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ABSTRACT

This thesis focuses on characterization of the structural and electrical properties of 

2, 3, 9, 10, 16, 17, 23, 24-Octa (2-hydroccinamyloxyethylsulfanyl) copper 

phthalocyanine (hydrocinnamyl-Pc (5)) and the effect of solvent on these properties both 

in solution and in the thin films. Film coherence, microstructure (the spacing and 

orientation of adjacent molecules) and electrical properties (ohmic vs. rectifying contacts, 

diode quality) are all strongly dependent upon processing conditions.

Recent advances in the design and organization of discotic liquid crystal materials 

for use in organic electronic devices have shown that the electronic properties of these 

materials depend on orientation, grain boundaries and defects in the thin films. We have 

studied this specific liquid crystalline phthalocyanine, modified with thioether-linked side 

chains, on modified substrates in several different solvent systems. In this work we 

looked at the effect of four solvents: chloroform, benzene, chlorobenzene and 

trichlorobenzene on molecular structure and thin film morphologies. We observed 

different aggregation properties both in solution and in the bulk, with benzene producing 

the largest aggregation effects and trichlorobenzene the least. The packing of this 

material was also found to depend on the solvent used for preparation of either the thin 

films or powders. In all cases, the molecules were tilted rather than in a cofacial 

orientation, also confirmed with FTIR, due to sulfur-sulfur interactions between adjacent 

Pc molecules. However, all the thin films prepared showed the typical columnar 

hexagonal packing of discotic materials, with trichorobenzene giving the highest 

columnar coherence and chloroform giving the least.
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Pc (5) thin films form ohmic contact with gold electrodes and rectifying contacts 

with silver and aluminum contacts (ITO is used as the substrate). However, the electrical 

properties were found to be influenced by the morphology of the films, which depends on 

preparation conditions. 
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Chapter 1

INTRODUCTION

1.1 Organic electronics devices

A tremendous amount of research has been recently focused on organic electronic 

devices due to their apparent advantages over devices on purely inorganic materials. 

Organic devices such as organic field effect transistors and organic solar cells have 

advantages of low cost of production, easy processing, large areas of production which 

would benefit making light weight devices.1-5 Organic materials also provide the 

flexibility of chemical tailoring of the optical and electronic properties. Among the 

organic materials actively investigated for application in electronic devices are the 

conducting polymers as charge transport materials and sensors, both small molecule and 

polymer semiconductors as the active layer in field effect devices, small molecule and 

polymer light emitters (organic light emitting diodes), and energy conversion devices 

(organic photovoltaic cells) as well as sensors, dielectric materials for capacitors, 

piezoelectric and other electronic devices.6-9 

These materials can be deposited and processed by spin coating,9, 10 Langmuir 

Blodgett deposition (LB),11 micro contact printing, 12 self-assembly, 3, 13, 14 and ink-jet 

printing. These deposition methods make organic based devices particularly attractive in 

low cost applications like RFID tags, electronic paper, smart cards and higher value 

applications like flat panel displays, where light weight and integration of multiple 

devices is critical. 
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Most of these devices, however, suffer from poor performance due to low charge 

transport rates, which are attributed to a lack of structural order and a high concentration 

of impurities.  Most of the research to date has been focused on designing materials 

capable of forming highly ordered thin films, and on manipulation of the properties of 

these materials using different deposition techniques and different solvent systems, and 

on the characterization of the ordering and its relationship to charge transport.

1.2 Organic field effect transistors (OFETs)

1.2.1 General characteristics of organic field effect transistors

An organic field effect transistor has three components; the contacts (source, drain 

and gate) the dielectric layer and the semiconducting layer. There are two common 

configurations of these three components as shown in Figure 1.1. In the first arrangement, 

the semiconducting layer is deposited on top of the dielectric material and then the source 

and drain contact electrodes are deposited on top (top contact), while in the second 

configuration the source and drain are deposited first and the semiconducting layer is 

deposited on top (bottom contact). The second configuration is normally used to prevent 

the semiconductor from being damaged by the source and the drain electrodes deposition, 

which is normally done by vacuum sublimation.15 Gold is the typical material used for 

the source and drain electrode while silicon dioxide is typically used as the dielectric 

material. Polymeric dielectric materials have also been used in “all organic devices”.4, 15-

17 OFETs can either be P-type or N-type depending on the type of semiconductor material 

used. Some of the typically used p-type (hole transporting) and n-type (electron 
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Figure 1.1 Schematic diagrams of organic field effect transistors. (a) The top contact 
configuration and (b) the bottom contact configuration. The figure shows 
the length and width of the conducting channel.
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transporting) materials are shown on Figure 1.2 and Figure 1.3. Most of the organic 

semiconductor research has been reported on p-type based devices because the n-type 

semiconductors are hard to create.

The operation of OFETs is based on the current-voltage relationship shown in 

Figure 1.4 where the source and drain current is dependent on the gate voltage. The plots 

have two distinct regions, the linear region, normally at low voltages and the non-linear 

region at high voltages. The linear region of the plot is govern by the equation

ID = (W/L) Ciµ(VG – VT)VD  (1-1)

Where ID is the drain current, W is the width and L is the length of the channel VG is the 

gate voltage, VT is the threshold voltage, VD is the source-drain voltage, µ  is the field-

effect mobility and C is the capacitance of the dielectric material.

The non- linear region, also termed as the saturation regime, is governed by the 

equation

ID = (W/2L) Ciµ(VG – VT)2  (1-2)

where all the parameters are as defined above for the linear regime. 

When no gate voltage, is applied the device is said to be in its off state and there 

should be minimal or no current flowing from the source to the drain if the 

semiconductor is not highly doped. When a gate voltage is applied there is charge 

accumulation at the semiconductor /dielectric material interface leading to formation of a 

“channel” that allows the charge to move from source to drain with lower resistance and 

the device is said to be in the onstate. However, the efficiency of charge transport 

depends on the nature of the channel formed, which depends on the interface between the 



27

Figure 1.2 Chemical structures of some of the commonly used p-type organic 
semiconductor in OFETs.
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Figure 1.3 Chemical structures of the some of the commonly used n-type 
semiconductors. F16CuPc (Perfluorocopperphthalocyanine), PTCD A 
(Perylenetetracarboxylic dianhydride), PTCDI (Perylenetetracarboxylic 
diimide).
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Figure 1.4 (a) Schematic diagram of an OFET device based on discotic materials, (b) 
typical output characteristic observed with OFETs devices.  Both the 
linear regime and the saturated regime are shown. The source-drain 
current is plotted against the source-drain voltage and is monitored at 
different gate voltages. This data is for solution process able copper 
phthalocyanine used as the semiconducting layer.18
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semiconductor material and the dielectric material and the charge injection at the source 

and drain electrodes. OFET performance is evaluated based on two figures of merit, the 

on/off ratio and the resistance to charge flow at the source and drain electrodes. The 

threshold voltage is the parameter used to evaluate the density of traps in the device,

 the higher the threshold voltage the higher the concentration of traps in the device and 

the higher the power needed to operate the device.19, 20 The sub-threshold slope (dVG/d 

(log Id) is the measure of the switching rate of the device. The carrier mobility is 

estimated from the saturation regime of the device.

1.2.2 Factors affecting the performances of organic field effect transistors

To improve the on/off ratios, we require organic semiconductors with high charge 

mobilities and low intrisinic conductivity. On the other hand, to improve charge 

transport, the conduction band should be optimized in order to enhance charge injection 

at the electrodes. The contact resistance at the electrode also affects the charge 

injection/extraction at the organic/electrodes interface.21 The morphology characteristics 

and the orientation of the molecules in the semiconducting layer, both at the electrodes 

and at the dielectric layer interface also affect charge accumulation hence the formation 

of the conduction channel and the charge injection at the electrodes.22 As an example,

previous studies have shown that the high mobility in pentacene based OFETs is 

attributed to the ability of this material to pack into well-organized polycrystalline 

films.23, 24 In thin film formats, pentacene molecules are packed in herringbone packing 

with the plane of molecules oriented perpendicular to the dielectric material and parallel 
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to the direction of current flow. The poor performance of PTCDA based OFETs in 

contrast is attributed to the plane of molecules aligned nearly parallel to the dielectric 

layer and perpendicular to the direction of current flow. The presence of impurity in the 

device also affects the on/off ratio as well as charge mobilities due to creation of traps in 

the device. 

A good semiconducting material should have an extended conjugation, good 

solubility for easy processing, and should be have high stability.22 Pentacene, which gives 

the highest field effect mobilities to date is highly insoluble and can only be processed 

using vacuum deposition techniques.22 Discotic liquid crystalline materials on the other 

hand are highly soluble in organic solvents and can be processed with an orientation that 

fits the application of OFETs using the LB technique.

1.2.3 Field effect transistors based on discotic materials  

Discotic materials are materials with promising properties for application in 

organic electronic devices. These materials self-organize into columnar structures, 

forming one dimensional charge transport systems. Charge transport is only allowed 

along the columnar axis by the highly conjugated cores and prohibited across columns by 

the insulating nature of the side chains. These materials are highly soluble in organic 

solvents, thus they can be used for solution processable devices. In addition most these 

materials are liquid crystalline and annealing the thin films have been shown to increase 

the ordering and hence the performance of the devices.25 Some of the materials that have 
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been used for OFETs are the triphenylenes, phthalocyanines and hexabenzocoronenes. 

Some of the charge mobilities reported for these materials (structures shown in Figure 

1.5) are for the triphenylenes, mobilities of 0.1 cm2 V-1, for the phthalocyanines, 

mobilities of 0.02-0.2 cm2 V-1 S-1 26  and hexabenzocoronenes leading with mobilities of 

0.5-1.0 cm2 V-1 S-1.27 These mobilities are comparable with mobilities obtained with 

amorphous silicon based devices. The performance of discotic materials based OFETs is 

dependent on the orientation of the molecules relative to the direction of charge transport, 

the concentration of impurities in thin films format and the degree of order as well as the 

coherence lengths of the columnar structures. The preferred orientation for the OFET 

device geometry is shown in Figure 1.4.

1.2.4 Solution processable phthalocyanines

The family of phthalocyanines (Pcs) is a model system for the class of low and 

one of the most promising candidates for a variety of applications due to their 

elecmolecular weight organic molecules tronic and optical properties, flexibility in 

functional group substitution and due to the very high degree of orientation.28, 29 Various 

substitutions have been introduced to the phthalocyanine core at different positions with 

different functionalities intended to increase the interactions between molecules and thus 

increase the ordering in thin films.30-34 Substitutions of the Pc core (which is highly 

insoluble in organic solvents) increase solubility in a variety of solvents and also lower 

the liquid crystalline transition temperature.35 These substitutions however, may affect 

significantly the optical properties and the orientation of the molecules and/or the 
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Figure 1.5  Molecular structures of commonly used discotic materials. (a) 
Triphenylene, (b) Phthalocyanines, and (c) Hexabenzocoronene. The R 
indicates the substitution positions.
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electronic properties of the molecules e.g. due to altered molecule–molecule interactions. 

Octa-substituted copper centered phthalocyanines with benzyl or thioether terminated 

side chains have been shown to form well-ordered columnar structures on LB trough, 

which can be transferred efficiently (coherence length between 150-200nm) onto solid 

substrates.36, 37 It has also been reported that these materials have very high optical and 

electrical anisotropy, where charge transport is one dimensional (charge transport along 

the column axis though the cores).25, 38 Solution processable devices (OFETs and OPVs) 

have successively been fabricated from these materials.25

Figure 1.6 shows some of the octasubsitituted phthalocyanines, which have been 

studied previously in the Armstrong and O’Brien research groups. Different 

functionalities have been introduced in different molecules, and we have observed a 

dramatic change in the self-organizing properties some of which are shown in Figure 1.6. 

For example, changing from the alkoxy based (oxygen linked), side chains attached to the 

Pc labeled Pc (1) in Figure 1.6, to the thioether based (sulfur linked) side chains of Pc (3), 

there is an increase in the interaction between Pc molecules causing them to easily 

crystallize in solution.39 It has been shown previously that the alkoxy based Pcs form 

aggregates with the molecules in a cofacial arrangement while the thioether based Pcs 

forms aggregate with the molecules slipped over each other. As a result, in thin films the 

alkoxy Pcs are organized into columns with Pc molecules oriented perpendicular to the 

columnar axis whereas the thioether based Pcs are tilted with respect to the columnar 

axis. The tilting in Pc (3) molecules is attributed to the reorganization of the molecules to 

allow for sulfur –sulfur interactions.39
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Figure 1.6 Molecular structures of octasubstituted phthalocyanines Pc (1) to Pc (6) 
and some of the self-organizing properties are shown on the right side of 
the figure. Both alkoxy and thioether based side chains are shown. The 
styrene functionality in Pc (2) and Pc (4 ) allows for photolithography at 
the micron scale. Pc (3) crystallizes in solution forming plate-like crystals 
Pc (5) is highly soluble in a variety of organic solvent and forms large 
grains with different solvents at the micron scale, Pc (6) has hydrogen 
bonding functionality, forms gel like structures. 39, 40All the images are 
5um X 5um.
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Pc (2) and Pc (4) in Figure 1.6 are the analogs of Pc (1) and Pc (3 ) with one 

additional methyl group and a double bond. Introduction of styrene functionality on the 

side chains allows photopolymerisation of the Pcs in thin films, which is intended to 

bring the Pc molecules close together, thus increasing the columnar coherence lengths.40-

42 Pc (5) is the saturated form of Pc (4) and this material will be dealt with in details in 

this thesis research. Some of the intriguing properties of this material are that it is highly 

soluble in a variety of organic solvent, unlike other Pcs discussed earlier, and can be 

processed by any solution processing technique. Lastly, Pcs labeled Pc (6) are in a class 

of Pcs with hydrogen bonding functionalities intended to add to the interactions between 

molecules thus increasing the ordering thin film formats.    

1.3 Organic photovoltaic cells (OPVs)

1.3.1 General characteristics of OPV cells

OPV cells are devices used to convert light energy into electrical power. They can 

either be one-layer devices, where only one layer of organic material is sandwiched 

between two metals of different work functions, or they can be two-layer devices where a 

hole transporting organic layer and an electron transport organic layer are sandwiched 

between two metals, again of different work function. Figure 1.7(a) shows the schematic 

diagram of two layer devices made with discotic materials as the light absorbing and 

hole-transporting layer. Indium tin oxide is used as the anode because it highly 

transparent and conductive. However, its surface is very rough and highly incompatible 

with most organic materials and thus makes charge transport to/from the organic material 
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Figure 1.7 (a) Schematic diagram of a two layer OPV device based on discotic 
materials, (b) typical Current –Voltage output characteristic observed with 
OPV devices in the dark and after absorption of light. Shows the impact of 
annealing thin films.18
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very difficult. Several research groups have been working on improving this interface 

either by plasma cleaning, acid or base etching and surface modification using small 

molecules to improve its surface chemistry as well as charge injection at the interface.43, 

44 Next to the anode is the hole transport layer (HTL), which in most cases a p-type 

organic semiconductor is used. Small organic molecules and semiconducting polymers 

have been used, as the HTL in most studied photovoltaic cells. Most of these materials or 

their derivatives are highly soluble thus allowing for solution processing methods and 

low cost of production. However, most of these organic semiconductors have a band gap 

of about 2ev, which limits their ability to harvest the solar spectrum. 

Phthalocyanines are mostly used as light absorbers and charge generation layers 

due to their large molar absorptivities, and their thermal, photochemical and chemical 

stabilities. These materials can self organize in well ordered structures, which may 

facilitate charge transport and most of their derivatives can be solution processed. The 

first two-layer device was made with phthalocyanine as the HTL and a perylene 

derivative as the electron transport layer (ETL) and showed a power conversion 

effiencies of ca. 1%.45 The interface between the two organic materials is critical in 

determining the performance of the device since it is at this point where charge separation 

takes place. Various electron transport layers (ETL) have been used in these 

heterojunction devices. For example, HTL/ETL junctions have been created through (i) 

blending of two donor/acceptor polymers, and then spin coating them on the ITO surface, 

(ii) co-evaporating the donor/acceptor materials together, (iii) using interpenetrating 

donor/acceptor polymers, and (iv) making organic-inorganic hybrid devices.46-50 Finally 
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the top electrode is usually a metal with a lower work function than ITO, aluminum or 

calcium or magnesium are the commonly used metals.

Although a lot of research has been focused on developing these devices, there are 

still some challenges to be dealt with in order to make high performance/efficiency 

devices that are competitive with inorganic based solar cells. Some of the current 

challenges include: improving the light harvesting capability, improving photocurrent 

generation, improving charge transport in organic materials, addressing manufacturing 

issues, as well as improving stability of the fabricated devices.51

1.3.2 Operation of OPV cells

The operation of an OPV cells requires first the absorption of a photon through 

the transparent electrode to the organic layer, which leads to formation of an excited 

state, also referred to an exciton (electron –hole pair). The exciton then diffuses to the 

region where charge separation takes place: for a two-layer device, the interface between 

the HTL and the ETL. This is followed by charge separation and charges transport to the 

anode (electrons) though the ETL and to the cathode (holes) through the HTL to produce 

the external current.

The amount of current produced depends on the number of charges being 

collected at the electrodes, which depends on the number of excitons created, the rate of 

exciton dissociation leading to charge separation, and the number of charges transported 

to the correct electrode. The number of excitons created depends on the number of 

photons absorbed, which is related to the molar absorptivity and thickness of the 
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absorbing material. Charge separation on the other hand is controlled by exciton diffusion 

to the charge separation region and the difference in the electron affinity and ionization 

potential of the HTL and ETL. Charge movement towards the collection electrodes is due 

to an internal electric field or concentration gradient. The typical current –voltage 

relationship obtained with OPV cells is shown in Figure 1.7 and is governed by the 

equation

(1-3)

Where I0 is the dark current, q is the charge, n is the diode ideality factor, V is the 

applied voltage, k is the Boltzman constant, T is the absolute temperature, and Rs and 

Rshunt are the series and shunt resistance respectively. Shunt resistance also referred to, as 

parallel resistance, is resistance to current flow on reverse bias while series resistance 

adds up all the resistance contributions from the bulk and the interfaces in the device and 

is typically measured for the device in forward bias.

The performance of OPV cells is also evaluated from the fill factor, which is 

expressed by the equation below
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increase the forward current. The series resistance is as a result of contact resistances and 

bulk charge transport resistance. Therefore making devices with lower contact and charge 

transport resistance is one way to improve their performance. An understanding of the 

mechanisms of charge transport at the interface and in the bulk of thin films, and thus the 

molecular parameters that controls this may lead to fabrication of devices with higher 

efficiencies. Molecular architecture, i.e. the orientation of individual molecules, and their 

aggregates, will be a critical feature to optimize in all future OPVs.

