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Abstract 

This thesis presents a study of the photophysical properties of a number of fluorene 

molecules used for organic semiconductor lasers. These results are then combined 

with lasing results to assess what the important properties in an organic 

semiconductor laser material are.  

Photophysical measurements were performed on a family of oligofluorenes; results 

show a redshift in the peak absorption and emission wavelengths with increasing 

length. There is also an increase in the molar extinction coefficient and 

photoluminescence quantum yields of the molecules. Transition dipole moments also 

increase with length, but fluorescence scales more slowly than absorption due to self-

trapping occurring at longer molecular lengths. 

This study was then expanded to two families of star-shaped molecules with fluorene 

arms and differing cores. These molecules have three arms connected to either a 

central benzene unit or a larger truxene core. These star-shaped molecules show an 

increase in PLQY and roughly three times higher molar extinction coefficients than 

comparable linear oligofluorenes. The star-shaped molecules PLQY and transition 

dipole moments are both greater than their linear oligofluorene counterparts.  

Energy transfer was then studied in the truxene-cored molecules, this showed that the 

symmetry of the molecule was broken due to interactions with the solvent. Energy 

transfer was observed on two timescales; a fast 500 fs process which is attributed to a 

localisation onto a single arm to emit, and a 3-10 ps second decay component, which 

was assigned to resonant energy transfer between the arms. Both decays were found 

to be wavelength dependent.  
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Lasing results were then obtained for the benzene-cored molecules. This showed that 

star-shaped molecules present improved lasing characteristics with lower ASE and 

lasing thresholds. These results were compared with those obtained for truxene-cored 

molecules whose rigid core provides them with even better lasing and ASE 

characteristics.           
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1 

Introduction 

In the modern world one is unable to simply categorise objects as belonging to one 

class or another, as many things that were once taken for granted have now been 

placed into more than one of their classical divisions.  This work will explore one such 

set of materials, by investigating the photophysical properties of organic 

semiconductors. These materials are plastic like and should in the old classification 

system be labelled as insulators, because it was believed that all plastics were 

insulators. However, after the pioneering work of Heeger, MacDiarmid and Shirakawa 

it was realized that there was a new category of plastic materials which possessed 

semiconducting properties.
1
 For this research they were awarded the Nobel Prize in 

Chemistry in 2000, with the citation being given as “for the discovery and development 

of conductive polymers”.
2
  

These organic materials allow for the production of so called “plastic electronics”. They 

have the advantage that, during the last 50 years, the use of their non-conducting 

brethren has completely shaped the world that we live in, being used in countless 

commercial products. They are used in the form of simple shopping bags, housing for 

TVs, car parts and countless other examples. Up until the discovery and development 

of plastics, each of these products would have required the use of expensive natural 

resources, such as wood or metal, and so the development of plastics has led to a 

revolution which has resulted in a fall in the price of consumer goods. It is this cheap 

and simple fabrication of polymers that has sparked the drive to develop a lot of new 

organic semiconducting materials, where their versatility and ease of processing is 

expected to be a huge advantage over their inorganic semiconductor counterparts.
3-6
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The fact that these materials are part of the semiconductor family gives them the 

advantage of light emission, both through optical and electronic excitation. 

Electroluminescence was first discovered in small molecules in 1987
7
 and then in 

conjugated polymers in 1990.
8
 This discovery laid the way to the great development of 

organic light emitting diodes (OLEDs), which have since been found to be useful in both 

solid state lighting and as a very promising display technology: research on OLEDs has 

now been successfully commercialised. OLED technology had a slow initial start, due to 

lifetime issues with the materials, but with the development of better barrier layers 

the lifetimes have been dramatically increased.
9
 This increase in the lifetimes of the 

materials has recently led to a surge in the number of organic electronic devices 

reaching the market. The advantage of using an OLED screen over its competitors is 

that they have both high contrast ratios and vivid colours, which has meant that they 

have recently become one of the top displays for mobile phone, and portable 

electronic technologies. 

With this advent of a new class of electroluminescent devices, attention was then 

turned to producing lasers. One of the reasons for this was that lasing had been very 

successfully demonstrated in organic dye lasers for many years; with these becoming a 

very well established technology. In these lasers small conjugated dye molecules are 

suspended in solution and excited by an external laser source; by changing the 

molecule one can tune the laser over a broad range of wavelengths.
10,11

 However, the 

fact that these materials need to be suspended in solvents makes them less than ideal 

for making compact laser sources. This meant that attention has turned to conjugated 

polymers, which differ from dyes by possessing high photoluminescence quantum 

yields in both film and solution.
6
 The first organic semiconductor laser however was 

not developed until 1992; this had the polymer in solution, and so closely resembled a 

dye laser.
12

 It was not until 1996 that the first solid state organic semiconductor laser 

was produced in a microcavity geometry.
13

 Since then there has been a lot of research 

done on different laser systems, and development has led to increasing efficiencies 

and lower lasing thresholds.
5,6,14

 

The long term goal within organic semiconductor lasers is to develop an electrically 

pumped version, which would have the advantage of being compact and tunable. 
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Electrically pumped lasers have yet to be demonstrated for a number of reasons, but 

the main three are: Firstly, organic materials have low carrier mobilities,
6
 which makes 

lasing difficult to achieve. This is because they require very high currents which organic 

materials cannot support. Secondly, there are losses associated with the metal 

contacts required to drive the system; again these mean that the device needs to be 

pumped harder; but by pumping harder losses are increased due to exciton 

annihilation. Thirdly, there is a build-up polarons and of long lived triplets, whose 

absorption creates losses which could stop lasing.
14

 High numbers of molecules in their 

triplet state also reduces the amount of singlet absorption within the system. 

Another route to approach this problem is through indirect electrical pumping, in 

which high powered inorganic LEDs are used as the pump source. This type of pumping 

then has the possibility to be further controlled by complementary metal oxide on 

semiconductor (CMOS) technology. The first LED driven organic semiconductor laser 

was developed here in St Andrews by Yang et al in 2008.
15

 This promising development 

led to the start of the Engineering and Physical Sciences Research Council funded 

HYPIX project under which the research presented in this thesis was carried out. This 

project set out to improve organic semiconductor lasers and to develop CMOS driven 

microLED pumped organic semiconductor lasers. The work in this project has been 

highly successful and has led to dramatic improvements in laser thresholds, which 

have led to microLED pumped organic lasers. As well as this it has developed compact 

fluorescence lifetime devices that use time correlated single photon counting,
16

 and 

new explosive detection devices.
17

 In addition to device improvement there was also 

an objective to develop new laser materials and to increase understanding of the key 

structural and photophysical properties required for good organic semiconductor laser 

materials. 

This project also addressed one of the problems regarding organic semiconductor 

lasers, which is the lack of development of new materials for them. Materials are 

constantly being developed for OLEDs,
18-20

 however, as many OLED materials emit 

from the triplet state, they are not suitable for lasing applications.
6
 This has meant that 

the development of new laser materials is now far behind that of OLED materials. This 

means that there is an increased importance in identifying the key structural and 
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photophysical parameters that make for a good lasing material. This can be achieved 

by studying the photophysical and lasing properties of good lasing materials to identify 

key parameters and comparing these against values for other materials, in order to 

identify what is important.  

This thesis focus upon addressing this issue, and aims to build a better understanding 

of the photophysical properties of oligofluorene based molecules, including a one 

dimensional oligofluorene and two dimensional star-shaped molecules. The 

photophysical results for these materials are then compared with their lasing results to 

identify the key parameters. To do this it employs a number of different experimental 

techniques to measure absorption and emission spectra, lifetimes, photoluminescence 

quantum yields and lasing. This work is supported by theoretical calculations 

performed at Heriot Watt University. This collaboration has led to an accurate 

theoretical framework being developed for calculating the properties of organic 

semiconductor materials. It has also led to a greater understanding of the low energy 

electronic absorption and emission transitions in oligofluorene based molecules. This 

research provides a good and timely understanding of an emerging class of important 

fluorescent materials.  

The thesis is outlined as follows. Chapter 2 covers the theory behind the study. This 

combines the physics behind the materials, including both the nature of electronic 

conduction and the optical transitions. It then goes on to cover the theory behind the 

design of organic semiconductor materials, and why going to two-dimensional 

structures improves the performance. It finally covers the theory behind organic 

semiconductor lasers and the design of the cavity. Chapter 3 covers the experimental 

methods used in this study. It starts by describing steady state absorption and 

emission spectroscopy and then examines how the photoluminescence quantum yield 

is determined. It proceeds to discuss the time resolved fluorescence measurements 

employed, including streak camera measurements and fluorescence upconversion 

spectroscopy before discussing an application of these measurements; that of 

measuring the anisotropy. From here it procedes to describe the techniques used for 

characterising lasers, including gain, loss and ASE measurements as well as lasing and 
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efficiency measurements. It concludes by describing the Density functional theory and 

chemistry synthesis techniques used by the colaborators in this study. 

Chapter 4 discloses a photophysical study of oligofluorene molecules; this uses 

experimental results determined by measuring absorption, emission, PLQY, and the 

molecules lifetime to calculate the transition dipole moments. This is then compared 

against the results calculated by density functional theory (DFT) and time dependent 

density functional theory (TD-DFT) performed at Heriot Watt University. These results 

show that by increasing the number of repeat fluorene units, there is a redshift in 

absorption and emission spectra and an increase in the absorption coefficient. There is 

also an increase in the PLQY and the transition dipole moments with increasing length. 

The results show that the absorption occurs across the molecule for up to 12 repeat 

fluorene units, whilst the fluorescence transition is self-trapped on approximately 5 

repeat units. 

In Chapter 5 these results are then compared against values obtained for a pair of 

promising new laser materials. These new materials are star-shaped; both consist of 

oligofluorene arms attached to a central core. In this case the core materials are a 

benzene unit and an oligofluorene truxene core. Again these molecules have been 

experimentally measured and the results combined with TD-DFT results to obtain an 

accurate picture of what is occurring within the molecules. The results for these 

molecules show that a significant advantage can be obtained by progressing from a 

linear structure to a star-shaped structure, because there is an increase in the molar 

absorption coefficient, PLQY, and transition dipole moments when compared against 

equivalent size linear oligofluorene molecules. The results also show that the star-

shaped molecules present two absorption transitions, but there is then a localisation 

to a single arm for fluorescence. 

Chapter 6 investigates intermolecular energy transfer within the star-shaped truxene 

cored molecules, and looks at the localisation from absorption to emission. This 

process is found to happen on an ultrafast timescale and is measured using 

fluorescence anisotropy by upconversion spectroscopy. The results show that there 

are two decay processes occurring; these are a fast ~500 fs decay and then a slower 
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second 3-10 ps component. Both decays were found to be dependent upon the 

excitation energy. The results show that in solution the symmetry of the molecule is 

already broken. Time dependent density functional theory calculations performed at 

Heriot Watt University present a number of different conformational disorders 

possible for the molecule to form in order to produce the required symmetry breaking. 

This disorder causes the exciton to only activate one of the two absorption transitions 

in the molecule.  

Chapter 7 investigates the lasing performance of the benzene-cored molecules. The 

results for this family show that as the arm length is increased there is a redshift in the 

emission wavelength, an increase in the solid state PLQY, and a reduction in the pump 

power density for the onset of ASE. The results also show that the lasing emission is 

tunable from 402 - 462 nm with lasing thresholds as low as 1.1 kWcm
-2

 and efficiencies 

as high as 6.6%. These results were then compared against the lasing results obtained 

for the oligofluorene truxene-cored molecules, whose photophysical results are 

reported in Chapter 5. This comparison shows the importance of reducing the 

intermolecular interactions within the film to develop a high quality organic 

semiconductor laser material.  

Chapter 8 will present the conclusions from this research and highlight the key results. 

By examining all the results it shows why moving away from a simple linear molecule 

can be beneficial in a number of different cases. The thesis continues by evaluating 

future laser materials, and by proposing where this research should continue in future 

experiments.            
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2 
Theory of organic 

semiconductor molecules and 

lasers 

2.0 Introduction 

Organic materials fit into more than one category. The majority can be classed as 

insulators; there is, however, a small selection which fit into a second class, which is 

that of organic semiconductors. This chapter will present the theory that underpins the 

research in the subsequent chapters, with the aim of this chapter being to outline 

what organic semiconductors are and how the chemical nature of these molecules 

defines the properties both structural and electrical. It will then go on to outline the 

optical properties of the molecules, which will be extremely important in the rest of 

this thesis, and provide information on what the transitions imply about the molecules. 

It also presents a discussion on how changing the materials’ structure can lead to 

improvements in their performance. This will then proceed to discuss a particular 

application of organic semiconductors, that of lasers. The requirements for a laser will 

then be explained, before relating these to organic semiconductor materials.  

Section 2.1 introduces what an organic semiconductor is and discusses the importance 

of the electron bonding in a conjugated system. Section 2.2 explores the optical 

transitions, this will focus on absorption and emission, and the processes related to 

these. Section 2.3 discusses the difference between linear one dimensional molecules 

and two dimensional molecules and a particularly important emerging class of 

materials, that of the star-shaped molecules. Section 2.4 outlines the theory behind 
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lasers and then focuses on organic semiconductor lasers and the nature of the 

distributed feedback resonator. 

2.1 Organic semiconductors 

A semiconductor is a material which has a conductivity that lies between an insulator 

and a conductor; this is because they possess an energy gap over which the electrons 

must be excited to be able to conduct. The use of semiconductors has completely 

shaped the technological developments of the last 60 years since the invention of the 

transistor in 1948.
1,2

 After this the use of semiconductors spread, and they are now 

used in lasers, photodiodes, solar cells and many other devices. These developments 

have led to improvements in many aspects of technology, such as efficient LED 

lighting
3
 and photovoltaics.

4,5
 

 The main class of semiconductors used in these devices are inorganic. These are 

crystals, typically composed of either silicon or a combination of elements from groups 

3 and 5 of the periodic table. They have many desirable properties such as high 

mobilities
6
 and well defined energy band gaps. However, they are expensive to 

produce and process. They also have difficulties in being tuned to emit in the green 

region of the spectrum. A class of materials which can address these problems are 

organic semiconductors.  

An organic semiconductor is a relatively new class of materials, on which a huge 

amount of effort has been undertaken to research and understand the properties. 

They are conjugated carbon molecules, which consist of a series of alternating double 

and single bonds. The most common type of systems are semiconducting polymers, 

which were first studied by Heeger, MacDirmid and Shirikawa in 1972, with their work 

on the conjugated polymer polyacetylene.
7
 Their research on these systems and the 

development of a new class of materials led to them being awarded the Nobel Prize in 

Chemistry in 2000.
8
  

 



 

 

Figure 2.1: Structure of polyace
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produce conduction when an ordinary polymer is an insulator
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atom has 6 protons and 
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probability of finding the electrons within a certain radius

each lie further from the nucleus than the first
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2
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 configuration.
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Figure 2.1: Structure of polyacetylene 

understand why a series alternating of double and single bonds 

produce conduction when an ordinary polymer is an insulator, one need

to certain features of a carbon atom, and how it bonds with other atoms

 6 neutrons within the nucleus, which is surrounded by 6 

 then have to fill a series of set orbitals which describe the 

probability of finding the electrons within a certain radius of the centre

each lie further from the nucleus than the first, and in the case of carbon

9
 The 1s and 2s states are spherical orbitals about the core

can both accept two electrons, this means that these states are full

which can accept 6 electrons is only partially filled with the remaining 2 

three separate p orbitals, which form lobe like 

being zero probability of finding the electrons in the nucleus; the

the x, y and z planes and are labelled px, py and pz respectively.
9
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states are full. But the p 
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Figure 2.2: Shows the 1s2, 2s

with the two s shells being

the x, y and z direction. 

The electrons of the carbon

be stable, as is the case in methane

a hydrogen atom. When form

form hybrid orbitals, by mixing one or two electrons from one orbital with those of 

another. If one electron in the s orbital interacts with 

form a sp
3
 hybrid orbital. A similar

p electrons does not interact in the hybridisation. 

carbon atoms, which have

orbitals from neighbouring carbon atoms then they can share the electrons and form a 

covalent σ bond, which hold the molecule together. 

each carbon to two other 

120
o
 to each other within the plane of the molecule; this gives the molecules their 

geometric shapes. The one remaining electron is then responsible for the double bond 
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, 2s2 and 2p orbitals. The black centre circle is the 

being the blue spheres and the p orbitals the three green lobes in 

the carbon atom have to form bonds with other molecules

s is the case in methane, where each of the four outer electrons bond

forming a bond, the electrons filling the orbitals are able to 

by mixing one or two electrons from one orbital with those of 

If one electron in the s orbital interacts with the electrons in the p orbital they 

A similar process occurs in a sp
2
 hybrid orbital, but one of the 

not interact in the hybridisation.  This is the case in 

which have three sp
2
 orbitals. If these hybrid orbitals overlap with the 

from neighbouring carbon atoms then they can share the electrons and form a 

, which hold the molecule together. These σ bonds,

carbon atoms and one hydrogen. Each of the 

her within the plane of the molecule; this gives the molecules their 

The one remaining electron is then responsible for the double bond 
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bonds, typically bond 
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her within the plane of the molecule; this gives the molecules their 

The one remaining electron is then responsible for the double bond 



 

 

between the two carbon atoms. This electron is in the p

plane of the molecule, and when the electron orbitals of the neighbouring carbon 

atoms overlap they form π

 

Figure 2.3: Diagram showing the 

the carbon atoms and the red bonds represent the 

black hydrogen atoms, whilst the blue represents the 

bonds.   

It is these π bonds, which allow for organic semiconductors to conduct electricity. This 

is because they are out of the plane of the other bonds and are 

nucleus. This increases the delocalisation, which

orbitals of the neighbouring atoms

the reasons for conduction

others and a hydrogen atom via 

sticking up at 90
o
 to the plane of the molecule

neighbouring atoms overlap 

above and below the benzene ring. This delocalised ring of electrons is t

conduct electricity, as illustrated in Figure 2.4.

a line of delocalised electrons along the backbone of the polymer chain.
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between the two carbon atoms. This electron is in the pz orbital and sits at 90

olecule, and when the electron orbitals of the neighbouring carbon 

 bonds.
10

  

 

iagram showing the bonding of an ethene molecule. The purple

the carbon atoms and the red bonds represent the σ bonds binding together

, whilst the blue represents the overlapping pz orbitals

which allow for organic semiconductors to conduct electricity. This 

is because they are out of the plane of the other bonds and are weakly 

This increases the delocalisation, which allows them greater

orbitals of the neighbouring atoms. Knowing this, if we consider a benzene ring then 

the reasons for conduction seem more apparent. Each carbon atom

others and a hydrogen atom via σ bonds. The remaining π bond is wea

to the plane of the molecule. The spz electron

neighbouring atoms overlap with each other, leaving a delocalised ring of 

above and below the benzene ring. This delocalised ring of electrons is t

, as illustrated in Figure 2.4. Or, in the case of a polymer this creates 

a line of delocalised electrons along the backbone of the polymer chain.
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atom bonds to two 
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Figure 2.4: Diagram showing the electron delocalisation around a benzene molecule. 

The purple is the carbon atoms and the red bonds represent the 

together, whilst the blue represents the overlap of the 

If we consider that one of the 

be tuned across the visible spectrum

molecules are able to form an excited state.

electron is excited to a higher energy level

π* anti-bond. When the molecule returns to the ground state, the electron is then able 

to drop back into the pz orbital and the 

energy state, and classed as the highest oc

the higher energy state, whi

energy difference between these bond 

levels shown in organic semiconductors;

valence and conduction band in inorganic semiconductors. An image of these s

can be seen for ethane in Figure 

type of transition requires much more energy than the 

because the π bond is much

the backbone of the molecule.
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iagram showing the electron delocalisation around a benzene molecule. 

The purple is the carbon atoms and the red bonds represent the σ

together, whilst the blue represents the overlap of the π bonds.   

If we consider that one of the advantages of organics is the ability for their emission to 

across the visible spectrum, then one needs to understand

molecules are able to form an excited state. When the molecule absorbs light

electron is excited to a higher energy level and this breaks the π bonding and forms a 

. When the molecule returns to the ground state, the electron is then able 

orbital and the π bonding returns. The π bond

classed as the highest occupied molecular orbital (HOMO).

which is the lowest unoccupied molecular orbital (LUMO).

between these bond configurations causes the difference in 

shown in organic semiconductors; this is similar to the difference between the 

valence and conduction band in inorganic semiconductors. An image of these s

can be seen for ethane in Figure 2.5. It is possible to form a σ to σ* transition

type of transition requires much more energy than the π to π* transition. This is 

bond is much more weakly bound, and this transition does not destroy 

the backbone of the molecule.     
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Figure 2.5: (a) HOMO orbitals for

Figure drawn in Chemdraw 3D. 

The control of the size of this 

be as simple as an increase in the conjugation length

delocalised excited state, and as such

Another way is to add a non

called substituent effect. The

atoms such as sulphur and nitrogen

decreases the delocalisation respectively.

When a molecule is excited

level coulombically bound 

electron are spin ½ particles

separate categories: a singlet state in which the 

triplet state which has a spin of 

state, whilst there are three for forming triplets. Due to the selection rules in quantum 

mechanics, singlet-singlet and triplet

conservation, but crossovers

because it is a filled energy level

transitions. These are allowed transition

state very quickly; this typically
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HOMO orbitals for Ethene, (b) LUMO orbitals for the same molecule. 

Figure drawn in Chemdraw 3D.  

ontrol of the size of this energy gap is possible by a number of methods. This can 

be as simple as an increase in the conjugation length, which increases the

and as such decreases the energy gap between the state

non-carbon atom to the conjugated chain, which

substituent effect. The other atoms are usually electron accepting

as sulphur and nitrogen; by adding these to the chain, it either increase

the delocalisation respectively.         

When a molecule is excited, it forms an exciton, with the electron in a higher energy 

 to a hole in the ground energy level. As both the hole and 

electron are spin ½ particles, there are four possible spin states. These

a singlet state in which the total spin of the system is 0, 

spin of 1. There is only one possible way of forming a singlet 

state, whilst there are three for forming triplets. Due to the selection rules in quantum 

singlet and triplet-triplet transitions are allowed due to spin 

but crossovers are forbidden. As the ground state is typically a singlet

because it is a filled energy level, photophysical measurements usually excite singlet 

allowed transitions, which are able to decay back to the ground 

typically happens on a nanosecond timescale.      
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usually excite singlet 

decay back to the ground 
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2.2 Optical transitions in organic semiconductor 

materials 

An organic semiconductor is able to undergo an optical transition when it interacts 

with light. To fully understand all the mechanisms behind this would be worthy of a 

more lengthy description than could be provided here. There are, however, several 

monographs written on the subject.
11,12

  

At room temperature the majority of the molecules are in their lowest energy (ground) 

state, and to be excited they must undergo a photoinduced transition. If some incident 

radiation, which is of a frequency matching the absorption band of the molecule, 

interacts with the molecule, then there is a possibility that the molecule will absorb 

the incident radiation. In the absorption process the molecule gains the energy of the 

incoming radiation and promotes an electron to a higher energy level. 

Once the molecule has been excited, it must lose this energy to return to its stable 

ground state. It has two decay path ways to do this; one is a radiative decay and the 

other is a non-radiative decay. Radiative decay occurs when the molecule in the 

excited state decays via the emission of a photon. Non-radiative decay occurs when 

the energy is lost via vibrational modes of the molecule. The energy states of the 

molecule are schematically shown in Figure 2.6. These transitions have different 

timescales on which they occur, and the measured decay rate � of the molecule is a 

combination of the rate of radiative emission �� and the rate of non-radiative emission 

��� by the following formula: 

� = �� + ���  (2.1) 

As mentioned above, a particle can lose energy via two processes: one is radiative 

decay and the other is non-radiative decay. In the case of a radiative decay there are 

two possible decay mechanisms open to the molecule. The most common is that of 

spontaneous emission. This occurs when the molecule in the excited state decays back 

to the ground state with the emission of a photon with an energy equal to the energy 

gap. This can happen due to a fluorescence or phosphorescence transition. The 

fluorescence transition occurs from the lowest energy singlet state to the ground state 
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whilst the phosphorescence occurs from the lowest energy triplet state to the ground 

state. For triplet states however this downward transition is formally forbidden as the 

ground state is a singlet state. This means in practice that this transition is considerably 

slower than the fluorescence transition; this is because in order for this transition to 

occur there must be a spin orbit coupling process.  

To measure the efficiency of a molecule we need to relate absorption with emission. 

This is done using the photoluminescence quantum yield (PLQY), which is a measure of 

the number of photons emitted by the molecule to the number of photons absorbed. 

This can be calculated by the following relation: 

���	 =

���� �� �����
� �������


���� �� �����
� ������
 (2.2) 

The PLQY then allows us to determine the percentage of radiative to non radiative 

transitions. This can also be used in conjunction with the measured lifetime of the 

molecule to determine the lifetime of the radiative fluorescence state, which can be 

calculated from the following relation:   

�� =
��

��
 (2.3) 

Where �� is the radiative lifetime, �� is the fluorescence lifetime and �	 is the 

quantum yield. 

 

 



 

 

Figure 2.6: (a) Franck-Condon diagram of the absorption and emission processes for 

organic semiconductors. Vertical transition energies in absorption (red arrow) and 

emission (green arrow). (b) schematic of the typical absorption and emission from an

organic semiconductor material, with the transitions marked.
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represented as potential wells with a number o

sub energy levels are vibronic states.

ground state, whilst the higher level
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coordinates caused by the excited electron.

because nuclei are much more massive than electrons

place faster than the nuclei can respond.

each transition. When a mo

excited to a higher energy level

place to all the vibronic levels of S

which has the greatest wavefunction overlap
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The dominant emission energy 
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Condon diagram of the absorption and emission processes for 

Vertical transition energies in absorption (red arrow) and 

(b) schematic of the typical absorption and emission from an

organic semiconductor material, with the transitions marked.  

is a so called Franck-Condon diagram, which represents the energy of  the 

ground and excited state against the nuclear co-ordinates. The energy levels

represented as potential wells with a number of sub energy levels within them. These 

are vibronic states. The lower energy level represent

he higher level is the S1 excited singlet state. The excited state

 to the S0 ground state, due to the change in the nuclear 

coordinates caused by the excited electron. The Franck-Condon Principle states that

because nuclei are much more massive than electrons, the electronic transitions take 

place faster than the nuclei can respond.
13

 The diagram shows the options available for

transition. When a molecule is in the ground state it can absorb a photon and be 

to a higher energy level. The excitation to the higher energy level

vibronic levels of S1, but is most likely to occur into a vibrational S

which has the greatest wavefunction overlap with the S0 ground state

it can then vibronically lose energy and move to a lowe

energy will then correspond to the gap between the S

state with the greatest wavefunction overlap. The molecule will 
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then vibronically decay from this state,

vertical transition energies

wells, and are indicated by the 

respectively.  

The different transitions within this 

spectra seen in organic molecules

absorption and emission spectra have a highly structured spectrum

absorption typically being a mirror image of the emission. 

which correspond to the energy transitions in the Franck

absorption transition being from the minima of the absorption well to the lowest point 

of the S1 energy well; whilst a 0

of the S0 state to the first vibronic of the S

Figure 2.7: Jablonski diagram of the possible transitions open to an organic molecule.

The other radiative process is stimulated emission. Stimulated emission occurs whe

molecule in an excited state is triggered to undergo an emissive transition by the 
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then vibronically decay from this state, back to the bottom of the S0 state.

energies in the process are from the potential energy minim

indicated by the red and green arrows for absorption and emission 

The different transitions within this diagram relate to the absorption and emission 

seen in organic molecules, shown in Figure 2.6(b). At low temperatures the 

absorption and emission spectra have a highly structured spectrum

absorption typically being a mirror image of the emission. It is these vibronic peaks 

which correspond to the energy transitions in the Franck-Condon diagram with a 0

absorption transition being from the minima of the absorption well to the lowest point 

hilst a 0-1 absorption transition would be from the lowest point 

state to the first vibronic of the S1 state, and so on for the other transitions. 

