc(OCH2CHiOBz)8 film due to the 

poly(tetrafluoroethylene) alignment layer. Dichroic ratio, averaged over all bands as 

described in Chapter 3 and Appendix B, was calculated to be 1.2 ± 0.2. The Pc material, 

placed in contact with the poly(tetrafluoroethylene) alignment layer is therefore not 

aligned on the molecular level. 
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The CuPc(0CHiCH,CH=CHPh)8 material was found to be less soluble in CHCI3 

than the parent material, CuPc(OCH,CH,OBz)g, as evidenced by the UV-Visible Q-band 

solution spectra shown in Figures 6.3 and 6.4. 

Several different solvent systems were used to try and solvate the CuStyrylPc 

material including CHCI3, benzene, pyridine, and toluene. The solvent system that 

seemed to solvate the material best was a 1:1 CHCl^ to benzene mixture. Isotherms for 

solutions of CuStyrylPc dissolved in CHCI3, benzene, and a 1:1 ratio of the two were 

recorded, and are shown in Figure D.l. One can see dramatic differences in the areaV 

molecule for the first transition of each isotherm. 

Cast solution were also imaged by AFM on HOPG. These images are shown in 

Figures D.2 - D.4. There are solvent evaporation holes in all imaged samples. The 

images of Figiure D.2, are similar to those shown in Figure 6.13, also cast from a CHCI3 

solution. The images cast fi-om benzene show the presence of distinct aggregates of 

material, that have coalesced upon solvent evaporation. These distinct features are 

accentuated in the images of the cast solution using the mixture of CHCI3 and benzene 

solvents. These distinct features appear as clumps of material that often follow the step 

edges of the graphite. It appears as though a portion of the material may be preferentially 

partitioning into the benzene solvent, creating unique features upon solvent evaporation. 
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Figure D.l Pressure vs area isotherms for CuStyrylPc applied to the LB trough 
from 1 mM solutions dissolved in CHCI3, benzene, and a 1:1 
mixture. 
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Figure D.2 AFM images of CuStyrylPc cast onto HOPG from a 5 (iM solution 
dissolved in CHCI3 at the a) 2.0 fim, b) I.O|Im, and c) 0.5 [im scan 
sizes. 
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Figure D.3 AFM images of CuStyrylPc cast onto HOPG from a 5 |lM solution 
dissolved in benzene at the a) 2.0 |im, b) 1.0 |j,m, and c) 0.5 |4,m scan 
sizes. 
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Figure D.4 AFM images of CuStyrylPc cast onto HOPG from a 5 |lM solution 
dissolved in 1:1 benzene:CHCl3 solvent mixture at the a) 2.0 |j.m, b) 1.0 
|Lim, and c) 0.5 f^m scan sizes. 
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The now known presence of an impurity in these samples compromises a true 

understanding of the influence of this solvent system on the CuStyrylPc material. The 

impurity may be the component that is preferentially partitioning into the benzene 

solvent. The recently purified material is as soluble as the parent compound, and 

suggests that impurity species were responsible for the low solubility of the original 

CuStyrylPc material. 
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