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Abstract

The overall objective of this material science study is to investigate the physical, chemical
and optical properties of perylene derivatives with a view to understanding how these properties
affect their applications in optoelectronic devices. Practical questions are prompted by the need to
develop, characterise and improve organic molecular materials for applications in opto-electronic
devices to meet growing demands.

This thesis presents a materials science study of perylene derivatives, a novel class of =-
conjugated small organic molecules with a wide variety of promising optoelectronic applications
owing to their outstanding properties. A molecular modelling with Hyperchem predicted the
absorption spectra, electronic spectra, geometry optimised structures and properties of some
commercial and new perylene derivatives namely 1,6,7,12-tetraphenoxy-N’N’Bis-(2,6-
diisopropylphenyl)-perylene-3,4,9,10 bis(dicarboximide) or perylene red, N’N’Bis(2,6-
xyly)perylene-3,4,9,10-bis(dicarboximide) or perylene orange indenoperylene dicarboxmonoimide
or perylene violet, dibenzocoronene tetracarboxdiimide or perylene yellow, 3,4,9,10-tetra-(12-
alkoxycarbonyl)-perylene or perylene blue, 3,4,9,10-tetra-(alkoxy-t-butyl)-perylene (TBPB) and
3,4,9,10-tetra-(alkoxy 3,5 dibutyly phenoxy)-perylene (BPPB). The quantitative structure-activity
relationship properties of mass, volume, partition coefficient, hydration energy, polarisability and
molar refractivity were also modelled. The refractive index was determined to be 1.1 and thus in
opto-electronic applications, perylene derivatives would undergo minimal refractive losses.

Perylene blue was successfully synthesised and characterised alongside the commercial
products of perylene red, perylene violet, perylene yellow and perylene orange. Predicted
properties from modelling were confirmed empirically. Perylene blue showed improved solubility
due to addition of alkyl side groups and also displayed aggregation control due to the bulky side
groups. The results showed that bulky functional groups reduce aggregation in small molecules.
The solubilisation exhibited by the molecule makes it desirable for polymer blending or film casting
thus reducing the cost of device fabrication. The perylene derivatives have an average exciton
binding energy of 1.04 eV thus suggesting mainly Frenkel type excitons. This makes the
derivatives attractive candidates for optoelectronic applications in which transfer of energy can
take place without transfer of charge.

All the perylene derivatives studied have quantum efficiencies close to unity, absorb and
fluoresce in the visible range, are photochemically stable and are thermally stable up to 300 °C
making those attractive candidates for ordinary day optoelectronic applications. Structural studies
confirmed different nano aggregates in nanopillar forms of perylene red, nanospike forms of
perylene orange, nanocrystals and nanobelts structures of perylene violet, nanocones forms of
perylene yellow and some nanostructures of perylene blue. The nanostructures are a result of the
effect of the different side chains around the perylene core. These nanostructures are used to
explain the properties of the materials in relation to their possible applications in diverse
optoelectronic applications.

In the selected optical limiting application, the perylene derivatives showed high
absorption and/or scattering cross section and optical limiting abilities with non-linear scattering
from perylene blue, perylene orange and perylene violet whilst emission was evident from
perylene orange and reverse saturable absorption from perylene red all at 1g/l concentration in
chloroform solution. Their different behaviour for the same application is explained in terms of the
structures of the materials. This makes the molecules promising candidates in two photon
absorption applications.
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Chapter 1

Background and Motivation

1.1 Materials science and nanotechnology

In order to develop new products and technologies that make our lives safer,
more convenient, more enjoyable and more sustainable, we need an understanding
of how to make the best use of the materials we already have, and how to develop
new materials that will enable us to cope with future demands and challenges.
Materials Science and Engineering Technologies involves the study of the structure,
properties and behaviour of all materials, the development of processes to
manufacture useful products from them, and research into recycling and
environmentally friendly disposal. The fundamental questions that material
scientists ask themselves are: why does each material exhibit its behaviour and
how can the properties of the material be exploited to make something better or
cheaper?

Everything we use is made from materials derived from the earth. Early
earthly materials include metals and ceramics(1). These were later joined by
polymers, semiconductors and composites. All these materials have revolutionalised
our lives and advanced materials continue to do so by offering advanced
performance and new possibilities of design and application. Among the latest
advanced materials list are high strength and highly conducting (both thermally and
electrically) carbon nanotubes(2, 3) and their composites useful in cars, aircraft,
sports equipment(4) and intergrated circuits(5, 6). The author has been involved in
a parallel project on the reinforcement of ceramic materials with carbon nanotubes
for intergrated circuits and this work is summarised in the appendix.

Most recently (2004)(7, 8), graphene has also joined ranks with advanced
materials and is attracting a lot of research(9-13). Another notable recent addition
to advanced materials are new electronic materials for digital communication used
mostly in mobile phones and optical networks. Active functional materials,
commonly known as SMART materials(14, 15) having one or more properties that
can be significantly changed in a controlled fashion by external stimuli, are also
among recent advanced materials and have applications in skis and snowboards
that absorb vibrations, miniature loudspeakers, buildings that respond to weather
conditions and noise reduction systems in cars and planes(16-18). All these
technological advancements have been made possible by materials science defined

as the study of structures, microstructures, properties, processing and applications
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of materials. Material science is the backbone of the latest and fastest growing
scientific field of “nanotechnology”, the study of control of matter at an atomic and
molecular scale covering all aspects of science and technology expected to make
most products lighter, stronger, cleaner, less expensive in addition to improved

accuracy and precision where measurements are involved.

1.2 Organic opto-electronics

Organic materials are chemical compounds based on carbon (C) and
hydrogen (H) atoms and sometimes also bonded with few other chemical species.
The term “organic semiconductors” is used to describe organic materials with the
ability of conducting electrons. The electrical conductivity of such materials lie
between those of metals and insulators spanning a very broad range of 10° - 1073
Q'cm™. The discovery of the photoconduction of anthracene (19, 20) in 1906 is a
historical benchmark for the study of organic compounds. Apparently classic and
technological inorganic semiconductors like germanium and silicon were also
discovered during the same early 19" century (21-23). It is not surprising that
research in organic semiconductors lapsed for four decades at the expense of the
inorganic semiconductors. The potential of organic semiconductors was only
realised in the late 1980s(24) when the use of organic semiconductors in electronic
devices such as organic light emitting diodes (OLEDs), field effect transistors (FETs)
and as photoconductors in xerographic applications was envisioned(25-27). The
semiconductors applied in xerography are responsible for the photogeneration of
charge carriers as well as charge transport. Since then, research in organic
semiconductors has exploded and is growing rapidly. The discovery of
fullerenes(28-30) also initiated a wave of research that includes carbon
nanotubes(2, 31-33) whilst the observation of electrically stimulated
fluorescence(34, 35) has opened a way for molecular electronics and opto-
electronics; the study of electronic devices that source, detect and control light.

Over the last two decades, there has been an explosion of information
pertaining to organic opto-electronics(27, 36-44). Hence organic based devices are
currently experiencing an accelerated development as dictated by the optical
storage, display and photovoltaics. The fabrication of organic semiconducting
materials opto-electronic devices, the existence of a huge information age market,
driven by rapid developments in both manufacturing process technology
encompassing novel nano designs and new materials has caused organic opto-
electronics to reach a self sustaining momentum which fuels further growth as the
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next generation in most key technologies. The most important peculiar advantages
of organic semiconductors over inorganic ones are as follows:

e Organic materials are usually used as thin films and so can be processed
over large areas;

e Relatively small amounts of organic materials (less than 100nm film
thickness) are needed making large scale production easier;

e Organic materials can be chemically tuned to change properties like charge
transport, aggregation, solubility, band gap and even structural properties to
mention a few;

e Organic materials offer a plethora of chemical structures and functionalities
so promoting active material science research for alternative competitive
materials with desired properties like tuning the energy levels;

e The production and processing of opto-electronics devices based on organic
materials is possible at low process temperatures and is cheaper than those
based on their inorganic counterparts;

¢ Organic materials in OLEDs are brighter than a conventional television
screen, with brilliant colours, large viewing angle, switching times fast
enough for real time image displays and lifetimes over 10000 hours;

e Low dielectric constants are characteristics of organic materials which makes
reflection losses at interfaces much lower than the inorganic
semiconductors;

e The internal fluorescence efficiency for most organic semiconductor dyes is
close to unity with emission peaks red shifted to the absorption edge so
avoiding re-absorption losses in the devices;

e Most organic semiconductor dyes have high absorption coefficients in the
visible range of the electromagnetic spectrum and hence can be very
attractive for photovoltaics.

These advantages have expanded the field of organic opto-electronics to include
this non-exhaustive list of devices; photodiodes, photovoltaics, phototransistors,
photomultipliers, intergrated optical circuits, photoresistors, photoconductive
camera tubes, charge coupled imaging devices, injection laser diodes, quantum
cascade lasers, optocouplers, displays, optical sensors, optical limiters and optical
switches.

1.3 Types of organic semiconductors

Inorganic semiconductors consist of covalent or ionic bonds whilst organic

semiconductors are based on independent molecules characterised by weak Van
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der Waals interactions. This makes design of organic materials readily possible at
molecular level and of particular mention are organic conjugated pi-electron
systems which have received attention as very promising opto-electronic active
materials(45-50). The development of such materials by material scientists involves
the correct choice of structural units with charge transport or optical properties in
addition to the mechanical, thermal and electrochemical properties. The most
important requirement for all these organic semiconducting materials is their ability
to form stable smooth films by thermal evaporation or solution processing methods.

Depending on their molecular weight, these conjugated organic materials
can be divided into two classes; oligomers and polymers. Both share many common
opto-electronic properties but differ mainly in the film formation techniques.
Oligomers, also known as small molecules, are low molecular weight materials and
are most commonly deposited by the thermal vacuum technique or more recently
by vapour phase deposition. Polymers have high molecular weights and are large
molecules composed of repeating structural units typically connected by covalent
chemical bonds. To produce a thin film, polymers are usually dissolved in a suitable
solvent to obtain a viscous solution which is then deposited onto an appropriate
substrate by spinning, dipping, stamping, doctor blading, ink-jet printing or casting.
Both oligomers and polymers be used either separately or in hybrid and mixed
form(51).

Oligomers have a thermal decomposition temperature much higher than
their sublimation temperature, typically between 200°C and 400°C. Thus repeated
sublimation can be used to purify oligomers. Polymers cannot be deposited or
purified by thermal evaporation because their decomposition temperature is
generally lower than their sublimation temperature hence polymeric device
preparation is solution based. A big advantage of polymers is hence their
adaptability to low cost large scale device production(52, 53). Recently(54-56),
oligomers that can be solution processed have been developed and one such case is
reported in Chapter 4 of this thesis.

Another difference between oligomers and polymers is in their pi-electron
overlap. Organic semiconducting materials have a pi-electron sytem delocalised
over the whole molecule and characterised by frontier orbitals called the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(HOMO). The HOMO and LUMO determine the opto-electronic properties of both
polymers and oligomers. This pi-electron system is saturated as the LUMO is a fully
occupied bonding pi-orbital whilst the LUMO is an unoccupied antibonding pi-orbital,
thus intermolecular covalent bonds cannot be formed, rather these molecules are
bonded by weak Van der Waals forces (57). For oligomers, the narrow bands due to
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each of the molecular pi-orbitals have a small intermolecular overlap. Polymers
have broad quasi-continuous energy bands of the pi-electron states along their
chains. Charge is therefore not localised resulting in a small interchain overlap so
limiting mobilities to the most costly hopping steps. Thus highest mobilities are
achieved in oligomers (57).

The operating voltages for polymers are lower than for oligomers, but
controlled doping has enabled small molecules to compete here with polymers(57).
Continued material science study of polymers and oligomers has made research
very competitive between the two. One of the key factors for focusing on oligomeric
materials is the existence of a small number of known conducting polymers(58) and
the difficulty involved in producing the same.

The possibility of a wide variety of chemical structures and functionalities
amongst organic semiconductors has resulted in more types of the same. In
addition to polymers and oligomers, other classes and/or sub-classes include
dendrimers(59, 60), organo-minerals(61), dyes(62), pigments(63), liquid
crystals(64, 65) to mention a few. Academic research, industrial research and even
academic-industrial collaborations of the above-mentioned materials is currently
aggressively pursued worldwide.

1.4 Justification and motivation

Inorder to make most products lighter, stronger, cleaner, less expensive and
more precise, there is a need for materials science study as outlined in section 1.1.
Materials science study of organic semiconductors based optoelectronic devices has
recently gained great attention due to their superior advantages over their
inorganic counterparts as outlined in sections 1.2 and 1.3 above. These advantages
can be summarised as the low cost in device production, simple packaging,
compatibility with flexible substrates and the immense variety of molecular
semiconductors. The promise of being able to optimise, by a synthetic method,
molecular materials for desired properties is a driving force behind this work.
Gaining more knowledge on the structure and properties of currently existing
materials and relating the same to current and possible applications also motivates
this work.