: Jablonski diagram of the possible transitions open to an organic molecule.

process is stimulated emission. Stimulated emission occurs whe

molecule in an excited state is triggered to undergo an emissive transition by the 
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molecule in an excited state is triggered to undergo an emissive transition by the 



 

 

presence of a photon of the same energy as the

excited state.
14

 This generates a second

If there are enough molecules 

photon by spontaneous emission in one molecule can cause stimulated emission in 

other molecules, as shown in Figure 2.8

amplified spontaneous emission

can be quite directional, but not as directional or narrow as laser emission

be discussed further in Section 2.4

Figure 2.8: The three possible transitions for a molecule to under

(b) spontaneous emission and (c) stimulated emission.

For a molecule to absorb or emit light it must possess an oscillating dipole at that 

frequency; this is caused by the resulting displacement of charges from the transition.

The transition during absorption or emission is then given a transition dipole moment 

for this to occur; this is the dipole moment associated with the redistribution of 

electrons within the molecule during absorption or emission and 

on the strength of the transition.

then it means that the molecule interacts strongly with the electric field and that there 

is a large displacement of the electrons from their ground state positions.

for the absorption transition dipole is given by:

| �|! =

Theory of organic semiconductor molecules and lasers

20 

photon of the same energy as the energy gap between the ground and 

generates a second photon, with the same phase and momentum. 

molecules in their higher energy states, then the emission of a 

photon by spontaneous emission in one molecule can cause stimulated emission in 

shown in Figure 2.8. This process can build up and is 

mission (ASE). This emission has a narrow spectral

can be quite directional, but not as directional or narrow as laser emission

ection 2.4.  

: The three possible transitions for a molecule to undergo:

(b) spontaneous emission and (c) stimulated emission. 

For a molecule to absorb or emit light it must possess an oscillating dipole at that 

is caused by the resulting displacement of charges from the transition.

ition during absorption or emission is then given a transition dipole moment 

is the dipole moment associated with the redistribution of 

electrons within the molecule during absorption or emission and provides information 

strength of the transition. If the molecule has a large transition dipole moment,

it means that the molecule interacts strongly with the electric field and that there 

is a large displacement of the electrons from their ground state positions.

for the absorption transition dipole is given by: 

= 9.186 ' 10)*+, -./0123 12⁄ 5 12 (2.4) 
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: (a) absorption, 

For a molecule to absorb or emit light it must possess an oscillating dipole at that 

is caused by the resulting displacement of charges from the transition. 

ition during absorption or emission is then given a transition dipole moment 

is the dipole moment associated with the redistribution of 

provides information 

If the molecule has a large transition dipole moment, 

it means that the molecule interacts strongly with the electric field and that there 

is a large displacement of the electrons from their ground state positions. The formula 
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Where  � is the frequency integrated transition dipole moment measured in Debyes. 

The formula for the fluorescence transition dipole moment is given by: 

| �|
! =

*678ℏ
:;<〈>?<〉


8�ABC
  (2.5) 

Where | �| is the fluorescence transition dipole moment, 

〈D)*〉 = .-D)*E0D3 D5 - E0D3 D⁄  and E0D3 is the fluorescence intensity expressed in 

number of quanta, /, is the vacuum dielectric constant, ℏ = ℎ 2H⁄  is Planck’s constant, 

I is the speed of light in a vacuum, ���� is the natural radiative lifetime. These will be 

discussed in more detail in Chapter 4, where they are first used. 

2.3 Star-shaped molecules 

The typical organic semiconductor as outlined in section 2.1 has been largely 

unchanged since the early work done on polyacetylene. These consist of long chains, 

which have the repeat units lined up one after each other, to a range of lengths. The 

length can be approximately determined by the molecular weight of the fraction 

extracted by the chemists, and the known weight of the monomer repeat unit. These 

polymers have advantages of relatively simple processing and low cost production. 

Within these long chains, which consist of a number of repeat conjugated units, there 

are smaller subsections. These effective conjugation lengths are bounded by kinks or 

twists to the molecular structure or the length over which the exciton wavefunction 

localises. The effective conjugation length is different for each molecule, and can be 

determined experimentally by extrapolation of the photophysical properties from 

measurements of known length oligomers.
15-17

  

 



 

 

Figure 2.9: (a) Structure of F8BT,

The photophysical properties of a polymer can be changed in a number of ways. One is 

to add different functional groups to the molecule to create a co

of Poly[(9,9-di-n-octylfluorenyl

allows for energy transfer from the higher energy fluorene (F8) to the lower energy 

benzothiadiazole (BT) unit to provide green emission

Another way is to change the structure

compounds
20

 such as spirofluorene

fluorene units across a central bridging carbon atom. This 

prevents the molecules from pi stacking, because the molecules sit at 90

other.  

One of the issues of using polymers is that the properties of a device can change for 

different molecular weights.

packing structures and as such experience different intermolecular interactions. 

Certain processing techniques can be used to control and improve the performance of 

long chain polymers such a

to be beneficial mainly in blended materials for solar cells. Solvent vapour exposure 

has also been used to define regions of different refractive index in polyfluorene, 

which can form two different phases. This showed some tunability 

emission wavelength, depending upon the pumped region of the film.

To overcome some of these issues,

be monodisperse and have less conformational issues than polymers

chains can have twists and kinks and limit performance.
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tructure of F8BT, and (b) structure of a basic spirofluorene

properties of a polymer can be changed in a number of ways. One is 

to add different functional groups to the molecule to create a co-polymer as is the case 

octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8

for energy transfer from the higher energy fluorene (F8) to the lower energy 

benzothiadiazole (BT) unit to provide green emission, as shown in Figure 2.9(a)

Another way is to change the structure; this can be done by creating spiro

such as spirofluorene, as shown in Figure 2.9 (b),
21

 

fluorene units across a central bridging carbon atom. This structur

prevents the molecules from pi stacking, because the molecules sit at 90

One of the issues of using polymers is that the properties of a device can change for 

molecular weights.
22,23

 This is because different weights can have different 

packing structures and as such experience different intermolecular interactions. 

Certain processing techniques can be used to control and improve the performance of 

long chain polymers such as thermal
24

 or solvent annealing.
25

 These have been found 

to be beneficial mainly in blended materials for solar cells. Solvent vapour exposure 

has also been used to define regions of different refractive index in polyfluorene, 

which can form two different phases. This showed some tunability 

emission wavelength, depending upon the pumped region of the film.
26

To overcome some of these issues, one can also use small molecules, because they 

be monodisperse and have less conformational issues than polymers, where the longer 

chains can have twists and kinks and limit performance.
27-29

 To date, t
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polymer as is the case 
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for energy transfer from the higher energy fluorene (F8) to the lower energy 

shown in Figure 2.9(a).
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 which join two 

structural modification 

prevents the molecules from pi stacking, because the molecules sit at 90
o
 to each 

One of the issues of using polymers is that the properties of a device can change for 

This is because different weights can have different 

packing structures and as such experience different intermolecular interactions. 

Certain processing techniques can be used to control and improve the performance of 

hese have been found 

to be beneficial mainly in blended materials for solar cells. Solvent vapour exposure 

has also been used to define regions of different refractive index in polyfluorene, 

which can form two different phases. This showed some tunability to the laser 
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because they can 

where the longer 
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many developments in small molecules which has been driven by the work done on 

phosphorescent molecules for organic light emitting diodes 

material favoured for OLEDs are Iridium cored molecules with three 

units connected to the core known as 

OLEDs they have been found to have

heavy transition metal core these molecules present efficient intersystem crossing and 

as such emit via phosphorescent transition

However, for this study we are interested in developing materials for lasing and 

working from the triplet state for 

emission transition and the strong excited

gain.
33

 This means that other

Figure 2.10: Structrure of a first generation bisfluorene dendrimer as used by 

Tsiminis et al. for two photon lasing. 

Moving to small molecules has been found to be beneficial in fluorescent materials as 

well; this is because small

photophysical change in smaller systems. As well as adding a different functional group 

there is also the opportunity to alter the architecture. This has been shown to be 
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many developments in small molecules which has been driven by the work done on 

phosphorescent molecules for organic light emitting diodes OLEDs.
30

 The main

material favoured for OLEDs are Iridium cored molecules with three (2-

units connected to the core known as Ir(ppy)3.
31

 When these molecules

have been found to have internal efficiencies of nearly 100%.

heavy transition metal core these molecules present efficient intersystem crossing and 

as such emit via phosphorescent transitions. 

y we are interested in developing materials for lasing and 

state for lasing is not very good, because it has 

and the strong excited-state absorption will overwhelm possible 

This means that other (fluorescent) molecular systems need to be investigated.

: Structrure of a first generation bisfluorene dendrimer as used by 

for two photon lasing. 34   

Moving to small molecules has been found to be beneficial in fluorescent materials as 

because small structural changes to the molecule can provide a greater

change in smaller systems. As well as adding a different functional group 

there is also the opportunity to alter the architecture. This has been shown to be 
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 Due to the 

heavy transition metal core these molecules present efficient intersystem crossing and 

y we are interested in developing materials for lasing and 

has a very weak 

state absorption will overwhelm possible 

molecular systems need to be investigated. 

 

: Structrure of a first generation bisfluorene dendrimer as used by 

Moving to small molecules has been found to be beneficial in fluorescent materials as 

changes to the molecule can provide a greater 

change in smaller systems. As well as adding a different functional group 

there is also the opportunity to alter the architecture. This has been shown to be 
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particularly productive in dendrimers,
27,29

 where the arms (dendrons) can be used to 

determine the absorption, and the core is used for the emission. Dendrimers are a 

family of large branched macromolecules, which have a central active core unit with 

inactive arm units attached; these can then be further branched multiple times to lead 

to large generational order.  Surface groups can then be added to arms to functionalise 

the dendrimers, i.e. solubilising units, or for chemical sensing. This type of structure 

has the advantage of having a well-defined shape and size, with the number of 

successive branching points defining the generation of the dendrimers. The design of 

having a central emitting core with outlying dendrons offers other advantages. Firstly 

unlike Ir(ppy)3, dendrimers are solution processable which opens up the opportunity 

for a number of different fabrication techniques. Secondly the different parts of the 

molecules have different functions, which means that there can be relatively easy 

optimisation of the molecular structure. This can be done by choosing arm units which 

absorb at a convenient wavelength for organic semiconductor lasers and then the core 

can be tuned to select the chosen emission wavelength. Thirdly the additions of the 

dendrons can affect the level of molecular packing, which can reduce the amount of 

intermolecular interactions, thus increasing photoluminescence quantum yields.
27
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Figure 2.11: Structure of a star-shaped truxene-cored oligofluorene molecule.  

Another area of growing interest is in star-shaped molecules.
28

 These molecules have a 

number of functional arms fused to a central core, and can be either 2D propeller like 

structures or have a 3D tetrahedral architecture. This structure is determined by the 

number of arms and the nature of the core. Tuning of the desired properties can be 

achieved by either changing the arms or the core, with the arms typically consisting of 

linear oligomers.  As with the polymer there is the ability to add other functional 

groups to the arms or the core to change performance.
35

  Core units can be chosen so 

that they can either provide or not provide conjugation between the arms; this 

depends upon its structure, which can vary from single atoms to fused aromatic units. 

This provides the effect of controlling the increase or decrease in the conjugation 

length of the molecules, so that absorption and emission wavelengths can be tuned. 

The size and symmetry of the core has also been found to affect the interaction 

between the arms of star-shaped molecules.
36

 This can also affect the rate of energy 

transfer within the molecule between the arms.  
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Much in the same way as with the dendrimers, the structure of the star-shaped 

molecules defines a number of factors, such as the solubility, packing and absorption 

and emission wavelengths. In the case of these molecules it is not only the arms that 

determine the packing as with a dendrimer, but also the core and the side-groups 

attached; this is discussed further in Chapter 7.  

As mentioned, the core of a star shaped molecule can define the symmetry of the 

molecule. This is an interesting effect of the star-shaped molecules as the symmetry 

can impose certain constraints on the energy levels of the molecule. Depending on the 

choice of core there are a number of different symmetries which can be imposed. 

These are rotational C group symmetries or rotational and reflectional D group 

symmetries. In a rotational point group symmetry, if a molecule has a symmetry group 

of three or higher then degeneracy between energy levels will be present.  

Some of the molecules studied in this thesis have a C3 symmetric structure, an example 

of which is shown in Figure 2.11. These molecules each have three equal arms, which 

have an excitation energy E; these are coupled through the core by a coupling constant 

d. The Hamiltonian for this is a 3x3 matrix with E along the leading diagonal and d in 

the other spaces. From this it is possible to calculate the eigenvalues of the system, 

which produces two equal eigenvalues of E-d, and a third E+2d. Having two equal 

eigenvalues means that the molecule possesses two degenerate energy levels. The 

eigenvectors for this case are the 2D wavefunctions, on the arms of the molecule. The 

third eigenvalue then corresponds to a transition out of the plane of the molecule; this 

therefore cannot be excited, which means that this state is dark.  

  



 

 

Figure 2.12: Energy level diagram for a C

degenerate levels and the third higher excited state.

For certain C3 symmetric molecules 

degenerate transitions are found to be one photon allowed and have equal orthogonal 

dipoles. The higher energy dark state

process.
38

 A molecule which is excited into a degenerate state cannot be stable due to 

the Jahn-Teller theorem.
39

distortion of the geometry, which lifts the degeneracy of the system and lowers the 

energy of the system. This means that a single photon is able to excite both electronic 

transitions within the molecule, there is then a geometry change within the molecule 

which causes the energy levels

lowest energy transition. This process will be further studied in Chapters 5 and 6. 

 

2.4 Organic semiconductor lasers

Laser is an acronym for Light Amplifi

acronym accurately portrays what is happening within a laser system,

being amplified by stimulated emission

of stimulated emission which led to the laser

who used the laws of black body radiation

molecule and developed coefficients to describe the three transitions

it was not until 1960 that the 
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: Energy level diagram for a C3 symmetric molecule showing the two 

degenerate levels and the third higher excited state. 

symmetric molecules with two degenerate energy 

are found to be one photon allowed and have equal orthogonal 

energy dark state is allowed only for a two photon absorption 

A molecule which is excited into a degenerate state cannot be stable due to 

39
 In this case the molecule is not stable and must undergo a 

distortion of the geometry, which lifts the degeneracy of the system and lowers the 

system. This means that a single photon is able to excite both electronic 

transitions within the molecule, there is then a geometry change within the molecule 

energy levels to split which causes the exciton to 

This process will be further studied in Chapters 5 and 6. 

Organic semiconductor lasers 

Laser is an acronym for Light Amplification by Stimulated Emission of Radiation.

acronym accurately portrays what is happening within a laser system,

imulated emission, which was outlined in section 2.2.

stimulated emission which led to the laser was first developed by Einstein i

black body radiation to describe the possible transitions for a 

developed coefficients to describe the three transitions in Figure 2.9

it was not until 1960 that the first laser was developed using a  Ruby crystal as the gain 
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 levels, the two 

are found to be one photon allowed and have equal orthogonal 

a two photon absorption 

A molecule which is excited into a degenerate state cannot be stable due to 

In this case the molecule is not stable and must undergo a 

distortion of the geometry, which lifts the degeneracy of the system and lowers the 

system. This means that a single photon is able to excite both electronic 

transitions within the molecule, there is then a geometry change within the molecule 

 localises on the 

This process will be further studied in Chapters 5 and 6.  

Emission of Radiation. This 

acronym accurately portrays what is happening within a laser system, where light is 

outlined in section 2.2. The concept 

was first developed by Einstein in 1917;
40

 

possible transitions for a 

in Figure 2.9. But 

crystal as the gain 



Chapter 2 

Theory of organic semiconductor molecules and lasers 

 

 

28 

 

material.
41

 This initial development has led to a vast and changing field of technology, 

with a huge number of different laser types being produced.
42,43

 One of the key 

developments within this field was the diode laser in 1962,
44

 which has led to small 

and efficient lasers being produced. Although there has been a great amount of work 

carried out on organic dye lasers,
45

 it was not until 1996 that the first solid state 

organic semiconductor laser was developed by Tessler et al..
46

 To cover all the aspects 

of organic semiconductor lasers would be beyond the scope of this chapter, but there 

are several excellent review papers on the subject.
33,47,48

 

 In order to generate laser light there are three important requirements. Firstly, a gain 

medium: this is responsible for the amplification of light and is often what defines the 

laser’s operation and gives the majority of lasers their names. Secondly, there is a 

cavity; this is used to provide feedback for the emitted light, and so defines the 

resonant modes of the device. Thirdly, one needs a pump or excitation source, which is 

used to excite the molecule into a higher energy level, so that they can emit and 

amplify light. How each of these relates to organic semiconductor lasers will be 

highlighted below. 

2.4.1 Light amplification 

As outlined in Section 2.2 there are three key transitions which a molecule can 

undergo when interacting with light. If an incoming photon has an energy equivalent 

to the energy gap between the ground and excited state, then it is possible for the 

light to be absorbed and an electron to be excited into a higher energy level. As the 

molecule is unstable in this configuration, it must then lose the energy; this can either 

be done radiatively or non-radiatively. In a laser system it is the radiative stimulated 

emission process that one is interested in; this is because the emission of one photon 

can then lead to the production of two identical photons.  

The rate at which the system changes between energy levels is governed by the 

Einstein coefficients. These give the rates at which the absorption, spontaneous and 

stimulated emission take place, and are given by the following equations: 
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Γ��������
 = +KLK!M   (2.6) 

Γ�����N���� = +!L!KM  (2.7) 

Γ���
��
���� = +!O!K  (2.8) 

Where Γ��������
 is the rate of absorption, Γ�����N����is the rate of stimulated 

emission and the rate of spontaneous emission is given by Γ���
��
����, M is the 

photon density and A and B are the Einstein coefficients of the transitions. 

During stimulated emission if the emitted photons then interact further with other 

excited molecules they can produce a considerable amplification of that initial incident 

photon. In order for this to occur and for a laser medium to produce gain there must 

be a large density of molecules excited in their upper energy levels. In a laser system 

gain is simply the amount of amplification of light and can be calculated from: P = QR, 

where P is the gain coefficient, Q is the cross section and R is the population inversion 

density. The cross section Q is an important value, because it is related to the amount 

of gain within the material and is also related to the important laser parameter Q�, 

which is a measure of how hard the system needs to be pumped to produce a given 

gain. So maximising this product is helpful in identifying the best gain materials.  

To understand the requirements for a population inversion we need to look at the 

occupancy of the energy levels. For a two energy level system we are able to describe 

the population of the different energy levels using Boltzmann statistics: 

�S
�T
= U)�V WXY⁄   (2.9) 

where RK is the density of molecules in the ground energy state E1 and R! is the 

density of molecules in energy level E2, Z[ is Boltzmann’s constant and \ is the 

temperature of the system with an energy gap ℎ1. For a system under normal 

conditions RK will be greater than R!. However, to produce amplification R! needs to 

be greater than RK; this makes for a so called population inversion, which allows for 

the net optical gain.
49

  



 

 

A population inversion cannot exist in 

the number of molecules in the excited state approaches that of the ground state

then the probability of the energy 

causing stimulating emission

coefficient. This means that 

population inversion, because this 

and emission is different. There are 2

lasers; these are 3 and 4 energy level systems. In a three level energy system

of the ruby laser,
41

 the pump excites the atom into a higher energy level, this then 

non-radiatively decays into 

back to the ground state. In a four level s

of decaying to the ground level, it decays to a 

ground state before a fast vibronic transition to the ground state

these situations a population inversion can be produced, and the system can produce 

gain.     

Figure 2.13: a) Simple diagram of a 4 level energy system for a laser, and b) the 

Franck-Condon diagram for an organic semiconductor laser. Blue arrow i

absorption, the red is the lasing emission and the two green arrows are the fast 

radiative transitions.   

An organic semiconductor can be classed as a 4 level system, 

Figure 2.13. In an organic semiconductor

energy level; it then loses some energy via a vibronic 
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A population inversion cannot exist in the simple two level system. This is because as 

the number of molecules in the excited state approaches that of the ground state

f the energy being absorbed is equal to the probability of it 

emission, because both transitions are linked by the

This means that at least one other energy level is required to produce a 

because this insures that the energy gap between absorption 

. There are 2 main arrangements of energy level

4 energy level systems. In a three level energy system

the pump excites the atom into a higher energy level, this then 

radiatively decays into a lower excited energy state, before radiative

to the ground state. In a four level system a similar process happens

of decaying to the ground level, it decays to a higher lying (unpopulated) level

ground state before a fast vibronic transition to the ground state minimum

these situations a population inversion can be produced, and the system can produce 

: a) Simple diagram of a 4 level energy system for a laser, and b) the 

Condon diagram for an organic semiconductor laser. Blue arrow i

absorption, the red is the lasing emission and the two green arrows are the fast 

An organic semiconductor can be classed as a 4 level system, which is outlined in 

. In an organic semiconductor, the molecule is excited in

it then loses some energy via a vibronic relaxation which
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to the lowest S1 energy level. Once it is in the lowest S1 state it can then radiatively 

decay to a high level S0 state before decaying vibronically to the lowest point of the S0 

ground state. These two vibronic transitions need to happen very quickly, so that a 

population inversion can exist between states 3 and 4, because the decay between 

these two states is where the lasing action occurs from.
33

  

There are several other processes that can compete with the stimulated emission. One 

major process is excited state absorption, in which a molecule in the excited state 

absorbs the extra incoming radiation and causes the exciton to be raised to an even 

higher Sn energy level. There are also effects at high pumping intensities of exciton-

exciton annihilation, which causes a scattering of the two excitons with one going into 

a higher energy state and one going into a lower energy state. As well as this, there can 

be problems with self-absorption within the system, this is a problem in which high 

energy emitted photons are absorbed by low energy absorbing states. Self-absorption 

is not a great problem in organic semiconductor films, due to their broad gain spectra. 

Also due to the conformational disorder, there is a red shift in emission; this is because 

the excitons in a film tend to diffuse along the chain or to a neighbouring molecule to 

low energy sites, before recombining. 

 2.4.2 Cavity design   

For lasing to occur, the round trip gain must be greater than the round trip losses. If it 

is greater, then the laser oscillation can build up exponentially during repeated passes 

of the cavity. The point at which the gain overcomes the losses in the cavity is known 

as the threshold condition.
50

 To fulfil the lasing criteria outlined above one must use a 

selective cavity, which allows for the feedback of a resonant mode back and forth 

through the gain media.  

 



 

 

Figure 2.14: a) Fabry-Perot laser cavity with the gain medium sandwiched between a 

pair of mirrors, b) schematic

contact with the gain medium.

The simplest cavity is the classic Fabry

placed between a pair of highly reflective mirrors to provide the feedback. The mirrors 

in such a cavity, must be exactly positioned to allow the laser to

frequency; this is because the laser light must be un

phase after one round trip 

round trips within the cavity

determined from the following

Where ] is the operating wavelength of the laser, 

medium, � is the cavity length and 

divided by 2 is that the round trip needs to be equal to an integer 

wavelength.  

This type of cavity is typical for 

making organic microcavity laser

semiconductor laser, reported by Tessler et al.

pursued, as they have many

(VCSEL),
51

 which have become popular for inorganic semiconductors.

of these is that similar to the case of the Fabry
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Perot laser cavity with the gain medium sandwiched between a 

) schematic of a microcavity laser, in this case the mirrors are in 

contact with the gain medium. 

is the classic Fabry-Perot resonator, where the gain medium is 

placed between a pair of highly reflective mirrors to provide the feedback. The mirrors 

must be exactly positioned to allow the laser to operate at a 

because the laser light must be unchanged in both

 to keep the coherence. As a result of this, after a number

round trips within the cavity there will be a discrete set of laser modes, which are 

determined from the following relation: 

^
_

!
= +� (2.10) 

is the operating wavelength of the laser, + is the refractive index of the gain 

is the cavity length and ^ is an integer. The reason why the wavelength is 

divided by 2 is that the round trip needs to be equal to an integer 

This type of cavity is typical for gas and crystal lasers and has also been employed in 

microcavity lasers; this was the first reported solid state organic 

semiconductor laser, reported by Tessler et al.
46

 Microcavity lasers have 

many similarities to the Vertical Cavity Surface Emitting Laser

have become popular for inorganic semiconductors.

imilar to the case of the Fabry-Perot cavity, the mirrors need to be 
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carefully positioned so that a standing wave is supported in the cavity. The other 

option for a Fabry-Perot is cleaving the ends of the waveguide to define the cavity. This 

however has a problem in organic molecules as they do not cleave particularly well, 

leaving the end facets rough, so that a stable resonant mode cannot be setup. This 

means that mirrors must be used; these mirrors need to be placed in contact with the 

gain medium, but due to the nature of organic molecules having low glass transition 

temperatures, it makes depositing dielectric mirrors difficult. These types of cavities, 

however, can have exceptionally high Q (quality) factors, and are one of the favoured 

designs for realising electrically pumped lasing.
52

  

A different class of laser resonator which has found a lot of popularity for use with 

organic semiconductors is the distributed feedback resonator (DFB). These structures 

do not require mirrors, but rather use the scattered light from periodic wavelength 

scale structures to reflect the light back and forth. Under certain conditions this light 

combines coherently to create a counter propagating “Bragg scattered” mode in the 

waveguide. The feedback conditions for this are given by: 

^] = 2+���Λ  (2.11) 

Where ] is the wavelength of the light in nm, ^ is an integer, Λ is the period of the 

grating in nm and  +���  is the effective refractive index of the waveguide mode. For 

lasing to be detected from the DFB structure it must occur for the second order m=2, 

as the first order is the feedback within the plane, and the second order is the 

outcoupled laser. DFB structures can have one dimensional (1D) and two dimensional 

(2D) periodic structures. The 1D structure is shown in Figure 2.15, whilst a 2D 

resonator combines the periodic features of a one dimensional grating in two 

dimensions. In this case the feedback structures lie perpendicular to one another. 