1.4 Overview of experiment

1.4.1 Spectroscopic characterization of Pc (5) in solution and in thin film formats

In this research, we characterize the effect of four different solvents; chloroform, 

benzene, chlorobenzene and trichlorobenzene on the aggregation properties of Pc (5), 

both in solution and in thin films. Solution visible spectroscopy was used to determine 

the effect of solvent on the degree of aggregation in solution, which was attributed to the 

interactions between the solvent molecules and the Pc (5) molecules. These interactions 

were further monitored using visible spectroscopy on thin films deposited from solutions 

of different solvents. FTIR spectroscopy was used on the other hand to predict the 

probable orientation of the molecules when in thin film formats. 
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1.4.2 Structural characterization of Pc (5) in thin film formats and in the bulk

The effect of solvent on the structural properties of the Pc (5) film were 

characterized both in thin films and in bulk (powder) since electrical properties are 

affected by the structural order at the interface and in the bulk of the film. Differential 

scanning calorimetric (DSC) was used to investigate the effect of solvent on the thermal 

properties of Pc (5). Polarized optical microscopy was used to investigate the effect of 

solvent on the birefringence of thin films and fibers of Pc (5) from different solvents. 

1.4.3 Electrical characterization of Pc (5) thin films

Preliminary electrical characterization of Pc (5) films was done using a four-probe 

electrical station. Using ITO/Pc (5) /Au and Au/Pc (5) /Au configurations ohmic contact 

with gold were achieved. ITO/Pc (5) /Al or Ag configurations where silver and aluminum

top contact created rectifying heterojunctions. 

1.4.4   Focus of this thesis

Highly soluble organic materials provides openings for various characterization 

both in solution and in thin film formats .Our goal in this research was to determine the 

effect of solvent on the coherence lengths of columnar structures formed by 

Hydrocinnamyl copper-centered phthalocyanine (Pc (5)) molecules. Understanding the 

role-played by the choice of solvent and deposition method is important in designing the 

best preparation conditions for thin films. We have also used both powder and thin film 
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XRD to determine the effect of solvent on the coherence lengths in thin film format and 

in the bulk (powder). By optimizing the organic semiconductor layer deposition 

conditions we can make good interfaces between the organic material and dielectric 

material as well as the source and drain electrodes, this in turn leads to enhanced charge 

injection, charge transport, minimize defects that act as trap and enhancing device 

performance. Understanding of the structural and electrical characteristic of the ITO/Pc 

interface is necessary for any semiconducting material that is a candidate for OPV 

applications. The influence of solvent on the morphology and the structural packing is 

evaluated both in thin films and in bulk (powder) using the two techniques mention 

earlier. Lastly we look at the dark current measurement at micron scale using a four-

probe station with ITO/Pc (5) films/Al or Ag sandwiches.
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Chapter 2

EXPERIMENTAL

2.1  Phthalocyanine molecules

The material used in this study belong to a class of thioether based copper (II) 

phthalocyanine shown in Figure 2.1 and was synthesized by Minch.1

2,3,9,10,16,17,23,24-0ctakis (2-hydrocinnamyloxyethylsulfanyl) copper (II) 

phthalocyanine, labeled as Pc (5), is the  saturated form of 2,3,9,10,16,17,23,24-0ctakis 

(2-cinnamyloxyethylsulfanyl) copper phthalocyanine labeled as Pc (4) and its short chain 

analog 2,3,9,10,16,17,23,24-octakis (2-benzyloxyethylsulfanyl) copper phthalocyanine 

labeled as Pc (3). Solutions of Pc (5) were made in HPLC grade chloroform, benzene, 

chlorobenzene 1,2 dichlorobenzene and 1,2,4 trichlorobenzene prior to film deposition to 

avoid any phthalocyanine degradation.

2.2 Langmuir-Blodgett technique   

A Riegler & Kerstein RK3 Langmuir-Blodgett (LB) trough was used to form LB 

films. A fifteen-squared metal baffle was placed at the bottom of the trough, (Figure 2.2 

(a)) and then the trough was filled 18MΩ Millipore water. The Pc (5) solutions were 

made in chloroform, benzene and chlorobenzene. The films were prepared with applying 

200 µL of a 1 mM solution to the air-water interface with of a 250µL syringe, and the 

solvent was left to evaporate (ca. 40 minutes) (Figure 2.2 (b)). The resulting film was 

compressed using compressing barriers as shown in Figures 2.2(c). A Wilhemy balance, 
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Figure 2.1 Structure of phthalocyanine molecules of interest Pc (5) with its short 
chain analog Pc (3) and its unsaturated analog Pc (4). Long side chains in 
Pc (5) provides for flexibility and increased solubility in a variety of 
organic solvents.
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Figure 2.2 Langmuir-Blodgett techniques. (a) The metal baffle is positioned at the 
bottom of the trough before adding the water and solution. (b) The 
solution is spread all over the trough, and the solvent is left to evaporate 
for ca.40 minutes. (c) The film is compressed by driving the barriers 
together as shown by the arrows; some water is removed to expose the 
metal baffle above the water subphase to allow multilayer deposition.
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 positioned at the center of the two compression barriers was used to measure the surface

pressure.

       The pressure and the area per molecule were monitored simultaneously and recorded 

as pressure–area isotherms for the three solvents. Compression was stopped after the 

second phase transition for benzene and chlorobenzene (ca. 50Å2 per molecule) where 

stable film structures were formed and after a steep slope for rigid fibers (ca. 10Å2 per 

molecule). No phase transitions were observed with chloroform therefore, only fibers 

were prepared using the LB technique. The films were then lowered onto a fifteen-

squared metal baffle placed at the bottom of the trough by removing some of the water to 

allow for multilayer deposition (Figure 2.2(c)). The horizontal Schaefer transfer 

technique was used to transfer films to different substrates since this technique results in 

more ordered films than the vertical dipping technique, and has been used previously 

with other LB film forming phthalocyanines. 2-4 The resulting LB films were annealed at 

temperatures above the liquid crystalline temperature (ca.700C) and compared with films 

annealing at the melting temperature (ca. 2700C) for 4 hours, and cooled down to room 

temperature for 10 hours in vacuum (ca. 10-6 torr).  This was done to remove any residual 

water, and to allow the material to reorganize into a more ordered film. 3, 5, 6

2.3 Spin coating technique
Spin coating is a method preferred for deposition of uniform thin films on flat substrates.

Spin cast films were made from solutions with concentrations 2-32 mM of Pc (5) in 



48

benzene, 8-32 mM solutions of Pc (5) in chloroform, chlorobenzene, dichlorobenzene 

and tricholobenzene. This was done by flooding the substrate of interest with the Pc 

solution, and spinning it at 3000 rpm for 60 seconds to spread the fluid by centrifugal 

force.

Sometimes chlorobenzene, dichlorobenzene and trichlorobenzene solutions were 

heated with a heat gun before spin coating to increase solubility for highly concentrated 

samples.  Films were annealed at either 700C or 2700C for 4 hours and cooled to room 

temperature for 10 hours in a vacuum (<10-6 torr). Spin cast films were characterized 

before and after annealing. 

2.4  Substrate preparation and modifications

2.4.1 Substrates for spectroscopic characterization

Silicon (100) wafers with a native oxide layer, and quartz substrates, were used 

for FT-IR and Visible spectroscopy experiment respectively. The substrate were cleaned 

prior to film deposition by soaking in Klean AR (93% sulfuric acid and 0.4% chromium 

trioxide, Mallinckrodt) for 30 minutes, thoroughly rinsed with copious amount of 18MΩ
Millipore water and then dried with a stream of nitrogen gas. Substrate modification was 

done by ultrasonicating the cleaned substrates in a solution of 1,1,1,3,3,3-

hexamethyldisilazane (HMDS), and 1,3-diphenyl- 1,1,3,4-tetramethyldisilazane (DPTMS) 

in chloroform in 1:1 ratio, with heat (ca. 450C) for 30 minutes. The substrates were then 

rinsed with copious amount of chloroform to remove all the unreacted silazanes from the 
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surface prior to film deposition. This was done to make the substrate hydrophobic and 

thus more compatible with the phthalocyanine films.3

2.4.2 Substrates for structural and electrical characterization

Indium tin oxide (ITO) and gold slides were used for electrical characterization.

Most of the ITO used in these studies was obtained from Applied Films with a sheet 

resistance of ca. 13 Ω/cm2. ITO substrates were cleaned by scrubbing with a dilute triton 

X-100 solution with a piece of cloth followed by ultrasonication in a dilute solution of 

triton X-100 in water for 15 minutes, this was followed by rinsing with copious amount 

of water, then ultrasonicating in 18MΩ Millipore water for 5 minutes and lastly 

ultrasonicating in ethanol for at least 5 minutes. The substrates were blow-dried with a 

stream of nitrogen to remove all the ethanol. The top layer on the ITO surface was etched 

by flooding the substrate with 5.5M HI solution for 10 seconds, then rinsed with 18MΩ
Millipore water (ca. 20 seconds), followed by spinning at 4000rpm for 40 seconds to dry 

off the water.7 The cleaned substrates were modified using the procedure described above 

for Si (100) wafer.3  Gold on glass surfaces were cleaned by soaking the substrates in 

piranha (4:1 H2SO4:H2O2 ) solution for 30minutes followed by rinsing with copious 

amount of 18MΩ Millipore water and then blow dried with a stream of nitrogen .Clean 

substrates were modified by soaking in a 1 mM solution of benzyloxyethane thiol in 

ethanol for at least 24 hours. Substrates were rinsed with ethanol and blow-dried with a 

stream of nitrogen prior to film deposition.
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2.5 Visible wavelength spectroscopy

2.5.1 Solution Visible spectroscopy

Solution visible spectra for samples made with different solvents were recorded 

with a CCD array UV-vis spectrophotometer from Spectral Instruments in Tucson, 

Arizona. Solution spectra were taken on phthalocyanines (Pc (5)) in chloroform, benzene, 

chlorobenzene or trichlorobenzene (concentrations ranging from 10-8 M to 10-6 M) in 1.0 

cm path length quartz cuvettes.  

2.5.2 On-trough Visible Wavelength Spectroscopy

On trough visible spectra were obtained using a Spectral Instrument Inc. SI400 

CCD linear array spectrophotometer described earlier. A fiber optic probe that transmits 

and collects light through a bundle of optical fibers (in a common cable) was used to 

deliver and collect light in a reflectance mode. A front surface mirror (coated with gold) 

located approximately 1cm below the water sub phase was used as the reflective surface 

and light was delivered and collected at normal incidence. Spectra were also collected 

after every minute during the course of the compressing cycles. The spectra obtained 

were baseline corrected using straight-line subtraction. 

 2.5.3 Thin film Visible Wavelength Spectroscopy

Thin film spectra were taken on LB multilayer and spin cast films on modified 

quartz substrates. The same instrument described for solution samples was used. In 
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addition a polarizer was used for the dichroic ratio studies, and the spectra were taken 

with the polarizer oriented either parallel or perpendicular to the compression barrier 

direction shown in Figure 2.2. The samples were also rotated at different rotation angles 

using a rotational stage (Newport Corporation, Arvin) for angular dependence absorbance 

measurements.

2.6 FTIR Experiments (Transmission and RAIRS)

Thin film FT-IR spectra were obtained for LB films deposited on modified Si 

(100) (for transmission experiments) and gold on glass (for RAIRS experiments).  The 

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

source and an MCT detector. A wire grid polarizer (Molectron Corp., IGP-225) was used 

for the transmission studies, where spectra were taken with the incident beam normal to 

the substrate and the polarizer oriented either parallel or perpendicular to the direction of 

the compression barriers.  RAIRS spectra were obtained using a FT-80 Fixed 80E

Grazing Angle Accessory (Spectra-Tech).  IR spectra of isotropic samples were taken as 

KBr pellets made by grinding a mixture of the Pc (5) powder and KBr powder which was 

then pressed into pellet form.

2.7  Polarized optical microscopy

Polarized optical microscopy images were collected with a Nikon Eclipse ME600 

equipped with a cross polarizer, designed to examine liquid crystalline materials, fitted 
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with camera port with a Nikon E950 digital camera to capture images.  Samples were 

made by either drop casting a concentrated solution of Pc (5) (in a variety of solvents) on 

a glass slide, or by using fibers collected from over-compressed LB films. Images were 

taken with and without cross polarizers at different temperatures.

2.8 Atomic force microscopy

AFM images for thin LB films were taken with a Multimode Nanoscope III 

system (Veeco Digital Instruments, Santa Barbara, CA). The morphology of Pc (5) films 

was characterized using contact mode in solution (1mM KCl in 18MΩ millipore water) 

with oxide sharpened silicon nitride probes (DNP-S20 from Veeco probes, Santa 

Barbara, CA) with a force constant of 0.38 N/m.  Thick films deposited either by the LB 

technique or spin coating were characterized using tapping mode in air with the  

Dimension 3100 Nanoscale IV system (Veeco Metrology group, Santa Barbara, CA) and 

tapping probes (TESP, Veeco Probes, Santa Barbara, CA), with a force constant of 

42N/m.  All the probes were ozone cleaned for ca.1 hour prior to use, to remove organic 

contaminations. 
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2.9 Thin film and powder X-ray diffractions

X-ray diffraction experiments were conducted with a PANalytical X’pert PRO 

MPD system with copper (Kα =1.54 Å) radiation at 50KV and 40mA.  Powder samples 

of Pc (5) were prepared by leaving a concentrated solution of this material (in solvent of 

interest) in air to dry.  The resulting powder was put into a sample holder (PW1811/16) 

held by a sample spinner, set to spin at 8 seconds per rotation.  The incident beam was set 

with a fixed divergence slit of 1/16 and an anti-scattering slit of 1/8.  X’celeratror was 

used as the detector. The gionometer (θ/2θ) axis was set at a step size of ca.0.0167 and 

was left to run for least two hours for high resolution scans. Thin film XRD was done on 

multilayer LB films, and spin coated films on ITO substrates.  The samples were 

mounted with clay on PW1812/00 sample holders held by a sample spinner. These 

measurements were conducted with the same set of optics as the powder diffraction 

experiment.

2.10 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a TA instrument Model 

DSC 2920 modulated DSC.  Samples were prepared by weighing 1-3mg of a powder 

(dried from different solvents) onto an aluminum DSC pans. The DSC chamber was 

purged with nitrogen at a flow rate of 30mL/min. Data was collected by scanning from 

OoC to 2700C and then from 2700C to 00C at a rate of 100C/min. This was repeated twice 

for each sample.
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2.11 Electrical characterization

Thick films of Pc (5) (thickness ca.30nm-500nm) were made from different 

solvents using either LB or spin coating techniques. The films were annealed prior to 

depositing the electrical contact. Gold (for ohmic contacts) and silver (for Schottky 

contacts) dots (ca.700um in diameter and ca. 200nm in thickness) were deposited on top 

of the Pc (5) film using a metal deposition chamber in vacuum (ca.10-6 torr) at a current 

range of 120-140mA.  Samples were left to cool down (for about 40 minutes) in the 

chamber before transferring to the four-probe chamber. Samples made with aluminum 

electrical contacts were prepared and characterized in a different chamber, to prevent any 

exposure of these contacts to air.

The electrical probes used in this experiment were coated with about 100nm of 

gold prior to any measurements. The same procedure described above for metal 

deposition was used. Electrical contact on the sample was made by bringing the probes 

into contact with the sample metal dots. Since the probes were small in diameter than the 

size of the electrical contact dots on the sample, it was not hard to keep the probes away 

from the film. However, this was done manually making it a little hard to match the same 

amount of force from one sample to another. Current-voltage (I-V) characteristics were 

measured using a Keithly 2400 source meter. Measurements were performed in room 

temperature in an argon –purged glove box to eliminate the effects of atmospheric 

oxygen. The probe station is also equipped with a video microscope, which is connected 

to an external video monitor that allows us to see all the devices on the sample when 

changing from one device to another.  Figure 2.3 shows a picture of the glove box and the 
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Figure 2.3 (a) A picture of the four probe station in an argon purged glove box 
equipped with a microscopy, (b) shows the sample made on ITO and a 
diagram showing the structure of each device on the sample, (c) shows 
the sample made on Au and the schematic diagram of each of the devices, 
and (d) shows the two probes in contact with the sample, one probe 
contacted to the substrate (1) and another in with contact the electrical 
contact on top of the film (2). 
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samples used for electrical measurements. Each electrical dot (either gold or silver) 

represent a whole device, this allows us to characterize more than one device on the same 

substrate at a time.
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Chapter 3

SPECTROSCOPIC CHARACTERIZATION OF HYDROCINNAMYL COPPER 
PHTHALOCYANINES IN SOLUTION AND IN THIN FILMS

3.1  Introduction

Self-organization and self-assembly of molecules on a substrate is known to 

depend on the strength of the interaction between the molecules themselves and the 

interaction of the molecules with their environment (solvent or substrate).1 These 

interactions can be manipulated by modifying the molecules (to weaken or strengthen 

their interactions), changing the chemistry of the substrate or using different solvents that 

weakens or strengthen molecule-solvent interactions. 2 This has lead to the development 

of many of the soluble phthalocyanine derivatives.3-8 In this research we characterize the 

effect of solvent on the self-organizing properties of Pc (5) on different substrates. 

The visible absorption spectra of solution and thin films deposited either by LB or 

spin coating, and the Fourier transform infra-red (FTIR ) spectra are rich in information 

about the interaction (aggregation) in solution and the orientation of molecules on the 

substrate. These techniques have been applied in characterizing other soluble 

phthalocyannes in previous studies.9-13 Application of these two techniques in 

characterizing the solvent dependent properties of Pc (5) will be discussed in this chapter.

Phthalocyanines show typical electronic spectra with strong absorption in two 

regions: the visible (Q band at 600–700 nm) and the ultraviolet [B (Soret) band at 300–

350 nm], both arising from π-π* transitions.9, 13, 14 The soret band is generally less intense 

than the Q-band.  Changing the type of central metal ion and/or the nature of the side 

chain substitutions has been shown to affect the intensity and the position of the two 
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bands in solutions and in thin films.13- 15 The shape and the position of the Q- band are 

sensitive to the mode of aggregation of the phthalocyanine cores in solution.13, 15, 16 In 

thin film formats, the orientation of the molecular dipole, molecule spacing, the amount 

of core overlap, and the twist of the molecules are all factors that affect the shape and 

position of the Q-band.14, 17 There are four general arrangements of phthalocyanine 

molecule in the thin film format: co-facial (face-to-face), herringbone, edge-to-edge and 

isolated, all of which display characteristic visible absorption spectra.14, 17

Kasha and co-workers developed the molecular exciton model that can be applied 

to aggregates of strongly interacting dyes.  The ground state and excited state energies are 

perturbed when phthalocyanine molecules begin to closely pack together. 14, 17 Most 

phthalocyanines have D4h symmetry and have two degenerate LUMO orbitals. The 

degeneracy of the orbitals is lifted upon aggregation, as is depicted in Figure 3.1. When 

the molecular dipoles are parallel, as in the co-facial arrangement of the phthalocyanine 

molecules, only the high-energy transition is allowed, causing a blue shift in the Q-band.  