Whilst polymers can be used for device fabrication at a lower cost than
oligomeric materials, this study focuses on oligomeric materials at the expense of
the existence of a small number of known conducting polymers and the challenge of
producing conducting polymers. The pressure for technological applications has

focused researchers’ interest on specific systems that are promising but at the

Page | 5



same time causing considerable challenges. Amongst such promising
semiconducting oligomeric materials, pentacenes(66-69), phythalocynanines(70-
72), oligothiophenes(73-76) and perylene derivatives(77) have enjoyed the most
attention over the last two decades. P-n junctions are a very important intergral
part of organic semiconducting opto-electronic devices and n-type semiconductors
are a key component to the same. Of the oligomeric materials mentioned enjoying
the most attention recently, pentacenes, oligothiophenes and phythalocynaines are
p-type and have become well known, yet n-type oligomeric organic semiconducting
materials are not fully developed and not extensively studied. The work in this
thesis is based on the material science study of five different families of perylene
derivatives. The materials science study involves an extensive characterisation of
four of the family of perylene derivatives and a synthesis and characterisation of
one element of the fifth family. Projected device fabrications based on the
characterisation are then recommended.

When originally discovered, perylene derivatives were used as vat dyes and
pigments mainly due to their colour which appeals to human beings. Perylene
derivatives rose on the scene as interesting organic semiconductors in the mid-
1980s, with the demonstration of a low voltage and efficient thin film light emitting
diode by Ching Tang and Steven van Slyke at Kodak (78). Although that particular
first demonstration was not of sufficiently high performance to replace existing
inorganic technologies, it opened the door to the possibility of using organic thin
films as a foundation for a new generation of optoelectronic devices. Since then,
perylene derivatives have been transformed from vat dyes and pigments to
“functional dyes” as explained in section 2.2.1. The “functional dye” aspect of the
perylene derivatives is also explored in this research.

As promising n-type organic semiconducting materials for opto-electronic
devices, perylene derivatives boast of such superior characteristics as thermal
stability, photostability, electroactivitity among others as outlined in section 2.2.2.
Recently, two photon absorption (TPA) has been discovered in some perylene
derivatives. Optical limiting is the foundational study leading to TPA studies. This
work also focuses on the study of the optical limiting properties of more perylene
derivatives not studied elsewhere to date.

Most perylene derivatives are generally insoluble making production
methods costly via thermal sublimation or vapour pressure deposition. In addition
aggregation is a paramount property of most perylene derivatives and quenches
the fluorescence quantum yield so affecting the performance of perylene derivative
based opto-electronic devices. This work focuses on the modelling and synthesis of
soluble perylene derivatives with improved aggregation control to exploit cost
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advantage of organic semiconducting opto-electronic device fabrication with
solution processing methods.

1.5 Thesis outline

This thesis describes work done on the application of conventional
investigation techniques to determine the physical structure, chemical, optical and
electronic properties, among other physical phenomena, of both commercially
available and new perylene derivatives. This materials science study led to an
understanding of the morphology and transport characteristics of these organic
molecules as well as pointing out the subsequent nanodevice fabrication for
possible opto-electronic applications. Both theoretical and experimental
investigations are reported. Theoretical investigations are based on modelling using
HyperChem, a molecular modelling package for windows. Experimental
investigations are based on the usual conventional techniques which are outlined in
Chapter 2.

Chapter 1 explains the need for materials science and the important role it
plays in science and nanotechnology. An introduction to organic semiconductor
opto-electronics materials is also provided in the same chapter. The justification for
and motivation behind this research is also explained. An outline of the thesis is
given in the same chapter.

Chapter 2 describes the background and general characteristics of perylene
and its derivatives. Common production methods of peryiene derivatives and their
applications are briefly explained. A brief overview of the experimental techniques
and relevant theory employed in this research is also provided and the materials
used in this research are given.

Chapter 3 reports on the molecular modelling using Hyperchem. The
geometry optimisations, vibronic spectra and electronic spectra of selected perylene
derivatives are presented. The dipole moments and polarisabilies of the perylene
derivatives are compared. The quantitative structure activity-relationship (QSAR)
properties of the perylene derivatives are also presented in this chapter.

Chapter 4 describes the synthesis, characterisation and optical limiting
properties of a perylene derivative that has controlled aggregation as well as
improved solubility.

In chapter 5, the thermal properties and photophysics of the perylene
derivatives are presented. The photophysics includes uv-vis absorption,

fluorescence and cyclic dichroism. A study of the life times and quantum vyields is
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also presented therein. The anisotropy of physical properties is shown to be
reflected in the variable angle spectroscopy findings.

Chapter 6 reports on the structural properties of the perylene derivatives.
Atomic force microscopy, transmission electron microscopy and scanning electron
microscopy are the techniques used for structural studies. The investigation of
perylene derivatives as possible two photon absorption materials is reported.

Chapter 7 is a summary of the work done for the PhD and highlights the
significant findings. Recommendations for future work are also made in this chapter.
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Chapter 2

Materials and Experimental Techniques

2.1 Introduction

This chapter provides an introductory overview of perylene and its
derivatives. The general characteristics, common production methods and
applications of perylene derivatives are highlighted in this chapter. Conventional
experimental and characterisation techniques used in this research are explained in
this chapter. The end of the chapter provides a summary of the specific materials
used and studied in this work.

2.2 Perylene derivatives

2.2.1 From vat dyes to high performance pigments and functional
dyes

Perylene is a polycyclic aromatic hydrocarbon (PAH) which occurs as a
brown solid and has the chemical formula CyoH;,. Perylene occurs pervasively in
both marine and freshwater sediments as a major component of other PAHs (1)and
is strongly believed to originate principally from anaerobic diagenesis of organic
matter, but its precursor material remains enigmatic(2-4). The basic chemical
structure of the perylene molecule is shown in Fig. 2.1 and can be considered to be
made up of two naphthalene molecules joined by single C - C bonds at positions 1
and 8. The centre ring is therefore not a benzene ring as this would cause sp?
hybridisation of two of the C atoms resulting in the loss of some of the molecule’s
aromaticity(5).

(@) (b)

Figure 2.1 Basic chemical structures of naphthalene (a) and perylene (b)
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Perylene is highly fluorescent and has current applications as a blue emitting
dopant in OLEDs, an organic photoconductor and also as a fluorescent lipid probe.
The perylene molecule is both thermally and chemically stable. Due to the thermal
and chemical stability as well as the aromaticity, perylene has been made to form
the core of many other PAHs. Positions pairs 3,4 and 9,10 are known as peri-
positions whereas position pairs 6,7 and 12,1 are called the bay positions. A
variety of “functional groups” or chromophores can be added via chemical reactions
to the different positions so resulting in an even wider variety of perylene based
molecules.

The first perylene derivatives were discovered in 1913 by M. Kardos(6) and
were used as vat dyes for textiles. To date some perylene derivatives are still
referred to as perylene dyes. The development and commercial use of these
perylene based susbstances as pigments was not realised until the late 1950s and
today the peryiene pigments have found use in the coloration of automotive paint
and in mass coloration of synthetic fibre and engineering resins(7). They have been
consequently classified as high performance organic pigments originally defined as
fluorescent particulate organic pigments that demonstrate high performance
properties in their end use applications(8). There are however still more perylene
dyes than perylene pigments. The synthetic manufacturing of dyestuff and
pigments has been a major propellant of the 19" century industrial revolution
mainly because colour appeals to human beings. Table 2.1 shows the production
site for main high performance pigment producers(8).

Table 2.1 Main producers of high performance pigments.
PRODUCER | MAIN PIGMENT CLASS

BASF Perylenes, isoindolenes/isoindoinones, quinophthalone,

phthalocyanine specialties, anthraquinones

BAYER Quinocridones, dioxazines, perylenes, phthalocyanine specialties

CLARIANT Quinocridones, dioxazines, perylenes, special azos, hp naphthols

CIBA Quinocridones, dioxazines, perylenes, special azos, phthalocyanine
specialties, other polycyclic pigments

DIC/SUN Quinocridones, dioxazines, perylenes, special azos, hp naphthols
phthalocyanine specialties

It is evident from Table 2.1 that the few producers who dominate this
market all produce perylene based pigments. Confidential production know-how has
been accompanied by heavy investment requirements. As a result, recent times
have seen the use of organic dyes and pigments for colouring textiles and other
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consumer goods expanding to the field where they are now known as part of
“functional dyes”. Tang and van Slyke’s 1985(9) copper phythalocyanine and
perylene derivative photovoltaic cell is a well known “turning point” of perylene
derivatives from dyes and pigments to functional dyes. In the functional dye
context, the aesthetic appearance is no longer the most important role but rather
both the chemical and physical properties like light emission, absorption,
photoelectric, photochemical activity and light induced polarisation (10). It is not
amazing that both production methods and fields of application for perylene
derivatives have expanded widely as summarised in section 2.2.3.

2.2.2 General characteristics of perylene derivatives

Perylene derivatives have attracted much attention amongst small molecule
organic semiconductors for a wide range of very promising optoelectronic
applications; from solar cells(11), through field effect transistors(12), optical
switches, chemical sensors, liquid crystal displays(13) to organic light emitting
diodes(OLEDs) (14). The wide variety of applications is only possible due to the
unique characteristics of perylene derivatives. When originally discovered, it was
their colour, very appealing to humans, which found them having use as vat dyes
and eventually pigments. Their thermal stability and light fastness aided to such
applications. As organic pi-conjugated materials with a perylene aromatic core, the
perylene derivatives boast of strong absorption and intense fluorescence in the
visible range with brilliant colours (15, 16). They have large carrier mobilities(17),
are suitable for epitaxial growth(18) and can be chemically tuned allowing for their
extensive use as functional dyes(10). This family of materials has outstanding
chemical, thermal and photochemical stabilities. Perylene imides, a popular family
of perylene derivatives, represent a class of n-type semiconductors with high
electron affinity among large-band-gap materials and therefore are potential
photoactive and electro-active organic materials(13). Ongoing material science
study of perylene derivatives aims at incorporating potential devices into all plastic
integrated circuits for low end and low cost optoelectronics(19).

Original perylene derivatives were highly insoluble, which limited their
applications. Recently production methods have focused on producing soluble
perylene derivatives without compromising other properties and so expanding their
range of applications. Another common property of perylene derivatives is
aggregation due to them being pi-systems. In solid state based devices, this has a
tendency to quench the fluorescence. Other synthetic routes in which bulky groups
are added to the perylene core have resulted in the reduction of aggregation.
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Very recently, the two photon absorption properties of perylene derivatives
have come to light. TPA based applications are very numerous as explained in
Chapter 4’s section 4.1.

2.2.3. Production methods and applications of perylene derivatives

As described in section 2.2.1, a wide range of functional groups or
chromophores can be attached to any of the perylene positions shown in Fig. 2.1.
These chromophores then control the physical and chemical properties of the
resulting perylene derivatives which in turn determine their possible applications.
Thus the full potential for perylene derivatives in such functional applications is still
emerging and is obviously beyond the scope of our imagination and this thesis. The
fact that there are different possible chromophores determines the production
method and one can imagine as wide a range of production methods as there are
types of chromophores. Some selected production methods and applications are

summarised in this section.

Figure 2.2. Synthesis of bis-imides perylene derivatives from PTCDA

The most common and well studied perylene derivative is the 3,4,9,10-
perylene-tetracarboxylic-dianhydride (PTCDA), an archetypal molecule whose basic
properties have been studied for over ten years(20-28). PTCDA is commonly used
as the parent molecule in most syntheses of perylene derivatives. Figure 2.2 shows
the scheme for the production of imide based perylene derivatives which are also
the most common type. R can be a hydrogen (H) atom or any alkyl group (aromatic,
aliphatic or combined). One can now imagine how many different types of perylene
derivatives can result from just this type of synthesis.

This synthesis involves the condensation reaction of PTCDA with a primary
amine(29, 30). The choice of the solvent for this reaction depends on the reactivity
of the amine. For reactive amines, e.g. alkyl amines, water or DMF can be used at

Page | 14



100 - 160°C (31). For less reactive amines such as aromatic amines with reaction
temperatures of 160 - 180°C, solvents such as quinoline or molten imidazole are
necessary and zinc acetate can be used to catalyse the reaction; it has been
suggested that the aforementioned solvents have an ability to solubilise the
anhydride. One of the reasons why perylene derivatives are used for pigment
application is their low solubility which also was a handicap for the development of
their chemistry. Even though their strong fluorescence was discovered in the 1940s,
practical applications were limited due to low solubility. The introduction of alkyly
groups at the N atoms as shown in Figure 2.2 improves solubility. Whilst the
scheme in Fig. 2.2 is used to produce symmetrical imides, it can be developed to
produce mono-imides as well as non-symmetrical imides (31-33). In addition to the
diimide product in Fig.2.2 being useful for the synthesis of multi-chromophores
(34), it is also a very useful intermediate from which different functional perylene
dyes are derived (10) leading to whole big classes of perylene based near infra-red
dyes(35), thermotropic dyes(36), star polymers(10) and dendritic dyes(37).
Current investigations on applications of perylene based imides include optical
switching(38), photoreceptors, chemical sensors, electroluminescent devices(39, 40)
and colourful liquid crystal displays. Imides derivatives of perylene have also
attracted a lot of attention due to potential applications in solar cells(41).