These are more like photonic crystals with either square or hexagonal lattices. In such 

structures the feedback can be supported in several different directions, with it 

possessing the characteristic symmetry of the resonator; this is the reason for their 

distinctive cross shaped output beam. Two dimensional resonators have been found to 

have a very low divergence of only a few mrad and an output beam quality superior to 

that from a one dimensional DFB laser.
53

  



 

 

Figure 2.15: A 1-dimensional distributed feedback laser, with an illustration of the 

feedback shown as the black arrows in the gain medium, also shown is the period 

 The advantage of using this type of 

or quartz via holography and etching, and then 

spun directly onto the surface. 

surface of the film via nanoimprint lithography

micromoulding.
55

  

There are a number of other cavity designs which can be made using organic 

semiconductors, due to their advantages of 

microsphere lasers.
57

 Microring lasers have been reported to be produced from 

dipping an optical fibre in a solution of organic semiconductor and then the laser cavity 

being formed around the fibre.

propagating in a whispering gallery mode 

multimodal due to this. The performance of lasing structures like these have 

covered in a review by Samuel

2.4.3 Pump sources

All organic lasers are currently

research performed to develop an electrically pumped laser

far proved fruitless. There are a number of reasons why this has yet to be achieved, 

the main three are the following

is a build-up of molecules in the triplet state which limits the gain available in the 

cavity, with the triplets account

Theory of organic semiconductor molecules and lasers

34 

dimensional distributed feedback laser, with an illustration of the 

feedback shown as the black arrows in the gain medium, also shown is the period 

this type of structure is that it can be made directly into glass

via holography and etching, and then the organic semiconductor 

onto the surface. This type of structure can also be patterned onto the 

surface of the film via nanoimprint lithography
54

 or by solvent assisted 

There are a number of other cavity designs which can be made using organic 

semiconductors, due to their advantages of simple processing such as micro

Microring lasers have been reported to be produced from 

dipping an optical fibre in a solution of organic semiconductor and then the laser cavity 

the fibre.
56

 These lasers operate with the waveguided light 

in a whispering gallery mode around the laser, and are found to be very 

The performance of lasing structures like these have 

by Samuel and Turnbull.
33

           

ources 

currently optically pumped. There has been a great deal of 

research performed to develop an electrically pumped laser; however, these have so 

far proved fruitless. There are a number of reasons why this has yet to be achieved, 

the following: Firstly, when electronically exciting a molecule there 

up of molecules in the triplet state which limits the gain available in the 

accounting for approximately 75% of the charges.
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Microring lasers have been reported to be produced from 

dipping an optical fibre in a solution of organic semiconductor and then the laser cavity 

waveguided light 

and are found to be very 

The performance of lasing structures like these have been well 

optically pumped. There has been a great deal of 

however, these have so 

far proved fruitless. There are a number of reasons why this has yet to be achieved, 

when electronically exciting a molecule there 

up of molecules in the triplet state which limits the gain available in the 

for approximately 75% of the charges.
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 Secondly, 
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the mobility of carriers in organic semiconductors are much lower than in inorganic 

semiconductors; so the current needs to be much higher than is required from organic 

light emitting diodes. Thirdly, due to the nature of the contacts between the organic 

layers and the electrodes there are high losses associated with these. Due to the low 

mobility of the materials it is difficult to place the contacts far apart to limit these 

losses.
59

 Because of this there has also been a great deal of work on the reduction in 

size of the pump sources; this has led to a reduction from a large regenerative 

amplified laser, as was reported by Tessler et al.,
46

 to use of diode lasers
60,61

 before 

finally being demonstrated in using an inorganic light emitting diode by Yang et al..
19
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3 
Experimental methods 

3.0 Introduction 

This chapter will explore the experimental methods that were employed throughout 

this work. The aim of this chapter is to highlight the key measurement techniques and 

the equipment used, so that a full understanding of the results can be gained. The 

work outlined in the results chapters begins with photophysical characterisation of the 

molecules, so this chapter will initially focus on absorption and photoluminescence 

spectroscopy techniques. After this the lifetimes of the molecules were measured 

using time-resolved photoluminescence techniques, and then ultrafast anisotropy 

measurements were performed on a family of star-shaped molecules, to study the 

energy transfer within the molecule. This used fluorescence upconversion 

spectroscopy which can measure dynamics down to 100 fs. The final part of the work 

will focus upon lasing performance of a family of star-shaped molecules and the 

characterisation of these molecules. There will also be a brief review of the chemistry 

methods and density functional theory calculations performed by our collaborators.    

As outlined above, section 3.1 covers sample preparation and the steady state 

absorption and emission measurements; this also includes the instruments that were 

employed to perform them. Section 3.2 discusses the techniques used to determine 

the photoluminescence quantum yield for both solids and solutions. Section 3.3 covers 

time resolved measurements, first discussing the titanium sapphire laser system used 

to excite the sample, before moving on to discuss the streak camera for measurements 

on the picosecond-nanosecond timescale, then upconversion spectroscopy techniques 

for the femtosecond time regime. This will be concluded with a description of 

anisotropy measurements and the fitting of their results. Section 3.4 explores the laser 
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systems used to pump the organic lasers and then the measurement techniques 

employed for measuring organic semiconductor lasers. This also looks at the 

characterisation of the films by measuring the gain, loss and ASE of the samples. The 

final two sections will conclude this chapter on methods, with Section 3.5 discussing 

the techniques used by other parties involved in this work in the synthesis of the 

molecules and Section 3.6 covering the theory and methods behind the Density 

Functional Theory calculations used throughout this work.  

3.1 Steady state measurements and sample preparation 

 3.1.1 Sample Preparation 

Most materials were supplied in powder form from the Chemistry department at the 

University of Strathclyde by the group headed by Professor Peter Skabara, with the 

majority of synthesis being performed by Dr Alexander Kanibolotsky. The rest of the 

materials were procured from American Dye Source Inc.. The synthesis and purification 

techniques employed by the Chemists at Strathclyde University are covered in Section 

3.5, and the details of each of the materials used will be provided in the relevant 

chapters. Once all materials were obtained, they were stored in an oxygen free glove 

box; this aims to prevent sample degradation due to the effects of oxygen. For sample 

preparation the materials were removed briefly from the glovebox and out into the 

cleanroom, in which it is housed. The materials were only exposed to these ambient 

conditions for brief periods, before being returned to the glovebox for storage.  

Samples were then carefully weighed out in sealable glass vials, before the solvent was 

added. For solution measurements either spectroscopic grade toluene or 

tetrahydrofuran was used, whilst for films spectroscopic grade toluene was used as the 

solvent for spin-coating. In measurements where a definite concentration is required 

for determining the molar extinction coefficient, a known concentration was measured 

before being carefully diluted to a weaker concentration capable of being measured.  

Films were prepared in the same way as the solutions, but at higher concentrations of 

20 mg ml
-1

. Films were then deposited onto the substrates using a spin-coater; this 

rotates the films at a defined speed for a set period of time in order for the solvent to 



 

 

evaporate; conditions used were 

duration of 1 minute, which results in films between 150 and 100 nm

preparation was carried out in the clea

contaminants or particulates of dust

Solutions were then transferred

cuvettes for the steady state measurements or a rotating cuvette for the ultrafast 

measurements. The rotating cuvette 

separated by a 0.5 mm Teflon 

aluminium housing. Filling the cuvette is then 

slightly back and then pipetting the solution in before closing it and sealing it with the 

housing. When the measurements are performed the cuvette is rotated at 

approximately 200 rpm by an el

3.1.2 Steady s

Figure 3.1: Absorption spectrometer, showing the path from the lamps through the 

monochromator to the sample and reference.
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conditions used were typically spin speeds of 1000 and 2000 rpm for a 

, which results in films between 150 and 100 nm

preparation was carried out in the cleanroom, to protect the samples from any 

or particulates of dust which can degrade the performance of the films.

transferred from the vials into either 1 cm path length quartz 

for the steady state measurements or a rotating cuvette for the ultrafast 

measurements. The rotating cuvette consists of a pair of quartz windows, which are 

separated by a 0.5 mm Teflon spacer; these are then clamped together 

ing the cuvette is then performed by sliding one of the windows 

slightly back and then pipetting the solution in before closing it and sealing it with the 

When the measurements are performed the cuvette is rotated at 

approximately 200 rpm by an electric motor. 

state measurements 

Figure 3.1: Absorption spectrometer, showing the path from the lamps through the 

monochromator to the sample and reference. 

Chapter 3 

Experimental methods 

 

typically spin speeds of 1000 and 2000 rpm for a 

, which results in films between 150 and 100 nm. All sample 

nroom, to protect the samples from any 

which can degrade the performance of the films.  

from the vials into either 1 cm path length quartz 

for the steady state measurements or a rotating cuvette for the ultrafast 

a pair of quartz windows, which are 

e then clamped together by an 

by sliding one of the windows 

slightly back and then pipetting the solution in before closing it and sealing it with the 

When the measurements are performed the cuvette is rotated at 

 

Figure 3.1: Absorption spectrometer, showing the path from the lamps through the 



Chapter 3 

Experimental methods 

 

 

45 

 

Absorption measurements were carried out using a Varian Cary 300 UV-Vis 

spectrometer. This uses a halogen lamp for the visible light source and a deuterium 

lamp for the UV. The output light from these bulbs is passed through a scanning 

monochromator to allow for the probe wavelength to be changed. Measurements are 

then performed using a dual beam experiment, with one being passed through the 

sample and the other being passed through a reference path. The change in intensity is 

due to absorption and is given by the following formula: 

� = −����� 	 


�

�  (3.1) 

Where � is the absorbance,  is the intensity and � is the input intensity. In order to 

correct for other effects which could affect the absorption, such as reflections and 

solvent absorption, the measurements were performed against a reference sample. 

The reference for the films was chosen to be a quartz disc identical to the one which 

the film was spun onto. For the solution measurement the reference was chosen to be 

another quartz cuvette containing the same solvent used to dissolve the sample.  

As shown in equation 3.1 the absorption is determined by a change in intensity of the 

beam as it passes through a sample. This change in intensity is found to be 

proportional to the path length �, concentration � and the molar extinction coefficient 

�. This relationship is described by the Beer-Lambert Law: 

� = ��� (3.2) 

 

 

 



 

 

Figure 3.2: Fluorescence spectrometer, showing the path from the lamps through the 

monochromator to the sample and back through the scanning monochromator to the 

PMT. The top shows the collection orientation for solution and the bottom 

samples. 

Fluorescence measurements were performed using a

spectrophotometer. This uses a xenon lamp

passed through a monochromator

is then focussed onto the sample

solutions and at a small angle 

emission from films is then collected by a pair of mirrors

path and focus it onto the collection optic

photomultiplier tube, which

get spectral information on the sample the emission is first passed through a scanning 

monochromator, which scans through the entire range of the emission wavelengths

The excitation and emission w
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Figure 3.2: Fluorescence spectrometer, showing the path from the lamps through the 

to the sample and back through the scanning monochromator to the 

PMT. The top shows the collection orientation for solution and the bottom 

Fluorescence measurements were performed using a Jobin-Yvone Fluoromax 2

uses a xenon lamp as the excitation source; 

monochromator, which selects a specific excitation wavelength. This 

is then focussed onto the sample. The excitation is perpendicular to detection for 

at a small angle to the collection of emission for films

from films is then collected by a pair of mirrors, which change the emission 

onto the collection optics. The emission is then detected

which detects the light and turns it into an electrical

get spectral information on the sample the emission is first passed through a scanning 

scans through the entire range of the emission wavelengths

The excitation and emission wavelengths can all be controlled by simple computer 
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Figure 3.2: Fluorescence spectrometer, showing the path from the lamps through the 

to the sample and back through the scanning monochromator to the 

PMT. The top shows the collection orientation for solution and the bottom for film 

Yvone Fluoromax 2 

as the excitation source; this is then 

a specific excitation wavelength. This 

perpendicular to detection for 

for films; the front face 

which change the emission 

detected using a 

n electrical signal. To 

get spectral information on the sample the emission is first passed through a scanning 

scans through the entire range of the emission wavelengths. 

avelengths can all be controlled by simple computer 



Chapter 3 

Experimental methods 

 

 

47 

 

software, which records the emission intensity from the sample against the recording 

wavelength. All the emission spectra were then corrected for the sensitivity of the 

photomultiplier tube.  

When converting the emission spectra into energy, all spectra were multiplied by a 

wavelength squared correction; this accounts for the fact that although a translation 

into energy is simple, the bandpass in energy is not constant.
1
 This means that in order 

to get the corrected spectra, one needs to apply the following correction: 

��� = �����  (3.3) 

Where ��� is the intensity at energy �, � is the wavelength and ��� is the intensity at 

wavelength �. 

To cool samples to 77 K an Oxford Instruments Optistat DN liquid nitrogen cryostat 

was used. It has an inner sample chamber where the liquid samples are carefully 

positioned in sealed glass cuvettes. Surrounding this is a reservoir for the liquid 

nitrogen, which is surrounded by a vacuum chamber which isolates the sample 

chamber from the ambient room conditions. Before performing any measurements 

the vacuum chamber needs to be pumped out and the sorb activated. The role of the 

sorb is to capture any of the gas produced by outgassing, as the sample is cooled from 

room temperature to 77 K. This maintains the vacuum and prevents condensation 

forming on the optical windows. To isolate the sample in the sample chamber, helium 

was used as an exchange gas. Helium is used rather than a vacuum because it has 

better thermal properties.    

Part of the work outlined in the following chapters involved using a cryostat to cool the 

samples to 77 K for absorption and fluorescence measurements. Although the basic 

concept for the measurements are the same as outlined above, there are a few small 

subtleties, due to the shape and size of the cryostat; this means that special sample 

mounts needed to be used in both measurements and that the reference sample in 

absorption is the empty cryostat itself.  

 



 

 

3.2 Photoluminescence quantum yield

As outlined in Chapter 2 the

quantity to know for a material, because it provides information on the number of 

photons emitted to the number of photons absorbed

information on the lifetimes of the radiative and non

the natural lifetime. Also d

solution can affect the PLQY, because in a film there are a number of quenching factors 

caused by intermolecular interactions; th

pathways open to the molecule

Figure 3.3: Film PLQY measurement, showing the sample inside the integrating 

sphere, with the filter and photodiode 

In this work the film PLQY 

sample is placed at the centre of an integrating sphere

light emitted by the sample. 

helium cadmium laser, which is shone through a small aperture at the front of the 

integrating sphere. Emission is the

positioned at the top of the integrating sphere. 

photodiode to prevent any of the incident excitation light being detected as 

luminescence. In order to account for the effect of 

absorption, reflectance and transmission measurements were taken

power meter, and the incident power recorded. With this information one can then 

calculate the Greenham � factor which is given by:
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.2 Photoluminescence quantum yield 

hapter 2 the photoluminescence quantum yield (PLQY) 

quantity to know for a material, because it provides information on the number of 

photons emitted to the number of photons absorbed. This can then be used to

information on the lifetimes of the radiative and non-radiative states when one knows 

Also depending on whether the sample is a film or suspended in 

solution can affect the PLQY, because in a film there are a number of quenching factors 

caused by intermolecular interactions; this increases the number of non

the molecule and can thus decrease the PLQY. 

 

Figure 3.3: Film PLQY measurement, showing the sample inside the integrating 

sphere, with the filter and photodiode at the top of the sphere. 

film PLQY was determined using the Greenham method.

sample is placed at the centre of an integrating sphere, which is used to collect all the 

light emitted by the sample. Samples were excited using the 325 nm laser line from a 

helium cadmium laser, which is shone through a small aperture at the front of the 

integrating sphere. Emission is then detected using a calibrated photodiode, 

top of the integrating sphere. A filter is placed 

to prevent any of the incident excitation light being detected as 

luminescence. In order to account for the effect of reflectance of the pump 

, reflectance and transmission measurements were taken using a calibrated 

power meter, and the incident power recorded. With this information one can then 

factor which is given by: 
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r of non-radiative 

Figure 3.3: Film PLQY measurement, showing the sample inside the integrating 

determined using the Greenham method.
2
 In this, the 

which is used to collect all the 

ing the 325 nm laser line from a 

helium cadmium laser, which is shone through a small aperture at the front of the 

detected using a calibrated photodiode, which is 

 in front of the 

to prevent any of the incident excitation light being detected as 

reflectance of the pump light and 

using a calibrated 

power meter, and the incident power recorded. With this information one can then 
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� = ��������� !"��#�$�%�
��� �"������%

 (3.4) 

Where & is the reflectance, ' is the transmission, ()*+,-. is the measurement from 

the laser onto the sample, (/,0.1. is the measurements from the sphere and (-*).1 is 

the signal without the sample or filter in place. 

After this the emission spectrum of the sample, the spectral reflectivity and the 

efficiency of the photodiode needs to be taken into account. The emission spectrum of 

the sample was measured as above. The other two values come from their calibration 

specifications. This is the so called 2 term in the Greenham formulation and is given 

by: 

2 = 3 /��$�%��4�5�4�6�4�7�4�
/�����4� 8� × :/��$�%��4�;�6�4�;�

/�����4�;� 3 <���8�= (3.5) 

Where <��� is the emission spectrum, >��� is the quantum efficiency of the 

photodiode, ?��� is the transmission of the filter, @),0.1.��� is the spectral response 

of the sphere and @-*+,��� is the spectrum of the lamp. The PLQY is then simply � 2⁄ .       

In comparison, the solution PLQY is a relatively straightforward measurement. This 

uses the measurement of the solution against a reference solution with a known 

PLQY.
3
 In this case the sample is made into a dilute solution, with an absorption at the 

excitation wavelength of 0.1. The reference samples chosen were quinine sulphate in 

0.1 Mol sulphuric acid, which has a known PLQY of 0.54
4
 and 2-aminopyridine diluted 

into 0.1 Mol of sulphuric acid, which has a known PLQY of 0.6.
5
 Quinine sulphate was 

used for the majority of measurements for the samples which emit at ~ 450 nm.  

The PLQYs are then calculated by measuring the absorption at a set wavelength, and 

the emission spectrum when excited at the absorption wavelength. The PLQY can thus 

be determined from the following relation:
3
 

BC = B1 	D%�4%�
D;�4;�� 	
�4%�


�4;�� 	E;
E%

� 	F;
F%

� (3.6) 

Where G and � are the reference and measured samples respectively. B is the PLQY, 

��� is the intensity of the excitation pulse at wavelength �, ����is the absorbance at 
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wavelength �, H is the refractive index of the solvent and I is the integrated area 

under the emission spectrum.       

3.3 Time-resolved measurements 

In organic semiconductors there are three main timescales depending upon which 

processes are being recorded. There is phosphorescence which occurs on a 

microsecond to millisecond timescale and is typically measured by time-gated CCD 

instruments to measure spectra and time-correlated single photon counting (TCSPC) to 

measure the dynamics. Then there are fluorescence lifetime measurements, which 

occur on the picosecond to nanosecond timescale, and can be measured by a streak 

camera or fast TCSPC methods. Finally there are intermolecular processes, which can 

occur on a femtosecond to picosecond timescale and require techniques such as sum 

frequency generation for upconversion spectroscopy or transient absorption to 

resolve. For the work presented in this document, the focus will be placed upon the 

latter two timescales with the streak camera and fluorescence upconversion 

spectroscopy both being employed. 

All ultrafast measurements require a laser with an ultrashort pulse length, in order to 

resolve the transition. Typically this requires a laser with a pulse width shorter than the 

time period of the transition. Up until the invention of the self-mode locked titanium 

sapphire laser by Spence, Kean and Sibbet,
6
 here at St Andrews in 1991, ultrafast 

measurements were limited by difficult to maintain equipment. Most of the work was 

performed using mode locked dye lasers, which were able to produce pulse lengths of 

under a picosecond. But the invention of the mode locked Ti:Sapphire laser then 

opened up an easy and commercially realisable way to produce ultrafast light sources, 

with pulse lengths of ~100 fs or shorter. All ultrafast measurements in this work used a 

Mai Tai titanium sapphire laser manufactured by Spectra Physics. 

As outlined in Chapter 2, all lasers require a gain medium in which light of certain 

wavelengths can be amplified. In a titanium sapphire laser the titanium atoms are 

doped into an artificial sapphire (Al2O3) crystal. For this to lase it needs a pump source; 

this is performed using a continuous wave (CW) Neodymium (ND
3+

) Yttrium Vanadate 



 

 

laser (YVO
4
). Using a CW pump source and

would produce a CW outpu

require short pulses, there must be a form of

which reduces its duration down to 100 fs. 

created by passive mode locking using Kerr lens

produce pulses with 100 fs FWHM, 

simple computer software. This 

because it means that the output beam can be frequency doubled, so that the 

excitation source is 375-425 nm, which is suitable for many organic semiconductors.

3.3.1 Streak Camera

To detect the photoluminescence of a sample and to measure radia

processes on a picosecond to nanosecond timescale this work used a Hamamatsu 

Synchroscan Streak Camera. 

position, with a resolution of

 

Figure 3.4: Schematic of a 

streak cameras. 7 

The emission light from the 

camera. Upon entering, the
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Using a CW pump source and without any other form of control

output in the region between 750-1000 nm. However, as we 

there must be a form of optical control applied to

duration down to 100 fs. Pulse reduction in Ti:Sapphire laser is

passive mode locking using Kerr lenses. Using this the Mai Tai is able to 

with 100 fs FWHM, which are tuneable between 750 and 850 nm via 

simple computer software. This wavelength range is good for organic sem

because it means that the output beam can be frequency doubled, so that the 

425 nm, which is suitable for many organic semiconductors.

1 Streak Camera 

To detect the photoluminescence of a sample and to measure radia

processes on a picosecond to nanosecond timescale this work used a Hamamatsu 

amera. This measures the intensity of a pulse vs time 

with a resolution of 2 ps.
7
  

Schematic of a streak camera, figure inspired by Hamamatsu Guide to 

light from the sample is focussed on the entrance slit to the streak 

the pulse is then focussed onto a photocathode, where
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. However, as we 

applied to the laser pulse, 

Ti:Sapphire laser is 

Using this the Mai Tai is able to 

between 750 and 850 nm via 

is good for organic semiconductors 

because it means that the output beam can be frequency doubled, so that the 

425 nm, which is suitable for many organic semiconductors. 

To detect the photoluminescence of a sample and to measure radiative decay 

processes on a picosecond to nanosecond timescale this work used a Hamamatsu 

the intensity of a pulse vs time and 

 

streak camera, figure inspired by Hamamatsu Guide to 
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incident light is converted into a number of electrons; their number is proportional to 

the intensity of the incident light. These emitted electrons are then accelerated 

towards a phosphor screen at the back of the detector. As they are travelling along this 

path, the electrons pass through an electric field created by a pair of parallel plates. 

The field is controlled, so that it creates a sweep effect, which deflects the incoming 

electrons in different paths relative to their arrival time across the plate. The sweep is 

triggered by the laser pulse, and a measurement delay which can be controlled via the 

computer software and a delay unit. The deflected electrons then strike a micro-

channel plate (MCP), which is an electron multiplier consisting of a number of glass 

capillaries which are formed into a disk shaped plate. As the electrons enter the 

capillaries they strike the specially coated walls and produce a number of electrons 

with each collision. This means that a single electron can be multiplied by as much as a 

1000 times by this process, which allows weak signals can be detected. The emission 

from the MCP is then impacted against a phosphor screen, which converts the 

electrons back into light, and the temporal profile of the incident pulse can be 

resolved. The light emission on the phosphor screen is then imaged by a charge 

coupled device (CCD) camera. The CCD then converts the image on the phosphor 

screen back to an electrical signal, which can be measured by the computer and a 

digital readout of the dynamics recorded.        

3.3.2 Upconversion spectroscopy 

To resolve times faster than a few picoseconds one needs to move away from 

electronic components, where noise from electronic jitter can affect the results.  This 

means that the system needs to be optically controlled to resolve dynamics on this 

timescale. These can be performed in two ways, either by transient absorption or 

upconversion spectroscopy. Transient absorption looks at excited state processes, 

where a molecule is excited into an upper state and then a second pulse, delayed by a 

set amount, is directed upon the sample. The change in absorption of the second 

beam with respect to time and wavelength provides a lot of information on the 

dynamics of the photoexcitations. The results, however, are often difficult to interpret 

as there are a number of competing processes occurring; each of these needs to be 



 

 

understood and accounted for to provide an accurate description of what is 

within the molecule. Studying

straightforward process, and can be monitored on the femtosecon

upconversion spectroscopy. 

Figure 3.5: Upconversion principle

the gating pulse overlaid. The lower figure shows the upconver

Upconversion spectroscopy is an important technique and is well covered by a review 

by Shah.
8
 The basic principles of upconversion

optical parametric oscillator, only reversed. 

are brought together into a non

generation within the crystal

third wavelength of light, which is equal to freq

combined. The frequency of the generated light can be calculated from the following 

formula: 
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understood and accounted for to provide an accurate description of what is 

Studying the fluorescence on the other hand, is a much more 

and can be monitored on the femtosecon

upconversion spectroscopy.  

principle, top shows the decay of a fluorescence trace with 

the gating pulse overlaid. The lower figure shows the upconverted signal

spectroscopy is an important technique and is well covered by a review 

The basic principles of upconversion are similar to those employed in an 

optical parametric oscillator, only reversed. In upconversion light of two frequencies 

are brought together into a non-linear optical crystal, to produce sum frequency 

generation within the crystal. In this process, when the two pulses mix

, which is equal to frequency of the other two wavelengths 

combined. The frequency of the generated light can be calculated from the following 

JK, = JL5 M JN*O. (3.7) 
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Where JK, is the frequency of the upconverted light, JL5 is the selected frequency of 

the photoluminescence and JN*O. is the frequency of the gate pulse. This principle is 

used in spectroscopy to detect time dynamics of fluorescence on a very fast timescale. 

The equipment for this technique outlined in Figure 3.6, is a CPD systems FOG 100 

upconversion spectrometer. The pump and gate pulses are created by frequency 

doubling a single laser pulse. The pump is the frequency doubled light and the residual 

light is then the gate. These two pulses can then be combined back together in a non-

linear crystal to produce a sum frequency generated signal. The process of sum 

frequency generation only occurs when the two pulses are incident on the crystal at 

the same time, so the dynamics of the molecule can be built up by progressively 

delaying the timing of the gate with respect to the photoluminescence as is shown in 

Figure 3.5. This sampling of the photoluminescence with time allows for femtosecond 

resolution of the dynamics to be obtained by accurate control of the delay line. The 

software then detects the signal produced at a certain timescale for a set time period, 

before moving to the next time window. An accurate picture of the fast dynamics can 

be obtained from this method. The time resolution of the sample is then limited by the 

thickness of the crystal and the pulse width of the laser beam.   



 

 

Figure 3.6: Experimental setup of the fluorescence upconversion measurement system

The laser output from the Mai Tai titanium sapphire laser is direct

setup. Although this setup is 

explanation of the setup we will assume that the

from the laser enters from a

the light is then directed int

by lens L1 onto a type 1 beta barium borate frequency doubling crystal

thick. This splits the beam into two wavelengths
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Experimental setup of the fluorescence upconversion measurement system

The laser output from the Mai Tai titanium sapphire laser is directed into t

up is tuneable for a number of wavelengths, for clarity of 

explanation of the setup we will assume that the initial pump light is 800 nm.

from the laser enters from an aperture in the box which encloses all the equipment, 

the light is then directed into the optical path by mirror M1. The light is then focussed 

type 1 beta barium borate frequency doubling crystal

splits the beam into two wavelengths, where there is around 200 mW of the 
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into to the optical 

for a number of wavelengths, for clarity of 

pump light is 800 nm. The light 

in the box which encloses all the equipment, 

The light is then focussed 

type 1 beta barium borate frequency doubling crystal, which is 1 mm 

there is around 200 mW of the 
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residual 800 nm light and 100 mW of the frequency doubled 400 nm light.  The two 

wavelengths are then collimated by a 6 cm focal length lens L2, before passing to a 

dichroic beamsplitter (BS). This beamsplitter reflects the 400 nm light along the 

excitation path and transmits the 800 nm light along the gate path.  

The 400 nm excitation pulse first passes through a Berek compensator (BC): this allows 

for the polarisation of the excitation light to be controlled, and is very important in the 

case of the anisotropy measurements discussed later. It then passes through a filter 

(F1), which is there to remove any residual 800 nm light that was reflected at the 

beamsplitter. After passing through this, it is then focussed, using lens (L3), onto the 

rotating sample cell. The focussing is as tight as possible in order to increase the 

collection of the emitted photoluminescence. High concentrations are used in these 

measurements to ensure that as much of the 400 nm light is absorbed as possible, so 

that it does not affect the results when detected.  The emitted photoluminescence is 

then collected and focussed by lens L4 with a focal length of 4 cm to a movable 

steering mirror (M2). This directs the collected photoluminescence towards the second 

frequency doubling crystal. Before travelling to this crystal it passes filter (F2), which 

removes any remaining pump light.  Once passed through the filter the light is then 

focussed onto a type 1 BBO sum frequency generating crystal, where it is overlapped 

with the gate light.  