If the molecular dipoles are positioned head-to-tail, as in the case of an edge-to-edge 

arrangement, then only the low energy transition is allowed, causing a red shift in the Q-

band.  When the dipoles are in-plane but slipped over with respect to each other, the 

interaction of the dipoles deviates from parallel, resulting into splitting of the Q-band as 

shown in Figure 3.1 (c).   Positioning the molecular dipoles obliquely, as in the case of 

the herringbone arrangement, leads to relaxation of the selection rules allowing a splitting 

of the Q-band, giving rise to a blue and red shift of the Q-band simultaneously. However 

the splitting of the Q-band depends on the spacing and the angle between the interacting 
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Figure 3.1 The perturbation of the energy levels of molecules with strongly interacting 
dipoles as proposed by Kasha and coworkers. (a) Parallel (co-facial) 
transition dipole that result in blue shift of the Q-band (b) In-line transition 
dipole that result in a red shift of the Q-band (c) coplanar (slipped) 
transition dipole, shifting of the Q-band depend on the angle θ (d) Oblique 
dipole (herringbone) dipole transition that result in band splitting.14, 17
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dipoles. The twisting and rotation of the molecules about their own axis will also result in 

band splitting, and the degree of splitting will depend of the amount of the rotation of the 

molecules.16 Films with completely isolated chromophores, (separated by ca.1/2 

molecular diameter) result in a Q-band spectrum similar to the solution spectrum.  

3.2   Visible wavelength spectroscopy characterization of Pc (5) in chloroform

3.2.1 Visible wavelength spectroscopy in chloroform

The solution visible spectra for Pc (5) in chloroform were taken from a variety of 

concentrations (between 10-8M and 10-6M) as shown in Figure 3.2. The spectra were 

similar to those of a previously reported Pc (1), 9, 11 but its Q-band was red shifted from  

ca. 677nm to ca. 713nm. This red shift is attributed to the change of the linker atom from 

oxygen to sulfur. The absorbance peak at ca. 636nm is broadened due to an overlap with 

the aggregate absorption peak shown in the inset of Figure 3.2. The aggregate peak was 

obtained by normalizing the lowest concentration spectrum to the highest concentration 

spectrum, (assuming no aggregation at low concentration) then, the two spectra were 

subtracted from each other, and the resulting spectrum is attributed to absorption of the 

aggregate. The peak due to absorption of the aggregate is quite narrow, centered at 

660nm and is consistent with a nearly perfect cofacial dimer. This has been observed for 

its two analogs (Pc (3) and Pc (4)).10, 18, 19 The molar absorptivity of the Q-band 

calculated from the Beer’s law was 3.78*105 M-1cm-1, this value was slightly higher than 

the molar absorptivity reported for the two analogs Pc (4) (2.1*105 M-1cm-1) 10 and  
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Figure 3.2 Solution visible spectra for Pc (5) at various concentrations in chloroform. 
(a) The most intense peak at 713nm corresponds to the absorbance of the 
monomer species and the peak at 636nm is broadened at high 
concentrations due to an overlap with the aggregate peak. (b) The lowest 
concentration spectrum is normalized, and the aggregate peak shown in 
the inset is obtained by subtracting the two spectra shown in (b).

Wavelength 
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 Pc(3) ( 1.6*105 M-1cm-1 ).18  An estimation of aggregation constant and aggregation 

number from the spectroscopic data can be done according to Tai and Hayashi. 20 In this 

calculation one equilibrium between the Pc momomer and Pc aggregate is assumed and 

can be expressed in the following equation

(3-1) 

Where K is the aggregation constant and n is the aggregation number. The values of the 

K and n can be from
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Where Ct is the total concentration Pc concentration, εm is the observed extinction 

coefficient of the monomer at a specific wavelength and ε is the observed extinction 

coefficient observed at a specific wavelength and is defined as
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Where εn is the extinction coefficient of the aggregate and X is the ratio of the monomer 

concentration to the total Pc concentration. By plotting the Log [Ct (1-ε/εm)] versus Log 

[Ct (ε/εm)] in equation (3-2), we can calculate the value of n from the y-intercept and K 

from the slope.

The aggregation constant is equilibrium constant between complexes containing 

single Pc molecules surrounded by the solvent molecules and another complex with the 

n-Pc Pcn
K
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aggregates of Pc molecules surrounded by solvent molecules. These constants depend on 

the relative strength of the interaction holding the Pc molecules together and, their 

interactions with the solvent molecules. If the interactions between the Pc molecules are 

stronger, then they dominant, resulting in a higher aggregation constant. However, if the 

interaction between the Pc molecules and the solvent are stronger they dominate, 

resulting in a lower aggregation constant. Aggregation number on the other hand 

corresponds to the number of molecules in the aggregate complex. The higher the 

aggregation number, the stronger the Pc molecules interactions, and the higher the 

aggregation constant

The spectroscopic data and the equations above were used estimate the 

aggregation constant Kagg =1.34* 105 in chloroform and an aggregation number n=2.144.

The estimated Kagg is three orders of magnitude larger than that reported for Pc (1) (4.2 * 

102) and the estimated n is about double that estimated from Pc (1) (n=1.1).13 This is an 

indication of more aggregation of Pc (5) compared to Pc (1) in chloroform. The high Kagg

value for Pc (5) solution relative to the reported value for Pc (1) suggests stronger 

interactions between Pc (5) molecules than Pc (1) molecules in chloroform. This increase 

in the strength of the interactions between Pc (5) molecules can be attributed to the 

sulfur-sulfur interactions present in Pc (5) (in the side chains) in addition to the π-π
interactions of the Pc cores.21 Pc (1) molecules are only presumed to be held together by 

π-π interactions of the cores.
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3.2.2 Thin film visible wavelength spectroscopy of spin cast films from Pc (5) solution in   

chloroform

The thin films of Pc (5) were prepared by spin coating (1mM) solutions on 

cleaned and modified quartz pieces.11 The observed spectra, before and after annealing 

are shown on Figure 3.3. Before annealing, the Q-band (ca. 663nm), which corresponds 

to the co-facial arrangement (blue shifted from solution spectra) was broad and had a 

shoulder at long wavelength (ca. 710nm). This suggests that there is a presence of 

monomeric species in the aggregated film. The small dichroic ratio (R = 

parallel/perpendicular, 1.33) suggests that the material is randomly oriented on the 

surface. Upon annealing, the shoulder at long wavelength was lost and the Q-band was 

narrower, suggesting reorganization of the material to a more ordered form with a smaller 

orientation distribution. The material is still randomly oriented as evidenced by the small 

dichroic ratio (R = 0.9). Polarization (parallel or perpendicular) is defined relative to the 

direction of the compression barriers (Figure 2.2). 

3.2.3 Thin film visible spectroscopy of LB films 

An attempt was made to make LB films of Pc (5) in chloroform by applying 

different concentration (from 0.5mM to 2mM) at the air/water interface. After leaving the 

solvent to evaporate (40 minutes) small islands randomly distributed on the water surface 

were observed. These islands were smaller than those observed with the analog Pc (3) on 

the LB trough.18 These islands were compressed and the pressure-area
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Figure 3.3 Thin film visible spectra for Pc (5) spin cast films. (a) Thin film spectra 
for the as deposited film, the black line shows the spectrum when the 
beam is parallel polarization while the red shows the spectrum when the 
beam is in polarized perpendicular, (b) thin film spectra for the annealed 
sample, the black and red means the same as in (a), (c) shows the 
experimental setup, with the parallel and perpendicular polarizations 
indicated. The dichroic ratio decreases after annealing (from 1.3 to 0.9). 
This change suggests reorganization of the material upon annealing.
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isotherms were taken simultaneously. No distinct phase transitions were observed after 

compressing the film and it was concluded that Pc (5) does not form stable LB films from 

chloroform. However, after compressing the Pc film all the way to the collapse pressure 

we observed formation of rigid fibers, which could be picked out of the LB trough with 

tweezers. This behavior is similar to that observed with the unsaturated analog Pc (4),10

but the short chain analog Pc (3) forms well-ordered films which have been transferred 

on a solid substrate.18 This suggests that the nature of the interactions between the solvent 

molecules and Pc (5) molecules differ from the interaction of Pc (3) molecules, which 

can only be attributed to the difference in the length of the side chains. Longer side 

chains increase the flexibility of the molecules and may affect their structural properties 

in thin films. The fibers were collected and analyzed using polarized optical microscopy, 

which will be discussed later. 

3.3  Visible wavelength spectroscopy characterizations of Pc (5) in benzene

3.3.1. Visible wavelength spectroscopy of Pc (5) in benzene.

Solution visible spectra were collected for samples made with Pc (5) in benzene 

(concentration between 10-8M and 10-6M) and are shown in Figure 3.4. The Q-band did 

not change in position but changed in appearance. The absorbance peak at ca. 636nm is 

more broadened in this case, than in the case of chloroform solutions, due to formation of 

more aggregate species as observed in the spectrum shown in the inset of Figure 3.4(b). 

The aggregate peak was calculated in the same manner explained for chloroform 
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Figure 3.4 Solution Visible spectra for Pc (5) at various concentrations in benzene. 
(a) The most intense peak at 713nm corresponds to the absorbance of the 
monomer, (b) the aggregate absorption peak is shown in the inset .The 
aggregate absorption is obtained by subtracting the two spectra shown in 
(b). 
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solutions. The peak due to aggregate absorption is broader than the one observed with 

chloroform, centered at 677nm and has a higher absorbance too, suggesting more 

aggregation in benzene. The molar absorptivity of Pc (5) in benzene for the Q-band was 

1.98*105 M-1cm-1 based on Beer’s law calculations. This value is almost half the value 

calculated with Pc (5) in chloroform (3.78*105 M-1cm-1).The values of the aggregation 

constant and aggregation numbers were calculated as explained earlier in this Chapter. 

The estimated aggregation constant Kagg = 3.84*106 and the aggregation number n=2.38. 

The estimated Kagg is one order of magnitude higher than the Kagg estimated with 

chloroform solutions. This is an indication of higher aggregation of Pc (5) in benzene 

than in chloroform, which agrees with the broadening of the Q-band. This means 

therefore, that interactions between the Pc (5) molecules are stronger in benzene than in 

chloroform.  Benzene is therefore a better solvent for stabilizing the aggregate species 

while chloroform forms more monomer species in solution. This could be because 

benzene solvates the Pc (5) aggregate better than the chloroform does or could be because 

the benzene solvent is involved in the formation of the aggregate complex through π-π
with the peripheral phenyl groups on the side chains. These interactions will be 

considered again in the solid state in Chapter Four. 

3.3.2 Thin film visible spectroscopy of spin cast films from Pc (5) solutions in benzene

Thin films of Pc (5) in benzene were prepared in the same way as those spin cast 

from chloroform solution. Figure 3.5 shows the observed spectra both before and after 
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Figure 3.5 Thin film visible spectra for Pc (5) spin cast films from benzene solutions. 
(a) Thin film spectra for as deposited film, the black line shows the 
spectrum of the sample with parallel polarization, while the red is for the 
perpendicular polarization (b) thin film spectra for the annealed sample, 
the black and red means the same as in (a). The experimental set up is as 
shown in the Figure 3.3 (c). In both cases the peak is centered at 663nm 
and ratio, parallel/perpendicular decrease after annealing (from 1.2 to 1.0). 
This suggests that the material is randomly oriented and annealing has less 
impact on this orientation.



70

annealing. Before annealing the Q-band (ca.663nm), which corresponds to co-facial 

arrangement, (blue shifted from solution spectra) was very broad indicating a distribution 

of co-facial arrangement. Small dichroic ratio (R =1.2) suggests that the material is 

randomly oriented on the surface. After annealing the Q-band was narrower suggesting 

the reorganization of the material to a more ordered form with narrower orientation 

distribution. The material is still randomly oriented as evidenced by the small dichroic 

ratio (R = 0.9). 

3.3.3 On-trough visible wavelength spectroscopy of LB films from Pc (5) solution in 

benzene 

LB films were made by applying a solution of Pc (5) in benzene to the air/ water interface 

on the LB trough and the pressure-area isotherm obtained is shown in Figure 3.6. The 

material self organizes into large domains immediately after dispersing on the air/water 

interface and the size of these domains increases as the solvent evaporates (40 minutes). 

In addition the domains get scarcely distributed as the solvent evaporates. 

Two-phase transitions were observed after compressing the film all the way to the 

collapse pressure. However, the pressure-area isotherm was irreversible when 

recompressing and expansion of the compression barrier was done suggesting formation 

of a rigid film that does not change after reduction of pressure. On-trough visible spectra 

showed a blue shifted Q-band (relative to the solution Q-band) suggesting that the 

material is aggregated in the same manner as in the case of spin-coated films. Figure 

3.7(a) shows the Q-band spectra collected at different stages (1-4 shown in part (a)) of the 
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Figure 3.6 Pressure area-isotherms from benzene solution, (I) and (II) indicate the 
first and second transitions respectively while (III) shows the collapsing 
stage. The structure of the molecule is shown in the inset. 
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Figure 3.7 (a) Pressure –area isotherm for Pc (5) in benzene showing the four stages at 
which on trough spectra were taken, (b) on trough spectra of the Q-band for 
points 1 to point 4.The position and the shape of the Q-band does not 
change, indicating that there is change in orientation during pre-
compression and post compression state of the film. The low absorbance at 
point 0 is due to the fact that the material is homogenously distributed on 
the surface while the huge absorbance at point 4 corresponds to the 
absorbance of the fibers.
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film as the Pc film was being compressed. The absorbance at point 1 was about 75% of 

the absorbance at point 2 and this corresponds to an area per molecule at point 1 of 

ca.100Å2/molecule (from the area-pressure isotherm). Since there is no change in the 

position or the shape of the Q-band, these transitions can be attributed to the presence of 

two different phases of the material on the air/water interface. At point 3 the absorbance 

is double the absorbance at point 1 and the area per molecule is half that at point 1, 

suggesting a complete overlap of the material leading to the formation of a bilayer of one

phase of the material. However, in an ideal case, the pressure at point 2 should be the 

same pressure at point 3, but that would only happen if you have uniform distribution of 

the same material throughout the trough. AFM data (discussed in Chapter 4) shows that 

this material organizes into layered structures, which are not evenly distributed even after 

the second transition. It was not very clear whether this happens after solvent evaporation 

or before. Recall, the solution visible spectra (Figure 3.4) show a large broadening of the 

aggregate peak even at low concentration, suggesting that the material is highly 

aggregated even at low concentrations. This explains why the pressure-area isotherm is 

irreversible since each of the domains in the layered film (compressed film) behaves 

independently during the expansion and recompression cycles. However, this was not the 

case with chloroform solutions, which formed fibers only as discussed earlier in this 

chapter. 
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Figure 3.8 Polarized Visible spectra of LB films of Pc (5) transferred from benzene 
solutions after the first transition (∏-A isotherm shown before), (a) before 
annealing, spectra for both parallel and perpendicular polarization, (b) after 
annealing, spectra for both parallel and perpendicular polarization. All 
spectra were taken at a sample beam angle of 900 with the polarizer set 
either parallel (॥ ) or perpendicular ( ) to the direction of the compression 
barriers. Before annealing there is a second peak at long wavelength with 
perpendicular polarization, which is indicative of a second phase of 
material. However the second peak is lost after annealing. 
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3.3.4 Thin film Visible spectroscopy of LB films

LB films were transferred to modified quartz substrates via horizontal transfer 

(Schaefer method)9 at a pressure corresponding to the first transition (approximately 

7mN/m) and at the second transition (approximately 12mN/m). Figure 3.8 shows the thin 

film visible spectra obtained before and after annealing for films deposited after the first 

transition. The spectrum obtained before annealing with beam polarization parallel to the

direction of the compression barriers has a blue shifted Q-band indicative of a co-facial 

arrangement with a dichroic ratio of  R = 2. There is also a second peak observed with 

perpendicular polarization at long wavelength (790nm), which is indicative of a second 

arrangement of molecules in the material.  After annealing, however, the material self-

organizes into a more ordered film with a very high dichroic ratio of  R = 5.25.This 

increase in the dichroic ratio suggests a change in orientation of the molecules from an 

orientation close to perpendicular to an orientation close to parallel to the substrate plane.

 The second phase of material was highly pronounced in the film deposited after 

the second transition as shown in Figure 3.9. The peaks were shifted to either side 

relative to the solution Q-band (713nm). The dichroic ratio of the first peak (660nm) does 

not change much after annealing and is ca. R = 1.4. Following annealing, the second peak 

(780nm) was highly pronounced; the dichroic ratio decreased by a factor of two 

suggesting film reorganization upon annealing or reorganization into different 

orientations. It was also noted that on perpendicular polarization both peaks were red-

shifted further than with parallel polarization. It is clear now that the molecules in the thin 

film are in more than one phase as suggested by the on-trough visible spectroscopy data. 
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Figure 3.9 Polarized visible spectra of LB films of Pc (5) in benzene, (a) before 
annealing spectra, for both parallel and perpendicular polarization (b) after 
annealing spectra, for both parallel and perpendicular polarization. All 
spectral were taken at a sample beam angle of 900 with the polarizer set 
either parallel (॥ ) or perpendicular (( ) to the direction of the 
compression barriers.  The second phase is highly pronounced after 
annealing with both polarizations.
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As mentioned earlier the position and shape of the Q-band is affected by the 

orientation of interacting transition dipoles. This orientation changes when the molecules 

are slipped over each other, tilted, or twisted about their own axis. Kasha and coworkers 

predicted that band splitting would occur when the interacting transition dipoles are no 

longer parallel or in plane with each other (head to tail).14, 17 Therefore, the molecules in 

the film being discussed here are most probably twisted or tilted, thus preventing their 

interacting dipole from being parallel with each other. However, on-trough spectroscopy 

shows only a blue-shifted peak, suggesting parallel transition dipoles (molecules arranged 

in a co-facial manner). The discrepancy between on-trough spectroscopy and the thin 

film visible spectroscopy data, is due to two prior assumptions: (1) On-trough 

spectroscopy data is assumed to represent the whole film on the air/water interface even 

through the spectrum is taken at one point on the trough, (2) thin film visible spectra are 

taken from a multilayer deposited film where each layer is assumed to be similar to the 

other. Therefore it is possible we have two phases of material on the trough although no 

evidence on the on-trough visible spectroscopy data.

In an oblique arrangement (Figure 3.2) of the interacting transition dipole, band 

splitting can occur resulting in both a red shifted and blue shifted peak, the intensities of 

which depends on the angular relation of the interacting transition dipoles. The blue 

shifted peak could be overlapped with the peak corresponding to a co-facial arrangement.