Whilst the condensation of PTCDA with an amine is the most popular and
almost the starting point of subsequent perylene derivatives, other methods exist
and depend on the desired end product and its function. One of the common
limitations of perylene derivatives is the formation of aggregates. Whilst this may
be a limitation in some cases, it may be desirable in other applications. Where it is
not desired, aggregation may be reduced by addition of appropriate bulky groups at
the correct positions. By introducing four arylyoxy substituents at the bay areas,
Wurthner was able to synthesise perylene derivatives with twisted flourophores for
supramolecular chemistry(42) towards the derivation of self-assembled
nanoelectronic and nanophotonic devices(43). Wurthner et. al also synthesised one
dimensional luminescent nano-aggregates of perylene bisimide by attaching very
bulky groups at the N nodes of the bisimide(44). The resulting aggregates
compared well with the archetypal PTCDA and are very promising as
semiconducting wires and in (nanoscopic) LEDs. Nolde et. al also synthesised core-
extended perylene diimides with branched alkyl chains so increasing the solubility
and lowering the isotropization temperature of the liquid crystalline phase for better
processing as well as achieving a more effective n-n interaction leading to highly
ordered supramolecular architectures with high charge carrier mobilities(45). The

core extension was done along both the long and short aromatic axes. Muller and
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Mullen also achieved extension of the core and shifted absorption both side of the
red to yellow and violet (46), the resultant products of which are characterised in
depth in this study.

Aggregation can quench the fluorescence of perylene dyes(47, 48). Langals
et.al was able to control self-organisation of perylene dye molecules by introducing
bulky peripheral groups producing monoimides and non-symmetrical diimides
without affecting the fluorescence quantum yield. A variety of synthesis methods is
described in his paper (49).

R
.
o)

(o}
l l RI/ROH OO
+
Catalyst/T °C/time ! !
(o} o}
R R

Figure 2.3 General chemical reaction for the production of 3,4,9,10-tetra-
(n-alkoxycarbonyl-perylene)

Figure 2.3. shows the structure of another interesting family of perylene
derivatives is the alkoxycarbonyls namely 3,4,9,10-tetra-(n-alkoxycarbonyly)-
perylene where n is the number of carbon chains in the alkyl group. Besides the
usual inherent perylene attributes of fluorescence and stability, this family also
shows liquid crystal behaviour with electron transport capability so complementing
known columnar hole transporters. The synthesis route involves refluxing PTCDA
with a suitable halogenide or tosylate and alcohol, at a temperature T °C controlled
by their boiling points, over an appropriate catalyst such as potassium carbonate
(17) which is a much easier synthesis compared to the original method (50). The
reaction time depends on the boiling point of the halogenide or tosylate and can
range from 2 days to one week. Benning et al. confirmed the absence of liquid
crystallinity for n=10. In this thesis, a member of this family with n=12 is
synthesised and comprehensively characterized as described in chapter 4 and in
part confirming Benning’s result.
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2.3 Characterisation techniques

The experimental techniques employed in this research are conventional
techniques and were performed using standard methods and instruments without
any modifications. This section outlines experimental techniques applied commonly
to the whole research.

2.3.1 Atomic Force Microscopy (AFM)

The atomic force microscope (AFM), also known as the scanning force
microscope (SFM) was invented by Binnig, Quate and Berber in 1986(51). The AFM,
like all other scanning probes, makes use of a very sharp probe moving over the
surface of a sample in a raster scan. There are about two dozen types of scanned
proximity probes where a local property like height, optical absorption or
magnetism is measured with a probe placed close to the sample. In the case of the
AFM, the local property is the height whilst the probe is a tip on the end of a
cantilever which bends in response to the attractive or repulsive force between the
tip and the sample.

Photodiode

Sample Surface Cantilever & Tip

PZT Scanner

Figure 2.4 Concept of AFM with schematic of tip on a cantilever touching a
sample(52)

Figure 2.4 illustrates how the AFM operates. When the cantilever flexes,
light from the laser is reflected onto the split photodiode. In principle the AFM
resembles a record player as well as the stylus profilometer, but incorporates some
of the following refinements that enable it to achieve atomic scale resolution;
sensitive detection, flexible cantilever, sharp tips, high resolution tip-sample
positioning and force feedback. A difference signal measures the change in the
cantilever bending.
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In the most common and popular repulsive or “contact” mode, as a raster
scanner drags the tip over the sample, some detection measures the vertical
deflection of the cantilever indicating the local sample height. Hence in contact
mode the AFM measures hard-sphere repulsion forces between the tip and the
sample. In the non-contact mode the AFM derives topographic images from
measurements of attractive forces and the tip does not touch the sample(53).
Tapping mode involves moving the oscillating tip towards the surface until it begins
to lightly touch or tap the surface. Tapping mode overcomes problems associated
with friction, adhesion electrostatic forces and other difficulties by alternately
placing the tip in contact with the surface to provide high resolution and then lifting
the tip off the surface to avoid dragging the tip across the surface. Contact mode
imaging is heavily influenced by frictional and adhesive forces compared to non-
contact and tapping modes. Non-contact mode generally provides low resolution
and can be hampered by the contaminant layer which can interfere with oscillation.
Other modes also exist but are not commonly used. These include lateral force,
magnetic and thermal scanning.

Compared to other imaging techniques, the AFM has several advantages and
that has made it grow into a very popular imaging method. The AFM provides
extraordinary topographic contrast direct height measurements and unobscured
views of surface features without any coating, unlike in scanning electron
microscope (SEM). In AFM, three dimensional images are obtained without
expensive sample preparation and yield more complete information than two
dimensional samples obtained by transmission electron microscopes (TEM). The
AFM provides unambiguous measurement of step heights independent of reflectivity
differences between materials which optical microscopy cannot do. With scanning
tunnelling microscopy (STM), the voltage and tip-to-substrate spacing are integrally
linked whereas in AFM they can be controlled independently.

The AFM is applied to solve processing and materials problems in a wide
range of technologies affecting electronics, telecommunications, biological,
automotive, aerospace and energy industries. Materials under investigation include
thin and thick film coatings, ceramics, composites, glasses, synthetic and biological
membranes, metals, polymers and semiconductors. Phenomena like abrasion,
adhesion, cleaning, corrosion, etching, friction, lubrication, plating and polishing
have been studied using the AFM since the AFM not only images the surface in
atomic resolution, but can also measure the force at nano-newton scale. It is not
surprising that AFM related publications have greatly increased.
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2.3.2 Scanning Electron Microscopy

Figure 2.5 Schematic of the SEM(54)

Structures of tiny substances can be visually analysed using optical

microscopes. When the wavelength of the radiation used becomes the same order
as that of the object under study, diffraction effects then limit the distinctness of
the boundaries of the object or the image being processed by the instrument.
Corrective techniques exist but the battle is ongoing and uphill. The scanning
electron microscope (SEM) circumvents diffraction limits and can be used to
analyse particles at subatomic and nano-metre scale. Max Knoll produced the first
SEM image in 1935 (55). Two to three years later, Manfred von Ardenne did some
practical work but did not produce the SEM instrument (56-58). The first SEM
known as the "Stereoscan" was first marketed in 1965 (59).

Figure 2.5 is a schematic of an SEM. The SEM is an instrument which can
produce a greatly magnified image using electrons in the place of light. The SEM
scans a focused beam of electrons across a sample surface. An electron gun is the
source of primary electrons. Electromagnetic fields and lenses are employed to

focus the beam of primary electrons towards the sample. On interacting with the
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sample the primary beam of electrons causes electrons and X-rays to be ejected
from the sample. The ejected electrons are called secondary electrons. Some of the
primary electrons are backscattered from the sample. A system of detectors collect
the backscattered electrons, the secondary electrons, the X-rays, some light due to
cathode-luminescence as well as transmitted electrons converting them to a signal
to produce a final image on a monitor screen. The SEM can produce well resolved
images revealing 1-5 nm detail on samples. The magnification can be as high as
X250000 which is about 250 times that of known light microscopes to date.

Limitations of the SEM include the need for a vacuum to produce electrons,
so samples must be stable under high vacuum. The samples can only be solid and
sample size is limited by the SEM sampling chamber. Only electrically conductive
samples can be viewed or analysed using an SEM so there is need to coat non-
conductive samples with a conductive metal before analysis.

2.3.3 Transmission Electron Microscopy

anode

condenser lens
specimen

objective
aperture lens

intermediate
lens

projector lens
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Figure 2.6 Schematic of a TEM(60)

The transmission electron microscope (TEM) was the first electron
microscope invented to deal with the diffraction limits or shortcomings of optical
microscopes. The first TEM was built in 1931 by Max Knoll and Ernest Ruska. The
operational principles are almost the same as those of the SEM described in section
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2.3.2 except that the image results only from the transmitted electrons. Figure 2.6
shows a schematic of the TEM. It consists of an electron gun, which produces the
electron beam, a condenser system which focuses the beam onto the object or
sample and the image-producing system consisting of the objective lens, movable
specimen stage, and intermediate and projector lenses, which focus the electrons
passing through the specimen to form a real image.

The TEM technique has a few drawbacks. Most materials require extensive
sample preparation to produce an electron transparent thin enough sample. This
makes TEM analysis a relatively time consuming process with a low throughput of
samples. The structure of the sample may also be changed during the preparation
process. TEM field of view is relatively small, raising the possibility that the region
analyzed may not be characteristic of the whole sample. It is thus necessary to
image sample over many positions. The electron beam may damage the sample,
particularly in the case of biological materials. Resolution of the HRTEM is limited by
spherical and chromatic aberration, but a new generation of aberration correctors
has been able to overcome spherical aberration(61).

2.3.4 Thermo gravimetric Analysis

The term “thermal analysis”, originally used by Tamman (62, 63), refers to a
variety of techniques in which the temperature dependence of a chosen physical
property of a sample is continuously measured whist the sample is subjected to a
pre-determined temperature profile. Thermal analysis techniques are used in
virtually every area of modern science and technology. The basic information that
these techniques provide, such as crystallinity, specific heat and expansion, are
relied on heavily for the research and development of new products. Thermal
analysis techniques also find increasing use in the area of quality control and
assurance, where demanding requirements must be met in an increasingly
competitive world. Thermal analysis instruments are used in universities for
applications ranging from basic undergraduate studies to the most sophisticated
postgraduate research.

Temperature
i ‘ Recorder
Recording
Balance

Figure 2.7 Schematic of the thermo gravimetric analyser(64)
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Thermo gravimetric analysis (TGA) examines the process of weight changes
as a function of time, temperature, and other environment conditions that may be
created within the apparatus. Common parts of a TGA instrument include a
sensitive thermo-balance attributed to Honda (65, 66), which monitors the weight
of the sample, a digital recorder which records the variation in weight during a TGA
run, a ceramic material heating furnace, F as shown in Fig.2.7, in which the sample
S is placed in a crucible, a temperature programmer and a computer monitor to
display the data. The data is usually displayed graphically as a weight loss versus
temperature or time, and sometimes as the derivative of the weight loss. TGA can
be run under different atmospheres like in air or in an inert environment, as in
argon or nitrogen, important where oxidation would be a nuisance in the course of
studying the material’s temperature dependent properties.

TGA is applicable in the determination of the thermal stabilities of materials
under the required atmospheres. When coupled with FTIR, it is possible to tell what
materials or groups of elements have been lost at each loss stage in the TGA. This
coupling of TGA with FTIR is applied in this thesis. Lifetimes of materials can also be
determined from TGA. The oxidation and reduction of the materials can be also be
monitored using TGA. Solvent residues can be elucidated from the derivative TGA
curve and the presence of volatile components in a sample can be estimated. The
presence of trapped solvents and their effect on thermal stability of materials can
be studied using TGA. The kinetic features of all types of loss or gain can be
analysed for predictive studies or to gain knowledge of the controlling chemistry.
Generally thermal events like melting, crystallization and glass transition do not
bring a change in mass, but thermal changes accompanying mass change like
decomposition, sublimation, reduction, desorption, absorption and vaporisation can
be measured by TGA.

2.3.5 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is one of the thermal analysis
methods. DSC is a technique in which the difference in energy inputs into a
substance and a reference material is measured as a function of temperature whilst
both the substance and the reference materials are subjected to a controlled
temperature program. In power-compensation DSC the temperatures of the sample
and reference are controlled independently using separate, identical furnaces. The
temperatures of the sample and reference are made identical by varying the power
input to the two furnaces; the energy required to do this is a measure of the
enthalpy or heat capacity changes in the sample relative to the reference. In heat-
flux DSC, the sample and reference are connected by a low resistance heat-flow
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path (a metal disc) as shown in Fig.2.8. The assembly is enclosed in a single
furnace. For power-compensation DSC, the heat flow rate is normally plotted on the
ordinate with endothermic reaction upwards whilst in heat flux DSC the curve has
the endothermic reaction downwards.