As this is the point at which the two beams come together, it is appropriate to discuss 

the second path, that of the residual 800 nm gate pulse. This light has its path adjusted 

by mirrors M3 and M4, so that the beam is directed onto the gold coated 

retroreflectors of the delay line. The delay line is used to vary the time of the path 

between the excitation pulse and the gating pulse so that a sweep of the dynamics can 

be made. The delay is controlled by simple computer software and is capable of 

adjusting the time of the pulses in steps by a minimum of 6.5 fs. The light from the 

optical delay line is then steered towards the sum frequency generating crystal by 

mirrors (M5 and M6). It is then passed at an angle through lens L5, which is where the 

paths of the two beams re-join. The slight angle of the two beams with respect to each 

other allows for the light to be directed away from the detector after the passing 

through the sum frequency generating crystal, whilst the upconverted light is directed 



 

 

towards the detector. Before arriving at the detector

focussed by lens L6 onto the monochromator

photoluminescence or gate must be filtered out so 

upconverted light. This filtering is in part done by the spatial separation of the two 

beams after passing the crystal, and part done by an aperture (A) and then two filters 

(F3 and F4). The first filter

second (F4) is a Schott glass filter which only allows transmission of the UV 

upconverted light. The monochromator is then set to detect the desired UV 

wavelength as indicated by ente

wavelength into the computer software. The position of the monochromator is 

controlled by a simple micrometre screw. The monochromator provided with this 

system is a Solar/TII single monochromator CPD system

 3.3.3 Anisotropy measurements

Figure 3.7: Anisotropy measurement

and its polarisation relative to the detector 

This is used to excite the sample and fluorescence is then collected by the detector. 

In spectroscopy, fluorescence 

the emission angle relative to

on energy transfer and the change in the

the absorption one. Because of this

energy transfer. The anisotropy can be dete

intensity parallel and perpendicular to the pump beam using the following formula:
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Before arriving at the detector the UV upconverted light is 

focussed by lens L6 onto the monochromator. Any residual light from either 

ate must be filtered out so that they are not detected with the 

upconverted light. This filtering is in part done by the spatial separation of the two 

beams after passing the crystal, and part done by an aperture (A) and then two filters 

irst filter (F3) is a dichroic and reflects any residual pump light

second (F4) is a Schott glass filter which only allows transmission of the UV 

upconverted light. The monochromator is then set to detect the desired UV 

wavelength as indicated by entering the gate wavelength and the chosen emission 

into the computer software. The position of the monochromator is 

controlled by a simple micrometre screw. The monochromator provided with this 

system is a Solar/TII single monochromator CPD systems model 2022.   

Anisotropy measurements 

nisotropy measurement: vertically polarised light arrives from the 

polarisation relative to the detector is then controlled by a Berek compensator

This is used to excite the sample and fluorescence is then collected by the detector. 

fluorescence anisotropy is a measure of the change in

the emission angle relative to that of the excitation. This in turn provides information 

on energy transfer and the change in the orientation of the emission dipole relative to 

the absorption one. Because of this, it is a very useful tool for studying intramolecular 

The anisotropy can be determined by measuring the emission 

intensity parallel and perpendicular to the pump beam using the following formula:
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vertically polarised light arrives from the laser 

controlled by a Berek compensator. 

This is used to excite the sample and fluorescence is then collected by the detector.  

in the intensity of 

This in turn provides information 

emission dipole relative to 

very useful tool for studying intramolecular 

rmined by measuring the emission 

intensity parallel and perpendicular to the pump beam using the following formula:
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G = 
∥�
Q

∥!�
Q

 (3.8) 

Where G is the anisotropy, ∥ is the intensity recorded parallel to the pump and R is 

the intensity detected perpendicular. In this experiment the excitation light is rotated 

with respect to the detection using a Berek compensator. The two traces can then be 

recorded for the two different orientations so that multiple scans of ∥  and R can be 

run before averaging them, and then combining them as in equation 3.8. To change 

the orientation of the polarisation of the pulse involves the rotation of a Berek 

compensator; this rotation also changes the delay times between the excitation of the 

∥  pulse and the R. This means that, if it was unaccounted for it would affect the early 

time dynamics being monitored within the sample. To get the time difference between 

differently oriented pulses water Raman measurements were performed. These results 

were fitted with a Gaussian, and the time difference between the two pulses is then 

equal to the temporal delay caused by the Berek compensator. This was found to be 

39 for 380 nm, 32 fs for 400 nm and 38 fs for 420 nm. This temporal shift was then 

added to the perpendicular results before fitting. 

 3.3.4 Fitting anisotropy decay 

The first stage with all the scan data is to average them, reducing any noise from the 

signals. After this, the temporal shifts were added to the perpendicular results, and the 

anisotropy calculated. The anisotropy fitting was done by a so called sum difference 

fitting technique, where the sum is the denominator of equation 3.8 and the 

difference is the numerator to the equation. The fitting was performed using the 

“Globals WE” software package, developed by the University of Illinois at Urbana-

Champagne, by the Laboratory of Fluorescence Dynamics.
10

 The fitting of the 

anisotropy decay follows the method outlined by Souter et al..
11

 This fits the sum as a 

series of exponentials, @�S�: 

@�S� = ∑ �EU
VW
XYE  (3.9) 

The best fit for the sum equation @�S� was then multiplied by a trial function ��S�: 
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��S� = G�U
VW
XZ M G�U

VW
X[ M G\E] (3.10) 

This was found to work best for a two exponential decay and an offset, as described in 

equation 3.10.   
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Figure 3.8: Anisotropy fitting: the top figure shows the sum fit from equation 3.8, 

whilst the bottom shows the fitting for the difference part of the equation 3.8. 
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The resultant fit is then compared against the sum fit and the instrument response 

function, to provide the difference fit for the data, such that: 

I�S� = ^@�S� × ��S�_ ⊗ &?  (3.11) 

From this it is shown that the trial ��S�, is equal to the anisotropy. Therefore the terms 

in the A(t) best fit are equal to the terms governing the anisotropy, so that G� and G� 

are the amplitudes of time decays a� and a�, and G\E] is the anisotropy at the end of 

the data scan. 

3.4 Organic semiconductor lasers 

3.4.1 Experimental setup 

As mentioned in section 2.3 all organic semiconductor lasers require an external 

optical pump source to excite them. Measurements of lasers and amplified 

spontaneous emission (ASE) were performed using a Q-switched Nd:YAG pump laser, 

with a 4 ns pulse length. A Nd:YAG laser uses a Yttrium aluminium garnet (YAG) crystal 

doped with a small amount of neodymium (Nd
3+

) as the gain medium. The laser then 

produces emission at 1064 nm from the neodymium emission; this can then be 

frequency doubled to produce green 532 nm, or tripled to produce 355 nm. The use of 

Q-switching allows the laser to produce its 4 ns pulses. All the materials presented in 

this study absorb in the UV region of the spectrum, so the third harmonic of this laser 

is an ideal pump source. This laser source is usually used for pumping of an OPO cavity, 

but in the case of 355 nm the emission light is able to bypass the cavity and be directed 

out of the housing. The optical set up to the sample is shown in Figure 3.9. 



 

 

Figure 3.9: Experimental setup

In order to carry out the characterisation of any laser material, it is important to have 

an understanding of how the molecule behaves at high pump intensities, without 

presence of a cavity. This can be done by measuring the ASE of the sample, because 

this is a very similar process to lasing, but without the resonant wavelength being 

selected by the cavity. ASE measurements

within the films, as well as 

For all laser and ASE measurements the sample

chamber, which helps to 

energy intensities. The vacuum chambe

fixed bottom plate. The mount for the sample

mount holds the sample in the middle of the chamber, with the sample being fastened

in position by a small screw. The top plate is removable

sample and connects the chamber

a three dimensional adjustable stage

controlled with respect to the pump beam. The vacuum chamber is 

compressing an ‘o’ ring between the top plate and a metal ring

carried out by a BOC Edwards rotary pump before a turbo molecular pump is used to 

reduce the pressure further. Under t

mbar of pressure.   
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setup for Laser and ASE measurements. 

In order to carry out the characterisation of any laser material, it is important to have 

an understanding of how the molecule behaves at high pump intensities, without 

cavity. This can be done by measuring the ASE of the sample, because 

this is a very similar process to lasing, but without the resonant wavelength being 

ASE measurements can provide information on losses and gain 

 the threshold for the onset of ASE.   

For all laser and ASE measurements the samples were placed inside a vacuum 

 prevent photo-degradation of the samples at high

intensities. The vacuum chamber consists of a cylindrical glass cha

mount for the sample then projects from the base

mount holds the sample in the middle of the chamber, with the sample being fastened

by a small screw. The top plate is removable to allow insertion of the 

the chamber to the vacuum pump via a tube. It 

adjustable stage, which allows the sample position

to the pump beam. The vacuum chamber is 

between the top plate and a metal ring. Initial pumping is 

Edwards rotary pump before a turbo molecular pump is used to 

reduce the pressure further. Under this pumping the vacuum chamber is at 10
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The optical setup for the ASE and lasing measurements is shown in Figure 3.9. The 

same setup is used for both experiments, but there are differences on all the individual 

measurements. Initially this part will concentrate on the main path and then the 

nuances of each of the experiments will be explained in detail in the sections on the 

individual measurements. The 355 nm pump light is passed out of the OPO box and 

then is directed using mirror M1. The light is then redirected using mirror M2 and 

passes through a pair of polarisers P1 and P2, which are used to attenuate the beam. 

The beam then travels onto the adjustable mirror M3 which steers the beam towards 

the sample; an aperture is used to remove any stray reflections from the beam. The 

beam then passes through a series of neutral density (ND) filters, which are suitable 

for the UV light and are used attenuate the beam further; changing these allows for 

the excitation energy to be varied. There is then a focussing lens which focuses the 

pump onto the sample. The focal length of this lens is ~10 cm and a circular one is used 

for the lasing measurements and a cylindrical one for the ASE measurements. The 

choice of a cylindrical lens is made for the ASE measurements, because when ASE is 

confined to a long narrow stripe most of the output is emitted out of the end of the 

stripe, so this increases collection. 

 

 3.4.2 Gain, loss and ASE measurements 

The ASE threshold measurements are performed by focussing the light from the pump 

source into a stripe of ~0.3 x 3 mm. The pump energy is measured using a calibrated 

Newport photodiode pulse energy meter and the pump energy is adjusted by changing 

the number of neutral density filters before the sample. The ASE is measured 

perpendicular to the pump and in the plane of the film with a Jobin Yvone Triax 180 

spectrometer connected to a CCD detector. Light is coupled into the spectrograph via a 

fibre, and to increase the capture angle, a lens coupling system is used; this is placed 

against the wall of the chamber, so as to collect as much light as possible. 

 



 

 

Figure 3.10: Amplified Spontaneous 

length l and is at a distance x from the edge of the film. The emission is 

perpendicular to the film, where it is collected by a fibre coupled to a spectrograph.
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pontaneous Emission measurement setup: the beam has a 

at a distance x from the edge of the film. The emission is 

film, where it is collected by a fibre coupled to a spectrograph.
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at a distance x from the edge of the film. The emission is emitted 

film, where it is collected by a fibre coupled to a spectrograph. 
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Figure 3.11: Results from an ASE measurement. Top shows the change in spectra with 

increasing pump intensity; bottom shows the corresponding increase in the intensity 

of the emission with increasing pump intensity. The threshold has been highlighted by 

the (green circle), and the (pink circle) is the point above threshold corresponding to 

the same colours in the spectra above. 
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The ASE threshold measurement identifies the point at which amplified spontaneous 

emission is produced from the material; this is done by measuring the ASE output from 

the film and plotting it against the input power. This input energy is varied by changing 

the number of ND filters in front of the sample. The threshold is then determined as 

the point at which the spectra shows a distinctive line narrowing caused by ASE. This 

point is also typically shown as the point at which output starts to follow a nonlinear 

dependence to the pump power density.    
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Figure 3.12: Results for a typical gain measurement. Top shows the increase in 

intensity in the spectra with increasing beam length, whilst the bottom shows the fit 

to the data from equation 3.12. 
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Gain measurements are performed by changing the length of the stripe at a fixed 

excitation energy. The growth of the output intensity should grow with the following 

relation:
12

 

��, �� = D
�;c
N�4� �UN�4�- − 1� (3.12) 

Where .Ce is the excitation intensity, � is the wavelength and ���� is the gain per unit 

length at the wavelength.    

The change in stripe length is achieved by using a variable rectangular aperture, which 

is controlled by a micrometre screw. This allows for accurate control of the aperture, 

so that an accurate length of the stripe can be determined. In the measurements the 

initial output is seen to follow equation 3.12, but at a certain point there is a levelling 

off of the intensity relative to the length of the increasing pump stripe. This is due to 

gain saturation in the system, where at high intensities the light becomes so intense 

that it reduces the available gain.
13

 As a result of this, it is the rising data that is fitted 

by equation 3.12 to calculate the gain coefficient. 
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Figure 3.13: Results for a typical loss measurement. Top shows the spectra decreasing 

in intensity with increasing distance from the edge, whilst the bottom shows the fit to 

the data from equation 3.13. 
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Loss measurements are performed at the same time as the ASE and gain 

measurements on the same film. Loss measurements are performed by moving the 

stripe away from the edge of the film and thus monitor the reduction in the ASE 

intensity due to the losses in the film.  The film losses can then be determined by:
12

 

�KO = �U�gC  (3.13) 

Where � is the initial input intensity with the beam at the edge, �KO is the output 

intensity at distance � and h is the loss.  Despite the fact that the stripe is being moved 

away from the edge of the film, the detector is much bigger than the solid angle of 

emission at that distance and so does not need to be taken into account when 

considering this experiment.  

For all these experiments the intensity is taken as the integrated area under the ASE 

peak. The beam size is measured using a Coherent LaserCamIIID CCD beam profiler. 

This is then combined with the pump energy and duration of the pulse, which in this 

case is 4 ns, to calculate the power density of the beam. 

3.4.3 Laser measurements 

As outlined above, laser measurements use almost the same setup as the ASE 

measurements, apart from the fact that the film is spun onto a DFB grating and the 

lens that focuses the beam is a circular rather than cylindrical lens. Again the input 

power is controlled by changing the number of ND filters used before the sample. In 

this case the sample is placed at a very small angle to the pump beam so that the laser 

emission can be detected from the surface.  



 

 

Figure 3.14: Laser measurement setup

lens setup for an optical fibre coupled to the CCD spectrograph, and at the back by a 

calibrated pulse energy meter.

The laser threshold measurements were done in the same way as the ASE 

measurements, with the power being varied

threshold was determined from integrating the area under

peak, which is typically less than a nanometre wide. This 

input intensity and the change in slope of the output intensity 

lasing threshold. This point corresponds with the line narrowing observed in the 

spectrum corresponding to the onset of lasing.

background photoluminescence resulting from the higher pump powers.
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aser measurement setup, the emission is collected from the front using a 

fibre coupled to the CCD spectrograph, and at the back by a 

calibrated pulse energy meter. 

The laser threshold measurements were done in the same way as the ASE 

with the power being varied by changing the number of ND filters

as determined from integrating the area under the full width of

peak, which is typically less than a nanometre wide. This was then plotted against the 

input intensity and the change in slope of the output intensity was determined as the 

reshold. This point corresponds with the line narrowing observed in the 

spectrum corresponding to the onset of lasing. There is also an increase in the 

background photoluminescence resulting from the higher pump powers.
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The laser threshold measurements were done in the same way as the ASE 
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Figure 3.15: Results from a laser measurement. Top shows the change in spectra with 

increasing pump intensity; bottom shows the corresponding increase in the intensity 

of the emission with increasing pump intensity. The threshold has been highlighted by 

the (red circle), whilst the (green circle) corresponds to the point above the threshold, 

as shown in the spectra above. 
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Efficiency measurements were performed by replacing the CCD spectrograph with a 

calibrated Molectron energy meter and recording the input intensity using an 

oscilloscope. This is then compared against the measured input power and the slope of 

the line of the two plotted against one another corresponds with the efficiency of the 

device.    

3.5 Material synthesis 

One of the key components of this research is the ability to test and analyse new 

materials; these materials were either procured from American dye sources inc. or 

synthesised by the Organic Chemistry group at Strathclyde University.  In order to get 

high quality materials with high levels of purity for this study the synthesis of the 

molecules was of great importance. This is because the better the quality of the 

materials the greater the trust that can be placed on the physical findings.  

 

Scheme 3.1- Synthesis of oligofluorenes TMS protected (Scheme by Clara Orofino) 

The synthesis of the monodisperse oligofluorene is shown in Scheme 3.1. The base 

flourene unit is initially brominated and is then lithiated at the 9,9-position using butyl 

lithium, this is then followed by the addition of the bromo-alkyl chain of choice to 

alkylate the fluorene unit. 2,7-dibromo-9,9-dialkylfluorene is the building block 

employed throughout the iterative synthesis of the oligofluorenes. Butyl lithium is then 
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added to deprotonate one of the bromine atoms, followed by the addition of 

triisopropylborate to add the B(OH)2 functionality. Butyl lithium is added again 

followed by the addition of chloro-trimethylsilane (TMS) which yields monofluorene 

boronic acid.  The use of a TMS (trimethylsilane group) allows the chemists to protect 

that position and as a scaffold to be able to functionalise the molecule further. Once 

this building block has been created, iterative synthesis using Suzuki coupling of the 

compound with the fluorene boronic acid is used to increase the length of the 

oligoluorene chain. This is followed by functionalising the 2- position of the Fn 

molecules with B(OH)2 by the addition of butyl lithium. These last two steps are 

repeated until oligofluorenes  of the required length are produced. If the molecules are 

intended to be stand alone oligofluorne molecules, then a final step of deprotecting 

the molecules from the TMS functionality is performed using a simple treatment of 

trifluoroacetic acid. 

Scheme 3.2- Synthesis of the truxene core (Scheme by Clara Orofino) 

 In order to synthesise the truxene-cored molecules, the tribromohexaalkyltruxene 

core is synthesised following the procedure depicted in Scheme 3.2. The truxene 

compound is generated by cyclisation of commercially available 1-indanone under 

acidic conditions, followed by alkylation of the methylenic positions by lithiation with 

butyllithium and addition of the bromoalkyl chain to produce T0. Final bromination of 

the C2, C7 and C12 positions with bromine yields the truxene core.  

 



 

 

Scheme 3.3- Synthesis of the oligofluorenyltruxenes 

Once the fluorene arms of the desired length are synthesised, they are then coupled to 

the required core. The truxene (T1

tribromohexaalkyltruxene 

desired length via Suzuki coupling. The final step consists of deprotecting the 

molecules from the TMS functionality by simple treatment with a trifluoroacetic acid. 

After each step the molecules are purified by column chromatography on silica gel. In 

this purification technique, the components of a mixture are forced to equilibrate 

between an immobile stationary phase (silica gel, in our case) and a moving phase by 

the addition of an eluent (a solvent or mixture of solvents). The components of the 

mixture have different affini

compounds with a greater affinity for the moving phase travel faster along the column 

than those with greater affinity for the stationary phase. This principle combined with 

the vertical diffusion of a mate

mixture into different fractions

able to handle large quant

undergoes a crystallisation or reprecipitation phase. By using pure compounds at each 

stage increases the yield and purity of the final compound, which is key in its final 

performance in the device.

As a final check of the purity 

NMR provides information on the protons within the molecule, and can provide 
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spectroscopy only works for spin 1/2 atoms such as
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Synthesis of the oligofluorenyltruxenes Tn (Scheme by Clara Orofino)

fluorene arms of the desired length are synthesised, they are then coupled to 

the required core. The truxene (T1-T4) are synthesised by coupling

(truxene core) with the TMS protected oligofluorenes

uki coupling. The final step consists of deprotecting the 

molecules from the TMS functionality by simple treatment with a trifluoroacetic acid. 

After each step the molecules are purified by column chromatography on silica gel. In 

ue, the components of a mixture are forced to equilibrate 

between an immobile stationary phase (silica gel, in our case) and a moving phase by 

the addition of an eluent (a solvent or mixture of solvents). The components of the 

mixture have different affinities for the stationary phase and the eluent. The 

compounds with a greater affinity for the moving phase travel faster along the column 

those with greater affinity for the stationary phase. This principle combined with 

the vertical diffusion of a material along a long column allows for the separation of the 

ure into different fractions.
14

 This method works well for purification, because it is 

able to handle large quantities of the mixture. The collected desired 

tion or reprecipitation phase. By using pure compounds at each 

stage increases the yield and purity of the final compound, which is key in its final 

performance in the device. 

As a final check of the purity 
1
HNMR and thin layer chromatography are used.  Using 

NMR provides information on the protons within the molecule, and can provide 

information about their relative positions. Nuclear magnetic resonance (NMR) 

spectroscopy only works for spin 1/2 atoms such as 
1
H or 

13
C, this is because they 

Chapter 3 

Experimental methods 

 

 

(Scheme by Clara Orofino) 

fluorene arms of the desired length are synthesised, they are then coupled to 

T4) are synthesised by coupling the 

TMS protected oligofluorenes of the 

uki coupling. The final step consists of deprotecting the 

molecules from the TMS functionality by simple treatment with a trifluoroacetic acid.  

After each step the molecules are purified by column chromatography on silica gel. In 

ue, the components of a mixture are forced to equilibrate 

between an immobile stationary phase (silica gel, in our case) and a moving phase by 

the addition of an eluent (a solvent or mixture of solvents). The components of the 

ties for the stationary phase and the eluent. The 

compounds with a greater affinity for the moving phase travel faster along the column 

those with greater affinity for the stationary phase. This principle combined with 

rial along a long column allows for the separation of the 

This method works well for purification, because it is 

he collected desired fraction then 

tion or reprecipitation phase. By using pure compounds at each 

stage increases the yield and purity of the final compound, which is key in its final 

HNMR and thin layer chromatography are used.  Using 

NMR provides information on the protons within the molecule, and can provide 

information about their relative positions. Nuclear magnetic resonance (NMR) 

C, this is because they 



Chapter 3 

Experimental methods 

 

 

76 

 

generate their own magnetic field, without the presence of an external magnetic field,  

which is randomly oriented. However, if an external magnetic field is applied, the atom 

can align either with or against the external magnetic field. Once this has been applied, 

the sample is scanned by radio waves 1-100 m in wavelength, the purpose of this is to 

apply enough energy to change the alignment orientation of the atom by it absorbing 

the incident energy. Using this the absorbance over a particular energy range, the 

number and type of protons can be recorded
15

 (eg. aromatic protons, aliphatic 

protons, aldehydes, etc). It works because the absorption frequency of the different 

protons within system is different, resulting from their interaction with the 

surrounding electrons, so the absorption peaks appear at different points along the 

spectrum. The values for the different absorption conditions are known so that the 

structure of a molecule can be determined by comparing the peaks in the 

experimental NMR absorption spectra against known positions for each distinct 

nucleus. By integrating under the peak it is possible to determine the number of 

protons which occupy that specific absorption point. As such NMR provides most of 

the information on the purity of a molecule because the characteristic peaks in the 

spectrum and can often be traced back to the initial products. The results for this can 

compared against the known spectrum for a pure molecule to compare the traces to 

see if there are any impurities within the system.  

Thin layer chromatography (TLC) works on the same principle as the column 

chromatography outlined above, but this technique is qualitative to assess the purity 

of the material and is also used in combination with column chromatography to assess 

the progress of the purification.  In this technique a small quantity of material is placed 

on a glass or aluminium plate coated in an adsorbent material (silica in this case). The 

plate is then inserted in a container with a small amount of the eluent. Capillary action 

forces the eluent to move upwards along the plate and the compounds present in the 

adsorbed mixture move along and separate, showing any impurities as a difference 

from the position of the bulk of the material.  
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3.5 Density Functional Theory 

Quantum chemistry is a growing field of research, with improved computers and 

computer programmes, the size of molecules which can be studied by quantum 

chemistry is increasing. With the improved programmes and techniques there is also 

an increase in the accuracy of the results from these calculations. One of the reasons 

why there is growing interest is that the use of quantum chemistry allows for the 

calculation of properties of new molecular designs without them having to go through 

long and costly synthesis processes to see if a material will have for example a desired 

transition energy.  

In the work covered in this thesis the quantum chemistry calculations were performed 

by Prof. Ian Galbraith, Dr Stefan Schumacher and Jean-Christophe Denis at Heriot Watt 

University. The calculations were used to provide greater physical information of the 

properties of the molecules and as a comparison for the experimentally determined 

results. The use of these techniques allowed for a greater understanding of the self 

trapping process in oligofluorenes and the energy transfer properties of the star-

shaped molecules. 

 Theoretical quantum chemistry is the calculation of properties of molecules through 

use of calculations and computational means. There are several different ways of 

calculating the properties, these can either use ab-initio or empirical methods. The 

typical aim of both of these methods is to use the theories of quantum mechanics to 

determine physical properties of an atom or a molecule. However, to do this for a large 

molecule leaves the problem that there are N number of particles within the molecule 

with each having 3 degrees of freedom, so the calculations can soon become 

enormous. The solution to this problem is to introduce a number of simplifications into 

the system to reduce the number of variables, with the aim of making the calculation 

much simpler.  

The main approximation used in theoretical calculations is the Born-Oppenheimer 

approximation, which states that because nuclei are much heavier than electrons they 

move much more slowly in comparison with the electrons, so the motion of the nuclei 
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can be neglected.
16,17 

This greatly reduces the number of variables that need to be 

calculated, so that only the movement of the electrons needs to be considered.  

Density functional theory or DFT is a method used to perform quantum chemistry 

calculations. In this it uses a functional, which is a function of a function, to describe 

the electron density. This allows for a simplified calculation in which the electron 

density can be represented as a single body and so can only move within the three 

space dimensions. This assumption is possible due to the Hohenberg-Kohn theorem,
18

 

which asserts that the ground state properties of a many body electron system can be 

uniquely determined by the ground state electron density. This allows for accurate 

calculations of the ground state of a molecule using DFT. If one wants to study the 

excited states of molecules then it necessitates a move away from DFT to Time 

Dependent Density Functional Theory TD-DFT. This is similar to DFT but has a time 

dependent external potential which acts upon the molecule to describe the excited 

state. This works because of the Runge-Gross theorem,
19

which states that there is a 

correlation between the time dependent external potential and the time dependent 

electron density. TD-DFT can therefore be used to calculate the transition energies and 

the transition dipole moments of the molecules. 

As stated above a in order to perform calculations with DFT and TD-DFT a functional 

must be used. The functional provides a description of the ground state energy which 

is dependent on the number of electrons N and the nuclear potential of the 

molecule.
20

 For the work outlined in this thesis the B3LYP functional was used, because 

this has been found to provide accurate calculations for systems like the ones studied 

in this thesis.
21,22

 The results from the calculations using B3LYP were found to provide 

a very good agreement with the experimental results obtained in this body of work. 

Density functional theory as well as requiring a functional to describe the electron 

density, also requires a basis set which is used to provide a description of the 

molecular orbital's of the molecules. In the case of the theoretical work in this thesis, 

the 6-31G basis set was used, because when used in combination with the B3LYP 

functional has been found to provide very good results for fluorene based 

molecules.
21,22
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All the calculations were performed using the Gaussian 09 computer programme.  In 

order to perform the calculations for our molecules, DFT was used to optimize the 

ground-state energy, whilst the excited state was optimized using TD-DFT. When 

calculating the transition energies and transition dipole moments TD-DFT was used. In 

the case of the C3 symmetric molecules a small symmetry breaking must be introduced 

in order for the lowest energy excited state to be seeded.  
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4 
Optical transitions in 

 oligofluorene molecules 

4.0 Introduction 

This chapter presents a study of the optical transitions in oligofluorene molecules of 

differing lengths. This study focuses in particular on the transition energies and dipole 

moments of these molecules with respect to their arm length. To study these 

transitions, the molar absorption coefficient, photoluminescence quantum yield 

(PLQY) and fluorescence lifetimes of the molecules were measured. The results show 

that, as the number of oligofluorene units increases, there is a general redshift in the 

absorption and emission spectra of the molecules, an increase in PLQY and a reduction 

in the fluorescence lifetimes. These results are then compared with Density Functional 

Theory (DFT) and Time Dependent Density Functional Theory (TD-DFT) calculations of 

transition energies and transition dipole moments. The comparison shows that there is 

also an increase in the transition dipole moments, which follows an ~n0.5 trend in 

absorption, with increasing number of fluorene units from 2≤n≤12, whereas a clear 

saturation is observed in fluorescence. This behaviour is attributed to structural 

relaxation in the longer molecules and subsequent exciton localisation (self-trapping) 

in the centre of the molecules for both the alpha and beta phase conformations. 