 Angular dependence thin film visible spectroscopy can be used to determine 

qualitatively, the orientation of the interacting transition dipoles with respect to the 

substrate plane. Figure 3.10 shows angular dependence absorbance for films transferred 
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Figure 3.10 Angle dependent absorbance measurement for LB films made from 
benzene solutions monitored at a wavelength ca.660nm. Films transferred 
after the first transition had maximum absorbance when the angle was 
equal to 00 and a minimum at 900 corresponding to molecules with their 
transition dipole perpendicular to the substrate and the predicted orientation 
is shown in (b). Films transferred from the second transition had the 
maximum absorbance at 200 and a minimum at 900 corresponding 
molecules with their transition dipole tilted (ca. 200) way from the substrate 
normal. The random sample has the molecules arranged randomly on the 
substrate with their transition dipoles randomly oriented relative to the 
substrate plane as shown in (c).
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after the first transition and after the second transition monitored at a wavelength of ca. 

660nm.The rotation angle was defined with respect to the plane of substrate where 00

correspond to the normal axis and 900 is parallel to the substrate plane. Films transferred 

after the first transition had maximum absorbance at 00 and a minimum absorbance at 

900.This means that the transition dipole interacts strongly with the light beam when set 

at parallel to the compression barrier, which requires the transition dipole to be 

perpendicular to the plane of substrate. Figure 3.10 (b) shows the predicted orientation of 

the Pc (5) molecules and the direction of the transition dipole in shown by the arrow. 

However, the films deposited after the second transition have a maximum absorbance at 

200 and a minimum absorbance at 900.This suggest that the molecules are tilted  200 with 

respect to the substrate normal. This angular shift is attributed to a change in orientation 

after the first transition or due to an overlap of more than one orientation. Lastly the 

random sample has the molecules oriented randomly and their transition dipoles are also 

oriented randomly on the substrate. The random sample was prepared by spin coating 

method, which results in randomly oriented molecules as discussed earlier. The predicted 

random orientation is shown in Figure 3.10(c). 

Films deposited after the second transition also shows another Q-band at higher 

wavelength ca. 780nm, which is red shifted from the solution Q-band. Figure 3.11 shows 

the angular dependence absorbance monitored at this wavelength and is compared to

random sample. The random sample has the same trend as observed at a wavelength ca. 

660nm.This is what one would expect for randomly oriented sample. The films deposited 

after the first transition however, show a maximum absorbance at 900 and a minimum 
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Figure 3.11 Angle dependent absorbance measurement for LB films made from 
benzene solutions monitored at a wavelength ca.780nm. Films transferred 
after the second transition had maximum absorbance when the angle was 
equal to 900 and a minimum at 00 corresponding to molecules with their 
transition dipole parallel to the substrate and the predicted orientation is 
shown in (b). The random sample has the molecules arranged randomly on 
the substrate with their transition dipoles randomly oriented relative to the 
substrate plane as shown in (c).
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absorbance at 00. This is opposite to what was observed at ca. 660nm suggesting a 

different orientation is responsible for the red shifted Q-band. The transition dipole will 

only interact strongly with the beam at 00, if it is oriented parallel to the substrate plane. 

Therefore the Q-band at ca. 780nm is attributed to absorbance of molecules with their 

transition dipole lying parallel to the substrate as shown in Figure 3.11(b).This behavior

will be revisited again in Chapter Four, where we look the ordering of Pc (5) films in the 

bulk.

The data obtained at ca. 660nm with angular dependence absorbance, is in 

agreement with the area per molecule observed at the first and second transition on LB 

pressure –area isotherm which corresponds to the molecules standing edge on the water 

sub phase. However, the data obtained at 780nm with films transferred after the second 

transition does not agree with the area per molecule observed on the LB isotherm 

suggesting that, the molecules are not lying perfectly flat on the surface as indicated by 

the angular absorbance measurement but are rather tilted away from the perfect edge on 

orientation on the air/water interface. The small discrepancy between the data obtained 

from the angular measurements and the on trough visible spectroscopy could be due to 

the presence of more than one phase of material with different orientations as observed in 

the thin film visible spectroscopy. 
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3.4  Visible Wavelength spectroscopy characterizations of Pc (5) in chlorobenzene

3.4.1 Solution visible wavelength spectroscopy of Pc (5) in chlorobenzene

Solution Visible spectra obtained for samples made with Pc (5) in chlorobenzene 

(concentrations between 10-8M and 10-6M) have a Q-band similar to those obtained with 

chloroform but the peak at ca.657nm is broadened indicating more aggregation in 

chlorobenzene than in chloroform. Figure 3.12 shows concentration dependent solution

spectra together with the absorption peak from the aggregate species. The Q-band is less 

broadened in chlorobenzene than in benzene (Figure 3.4) suggesting that addition of the 

chlorine in the benzene has an impact on the interaction of the solvent molecules and the 

Pc (5 ) molecules. The aggregate peak is shown in the inset on Figure 3.12 and the peak is 

centered at 674nm.The molar absorptivity for the Q band (713nm) was calculated from 

Beer’s law   to be 3.09*105 M-1cm-1. This value is similar to that calculated with 

chloroform solutions and slightly higher than the one calculated from benzene solution.

The spectroscopic data was used to estimate the aggregation (as explained earlier 

in this chapter) constant Kagg =5.593 * 103 and aggregation number n=1.87. The 

aggregation constant is two orders of magnitude lower than that obtained with chloroform 

and three orders of magnitude lower than that obtained with benzene solutions. However 

the aggregation number was slightly lower than that obtained with chloroform and 

benzene. This suggests less aggregation in chlorobenzene compared to benzene, which is 

dependent on the interactions of the solvent molecules with the Pc (5) molecules.
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Figure 3.12 (a) Solution Visible spectra for Pc (5) at various concentrations in 
chlorobenzene. The most intense peak at 713nm corresponds to the 
absorbance of the monomer. The peak at ca. 636nm is broadened indicating 
an overlap with the aggregate peak, (b) the aggregate absorption peak is 
shown in the inset .The aggregate absorption is obtained by subtracting the 
two spectra shown in (b). 
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This suggests that the type of interaction between the Pc molecules with the 

benzene molecules is change when you add a chlorine atom on the benzene molecule. 

The decrease in aggregation constant from benzene to chlorobenzene solution suggest the 

chlorobenzene solvent molecules weakens in interactions between the Pc molecules while 

benzene strengths this interactions. 

3.4.2 Thin film visible wavelength spectroscopy of spin cast films from Pc (5) solution in 

chlorobenzene

The spectrum of films spin coated form chlorobenzene shows a blue shifted Q-band 

(636nm), which was as a result of co-facial arrangement similar to benzene and 

chloroform films. The film did not change much upon annealing which was evidenced by 

the small change in dichroic ratio (changes from R=1.1 to 1.2) (Figure 3.13). These films 

are randomly oriented just like in the case of spin-coated films from chloroform and 

benzene.

3.4.3 On-trough visible wavelength spectroscopy of LB films deposited from Pc (5) 

chlorobenzene solutions.

 LB films were made using the same procedure described for benzene solutions 

and the isotherm obtained is shown in Figure 3.14. The material appears to self organizes 

in the same way as with benzene solution. After compressing the film, two-phase 

transitions with lower pressure than in the case of benzene solution were observed 

(ca.2mN/M and 7mN/m). The two transitions are better defined in the chlorobenzene 
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Figure 3.13 Thin film visible spectra for Pc (5) spin cast films. (a) Thin film spectra 
for the as deposited film, the black line shows the spectrum of the sample 
when parallel to the beam while the red is for the sample oriented 
perpendicular to the beam, (b) thin film spectra for the annealed sample, 
the black and red means the same as in (a). In both cases the peak is 
centered at 663nm and ratio, parallel/perpendicular decrease after annealing 
(from 1.1to 1.2). This suggests that the material is randomly oriented and 
annealing has no impact on this orientation.
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Figure 3.14 Pressure area-isotherms from chlorobenzene solution, (I) and (II) indicate 
the first and second transitions respectively while (III) shows a small 
shoulder, and (IV) shows the collapsing stage. The structure of Pc (5) is 
shown in the inset.
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sample than in benzene sample. In addition a small transition (shoulder) was observed at 

a higher pressure ca. 10mN/M. Figure 3.15 shows the on-trough visible spectra taken at 

different stages as the film was being compressed. 

The spectrum labeled zero in Figure 3.15 was obtained before the film was 

compressed, and had a high absorbance relative to that obtained at the same stage with 

benzene, indicating that this material is strongly absorbing when in chlorobenzene 

compared to when dissolved in benzene. The Q-band is blue shifted relative to 

thesolution Q-band as is expected for co-facial arrangement of the Pcs. The increase in 

absorbance value from one transition to another is due to overlap of material and not due 

to change in orientation since the Q-band position remains unchanged. The area per 

molecule at the first transition corresponds to the molecules lying edge-on, at the 

air/water interface. The area per molecule for the first transition (100Å2/molecules) was 

about double the area per molecule for the third transition (50Å2/molecule) and the 

absorbance at point 3 was double the absorbance at point 1. This suggests formation of a 

bilayer of material on the air/water interface. The second transition was observed at an 

area per molecule 80Å2/molecule, which was in between the first transition and the third 

transition. This is evidence of more than one phase of material corresponding to different 

orientation of molecules on the air/water interface.
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Figure 3.15 (a) Pressure –area isotherm for Pc (5) in chlorobenzene showing the stages 
at which the on trough spectra were taken, (b) on trough spectra of the Q-
band for points 0 to point 4.Point 0 is for the spectrum obtained before 
compressing the film. The position and the shape of the Q-band did not 
change indicating that there is change in orientation during pre-
compression and post compression state of the film.
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3.4.4 Visible wavelength spectroscopy of LB films

LB films were transferred onto modified quartz substrates using the horizontal 

dipping. Figure 3.16 shows the thin film visible spectra obtained before and after 

annealing for films deposited after the first transition. In both cases a blue shifted Q-band 

(relative to the solution) was observed indicating presence of co-facial arrangement of the 

Pc (5) molecules on the substrates. No significance change was observed after annealing 

(R = 1.2 before annealing and R = 1.6 after annealing). 

Films transferred after the second transition shows a blue shifted peak relative to the 

solution spectrum, which suggests a co-facial arrangement of the Pc molecules as shown 

in Figure 3.17. The films deposited after the second transition were more ordered as 

indicated by the high dichroic ratio (R=1.85 before annealing and R=2.25 after 

annealing). The dichroic ratio did not change much upon annealing but the peak became 

narrower suggesting increase in ordering of the material.
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Figure 3.16 Visible spectra of 12 LB layers Pc (5) in chlorobenzene transferred after 
the first transition, (a) before annealing spectra for both parallel and 
perpendicular polarization, (b) after annealing spectra for both parallel and 
perpendicular polarization. All spectral were taken with sample beam 
angle of 900 with the polarizer set either parallel (solid line) or 
perpendicular (dotted line) to the direction of the compression barriers. 
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Figure 3.17 Polarized Visible spectra of 12 LB layers of Pc (5) in chlorobenzene, (a) 
shows the spectra for both parallel and perpendicular polarization before 
annealing, (b)shows the spectra for both parallel and perpendicular 
polarization, after annealing. All spectral were taken at sample beam angle 
of 900 with the polarizer set either parallel (solid line) or perpendicular 
(dotted line) to the direction of the compression barriers.  
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3.5  Visible wavelength spectroscopy characterizations of Pc (5) in trichlorobenzene

3.5.1.   Solution visible spectroscopy of Pc (5) in trichlorobenzene

Solution visible spectra shown in Figure 3.18 are similar to that of Pc (5) in 

chloroform. The Q-band was about 713nm, which corresponds to the absorption of the 

monomer species, and the peak at ca.636nm corresponds to the aggregate absorption with 

the molecules in co-facial arrangement (Figure 3.18). The aggregate peak was less 

broadened and less intense suggesting less aggregation. The molar absorptivity of Pc (5) 

in trichlorobenzene for the Q band was calculated from Beer’s law to be 2.69*105 M-1cm-

1. This value was slightly lower than the value obtained with chloroform and 

chlorobenzene solutions and slightly higher than the value obtained with benzene 

solutions. Spectroscopic data was used to estimate the aggregation constant Kagg

=5.281*103 and an aggregation number n=1.88 as discussed earlier in the chapter. Both 

Kagg and the n values are similar to values estimated from chlorobenzene solution and are 

lower than values estimated from chloroform and benzene solutions. Therefore the degree 

of interaction of Pc (5) molecules with chlorobenzene and trichlorobenzene is almost 

similar. However the aggregate peak looks same as the monomer peak as shown in 

Figure 3.17 suggesting less or no aggregation of Pc(5) in trichlorobenzene at 

concentration of ca.10-5 M. This means therefore, that trichlorobenzene stabilizes the

monomer species more than any other solvent suggesting very strong interactions 

between the Pc (5) and the trichlorobenzene molecules.
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Figure 3.18 Solution Visible spectra for Pc (5) at various concentrations in 
trichlorobenzene. The most intense peak at 713nm corresponds to the 
absorbance of the monomer. The aggregate peak centered at ca.710m 
shown in the inset of the figure was calculate in the same manner describe 
for chloroform solutions. This peak resembles the monomer species 
absorption peak suggesting less aggregation in this solution.
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3.6  FTIR spectroscopy

Transmission spectra in both parallel and perpendicular polarization and RAIRS 

spectra in parallel polarizations were taken for 4LB layer deposited from benzene 

solutions. Films were deposited on modified Si (100) substrate for transmission 

experiment and on modified gold substrates for RAIRS experiment.[11] KBr pellets were 

used as the isotropic samples. Figure 3.19 shows the spectrum obtained with the isotropic 

sample while Figure 3.20 shows the spectra obtained with transmission and RAIRS 

experiments for samples made with LB films from benzene solutions. Table 3.1 shows 

the band assignments. Band assignments were derived with the help of band assignment 

reported by Donley for the analogs Pc (3) and Pc (4).10, 19 We have used the approach 

described in detail by Donley and Kumaran to calculate the orientation of the interacting

molecules on a substrate.19, 22

 The substrate plane is considered as the x-y plane while the z plane is the plane 

normal to the substrate.  In the transmission experiment the IR beam is normal to the 

substrate and can be polarized along x or y plane and can be used to get absorbance along 

these planes. In the RAIRS experiments the IR beam interact with the surface at an angle 

of 800 from the surface normal. However, selection rules for low angle reflections on a 

metal surface allow measurement of absorbance along the z-axis only. Therefore, both 
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Figure 3.19 KBr pellet spectra of Pc (5), peak assignment is given in Table 3.1.
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Figure 3.20 Thin film IR spectra for Pc (5) thin films made by LB deposition 
technique with benzene solution. Films made with the same 
method from chlorobenzene had a similar spectrum.  The spectra 
for RAIRS and transmission are labeled.
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Table 3.1 Tentative band wave numbers and band assignments for the FTIR spectra 
of Pc (5). This assignment was derived with the help of peak assignment 
for Pc (3) and Pc (4).19 The bands shown with asterisk are the in-plane and 
out of plane bands used for the orientation calculations. 
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the transmission and the RAIRS experiments are necessary to determine the orientation 

of a molecule on the surface.

As shown recently by Donley, Kumaran and Mendes,22 to determine the 

orientation of a Pc molecule on the substrate, we defined two transition dipoles, which 

are orthogonal to each other:  One transition, in the plane of the molecule was defined as 

in-plane and another transition out of the plane of the molecule was defined as out of 

plane. We reproduce some of the aspects of their derivation here as guide to the reader. 

The strength of each transition dipole squared is defined as the sum of the squares of the 

strength of this dipole along each of the coordinate’s axes 

22
,

2
,

2
, ininzinyinx µµµµ =++

(3-4)

22
,

2
,

2
, outoutzoutyoutx µµµµ =++ (3-5)

The ratio between the two transitions is defined as f and is calculated from the bulk 

sample (KBr sample). 
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The magnitude of the in-plane transition dipole is related to the measured absorbance 

(experimental data) by the equations
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Where E2
tr is the strength of the electric field in the transmission experiment. Similarly 

the magnitude of the out of plane transition dipole can be related to the measured 

absorbance values by the equations

22
,, troutxoutx EA µ= (3-9)

22
,, troutyouty EA µ= (3-10)

The magnitude of the two transitions along the z-axis can be calculated from the RAIRs 

experiments using the equations

22
., zinzinz EA µ= (3-11)

22
., zoutzoutz EA µ= (3-12)

 The strength of the two transition dipoles along each of the three axes can be defined as
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in plane transition along y axis is 
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And in plane transition along z axis can be defined as
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Similarly the strength of out of plane transition can be defined using the equations
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And lastly along z-axis
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To calculate the orientation of Pc (5) molecules on the substrate, we defined the 

out of plane transition as the transition due to ring bending δ(ring C-H) at 745cm-1 and in 

plane transition as the transition due to ν (Pc-S-Pc) at 783cm-1. The magnitude of the out 

of plane transition along the x, y and z axes were found to be 0.343+0.047, 0.178+0.043 

and 0.476+0.034, respectively. This gives us the orientation distribution of the out of 

plane and in-plane transitions. If molecules were oriented perpendicular to the substrate 

the values obtained for the x and y axis should be greater than the value obtained for z-



101

axis, while if the molecules were oriented parallel to the substrate the values obtained 

along the z axis should be the largest. Therefore, these results suggest that the out plane 

transition corresponding to δ (ring C-H) is randomly oriented along the three axes. On the 

other hand the magnitude of the in-plane transition along the x, y and z plane was found 

to be 0.0791 + 0.0256, 0.108 + 0.034 and 0.812 + 0.059 respectively. If the molecules 

were oriented parallel to the substrate the in plane transition will have maximum 

strengths along the x and y axis and minimum strength along the z axis, while if the 

molecules were oriented perpendicular to the substrate the transition will have maximum 

strength along the z axis and minimum strength along the x and y axes.  However, these 

results show a higher strength along the z axis suggesting that the molecules are oriented 

perpendicular to the substrate, which differs from the results obtained with the out of 

plane transition. 

The sulfur atoms used as a linker atom in Pc (5) can interact strongly forming a 

disulfide bond which forces the Pc cores out of their co-facial arrangement. However, the 

Pc cores will still interact through the conjugated system and hold the cores together. 

Therefore, the two forces of attraction (S-S bonding and π-π interactions) force the 

molecules to be orientation in a manner that favors both of them. Note that the in-plane 

transition (νa (Pc-S-C)) is the transition of the part of the molecule linking the core to its 

side chains, which are highly flexible. The out of plane transition on the other hand is the 

transition of the ring C-H group only on the cores. We can therefore say that the strength 

of the out plane transition along the three axis is related to the orientation of the cores of 

the molecule while the in plane transition is related to the orientation of the side chains. 
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Therefore the results obtained suggest that the cores of Pc (5) are randomly oriented 

along the x-z plane (since a small magnitude of this transition along the y axis) while the 

side chains are oriented perpendicular to the substrate. Figure 3.21 shows the Pc (5) 

molecule with the two transition indicated and the predicted orientation relative to the 

surface normal. The cores are aligned in favor of the π-π interactions and are tilted away 

from the surface normal while the Pc-S bond are aligned parallel to the surface normal to 

accommodate the sulfur-sulfur interactions between adjacent molecules. The rest of the 

side chains are left out because its highly flexible thus randomly oriented.  