- Dynamic Sample Chamber
Reference Pan

Sample Pan

A MO, b S S ST LS

Thermocouple
Junction

Alumel Wire
Chromel Wire

Thermoelectric Disc
(Constantan)

Figure 2.8 Experimental set-up for heat flux DSC(64)

Figure 2.8. shows the general set up for a heat-flux DSC experiment. The
main assembly of the DSC cell is enclosed in a cylindrical, silver heating block,
which dissipates heat to the specimens via a constantan disc which is attached to
the silver block. The disc has two raised platforms on which the sample and
reference pans are placed. A chromel disc and connecting wire are attached to the
underside of each platform, and the resulting chromel-constantan thermocouples
are used to determine the differential temperatures of interest. Alumel wires
attached to the chromel discs provide the chromel-alumel junctions for
independently measuring the sample and reference temperatures. A separate
thermocouple embedded in the silver block serves as a temperature controller for
the programmed heating cycle. An inert gas is passed through the cell at a constant
flow rate of about 40 ml min™.

DSC can be used to obtain the glass transition temperature of amorphous
and semi-crystalline polymers, melting points of materials, crystallization time and
temperature, the percentage of crystallinity, heats of fusion and reactions, specific
heat and heat capacity, oxidative stability, rate and degree of curing, reaction
kinetics, percentage of purity and thermal stability.
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2.3.6 Open aperture Z-scan

The Z-scan technique is the most popularly used method for investigating
non-linear optical properties of certain media including non-linear absorption,
scattering and refraction(67). The Z-scan method is an easy and relatively simple
way for measuring nonlinear absorption coefficients as well as nonlinear refractive

indices for a wide variety of optically interesting materials.

CllS

Beamsplitter

Sample

detector

Reference
Detector

Figure 2.9 Schematic diagram for open-aperture Z-Scan(68)

In open-aperture Z-scan, the sample material is translated along the axis of a
focused Gaussian laser beam and changes in the beam’s characteristics, such as far
field intensity, is measured as the sample changes position (Fig 2.9). The real and
imaginary parts of the third order susceptibility can be deduced from the intensity
versus Z-scan curve as explained in the theory on open-aperture z-scan reievant to
this thesis given and first applied in Chapter 4 (see section 4.2.3) and further
applied in Chapter 6.

2.3.7 Photophysical Processes

Photophysical processes result from the photo excitation by electromagnetic
radiation and subsequent relaxation of a molecular system from one state to
another via either a radiative or non-radiative transitions with no chemical
modification of the species. Common radiative photophysical processes involving
photons are absorption (A), photoluminescence or fluorescence (F) and
phosphorescence (P) whilst common radiationless transitions are vibrational
relaxation (VR), intersystem crossing (ISC) and internal conversion (IC). The
electronic levels and transitions involved with the photophysical processes in
organic materials are usually represented schematically in a Jablonski diagram as
shown in Figure.2.10.

Page | 24



Lowest excited
g singlet state Lowsest excited
ﬂ Ground

electronic state % WPt ot sin
—— = S 1. Absorption

2. Fluorescence

3. Phosphorescence

4. Vibrational relaxation
5. Intersystem crossing
6. Internal conversion

Energy

— Processes involving photons
" Radiationless transitions

Figure 2.10 Jablonski diagram showing electronic levels and photophysical
processes.

Absorption (A)

The colour of objects is determined by the visible light they absorb. Visible
or ultraviolet light is absorbed by the valence or outer electrons which are
promoted from their ground or normal states to higher energy or excited states.
The energies of the orbitals involved in the electronic transitions have fixed values.
Due to quantisation of energy, the absorption peaks in the ultraviolet/visible (UV-
Vis) spectrum are expected to be sharp but this is rarely observed due to
superposition of vibrational and rotational transitions (available to absorbing

materials) on the electronic transitions, giving a combination of overlapping lines.

] ’ ? o’(anti-bondinq)
o . x" (anti-bonding)
L
5 S n4o
n-e+xX e
] b xp o oo
Z n (non-bonding)
*
- (L 4
x (bonding)
o (bonding)

Figure 2.11 Possible electronic transitions of n, c and n electrons.

Valence electrons exist in three types of electron orbitals namely single (o
bonding orbitals), double or triple (= bonding orbitals) and non-bonding orbitals
(lone pair electrons). Sigma (c) bonding orbitals tend to be lower in energy than =
bonding orbitals which in turn are lower than non-bonding orbitals. With the correct
frequency of electromagnetic radiation being absorbed, transitions occur from one

of the above-mentioned orbitals to any empty orbital usually an anti-bonding orbital
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o* or n* (Fig.2.11). Transitions from bonding orbitals are too short a wavelength to
measure easily, hence most of the common absorptions involve n- n*, n- n* and ¢ — n*
transitions. The occupation of non-bonding molecular orbitals by electrons doesnot
change the bond order between relevant atoms i.e. doesnot contribute to the
binding energy of the molecule. In anti-bonding orbitals, electrons are repulsive
and act to destabilise the whole molecule.

UV-Vis spectroscopy is useful in the identification of functional groups in
molecules and in assaying i.e. determining the content and strength of a substance.
Most excitation occurs from the ground state only and so the absorption spectrum
can give information on the energy distributions for the first and second excited
states. Excited state absorption is also possible and is a dominant process
responsible for nonlinear optical responses. In this research, all these applications
of UV-Vis are employed in characterising the molecules under investigation.

Diffraction
grating -
Narrow slit Rotating mirror in
Sample cell Mirror phase with first
l rotating mirror

' il

@ "L——D—G——D——ﬂ\/

‘White’ 7
i o e Reference cell Detector fi
Chart
. recorder
Rotating segmented mirror
to allow radiation All mirrors are surface
through to the sample and reflecting to avoid
reflect it through the transmission/absorption
reference cell alternately through glass

Figure 2.12 Schematic for UV-Vis spectrometer.

Figure 2.12 shows the schematic for UV-Vis spectroscopy. The white source
is a hydrogen or deuterium lamp for the ultraviolet region and a tungsten/halogen
for the visible range enabling scanning in the UV-vis range. Light is incident
simultaneously through the sample and reference cells. The reference cell is either
the solvent only in the case of solutions or substrate only in the case of solid
samples. The spectrometer compares the light passing through the sample and
reference cells. The transmitted radiation is detected and the absorption spectrum
is recorded by scanning the wavelength of the light passing through the cells.
Single and double beam instruments both exist, the difference being that in single
beam instruments, the reference and sample are scanned separately but the
spectrum is recorded much faster than in double beam spectrometer. The recorded

Page | 26



spectrum can then be analysed and information is drawn from the analysis. The
Beer-Lambert law is the most commonly applied law in the analysis.

Beer's law states that the light absorbed for dilute solutions is directly
proportional to the number of absorbing species i.e. to the concentration of the
absorbing molecules. Lambert’s law states that the fraction of the absorbed
radiation is independent of the radiation intensity. The Beer-Lambert law is a
combination of these two laws and is given as:

A= logm(fl’-) = &bc (2.1)

where A is the absorbance, I, is the incident intensity, I is the transmitted intensity,
€ is the molar absorptivity in L mol™ cm™, b is the path length in cm and c is the
concentration of the solution in mol L. Equation 2.1 can be applied to calculate &
and An., the wavelength at which maximum absorption occurs. The two
parameters are often enough to identify a substance and when they are known, the
concentration of the solution can be calculated.

Flourescence (F)

The emission of light by a substance is referred to as luminescence, this
occurs when an electron in an excited state returns to the ground state losing its
energy as a photon. Three types of luminescence exist namely fluorescence,
phosphorescence and chemiluminescence. Fluorescence, also known as
photoluminescence (PL) occurs when a molecule returns to the electronic ground
state from an excited singlet state by emission of a photon and can be described by
the equation:

S1= S°+ hv (2.2)

where 4 is Planck’s constant, v is the frequency of the light emitted, Sy, and S; are
the ground state and excited state energies respectively. Emission takes place from
lowest levels of the excited state to the various vibrational levels of the ground
state, hence the fluorescence spectrum gives information about the vibrational
energy distribution of the ground state. Molecules relax non-radiatively prior to
emission, thus the energy of the emitted photons is always lower than that of the
excitation energy. The red shift in emission with respect to the absorption is known
as the Stokes shift. Emission rates of fluorescence are typically 10%s™ so that
typical fluorescence lifetimes, 1, are about 10 ns.
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Fluorescence is governed by various rules two common ones being Kasha's
rule and the mirror image rule. Kasha’s rule states that the emission spectra are
independent of the excitation wavelength. In the mirror image rule, the emission is
the mirror image of the Sy - S; transition (not the total absorption spectrum).
These rules are further explored and explained in the results associated with the
materials studied in this research.

The efficiency of the fluorescence process is given by the fluorescence
quantum vyields, defined as the ratio of the number of photons emitted to the
number of photons absorbed and is given by:

Q= —= (2.3)

where Q is the fluorescence quantum vyield, k, and k, are the corresponding
radiative and non-radiative rates respectively. Non-radiative decay does not involve
the emission of a photon. The maximum value of Q is unity (100%) where every
photon absorbed results in a photon emitted, i.e. radiationless decay rate is much
smaller than radiative decay rate(k, << k;). Compounds with quantum yields of
0.10 are considered quite fluorescent, thus perylene derivatives with quantum
efficacies close to 1 are very fluorescent materials.

The lifetime of an excited state is defined by the average time the molecule
spends in the excited state prior to returning to the ground state. Assuming n(t) to
be the number of excited molecules at a time t, the decay in n(t) will be given by:

==~k + kyy)n(2) (2.4)

de
which can also be expressed as:
n(t) = ngexp ("*/r) (2.5)

The experimenter actually observes intensity, and since intensity is directly
proportional to the number of photons, equation (2.5) can be re-written in terms of

intensities in the form:

I() = Lexp (Tt/) (2.6)
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Thus the lifetime can be calculated from the slope of a plot of log I(t) versus t. The
observed lifetime is the inverse of the total decay rate, (k, + k,)*. The lifetime of
the fluorophore in the absence of the nonradiative process is called the intrinsic
lifetime and is given by:

T = — 2.7)

sample 1n cryostat

laser

mirror
PL collection

« lenses
entrance slit
S

spectrometer
A
detector computer

Figure 2.13 Schematic of a fluorescence spectrometer.

Fluorescence instruments generally contain a source of light, a sample
holder, a detector and a readout device usually a computer. Fig. 2.13 shows the
schematic for the instrumentation. Sometimes a cooling system like cryostat or
heating system is included if low or high temperature dependence is required
respectively. The light source excites the sample which on returning to the ground
state gives up energy by luminescence. This energy is detected by the detector and
recorded or displayed on the readout device. In ordinary fluorescence (F) or
photoluminescence (PL) spectroscopy, the light source is fixed and the spectrum
measured by scanning the spectrometer. In photoluminescence excitation
spectroscopy (PLE), the detection is done at the peak emission and the frequency
of the light source is varied, effectively measuring absorption. In time-resolved
spectroscopy, short pulse light source and very fast detector are used and in this
manner lifetimes can be measured.

Fluorescence is useful in band gap determination, impurity level detection,

defect detection, quantum yields and studies of recombination mechanism and
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material quality. A modification of the usual fluorescence technique can be used to

determine lifetimes and relaxation processes.

Internal Conversion (IC) and Vibrational Relaxation (VR)

When a molecule that absorbs UV-Vis radiation does not fluoresce, it can
only have lost its energy by some other means referred to as radiationless transfer
of energy or non-radiative process. One such process involves the intra-molecular
redistribution of energy between possible electronic and vibrational states. The
molecule can return to the electronic ground state with the excess energy being
converted to vibrational energy so placing the molecule in an extremely high
vibrational level of the electronic ground state. Such a process is referred to as
Internal Conversion (IC). This excess energy is lost by collision with other
molecules so termed Vibrational Relaxation (VR) (See Fig.2.10). IC occurs between
excited states with same spin multiplicity as from the second singlet state to the
first singlet state. It thus is a radiationless de-excitation and an isoenergetic
process. VR involves dissipation of energy from molecule to its surroundings and

cannot occur for isolated molecules.

Intersystem Crossing (ISC)

There is another non-radiative process which involves a combination of
intra- and inter-molecular energy redistribution. The spin of an excited state can be
reversed leaving the molecule in an excited triplet state of a lower energy than the
excited singlet state. The process is known as intersystem crossing (ISC) and is
also shown in Fig.2.10.