Section 4.1 provides an introduction to fluorene molecules and their importance as a 

material for a number of different devices. Section 4.2 outlines the theory behind the 

calculation of transition dipole moments in organic semiconductor molecules and their 

importance for studying molecular behaviour. Section 4.3 covers the absorption and 

emission spectra of the molecules and their molar extinction coefficients; this will also 
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introduce vertical transition energies and a comparison with the theoretical 

calculations. Section 4.4 describes the transition dipole moments and discusses their 

relationship with the number of fluorene units in the chain. The theoretical work was 

performed using density functional theory (DFT) and time dependent density 

functional theory (TD-DFT) by Dr Stefan Schumacher and Prof Ian Galbraith at Heriot 

Watt University using the Gaussian03 programme. Section 4.5 presents a discussion 

about the results and what they imply about the photophysical properties of the 

molecules, focussing in particular on self-trapping. Finally, section 4.6 presents a 

conclusion on the findings from the research presented in this chapter and its 

applications. 

4.1 Fluorene polymers and oligomers 

Polyfluorene has been one of the cornerstone materials of organic semiconductor 

research since the 1970s when it was favoured as an organic material due to its high 

molecular rigidity.1 Since then it has been used in a number of devices because of its 

versatility, and as such it has found popularity in use in organic Light Emitting Diodes 

(OLEDs),2-5 lasers6-8 and optical amplifiers9. Two of the reasons why it is so popular are 

that it is a highly efficient emitter3-5 and that it has a high charge carrier mobility.10 

Being a stable emitter in the blue region of the spectrum, it also covers an important 

wavelength range and by the addition of different functional groups can be tuned to 

emit across the entire visible spectrum.2  

 

Figure 4.1: Molecular diagram of a fluorene unit with hexyl side chains coming from 

the central C9 carbon bridge to increase solubility. 

The structure of a single fluorene unit is shown in Figure 4.1. A fluorene unit consists of 

two phenyl rings connected via a single central bond binding them into a rigid biphenyl 
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unit. These are then further connected via a bridging non conjugated (sp3) carbon 

atom. This bridging unit is very useful to the fluorene unit as not only does it lock the 

two phenyl rings into position, so that they cannot be twisted, it also provides a great 

option for functionalising the fluorene units. This allows for the properties to be 

adjusted in the molecule without altering the main conjugated backbone.11 This can be 

done by making a spirofluorene unit, or using alkyl side chains to increase the solubility 

of the molecule. A spirofluorene unit is created by bonding two fluorene units to each 

other via a shared C9 carbon bridge. This is done to prevent the molecule from π 

stacking - because the fluorene units sit at 90o to each other - and thus increases the 

stability of the molecule.11 This study however, concentrates on molecules which have 

hexyl and octyl alkyl side chains to increase solubility.    

 

Figure 4.2:(a) Shows the molecular structure of alpha phase PFO, (b) beta phase PFO; 

note the planarisation of the chain in beta phase caused by the 180o angle between 

the fluorene units. 

Fluorene molecules also possess another distinct characteristic which is not seen in 

most other molecules: they have a glassy phase and a crystalline beta (β) phase. In the 

glassy phase the orientation of the fluorene molecules is thought to be random. Whilst 

in the beta phase (β) of polyfluorene, it is believed that the fluorene molecules 

alternate by 180o within the films,12 thus making them more planar and giving them 

improved charge transfer characteristics along the chain, as shown in Figure 4.2(b). 

Only small amounts of β phase PFO occur naturally in a good quality sample using high 
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quality solvents. It has been found that by using poor quality solvents, such as o-

xylene, the proportion of beta phase produced can be as high as 30%, and values as 

high as 42% can be achieved using 1,8 diiodooctane as an additive to the solution.13-15 

The beta phase is not just confined to the polymer; reports have observed it in 

oligofluorene molecules of only 5 repeat units, when inserted into a poly(methyl 

methacrylate) PMMA matrix.16 Studies on β phase have shown two interesting 

features relating to it. Firstly, it only appears in fluorene units functionalised with octyl 

alkyl chains at the C9 bridging point. Secondly, the conjugation length in the beta phase 

is longer than that of the alpha phase consisting of 30±12 repeat fluorene units.16  This 

increase in the conjugation length and the more planar nature of the beta phase, in 

comparison with the alpha phase, explain why it has lower energy transitions. These 

important features of fluorene make it a very desirable material to study, as it has a 

number of unique characteristics which gives it many advantageous properties. 

Despite the vast amount of research that has been carried out on fluorene molecules 

for technological applications, there has been very few studies carried out to 

understand the microscopic nature of the excitons. A promising method of studying 

the photophysical properties of a polymer is to use the oligomer approach. This studies 

the effect of increasing the number of repeat units within a well-defined chain, in 

order to understand how the properties scale with increasing chain length.17 This type 

of approach has worked well on studies of poly(p-phenylene viylene) (PPV)18 and 

polythiophene (PT).19 However, it has only been applied to oligofluorene in limited 

studies. By studying the photophysical properties of absorption it was possible to 

determine the effective conjugation of α phase polyfluorene, which was found to be 

12 repeat units.20 This was done by plotting the peak absorption against 1/n repeat 

units and extrapolating to the x-axis intercept. However, theoretical studies have been 

carried out and have shown that the extent of the delocalised exciton is only around 3 

repeat fluorene units within the chain.21 This type of approach has been used to look 

at the optical transitions, but this was only extended to oligofluorenes with up to 7 

repeat units.22 These studies found that the transition energies decrease with 

increasing conjugation length and that there is a relative saturation in the transition 

energies for n≥4.22,23 It has also been shown that the oscillator strength and the 
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transition dipole moments scale linearly.23-25 The previous work on determining the 

transition dipole moments in fluorescence were all limited, by assuming a PLQY of 1.23-

25 These calculations therefore are only able to provide a guide to the true nature of 

the fluorescence transition dipole moment. In this work experimental and theoretical 

methods have been used jointly to study the excited singlet state and the transition 

dipole moments within the molecules.  

This chapter will investigate the effects of increasing the number of fluorene units on 

the optical transitions in a family of oligofluorene molecules; this aims to cover the 

effects of increasing the number of fluorene units on the transition energies and 

transition dipole moments. Transition dipoles in absorption are determined from the 

molar absorption coefficient, and in fluorescence using the PLQY and the fluorescence 

lifetime. Experimental transition energies and dipole moments are in good agreement 

with values obtained from TD-DFT. The results show that the fluorescence transition 

dipole saturates at shorter oligomer lengths than in absorption. This effect can be 

explained by self-trapping. 

4.2 Transition dipole moments 

The transition dipole moment is an important quantity to know for light emitting 

materials as it provides information on the strength of interaction between the 

molecule and the incident radiation. For this reason it is able to provide information on 

the strength of the absorption and emission from the molecule, and as such it would 

be desirable if an accurate theoretical calculation could be made for the molecule. This 

chapter and the following one will compare the experimental results obtained in 

absorption from the molar extinction coefficient and in fluorescence, from the 

emission spectrum and the radiative lifetime of the molecule, with values determined 

from TD-DFT calculations. 

The importance of studying the interaction of light with an absorbing medium was first 

set out by Albert Einstein in 1916.26 Einstein argued, from the thermodynamics of black 

body radiation, that for a two level energy system, there are three possible 

mechanisms which can occur. Firstly, if the molecule is in the lowest energy ground 



 

 

state it can absorb energy (light) and be promoted to the upper energy level. Once it is 

in the upper energy level it then has two ways of decaying 

back to the ground state level. The first mechanism for this decay to occur

spontaneous emission, and

excited molecule interacts with incident radiation

photon. There is more on these processes in 

three processes with two coefficients;
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Figure 4.3: Energy level diagram for a two level system 1 and 2 with an energy 
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By using the model shown in Figure 4.3 for the possible transitions Einstein came up 

to calculate the transition rates for these three processes. 
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���� � ����  (4.3) 

Chapter 4 
ligofluorene molecules 

 

state it can absorb energy (light) and be promoted to the upper energy level. Once it is 

from the upper energy level 

back to the ground state level. The first mechanism for this decay to occur is 

the second method is stimulated emission; in which the 

, causing the emission of an identical 

hapter 2. From this Einstein related the 

spontaneous emission the A 

 

 

Energy level diagram for a two level system 1 and 2 with an energy 

and their Einstein 

3 for the possible transitions Einstein came up 

to calculate the transition rates for these three processes.  



Chapter 4 
Optical transitions in oligofluorene molecules 

 

 

89 
 

Where Γ�������	�
 is the rate of absorption, Γ��	�������is the rate of stimulated 

emission and the rate of spontaneous emission is given by Γ���
��
����, A and B are 

the Einstein coefficients relating to the transition and � is the photon density. 

The ideas that were first proposed by Einstein were further developed for molecular 

systems firstly in 1948 by Förster,27 who studied the rate of energy transfer between 

molecules and secondly by Strickler and Berg28 in 1962. The work by Strickler and Berg 

focussed on determining the relationship between absorption and emission to 

calculate the fluorescence lifetime of the molecule. Förster’s work focussed upon the 

absorption and emission dipole strengths of the molecules to build a formula for 

energy transfer via dipole-dipole coupling. His model provides an accurate description 

of many energy transfer processes from a donor molecule to an acceptor molecule. 

If we consider the absorption transition B12, then the Einstein coefficient for this 

transfer can be calculated by considering the rate of change in the system as a result of 

the absorption of radiation. This can be written as: 

�� = ���

��� |���|� (4.4) 

where ��� is the transition dipole moment and ℎ is Planck’s constant. So in order to 

calculate the absorption transition dipole moment, we need to be able to relate the 

probability of absorption from the ground state (1) to an excited state (2) to 

measurable quantities. The probability of the absorption transition is given by the 

Einstein coefficient of induced absorption and as can be seen from equation 4.4, is 

proportional to the square of the transition dipole moment. To relate this quantity to 

the experimental absorption, we need to relate this to measureable quantities using 

the Beer-Lambert law, explained in more detail in Chapter 3. The Beer-Lambert law 

relates the change in intensity of a beam of intensity !, as it passes through a distance 

�", which is proportional to the path length �" the concentration $ and molar 

extinction coefficient %.29  

�! = −ln (10)%$!�"  (4.5) 

If we consider a 1 M solution, then the rate of energy absorption per cm3 of solution is: 
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-./(0) 

��
= �1234�

555
!(6) (4.6) 

Where N is Avogadro’s constant, and 6 is the wavenumber. As I is the amount of 

energy flowing through a cross sectional area of 1 cm2 in 1 s, we need to relate the 

change in intensity with time.  

As �!(6) �7⁄ = 9�!(6)/�"; × �" �7⁄ = (= �)⁄ �!(6)/�", so: 

�� = >?@(5)


2A�1
%B(6)  (4.7) 

Where N’ is Avogadro’s number divided by 1000, and � is the refractive index. 

By combining these two equations for �� we can then relate the Einstein coefficient 

with the measurable rate of absorption for the molecules to calculate the transition 

dipole moment.  

As the absorption band for a single transition, extends over a number of frequencies, 

we get this relation for the extinction coefficient:27,30  

%B(6C) = ���

�

2A1D

�E
�
(5)
∑ |���

�
	G (6C)|� (4.8) 

By rearranging and integrating over the absorption band we can calculate the 

transition dipole moment:  

|���|
� = �

���

�E
�
(5)

2A H9% (6C) 6C⁄ ; �6C (4.9) 

And so on working through all the constants, one obtains the equation for the 

absorption transition dipole moment, for a single transition: 

|���|
� = 9.186 × 10-�� H9% (6C) 6C⁄ ; �6C (4.10) 

whereH9%(6C/6C); �6C is the integration over the absorption band for the transition. The 

formula provides values in Debyes (D) which are equal to 3.336x10-30 Cm.  

 Once the light has been absorbed and the electron has been promoted to a higher 

energy level, it will not remain there forever and will decay back to the ground energy 
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level. So if we consider a number of molecules in energy levels 1 and 2 in a black-body 

system then the radiation density can be given by Planck’s radiation law: 

�(6) = ���1�

E�



�MN OPQ⁄   (4.11) 

Where c is the vacuum speed of light, R3 is Boltzmann’s constant, T is temperature of 

the system, ℎ is Planck’s constant and 6 is the wavenumber. 

At equilibrium the ratio of the number of molecules in the higher energy state (2) N2 

and in the ground state (1) N1 will be given by Boltzmann’s distribution:  

24

2�
= S-TU VPW⁄  (4.12) 

Where ΔY is the energy difference between states 1 and 2 and is equal to ℎ6. In this 

system electrons can be excited into a higher energy state by induced absorption, 

which is given by the Einstein B coefficient in equation 4.4. Now if we use equations 

4.1 and 4.3, which describe the rate of up and down transitions for absorption and 

spontaneous emission, and the fact that in a balanced system the two rates must be 

equal, then we can determine the relevant Einstein A21 coefficient: 

�� = ���1�

E� �� (4.13) 

From this we then need to obtain the probability of emission, which has to take into 

account all emission modes and polarisations. This also needs to account for the 

spread of transition energies, and can be done by relating equation 4.12 to the Fermi 

golden rule to calculate the probability of a transition and we obtain:31 

Γ = 
〈U�〉

�\]�ℏE� |�_|
� (4.14) 

Where �_ is the fluorescence transition dipole moment, 〈Y�〉 = H Y� !(Y)�Y/

H !(Y)�Y is averaged over the spectrum and obtained from the fluorescence intensity 

!(Y) in units of relative intensity at the photon energy Y, � is the refractive index of 

the solvent, ℏ = ℎ 2a⁄  is Planck’s constant and %5 is the permittivity of free space.  
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As Γ = 1 b���⁄ , which is equivalent to the Einstein A21 coefficient, we can rearrange 

this to give us the transition dipole moment: 

c�_c
�

= ��ℏd\]E�


efgh
〈Y-�〉 (4.15) 

Where 〈Y-�〉 = H Y-� !(Y)�Y/ H !(Y)�Y and b��� is the radiative lifetime which is 

obtained from the fluorescence lifetime b_ and the quantum yield ij using: 

b��� = b_/ij  (4.16) 

The classical unit for the transition dipole moment is the Debye because this provides 

the numbers in a convenient size, 1D = 3.336x10-30 Cm, however in this study the 

results are presented as a multiple of elementary charge and a distance in angstrom 

(eÅ), 1 eÅ= 0.208 D. These units were chosen because they are more illustrative of 

how much electrons are displaced during an optical transition.  

As can be seen the transition dipoles are an important quantity to know accurately and 

can be measured via spectroscopic techniques. The measurements for these quantities 

also provide a lot of information on the absorption and emission of the molecule 

making them an ideal study. The measured values of these can then be directly 

compared with values obtained via TD-DFT calculations in order to provide both an 

accurate description of the molecules interaction with light and as an accuracy check 

for the calculations.  

4.3 Absorption and emission in oligofluorene 

In this study all the nomenclature refers to the number of fluorene units within a 

chain; so for example O3 corresponds to an oligofluorene unit with 3 repeat fluorene 

units, only polyfluorene (PFO) is named differently. The different molecules come from 

two separate sources; samples of O3 and O5 as well as our PFO were procured from 

American Dye Source Inc. (ADS036FO, ADS056FO and ADS129BE respectively). O1-O4 

was obtained from our collaborators at the Organic Chemistry Group at the University 

of Strathclyde headed by Professor Peter Skabara with the synthesis being performed 

by Dr Alexander Kanibolotsky. All the fluorene oligomers studied were functionalised 
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with two hexyl side groups per repeat unit to improve solubility. The PFO studied is 

poly(9,9-dioctylfluorene-2,7-diyl), which was functionalised with two octyl side groups 

per fluorene unit and is end capped with dimethylphenyl units. Solutions were made in 

spectroscopic grade tetrahydrofuran (THF) and 2-methyltetrahydrofuran, obtained 

from Sigma Aldrich.  

 

Figure 4.4: Absorption (molar extinction coefficient) and emission spectra of the O1 

oligofluorene molecule. 
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Figure 4.5: Room temperature absorption (molar extinction coefficient) and 

photoluminescence spectra for O2-O5 oligofluorene molecules.  

Room temperature solution absorption and emission spectra for all the oligofluorenes 

studied is presented in Figures 4.4 and 4.5. The O1 results show that the absorption 

energy for this molecule is much lower than the others and that there is not a lot of 

broadening of the S1 absorption transition as is seen in the other molecules.  The 

results for O2-O5 clearly show that as you increase the number of fluorene units, you 

get a redshift in absorption and emission. All emission spectra show two vibronic peaks 
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separated by ~0.16 eV, which is characteristic of the bond stretch between carbon-

carbon bonds, and is a typical emission feature in conjugated polymers. There is also 

an increase in the molar extinction coefficient, as the number of oligofluorene units 

increases.  

In order to compare the values for the transition dipole moments and transition 

energies with those calculated via TD-DFT in isolated molecules at 0 K, measurements 

were also performed at 77 K to freeze the solutions, using an Oxford Instrument 

Optistat DN liquid nitrogen bath cryostat, with helium as the exchange gas.  
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Figure 4.6: 77 K absorption (molar extinction coefficient) and photoluminescence 

spectra for O2-O5 oligofluorene molecules. 
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Figure 4.6 presents the absorption and emission spectra of the O2-O5 oligofluorene 

molecules at 77 K. The molecules show the same redshift trend, with increasing 

number of fluorene units. There is also a slight narrowing of the 0-0 peak due to self 

absorption resulting from the higher concentrations used. Results show a clear 

vibronic structure in absorption which is not present in the room temperature 

absorption. The 77 K results also present an increase in the molar extinction coefficient 

of approximately 10% over the room temperature results. These results can be 

explained by a reduction in the conformational disorder of the molecules, because 

they are frozen into the solvent matrix. This also results in a small redshift of the 

absorption and emission spectra, relative to the room temperature measurements. 

 

Figure 4.7: Absorption and photoluminescence spectra of PFO at room temperature 

(a) and at 77 K (b). Note that in the room temperature measurement the spectra are 

dominated by the alpha phase absorption and emission, whilst at 77 K the beta phase 

is dominant.   

Figure 4.7 presents the data for the emission and absorption of PFO at room 

temperature (a) and at 77 K (b). As can be clearly seen there is a large difference 
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caused by the formation of beta phase at 77 K. At room temperature the absorption 

peak is at 3.15 eV, whereas at 77 K the vibronic peaks of the absorption separate with 

the 0-0 peak at 2.82 eV and the 0-1 peak at 3.0 eV. The main difference between the 

two absorption results is the narrower 0-0 absorption peak at 2.82 eV, which is only 

present in the low temperature spectrum. The position of this peak agrees well with 

the reports for beta phases in both films and in matrices reported in previous 

studies.12,15,32 This lower energy peak is the result of the planar nature and the longer 

conjugation length of the beta phase. There is also a large difference in the emission 

spectra. The room temperature spectra show similar features to the other 

oligofluorenes measured, with a dominant 0-0 peak, and a separation between 0-0 and 

0-1 peaks of ~0.16 eV. The 77 K emission spectrum is very different: it has a very small 

Stokes shift of only 3 nm and the 0-0 peak at 2.8 eV is very narrow with a full width 

half maximum of 5 nm. This is then considerably separated from the two further 

vibronic peaks, which are red shifted by 0.15 and 0.19 eV, relative to the 0-0 peak; 

these peaks are attributed to the stretching modes of the double and single carbon 

bonds respectively. This indicates that emission is entirely from the beta phase, which 

is the lower energy state of the PFO molecule. Due to the emission all coming from the 

β phase there must be efficient energy transfer from the glassy phase into the β phase. 

The beta phase must also be very uniform, because there is not a lot of broadening of 

the spectra caused by differing structural conformations. The observations of the 

lower energy emission peaks and red shifted absorption are characteristic of the beta 

phase conformation of PFO, and suggest that it is possible to transform isolated chains 

into the planar beta phase. This agrees with reports of beta phase being observed in 

short oligofluorenes in PMMA matrices16 and in the single molecule level in a Zeonex 

matrix.33,34  

In order to be able to compare our values with those of the theoretical models, the 

vertical transition energies in absorption and emission were calculated from the 

spectra. The experimental vertical transition energies Evert are calculated for 

absorption (abs) and emission (em) using:17  

Yk���(lmn) = H Y�(Y)�Y/ H �(Y)�Y (4.17) 

and 



Chapter 4 
Optical transitions in oligofluorene molecules 

 

 

99 
 

Yo���(Sp) = H Y!(Y)�Y/ H !(Y)�Y  (4.18) 

where �(Y) is the absorbance and !(Y) is the fluorescence intensity at energy Y. The 

vertical transition energy is the energy directly up (absorption) or down (fluorescence) 

from the minima of the potential energy surface of the absorbing or emitting state, as 

shown in Figure 2.6. The 0-0 energies can provide a simple measure of the energy; 

however, they are not the same results as the values from the DFT calculations which 

directly calculate the vertical transition energy. The differences between these 

different measures are shown in Table 4.1, alongside their theoretical comparison. 

 

Figure 4.8: Experimental vertical transition energies of the studied fluorene 

molecules. The polymer values are circled on the right side in both alpha and beta 

phase: absorption (black squares) and photoluminescence (red squares). 

The results in Figure 4.8 show that there is a decrease in the vertical transition energy 

with increasing number of fluorene units. The energy difference shows a convergence 

as the molecular length increases. This is due to the fact that adding another fluorene 
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unit has a smaller proportional effect on the overall length of the molecule, so there is 

a smaller percentage change in conjugation length, and thus transition energy. 

Table 4.1: Experimental 0-0 energy and the vertical transition energies (in eV) 

measured in absorption (Abs) and emission (PL).  

Material Experimental 0-0 

energy 

 (eV) 

Experimental vertical 

transition energies 

 (eV) 

Theoretical vertical 

transition energies 

(eV) 

Abs PL Abs PL Abs PL 

O1 4.08 4.07 4.64 3.91 4.70 4.24 

O2 3.78 3.41 3.82 3.23 3.86 3.31 

O3 3.51 3.15 3.49 2.99 3.51 2.98 

O4 3.41 3.06 3.34 2.88 3.35 2.88 

O5 3.34 3.02 3.28 2.87 3.27 2.85 

O8alpha … … … … 3.17 2.82 

O8beta … … … … 2.86 2.69 

O12alpha … … … … 3.13 2.82 

O12beta … … … … 2.79 2.69 

α phase PFO 3.20 2.98 3.19 2.87 … … 

β phase PFO 2.86 2.80 ~2.9 2.77 … … 
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Figure 4.9: Comparison of the transition energies between the experimental (solid 

shapes) and theoretical values (hollow shapes). Absorption (black squares), emission 

(red circles), and beta phase (blue triangles: up absorption (blue) down emission 

(cyan)).  

When the experimental results are compared to the theoretically calculated vertical 

transition energies in Figure 4.9, a very good agreement is observed. The difference 

between the two values is typically less than 0.05 eV for all, apart from the monomer 

and dimer. This shows that using DFT and TD-DFT is an accurate way of calculating the 

transition energies of the molecules. For the monomer and the dimer however, the 

agreement is not so good, with the difference being 0.08 eV for the dimer, and 0.3 eV 

for the monomer. The reason for such a large discrepancy in the monomer values is 

not known, but agrees with other experimental and theoretical work.23  The 

theoretical work also shows that, at shorter chain lengths, the beta phase should have 

lower transition energies than the alpha phase molecule. This agrees with the 

absorption and emission spectra recorded for the different phases in the PFO 

molecules. As we approach the pentamer (n=5), and longer length oligofluorene 



Chapter 4 
Optical transitions in oligofluorene molecules 

 

 

102 
 

molecules, signs of convergence appear because there is only a small decrease in the 

transition energy beyond this. For the TD-DFT values the difference between the 

transition energies is less than 0.05 eV between the O5 and O12 molecule, whilst the 

total spread is ~1.5 eV for the family. If this is compared against the results for the 

oligo-para-phenylenes, oligophenylenevinylenes and oligothiophenes, this 

convergence is usually seen at 18-22 double bonds, along the shortest path of the 

conjugated backbone. These results are covered in a review article by Gierschner et 

al.,17 looking at comparing experimental and theoretical results in oligomers. This value 

of 18-22 double bonds agrees well with the observation from the pentamer, which has 

20 double bonds along the conjugated backbone.  

 

Figure 4.10: Fluorescence lifetimes of all the fluorene molecules measured at room 

temperature. 

Figure 4.10 shows the time resolved fluorescence measurements of all the fluorene 

molecules. The experiments were performed using a Streak camera, as described in 

Chapter 3. All the molecules show a mono-exponential decay, which is detection 



Chapter 4 
Optical transitions in oligofluorene molecules 

 

 

103 
 

wavelength independent, with a decrease in the lifetime of the molecules with 

increasing chain length. The fluorescence lifetimes decrease from 6.5 ns for the O1 

molecule to 0.58 ps for the O5 molecule and then to 0.42 ns for the PFO molecule.  

 

Figure 4.11: Photoluminescence quantum yields (PLQY) of the fluorene oligomers. 

Figure 4.11 shows the change in PLQY with chain length of the oligofluorenes 

measured. The techniques for measuring the solution PLQY are described in Chapter 3 

and use a reference of quinine sulphate for O2 to PFO molecules and 2-aminopyridine 

for the O1 molecule. The different reference standards are used because the 

absorption and emission spectra are more closely matched, with the spectra of the 

molecules to which it is being compared to. The materials show an increase in PLQY 

with increasing number of repeat fluorene units. The largest change is between O1 

(28%) and O2 (67%), whereas from the O2 to the O5 there is only a change of 12%, to 

79% for the O4 molecule. Polyfluorene has a similar PLQY of 78%. Results for the 

lifetime and PLQY can be combined to provide the radiative rate of the molecule using 
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Formula 4.15. The radiative lifetime is an important property of the molecule as it 

provides information on how fast the photon emission is from the excited state. It is 

also an important quantity in determining the transition dipole moment using 

equation 4.15. Results for this are shown in Table 4.2. 

Table 4.2. PLQY, fluorescence and radiative lifetimes of the oligofluorene 

molecules 

 PLQY Fluorescence 

lifetime 

(ns) 

Radiative 

lifetime 

(ns) 
Material 

O1 0.28 ± 0.02 6.5 ± 0.2 23 ± 1.8 

O2 0.67 ± 0.07 0.97 ± 0.06 1.4 ± 0.16 

O3 0.70 ± 0.06 0.70 ± 0.01 1.1 ± 0.09 

O4 0.79 ± 0.07 0.74 ± 0.02 1.0 ± 0.09 

O5 0.74 ± 0.06  0.58 ± 0.01 0.75 ± 0.05 

PFO 0.78 ± 0.08 0.42 ± 0.01 0.54 ± 0.05 

 

4.4 Transition dipole moment 

The next important photophysical property to study for the molecule is the transition 

dipole moment, because this provides information on the interaction of the molecule 

with light. The calculations were carried out using equations 4.10 for absorption and 

4.15 for fluorescence as outlined in Section 4.2. By performing these calculations a 

directly comparable value for the TD-DFT results was obtained.  
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Figure 4.12: Experimentally determined transition dipole moments; absorption 

dipoles (black squares), fluorescence dipoles (red circles). 