 However, the visible spectroscopy of LB films made from benzene solutions 

showed a split Q- band which is indicative of more then one non equivalent orientations. 

These could explain the results (the random orientation of the Pc cores) obtained with 

FTIR.  Another set of samples made with LB films from chlorobenzene was 

characterized using the same procedure described for benzene based LB films above. 

Both the transmission and the RAIRS spectra were similar to those obtained with 

benzene based LB films. The magnitude of the out of plane transition along the x, y and z 

axes were found to be 0.279+0.10, 0.110 + 0.05 and 0.6109 + 0.14, respectively. On the 

other hand the magnitude of the in-plane transition along the x, y and z plane was found 

to be 0.07 + 0.03, 0.116 + 0.05 and 0.816 + 0.08, respectively. These results are only

slightly different from those observed with samples made from benzene solutions. 
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Figure 3.21 (a) Molecular structures of Pc (5) showing the in-plane and out of plane 
transitions.(b) Shows the predicted orientation of the Pc cores( eclipse 
shapes) and the Pc-S bond relative to the three coordinates x, y, and z axis. 
The cores are tilted away from the surface normal (z-axis) while the Pc-S 
bonds are oriented normal to the substrate. This orientation accommodates 
both the interactions of the conjugated cores and the sulfur –sulfur 
interactions on the side chains. 
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These suggest therefore that the random orientation is not due to mixed phases since the 

visible spectroscopy of the chlorobenzene based LB films showed a single blue shifted 

Q-band indicative of only cofacial arrangement of Pc (5) molecules. 

These results only tell us the probability of the two transition dipoles along the 

three axes and it is hard to derive the actual orientation of the molecule on the surface 

based on these results. However, we can use the out of plane transition to derive the 

average angular orientations of the Pc cores since the cores of the molecules are more 

rigid than the side chains. The tilt of the Pc (5) molecules away from the surface normal, 

defined as θ, can be calculated from the out of plane transition using the equation

θµ
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And the twist of the molecules about the surface normal, defined as φ can be calculated 

from the out of plane transition by using the following two equations
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  From this calculations the Pc (5) molecule were found to have an average tilt angle

θ= 46.350   and an average twist of φ=58.060 from equation 20 and φ=54.120 from 

equation 23.This suggest that the Pc (5) molecules could be either randomly oriented on 



105

the surface or else have a tilt angle of θ= 46.350. The visible spectroscopy data rule out 

the possibility of random orientation since the thin film spectrum is different from one 

expected for a randomly oriented sample. However, these calculations are done with the

assumption that the in-plane and out of plane transitions are orthogonal to each other, any 

deviation from this assumptions may lead to wrong conclusions. Therefore, the model 

described here may not be used to predict for sure the orientation of these molecules on 

the surface but may be used to predict the average orientation as well as the probability of 

the in-plane and out of plane transitions. However, this model may be applied to system 

with perfectly orthogonal transitions. 

3.7  Conclusions

Self-organization properties of organic molecules in thin film formats are critical 

for their application in organic electronics. An understanding of the possible factors 

affecting these properties is important in designing better processing conditions. 

Characterization of Pc (5) in different solvents provides a basis of understanding some of 

the factors affecting self-organizing properties of discotic liquid crystalline 

phthalocyanines. There is substantial variability in aggregation of Pc (5) in the four 

solvents discussed in this chapter as compared to other phthalocyanines studied before. 

On summary difference in the molar absorbitivity, aggregation constants and aggregation 

number obtained with difference solvents is an indication of the difference interaction of 

the Pc (5) molecules with the solvent molecules. All these parameters are summarized in 

Table 3.2. All the aggregation numbers calculated are approximately the 2 suggesting in 
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all cases the Pc (5) forms dimmers in the aggregate form. There are two possible reasons 

why this number was always close to two, (1) It is possible that we have only dimers 

since these calculations were done with samples of very low concentration   and (2) it is

also possible that we have more than two molecules per aggregate but the model used for 

calculation assumes interactions of two molecules and only assumes one equilibrium 

between the monomer species and the aggregate species. It is clear that addition of 

chlorine atom(s) on the benzene molecule affects the interactions between the solvent 

molecules and the Pc (5) molecules. The very small differences in the solvent systems 

used here illustrates that small changes in processing conditions have a dramatic impact 

on the material structural properties both in solution and in thin films. 

This study shows that increase in solubility of a material in a variety of solvents 

provides a basis for of wide range of processing conditions. This material studied here, 

while it did not form stable LB films with chloroform, did form stable LB films with both 

benzene and chlorobenzene. However films made by spin coating process had the same 

spectroscopic characteristics. In addition the FT-IR data from LB films made from either 

benzene or chlorobenzene suggests that the Pc (5) cores are oriented different from the 

side chains. From a device perspective this can either be a disadvantage if the cores are 

oriented away from the direction of charge flow or can be an advantage if the tilting of 

the cores allow for more interactions between molecules resulting in high coherences. 

This work urges for further investigation of this material and other phthalocyanine 

derivatives in other solvents other than those already reported. 
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Table 3.2 Shows the solvent dependent molar absorptivity, aggregation constant and 
aggregation number for the four solvents discussed in this chapter. Pc (5) 
molecules had the highest molar absorptivity, highest aggregation constant 
and aggregation number in benzene and the lowest aggregation in 
trichlorobenzene and chlorobenzene.
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Chapter 4

STRUCTURE CHARACTERIZATION OF HYDROCINNAMYL CUPC:
POWDER AND THIN FILMS

4.1 Introduction

Phthalocyanines are used as active layers (semiconductor) in OFETs and as a hole 

transport layer in OPV cells.1-7 However, charge transport in these materials is one 

dimensional, therefore the molecules need to be organized in the proper orientation to fit 

each of the device geometries as shown in Figure 1.4 and 1.5 in Chapter 1. Previously, 

octasubsitutted Pcs have been shown to form stable columnar structures using LB 

deposition technique where the molecules are oriented to fit the OFET geometry as 

shown in Figure 1.4a.6-9 However, most of the OPV devices are made with vacuum 

deposited Pcs.7 Efforts have been made to get solution processable Pcs to lie parallel to 

the substrate plane (the geometry favored for OPVs) using methods like spin coating and 

drop casting.  This approach has continued to be challenging and sometimes it may apply 

for one system and not another. 

The variable solubility of these materials in different solvents and their different 

tendencies towards aggregate formation provides a versatile means for studying the 

structural and electronic properties in thin film formats. These properties are directly 

dependent upon the morphology of the thin film and the ordering both in the bulk and in 

the thin film.10-12 High quality thin films can be obtained with spin coating, Langmuir 

Blodgett 13 and drop casting deposition techniques. Different morphologies and structures 

may result when depositing films on a substrate,  depending on the processing conditions 

(substrate surface and chemistry, solvent systems, annealing, deposition technique, etc), 
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differences that may influence their structural, their optical and electronic properties.14

Previous studies of octasubstituted phthalocyanines ( e.g. Pc (1) ) have shown that both 

alkoxy and thioether based Pcs (Figure 4.1) form well ordered columnar structures as 

deposited LB films, which have been fully characterized using both X-ray diffraction 

(XRD) and atomic force microscopy (AFM).15 These materials form columnar aggregates 

with intercolumnar spacings of ca. 27Å and coherence lengths of ca. 2500Å. Large 

electrical anisotropies have been reported where charge movement is highly favored 

along vs perpendicular to the columnar axis (1000:1) when measured on micron length 

scales in the dark. 

The thiother based Pcs for example (e.g. Pc (3) which is similar to Pc (1) except 

for the linker atom) crystallize into plate-like crystals while Pc (1) does not. The XRD 

data of the single crystal of Pc (3) was indexed as a monoclinic cell with the Pc (3) 

molecules aligned in columns along the b axis as shown in Figure 4.2.15, 16 The molecules 

are twisted along the column axis (ca. 450) to allow for space to accommodate sulfur-

sulfur interactions between neighboring Pcs. Each sulfur-sulfur interaction is believed to 

be as strong as hydrogen bonding. 17 This tilting was also observed in the thin films of Pc 

(3), where the columnar structures transferred from the LB films had two domains; one 

domain with intercolumnar spacing of 27Å and the other with intercolumnar spacings of 

20 Å. These two intercolumnar spacing were attributed to the 10 and 01 face of a 

rectangular phase (determined from the powder XRD), each of which exposed parallel 

columnar aggregates.  The powder XRD data of the powder of Pc (3) (harvested from 
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Figure 4.1 Molecular structure of an octasubstituted Copper-centered phthalocyanine 
where R on the periphery shows the substitution positions. The structures 
of four side chain substitutions mentioned in this chapter are shown and
labeled as Pc (1), Pc (3), Pc (4) and Pc (5).
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Figure 4.2 (a) Monoclinic cell structure of the single crystal of Pc (3) derived from 
the single crystal XRD data, each eclipse represent one individual Pc (3) 
molecule, (b shows the polarized optical microscopy image of plate like 
crystal of Pc (3) harvested for DMAC, with the unit cell parameters a = 
23.91 Å, b = 5.27Å, c =39.17Å, α = 90.00, β = 96.970, γ = 900; V = 
4903Å3,(c) shows the monoclinic cell for the Pc (3) powder (harvested 
from chloroform) with parameters a = 24.72Å, b = 9.567Å, c =19.23Å, α
= 900, β = 100.50, γ = 900; V = 4472Å3,derived with the help of the single 
crystal data.16
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chloroform) was also fully indexed to a monoclinic cell with the help the single crystal

data. However, the c-axis of the powder cell was about a half of the single crystal cell 

(Figure 4.2(c)). This indicates formation of two polymorphs of the material in different 

solvents.  Both of these cell structures will be used to help guide in our understanding of 

Pc (5) powders, harvested from different solvents. 

Most of the thin films of these materials were prepared in chloroform, which was 

also the solvent of choice for the chromatographic purification of these Pcs. Single 

crystals of Pc (3), however, were harvested from dimetheylacetamide (DMAC). It was 

also shown that Pc (3) forms gel like structures when casted from chlorobenzene and 

layered structures when cast from trichlorobenzene, on HOPG. This shows the impact of 

solvent on the self organization properties of Pc (3).15

This chapter focuses on powder and thin film structural characterization of Pc (5), 

which is an analog of Pc (3), with two additional carbon atoms in the side chain, we focus 

on the effect of solvent, deposition technique and substrate on the morphology and the 

packing of Pc (5) on ITO, and other substrates. We use silane modified ITO with the 

same modification used for Si (100) substrates in previous studies of octasubstituted 

Pcs.9, 18 First, we look at the ordering in the bulk using powder diffraction data, and how 

this is affected by changing from one solvent to another. Then we look at how the powder 

structural properties are manifest in thin films, and the impact of different deposition 

techniques and different substrates. A better understanding of the factors affecting the 

self-organizing properties (ordering) of these materials is crucial for a better utilization of 

these materials in any electronic or optical device.  
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4.2 Summary of results

The powder XRD data for Pc (5) powders (harvested from different solvents) 

shows a similar packing as for Pc (3) and Pc (4), where monoclinic cells are formed with 

the molecules aligned in columns along one axis and tilted away from their normal axis. 

This behavior is attributed to the presence of the sulfur –sulfur interactions between 

neighboring molecules.16 Triclinic cells were observed however, when powders of Pc (5) 

were harvested from both chloroform and chlorobenzene unlike the analogs (Pc (3) and 

Pc (4)) in which monoclinic cells were observed when powders were harvested in 

chloroform. When powders were harvested from benzene, mixed phases of a monoclinic 

and a triclinic cell were observed, and when powders harvested from trichlorobenzene 

were used, only a single monoclinic cell was obtained. Table 4.1 shows a summary of 

these results.

Significant changes in the volume of the cells were also observed from one 

solvent to another, which we attributed to the interactions involved between Pc (5) 

molecules and the solvent molecules. It is hypothesized that solvent molecules are 

retained in the powder, causing the side chains of the Pc (5) molecules to alter their 

spacing, since the Pc cores are strongly held by the π-π and the sulfur-sulfur interactions. 

Pc (5) powders exhibit an irreversible liquid crystalline transition ( K-L transition) as 

observed from differential scanning calorimetry (DSC) shown in Figure 4.3, and exhibit a 

reversible melting in which the melting temperature varies from one solvent to another, 

and has some hysteresis on cooling cycles. DSC data, however, show that indeed some of 

the solvent molecules may be retained for all the samples as evidenced by the broad peak
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Table 4.1 Summary of the cell structures obtained from powders harvested from 
different solvents. The table shows the change in the dimension of the axis 
and the cell volume from one solvent to another. Some solvents, benzene 
and trichlorobenzene, had more than one phase. The direction of the three 
axes (also shown in different colors) is shown at the bottom of the table. 
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Figure 4.3 Solvent dependent DSC data, showing irreversible solvent dependent 
transition temperature and reversible solvent dependent melting 
temperatures ranging between 2180C and 2300C. The K-L (liquid 
crystalline transition temperature) and melting transitions are labeled in 
the plot.
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observed at near room temperature. This material is highly birefringence in thin films and 

fibers obtained from different solvents as shown by the polarized microscopy data, all the 

structural features observed are similar to those commonly observed for hexagonal 

systems but differ slightly from one solvent to another.

4.3 The impact of chloroform on the structural properties of Pc (5)

4.3.1 Powder XRD Pc (5) powders harvested from chloroform

Figure 4.4 shows the powder XRD pattern. Few and broad reflections were 

observed which is typical of discotic materials.19 The pattern was fully indexed into a 

triclinic cell with the parameters a = 24.0(1)Å, b = 8.03(5)Å, c = 18.1(1)Å, α = 89.880, β
= 94.620, γ = 90.210; V = 3488.23Å3 where the molecules of Pc (5) are aligned in 

columns along the b axis. This alignment is only possible if the molecules have an in 

plane twisting of ca. 450 on every other Pc (5) molecule.15 This twisting is speculated to 

be as a result of the sulfur-sulfur interaction of the linker atoms and their sizes, which 

makes perfect cofacial packing difficult. Table 4.2 shows detailed indexing information 

and a comparison between the observed and calculated reflections. The cell structure is 

drawn in the inset of the powder data and was derived with the help of the Pc (3) single 

crystal data shown in Figure 4.3 published elsewhere.16
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Figure 4.4 Powder XRD data for samples harvested from chloroform. The pattern 
was fully indexed to a triclinic cell with the cell parameters and the 
predicted cell structure shown in the inset. The three axis and the 
corresponding angles are also shown in the inset of the figure. The 
molecules are aligned in column along the b-axis with an in-plane twist 
ca. 450 in favor of sulfur-sulfur interactions.
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Table 4.2  Powder XRD pattern indexing showing a comparison of the calculated 
and observed reflections for a triclinic cell structure with the cell 
parameters a = 24.0(1)Å, b = 8.03(5)Å, c =18.19(1)Å, α = 89.880, β = 
94.620, γ = 90.210; V = 3488.23Å3.
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4.3.2 Films made from chloroform solutions

Samples were made by spin coating 7.8mM solutions of Pc (5) in chloroform on 

modified ITO substrates. The films were characterized using AFM and thin film X-ray 

diffraction (XRD).  AFM imaging was done in tapping mode both before and after 

annealing. Pc (5) has a low K → L transition temperature (760C) in chloroform (DSC 

data Figure 4.3). The material also shows melting at ca.2240C. Annealing was done at 

temperatures above the transition temperature 1000C or temperatures just above the 

melting temperature ca. 2700C. Both the film morphology and film structural ordering 

was compared. Figure 4.5 shows the image of spin cast film before annealing. These 

films were homogenous in a wide area with no significance structural features. The 

presence of pinholes suggested dewetting of the material on the ITO surface. Annealing 

films at the transition temperature (ca.1000C) resulted to rougher films with larger 

pinholes (Figure 4.6(a)). This suggests loss of the material ordering during the annealing 

process. The thin film X-ray diffraction data showed only one peak in the low angle 

regime (2θ =3.870) corresponding to a d-spacing 24.02Å. The absence of a peak at large 

angle regime suggests the absence of intracolumn ordering.

  However, annealing the film at a temperature above the melting temperature 

(2700C) resulted into films with layered structures (Figure 4.6). Since this was a spin cast

film the layers were distributed all over the sample with different tilting angles, with an 

average interlayer distance measured with AFM is 23Å. This interlayer distance is can be 

related to the a-axis of the powder cell, ca. 24.0Å. 
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Figure 4.5 Top image is a 20um X 20um tapping mode AFM image of spin cast film 
from solutions of Pc (5) in chloroform; the bottom image is a 5um X 5um 
image. Both images were taken before annealing. The films look 
amorphous with pinholes and no structural features. The pinholes in the 
films are due to the dewetting of the material from the ITO surface.
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Figure 4.6 (a) Top image is a 5um X 5um tapping mode image of spin cast film from 
solutions of Pc (5) in chloroform on modified ITO and annealed at 
700C,The film has more pinholes than before annealing and there is no 
evidence of any reorganization. (b)The bottom image is a 5um X 5um 
image of a spin cast film on modified ITO and annealed at 2700C, the 
material reorganizes into layered structure (small scale image shown in the 
inset ) after annealing suggesting increase in ordering. The average inter-
layer distance along the normal axis (with respect to the substrate) was 
ca.23Å. 
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The small difference might be due to the fact that these layers are tilted with respect to 

the substrate. This interlayer distance could also correspond to a typical diameter of Pc 

column, suggesting that the molecules are organized into columns in the individual 

layers. This was confirmed by thin film X-ray diffraction (Figure 4.7) that shows one 

intense peak at low angle regime (d-spacing  23.8Å) corresponding to the hexagonal 

packing of the molecules and a small peak at large angle regime  21.140 (d-spacing 

4.17Å) corresponding to the molecules of Pc (5) spacing, when organized in columns 

with some tilting along the columnar axis. The tilting angle of these molecules away from 

their co-facial position was ca.32.60 (θ = cos-1 3.5Å /4.17Å). The peaks observed are 

broad indicating a larger distribution of the d spacing in the system due to imperfection of 

film ordering. The width of the peak can be used to estimate the coherence lengths using 

the Scherrer formula (L=0.9λ/FWHM cosθ) shown in Figure 4.7(c) where the λ=1.54Å 

(Cu Kα).20 The intercolumn coherence was calculated from the width of the low angle 

regime peak to ca. 536Å and the intracolumn coherence was calculated from the width of 

the large angle regime peak to be ca. 280 Å. Lateral periodicity can also be calculated 

from the measured d spacing (D=d/sin 600) as shown in Figure 4.7(b), which was found 

to be  27.5Å. Therefore melting seem to be helping the material to self organize to a more 

ordered crystalline form.