Phosphorescence (P)

A molecule in the excited triplet state may not use ISC to return to the
ground state, but could lose energy by emission of a photon. This is termed
phosphorescence (see Fig.2.10). A triplet/singlet transition is much less probable
than a singlet/singlet transition. The lifetime of an excited state is very large (up to
10 s) in comparison to the average lifetime of excited singlet states. Hence
emission from triplet/singlet transitions can continue after the initial irradiation.
Phosphorescence competes with other radiationless transfer so it is usually
observed only at low temperature or in highly viscous media.
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2.3.8 Fourier transformation infra-red spectroscopy
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Figure 2.14 Schematic of FTIR(69)
The basic operational principles of Fourier Transform Infra-Red (FTIR)

spectroscopy involve passing infra-red radiation through a sample (solid, liquid or

gas). As shown in the FTIR schematic in figure 2.14, some of the infra-red radiation

is absorbed by the sample and some is transmitted through the sample. The

resulting spectrum is representative of the molecular absorption and transmission

and so acts as a fingerprint of the sample. Hence FTIR is useful in identifying

materials, quality or consistence of materials, amounts of components in a mixture

and vibrational characteristics of functional groups.
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Figure 2.15 The FTIR instrumental process(69)

The instrumental process is represented in Figure 2.15 and is as follows; the

source produces the infra-red radiation which enters the interferometer for
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“spectral encoding”. The resulting inter-ferogram is directed at the sample and is
transmitted and reflected by the sample. At this stage specific frequencies uniquely
characteristic of the sample are absorbed. The detector measures the final or
resulting special digitised inter-ferogram which is analysed by Fourier
Transfromations in a computer to produce a spectrum for analysis.

2.3.9 Variable angle spectroscopic ellipsometry

1. linearly polarized light ...

s-plane 3. elliptically polarized light

p-plane

plane of incidence

2. reflect off sample ...

Figure 2.16 Basic configuration of reflection ellipsometry

The development of new lithographic processes, new fundamental science,
and new metrology in the semiconductor, optical and data storage industries has
necessitated the need to determine optical properties of thin films and bulk
materials at short wavelengths. Variable angle spectroscopic ellipsometry (VASE)
offers non-destructive and precise measurement of thin film thicknesses and
refractive indices in the wavelength range from 140 nm to 1700 nm (0.73 eV to 8.9
evV).

A sample ellipsometry measurement is shown in Figure 2.16. The incident
light is linear with both p- and s- components. The reflected light undergoes
amplitude and phase changes for both p- and s- polarized light, and ellipsometry
measures these changes. To extract useful information about the material structure,
it is necessary to perform a model dependent analysis of the data. The data is
measured over the entire wavelength range and compared to a mathematically
generated model to obtain film thickness, refractive indices (n and k values), film
roughness and/or uniformity.
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2.3.10 HyperChem

HyperChem is a molecular modelling package created by HyperCube Inc. It
has a very wide variety of comprehensive applications. In this research,
HyperChem is used to predict the possibility of synthesising new perylene
derivatives by considering geometry optimisations. It is also employed to predict
vibronic and electronic spectra of both “possible” and already existing perylene
derivatives studied herein. Predictions of the HOMO and LUMO of the perylene
derivatives are also possible using the same package. The dipole moments and
polarisabilities are calculated using HyperChem and compared for the materials
studied. HyperChem is also employed here to determine the quantitative structure-
activity relationship of the molecules. Theoretical findings based on HyperChem are
then compared with the experimental findings from the experimental techniques
described in Section 2.3.

2.4 Specific Materials Used

The materials used in this research include a wide range of solvents for a
variety of purposes ranging from characterisation of the perylene derivatives,
through preparation of cleaning solutions like the popular base piranha, to use in
the synthesis of new materials. The two solutes used were mainly employed for
synthesis with 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) as the
parent molecule and potassium carbonate (K,CO3;) as the catalyst. Five perylene
derivatives are extensively characterised in this study.

2. 4.1 Solvents and solutes

Apart from the de-ionised water which was produced in-house, all other
solvents and solutes were supplied by Sigma-Aldrich (www.sigmaaldrich.com). Most

of the solvents were spectro-photometric grade and/or of very high purity. Tables
2.2 summarise the physical properties of the solvents and solutes. In this table, the
following abbreviations apply: MW = molecular weight, bp = boiling point, mp =
melting point, p = density, § = Hildebrand solubility parameter, P = Polarity index,
€. = dielectric constant, D = dipole moment and n = viscosity. All temperature
dependent parameters are quoted as at room temperature.
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Table 2.2 Physical properties of solvents and solutes

Material Formula MW bp mp [} P é
(g/mol) | (°C) | (°C) | (g/ml) (MPa)*/?

Acetone CsHesO 58.08 56.0 -94.0 0.79 |5.1 19.7
Ammonia NH; 17.03 - = 0.78 - -
Chloroform CHCl3 119.38 61.5 -63.0 1.48 |4.1 18.7
De-ionised water H,O (DI) 18.02 100.0 - 1.00 |9.0 48.0
Deuterated acetone CsDg0O 64.12 55:5 -93.8 0.87 - -
Deuterated CDCl; 120.38 60.9 -64.0 1.50 - -
chloroform
Dichloromethane CH,Cl, 84.93 39.8 -97.0 533 130l 20.2
(DCM)
Dimethyl- CsH;NO 75.08 153.0 | -61.0 0.97 |6.4 24.7
formamide (DMF)
Dimethly-sulfoxide C;HeSO 78.13 189 17.9 1.10, 4§ 7.2 26.4
(DMSO0)
Ethanol C;HesO 46.07 78.0 | -114.0 0.79 | 5.2 19.4
Hydrochloric acid HCI 36.46 >100.0 - 120 - -
(32%)
Isopropanol CsHs0 60.10 82.0 -89.5 0.79 3.9 24.5
N-methyly-2- CsHgNO 99.13 202.0 | -24.0 1.03 - 22.9
pyrrolidinone (NMP)
Methanol CH,O 32.04 64.7 -98.0 ur9 | 5.1 223
Potassium K,CO3 138.21 - 891.0 2.43 - -
carbonate
Pyridine CsHsN 79.10 115.0 | -42.0 098 |5.3 21.7
Tetrahydrofuran C4HsO o M) 66.0 | -108.0 0.89 |4.0 18.5
(THF)
Toluene C;Hg 92.14 110.0 | -93.0 0.87 |24 18.3
Trichloroethane C,H3Cl3 133.40 75.0 -35.0 1.34 - 15.8
(TCE)
1-dodecanol Ci2H2s0 186.33 261.0 24.0 0.83 - -
1-iodo-dodecane CioHosI 296.23 159.0 -3.0 1.20 - -
3,4,9,10-perylene- Co4HgOg | 392.32 - >300.0 - -
tetracarboxylic-
dianhydride
(PTCDA)
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Table 2.2 Continued

Material Formula | &, D n
(Debye)

Acetone Cs3HgO 21 2.88 0,32
Ammonia NH3 - - -
Chloroform CHCl;5 4.8 Tl Q.57
De-ionised water H,O (DI) | 80.0 1.85 1.00
Deuterated acetone CsDgO - - -
Deuterated chloroform CDCl3 - - -
Dichloromethane (DCM) CH,Cl, 9.1 1.60 0.44
Dimethyl-formamide (DMF) C;H,NO | 38.3 3.82 0.92
Dimethly-sulfoxide (DMSO) C,H¢SO | 47.2 3.96 2.00
Ethanol CHeO | 24.3 1.69 1.20
Hydrochloric acid HCI 4.60 1.03 1.90
(32%)
Isopropanol Cs;HsO 18.0 1.68 230
N-methyly-2-pyrrolidinone CsHgNO | 32.2 4.30 1.70
(NMP)
Methanol CH,0 33.0 1.70 0.60
Potassium carbonate K,CO3 - - -
Pyridine CsHsN 12.0 237 0.94
Tetrahydrofuran (THF) C4HgO 75 1.63 0.55
Toluene C;Hg 2.4 0.31 0.59
Trichloroethane (TCE) C,HsCls | 7.5 - 0.87
1-dodecanol C12H250 - = -
1-iodo-dodecane CioHasI - - -
3,4,9,10-perylene- C24HgOg - - -
tetracarboxylic-dianhydride
(PTCDA)
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2.4.2 Perylene Derivatives

(e)

Figure.2.17: Chemical structures of the perylene derivatives studied herein
(a)1,6,7,12-tetraphenoxy-N'N’Bis-(2,6-diisopropylphenyl)-perylene-

3,4,9,10-bis(dicarboximide) or perylene red (PR) (b) N’N’Bis(2,6-
xyly)perylene-3,4,9,10-bis(dicarboximide) or perylene orange (PO) (c)
indenoperylene dicarboxmonoimide or perylene violet (PV) (d)
Dibenzocoronene tetracarboxdiimide or perylene yellow (PY) (e) 3,4,9,10-

tetra-(12-alkoxycarbonyl)-perylene or perylene blue (PB).
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In this research, five very similar compounds are studied. The chemical

structures of the five perylene derivatives are given in Figure 2.17. All have a

perylene core with seemingly slight modifications of side chains and the positions to

which they are attached. These differences are not trivial but give rise to very

significant differences in the electronic and physical properties of the materials as
explained in the thesis. Materials (a) through to (d) were obtained from BASF
Germany whilst material (e) was synthesised in-house.
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Chapter 3

Molecular Modelling of perylene derivatives

3.1 Introduction

Theoretical calculations are an important tool to guide and support current
and future materials science laboratory studies. Absorption spectra can be
predicted and insight into the nature of absorptions can be gained. Trends that may
aid the direction of future research can be extracted. The expected behaviour and
characteristics of existing and potential new materials can be predicted. Molecular
modelling is a collective term referring to theoretical methods and computational
techniques to mimic the behaviour of molecules. It includes techniques for deriving,
representing and manipulating the structures and reactions of molecules as well as
those properties that are dependent on the three dimensions. In molecular
modelling, the lowest level of information is individual atoms or a small group of
atoms unlike in quantum chemistry where electrons are considered explicitly.
Molecular modelling thus reduces the complexity of the system so allowing many
more particles to be considered. Applications of molecular modelling include
investigating the structure, dynamics and thermodynamics of molecular systems be
they organic, inorganic, biological or polymeric.

There has been an increasing interest in the study of polycyclic aromatic
hydrocarbons (PAHs) and their potential and promising applications for the creation
of new dyes have yet to be exhausted. PAHs are components of natural pigments
with no artificial analogs (1, 2)and the reason for the high concentrations of PAHSs,
especially perylene, in marine sediments is their ability to recover(3, 4). Successful
PAHs applications include the production of quantum electronics materials (5-9).
The large size and high symmetry of perylene and most of its derivatives provides
an interesting database of PAHs candidates for detailed studies(10). Perylene
derivatives are currently gaining increasing interest due to their huge variety of
possible future electronic and photonic applications in diodes(11), waveguides(12),
quantum well structures(13), energy transfer dye lasers(14-16), solid state
lasers(17, 18), optical amplifiers(19), luminescent solar concentrators (20),
luminescent converters for blue light emitting diodes(19) and electron transport
materials for solar cells(21). It is this wide and varied extend of opto-electronics
applications that make perylene derivatives worth the investment and research
attention.
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In this chapter, the fundamental molecular modelling results using
Hyperchem on selected perylene derivatives are presented. The results include
geometry optimization, vibronic spectrum, electronic spectrum and quantitative
structure-activity relationship (QSAR) among other inferences drawn from the same.
These theoretical results are later compared to experimental results herein and also

in a later Chapter 5.

3.2 Theory

3.2.1 Geometry Optimisation

Molecular mechanics is concerned with searching the molecular potential
energy surfaces of molecules for equilibrium structures sometimes referred to as
minima. Geometry optimisation is the term given to the process of finding minima
on potential surfaces where the minima represent equilibrium states. At a minimum
point, the first derivative of a function f/ with respect to a variable x is zero and the
second derivative is positive. This is also true for all variables if the function
depends on more than one variable. Mathematically this is represented in equations
(3.1) and (3.2)(22)

.

2y =0 (3:1)
a*r

0—’: >0 (3.2)

The variables x; are the Cartesian or the internal coordinates of the atoms in the
case of quantum or molecular mechanics. This energy minimisation in molecular
modelling must precede any computational analysis in which molecular or quantum
mechanics are applied. Since minimisation of a function -/ is equivalent to
maximisation of the function f, the term optimisation is preferred to either
minimisation or maximisation (23). Geometry optimisation in molecular modelling
has the following applications; to characterise a potential energy surface, obtain a
structure for a single-point quantum mechanical calculation which then provides a
large set of structural and electronic properties and to prepare a structure for
molecular dynamics. Geometry optimisation can also be used to predict the
possibility of producing new molecules. If the structure conforms to steric hindrance,
the molecule may be synthesised but if the structure is inconsistent, then steric
hindrance is so pronounced that it may not be a feasible synthesis as the energy
barrier cannot be overcome. There can be a large number of minima on the energy
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surface but there is only one “global energy minimum” which is the minimum with
the lowest energy surface(22). Molecules can move from one minimum state to
another through transitions.

3.2.2 Vibrational and electronic spectra

Molecular modelling can be used to predict the structure and properties of
compounds based on mathematical models. Some of such properties as can be
predicted are the electronic and vibronic spectra.