In figure 4.12 we show the experimentally determined absorption and emission 

transition dipole moments. The graph shows a clear trend of increasing transition 

dipole moment with increasing number of fluorene units. Apart from the O1 molecule 

there is very little difference between the absorption and photoluminescence 

transition dipole moments. The absorption transition dipole moments are slightly 

greater than the fluorescence transition dipole moments. 
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Figure 4.13: Comparison of the experimental and theoretical TD-DFT transition dipole 

moments. Experimental dipoles solid shapes and theoretical results open symbols, 

absorption (squares) and emission (circles), Beta phase triangles; fluorescence 

(down) and  absorption (up).    

Figure 4.13 shows the comparison between the experimental and theoretical 

transition dipole moments. A good agreement between the experimental and 

theoretical values is observed, with both showing an increase in the transition dipole 

moment with increasing molecular length. The beta phase transition dipole moments 

are found to be greater than their alpha phase equivalents; this agrees with reports of 

increased conjugation length in beta phase fluorene molecules.16 The results also show 

an increase in the difference between the absorption and fluorescence transition 

dipole moments; with the fluorescence being much smaller than the absorption. This 

saturation after ~5 repeat units is mainly seen in the theoretical results due to the 

longer chain lengths studied. Transition dipole moments for the beta phase 

conformations are ~20% larger than for the alpha phase, in both theory and 
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experiment. Experimental values for the fluorescence dipole in PFO are found to agree 

with the calculated TD-DFT values for oligomers with 8-12 repeat units, which indicates 

that the effective conjugation length is between 8 and 12 repeat units. This agrees 

with the report for the effective conjugation length being 12 repeat units.20 The 

fluorescence dipoles are within 10% of the reported values for the ladder type oligo-

para-phenylenes for the same number of benzene rings, 2 per repeat unit.35 This 

indicates that the photophysical properties of the 2 molecules are similar. 

The agreement between experimental and theoretical values is better than previously 

reported.23 When compared to some other measurements on oligofluorene molecules, 

these results show the importance of including the radiative lifetime, and not just the 

natural lifetime, in the fluorescence transition dipole moment calculations. As can be 

seen from Table 4.2, there is quite a large difference in the PLQYs of the molecules, 

and this produces a significant difference between the fluorescence lifetime and the 

radiative lifetime. If we used this simplification, we would therefore, be overestimating 

the size of the fluorescence transition dipole moments. The previous studies did not 

measure PLQY values, and this simplification led to overestimations of the transition 

dipole moments.23-25  

With the theoretical calculations extending to 12 repeat units, it was possible to model 

the behaviour of the alpha and beta phase molecules at chains approaching the 

expected conjugation length of the alpha phase polymer. These results show that the 

beta phase has higher transition dipole moments than the alpha phase in both 

absorption and fluorescence. Also, that both phases show the same saturation in 

fluorescence with increasing chain length.      
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Table 4.3: Experimental and theoretical transition dipole moments in 

absorption and emission.  

 Experimental Transition Dipole 

moments |d|/e0 

(Å) 

Theoretical Transition Dipole 

moments |d|/e0 

(Å) 

Material Abs PL Abs PL 

O1 0.9 ± 0.2 0.22 ± 0.04 0.7 1.1 

O2 2.2 ± 0.2 2.1 ± 0.2 2.0 2.4 

O3 2.9 ± 0.2 2.7 ± 0.2 2.7 3.1 

O4 3.3 ± 0.3 2.9 ± 0.2 3.2 3.5 

O5 3.6 ± 0.3 3.4 ± 0.3 3.6 3.8 

08alpha … … 4.6 4.3 

O8beta … … 5.0 4.7 

O12alpha … … 5.5 4.4 

O12beta … … 6.4 5.2 

α phase PFO … 4.0 ± 0.3 … … 

β Phase PFO … 4.8 ± 0.3 … … 

 

4.5 Self-trapping 

As outlined above, by moving to longer length oligofluorene molecules we can address 

some of the important issues in the polymers, such as exciton behaviour in absorption 

and emission, which other studies have been unable to access.  
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Figure 4.14: Transition dipole moment vs. oligomer length on a double logarithmic 

plot. Experimental dipoles (solid) shapes and theoretical results (hollow) symbols, 

absorption (squares) and emission (circles). Beta phase triangles, fluorescence 

(down) and absorption (up).   The solid line shows a fit to the approximate n0.5 for the 

absorption dipole for oligomers n≥2.  

Figure 4.14 shows the transition dipole moments as a function of oligomer length on a 

double logarithmic plot. The absorption transition dipoles on this scale can be fitted by 

a straight line dependence for 2≤n≤12 with a slope of 0.5, which implies an n0.5 

dependence upon the number of repeat fluorene units n. Slightly higher values of the 

exponent have previously been reported for shorter molecules, extending to only 7 

repeat units.24,25 However, for the fluorescence transition dipole moments this trend is 

only followed between 2≤n≤5 repeat units; above this a deviation from the line is 

observed, in both the experimental values and theoretical calculations. The results 

show that a saturation of the fluorescence transition dipole moment occurs with 

increasing chain length in fluorescence, with the calculated values showing that there 

is little change in the transition dipole moments from 8 to 12 repeat units.  
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From the results of both the experimental and theoretical work, a clear trend appears; 

as the chain length increases there is less of an effect on the photophysical properties 

of adding another fluorene unit. When the number of fluorene units approaches 5, the 

behaviour in terms of PLQY, absorption and emission transition energies and dipole 

moments tends to be very close to that of the polymer in the alpha phase.    

The fact that there is a saturation of the emission transition dipole moments, when 

compared against the absorption values, suggests that an effect is occurring, which is 

reducing the effective conjugation length of this transition. The results in absorption 

show that the transition occurs across the entire molecule because the transition 

dipole moments continue to scale linearly on the plot, whilst in fluorescence there is a 

clear deviation from this line. This suggests that a self-trapping effect is occurring, 

which can be understood as: in fluorescence the exciton is localised or “trapped” on a 

smaller part of the molecule for oligomers longer than 5 repeat fluorene units. Self-

trapping is an effect which occurs when the local conditions of the molecule such as 

the dihedral angles or bond lengths change, causing the exciton to localise on a 

particular point on the chain.  



 

 

Figure 4.15: Visualisation of the change in the single particle electron density upon 

photo excitation for an alpha and beta phase oligofluorene molecule. It shows the 

extent of the exciton localisation between absorption and fluorescence. Image

Stefan Schumacher. 
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and the small differences explain the slower saturation in the beta phase 

conformation.  

If we combine both the results a clearer picture of the mechanisms comes into place. 

As the molecular length increases there is an increase in the transition dipole moments 

in both absorption and emission. When approaching 5 repeat fluorene units the trend 

for the emission deviates from that of the absorption; at this point increasing the 

number of fluorene units has a smaller effect. This is because emission is localised to 

~3 repeat units, so adding more fluorene units has little effect on the emission 

transition dipole moment. The calculations on absorption show that, even at 12 repeat 

units, the absorption occurs across the entire molecule. Even at such lengths the 

absorption transitions are still dependent upon the boundary conditions of the 

calculations, implying that there is still no saturation. This means that the absorption 

for the polymer would be similar to that of the long oligofluorene calculations, because 

the average conjugation length for the polyfluorene has been found to be 12 repeat 

units.20 

Our results for the photophysical properties of the molecule do highlight a key point 

that has not been addressed in the other studies of oligofluorene molecules: that is the 

importance of taking into account the radiative lifetime of the molecule. This is 

important, because the results for the PLQYs show that the values decrease rapidly 

with shortening molecular length, meaning that the fluorescence lifetime is not equal 

to the radiative lifetime as it has been argued.23-25 This has produced a better 

agreement between the theoretical and experimental results. By accounting for this 

fact it has been possible to build a more accurate picture of the experimental 

fluorescence transition dipole moments than those presented in other photophysical 

studies.  
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4.6 Conclusion 

This work has investigated the optical transition energies and dipole moments 

between the ground and first excited singlet state for a family of oligofluorene 

molecules. The results of this study provide an insight into the behaviour of 

oligofluorene and polyfluorene through a detailed study of their photophysical 

properties. The study looked at the difference in behaviour with increasing number of 

repeat fluorene units from 1-5 to the polymer. These results were then compared with 

values calculated from DFT and TD-DFT to provide an accurate picture of the 

photophysical properties. The results show that increasing the number of fluorene 

units within the chain increases the PLQY and transition dipole moments, whilst 

decreasing the transition energies and fluorescence lifetimes. In PLQY there is a 

greater increase between 1 and 2 repeat units and after that there is only a small 

increase in the PLQY from 2 to 5 repeat units.  

The results also show that the transition dipole moments increase with increasing 

number of fluorene units, with the absorption dipoles scaling with an n0.5 trend for 

2≤n≤12. Fluorescence results, on the other hand, only follow this trend between 2≤n≤5 

repeat units. This shows that in fluorescence a self-trapping process is occurring, which 

was confirmed by the theoretical calculations showing changes in both dihedral angle 

and primarily bond length, causing the excited state wavefunction to shrink. Results for 

the absorption showed that the absorption transition, even at 12 repeat units, takes 

place across the entire molecule. The very good agreement between the experimental 

and theoretical results for the transition dipole moments shows the importance of 

using the PLQY to calculate the radiative lifetime and not just using the fluorescence 

lifetime. The fact that the theoretical calculations are able to predict the properties of 

oligofluorene molecules accurately is a big advantage for designing and understanding 

the important characteristics of different molecules. 
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5 

Optical excitations in  

star-shaped oligofluorene 

molecules 

5.0 Introduction 

This chapter will present a detailed study of the optical transitions of star-shaped 

oligofluorene molecules. The molecules studied here have oligofluorene arms attached to a 

central core and possess 3 fold rotational symmetry. One family have a large rigid meta-

linked central truxene core, and the other one is a meta linked benzene-cored moiety.  This 

chapter will present a detailed study of the low energy transitions of these molecules. The 

results for the optical transitions of these new star-shaped molecules are compared with 

those from the oligofluorenes, studied in chapter 4. It will then compare these experimental 

results with results obtained from Time Dependent Density Functional Theory (TD-DFT) 

calculations. Both sets of results show that the star-shaped molecules present many 

advantages over linear oligofluorenes including higher photoluminescence quantum yields, 

greater transition dipole moments and molar extinction coefficients. 

Section 5.1 will examine why C3 symmetric star-shaped molecules are of growing 

importance and interest; concluding this section will be an outline of the importance of the 

truxene and benzene-cored molecules. Section 5.2 presents the basic photophysical 

measurements outlining the absorption coefficients, photoluminescence spectra and the 

lifetime data of the molecules. Section 5.3 will look at the nature of the transitions within 
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these molecules analysed from TD-DFT results. Section 5.4 will compare the experimentally 

determined transition energies with those calculated from DFT and TD-DFT. Section 5.5 will 

cover the transition dipole moments in all the molecules and the considerations that need 

to be employed when calculating them.  These results will then be compared with the 

results obtained from the TD-DFT calculations and the values will be discussed and 

compared. Section 5.6 presents a discussion of the results, which will cover what 

information the results provide regarding the symmetry of the molecule and the degeneracy 

that these symmetry considerations impose. Section 5.7 will discuss the conclusions of this 

chapter. In this chapter all the theoretical work was performed by Jean-Christophe Denis, Dr 

Stefan Schumacher and Prof Ian Galbraith at Heriot Watt University.  

5.1 Star-shaped molecules 

As outlined in the theory section of this document, chapter 2, there is a growing demand to 

move away from polymers and into dendrimers1,2 and star-shaped molecular systems.3 In 

comparison with polymers, small molecular systems present many interesting advantages: 

such as no polydispersity, well defined conjugation lengths and synthetic reproducibility.4,5 

As well as these benefits, they also offer the opportunity to move away from 1 dimensional 

polymer systems into 2 and 3 dimensional systems.  

In a star-shaped molecule there are two defining parameters. One is the length and 

composition of arms, which typically determines the absorption and emission 

characteristics. The other is the core, which determines the symmetry and the conjugation 

between arms; if there is conjugation then this also determines the nature of the optical 

transitions. The other constraint imposed by the core is the symmetry; star shaped 

molecules have been found to have dihedral D2,3,6 and cyclic C2,3 symmetry depending upon 

the core and the bonding positions to the core. Knowing the degrees of symmetry within a 

molecule is important for constructing the molecular orbitals and analysing spectroscopic 

properties. This particular study focuses on 2 molecules which have C3 symmetry; this 

means that it has 3 identical orientations separated by 120o. For this symmetry the 

molecules must have 2 degenerate transitions.6 This means that in the system the two 

lowest energy levels within the molecule have the same energy levels, and that the two 

states have an equal probability of being excited. If the molecule is perfectly symmetrical, 
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then the whole molecule can be excited during absorption. A symmetry breaking process 

then occurs, which is similar to the well-known Jahn-Teller effect7 for a symmetric system. 

The Jahn-Teller effect describes a situation in which two degenerate states cannot be stable, 

so that the molecule must undergo a fast distortion to lift the degeneracy between the two 

levels, to lower the system’s energy. 

 

Figure 5.1: Truxene-cored molecular structure, for the work in this chapter n=1-4. 

As with all organic materials, choosing the right building blocks is important in order to get 

the desired photophysical properties. Truxene is a core material that has shown a great deal 

of promise in a number of different devices. It is formed from three overlapping fluorene 

units sharing a central benzene ring; attached to this are three equal length fluorene arms 

with repeat units (n) 1-4, as shown in figure 5.1. As was shown in the previous chapter, 

fluorene is a very good material for organic lasers and OLEDs, as it has a number of very 

desirable photophysical properties. With the advantage of these desirable properties 

truxene-cored materials have been used in lasers and have been found to have low losses 

and to be very broadly tunable throughout the blue part of the spectrum.8-11 Truxene has 
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also been shown to be a material which is versatile and has been used in organic field effect 

transistors,12 and as fluorescence probes.13  To look at the properties of star-shaped 

molecules without symmetry constraints, iso-systems have been developed in which the 

core has been fused to break the symmetry of the molecule. By doing this it was found that 

there is increased coupling between the arms.14,15     

 

Figure 5.2: Benzene-cored molecular structure, for the work in this chapter n=1-4. 

The other family of materials studied are a benzene-cored moiety with 3 fluorene arms 

connected to the meta positions of a central benzene core, as is shown in figure 5.2. The use 

of benzene-cored molecules in star-shaped molecules is much more prevalent.3 This is 

because it offers a number of options for the attachment of arms. Benzene-cored molecules 

have been synthesised with 6, 4 and 3 arms attached to the core. The 6 arm molecules had 

phenylenevinylenes for arms and were found to self-assemble.16 Cruciform's have been 

made with 4 arms, connected to a central benzene core. This was found to enhance the 

morphological and thermal stabilities of the material, and also to increase the solubility and 

ease of processability.17 The use of three arm molecules is even more widespread and these 

molecules have been used in OFETs18 and OLEDs.19 
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The fact truxene-cored molecules present so many desirable properties makes a study of 

their photophysical properties and of the effect of conjugation length very timely, because 

little has been done to study this molecular family. There have been some basic studies of 

benzene and truxene-cored molecules, but these only focussed on the basic spectral 

properties.4,5 The one theoretical study carried out on truxene investigated molecules with 

0-2 repeat fluorene units on each arm and focussed on Raman spectroscopy and the ground 

energy state geometry.20 This found that there is not a lot of inter arm connection due to 

the meta linkages in the core, and that interactions between the arms and the core happen 

at the periphery of the core. It also found that as the arm length is increased, they play a 

more dominant part in the photophysical properties.  

 This chapter will study the effects on the optical transitions of changing the core and 

increasing the number of fluorene units in the arms of two families of star-shaped 

molecules. This will aim to understand these effects and relate them to the molecular 

structure by studying the optical spectra, PLQY and transition dipole moments of the 

molecules. Transition dipoles in absorption are determined from the molar absorption 

coefficient, and in fluorescence using the PLQY and the fluorescence lifetime. Experimental 

transition energies and dipole moments are in good agreement with values obtained from 

TD-DFT. The results show that the fluorescence transition dipole saturates at shorter 

oligomer lengths than in absorption. This effect can be explained by self-trapping. 

5.2 Optical spectra, photoluminescence quantum yields and 

lifetimes 

 This work  compares the photophysical properties of two families of star-shaped molecules. 

The molecules are named in relation to the core structure and to the number of fluorene 

units on the arms, so that a truxene-cored molecule with two fluorene units on the arms 

would be T2, and B2 would be a similar benzene-cored molecule. These molecules are then 

compared with the oligofluorene molecules which are named in the same way as in chapter 

4, with O for oligofluorene and then the number of repeat fluorene units.  The materials 

studied, except the O3 and O5 oligofluorene, were synthesised at the University of 

Strathclyde by Prof Peter Skabara and Dr Alexander Kanibolotsky.4 The O3 and O5 molecules 
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were procured from American dye source Inc. All solutions were made with HPLC grade 

toluene or tetrahydrofuran (THF) sourced from Sigma Aldrich. 



Chapter 5 
Optical excitations in star-shaped oligofluorene molecules 

 

 

124 
 

 

Figure 5.3: Absorption (molar extinction coefficient and photoluminescence spectra of the truxene-cored (left), benzene-cored (centre) and 

oligofluorene (right) molecules. Molar extinction is marked in terms of divisions on the y-axis. Note the change in the scale of the y-axis for the 

oligofluorene molecules. 
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Figure 5.3 shows the molar extinction coefficient and the photoluminescence spectra 

for all the molecules. All molecules show a slight red-shift in both absorption and 

emission with increasing number of fluorene units. All the molecules show an increase 

in molar extinction coefficient with increasing oligofluorene unit length. For a given 

length of star-shaped molecule the value of the peak molar extinction coefficients are 

equivalent. In the star-shaped molecules the molar absorption coefficients are around 

three times greater for the 2-4 repeat units than that of the equivalent oligofluorene 

molecules. This difference can be explained by the absorption taking place across all 

three arms in the star-shaped molecules.  The extra conjugation of the core and the 

arms also redshifts the absorption and emission spectrum with respect to their 

equivalent oligofluorenes. The extra conjugation however does not extend between 

the arms, because they are connected to the meta positions of the central benzene 

ring. This is more prominent in the truxene molecules where there is an equivalent 

extra fluorene unit added to each arm, whilst the benzene core has a smaller effect on 

the photophysical properties. The molecules also show a structured 

photoluminescence spectrum with vibronic peaks separated by ~0.16 eV, which is 

characteristic of the bond stretch between carbon atoms, and is frequently seen in 

conjugated polymers.  
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Figure 5.4: Photoluminescence quantum yield for all the molecules: truxene-cored 

(black squares), benzene-cored (red circles) and oligofluorenes (green triangles). 

Figure 5.4 shows the solution photoluminescence quantum yields (PLQY) for all 

fluorene based molecules studied. All the molecules show the same trend of an 

increasing PLQY with increasing number of fluorene units. The PLQY for the star 

shaped molecules is greater than that of the oligofluorene molecules for the same 

length. Throughout the family the truxene-cored molecules, with arms, have high 

values for the PLQY, with all being greater than 75%. Only the T0 molecule, the truxene 

core itself, has a low PLQY of 7% (not shown); this suggests that the arms are critical 

for the performance. Over the range of truxene molecules there is only a small 

increase from 78% for T1 to 87% for T4. The benzene-cored molecules show a much 

greater increase in PLQY, and follow a similar trend to the oligofluorene molecules. The 

PLQY of the benzene cored molecules increases from 36% for B1 to 84% for B4. These 

values agree well with the values reported by Zhou et al.5 for the benzene-cored and 

Kanibolotsky et al.4 for the truxene-cored molecules.  The PLQY for the star-shaped 
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molecules with 3 and 4 repeat unit arms are similar, suggesting that after 3 units the 

photophysics becomes dominated by the arms. This agrees with reports from Raman 

and DFT studies on the truxene molecules which observed a similar trend.20 

 

Figure 5.5: Radiative lifetime data for all the molecules: truxene-cored (black 

squares), benzene-cored (red circles) and oligofluorenes (green triangles). 

Figure 5.5 shows the radiative lifetime data for the benzene and truxene cored 

molecules, where the natural radiative lifetime is determined from the 

photoluminescence quantum yield and time resolved luminescence measurements. 

This can then be calculated using �� = � ����⁄ . Throughout, there is a trend that 

increasing the length of the arms reduces the lifetimes of the molecules. All molecules 

show a mono-exponential decay, which is detection wavelength independent, similar 

to the oligofluorene molecules. Both families of star-shaped molecules have shorter 

radiative lifetimes than their equivalent oligofluorenes. The lifetimes of the truxene 

molecules with arms are always lower than their equivalent benzene-cored material 

counterparts. The lifetime of the truxene molecules decrease from 1.9 ns for the T1 
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molecule to 0.63 ns for the T4 molecule, whilst the benzene-cored molecule’s lifetime 

decreases from 42 ns to 0.64 ns for the B1 to B4 respectively. The radiative lifetimes 

for the star-shaped molecules with 3-4 repeat units lie between 600 and 750 ps. The 

radiative lifetimes of the one arm unit molecules are substantially greater than for 

longer arm molecules, especially in the case of the B1 molecule. The radiative lifetime 

of the T0 molecule of 400 ns is very large in comparison with the other molecules 

studied; the reason for the long lifetime is due to the molecules symmetry. The 

radiative lifetimes of the star-shaped molecules are still lower than the radiative 

lifetime measured for polyfluorene, reported in chapter 4, which was calculated as 

0.54 ps. However, the PLQY of the truxene T1-T4 and B3 and B4 are higher than the 

PLQY for polyfluorene.   

Table 5.1: Photoluminescence, lifetime and radiative lifetime of the truxene-cored, 

benzene cored oligofluorenes. 

Material PLQY Lifetime 

(ns) 

Radiative Lifetime 

(ns) 

T0 0.07 ± 0.01 6.5 ± 1.0 400 ± 80 

T1 0.78  ± 0.08 1.48 ± 0.04 1.9 ± 0.2 

T2 0.81 ± 0.07 0.60 ± 0.01  0.74 ± 0.06 

T3 0.79 ± 0.06 0.56 ± 0.01 0.7± 0.05 

T4 0.87 ± 0.07 0.54 ± 0.01 0.63 ± 0.05 
    

B1 0.36 ± 0.02 15 ± 1.0 42 ± 3 

B2 0.58 ± 0.05 0.70 ± 0.01 1.2 ± 0.1 

B3 0.83 ± 0.06 0.62 ± 0.01 0.75 ± 0.06 

B4 0.86 ± 0.07 0.55 ± 0.01 0.64 ± 0.05 
    

O1 0.31 ± 0.03 6.5 ± 0.2 23 ± 2 

O2 0.55 ± 0.05 0.97 ± 0.06 1.4 ± 0.2 

O3 0.65 ± 0.05 0.70 ± 0.01 1.1 ± 0.1 

O4 0.67 ± 0.06 0.74 ± 0.02 1.0 ± 0.09 

O5 0.73 ± 0.06 0.58 ± 0.01 0.75 ± 0.06 

 



 

 

5.3 Transition densities

Quantum chemistry calculations

emission transitions. As outlined in the introduction, t

symmetric molecules there are two degenerate transitions which have orthogonal 

transition dipole moments.

molecule and that after a symmetry br

the potential energy surface which correspond to the three arms of the molecules.

Figure 5.6: Visualisation of the change in electron density, for the B2 molecules in 

absorption (a) and in one of the three emission states (b).

transition the incident excitation
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The symmetry breaking is usually caused by a change in the geometry of the system, 

which affects the potential energy surface. Once the exciton localises, the arm is then 

planarised by the exciton similar to what was observed in the oligofluorenes21 in 

Chapter 4. However, as these measurements occur at room temperature, there is a 

greater chance that the molecule will not possess perfect symmetry, and thus the 

excitation will only excite a single mode on an arm. In steady state measurements, it is 

possible to excite both modes even with the spectrally narrow beam. This then creates 

a similar situation where the exciton is still delocalised across the entire molecule and 

then localises on a single arm with the lowest energy.  

5.4 Transition energies 

To compare the theoretical results with the experimental values for the transition 

energies, a quantity needs to be chosen, which allows this to be done easily. As with 

the oligofluorenes in Chapter 4, the emission spectra can be calculated, but at an even 

higher computational cost due to their size. As such a more useful measure and direct 

comparison is the vertical transition energy, which corresponds to the direct vertical 

transition from the centre of the potential energy well in the Franck Condon principle 

as outlined in Chapter 2 Figure 2.6(a). This can be directly calculated using DFT and the 

experimental absorption and emission vertical transition energies can be determined 

from the recorded absorption and emission spectrum, for 	
��(���) and (��) for 

absorption and emission respectively using:22  

	
��(���) =
� ��(�)��

� �(�)��
 (5.1) 

and 

	
��(��) =
� ��(�)��

� �(�)��
  (5.2) 

where �(	) is the absorbance and �(	) is the fluorescence intensity (in photons) at 

the energy 	 and the integration is over the absorbance and emission bands. 
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Figure 5.7: Experimental vertical transition energies: truxene-cored (black squares), 

benzene-cored (red circles), and oligofluorenes (green triangles), absorption (solid 

shapes) and fluorescence (hollow symbols). 

The values were measured and calculated for all three families, and the measured 

values are shown in Figure 5.7. As can be seen there is a clear trend of decreasing 

transition energy with increasing arm length, in both absorption and fluorescence. For 

the 3-4 repeat fluorene unit arm lengths the transition energies are closer together 

with increasing arm length. For the B1, O1 and T1 there is a substantial spread in the 

transition energies: this is due to the core which, where present, constitutes an 

increasingly large part of the molecule. For example, in T1 the effective size of the core 

along the line of the arm makes it a bifluorene unit, rather than a single fluorene unit. 

As a result of this the transition energies in both star-shaped molecules are red-shifted 

when compared against the oligofluorenes; with the truxene-cored molecules having 

absorption and emission characteristics similar to n+1 number of oligofluorene units. 

There is a smaller effect caused by the shared single benzene ring in the benzene-

cored molecule. 
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Figure 5.8: Experimental vertical transition energies (a) and TD-DFT values (b): 

truxene-cored (black squares), benzene-cored (red circles), and oligofluorenes (green 

triangles), absorption (solid shapes) and fluorescence (hollow symbols). 
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Figure 5.8 shows the comparison between the experimental (a) and the TD-DFT 

calculations (b). As can be seen there is a very good agreement between the 

experimental and theoretical values, with the redshifts in absorption and emission 

clearly shown in the figure. As with the previous chapter, the difference between the 

experimental and theoretical values in the short T0, O1 and B1 molecules is larger than 

in the other molecules; this was also seen in short chain linear oligofluorenes by 

Jansson et al..23 This does however agree with other theoretical studies of short chain 

length molecules. The agreement between the experimental and theoretical values is 

not quite as good as in the previous chapter; this can be explained because the results 

for the oligofluorenes were measured at 77 K. It was decided not to measure all the 

molecules at low temperature for this study as it would provide results more 

applicable to devices operating at room temperature. The values for these are shown 

in Table 5.2 for a clearer comparison 
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Table 5.2: Experimental and TD-DFT vertical transition energies Evert in eV. 