Fibers (from LB) and drop cast films on a piece of glass showed high 

birefringence under cross polarizer at room temperature. The birefringence increased 

with increasing heating and completely disappeared after the material was completely
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Figure 4.7 (a) Thin film XRD data for spin cast films from solutions of Pc (5) in 
chloroform annealed at 2700C showing the first order and second order 
diffraction peak for the hexagonal packed of the Pc (5) molecules, (b) 
shows the schematic of a hexagonal packing ordering, the periodicity and 
the coherence length, (c) the Scherrer formula used to calculate the 
coherence lengths. 20
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melted at 2300C. The material regains this ordering after cooling back to 2200C, fan-like 

structures typical of columnar hexagonal system were observed as shown in Figure 4.8.

 However, these structures remained after cooling the material all the way to room 

temperature and only disappeared after the heating cycle was repeated all the way to the 

melting temperature. This is in agreement with the DSC data, which suggest that the 

material organizes itself to a more rigid crystalline structure after melting. The 

reversibility of the melting transition is an indication that the material is still stable and is

not decomposed. Therefore melting this material allows the molecules to interact more 

strongly, forming more ordered and rigid structures. The structure observed after melting 

corresponds to a columnar hexagonal system in agreement with the hexagonal packing 

obtained with thin film XRD. These results are different from what one would except 

after the powder diffraction data. However, these results suggest that the substrate also 

plays a major role in the self-organization of organic molecules in thin films. In the 

hexagonal packing the molecules are still organized into columns suggesting that the b-

axis of the powder cell is maintained. However, the a-axis and the c axis of the powder 

cell are lost and hexagonal packing is formed. These indicate that the distance between 

columns is reduced in the formation of the new structure (hexagonal).  This decrease in 

the intercolumnar distance is as result of decrease in the distance between the side chains. 

Interactions with the substrate induce more bending, less space between the side chains 

since they are highly flexible. 
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Figure 4.8 Polarized optical microscopy images of a drop cast film on glass from Pc 
(5) solutions in chloroform. The table in the inset shows the different 
temperatures when the images were taken, all the images 1-4a were taken 
without the cross polarizer while all the images 1-4b were taken with cross 
polarizers.
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Figure 4.9 Polarized optical microscopy images of fibers harvested from (LB) films 
on glass from Pc (5) solutions in chloroform. The table in the inset shows 
the different temperatures when the images were taken, all the images 1-4a 
were taken without the cross polarizer while all the images 1-4b were 
taken with cross polarizers.



127

Films spin cast on modified gold substrate had less pinhole than films spin coated on 

modified ITO substrate but formed the same kind of layered structures after annealing at 

2700C. Gold pieces were modified with a phenyl-terminated thiol self assemble 

monolayer as described elsewhere.9 Films prepared on HOPG graphite pieces had even 

larger layers than those obtained on gold substrates, as shown in Figure 4.10. These 

differences in the size of layers can be attributed to the difference in the interaction of the 

substrate and the first layer of material, which dictates the self-organization of the 

material in the bulk. The substrate properties (surface roughness and surface chemistry) 

seem not to affect the way the material self organize but affected the size of the domains 

(grains) formed. 
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Figure 4.10 (a) Top image is a 5um X 5um tapping mode image of spin cast film from 
solutions of Pc (5) in chloroform on modified Au, imaged after annealing 
at 2700C, (b) The bottom image is a 5um X 5um image of a spin coated 
film on HOPG graphite imaged after annealing at 2700C.  The material 
reorganizes into layered structures after annealing and the film has larger 
domains than films obtained on modified ITO or Au.  On all the substrate 
the material is layered which suggests more order in thin film formats. 
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4.4 The impact of benzene on the structural properties of Pc (5)

4.4.1 Powder diffraction of powders harvested from benzene

The data obtained with benzene prepared samples has more reflections (Figure 4.11) 

versus the data obtained from chloroform indicating either a good 3 dimensional ordering 

or a mixed phase.  However, the reflections suffered from more broadening than the data 

obtained with chloroform samples, which suggest possible overlap of peaks from 

different phases. Approximately one third of the reflections were indexed to a triclinic 

cell with the parameters a = 29.3(3)Å, b = 10.4(2)Å, c = 12.8(1)Å α = 89.97 (6) 0, β = 

101.60(2) 0, γ = 90.17(4) 0; V = 3832.83 Å3, while all other reflections were indexed to a 

monoclinic cell with the parameters, a = 43.1(1)Å, b = 4.634(4)Å, c = 27.41(5)Å α = 90

0, β = 126.44(7) 0, γ = 90 0; V = 4402.71Å3.Table 4.3 and 4.4 shows detailed information 

of the observed and calculated reflections. The molecules were aligned in columns along 

the b axis in both cells and the molecules are tilted along the column axis as in the case of 

powder samples made from chloroform discussed earlier in this chapter. These mixed 

phases suggest that the two orientations observed from the visible spectroscopy data 

(Chapter 3) in thin films might be due to two different phases of material in the bulk. The 

powder was annealed in the same way as the thin films and the two phases observed 

before annealing were changed to one phase.  The powder data observed for the annealed 

powder is similar to the data observed with chloroform, with few broad reflections and 

were fully indexed to a triclinic cell with cell parameters a = 23.9(3)Å, b = 12.04(1)Å,
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Figure 4.11  Powder diffraction data for sample harvested from benzene solutions. The 
pattern was fully indexed into two phases: phase I the triclinic cell and 
phase II the monoclinic cell. The cell parameters of phases are shown in 
the inset together with the predicted cell structures. 
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Table 4.3 Powder XRD pattern indexing showing a comparison of the calculated 
and observed reflections for a triclinic cell structure with the cell 
parameters a = 29.3(3)Å, b =10.42(2)Å, c = 12.8(1)Å, α = 89.970, β = 
101.600, γ = 90.170 ;V = 3832.88Å3.
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Table 4.4 Powder XRD pattern indexing showing a comparison of the calculated 
and observed reflections for a monoclinic cell structure with the 
parameters a = 43.1(1)Å, b = 4.634(4)Å, c = 27.41(5)Å, α = 900, β = 
9126.440, γ = 900 ;V = 4402.71Å3.
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c = 18.38(1)Å α = 90 0, β = 96.3(9) 0, γ = 900; V = 5229.42Å3

4.4.2 Spin cast films made from benzene solutions of Pc (5)

Figure 4.12 shows the AFM images of the films of Pc (5) before and after 

annealing. The film looks amorphous before annealing and reorganizes into layered 

structures upon annealing. The average interlayer distance was 26 Å, slightly larger than 

the average interlayer distance obtained with chloroform suggesting a different self-

organization in benzene. However, this interlayer distance is very close to double the c-

axis of Phase I of the powder unit cell (12.8Å) .The difference can be attributed to the 

tilting of the layers in the thin films. However, thin film XRD data taken before and after 

annealing the films is different as shown in Figure 4.13 and Figure 4.14 respectively. 

Before annealing the material in the film had two orthogonal orientations indicated by the 

two relatively intense peaks, one at low angle regime and one at high angle regime. There 

was also an additional less intense peak at the large angle regime (2θ = 21.40).

The predicted orientations are shown in the inset of Figure 4.8.The first peak (d-

spacing ca. 23.18Å) corresponds to the molecules organized in columns lying parallel to 

the substrate with a coherence of ca. 536Å. The presence of columns was confirmed by 

the presence of a low intense peak at large angle regime (d-spacing 4.13Å), which 

corresponds to the intra column ordering with the molecules tilted ca. 320 (θ = cos-1 3.5Å 

/4.13Å) and a coherence length ca.500Å. The presence of the two peaks is an indication 

of a columnar hexagonal ordering.19
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Figure 4.12 Tapping mode AFM images of spin cast films from benzene solutions of 
Pc (5), (a) 10um x 10um AFM image of the film before annealing, (b) 
10um x 10um AFM image of the film after annealing, layered structures
(shown in the inset) are observed after annealing with interlayer distance 
ca.26.1Å. 
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Figure 4.13 Thin films XRD data for spin cast films from benzene solutions before 
annealing shows two intense peaks corresponding two orthogonal 
orientations. The cartoon draw in the inset represents the predicted 
orientation (tilt angles) where each eclipse represents a single molecule. 
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Figure 4.14 Thin films XRD data for spin cast films from benzene solutions after 
annealing at 2700C, the peak observed for the films before annealing at 
large angle regime is lost and the intensity of the other peaks enhanced, 
this is an indication of increase in ordering of one phase (hexagonal 
packing) and the loss of the second phase.
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The second peak (d-spacing 3.6 Å) corresponds to tilted molecules oriented 

orthogonal to the first orientation corresponding to a d-spacing of ca. 23.8Å. This 

orientation corresponds to stacking of the Pc (5) molecules with the distance between 

them ca. 3.6Å and a coherence length of ca. 597.8Å. However, this distance is not equal 

to the distance between co-facially aligned molecules, which is about 3.5Å, suggesting a 

tilt of ca.13.50 ((θ = cos-1 3.5Å /3.6Å). This is in agreement with the two orthogonal 

orientations corresponding to the two the Q-bands observed in thin film visible 

spectroscopy. The presence of these two different phases in samples prepared from 

benzene solutions were also confirmed by AFM. Figure 4.15 shows a height image and a 

phase image of a film prepared from benzene. The height image does not shown any 

difference in the features but the phase image show two distinct regions indicating 

different orientation.   

Xia, et.al. showed that Pcs with sulfur as the side chain  linker atom experience a 

tilt to allow for sulfur –sulfur interaction.15 The orientation at large angle is of great 

importance especially in fabrication of photovoltaic cells as shown in Figure 1.7. Upon 

annealing, all the films showed an increase in order and coherence (Scherrer relationship 

shown in Figure 4.7(c)) as evidenced by the increase in intensity and decrease in width of 

the peak at the low angle regime. The d spacing increases from 23.18Å to 24.15Å

suggesting possible material reorganization after annealing. A low intense peak is 

observed at large angle regime with a d-spacing ca. 4.17Å corresponding to molecules 

tilted ca.32.90 along their column axis. However, the second intense peak observed before 
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Figure 4.15  5um x 5um tapping mode AFM images of the film deposited from 
benzene solution, (a) is a height image and (b) is a phase image showing 
the two different phase of material. This is in agreement with the two 
orientations observed with thin film visible spectroscopy and thin film 
XRD.
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annealing is lost completely. This is in agreement with what was observed with the 

powder XRD and thin film visible spectroscopy. Therefore, only a hexagonal ordering is 

observed after annealing.

Spin coating highly concentrated benzene solutions (>10mM) leads to a different 

morphology as shown in Figure 4.16. These films have long rod like features piled on top 

of each other. There is also evidence of dewetting the ITO surface. Thin film XRD of 

these films shows one intense peak corresponding to the hexagonal packing with d 

spacing ca. 23.27Å similar to the d spacing observed for hexagonal ordering of the films 

made with low concentrations. No change in morphology was observed for these films 

after annealing. There was an increase in order and coherence as evidenced by increase in 

intensity and decrease in the width of the XRD peaks after annealing (Scherrer 

relationship).20 These results suggest a different organization of Pc (5) molecules at the 

interface with the substrate and in the bulk. However, the molecules are still organized in 

columns, which suggest that the b-axis of the powder cell is maintained but the a-axis and 

c-axis are lost at the interface. This is an indication of the effect of the substrate on the 

self-organization of this material in thin film formats. 

Thin films prepared by drop casting on freshly cleaved HOPG resulted into 

layered structures with the same interlayer distance like those deposited on modified ITO. 

However films made on HOPG had large domains similar to films made from 

chloroform. The difference in the morphology of these films is due to the difference in 

surface roughness as well as the surface chemistry. Films spin cast on modified gold had 
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Figure 4.16 Tapping mode AFM images of spin cast films, (a) 10um x 10um AFM 
image of the film after annealing, small rods entangled together. Image 
before annealing looks the same suggesting no reorganization after 
annealing.
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the same features as films spin cast on ITO suggesting similar interactions between the Pc 

(5) molecules and the substrates.

Polarized optical microscopy (POM) images in Figure 4.17 shows increase in 

birefringence after the material was melted. Structures slightly different from those

observed with chloroform were observed but still typical of hexagonal packing. However 

unlike in the case of chloroform where the birefringence increases after 700 C, there was 

no observable change for this material. This is in agreement with the thin film XRD data 

that suggest hexagonal packing in the thin film format.

4.4.3 LB films made with Pc (5) solution in benzene deposited on modified ITO

The AFM data for a seven LB layer film was taken both before and after 

annealing and is shown in Figure 4.18. Before annealing the material forms cable like 

structures as shown in the Figure 4.18.  Unlike other Pcs studied in this research group, 

this material forms large cable-like structures instead of known columnar structures.9, 21-23

These cables had an average diameter of ca. 300nm and varied in length. The cables ran 

parallel to the compression barrier (shown in Figure 2.2) and were found to consist of 

layered structures with the inter-layer distance on average ca. 22.9Å. This is in agreement 

with the thin film XRD data, (Figure 4.14) which shows one intense peak at low angle 

regime corresponding to a d spacing ca. 23.84Å. A second order peak was also observed 

at a d-spacing 12.07Å. The small discrepancy in the interlayer distance and the d spacing 

can be attributed to the difference in resolution of the two techniques. 
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Figure 4.17 Polarized optical microscopy images of a drop cast film on glass from Pc 
(5) solutions in benzene. The table in the inset shows the different 
temperatures when the images were taken, all the images 1-3a were taken 
without the cross polarizer while all the images 1-3b were taken with cross 
polarizers.
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Figure 4.18 AFM images for films made by LB technique. (a) Tapping mode 10um X 
10um image of the film before annealing, the arrows shows the direction 
of the cable-like structure which is parallel to the compression barrier, (b) 
tapping mode 10um x 10 um image of the film after annealing, the cables 
melts into sheets with interlayer distance 19.7 Å.
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The presence of columns is evidenced by the presence of a second peak in the 

large angle regime with a d-spacing 4.183Å corresponding to the distance between tilted 

Pc (5) molecules with a tilt angle ca. 33.20.After annealing, the cables melt into sheets 

and the interlayer distance is decreased to 19.7Å. This corresponds to a decrease in d 

spacing to ca. 22.54Å in the XRD data shown in Figure 4.19. The peak at the large angle 

regime changed to ca. 21.416 0 which corresponds to a slightly smaller d-spacing 4.14Å 

indicating a decrease in the tilt angle from 33.20 to 32.20 after annealing as shown in 

Figure 4.20. The decrease in the first peak d spacing can be attributed to the 

reorganization of the material as seen in the AFM image, this might involve tilting or 

bending of the side chains. Substituted Pcs with long side chains are known to experience 

side chain bending or tilting after annealing.15 The hexagonal ordering was suggested for 

both before annealing and annealed LB films from benzene solution. Annealing was

found to have a greater impact in the morphology of the films and a small change in the d 

spacing in both spin cast and LB films.

The hexagonal packing is in agreement with the POM from fibers (LB), which 

shows structures typical of columnar hexagonal systems. Unlike in the case of the 

chloroform based samples, these samples did not show an increase in birefringence 

during the first heating cycle but only after melting the materials. Small birefringence 

was observed at room temperature before heating but remained unchanged until after 

melting. The packing observed with the LB films is the same as that observed with spin 

cast films. This suggests that the effect of the substrate is the same in both LB deposited 

films and spin cast films.   
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Figure 4.19 Thin films XRD data for LB films from benzene solutions of Pc (5) before 
annealing at 2700C, one intense peak is observed at low angle regime, the 
200 and 001 peak are also observed as shown in the plot but they have 
very low intensity suggesting less order in the films. 
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Figure 4.20 Thin film XRD data for LB films from benzene solutions of Pc (5) after 
annealing at 2700C, one intense peak at low angle regime, the intensity of 
the peak is enhanced and the width is reduced indicating an increase in 
order. The intensity of the 200 and 001 peaks increases compared to the 
data obtained before annealing. The d spacing observed before annealing 
decreases from 23.84 Å to 22.54Å after annealing.
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4.5 The impact of chlorobenzene on the structural properties of Pc (5)

4.5.1 Powder diffraction of powders harvested from chlorobenzene.

The pattern was dominated by one intense peak at low angle regime and all other 

peaks have low intensity. However the pattern is not as complicated as the pattern 

obtained with benzene but has more reflections than the pattern obtained with 

chloroform, suggesting a well-ordered three-dimension structure without any mixed 

phases. The full pattern was indexed into a triclinic cell with the cell parameters a = 

25.8(1)Å, b = 9.49(5)Å, c = 21.2(1)Å,  α = 90.15 (6) 0, β = 113.44(9) 0, γ = 90.23(8) 0; V 

=  4756.86Å3. Figure 4.21 shows the diffraction pattern and the predicted structure in the 

inset. The molecules were organized in columns along the b-axis and are tilted to allow

the molecules accommodate the sulfur- sulfur interactions. Table 4.5 shows a comparison 

of calculated and observed reflections

4.5.2 Spin cast  films on modified ITO from P (5) solutions in chlorobenzene

Films prepared by spin coating solution (4-7mM) of Pc (5) in chlorobenzene on 

modified ITO substrates. Films were characterized   in the same way as in the case of 

chloroform and benzene based films. Although this material shows a transition at 700C, 

the best films  were obtained when annealing was done at 2700C, temperature above the 

melting temperature 2240C. Films prepared from dichlorobenzene were similar to films 

prepared from chlorobenzene. The films consisted of small rod like structures that were 

distributed randomly on the surface (Figure 4.22). Films from dichlorobenzene solution 
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Figure 4.21 Powder XRD pattern for Pc (5) powder harvested from a chlorobenzene 
solution, reflections have been fully indexed into a triclinic cell with the 
cell parameters and structure shown in the inset. The molecules are 
aligned in columns along the b axis, the molecules have an in plane twist 
of ca. 450.
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Table 4.5  Powder XRD pattern indexing showing a comparison of the calculated 
and observed reflections for a triclinic cell structure with the cell 
parameters a = 25.8(1)Å, b = 9.49(5)Å, c = 21.2(1)Å, α = 90.150, β = 
113.4390, γ = 90.230; V = 4757.86 Å3.
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Figure 4.22 AFM images for films made by spin coating of Pc (5) (a) Tapping mode 
5um X 5um image of the film made from chlorobenzene solution, small 
rods randomly oriented on the surface, (b) tapping mode 5um x 5um 
image of the film made from dichlorobenzene solution, slightly smaller 
rods than those obtained with chlorobenzene solutions. These features 
were homogenously distributed over a wide area
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had slightly smaller rods. Sometimes the solutions were heated before spin coating with 

the intention of increasing solubility; this did not seem to change the morphology or the

structure of the films. Dewetting was only observed when spin coating low concentration 

solutions. No change in morphology was observed after annealing suggesting that the 

material does not undergo any reorganization during the annealing process. Thin film 

XRD data suggest the presence of hexagonal packing; dominated by one intense peak at 

low angle regime and low intense peak at large angle regime corresponding to tilted Pc 

(5) molecules along their column axis. The low angle regime peak had a d-spacing ca. 

23.2Å with a coherence of ca. 400Å and the high regime peak had a d-spacing ca. 4.16 Å 

and a coherence ca. 500Å.