A molecular vibration is excited when the molecule absorbs a quantum of
energy, E, corresponding to the vibration's frequency, f, according to the relation in
equation (3.3)

E =hf (3.3)

where h is Planck's constant. During a molecular vibration, the atoms in a molecule
are in a state of periodic motion whilst translational and rotational motions for the
whole molecule remain constant. The vibrations of a molecule can be very
complicated but quantum mechanics dictate that non-linear molecules have 3N-6
normal modes of vibration whereas linear molecules have 3N-5 normal modes of
vibration. The difference is due to the fact that rotation about the molecular axis of
linear molecules cannot be observed. In this research only non-linear molecules are
studied. The normal modes of vibration of polyatomic molecules are independent of
each other, each involving simultaneous vibrations of different parts of the
molecule. This is typically observed in this research with the perylene derivatives. A
fundamental vibration is excited when a quantum of energy is absorbed by the
molecule in its ground state. When two quanta are absorbed the first overtone is
excited, and so on to higher overtones.

The vibrational states of a molecule can be probed in a variety of ways. The
most direct way is through infrared spectroscopy, as vibrational transitions typically
require an amount of energy that corresponds to the infrared region of the
spectrum. Raman spectroscopy, which typically uses visible light, can also be used
to measure vibration frequencies directly. Thus in modelling the vibronic spectrum,
the calculated frequencies are the same as would be obtained in both infra red
spectroscopy and Raman spectroscopy whilst the calculated intensities are only
identical to those obtained in infra red spectroscopy. This allows for theoretical and
experimental comparison as shown in later in this chapter.

Two major types of vibrations exist which are stretching due to a change in
the bond lengths and bending due to a change in bond angles. Bending vibrations
include rocking due to a change in an angle between a group of atoms, wagging
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due to a change in the angle between the planes of groups of atoms, twisting due
to a change in the angle between the planes of two groups of atoms and out-of-
plane or scissoring due to atom moving in and out of the plane of the other atoms.
In a rocking, wagging or twisting coordinate the angles and bond lengths within the
groups involved do not change. Rocking is distinguished from wagging by the fact
that the atoms in the group stay in the same plane.

The electronic spectrum of a compound results from emission or absorption
of electromagnetic radiation during changes in the configuration of atoms, ions or
molecules as opposed to vibrational, rotational, fine structure or hyper-fine spectra.
The theory of electronic spectrum has been provided in Chapter 2’s section 2.3.7.
Electronic spectra can also be predicted by mathematical methods employed in
molecular modelling. Experimental spectra can then be compared to the
theoretically predicted ones.

The Parameterised Model number 3 (PM3)(22) is a semi-empirical method
for the quantum calculation of molecular electronic structure in computational
chemistry. It is based on the Neglect of Differential Diatomic Overlap (NDDO)
integral approximation. The PM3 employs similar formalism and equations as the
Austin Model 1 (AM1) method. The differences are that PM3 uses two Gaussian
functions for the core repulsion function, instead of the variable number used by
AM1 (which uses between one and four Gaussians per element) and the numerical
values of the parameters are different. Another difference lie in the philosophy and
methodology used during the parameterization; whereas AM1 takes some of the
parameter values from spectroscopical measurements, PM3 treats them as
optimizable values.

3.2.3 Quantitative structure-activity relationship (QSAR) properties

The major thrust of materials science is to understand and explain the
functions of molecular systems in molecular terms as well as relating the functions
to the properties of the molecules. The development of molecular modelling
techniques has aided the prospects of understanding the properties, functions and
reactivity of systems in terms of molecular structure. Quantitative structure-activity
relationships (QSARs) are attempts to correlate structural or property descriptors of
compounds/molecules with chemical or biological activity. The properties can be
obtained empirically but recently computational methods have been employed.
Equation (3.4) is a general form which relates the properties to the activity of a
molecule.

Activity = fl(p) (3.4)

where fis some function and p are structure derived properties of the molecule(22).
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Molecular modelling can be used to discover and design new molecules. In
most materials science studies, the modelling is done to predict the properties
based on a “designed” or expected structure of a molecule. Once the synthesis has
been done, the empirical results can be compared with the theoretical predictions.
There is a wide range of descriptors of molecular properties, however in this
research, the following QSAR were obtained using Hyperchem; mass, volume,
surface area, log P, polarisabilities, refractivity and hydration energy.

The mass of the molecule M is calculated by summation of individual atomic
masses m; that make up the molecule as is given by equation (3.5)

M=ZIm, (3.5)

The atomic volume contributions are calculated by numerical integration grid
technique where the volume of an atom whose van der Waals radius R is given in
equation (3.6)(23)

V= gnns (3.6)

The molecular volume is thus the sum of the individual atomic contributions. The
molecular surface areas are similarly calculated considering that the surface area of
an atom is the first derivative of its volume.

For an organic solute in equilibrium with water and a polar solvent, there
exists a parameter P called the partition coefficient which is approximately constant
and is a ratio of the concentration of the solute in the polar solvent to that of the
solute in the water defined by equation (3.7)

__ solute in polar solvent
solute in water

(3.7)

Originally discovered by Hansch (24) to relate biological activity to a molecule’s
electronic characteristics and hydrophobicity, log P has now become a popular
QSAR for chemical activity especially where atoms are substituted.

The permanent dipole p.(permanent) is one that a molecule has in free
space with no fields present. The molecular dipole moments may be due to non-
uniform distributions of positive and negative charges on the various atoms. The
direction of the resulting dipole moment is dictated by convention to point from the
more electronegative area of a molecule to the region of least electronegativity as
displayed in figures 3.2 to 3.8 for the perylene derivatives studied. When a weak
electric field E is applied to in a direction parallel to a molecule’s electric dipole
moment, it causes charge re-distribution and the induced dipole pc(induced) is
given by equation (3.8)

p, (induced) = p, (permanent) + aE (3.8)
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where o is the dipole polarisability defined as the relative tendency of a charge
distribution to be distorted from its normal shape by an external electric field. The
charge distribution may be an electron cloud of an atom or molecule say with total
charge Q and electron cloud radius a. The external electric field maybe due to a
nearby ion or a dipole. If d is the radius of the atom or molecule, a can be defined

as in equation (3.9)

a= -Q‘-:l= 4msya® (3.9)

where ¢, is the permittivity of free space(23).
Molar refractivity MR is one QSAR that can be used to model steric effects. It
is defined by equation (3.10) (22)

o
(n?+1) p

MR = (3.10)

where n is the refractive index, p is the density of the organic material and MW is
its molecular weight. The refractive index does not vary much from one organic
molecule to another and as molecular weight divided by density is the volume, MR
thus is an indication of steric effects.

3.3 Modelling

The molecular modelling was performed on the selected perylene derivatives
shown in Fig.2.17. Perylene and it's archetypal derivative, PTCDA, shown in
figs.2.1b and 2.2 respectively were used as standards. In addition to these, two
more “alkoxy” based perylene derivatives shown in Fig.3.1 were also modelled with
a view towards possible synthesis and steric effects, hence the bulky groups
substitution.

R

(¢]

For TBPB R = R1 = C Hy

Q o—%

For BPPBR = R2 =

)

Rr—=Cy

Figure 3.1 Structure of bulky groups substituted “alkoxy” based perylene
derivatives 3,4,9,10-tetra-(alkoxy-t-butyl)-perylene (TBPB) and 3,4,9,10-
tetra-(alkoxy 3,5 dibutyly phenoxy)-perylene (BPPB).
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3.3.1 Geometry optimisation

The molecules were drawn using the Chemistry Sketching package MDL ISIS
Draw 2.5 SP4. Hyperchem was employed to open the sketch files of the molecule.
The hydrogen atoms were added and model building performed. The MM+ (25)
molecular mechanics was set up before computing the geometry optimisation,
applying the Polak-Ribiere (26) conjugate gradient with a termination condition of
RMS gradient of 0.1 kcal/mol or 1680 points in vacuo. At convergence, the HIN file
was saved and properties such as the dipole moment, bond length and angles,
HOMO/LUMO, inertial axis, different renderings, isosurfaces and molecular graphs
including total charge density could be displayed. Any subsequent modelling was
only performed with the geometrically optimised molecular structure. All exported

pictorial files were done using metafile for high resolution on paper.

3.3.2 Vibronic and electronic spectra

To obtain the vibrational spectrum, the geometrically optimised structure
was opened into the Hyperchem workspace. The ball and stick rendering was
selected. The Parameterised Model number 3 (PM3)(22) quantum method was
selected for simplicity even though in reality any semi-empirical quantum method
would be applicable and produce similar results. The vibrations were computed
using the Restricted Hartree-Fock (RHF) (22, 23) spin pairing with an accelerated
convergence to an iteration limit of 50 and a convergence limit of 0.01. Once
completed, the vibrational spectrum could be displayed and forbidden and allowed
vibrations could be observed. Hyperchem displayed the frequency of vibrations,
their intensities and an option to view animations was present.

For the electronic spectrum, the single point computation was performed on
the geometrically optimised structure with none for configuration interaction to
allow observation of the HOMO and LUMO. The Austin Model 1 (AM1) semi-
empirical method was then setup with a singly excited configuration interaction
selecting six each of occupied and unoccupied orbitals. Another single point
computation was performed immediately followed by a computation of the
electronic spectrum from which could be extracted forbidden transitions, allowed
transitions, intensities and frequencies.

3.3.3 QSAR

The QSAR properties were obtained by computation of QSAR on the
geometrically optimised structure. The selected properties were partial charges,
approximate surface area, mass, volume, hydration energy, log P, refractivity and
polarizability. A choice of QSAR properties of surface area and volume was possible
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between van der Waals and solvent accessible surface with the solvent probe radius
fixed at 1.4 A.

3.4 Modelling results and discussion

3.4.1 Geometry optimisation

The geometry optimised structures for the perylene derivatives modelled are
shown in ball and cylinder as well as sticks rendering in Figs. 3.2 through to 3.8.
The figures include inertial axes and dipole moment direction for each derivative.
The length of the dipole is not to scale and doesnot indicate the strength of the
dipole. Hyperchem allows charge density visualisation on isosurfaces and in the
same figures the molecular electrostatic potential are displayed as 3-D mapped
isosurface. For the HOMO and LUMO potentials, green represents positive and

purpie represents negative.

Structure 3-D Mapped isosurface
Inertial axis Dipole moment

HOMO LUMO

Figure 3.2 Geometry optimised properties for perylene
Perylene forms the core or building block for all derivatives studied herein
and its properties are well known as described in section 2.2. In the same section,
it has been explained that PTCDA is a well studied archetypal perylene
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derivative(27). Alongside each other, the two can be used as standards against new
derivatives. In this research, perylene and PTCDA are modelled both as standards
as well as confirm the authenticity of the modelling program (Hyperchem) used.
Figure 3.2 shows some of the geometry optimised properties of perylene.
Hyperchem gives the molecular point group for perylene as D2H which is consistent
with previously obtained data(27). It thus has a centre of inversion and therefore
its dipole moment is expected to be zero as found in this research (see Table 3.16.).
The electron density is localised on the peripheral atoms as previously found(28).
As also shown by the inertial axis, perylene is a planar molecule. The HOMO and
LUMO orbitals distribution are very similar with those found elsewhere(29) differing
in values. This is explained later in this section concerning all the perylene

derivatives studied here.

~0351
0119

Structure 3-D Mapped isosurface
: §§F
+
Inertial axis Dipole moment

HOMO LUMO

Figure 3.3 Geometry optimised properties for PTCDA
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The geometrically optimised structures and properties of PTCDA obtained by
the modelling are shown in Figure 3.3. The inertial axes reveal the already known
planar structure whilst both the 3-D mapped isorsurface and the dipole moment
show symmetrical charge distribution(30). Hyperchem also confirmed the D2H
molecular point group for perylene and even to allocate it to the C2V subgroup of
the D2H. As in the case with perylene above, the HOMO and LUMO orbitals of
PTCDA are similar to previously observed and reported in literature (31-34) except
for values. Considering results for perylene and PTCDA, Hyperchem is thus a good
modelling package for other perylene derivatives.

Non-planarity

3-D Mapped isosurface
Structure PP

Inertial axis Dipole moment

HOMO LUMO

Figure 3.4 Geometry optimised properties for PR

The performed geometry optimisations for all the other perylene derivatives
PR, PO, PB, PV, PY and TBPB show that the most stable structures of the respective
molecules are associated with perpendicular position of all substituents to the
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perylene core as shown in figures 3.4 to 3.9. This is referred to as the non-planar
structure as opposed to the structures of perylene and PTCDA. The non-planarity
feature is independent of the position of the substituents be they at the peri- or
bay- positions or both. As evident from the results, all perylene derivatives reach
optimisation by some form of twisting in relation to steric hindrance. However this
is not so obvious in PV and PY. The twisting and turning away from each other of
the substituents causes the dipole moments to be directed as shown in the

individual cases and is a result of charge redistribution.