Material Absorption Vertical Transition 

Energy Evert  

(eV) 

Fluorescence Vertical Transition 

Energy Evert  

(eV) 

 Experimental Theory Experimental Theory 

T0 4.25  4.34  3.31  4.16 

T1 3.66  3.62  3.14 3.13 

T2 3.57  3.37  2.97  2.86 

T3 3.49  3.25  2.91  2.75 

T4 3.38  3.19  2.89  2.71 
     

B1 4.16  4.03  3.31  3.51 

B2 3.73  3.53  3.07  3.01 

B3 3.54  3.33  2.95  2.82 

B4 3.42  3.24  2.90  2.74 
     

O1 4.64  4.7  3.91  4.18 

O2 3.9  3.81  3.25  3.23 

O3 3.65  3.47  3.00  2.91 

O4 3.52  3.31  2.95  2.78 

O5 3.41  3.24  2.93  2.72 

 

5.5 Transition dipole moment  

When a molecule absorbs or emits light it must undergo a transition from one state 

into another; the strength of this transition is given as the transition dipole moment 

for the molecule. This is an important parameter to know, because it provides 

information on how the molecule interacts with radiation during absorption and how it 

emits light during fluorescence. Calculations and measurements were performed on 

these fluorene molecules to determine this value for each member of the family. The 

theory behind the experimental determination is presented in Chapter 4. As outlined, 

when calculating the absorption transition it is important to consider the number of 
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transitions within the absorption band; due to the symmetry of the star-shaped 

molecules, the molecules have two degenerate transitions, whose dipoles are 

orthogonal to each other.24 As these transitions lie within the same absorption band, 

the calculation for the absorption transition dipoles needs to be summed over during 

the calculation. So from chapter 4.2, we have:25,26 

��(��) =
� !

"

#$%&

'()*+, (./)
∑ |23(��)|45

67.  (5.3) 

Where 8′ is Avogadro’s number divided by 1000, � is the number of dipole allowed 

transitions, 23(��) is the transition dipole moment strength density, : is the speed of 

light in a vacuum, �� is the wavenumber in units of cm-1 and ℎ is Planck’s constant. In 

the case of this experiment, m=2 for the star shaped molecules and 1 for the 

oligomers. In the case of m=2 the two transitions d1 and d2 are equal so d1=d2. This has 

been shown for other star shaped molecules with C3 symmetry24 and was also shown 

in the quantum chemistry calculations performed on the molecule. So, by rearranging 

equation 5.3 for the star-shaped molecules and integrating over the absorption band 

we obtain: 

|23|4 = 4.593 × 10D"E/ �[�(��) ��⁄ ]2�� (5.4) 

Where 23 is the frequency integrated transition dipole moment measured in Debyes, 

for one of the degenerate transitions. 

There is only a single transition in fluorescence, because the exciton localises on to a 

single arm. As such the formula for calculating the transition dipole moment in 

fluorescence is the same as that outlined in chapter 4, using:27 

|2H|4 =
" I*ℏK(!〈�M!〉

)*OPQR
  (5.5) 

Where |2H| is the fluorescence transition dipole moment, 

〈	D"〉 = [� 	D"�(	)2	] � �(	)2	⁄  and �(	) is the fluorescence intensity expressed in 

number of quanta, �/ is the vacuum dielectric constant, ℏ = ℎ 2T⁄  is Planck’s constant, 

: is the speed of light in a vacuum and ��3� is the natural radiative lifetime.  
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Figure 5.9: Experimentally determined transition dipole moments: truxene-cored 

(black squares), benzene-cored (red circles), and oligofluorenes (green triangles), 

absorption (solid shapes) and fluorescence (hollow symbols). 

Figure 5.9 shows the transition dipole moments for all the experimental results on the 

fluorene molecules studied. The figure shows an increase in the transition dipole 

moments with increasing number of fluorene units. The star-shaped molecules always 

present larger transition dipole moments than their oligofluorene equivalents. The 

oligofluorenes show the same trend as was presented in Chapter 4, with an increasing 

transition dipole moment which starts to saturate as we increase the number of the 

fluorene units. The star-shaped molecules follow a similar trend, but as we approach 

longer arm lengths the transition dipole moments in both absorption and emission 

saturate more.  
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Figure 5.10: Experimentally determined transition dipole moments (a) and TD-DFT 

values (b): truxene-cored (black squares), benzene cored (red circles), and 

oligofluorenes (green triangles), absorption (solid shapes) and fluorescence (hollow 

symbols). 



Chapter 5 
Optical excitations in star-shaped oligofluorene molecules 

 

 

138 
 

 

Figure 5.10 compares the experimentally determined values with the theoretical TD-

DFT calculated values. The TD-DFT results presented correspond to the lowest optically 

active transitions. For all but the T0, T1 and B1, this is the transition from the ground 

state into one of the two lowest excited singlet states. In the other three molecules, 

this lowest energy state was found to be dark, in agreement with Oliva et al..20 So the 

lowest bright singlet transition is into the degenerate second and third excited singlet 

state. For the T0, this is from the ground state into the third excited state. The results 

show a very good agreement, with all the values showing an increase in transition 

dipole moment with increasing number of fluorene units. Theoretical results follow the 

same trend as the experimental results, with the truxene-cored dipoles always being 

larger than the benzene-cored dipoles. The results for the TD-DFT transition dipole 

moments in the star-shaped molecules do not show the same saturation for 3 and 4 

unit arm lengths. The reason that these can be seen in the experimental results, but 

not in the theoretical values, is due to conformational issues at room temperature. The 

good agreement between the experimental and theoretical transition dipole moments 

in both absorption and emission shows the importance of incorporating the number of 

transitions into calculations for the transition dipole moments in these C3 symmetric 

molecules. The results for the dipoles are presented in Table 5.3.    
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Table 5.3: Experimental and TD-DFT transition dipole moments in absorption 

and fluorescence. 

Material Absorption 

Transition dipole moment 

|d|/e0 (Å) 

Fluorescence  

Transition dipole moment 

|d|/e0 (Å) 

 Experimental Theory Experimental Theory 

T0 1.2 ± 0.2 1.03  ... 1.07 

T1 2.5 ± 0.3 2.37  2.0 ± 0.2 2.69 

T2 2.9 ± 0.3 3.4  3.0 ± 0.2 3.56 

T3 3.2 ± 0.3 4.08  3.3 ± 0.3 4.05 

T4 3.4 ± 0.3 4.62  3.6 ± 0.3 4.39 
     

B1 2.3 ± 0.2 1.72  0.3 ± 0.02 2.05 

B2 2.7 ± 0.3 2.95  2.3 ± 0.2 3.14 

B3 3.2 ± 0.3 3.72  3.3 ± 0.3 3.74 

B4 3.4 ± 0.3 4.29  3.7 ± 0.3 4.15 
     

O1 0.9 ± 0.2 0.8  0.2 ± 0.04 1.07 

O2 1.9 ± 0.2 1.97  2.1 ± 0.2 2.33 

O3 2.5 ± 0.2 2.63  2.7 ± 0.2 3.08 

O4 3.1 ± 0.3 3.13  2.9 ± 0.2 3.60 

O5 3.2 ± 0.3 3.55  3.4 ± 0.3  4.00 
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Figure 5.11: Experimentally determined  transition dipole moments (a) and TD-DFT 

values (b) plotted on a log-log plot with a line fit of n0.5: truxene-cored (black squares), 

benzene-cored (red circles), and oligofluorenes (green triangles), absorption (solid 

shapes) and fluorescence (hollow symbols). 
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As shown in Chapter 4, the transition dipole moments for oligofluorene molecules 

followed a ~n0.5 trend for the absorption for 2≥n≥12. Figure 5.11 plots the same trend 

for comparison on double logarithmic plot for both the experimental and theoretical 

values for the star-shaped molecules. The theoretical results show that this trend 

roughly holds for the star-shaped molecules as well as for the oligofluorene molecules. 

The experimental results show a weaker trend than the theoretical calculations, in 

both absorption and fluorescence. This could be due to the conformational disorder 

that is outlined above, which will be particularly relevant in room temperature 

solutions.  

5.6 Discussion 

As can be seen from the comparison with the oligofluorene molecules, by changing the 

geometry from a simple linear molecule to a branched star-shaped one offers many 

advantages. These are the increase in PLQY, especially in the case of the truxene, the 

increase in the molar extinction coefficient and transition dipole moments. The reason 

why the molecules provide these improvements is that, due to their cores, the arms 

are held in a well linked system. For the star-shaped molecules this allows the 

transition to occur over the entire molecule. This makes them ideal candidates for 

devices that require optical pumping.  

One of the considerations that need to be made, when making these comparisons, is 

what is the effect of the core? As the results show, the core causes an increase in the 

conjugation length. So it is not always a fair comparison to compare the results for a 

certain length oligofluorene, with that of the same number of repeat units, on the arm 

of a truxene molecule for example. This extra conjugation is definitely the reason for 

the redshift in absorption and emission when compared to the oligofluorene 

molecules. But on the other hand, the PLQY values for the truxene-cored and benzene 

cored molecules are greater than those of the oligofluorenes, even if a n+1 comparison 

is applied to account for the extra conjugation length. The difference between the 

values is about 10% for the T4, T3, B4 and B3 over the 3-5 length oligofluorenes. For 

the truxene cored molecules the entire family has higher PLQYs than for any of the  

oligofluorene molecules. This is again shown in the longer length star-shaped 
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molecules, when comparing the radiative lifetimes; the truxene-cored and benzene-

cored molecules have shorter radiative lifetimes than the oligofluorenes of similar 

lengths. The truxene-cored molecules have lower values than the benzene-cored 

molecules and lower values than the extra fluorene unit in the core should account for, 

when compared against the oligofluorenes. With the smaller increase in the transition 

dipole moments in the longer length star shaped molecules, in experiment the 

comparison is not as clear. But the theoretical results show much higher transition 

dipole moments observed for the star-shaped molecules than the oligofluorenes.  

These results show that, by having linked chromophores, well separated at well-

defined angles, there are many photophysical improvements to the molecule. If we 

break this down to look at which core structure is better, then there is a clear case that 

the truxene core provides the best photophysical improvements. Both cores have a 

central benzene unit, with the arms linked at the meta positions so only a small 

amount of delocalisation exists across the core. The increase in the photophysical 

properties must then be a result of the highly rigid and planar nature of the truxene 

core. The use of the three fused fluorene units must greatly increase the rigidity 

allowing it to support the arms of the molecule better than just a simple benzene-

cored molecule. The results of this study show that a lot of improvements to the 

photophysical performance of a molecule can be made by changing its geometry. The 

results also show that by careful consideration one can produce improved 

performance by selecting a suitable core for the application.  

5.7 Conclusion 

As the number of applications for star-shaped molecules increases as well as the 

number of star-shaped molecules, it is important to build up an understanding of the 

effects of changing the core and molecular size. In this work the optical properties of 

two families of star-shaped molecules have been studied. These molecules have two 

different cores with differing levels of conjugation and are studied to identify the 

effect of increasing the arm lengths of the molecules. The use of fluorene as the arm 

material allows the results to be compared against the results for linear oligofluorene 

molecules from Chapter 4. This also allows for deductions to be made as to the 
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advantages presented by the core. The results show that there is an increase in the 

PLQYs for the star-shaped molecules and a redshift in both absorption and emission 

resulting from the increase in the conjugation of the core. Experimental results show a 

slight increase in the transition dipole moments in both absorption and emission for 

the star-shaped molecules when compared with the oligofluorenes.  

The experimental results have been compared against the results for calculations of 

the molecular behaviour from TD-DFT calculations, and are found to provide a good 

quantative agreement. The results highlight the importance of taking into account the 

number of transitions present within a molecule when calculating the transition dipole 

moments in absorption, which for the star-shaped molecules studied is 2. The results 

from the TD-DFT calculations show that under perfect symmetry considerations, the 

molecule absorbs over the entire molecule. After absorption across the entire 

molecule there is then a small symmetry breaking change in the molecular conditions, 

which causes the exciton to localise at the minimum on the potential energy surface. 

This corresponds to the exciton being localised on a single arm. The transition dipole 

moments are shown to present a similar trend to that of the oligofluorenes with the 

transition dipole moments in the theoretical calculations scaling with a rough n0.5 

trend. In experiment, however the results show that this increase is slightly weaker as 

there is the presence of conformational disorder in the larger molecules resulting in a 

saturation being observed. 

 It has also been argued that the increase in the photophysical properties of the 

molecule is not just due to the extra conjugation of the molecules from the cores. The 

cores also appear to separate the chromophores, allowing for efficient absorption 

across the entire molecule and transfer to a single arm for emission. From the 

discussion the best option for the material system is the highly conjugated truxene-

core, which is a very rigid central core as it is based on three linked fluorene units. 

Many of the properties highlighted in this study, such as the high PLQY and high molar 

extinction coefficients make these materials perfect for light emitting devices, 

especially those that require optical pumping, such as organic lasers, which will be 

discussed in Chapter 7.  
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6 
Anisotropy decay in  

truxene-cored molecules 

 

6.0 Introduction 

This chapter presents a study of the ultrafast energy transfer in star-shaped truxene-

cored oligofluorene molecules. This study focuses on the photoluminescence 

anisotropy decay of two members of the family, measured using upconversion 

fluorescence spectroscopy. The results for these molecules are then compared against 

the dynamics of linear oligofluorene molecules with equivalent conjugation lengths, to 

identify the effect of the fixed geometry in the star-shaped systems.  The results show 

that there is a fast ~ 500 fs initial decay, followed by a slower 3-10 ps second decay 

component. The amount of anisotropy decay and thus the energy transfer was found 

to be dependent on the pump wavelength. This happens because, as one tunes the 

pump to the lower energy side of the absorption spectrum, one is only able to access 

lower energy states. 

Section 6.1 provides an overview of anisotropy measurements and energy transfer 

within branched molecules. Section 6.2 presents and discuss the absorption and 

emission characteristics of the truxene-cored molecules and their linear oligofluorene 

counterparts. Section 6.3 presents the results for the photoluminescence anisotropy, 

showing a comparison with the linear oligofluorenes. This is then followed by the 

results for the anisotropy at different pump wavelengths. Section 6.4 discusses the 

results and provides an explanation of the relaxation processes within the molecule. 

Also presented are some time dependent density functional theory TD-DFT 
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calculations, performed by Jean-Christophe Denis and Prof. Ian Galbraith at Heriot 

Watt University. These calculations show the energy requirements for a series of 

different conformational changes, which break the symmetry and cause a significant 

splitting between the two absorption transitions of the molecule. Section 6.5 

concludes the chapter and highlights the key findings from the study. 

6.1 Anisotropy and energy transfer 

 6.1.1 Anisotropy measurements 

Anisotropy is a measure of how a measured quantity changes with respect to the 

orientation of observation. In photophysical measurements this is done by exciting a 

sample with a polarised light source, and detecting the resulting emission using a 

polarised detector; in this case either the excitation light can have its polarisation 

changed or a polariser can be used in the detection, so that only light emitted parallel 

or perpendicular to the excitation is detected. In the case of the experiments 

presented in this chapter, it is the orientation of the excitation light that is varied with 

respect to the detection polarisation. In both experimental cases the anisotropy is 

measured using: 

� =
�∥����

�∥�	���
 (6.1) 

Where �  is the anisotropy, 
∥ is the intensity recorded parallel to the excitation source 

and 
�is the intensity recorded perpendicular to the excitation source. Anisotropy is 

therefore a measure of the difference between the detected intensity parallel and 

perpendicular to the excitation light divided by the total detectable emitted intensity. 

The g factor in this equation is a measure of the sensitivity of the detection of the 

parallel and perpendicular emission; it can be calculated from: � = ∥ �⁄ , where S is 

the sensitivity. In the case of our experiment the g factor was found to be 1. This was 

also shown from the anisotropy results for the short straight 3 unit oligofluorene 

molecule which was found to have an initial anisotropy of  0.4 consistent with the 

theoretical value for a rod like molecule. The initial expected anisotropy of a rod like 

molecule can be calculated by firstly considering the molecule to have parallel 



 

 

absorption and emission dipoles. 

anisotropy measurement is

Figure 6.1: schematic of an anis

detection relative to a molecule. Figure inspired by Principles of fluorescence 

spectroscopy ( Figure based on figure 10.4 

Lakowicz.)1 

The molecule is positioned at an 

the x and y axes. The excitation is shown as coming in along polarised relative to the z 

axis, whilst the detection is performed relative to the x and z axis. 

considerations the intensity p

perpendicular intensity is given by

averaging over � and then over 

can be calculated that for a rod like molecule the expected
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absorption and emission dipoles. A representation of a rod like molecule in an 

anisotropy measurement is shown in figure 6.1.  

Figure 6.1: schematic of an anisotropy measurement showing the excitation and 

detection relative to a molecule. Figure inspired by Principles of fluorescence 

Figure based on figure 10.4  Principles of fluorescence spectroscopy

The molecule is positioned at an angle θ from the z axis and at an angle φ relative to 

s. The excitation is shown as coming in along polarised relative to the z 

axis, whilst the detection is performed relative to the x and z axis. 

considerations the intensity parallel to the excitation beam is 
∥ � ���

perpendicular intensity is given by 
� � ���	����	�. By initially applying an angular

and then over � and substituting the results back into equation 6.1 

that for a rod like molecule the expected initial anisotropy is 0.4. 
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otropy measurement showing the excitation and 

detection relative to a molecule. Figure inspired by Principles of fluorescence 

Principles of fluorescence spectroscopy 

angle θ from the z axis and at an angle φ relative to 

s. The excitation is shown as coming in along polarised relative to the z 

axis, whilst the detection is performed relative to the x and z axis. From angular 

���	�, whilst the 

applying an angular 

into equation 6.1 it 

anisotropy is 0.4.  



 

 

Figure 6.2: Anisotropy measurement setup. Polarised excitation light is incident on the 

sample either parallel or perpendicular to the orientation of the detection polarisation. 

It is also possible to monitor the dynamics of the molecule

whilst obtaining the anisotropy data

which is equal to  
����� �

the orientation of the detector only the

direction can be detected, but

amount of emitted perpendicular emission in the y that

2
�, term. The total intensity can also be ap

so called “magic angle”. The “magic angle” is measured at 57.4

the intensity at the magic angle

equal to 
∥ � 2
�.
1
  In this experiment the parallel and perpendicular intensities were 

measured and the total intensity or




6.1.2 Energy Transfer

There has been increasing

which different functional groups can be 

for a range of applications

been studied with an aim of

light harvesting systems
6,8

often been used to measure energy transfer within polymer chains

has now been employed to study 
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: Anisotropy measurement setup. Polarised excitation light is incident on the 

sample either parallel or perpendicular to the orientation of the detection polarisation. 

It is also possible to monitor the dynamics of the molecule, such as spectral diffusion

whilst obtaining the anisotropy data. This is done by measuring the


∥ � 2
�,the reason for this can be seen in figure 

the orientation of the detector only the perpendicular emission propagating

direction can be detected, but due to the symmetry of emission there is an equal 

perpendicular emission in the y that cannot; hence 

total intensity can also be approximated with the polarisation set at the 

so called “magic angle”. The “magic angle” is measured at 57.4
o
, and when considering 

the intensity at the magic angle cos
2
=0.333 and sin

2
=0.666, so the detected intensity is 

In this experiment the parallel and perpendicular intensities were 

total intensity or magic angle data reconstructed from:


����� �  
∥ � 2
�!/3 (6.2) 

2 Energy Transfer 

ing interest in branched
2
 and dendrimer like molecule

different functional groups can be included in the arms, making

applications.
5,6

 Energy transfer within these branched molecules

aim of developing improved molecules for applications such as

8,9
, OLEDs

3,4
 and lasers.

10-12
 Anisotropy measurements 

used to measure energy transfer within polymer chains.
13-15

to study the energy transfer processes in branched
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: Anisotropy measurement setup. Polarised excitation light is incident on the 

sample either parallel or perpendicular to the orientation of the detection polarisation.  

, such as spectral diffusion, 

. This is done by measuring the total intensity 

en in figure 6.1, due to 

perpendicular emission propagating in x 

there is an equal 

cannot; hence the need for the 

polarisation set at the 

and when considering 

the detected intensity is 

In this experiment the parallel and perpendicular intensities were 

magic angle data reconstructed from: 

and dendrimer like molecules,
3,4

 in 

ing them suitable 

nergy transfer within these branched molecules
7
 has 

improved molecules for applications such as 

Anisotropy measurements have 

15
 This technique 

branched molecules. 
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To address this issue of energy transfer within branched molecules there have been a 

number of theoretical and experimental studies performed on different types of 

molecules. Experimental measurements have been performed using fluorescence
16-18

 

or transient absorption spectroscopy.
19,20

 Both these methods are suitable for studying 

the depolarisation in the molecule. Fluorescence anisotropy is the easier of the two to 

interpret, as one only needs to consider the S1-S0 transition. Transient absorption on 

the other hand pumps the molecule into a higher unknown Sn energy state and then 

sends a second pulse to probe this. As the higher lying energy states are unknown, 

there could be other processes involved, which could affect the anisotropy results.
17

 

Fluorescence anisotropy measurements have been employed to study the energy 

transfer dynamics in a particular class of small molecules which possess C3 symmetry. 

These molecules can be branched from a number of different cores with benzene
21-23

 

and nitrogen being used.
7,16,19,24

 Triphenylbenzene derivatives have been studied and it 

was concluded that when the symmetry is broken the exciton localises on one of the 

arms.
22

 After this initial localisation the excitons were then able to move from arm to 

arm via a hopping mechanism.
25

 Studies on nitrogen-cored styrylbenzene dendrimers 

also show a rapid depolarisation as the energy transfers to the core.
24

 Theoretical 

studies were performed on phenylacetylene dendrimers and it was found that the 

exciton localises on the branching point.
23

 

The majority of these experimental results suggest that the energy transfer occurs to a 

single arm.
19

 Rates for the depolarisation to an arm are found to be different for 

different cores, but most molecules show a fast depolarisation on a sub picosecond 

time scale. In the nitrogen-cored three branch molecules, this very fast depolarisation 

is attributed to coherent energy transfer.
19

 This dephasing process takes place from an 

absorption state across the entire molecule to a localisation on a single arm. 

If the exciton localises on an arm, rather than the core, then there is evidence that in 

many systems further energy transfer can occur within the molecule. This has been 

proposed to be a hopping process between the arms of the molecules, with the 

exciton transferring via a Förster type mechanism.
25

 Because of the Förster type nature 

of this energy transfer process, the timescale for this localisation is an order of 
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magnitude slower than the initial depolarisation, and typically occurs on a picosecond 

timescale. The localisation process is claimed to be dependent upon the 

chromophore’s relaxation time and the angle between chromophores.
7,25

 These results 

show that depending upon a number of considerations there are a lot of different 

molecular processes which can occur, all of which affect the amount and rate of 

depolarisation. 

As this review has shown, there is a lot of understanding to be gained about these 

large branched symmetric molecules. The nature of the energy transfer appears to be 

dependent on both the size of the molecule and its core structure. By using ultrafast 

fluorescence anisotropy measurements, it is hoped that a better understanding of this 

process can be achieved for truxene-cored oligofluorene molecules. 

6.2 Absorption and emission characteristics of the 

molecules  

In this study the anisotropy of two truxene-cored oligofluorene molecules is compared 

with that of their linear oligofluorene counterparts. The study was performed on the 

T2 and T4 truxene-cored molecules which have chains of 2 and 4 fluorene units in each 

arm respectively. These are compared with O3 and O5 oligofluorene molecules, which 

are chains of 3 and 5 fluorenes respectively. The structures of the molecules are shown 

in the inset to Figure 6.3. Initial studies on the photophysical properties of the 

molecules have been presented in Chapters 4 and 5. The particular choice of 

oligofluorene molecules for this comparison was made because the truxene-core 

consists of three fluorene units fused through the meta-positions of a shared central 

benzene ring, making the truxene-core equivalent to an extra fluorene unit added to 

each arm.
26

 The truxene cored molecules were synthesised by Dr Alexander 

Kanibolotsky and Prof Peter Skabara at Strathclyde University.
27

 The O5 and O3 were 

procured from American Dye Source Inc., ADS056FO and ADS036FO respectively. 

Unless stated all measurements were performed in spectroscopic grade toluene 

procured from Sigma Aldrich.  



 

 

Figure 6.3:(a) Absorption and emission

(b) absorption and emission

molecular structures are inset in the figure.

The similarity in the absorption and emission of the

molecules is presented in 

6.3(a) there is a small 6 nm blue shift for the absorption and emission of the O3 

respect to the T2 molecules
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bsorption and emission spectra of T2 (blue) and O2 (red dashed) lines,

b) absorption and emission spectra of the T4 and O5 molecules (same colours). 

molecular structures are inset in the figure. 

the absorption and emission of the truxene-cored and oligofluorene

molecules is presented in Figure 6.3. As can be seen from the data 

6 nm blue shift for the absorption and emission of the O3 

to the T2 molecules, whilst there is a very good agreement between the
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of the T4 and O5 molecules (same colours). The 

cored and oligofluorene 

 shown in figure 

6 nm blue shift for the absorption and emission of the O3 with 

whilst there is a very good agreement between the 
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spectra of O5 and T4 molecules, shown in Figure 6.3(b). The spectra presented in 

Figure 6.3 were measured at low concentrations with a peak absorption of 0.1, and as 

such do not present any effects of self-absorbance.  

6.3 Anisotropy  

The anisotropy measurements were carried out at a higher concentration of 6 mg ml
-1

. 

This was done to ensure that in these measurements absorbance was greater than 1 at 

the pump wavelength, and that as little of the pump pulse was transmitted through 

the sample as possible. If pump light passes through the sample it can interfere with 

the data at times when the pulse is still incident, and because the pump light is 

orientated “parallel”, it will detrimentally affect the results of the anisotropy 

measurements. The downside of using higher concentrations is the increase in self-

absorption, meaning that it is difficult to detect photoluminescence on the 0-0 peak. 

The experimental setup used a frequency doubled Ti:Sapphire laser, which is tuneable 

from 375-425 nm; this meant that the experiment could only probe the absorption 

from the peak to the red-edge tail. For further information on the experimental setup 

see Chapter 3. 

Anisotropy measurements were performed by varying the polarisation of the 

excitation parallel and perpendicular to the detection. These two signals were then 

combined to calculate the anisotropy or to reconstruct the magic angle data using 

formulae 6.1 and 6.2 respectively.  
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Figure 6.4: Measured fluorescence intensity: parallel (black open circles) and 

perpendicular (open red triangles) of O5 (a), and truxene T4 (b). Excitation 

wavelength used was 380 nm, whilst the detection was 440 nm. 

Figure 6.4(a) presents the time-resolved parallel and perpendicular intensities from the 

O5 linear oligofluorene molecule when excited at 380 nm and detected at 440 nm. The 
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data shows that the intensity recorded for the parallel excitation 
∥ is about twice as 

great as that of the perpendicular 
�. The difference in the intensities of these two 

signals does not change greatly with time. Figure 6.4(b) presents the parallel and 

perpendicular signals for T4, at the same excitation and detection wavelengths. As can 

be seen in the data, there is a large difference in the initial intensity between the 

parallel and perpendicular traces. At early times during the formation of the states, 

there is a fast decrease in the parallel trace and a corresponding increase in the 

perpendicular trace, as energy is transferred away from the parallel direction. There is 

also a slow decay present in the parallel signal, which corresponds to a similar increase 

in the perpendicular trace. This hints at a larger level of fast dipole reorientation within 

the star-shaped molecules when compared with the linear equivalent.   

 

Figure 6.5 (a): Fluorescence magic angle (top panels) and anisotropy (bottom panels) 

data and fits for the four molecules studied.  The data on the left panels (a and c) 

contain comparisons between O3 and T2, while those on the right (b and d) contain 

comparisons between O5 and T4. The magic angle data are offset vertically for clarity  

Figure 6.5 presents a comparison of the anisotropy and the magic angle data for the 

truxene and oligofluorene molecules. An excitation of 380 nm was used, whilst a 

detection wavelength of 420 nm was used for T2 and O3 molecules and 440 nm was 
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used for T4 and O5. The detection wavelengths were chosen to measure a similar 

emission point in the photoluminescence spectra; this is close to the 0-1 peak to avoid 

the effects of self-absorption. Figure 6.5 (a) shows a comparison of the reconstructed 

magic angle data from T2 and O3 using formula 6.2, and panel (b) in Figure 6.5 shows 

the same reconstructed magic angle data for the T4 and O5 molecules. All the 

molecules show an initial rise of ~90 fs and a slower rise over the period of 10 ps.  The 

slow rise in the magic angle data can be attributed to spectral relaxation, because we 

are detecting on the red side of the 0-1 emission peak for all of the molecules.  