Polarized optical microscopy (POM) images shown in Figure 4.23 shows, 

increase in birefringence after the material was melted. Structures were slightly different 

from those observed with other solvent discussed earlier, but still typical of columnar 

hexagonal systems. However unlike in the case of chloroform where the birefringence 

increases after 700 C, there was no observable change for this material. However, more 

dewetting of the material on piece of glass was observed in this sample after melting than 

observed in the other samples.  This is in agreement with the thin film XRD data that 

suggest hexagonal packing in the thin film format.

The hexagonal packing is different from the powder packing due to the effect of 

the substrate. The thin film data shows the interfacial ordering while the powder data 

gives the ordering in the bulk.
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Figure 4.23 Polarized optical microscopy images of a drop cast film on glass from Pc 
(5) solutions in chlorobenzene. The table in the inset shows the different 
temperatures when the images were taken, all the images 1-3a were taken 
without the cross polarizer while all the images 1-3b were taken with cross 
polarizers.
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4.6 The impact of trichlorobenzene on the structural properties of Pc (5)

4.6.1 Powder diffraction for powder harvested from trichlorobenzene solutions.

Samples were taken from both room temperature solution and heated solutions, 

dried before the experiment.  Both patterns were dominated by few and broad reflections 

as observed with other solvents. Data for samples made with room temperature solution 

(Figure 4.24) was fully indexed to monoclinic cell with the parameter a = 24.67(3)Å, b = 

8.092(5)Å, c = 22.91(2)Å α = 90 0, β = 108.60(2) 0, γ = 90 0; V = 4333.73Å3. Table 4.6 

shows the comparison of the observed and calculated reflections. Data obtained from 

samples made with heated solutions (Figure 4.25) was fully indexed into a monoclinic 

cell with the parameters a = 30.85(2)Å, b = 7.158(3)Å, c = 24.04(3)Å, α = 90, 0, β = 

96.43(1)0,  γ = 90(1); V = 5272.42Å3. Table 4.7 shows the comparison of the calculated 

and observed reflections. The cell structure from the data obtained with samples made 

with heated solution is slightly larger than that of films made with room temperature 

solution; this is in agreement with the data obtained for thin films. In both cases the 

molecules are aligned in columns along the b-axis.  The difference in size of these cell 

structures can be attributed to the strong effects of the trichlorobenzene molecules to the 

packing or ordering of the Pc (5) molecules after heating the solution before spin coating. 

There are two possible factors leading to this; (1) it is possible that when heated the 

trichrolobenzene molecules interact with the Pc (5) molecules strongly, and especially the 

side chains, forcing them to stretch out to their extended state, forcing the resulting 

distance between neighboring Pc molecules to increase.  
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Figure 4.24 Powder XRD data for powder harvested from room temperature 
trichlorobenzene solutions. The full pattern was indexed to a monoclinic 
cell with the parameters shown in the inset. The predicted cell structure is 
also shown in the inset where the molecules of Pc (5) are aligned in 
column along the b axis.
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Table 4.6 Powder XRD pattern indexing showing a comparison of the calculated 
and observed reflections for a monoclinic cell structure with the cell 
parameters a = 24.67(3)Å, b = 8.09(5)Å, c = 22.91(1)Å, α = 900, β= 
108.60, γ = 900; V = 4333.73Å3.
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Figure 4.25 Powder XRD data for powder harvested from heated trichlorobenzene 
solutions. The full pattern was indexed to a monoclinic cell with the 
parameters shown in the inset. The predicted cell structure is also 
shown in the inset where the molecules of Pc (5) are aligned in column 
along the b axis.
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Table 4.7  Powder XRD pattern indexing showing a comparison of the calculated 
and observed reflections for a monoclinic cell structure with the 
dimensions a = 30.85 (2) Å, b = 87.258(3) Å, c = 24.04(3) Å, α = 900, β = 
96.43 0, γ = 900; V = 5272.43Å3.
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However, when at room temperature, trichlorobenzene molecules allow the Pc (5)

molecules side chains to bend resulting into small distance between Pc molecules. (2) It 

is also possible that when the solution are heated, we are applying enough energy for a 

strong interaction between the trichlorobenzene molecules and the Pc molecules through 

the π-π interaction of the benzene rings of the solvent molecules and the periphery phenyl 

groups on the side chains. The rate of evaporation of the solvent may also affect the 

ordering in the two cases described above. 

4.6.2 Spin cast films on modified ITO

Spin cast films were made from tricholorobenzene solutions by spin coating either 

room temperature solutions or heated solutions. Initially the heating was done to 

facilitate solubility but it was found to increase the interaction between the solvent 

molecules and the Pc (5) molecules. However, this was not the case with other solvents 

studied in this work indicating different strength of interactions between the Pc (5) 

molecules and trichlorobenzene molecules. When room temperature solutions were used, 

the resulting films had a homogenous morphology over a wide area with small rod like 

structures similar to those observed with chlorobenzene as shown in Figure 4.26.

 However upon heating the solution before spin coating the resulting films had

large grains separated by large grain boundaries, homogenously distributed over a wide 
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Figure 4.26 AFM images for films made by spin coating of Pc (5) in trichlorobenzene   
(a) Tapping mode 50um X 50um image of the film made from solutions at 
room temperature, (b) tapping mode 10um x 10um image of the film made 
from room temperature solutions. Small rod like features similar to those 
obtained with chlorobenzene. These images were taken after annealing but 
the films had the same morphology before annealing.
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Figure 4.27 AFM images for films made by spin coating of Pc (5) in trichlorobenzene  
(a) Tapping mode 50um X 50um image of the film made from heated 
solutions (b) tapping mode 10um x 10um image of the film made from 
heated solutions. These films had large grains with large grain boundaries.
These images were taken after annealing but the films had the same 
morphology before annealing.
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area as shown in Figure 4.27. Recall, from the DSC data, this material doses not show a 

transition at around 700c like samples prepared by other solvents but shows a small peak 

at 260C. All the other samples (from other three solvents) show a broad peak at this 

temperature which is probably due to solvent retained in the sample. These suggest that 

the trichlorobenzene sample might be undergoing some structural changes at these low 

temperatures besides solvent evaporation. Annealing the films did not have any effect on 

their coherence length of 1324.3Å. The molecules were tilted along the column axis 

ca.29.960. 

These are the largest reported coherence lengths for Pc (5) in thin film formats. 

The films obtained with heated solutions were slightly different suggesting a slightly 

different organization. The first intense peak was observed at a 2θ=3.2330, which 

corresponded to a d spacing of 27.3 Å while the second peak with low intensity was 

observed at a 2θ=3.7530 corresponding to a d spacing of 23.52 Å. This shows that a new 

phase of material was formed after heating the solution. The increase in the d-spacing 

suggests possibility of solvent molecules trapped in the hexagonal packing. However, the 

presence of the second peak at low angle regime suggests the presence of the original 

material (material observed unheated solutions). The calculated coherence lengths for the 

two peaks are 1203.6Å and 989.2Å for the d-spacing 27.304Å and 23.5215Å 

respectively. The absence of a peak at the large angle regime indicates the absence of 

intracolumn ordering.

It is clear that   the large domains obtained after heating the solution are as a result 

of formation of a new phase. However, the thin film XRD data does not have enough 
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Figure 4.28 Thin film XRD for film spin cast from trichlorobenzene solutions.(a)   
Data for films spin coated from room temperature solutions ,three peaks 
are observed which is similar to what was obtained with  other solvents 
suggesting presence of a hexagonal packing.(b) Data obtained with heated 
solution shows two peaks at the low angle regime, the most intense peak is 
different from the peak obtained with unheated solution suggesting 
formation of a different phase , the smaller peak corresponds to the same 
d-spacing as the largest peak obtained with unheated solutions. 
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information to help determine what the new phase has formed after heating the solutions 

before spin coating, therefore more experiments are required.

This material shows some birefringence too both at room temperature and after 

melting. Structures observed at room temperature before heating are small and fan like 

shapes. Upon heating the material self organizes into branched structures and retains 

these structures even after room temperature. After another heating cycle the branched 

structures are retained until the material is melted and reappear on cooling at 

2200C.These is an indication of formation of mere organized rigid structures that do not 

change upon cooling or heating. This is in agreement with the DSC data that shows a 

transition at room temperature and a reversible melting transition. These results also 

agree with the predicted hexagonal packing of this material in thin film formats. 

However, the DSC data for samples made with heated solution and room temperature 

solutions are similar suggesting that heating the solution before spin coating did not 

change the thermal properties of the material. 

The hexagonal packing was also confirmed by the structure (typical of hexagonal 

packing) observed in the POM experiment  with drop cast samples from concentrated 

samples as shown in Figure 4.29. This is similar to what was observed with other 

solvents although the powder data was different. This is because all the thin films were 

made on the same type of substrate (silane modified ITO). This means that the molecules 

experienced the same type of interaction at the interface with the substrate and these 

interactions dominated the ordering of the material at the interface, while the solvent 

dependent interactions dominated the ordering of the material in the bulk.
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Figure 4.29 Polarized optical microscopy images of a drop cast film on glass from Pc 
(5) solutions in trichlorobenzene. The table in the inset shows the different 
temperatures when the images were taken, all the images 1-3a were taken 
without the cross polarizer while all the images 1-3b were taken with cross 
polarizer.
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4.7 Conclusions

Choice of solvent and the deposition technique can greatly influence the ordering 

/orientation of discotic liquid crystalline materials both in thin film format and in bulk. 

These study shows increasing the length of the side chains of octasubsituted thioether 

based Pcs (Pc (3) to Pc (5)) increases the flexibility of the material and the solubility in 

variety of organic solvent, which provides for increased processibilty in different solution 

processing and characterization techniques. It was shown that Pc (5) could be processed 

into LB films with both benzene and chlorobenzene and not with the other solvents. 

However spin cast film can be made with all the solvents that will dissolve the material.

The material self organizes into hexagonal ordering irrespective of the solvent used in 

spin cast and annealed films. These studies show that the ordering of this material 

especially in bulk and the coherence lengths of the columnar structures can be increased

by changing the solvent system used. The coherence lengths of this ordering varied from 

one solvent to the other, with trichlorobenzene having the highest (1348Å) and 

chloroform having the lowest (536Å). The coherence lengths reported here from the 

trichlorobenzene solutions are the highest so far for the thioether octsubstituted Pcs. The 

sulfur-sulfur interactions increase the interactions between the Pcs molecules but also 

lead to tilting of the molecules in the columns.

The powder diffraction data for samples made from benzene solutions was 

complicated indicating the presence of multiphase in the bulk. This is in agreement with 

the visible spectroscopy data of the LB films, which shows band splitting of the Q-band 

due to the presence of non-equivalent orientations. Powders from chloroform and 
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chlorobenzene resulted into triclinic cell structures while powders from trichlorobenzene 

and benzene resulted into monoclinic cell. The predicted cells volume was found to 

increase with increase in the size of the solvent molecules, with chloroform samples 

having the smallest volume (3488Å3) and trichlorobenzene the largest (5272Å3). This is 

due to the difference in the interactions involved between the solvent molecules and the 

Pc (5) molecules as well as the different rates of evaporation of the solvent where 

chloroform is fastest and trichlorobenzene the slowest. It was also noted that the ordering 

of this material in film films was same for all samples suggesting that the interactions 

between the Pc (5) and the substrate dominated at the interface while the interaction with 

the solvent molecules dominated in the bulk.  

These studies show that different polymorphs of solution processable Pcs can be 

formed by altering the solvent systems used for preparation. These studies will be 

extended to other octasubstituted Pcs, characterizing them in different experimental 

conditions, which might lead to better coherence lengths. 
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Chapter 5

ELECTRICAL CHARACTERIZATION OF HYDROCINNAMYL CUPC THIN 
FILMS 

5.1  Introduction

All organic devices incorporate heterojuctions involving either organic /inorganic 

interfaces or organic/organic interfaces, and understanding charge injection at these 

interfaces is crucial.1-7 Understanding charge transport in one dimensional molecular 

system like the aggregated discotic materials is challenging because it depends on the 

nature of the building blocks, molecular ordering, as well as the orientation of the 

molecules in the thin film formats. The last two factors are in most case influenced by 

other factors, like the nature of the substrate, and preparation conditions of the organic 

films.8-11 Numerous studies have been done on characterizing the structural properties of 

the organic/inorganic junctions of both solution processes and vacuum deposited organic 

films. 10, 12-14 However, most of the electrical characterization studies have been based on 

vacuum deposited films due to their superior purity over their solution processed film 

counterparts. The greatest challenge in solution-processed films is purity,  the control of 

the degree of the ordering, as well as the preparation of pinhole free films.5, 15

An organic /inorganic junction is analogous to the metal-semiconductor junctions, 

and can be classified as either ohmic or rectifying junction depending on the 

characteristic of the current-voltage relationship. An ohmic contact has low resistance to 

current flow at all voltages while a rectifying junction has low resistance to current flow 

on the forward bias and a high resistance to current flow on the reverse bias. Formation 

of ohmic contacts is very important for organic electronic devices because the 
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performance of the device depends to a great extend on charge injection and extraction 

across the organic material/metal interfaces. However, ohmic contacts at the 

organic/metal interface are very difficult to achieve since in most cases this interface is 

highly concentrated with impurities such oxygen and water molecules and depends also 

on the preparation conditions. Operation of an OFET for example is based on an ohmic 

organic/inorganic junction between the organic material and the source or drain metal 

electrodes while the OPVs and OLEDs may be based on rectifying organic/inorganic 

junctions between the organic materials and the electrodes also called Schottky diodes.

Figure 5.1(a) shows a typical metal (p-type) semiconductor with the work 

function of the semiconductor greater than that of the metal (favors rectification of 

current) before contact is made. However, when contact is made between the two, 

thermal equilibrium is reach and Fermi level alignment is achieved. This happens as a 

result of band bending as shown in Figure 5.1(b). The Schottky barrier height φB shown 

in Figure 5.1 (b) is defined as the energy difference between the metal Fermi level and 

the semiconductor valance band at the interface after contact is made. This is equal to the 

energy barrier that the holes are required to overcome in order to move from the metal to 

the semiconductor. When an external voltage is applied to the junction, the barrier height 

increases in the case of reverse bias making it difficult for holes to move from the metal 

to the semiconductor, or decreases in the case of forward bias making it easy for the holes 

to move from the metal to the semiconductor.  The built in potential (Schottky barrier) 

shown in the same figure is defined as the energy difference between the valence band at 

the interface and the valence band in the bulk of the semiconductor. 
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Figure 5.1  (a) The typical energy band diagram of metal semiconductor junction 
before contact is made, (b) at thermal equilibrium after contact between 
the two, band bending leads to the Fermi level alignment, where φB is the 
barrier height and φi is the built in voltage, (c) the typical ideal current 
voltage characteristic of an ohmic contact and a Schottky contact.
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 This is the energy barrier that the holes are required to overcome when moving from the 

semiconductor to the metal.

An ohmic contact between a metal and semiconductor is formed if: (1) the 

junction is non-rectifying based on the difference between the work function of the metal 

and the semiconductor, (2) there is of a high concentration of doping at the interface that 

minimizes the effect of the barrier height described earlier, or (3) there is significant 

concentration of the surface states at the metal/semiconductor interface. To optimize the 

performance of these devices, an understanding of the role played by the organic 

interfaces in controlling the operation of the device is necessary. In this chapter we 

discuss preliminary studies on the electrical characterization of Pc (5) film/inorganic 

junctions using the sandwich configurations: Au/Pc/Au or ITO/Pc/Au structures for 

ohmic contacts and Au/Pc/Ag or ITO/Pc/Ag for Schottky diodes.

Previously, attempts were made to make OFET devices out of Pc (5) films from 

chloroform solutions. 7 However, the devices made experienced serious electrode 

contacts issues which are evidenced in the low slope of the  linear regime of the I-V plots 

as shown in Figure 5.2, and as described by equation (1-1) ( Introduction chapter). These 

results therefore suggest an improvement of these contacts may lead to improved 

performance. This can be achieved by first understanding the role of the processing 

conditions and then being able to manipulate these conditions for high performance.

We developed a protocol for electrical characterization of solution processable 

Pcs thin films at the micron scale using a four-probe station. Spin coated films of Pc (5) 
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Figure 5.2  I-V characteristics from a OFET device made with Spin cast film from 
chloroform solutions of Pc (5). Souce-drain currents (Ids) are plotted 
against the source –drain voltage (Vds) and the I-V plots are modulated by 
the gate voltage (Vg). The device channel length and width are shown in 
the inset.
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in benzene were used on either modified ITO or Au substrates since their structural 

characterizations were studied earlier and electrical contacts (either gold, silver or 

aluminum) in form of dots. This allowed for characterization of more than one device at a 

time since each of the dots represented a whole device as shown in Figure 2.3.

5.2 Characterization of the ohmic contacts

A metal-organic semiconductor junction results in an ohmic contact if the 

Schottky barrier height, is zero or negative. In this case, the majority carriers are free to 

flow in or out of the semiconductor so that there is a minimal resistance across the 

contact. For an n-type semiconductor, this means that the work function of the metal must 

be close to or smaller than the electron affinity of the semiconductor. For a p-type 

semiconductor on the other hand requires that the work function of the metal be close to 

or larger than the sum of the electron affinity and the work function of semiconductor. 

Most organic materials are known to form ohmic contact with such metals like gold. 

From the ohmic current-voltage characteristic it is possible to derive the mobility of the 

charge in semiconductor by using the space charge limited regime.  However, this region 

is usually achieved at very high voltages and in most case it is a challenge to reach these 

voltages, without breakdown, with solution-processed films. 

Current-voltage relationships observed with devices made with Au/Pc (300nm) 

Au configurations or ITO/Pc (300nm)/Au configurations were characteristic of ohmic 

contact.  Figure 5.3 shows the morphology of the films on Au and films on ITO made by 
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Figure 5.3 Tapping mode AFM images of spin cast from solutions Pc (5) films in 
benzene on (a) modified Au substrate and (b) modified ITO substrate. 
Films spin cast on ITO had more pinholes than films on gold, otherwise 
the films from both substrates had  similar morphology. 
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spin coating from benzene solution of Pc (5). Films made from other solvents had too 

many pinholes and large variabilities from one set of data to another. Films on ITO have 

more pinholes than films on Au but in both cases the films have layered structures 

suggesting more ordering. However, devices made on the Au substrate had higher current 

densities than devices made with ITO as the substrate. This suggests better ohmic contact 

between the Pc film and the Au substrate (less pinholes), which results in better charge 

injection and extraction at this interface than at the ITO/Pc film interface. A comparison 

of the J-V relationship observed with ITO/Pc/Au and Au/Pc/Au configuration is shown in   

Figure 5.4. 