+2619

0123

Structure 3-D Mapped isosurface

Inertial axis Dipole moment

HOMO LUMO

Figure 3.5 Geometry optimised properties for PO
The lack of both symmetry and planarity causes a structural behaviour which

ensures that the dipole moments are not directed as in the cases of perylene and
PTCDA in which they are perpendicular to the molecular plane(28, 29).
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HOMO-LUMO

As in the case of perylene and PTCDA, the charge distribution for all the
other perylene derivatives is concentrated at the peripheral atoms. The HOMO and
LUMO orbitals potentials are also concentrated around the central perylene core for
each derivative. The potential distributions for the HOMO and LUMO obtained for
perylene and PTCDA were not consistent with previous findings, neither were the
band gaps as shown in Table. 3.16. As a consequence, the HOMO and LUMO of all
the other derivatives obtained here by Hyperchem are suspect. Whilst this may be
considered a limitation of Hyperchem, there is no direct effect on other results. One

a9
0128

Structure 3-D Mapped isosurface

Pe
i

Inertial axis

Dipole moment

HOMO LUMO

Figure 3.6 Geometry optimised properties for PV
of the reasons for this limitation is that most semi-empirical methods overestimate
the energy level of the LUMO. Another reason is that in calculating the HOMO-LUMO
bandgap, the modelling assumes ground state for the molecule. Removal of an
electron from the HOMO or its addition to the LUMO would change the energy level
due to Coulombic interactions which are not taken into effect. A better and more
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accurate calculation of HOMO, LUMO and band gap can be arrived at by using

density functional theory programs at the expense of time.

Symmetry and steric hindrance

Hyperchem predicts the molecular point group of PO, PV, PY, PB, PR and
TBPB as C1. This group only contains one trivial symmetry operator E which is the
identity operator. Therefore all the aforementioned molecules are asymmetrical or
have molecular conformations. The results in the table confirm this and the

molecules are therefore chiral. The lack of symmetry is attributed to the “repulsive”

3-D Mapped isosurface

Structure

Inertial axis PIpOIE THaniRed

HOMO LUMO

Figure 3.7 Geometry optimised properties for PY
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effect the substituents have on each other at the various positions around the
perylene core as they try to minimise energy in the ground state. This is commonly
known as steric hindrance or steric effects and is a result of the associated cost in
energy due to overlapping electron clouds (Pauli or Born repulsion) so affecting the
molecule’s preferred conformation and reactivity. It is the steric effects due to
substituents which give the perylene derivatives studied here the asymmetric and
hence chiral nature. In this research the geometry optimisation has also been used
to predict the possibility of a synthesis of new derivatives. With the objective of
studying the effects of bulky substituents on alkoxy perylene, the perylene
derivatives PB, TBPB and BPPB with respective bulky groups of dodecane, tbutyl
and 3,5 tbutyl phenoxy were modelled with a view to synthesis.

Structure 3-D Mapped isosurface
Inertial axis Dipole moment
HOMO LUMO

Figure 3.8 Geometry optimised properties for PB

Whilst predictions of possible conformations of geometrically optimised
structures can be made from the molecular sketches, the expected results were
obtained for all the perylene derivatives except for PB and BPPB (see figs 3.8 and
3.9). In PB, two of the oxygen molecules lie on the same side of the perylene core’s
plane, but from the Born or Pauli repulsion, one would expect that they be on either
side of the perylene core’s plane. As explained previously in section 3.2.1, there are
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several possible minima and the one obtained by Hyperchem here, whilst
“unexpected” is just one of them. One could be tempted to conclude that the
molecule does not have geometrical conformation and would not exist, but as

evident from Chapter 4, the molecule can be synthesised and was characterised to

1679

0.026

Structure 3-D Mapped isosurface

Inertial axis Dipole moment

HOMO LUMO

Figure 3.9 Geometry optimised properties for TBPB

prove evidence of steric hindrance and reduction of aggregation effects by bulky
groups in small molecules. With TBPB, the substiuents are non-linear in comparison
to PB and at the time of writing, the synthesis of TBPB was not effected. From the
results obtained, it is possible that two tbutyl groups could be attached on opposite
ends as well as opposite planes of the perylene core and the third and fourth group
could not be attached due to strong steric hindrance. The continued attempt to
synthesise and characterise TBPB is part of the future work.

Figure 3.10 Geometry optimised structure for BPPB
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Figure 3.10 shows the geometry optimised structure of BPPB. When
compared to the chemical structure sketch in figure 3.1, the position of three of the
four bulky 3,5 tbutyl phenoxy groups are as would be “expected” from symmetry
theory, but the fourth group completely interferes with the whole structure as
highlighted in Figure 3.10. The ground state structure of such a molecule can not
be optimised and so such a molecule cannot exist due to steric effects. Materials
science researchers would not be tempted to synthesise such a material.

3.4.2 Vibronic and electronic spectra

Tables 3.1 through to table 3.8 show selected vibrational modes for perylene
and its derivatives as modelled by Hyperchem. The selection criterion was to omit
any modes with infra red band intensities less than 50 km/mol. The infra red region
is usefully divided into three sections namely near, mid and far infra red with the
following respective wavenumber ranges 12800 - 4000, 4000 - 200 and 200 - 10
cm™. The boundaries are for didactic purposes and can vary depending on the
experimental detector used. As evident from the aforementioned tables, perylene
and its derivatives studied here absorb in the mid infra red region. The dominant
type of vibration from modelling results are also shown in the table and compared
to the Fourier Transform Infra Red spectroscopy (FTIR) results. There are two main
categories of vibrations namely stretching and bending. The subdivisions of bending
vibrations have been previously described in section 3.2.2. The actual vibrations are
complicated as shown by the animations and only the “dominant” vibration is
described in the tables.

Table 3.1. Selected vibrational modes for perylene.

NORMAL FREQUENCY | INFRARED

MODE (cm™) INTENSITY
(km/mol)

32 836 72.4

87 3006 50.7
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Table 3.2 Selected vibrational modes for PTCDA.

NORMAL FREQUENCY | INFRARED
MODE (cm™) INTENSITY
(km/mol)

36 624 50.9

77 1576 68.3

78 1586 85.9

80 1660 50.3

81 1678 68.2

82 1716 229.2

84 1833 83.6

87 1894 71.2

88 1911 81.4

93 2038 107.8

97 2159 115.8

98 2176 124.8

99 2182 844.6

100 2198 218.9

Table 3.3. Selected vibrational modes for PV.

NORMAL FREQUENCY | INFRARED

MODE (cm™) INTENSITY
(km/mol)

130 1300 161.5

159 1658 298.6

160 1692 73.8

168 1870 63.8

174 1989 197.0

179 2142 153.4

180 2152 506.8

181 2170 54.7
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Table 3.4. Selected vibrational modes for PO.

NORMAL FREQUENCY | INFRARED

MODE (cm™) INTENSITY
(km/mol)

176 1334 79.0

205 1423 54.1

206 1439 140.8

216 1579 331.8

219 1671 185.5

229 1814 148.0

233 1875 22872

235 1907 430.5

237 2004 165.6

239 2144 431.4

240 2149 154.0

269 3011 58.8

%T
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AL LA T
689.16

2868.50

958.04

83§12
{ 74 !7?1%
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© 296191
159363
125485

Figure 3.11 FTIR spectrum of perylene orange
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Table 3.5. Selected vibrational modes for PR.

NORMAL FREQUENCY | INFRARED

MODE (cm™) INTENSITY
(km/mol)

147 800 62.8

268 1318 51.0

270 1328 85.5

299 1428 120.2

305 1474 98.8

321 1644 82.5

322 1646 64.4

325 1686 1058.5

328 1736 200.0

340 1785 60.0

348 1905 145.1

349 1919 296.1

351 1970 236.9

354 2144 208.1

355 2150 717.7

%T

16750366

1584 .69

10
| " s - ’ . . '
4000 3000 2000
Wavenumbers (cm-1)

Figure 3.12 FTIR spectrum of perylene red
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Table 3.6. Selected vibrational modes for PB.

NORMAL FREQUENCY | INFRARED
MODE (cm™) INTENSITY
(km/mol)

144 615.6 52.1

415 1405 63.8

422 1550 339.1

432 1832 68.7

436 1933 157.1

447 2094 227.0

448 2102 284.8

558 3158 103.4

%T

291854

Figure 3.13 FTIR spectrum of perylene blue
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Table 3.7. Selected vibrational modes for PY.

NORMAL FREQUENCY | INFRARED
MODE (cm™) INTENSITY
(km/mol)
198 1247 98.2
236 1422 84.1
252 1613 97.3
253 1628 178.7
254 1673 56.0
269 1804 233.1
275 1868 62.1
277 1885 64.0
279 1910 96.9
282 2071 82.2
283 2076 787.7
; |
: P
i e
| : )12
e
® e ©
% |
4000 3000 2000 g ’ wao

Wavenumbers (cm-1)

Figure 3.14 FTIR spectrum of perylene yellow.
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Table 3.8. Selected vibrational modes for TBPB.

NORMAL FREQUENCY | INFRARED
MODE (cm™) INTENSITY
(km/mol)

239 1417 77.0

240 1428 167.3

243 1563 535.0

255 1904 362.3

262 2052 173.4

267 2170 553.7

269 2185.68 51.4

270 2186.35 73.0

The selected vibrational modes for perylene orange, perylene red, perylene

yellow and perylene blue compare well with the FTIR spectra of the corresponding

dyes.

Tables 3.9 through to 3.15 show selected electronic transitions for perylene

and its studied derivatives. The selection criterion was to leave out any transitions

with oscillator strength less than 0.1.

Table 3.9. Selected allowed electronic transitions for perylene.

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (cm™) STRENGTH

2 431.6 23168.3 0.71

22 235.1 42533.5 1.10

24 225.6 44323.9 0.59

25 219.7 45518.5 0.73

39 194.1 51519.8 1.60

48 181.5 55091.5 1.82

49 181.1 55224.3 0.10
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Table 3.10. Selected allowed electronic transitions for PTCDA.

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (cm™) STRENGTH

2 478.8 20884.7 0.91

22 255.6 39116.8 0.75

24 237.6 42090.6 0.08

25 235.1 42534.9 0.36

28 231.1 43263.5 0.93

33 210.1 47588.7 0.31

35 207.4 48205.5 0.17

38 204.2 48966.8 1.72

41 199.9 50037.3 0.57

42 194.7 51360.4 0.14

50 180.4 55422.0 0.30

Table 3.11. Selected allowed electronic transitions for PV.

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (ecm™) STRENGTH

3 495.9 20167.3 1.29

11 317.9 31454.5 0.19

15 290.7 34405.3 0.13

24 260.5 38381.1 0.46

25 257.5 38835.7 0.58

27 245.3 40763.2 0.42

29 226.1 44227.4 0.80

33 211.3 47316.7 0.13

34 210.8 47427.3 0.70

36 207.0 48306.3 0.27

46 194.0 51539.2 0.22

62 177.6 56308.3 0.40
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Table 3.12. Selected allowed electronic transitions for PO

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (cm™) STRENGTH

2 446.9 22374.7 1.35

19 274.3 36452.1 0.34

20 261.6 38222.2 0.65

Table 3.13. Selected allowed electronic transitions for PR

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (cm™) STRENGTH

2 486.9 20539.5 0.89

13 289.4 34556.6 0.13

14 276.0 36235.9 1.48

24 234.6 42634.0 0.10

28 226.4 44166.3 0.26

30 219.6 45541.5 0.13

32 214.6 46587.9 0.14

Table 3.14. Selected allowed electronic transitions PB

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (cm™) STRENGTH

2 504.4 19823.7 0.95

26 257.4 38847.7 0.24

27 246.3 40602.9 0.13

29 239.1 41818.0 1.39

36 215.6 46385.0 1.16

40 210.7 47470.2 0.31

41 209.9 47633.3 0.37

43 207.8 48133.2 0.35

46 206.4 48444.6 0.32

54 189.7 52704.2 0.42

57 187.6 53314.5 0.13
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Table 3.15. Selected allowed electronic transitions PY

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (cm™) STRENGTH
425.2 23518.3 0.51
403.0 24813.9 0.23

13 289.7 34518.5 1.18

21 271.7 36805.3 1.90

Table 3.16. Selected allowed electronic transitions for TBPB

TRANSITION | WAVELENGTH | WAVENUMBER | OSCILLATOR
(nm) (cm™) STRENGTH
2 464.4 21535.1 0.80
21 260.6 38371.6 0.54
26 233.9 42747.4 0.52
28 228.4 43780.3 1.01
37 204.3 48954.3 0. 1d
38 202.3 49432.1 1.62
43 196.9 50785.6 0.64
44 192.3 520111 0.34
50 186.8 53547.2 0.34
52 184.2 54276.7 0.49
54 179.5 95710.5 0.14

3.4.3 QSAR

Tables 3.17 and 3.18 respectively show properties from geometry optimised
structures and QSARs of the perylene derivatives studied. The properties in table
3.17 have been discussed under section 3.4.1. The HOMO and LUMO values for
each molecule indicate the orbital symmetry. From table 3.17, the molecular weight
obviously increases almost proportionally with the number of atoms for each
molecule. It must be noted that all materials here have a common perylene core
and substituents with additional O, H, C and N atoms. The type of building atoms

for all molecules remain the same and the possibility of an almost linear
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relationship between number of atoms and mass are high, but limited by the fact
that the substituent groups at the peri-, bay- or both positions are different.