An attempt was made to make the measurement in air before building the argon-

purged glove box and the current-voltage plots were dominated by the relationship J α Vn

where the index n>1 at voltages greater than 1V.  This relationship can be plotted in log J 

vs Log V where n is the slope. Figure 5.5 shows an example of the data obtained with 

ITO/Pc/Au in air with two values of n (n= 1.045 at V< 1 and n= 2.5 at V> 1).The value of 

n at V >1V varied from sample to sample. This is typical of trap dominated conduction 

and the value of n depends on the nature of the traps and their energy distribution. 16, 17

The traps are localized energy levels within the band gap generated due to imperfection 

in the film ordering or presence of impurities such as oxygen or water molecules. [17]

Ohmic current characteristics were observed for devices measured in argon 

environment at low voltages (1V-3V) (Figure 5.4) and the current drop quickly at bias

voltages above 3V suggesting decomposition of the material at fields above 9x105V/cm. 

The J-V plot for devices made with ITO had a different slope between –0.5V and 0.5V. 
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Figure 5.4   I-V characteristics of ohmic contacts made with ITO and gold as the 
substrate. The current densities from the ITO based devices are multiplied 
by 5 for clarity. The current densities observed with gold as substrates, are 
much higher than those observed with ITO as a substrate. The voltage 
could not be driven beyond 3V because the material burns out after 3V.
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Figure 5.5  Plots of log J vs. Log V showing different slope indicative of trap 
dominated conduction for ITO/Pc (100nm)/Au configurations measured in 
air. 
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Previous studies on the conductivity of ITO using conducting tip AFM showed that 

the conductivity of ITO is not uniform all over the substrate, especially at the  nanoscale.7

This explains why the data observed with ITO/Pc/Au configuration has variable slopes. 

However, this can also be due to the presence of a self-assembled monolayer, used as the 

ITO modifier. Samples with unmodified ITO substrate were not used because they had 

too many pinholes.

5.3 Characterization of Schottky contacts

Contacts made with either ITO/Pc/Ag or ITO/Pc/Al had non-linear current density-

voltage (J-V) characteristics, which is typical of Schottky diode contacts. Figure 5.6 

shows the J-V characteristics of two devices where the main difference lies in the current 

densities observed at any particular voltage. The thickness of the organic film was 

ca.100nm in both cases, the ITO substrate was modified in the same manner as described 

before and the top electrical contacts were ca.100nm in thickness. The current density 

observed with the aluminum contact based device is doubled for clarity. Asymmetric or 

non-linear J–V curves show that these devices exhibit rectification behavior. Non-linear 

J–V characteristics of the organic semiconductor/metal junction could be due to the 

space–charge-limited conduction (SCLC), Poole–Frenkel emission, or thermionic 

emission.18 A plot of log J vs. log V curve should be linear displaying distinct regions of 

conduction in case of SCLC. However, the plots for log I–log V (shown in Figure 5.7) 
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Figure 5.6  I-V characteristics of Schottky contacts made with ITO as a substrate and
silver or aluminum schottky contacts. The main difference lies in the 
amount of current density at a particular voltage where the current density 
for aluminum contacts based devices is doubled for clarity. There is also a 
difference in turn on voltage of the junction, for silver it’s about 1V while 
for Al contact is about 2.5V. 
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Figure 5.7   Plots of log J vs log V for devices made on ITO with Ag or Al electrical 
contacts. The plots are linear at low voltages and non linear at high 
voltages.
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are linear at low voltage (below 1V) and non linear at high voltages (above 1V). This 

suggests possibility of SCLC at low voltages and a different type of conduction at high 

voltages. Child’s law is used to describe the current density in SCLC as 

2
3

0

8

9
V

d
J

εµε=
    (5-1)

Where ε the permittivity is free space and ε is the dielectric constant of the material, 

which have been approximated as 2 for most organic materials, 19, 20 µ is the charge 

mobility, d is the thickness of the semiconducting layer and V is the applied voltage.  

From this equation it can be seen that the current density is directly proportional to V2 

and inversely proportion to the thickness of the organic film. Charge mobility values 

were calculated from the slope of a J vs V2 plots shown in Figure 5.8 as 1.707 x10-5cm2

V-1S-1 from devices made with Al contact and 2.43 x10-3cm2 V-1S-1 for devices made with 

Ag contacts. The charge mobility observed with the Ag contact is two orders of 

magnitude higher than the mobilities obtained with the Al contact. Since the material was 

deposited in the same manner in both cases, this difference in mobility can only be 

attributed to the difference in the nature of the metal/organic interface between the two 

types of devices. The charge mobility calculated from the OFET devices made from this 

material was1x10-5cm2 V-1S-1, which is comparable with the charge mobility obtained 

with Al contact. However, calculations with the data obtained with Ag contacts results in 

a much higher mobility, suggesting a different mechanism of charge injection. The SCLC 
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Figure 5.8 Plots of J vs V2 for devices made on ITO with Ag or Al electrical contacts 
showing the linear regions used for calculation of charge mobilities.



182

only explains the conduction at low voltages below 1V. The other possibility for the non-

linear I–V characteristics is bulk-limited Poole–Frenkel emission. In this case, the plot of 

ln (I/V) versus V1/2 should yield a straight line. However, the plot of ln (I/V) versus V1/2 is 

non-linear ruling out the possibility of this type of conduction. This suggests that the 

thermionic emission theory can be applied to evaluate junction parameters such as 

ideality factor and barrier height, at low voltages. According to the thermionic emission 

model current density is given by the following equation: 




 −= 1nKT
qVA

s eJJ (5-2)

Where J is the current density at any voltage, Js is the saturation current density, e is 

electronic charge, n is the ideality factor, k is the Boltzman constant and T is absolute 

temperature .The equation below is the simplified form of Equation (5-2) which allows 

for the calculation of the saturated current by plotting the lnJ vs V. 

V
nKT

q
JJ s 


+= lnln  (5-3)

The slope of the linear part of the plot gives the ideality factor and the saturated current 

density can be calculated from the intercept on the y-axis.

The barrier height can be calculated from the saturation current density using the 

Richardson equation 




= −
KT

B

s eTAJ
φ

2* (5-4)
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Where A* is the Richardson constant (120 A/cm2K2 for the free electron in vacuum).21

The ideality factors (n) and the saturation currents (Js) for both devices were 

calculated from the plots ln J vs V (Figure 5.9). The slope of the linear part of the plot 

was used to calculate the ideality factors. In the case of Al contacts n=13 while in case 

the Ag contacts n=11, which are both quite high relative high values to values expected 

for optimum inorganic diodes. The saturated current density calculated from the intercept 

for the Al contacts were ca. Js = 1.6553 x 10-3 mA/cm2 and for Ag contacts Js = 

0.0916mA/cm2. For an ideal diode the quality factor is equal to 1, any deviations suggest 

the presence of more than one mechanism of charge injection.

The large ideality factor calculated from these junctions can be attributed to 

presence of more than one type of charge injection and conduction.  This could be as a 

result of chemical reaction between the organic material and the Ag or the Al electrical 

contacts, resulting in the formation of an interfacial layer that has different electrical 

properties from the bulk of the material.22-26 In addition, the disordered nature of the 

organic thin film and also the orientation of the molecules at the organic /metal interface 

may affect the charge injection from the metal to the organic layer.27-29 The barrier height 

φB of the junction can be calculated from the saturated current density using the 

Richardson equation shown above. The barrier height derived for the Pc (5) thin films 

data for Al contacts was ca. 0.757eV and for Ag contacts was ca. 0.654eV. These barriers 

are not exactly what one would expect from the difference in the work function between 

the Ag and ITO or Al and ITO. These means therefore that something else is happening 

beside charge injection/extraction at the interface.  Contacting the organic thin films with 
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Figure 5.9   Plots of ln J vs V2 for devices made on ITO with Ag or Al electrical 
contacts showing the linear regions used for calculation of ideality factors 
and saturation currents. 
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a metal evaporation can lead to film damage by the high temperature and high kinetic 

energy metal atoms, reaction of the organic molecules with the metal molecules may take 

place resulting into formation of a layer that is different from the bulk.30, 31 This will lead 

to formation of a different interface with different structural and electrical properties than 

what is expected from the just the difference in the work function between the metal and 

the organic material. In addition, previous studies have shown that for polycrystalline 

materials like pentacene, which grow into layered structures, the nature of the interface 

with an evaporated metal depends on the morphology, density grain boundaries and 

preferred orientation.12, 32

The Pc (5) film used for these electrical studies was spin coated from a benzene 

solution and annealed prior to metal evaporation. The discussion of structural properties 

in Chapter IV showed that the material was well ordered with layered structures but also 

very rough, and there was evidence of two phases of the material in the thin films. This 

suggests a variation in thickness and orientation of the molecules in the thin films used 

for electrical measurements. As a consequence of variation in thickness, the J-V 

characteristics observed are not the representation of a 100nm thick film but rather a 

summation of results from many locally different thicknesses.  The above calculations 

were done assuming a 100nm thickness. Moreover, the poor diode properties observed 

may have been because the preferred molecular orientation of the Pc (5) molecules on the 

surface, relative to the direction of charge flow was not optimal. Further studies with 

different ITO modification, as well as different deposition method, different electrical 

contacts are required in order to determine the actual diode properties of this material.
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At least two conduction pathways appeared to dominate the conduction of the Pc (5) thin 

films. This can also be attributed to there being two different phases of material in the thin 

films, and as discussed in Chapter IV these two phases have different orientation. It is also 

possible that different conduction mechanisms will dominate in these two phases (with 

different orientation) since charge transport of one dimensional molecular system depends 

on the orientation of the molecules with respect to the direction of charge flow. The two 

predicted orientation (from Chapter III and Chapter IV) are shown in Figure 5.10

sandwiched between two electrodes and the predicted charge transport pathways are 

shown with arrows. The tilted stacking orientation is shown in Figure 5.10 (a) and the 

conduction pathway is only in one direction and experiences the barrier at both electrodes 

interface. However, Figure 5.10(b) shows the tilted and twisted columns aligned parallel 

to the substrate with the conduction pathways perpendicular to the substrate and parallel to 

the substrate. Charge transport in this situation will experience transport barrier at both 

electrodes interfaces and also in the bulk as it hops from one column to the other. Figure 

5.10 (c) shows the mixture of the two orientations expected in the devices sandwiches 

used in the electrical measurements, both having different conduction mechanisms. In 

addition the two orientations will lead to creation of gain boundaries which acts as charge 

traps in the device. Therefore, it is possible the multiple conduction observed is due to the 

multiple orientations in the thin films.

We have only considered film prepared from benzene solutions of Pc (5), and the 

impact of different electrical contacts. Films made from other solvents are not discussed



187

Figure 5.10 Shows the predicted orientation and charge transport pathways in the two 
phases of material observed in benzene solution based thin films. (a) The 
tilted stacking orientation, (b) molecules in columns aligned parallel to the 
substrate, twisted and tilted and (c) the possible mixture of the two 
orientations in the device sandwiches used for electrical measurements. 
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because they all had a similar behavior: their J-V characteristics were linear even with the 

Ag and Al contacts which are supposed to be rectifying based on the difference in work 

function. This behavior was attributed to the presence of pinholes and large grain 

boundaries in the films as observed from their AFM images (discussed in Chapter 4). 

Further work needs to be done to improve these films in order for electrical 

measurements to be done.

Attempt was made to make OPV cells from Pc (5) films several times but the 

results obtained were typical of a resistance and were highly inconsistence. These devices 

however, were three orders of magnitude larger in area than the sandwiches discussed 

earlier due to the limitations of the testing station. Therefore, the effect of pinholes was 

more pronounced in this case. In future these devices can be made if the problem of 

wetting is solved, and since there will be a ETL on top of Pc (5) film, then the problem of 

metal ( top contact) organic reaction will be solved too.

5.4 Conclusion and future work

This work demonstrates the use of a four-probe test station in characterizing the 

electrical properties of organic /inorganic junctions. We have designed the sample set up 

and done preliminarily characterizations experiments. At least one in every five devices 

(approximately) tested showed the characteristics discussed in this Chapter. This is 

because even though all the devices are made on the same substrate, in the same way, 

some of those devices will have more pinholes, some will be at regions of low 

conductivity of ITO (since ITO is highly heterogonous as far as conductivity is 
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concerned), and lastly there could be different orientation of the Pc (5) in different 

regions as discussed earlier in this Chapter. 

Conduction of Pc (5) thin films on modified ITO was dominated by space charge 

limit conduction at low voltages and thermionic emission at the high voltages. However, 

a clear distinction cannot be made between the two conduction mechanism and any 

overlap might have lead to poor results. The poor diode quality observed in ITO/Pc/Al or 

Ag configurations are attributed to multiple conduction mechanisms. The nature of the 

Pc/ITO interface and exposure of the device to oxygen before measurement are taken 

also contributed to the poor diode qualities observed. However, improvement of the 

device preparation conditions and especially the Pc (5)/ ITO interface is needed in order 

to make high performance devices. As discussed earlier (Chapter IV) some of these films 

showed more than one orientation in the thin film formats which could also contribute to 

the different charge transport mechanisms.

This work only provides preliminary results for the electrical measurement at 

micron scale. However, a number of challenges need to be dealt with in the future in 

order to use this technique effectively on organic/inorganic junction characterization. 

The interface between the Pc film and the ITO can be improved by changing the surface 

chemistry of ITO using different modification. Other substrates like polymeric 

substrates, which might be more compatible with Pcs, than ITO, should also be 

investigated. In the future the glove box needs to be extended to contain the sample 

preparation, thus eliminating the oxygen contaminations before measurements are taken.
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Chapter 6

CONCLUSIONS

6.1 Impact and future directions

This thesis has focused on exploring the proccessibility and characterization of 

phthalocyanine materials and especially the effect of solvent on the structural properties

of their aggregates, both in solution and in thin films, and on the characterization of their 

electrical properties in thin film formats.

6.1.1 Impact of solvent system on the spectroscopic properties 

It has been shown in Chapter III using visible spectroscopy that the aggregation of 

hydrocinnamyl copper phthalocyanine (Pc (5) is highly dependent on the solvent system 

used.  The aggregation constant and aggregation numbers were found to be high in 

benzene solutions and low in trichlorobenzene solutions. This is an indication of the 

variability in the interactions of Pc molecules with different solvent systems. These 

aggregation properties were further followed in thin films formats.  Interaction of the 

transition dipoles in thin films highly depends on the orientation of molecules with 

respect to each other, which can be influenced by the environment surrounding the 

molecules. Previous studies have shown that copper centered solution proccessable Pcs 

are in a cofacial arrangement in thin films processed from chloroform. However, when Pc 

(5) was processed from benzene, a different orientation was observed, created a red 

shifted band, which was attributed to a non-cofacial arrangement (slipped stacks). These 

results therefore offer another way of tuning the absorption spectra of solution 
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processable organic materials to allow absorption of more light for application in OPV 

cells. This work needs to be extended further, by fabricating OPV cells from Pc (5) films

as well application of the same preparation procedures to other materials of its kind. 

Extending our characterization protocols to other highly soluble materials expands the 

knowledge about them, and also offers other opportunities of improving the performance 

of organic semiconductor based devices. 

6.1.2 Impact of solvent system on the structural properties  

The strong interactions involved between Pc (5) molecules are manifested in their

microstructures in thin films. It was clear that unlike other previously studied Pcs this 

material does not form columnar structures using LB deposition, but forms layered 

structures, with an indication of significant ordering in thin films.  These layered 

structures are transferable onto solid substrates with high efficiencies and have been fully 

characterized. Spin cast films were also highly ordered after annealing at the melting 

temperature. These studies can be extended to other systems that are known not to form

well ordered LB films. Although this study only involved four solvents, it can be 

extended to other solvents as long as the material of interest is soluble, and the solvent 

does not cause any chemical changes. 

The packing of these molecules in the bulk was found to be highly dependent on 

the solvent system as suggested by results in Chapter IV. However, the sulfur-sulfur 

interaction influenced the orientation of the molecules with respect to each other, 

irrespective of sample preparation. The highest coherence lengths were observed with 



192

thin films made from trichlorobenzene solutions while the lowest coherence was

observed with chloroform. The coherence lengths from benzene based films were most 

likely affected by the presence of mixed orientationd (mixed phases ). These studies give

insight to other ways to enhance the ordering and the coherence lengths in solution 

processable organic materials especially discotic materials.

 Solution processable Pcs with hydrogen bonding functionalities (Pc (6) structure 

shown in Figure 4.1) have been synthesized and are being characterized. The higher 

solubility of these materials in different solvents will allow for easy processibility. 

However, larger coherence lengths are expected for this material because of the increase 

in the interaction between Pc molecules through hydrogen bonding. Processing these 

materials in different solvent systems may offer opportunities for application of these 

materials in OFETs and OPV devices.    

 This work only focused on the bulk properties of the thin films of Pc (5). 

However, for application of this material in a real device, understanding of the interfacial 

properties between the Pc and substrate used for real devices needs to be investigated. 

6.1.3 Preliminary electrical characterization of Pc (5) thin films

Preliminary measurements of the electrical properties of hydrocinnamyl copper 

phthalocyanine films were made using a four probe station in argon environment. Both 

ohmic contacts and Schottky contacts were characterized at the micron scale. However, 

the charge transport in this material was found to involve more than one mechanism. At

low voltage the conduction appeared to be dominated by space charge limited 
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conduction, while at high voltage conduction was dominated by thermionic emission. 

The data appeared to fit the space limited conduction model at low voltage and the 

thermionic emission model at high voltages.  These measurement were made on thin 

films with different orientation (from benzene solutions), which could also have lead to 

the multiple charge transport mechanisms. However, these different orientations were 

observed with AFM and have been discussed in Chapter IV. These studies can now be 

extended to conductive tip-AFM, which is used to determine the electrical properties at 

the submicron scales thus eliminating the effect of multiple orientations as well as the 

effect of pinholes. Conductive tip AFM is done in contact mode, therefore a metal 

electrode is not required on top of the organic material to make the sandwiches discussed 

in Chapter V. Changing the conductive tip material by coating it with different metals of 

different work functions allows one to make  different organic/metal junctions.

 The measured mobilitites of this material are encouraging although the 

conduction mechanism is dominated by at least two conduction pathways. These 

mobilities are comparable with those of materials being used in OFET and OPV devices. 

The measured mobilities can be improved by characterization and control of the 

interfacial properties between the ITO and the organic material. Sample preparation for 

electrical measurement is very crucial and may have affected the results obtained, and 

need to be improved for better results.
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6.2 Conclusions

This thesis describes the advantages of a highly soluble organic material. We have 

shown that increase in solubility offers high proccessibity and characterization, which 

leads to better understanding of the material. We have seen that the packing in the bulk of 

a material does not always mean the same packing at the interface of these liquid 

crystalline discotic materials. These studies need to be extended to other liquid crystalline 

phthalocyanines. A protocol of characterizing the electrical properties of organic 

/inorganic junctions at micron scales has been introduced and can be extended to other 

systems.  

The ability to process organic material for application in organic devices lies in 

the fundamental chemistry, such as the molecular design, which dictates the molecule -

molecule interactions, chemical interactions between the molecules and the solvent 

molecules, and the interactions with the device platform. 
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