In table 3.18, two sets of values are given for each molecule’s volume, grid
surface area and approximate surface area. The first values are based on a solvent
accessible surface where the solvent probe radius is 1.4 A whereas the
corresponding values in parenthesis are due to computations based on a Van der
Waals surface approximation. The Van der Waals surface and molecular volume are
conventional abstractions as they assume spherical atoms and only consider the
external surface for area and the enclosed area for volume disregarding the
intersections of the atoms. In table 3.18, the solvent accessible surface values are
greater than the Van der Waals based ones for the sole reason that a fixed probe
radius was used. Hyperchem allows this value to change between -1 and 10 and
thus different results could be obtained. For volume and surface area calculations,
Hyperchem outputs the individual atomic contributions to the total molecular
quantity, the difference between approximate surface area and grid surface area is
that in the later, the same atoms have different atomic contributions of the same
property in this case area.

By recognising that molecular weight divided by density is molecular volume
and applying that in equation (10), it is possible to calculate refractive indices for
the perylene derivaties. Such indices are shown in table 3.18. By modelling all
derivatives have an refractive index of 1.1. Hence light passing through such
materials is not refracted significantly which makes these materials appropriate in
applications where refraction of light will be a nuisance.
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Figure 3.15. Distribution of normalised Log P and hydration enery with

molecular mass.

Hydration energy is amount of energy released when one mole of the
substance is dissolved in water. Log P has already been defined in equation (3.7).
The variation of both of these two quantities for perylene and its derivatives seem
to have no correlation to the molecular masses as shown in figure 3.15. In addition
the hydration energies are on the high side (see table 3.18). This is because most
perylene derivatives are hydrophobic. The few known hydrophilic exceptions also
tend to aggregate(35) and efforts have been made to produce water soluble and
less aggregate forming perylene derivatives(36, 37). The perylene derivatives
studied in this research are not water soluble.

Volume and surface area

Figure 3.16 shows the normalised distribution of the volume and surface
area of the perylene derivatives with molecular mass. Obviously the volume and
grid surface area are superimposed due to reasons previously explained at the
beginning of this section. A mathematical linear fitting analysis of grid surface area
vesus volume gave a gradient of 1 with a zero standard error in the mean and an
adjusted R-square of 1. On the same argument the approximate surface area has
no correlation to the volume and grid surface area.
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Figure 3.16. Normalised distribution of volume and surface area as a
function of molecular mass.

Polarisability and molar refractivity
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Figure 3.17. Nomalised distribution of polarisability and refractivity with
molecular mass.

Figure 3.17 shows the normalised distributions of polarisability and molar
refractivity as a function of the molecular mass. Linear curve fitting of both
parameters have shown them to be linear with respective gradients of (0.104 +
0.003) A3/amu and (0.301 = 0.005) R3/amu for polarisability and refractivity for
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the molecules studied herein. The adjusted R-square values were 0.99 (2 d.p.) in
both cases. Linear equations relating polarisability and refractivity to molecular
mass for the perylene based molecules can therefore be given by equations (3.11)

and (3.12) where MW is the molecular weight of the molecule.

Polarisability (MW) = 10 +0.104MW (3.11)

Refractivity = 0.301MW (3.12)

With respect to the linear fitting relationship in equation (3.11), the value 10 would
be that due to the environment in which the molecules are placed implying a
minimum polarisability associated with perylene derivatives.

It can be noted from figure 3.17 to note that both polarisability and
refractivity vary in the same manner with molecular weight which can be related to
molecular volume through Hypercem derived QSAR properties. Mathematical based
cubic polynomial fitting confirmed that both polarisability and refractivity are
directly proportional to volume with adjusted R-square values of 0.98 each. This is
consistent with theory as given in equations (3.9) and (3.10) as molecular weight
divided by density is just molecular volume. Figure 3.18 shows the normalised
distribution of polarisability with volume along with the fitting cubic polynomial.

®  Polarisability
Polynomial Fit of Polarisability

1.0 4

0.5+

Normalised Polarisability

0.0 : L :
0.0 05 1.0

Normalised Volume

Figure 3.18 Normalised variation of polarisability with volume
From equation (3.10), the larger the molecular weight, the larger is the molecular
volume and hence the higher also is the molar refractivity and so the more
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pronounced are the steric effects. Thus the steric effects are higher in perylene
derivatives with higher molecular weights.

3.5 Conclusions

Molecular modelling is a good technique for predicting properties of
materials prior to synthesis. Geometry optimisation studies can be used to predict
the possibility of success in the synthesis. Perylene derivatives with very bulky side
groups are not conformationally stable and therefore very difficult to synthesis due
to steric effects. The steric effects are higher in perylene derivatives with greater
molecular weights.

The orientation of side groups attached to the N of imides in perylene
derivatives is such that they are perpendicular to the plane of the perylene core.
The angle however is controiled by the steric effects of the actual groups.

The perylene derivatives have C1 as their molecular point group.

Molecular modelling results are insufficient to predict possible applications of
molecules, they need to be complimented with empirical results.
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Chapter 4

Synthesis, characterisation and optical Ilimiting
properties of 3,4,9,10-tetra-(12-alkoxycarbonyl)-
perylene.

4.1 Introduction

Efforts are being made to produce soluble perylene derivatives as well as
boosting their physical properties for improved device performance. The addition of
alkyl chains to the peri- or bay- positions of the perylene aromatic core improves
the solubility hence making it possible to process the derivatives in solution. The
resulting alkoxycarbonyl groups diminish the electron density of the perylene
aromatic system so enabling charge (electron) transport(1). Perylene derivatives
are pi-conjugated systems so favour aggregation. Steric inhibition of aggregation is
of interest in view of enhancing processability and increasing the quantum
efficiency. The bulky functional alkyl groups are expected to reduce aggregation of
the perylene derivatives as is the case in conjugated polymers(2). The successful
synthesis of the 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene molecule reported
here is a practical implementation of the aforementioned theories resulting in a
product with improved solubility and reduced aggregation.

The two-photon-absorption (TPA) properties of derivatives of perylene have
been scarcely investigated(3-6) and yet are extremely useful for potential
applications in two-photon-pumped frequency up conversion lasers(4), TPA optical
limiters(7), three-dimensional optical storage, three-dimensional photo
polymerisation, photodynamic therapy, micro fabrication and microlithography(8-
13). The synthesis of new nonlinear optical (NLO) materials is fundamental in the
development of optoelectronic technologies(14). The open-aperture Z-scan is a
convenient and quick experimental method for analysis of nonlinear optical
properties of materials(15) and has been successfully applied in this research.

Here are presented the synthesis, characterisation and optical limiting
properties of the novel 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene. The parent
molecule was chosen as 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) an
archetypal molecule whose basic properties have been studied for more than a
decade(16). In addition, the useful nonlinear optical property of this dye is
demonstrated.
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4.2 Theory

4.2.1 Solubility

The Hildebrand solubility parameter is chosen as a measure of solubility
since its solvent spectrum includes the complete solvent range and most solubility
scales can be easily related to it. The Hildebrand solubility parameter, §, of a
material is given by the square root of the cohesive energy density as in equation
4.1(17, 18).

8=V (4.1)

The cohesive energy density is the energy AE needed to remove a molecule from
its nearest neighbours per unit volume V of the moved molecule. The enthalpy of
mixing of a solution, AH,,;, can then be calculated from equation 4.2,

AHm vzt Vm(s1 - 82)*142 (4.2)

where Vi is the total volume of mixing, &, is the Hildebrand solubility parameter of
the solvent, &, is the Hildebrand solubility parameter of the solute, ®; and @, are
the respective solvent and solute volume fractions(18). A good solution is formed at
zero enthalpy of mixing and this occurs when the solute and solvent Hildebrand
solubility parameters are the same, hence the chemistry adage “Like dissolves
like”. In this thesis, the theory is practically applied to compare the solubility of the
parent molecule to the product.

4.2.2 Exciton binding energy

An exciton is a bound state of an electron and a hole in an insulator or
semiconductor bound by a Coulombic force. In current research, the bound hole
and electron pairs transport energy without transporting net charge. An exciton is
created by energy absorption as when a photon enters a semiconductor exciting an
electron from the valence band into the conduction band. The hole left behind by
the electron is attracted to the electron by the Coulomb force. The exciton results
from the binding of the electron with its hole. Thus the exciton has slightly less
energy than the unbound electron and hole. The exciton binding energy can be
used to classify excitons. For materials with large dielectric constants, screening
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reduces the Coulombic interaction between holes and electrons resulting in Mott-
Wannier excitons which have a radius much larger than the lattice spacing. The
binding energies for Mott-wannier excitons are typically of the order of ~0.1 eV.
When the dielectric constant of the material is small, the Coulombic interaction is
strong, the excitons tend to be smaller and of the same order as the unit cell. Such
are called Frenkel excitons and the order of the binding energy is ~1.0 eV. Excitons
are annihilated through recombination.

It is possible to determine the binding energy of an exciton from the absorbance
of a thin film of the material deposited onto a transparent substrate. The optical
band gap of an organic semiconductor can be determined by applying the Tauc
relation(19, 20), given in equation (4.3), to the optical absorption edge of the thin
film of the organic semiconducting material,

Ahv = (hv—E,)" (4.3)

where A is the absorbance, £, is the optical band gap corresponding to a specific
absorption in the thin film, Av is the photon energy and n has the values -, 2, 3/2
and 3 respectively for allowed direct, allowed indirect, forbidden direct and
forbidden indirect transitions materials. An extrapolation of absorbance to zero on
the straight line section of the plot of absorbance squared versus photon energy,
(as shown in Fig.4.5. for 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene) can be used
to determine the optical band gap. The exciton energy in electron volts, E./(eV), is
determined from equation (4.4)

B, = (1240)/ Apnax (4.4)

where An.x is the maximum absorption wavelength of the thin film. The exciton
binding energy, E,e, can then be calculated from both the optical band gap and the
exciton energy from equation (4.5)

E,,=E, —E,, (4.5)

From the binding energy, the exciton can be classified and conclusions on the

material’s properties can be drawn.

4.2.3 Z-scan theory

With reference to the open arpeture Z-scan in Chapter 2 Section 2.3.6, the
normalised transmittance Ty(z) is a function of position z (see Fig.2.9) and is given
by equation (4.6)(14),
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T (s) = ottty (4.6)

where g,(z) is given by

00 =it (4.7)

where z, is the optical beam’s diffraction length and g,, is given by
qoo - Bofflcl'cff (48)

where B is the effective intensity-dependent non-linear abscrption coefficient and
I, is the light intensity at focus, i.e. z = 0, and L. is the sample’s effective length
defined in terms of the true optical sample path length L and the linear absorption
coefficient a, as given in equation (4.9)

Loy =[1-e"%P]/a, (4.9)

The imaginary third-order optical susceptibility, I,{x®}, directly varies with
the intensity-dependent absorption coefficient 3; as

Im{y ) = te"tects (4.10)

where n, is the linear refractive index of the sample, &, is the permittivity of free
space, c is the speed of light and A is the wavelength of the incident light. The
imaginary second order molecular hyperpolarisability, I.{y}, is defined in terms of

Im{x*¥] as
{)’} =_IE(£(,J_}. (4.11)

where f is the Lorentz-focal length-field enhancement factor defined as
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f=12" (4.12)

Cmor 1S the sample molar concentration and N, is Avogadro’s number. In this
research, these equations were incorporated into a computer code and a least-
squares regression algorithm was employed to fit this to experimental data. Apart
from characterising the product reported in this chapter, this theory is applied again

in Chapter 6 when compared to other families of perylene derivatives.
4.3 Experimental

4.3.1. Synthesis

2
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Figure 4.1. Synthesis of 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene from
PTCDA; R = CH3(CH3),;.

A 95% vyield of 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene was produced by
refluxing 1 g of PTCDA in a 5:1 1-iodododecane (CHs3(CH,);;I) and 1-dodecanol
(CH3(CH,);;0H) mix over 5 g of potassium carbonate (K,CO3) at 110 °C for 7 days.
(see Fig.4.1.). The product was dissolved in spectro-photometric grade chloroform
and the K,COs; filtered out. The chloroform was extracted, followed by a filtration
yielding a golden yellow product which was dried in a vacuum oven at 60 °C. The
compound was characterised by 'HNMR, *CNMR, FTIR, mass spectroscopy and
chemical analysis to confirm the product. The sharp 'HNMR peaks obtained are
indicative of very high material purity (see Fig.4.2.)
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