Figure 6.5 (c) presents the anisotropy results for the O3 and T2 molecules. Both 

molecules show an initial anisotropy of ~0.4 at t=0. O3 then undergoes a very slow 

mono-exponential decay which reduces the anisotropy to 0.35 after 10 ps and is 

attributed to rotational diffusion in this small molecule. T2, on the other hand, shows a 

bi-exponential decay with an initial fast component, which reduces the anisotropy 

from 0.37 to 0.25, and a slower second decay which reduces the anisotropy further to 

0.19. Both of these decays are too fast for rotational diffusion in a molecule this large. 

Figure 6.4 (d) presents the data for the anisotropy decay of T4 and O5 molecules. The 

O5 anisotropy data is very similar to that of the O3, showing an initial anisotropy value 

of 0.38 with a slow mono-exponential decay to 0.35 after 10 ps. T4, like T2, shows a 

fast initial decay from 0.39 to 0.23 and then a slower second decay component, which 

reduces the anisotropy further to 0.15. Dynamics were fitted using the sum difference 

fitting technique
28

 outlined in Chapter 3. The fitting values of the decays are shown as 

the solid black line on the traces in figure 6.5 and are summarised in Table 6.1. The 

results show the decays of the star-shaped truxene-cored molecules differ greatly from 

those of the constituent oligofluorenes. This suggests that there is a large amount of 

anisotropy decay caused by the shape of the molecule.  

These results specifically highlight two interesting issues regarding the anisotropy 

decay of the star-shaped molecules. Firstly, there is a difference in the final anisotropy 

values for the two truxene-cored molecules, with the T4 having a lower final 

anisotropy of 0.15, whilst the T2 has a final anisotropy value of 0.19. Secondly, the 

initial anisotropy of the truxene-cored molecules, being approximately 0.4, is the same 

as the oligofluorenes. This is interesting because for a C3 symmetric molecule, the 
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predicted initial anisotropy is 0.7, whilst the final anisotropy for a fully depolarised C3 

symmetric molecule to a random arm is predicted to be 0.1.
29

 An initial anisotropy 

value of 0.4 is more readily associated with the anisotropy of a rod like molecule, 

whose absorption and emission dipoles are parallel.   

The difference observed in the final anisotropy values between the two truxene-cored 

molecules is considered first. The main difference between the two molecules is that 

there are 2 extra fluorene units on each arm of T4, which causes a red-shift in the 

absorption. This means that, when exciting the T2 molecule at 380 nm, we are exciting 

into a lower energy state relative to that in T4. To investigate if this might be the cause 

of the effect, the excitation wavelength dependence of the T4 anisotropy was 

measured. T4 was chosen, rather than T2, due to constraints of the laser system being 

used, which had a range of 375-425 nm, allowing for access to the higher energy 

absorption states of T4. To investigate this effect, T4 was excited at 380, 400 and 420 

nm with detection wavelengths of 440 nm used for 380 nm excitation, and 500 nm for 

the 400 nm and 420 nm excitation. A detection wavelength of 500 nm was chosen for 

the 400 and 420 nm excitation wavelengths, to remove any effects from solvent 

Raman signals, which can detrimentally affect the early time dynamics of the 

anisotropy. Raman signals are a problem as they preferentially align with the parallel 

signal, and become a greater problem when exciting the red edge of the absorption. 

This is because there is less absorption, and hence less emission in this region, so 

Raman makes up a greater percentage of the total signal. The choice of 500 nm for the 

detection wavelength does not affect the results, as our experiments showed that the 

final anisotropy values are detection wavelength independent. This was also shown in 

the study by Sissa et al.,
30

 for a similar system.  
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Figure 6.6: Absorption of the Truxene T4 (blue line) and the laser spectra at the 380 

nm (black), 400 nm (red) and 420 nm (green) pump wavelengths. 

Figure 6.6 shows the absorption of the T4 molecule. Overlaid onto this is the laser 

spectrum of the pump at the three different excitation wavelengths. The data shows 

how the absorption decreases towards 420 nm, meaning that measuring fluorescence 

when pumping at 420 nm is much more difficult than when pumping at 380 nm, as 

there is a considerable reduction in absorption. 
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Figure 6.7 (a): The reconstructed magic angle data for T4 at the different pump 

wavelengths, offset for clarity, (b) the corresponding anisotropy plots at the different 

pump wavelengths and their fits.  Open diamonds and green solid line correspond to  

420 nm, open triangles and solid blue line 400 nm, and open circles and red solid line 

380 nm.  

Figure 6.7(a) shows the reconstructed magic angle data for the T4 molecule. All these 

are fitted using the sum fit procedure and all the fast rises show an ~90 fs rise time. 
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The results again show a sharp rise coinciding with the absorption of the molecules. 

After this there is a slow rise on the 380 and 400 nm excitation wavelengths and a slow 

decrease at 420 nm. These slow dynamics are due to spectral shift with the higher 

energy excitations decreasing to lower energy emission states due to spectral 

diffusion.  

Figure 6.7(b) presents the anisotropy results for the T4 molecule when excited at 380, 

400 and 420 nm. The results show that at all excitation wavelengths the anisotropies 

exhibit a bi-exponential decay. The magnitude of the fast initial decay is dependent 

upon the excitation wavelength; longer excitation wavelengths lead to a smaller 

amount of the fast anisotropy decay than for shorter wavelengths. For 380 nm 

excitation there is a fast initial anisotropy decay from 0.4 to 0.225 and then a slower 

anisotropy decay which further reduces the anisotropy to 0.15. For the 400 nm 

excitation there is a fast initial anisotropy decay from 0.4 to 0.27 and then a slower 

second decay to 0.18. For the 420 nm excitation there is a fast initial anisotropy decay 

from 0.38 to 0.34 and then a slower final anisotropy decay to 0.26 after 10 ps. 

Table 6.1: Fitting times for the anisotropy decays. R0 is the anisotropy at time 

zero, τ1 is the first fitting time constant whilst A1 is the pre-exponential decay 

factor. τ2 is the second decay time component with A2 being the pre-exponential 

decay factor, and Rinf is the anisotropy at 20 ps. The fitting formula is in 

Chapter 3 as formula 3.10.  

 
 

λex 

(nm) 

λdet 

(nm) 

Ro τ1 

(fs) 

A1 τ2 

(ps) 

A2 Rinf 

T2 380 420 0.37 

(± 0.01) 

415 

(±27) 

0.76 

(± 0.04) 

8.4 

(± 0.33) 

0.24 

(± 0.01) 

0.19 

(± 0.001) 

T4 380 440 0.39  

(± 0.01) 

513 

(± 22) 

0.67 

(± 0.02) 

2.9 

(± 0.09) 

0.33 

(± 0.01) 

0.15 

(± 0.001) 

T4 400 500 0.38  

(± 0.01) 

520 

(± 50) 

0.6 

(± 0.05) 

5.2 

(± 0.2) 

0.4 

(± 0.01) 

0.18 

(± 0.001) 

T4 420 500 0.38  

(± 0.01) 

520 

(± 75) 

0.34 

(± 0.1) 

7.9 

(± 0.5) 

0.66 

(± 0.01) 

0.24 

(± 0.002) 

 

From the fittings, whose values are shown in Table 6.1, one can see that the initial 

anisotropy for all conditions is very close to 0.4, and the initial anisotropy decay rate is 

similar at 415 fs for T2 and 520 fs for T4. The amplitude of this fast decay shows a 
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strong dependence on excitation wavelength in the T4 molecule. By changing the 

pump wavelength from 380 nm to 420 nm the magnitude of this decay reduces from 

0.67 to 0.34. The second decay time constant also shows an excitation wavelength 

dependence, with higher excitation energies having a faster decay time than lower 

energy ones. 

One possible reason for the lower than expected initial anisotropy for a C3 symmetric 

molecule, is that the molecule is distorted by the polarity of the solvent, as has been 

suggested by Sissa et al..
30

 Experiments were carried out to investigate this using 

cyclohexane as a comparison against the toluene results. While toluene is not a very 

polar solvent, only having a polarity of 2.4, it was still important to rule out solvent 

polarity as the cause of the symmetry breaking; cyclohexane was chosen as it has a 

lower polarity, of only 0.2, so is almost non polar. 

 

Figure 6.8: (a) shows the results for the reconstructed magic angle data for T4 

pumped at 380 nm and 440 nm detection in toluene (black open squares) and 

cyclohexane (red open circles); (b) shows the magic angle results for 400 nm 

excitation and 440 detection. (c) shows the anisotropy at 380 nm excitation, whilst (d) 

shows anisotropy at 400 nm excitation. 
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The data presented in Figure 6.8 compares the anisotropy decay of T4 molecules in 

toluene and cyclohexane. The magic angle data for excitation at 380 nm and detection 

at 440 nm is shown in figure 6.8(a), whilst (b) shows it for 400 nm excitation and 440 

nm detection. The anisotropy results for the 380 nm excitation are presented in (c) and 

those for the 400 nm excitation in (d). As can be seen from the anisotropy results, both 

solvents show the same characteristic of having an initial anisotropy of 0.4. The 

anisotropy after 10 ps is lower for cyclohexane than for toluene when excited at 400 

nm, but higher when excited at 380 nm. The final anisotropy values are 0.15 at λex=380 

nm and 0.20 for λex=400 nm in toluene and 0.14 at λex=380 and 0.22 at λex=400 nm in 

cyclohexane, showing that there is a small solvent effect. However, this effect is small 

and, because the molecules show similar behaviour, the initial anisotropy value cannot 

be explained as a result of the polarity of the solvent. This means that there must be 

another cause for the initial anisotropy of 0.4. The same experiments were performed 

on the oligofluorene as a reference, but no change in the anisotropy dynamics was 

observed for the oligofluorene molecules. 

6.4 Discussion of results 

 6.4.1 Initial 0.4 anisotropy value 

The fact that the anisotropy values after 10 ps are excitation wavelength dependent 

shows that red-edge effects are being observed. Moreover, the results show a 

different initial anisotropy result from the predicted value for a C3 symmetric molecule 

with two degenerate energy states. The expected value for the anisotropy of a rod like 

molecule is 0.4, which is due to the fact that the absorption and emission dipoles are 

parallel.
1
 Whilst for a C3 Symmetric molecule with two degenerate states the expected 

initial anisotropy is 0.7,
29,31

 this is due to the shape of the molecule, presenting an 

increased probability of the light being absorbed by the molecule. However, there 

have been very few experiments which observe an initial anisotropy value of 0.7, with 

a number of differing reasons as to why this value is not observed. One reason is that 

when observing the fluorescence anisotropy the degeneracy between the two levels 

has been broken via a Jahn-Teller type effect,
32

 causing the exciton to localise onto an 
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arm.
33

 For a C3 symmetric molecule the final anisotropy value is predicted to be 0.1, 

because the exciton should have lost its coherence and moved to a random arm.
29

 

However, there is a problem to consider with this argument: where does the exciton 

need to localise for it to get this anisotropy value? If it localises on the arm closest to 

the direction of polarization of the excitation, then one would expect a high anisotropy 

value. This is because a lot of the large initial anisotropy is retained, as the change in 

the angle of the dipole moment would be quite small, therefore showing little 

depolarisation from 0.7. On the other hand if it localises on a random arm the only 

value that would be observed is 0.1
29,31

 and one should not see the anisotropy decay in 

fluorescence, as it needs to be localised on an arm in order to emit. Others have 

claimed, along similar lines, that the 0.7 is not seen because the dephasing between 

the two states
33

 leads to emission from a single arm;
34

 this is claimed to happen so 

quickly that the 0.7 value is not observed as it lies beyond the time resolution of most 

techniques.
19

 

Both these arguments are valid for some of the results, however they do not fit well 

with the results observed for the truxene-cored molecules. At all excitation 

wavelengths we observe an initial anisotropy of ~0.4, which is closer to the expected 

value for a rod like molecule, than the results for a localisation to the nearest or 

random arm would allow. Also with the relatively long ~500 fs anisotropy decay times 

for the truxene-cored molecules, it should be possible to observe the decay from a 

value greater than 0.4, as we can resolve anisotropy dynamics down to ~100 fs. One 

proposal for this result is that it is caused by the symmetry being already broken by 

interactions with polar solvents at room temperature.
30

 The experimental results in 

this chapter show that anisotropy decays are independent of the solvent, and that 

there must be a means for a non-polar solvent like cyclohexane to break the 

symmetry. The problem with this, however, is that it is not just a simple case of 

breaking the symmetry; the symmetry must be broken in a way that causes a splitting 

between the two states to be greater than the bandwidth of the laser. If this were not 

fulfilled, then both modes of the molecule would be excited and it would result in a 

higher initial anisotropy than the 0.4 observed. 
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a): Schematic of the key energy levels in a degenerate system, b) 

distorted system with different energy levels, the red arrow corresponds to the energy 

   

a schematic of the relevant two lowest absorption states in a 

degenerate system (b). For the degenerate 

for the non-degenerate system a change has been applied to 

the molecule to either raise or lower one or both of the energy levels. In our 

experiment the energy difference is represented by the red arrow

considerable so that the energy level splitting is greater than the bandwidth of the 

, which has a full width half maximum of ~3 nm (~3 meV). A possible source of this 

energy level splitting could be conformational disorder in the molecules

hypothesis of conformational disorder induced splitting

DFT calculations were carried out using the Gaussian09 programme by our 

orators Prof Ian Galbraith and Jean-Christophe Denis at Heriot Watt University. 

he energy difference between the two transitions in a molecule with 

a specific deformation applied, as well as the energy cost of this transformation

compared with the minimum energy conformation. These transformations 

small changes to the molecular geometry, because when working a

temperature the only energy available is of the order of KBT (26 meV).  
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Table 6.2: Results for the quantum chemistry calculations for conformational changes 

to the T2 molecule: performed by Jean-Christophe Denis and Prof. Ian Galbraith at 

Heriot Watt University.  The formation cost is the difference between the symmetric 

ground state and the energy of the broken symmetry configuration. The degeneracy 

splitting is the difference in the two electronic energy levels and the 1st absorption 

state is the lowest energy transition. Cases 1-4 represent a twisting of a fluorene unit 

by -5o, -10o, +5o and +10o at the end of an arm. Case 5 is a twist of -10o at the beginning 

of an arm. Case 6 is a rotation of the fluorene unit at the end of the fluorene unit by 5o 

in the plane of the molecule and case 7 is a rotation of -5o out of the plane of the 

molecule. Case 8 corresponds to a twist of the final fluorene unit by -10o and a rotation 

to the same arm by -10o out of the molecular plane. Case 9 corresponds to a twist of a 

fluorene unit at the end of one arm by -10o and a twist to the final fluorene unit in 

another arm by +10o. 

Case 

Formation 

Cost  

(meV) 

Degeneracy 

Splitting 

 (nm) 

1st 

Absorption  

(nm) 

1 7 1.96 369.95 

2 15 3.98 372.01 

3 18 3.24 367.88 

4 29 4.41 367.85 

5 16 4.87 373.21 

6 50 0.19 367.95 

7 16 1.19 369.16 

8 62 7.11 375.39 

9 30 6.2 371.66 

 

Table 6.2 presents the energy cost and the relative splittings for a number of different 

conformational changes applied to a T2 molecule. The types of molecular 

deformations were chosen to represent real world possibilities that could occur within 
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a molecule at room temperature, under normal conditions. For example, it would be 

possible to completely rotate an arm; however the energy cost for this would be very 

high, but would only present a small change in the electronic energy levels between 

the two states. For the calculations the two situations considered are a twist to a 

fluorene unit within the chain and a movement of a fluorene unit out of the plane by a 

set angle. This is represented in cases 6 and 7. Thus for the truxene-cored molecules 

any distortion to the molecule that causes a sufficient energy splitting between the 

two energy levels to break the symmetry must be a small conformational change 

rather than a large distortion. From the results, the cases that fit the description of 

providing a splitting of more than 5 nm with only a small energy cost are those which 

twist one of the fluorene molecules within the arm as shown in cases 1-5. If this is 

applied to 2 of the arms, as is shown in case 9, then it is easily possible to produce the 

required splitting of 6.2 nm, at energy of 30 meV.  

Table 6.2 shows that for certain cases there is enough thermal energy at room 

temperature to get the required energy splittings between the two energy levels, so 

that a spectrally narrow laser beam on a short time scale would only excite a single 

mode within the molecule rather than a mixture of both modes. Due to these small 

conformational changes, the molecule starts to behave more rod like, as only one 

rather than both of the transition dipoles is excited. As there is only a single dipole 

being excited the photophysical properties are dominated by the orientation of the 

excited chromophore rather than that of the entire molecule, which would be the case 

for a completely C3 symmetric system. 
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Figure 6.10: Change of the electron density upon photoexcitation of T4, with rotational 

twists slightly breaking their symmetry. Case A corresponds to a rotational twist 

clockwise of 10° of the 3rd fluorene unit. Case B represents an anti-clockwise twist of 

10° of the third fluorene unit and Case C combines cases A and B. Below the absorption 

transitions are the S1 emission geometries for the lowest energy transitions. 

Reproduced from Ref. 35 with permission from the PCCP owner society. 35 

Calculations were performed for three separate cases of applied twists to the T4 

molecules and the electron densities plotted, as shown in Figure 6.10. In Case A the 

dihedral angle between the second and third fluorene units in one arm was increased, 

and reduced in Case B by 10
o
. Case C shows the effect of having the two twists applied 

to two arms of the molecule. In Case A the energy cost of this transformation to the 

molecule is 20 meV and leads to a splitting of 4.2 nm of the two optically bright lowest 

energy transitions. As a result of this twist the first absorption state is at 3.157 eV, 
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which is lower than in the fully symmetric state and leads to emission being localised 

on this distorted arm. The reason why the energy of the arm is lower for this type of 

distortion is that, by increasing the angle of one of the fluorene units, the arm 

becomes more planar and the π-conjugation is increased. The second transition on this 

molecule is at 3.191 eV and leads to localisation on the two non-distorted arms. This 

transition closely resembles one of the two transitions observed in a fully symmetric 

molecule. In Case B, where the angle of the third fluorene unit within an arm has been 

increased by +10
o
, such that the dihedral angle increases, and the π-conjugation 

between the two fluorene units get reduced. The first transition shown in Figure 

6.10(c) is at 3.191 eV, and excites the two undistorted arms. The second transition, 

Figure 6.10(d), which is mainly localised on the distorted arm, has an even higher 

energy of 3.214 eV. The cost of this symmetry breaking is 18 meV and leads to a 

splitting of 2.7 nm. If we combine these two distortions on two separate arms of the 

same molecule, as is shown in Case C, then the first absorption state has an energy of  

3.159 eV, and the exciton is localised on the more planar arm, Figure 6.10(e). In the 

second absorption transition, the exciton is mainly localised on the undistorted arm 

with a small contribution on the distorted arm, Figure 6.10(f). The energy of this 

transition is 3.207 eV, the total cost of these two distortions is 30 meV and the 

resulting splitting is 5.9 nm. Below each of the two absorption transitions the emission 

geometries are shown, and as can be seen, for all the different distortions the exciton 

in emission is localised on a single arm.            

6.42Anisotropy decay 

All the truxene-cored molecules show a bi-exponential decay of the anisotropy with a 

fast first decay and a slower second. As outlined in the introduction a picosecond 

anisotropy decay has been attributed to a Förster energy transfer mechanism. To 

investigate this, calculations of the energy transfer were performed using two different 

models. Firstly we approached it from a classical Förster point dipole-dipole coupling 

calculation using:
36,37
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Where ;< is the donor lifetime, �< is the donor fluorescence quantum yield, => is 

Avogadro’s number, � is the refractive index of the solvent, which for this experiment 

was toluene giving  � � 1.50, I is a spectral overlap between the homogeneous 

spectral profiles of donor fluorescence f
hom

(E) and  acceptor absorption a
hom

(E), which 

have each been normalised to unit area on an energy scale,  


 � C DE�� F!GE�� F!
HIJK

.
LF  and Emax is the upper energy of the vibronic 

progression in S1←S0 absorption, calculated from the steady state absorption and 

emission spectra, and N is the centre-to-centre separation. The calculation of the 

separation N between the two arms was chosen to be from a point at the centre of 

one arm to a point at the centre of another arm. This separation was calculated 

geometrically from the bond lengths of the molecule. For the two materials this 

produced an expected energy transfer decay time of 13 ps and 54 ps for T2 and T4 

respectively. The calculated decay time for T4 is much larger than that of T2 and too 

large for T4; experimental results are shown in Table 6.1. This is because this formula 

underestimates the coupling strength between the arms in the molecule, because of 

the R
6
 dependence. This shows that as these coupled molecules get larger arms one 

has to move beyond a point dipole coupling approximation.  

Thus a second approach was employed using a weak coupling calculation, because this 

has been found to provide a better description of complex donor acceptor systems; 

where the interaction between the excited state donor and ground state acceptor are 

purely due to electronic coupling.
38,39

 Calculations of the rate of energy transfer in a 

weak coupling system can be made by:
36

 

*

OPQR
�

	S

ℏ
|� ⋅ V|	W (6.4) 

where V is the electronic coupling energy between donor and acceptor chromophores 

and s is the dielectric screening of the interaction by the surrounding medium. We use  

� � 1/�	, where n=1.5 is the refractive index of the solvent, which follows from the 

dipole approximation, J is the spectral overlap and is calculated in the same way as for 

the Förster point dipole calculation. The electronic coupling V between the arms of 

molecules was determined as V=(E3-E1)/3, where E1 and E3 are the transition energies 
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from ground state to the lowest energy excited state S1 and to the dark state S3 

respectively calculated using DFT in the ground state geometry. This approach resulted 

in a similar value for the decay time for the T2 of 15 ps, however a much shorter decay 

time was obtained for the T4 molecule of 8 ps.  

Table 6.3: Parameters used in the calculation of the energy transfer rate using 

equation 6.4. V is the electronic coupling calculated from the excited state splitting 

potential from the DFT calculations performed. J is the spectral overlap, τRET is the 

calculated resonant energy transfer values, with the values for the Förster 

calculations in parenthesis. τ1 and τ2 are the fitted times for the first and second 

exponentials for the anisotropy decays. 

 
Molecule 

V 

(meV) 

J 

(meV-1) 

τRET 

(ps) 

τ1 

(ps) 

τ2 

(ps) 

T2 23  (25) 0.063 15 (13) 0.4 8.3 

T4 25  (10) 0.10 8   (54) 0.5 5 

 

The results in Table 6.3 show that using the weak coupling formula produces a better 

description of the observed energy transfer rate rather than using a point dipole 

Förster equation. As can be seen, the time for the resonant energy transfer in the 

Förster equation is far too long; this is because of the R
6
 dependence in the point 

dipole calculation. As a result of this term this method underestimates the coupling 

strength between the arms and produces a much longer transfer time for T4 than that 

measured. For T2 however where the separation between the point dipoles is much 

smaller than for T4, the point dipole approach provides a similar result to the 

calculated weak coupling time; although both results underestimate the coupling 

strength between the arms in the T2 molecule. Using the weak coupling approach also 

predicts T4 to have a shorter decay time than T2, which agrees with the experimental 

results. These calculations show that the second decay component can be explained as 

being the result of a weakly coupled resonant energy transfer process between two of 

the molecules arms.  

Using these calculations, assignments can be made as to the nature of the decay 

processes. Presented above is an outlined description of what is occurring to the 

molecule in terms of symmetry breaking and parts of the energy transfer. Before 

excitation, the symmetry is already broken, giving a rod like initial anisotropy. The 500 
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fs decay is caused by a fast reorientation of the emission dipole moment from the 

absorption one, resulting from adiabatic geometry changes within the molecule, as the 

exciton localises on a single arm. The second decay is a weakly coupled energy transfer 

process between the arms. 

 

Figure 6.11: Illustrates the two decay mechanisms present within a truxene molecule, 

on two different timescales. (a) Shows the excited state potential energy surface of a 

symmetric three armed molecule, movement down this after absorption corresponds 

to the 500 fs decay. (b) is an illustration of the Förster-type resonant energy transfer 

hoping, from arm to arm, which occurs on a 3-10 ps timescale. Reproduced from Ref. 

35 with permission from the PCCP owner society. 35    

In a perfectly symmetric molecule the potential energy surface (PES) of the molecule 

resembles a so called “Mexican hat”. This is shown in Figure 6.11. When excited with a 

high energy photon, the molecule resides close to the top of the potential energy 

surface, marked by the red dot, from here it then has to find a path to a local minima. 

This proposal of a Mexican hat type PES for C3 symmetric molecule was made by 

Terenziani et al.
40

 whose study describes the symmetry breaking effects caused by 

polar solvents on C3 symmetric octupolar molecules. In non-polar solvents the lowest 

excited state was found to have a PES with three equal minima corresponding to the 

arms of the molecule. When interacting with a polar solvent a symmetry breaking 

defect occurs to change the energy of one of the three arms and thus raises or lowers 

one of the minima on the PES so that it is no longer symmetric. Our system is 
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qualitatively similar with the potential energy surface having three potential minima 

corresponding to the arms. The image provided in Figure 6.11(a) is only an illustrative 

sketch of the surface for a symmetric molecule as any distortion to the molecule, like 

those calculated above, would distort this surface and cause a change to one of the 

local energy minima, which will affect the final state of the molecule. From the point at 

which a photon is absorbed by the molecule, it will begin travelling down its potential 

energy surface to the emitting point localised on one of the arms.  

This description fits well with the experimental results, because when we use a high 

energy excitation (380 nm for T4) there is a large amount of depolarisation, as the 

photon excites the molecule near the top of the potential energy surface. This results 

in many potential downhill pathways, which the molecule can travel down to the 

localised emitting state. The TD-DFT results show that the higher energy absorption 

states are often spread over a greater proportion of the molecule, covering more than 

a single arm of the molecule, as shown in Figure 6.10. This state then quickly localises 

to an emission state on a single arm, which corresponds to the fast ~500 fs decay.  On 

the other hand, when exciting into the very tail of the T4 low energy absorption at 420 

nm, we are already exciting close to the lowest energy state. The TD-DFT calculations 

show that these lower energy absorption transitions are typically localised on a single 

arm, which means that there is less chance of the localisation moving quickly to 

another arm. It is also less likely for the molecule to have a lower energy arm available, 

to which the exciton can resonantly energy transfer to. As a result of this it is more 

difficult for the exciton to transfer from that arm to a lower energy one, so less 

depolarisation is observed. This is reflected in the anisotropy decay values in Table 6.1, 

where the higher the excitation energy, the greater the amount of initial fast decay 

and also the faster the second energy transfer process.  

The depolarisation mechanisms obviously come in two forms: there is the initial 500 fs 

localisation, which probably is a localisation transition onto a single arm, and then 

there is the 3-10 ps transition, caused by resonant energy transfer from one arm to 

another. This first energy transfer process is far slower than that reported for 

complexes with nitrogen cores, where the fast energy transfer happens over a period 

of ~50 fs.  
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6.5 Conclusion 

This work has provided important information about the energy transfer process 

within an important family of materials. The study used upconversion 

photoluminescence anisotropy measurements to observe the inter arm energy 

transfer within star-shaped truxene-cored oligofluorene molecules. The results show 

an initial anisotropy of 0.4, which is expected for a rod like molecule, but not for a C3 

molecule with two degenerate energy states. This symmetry breaking and the 

resultant energy level splitting has been shown to be independent of solvent polarity. 

To provide further information on the experimental results a series of TD-DFT 

calculations were performed to investigate molecular deformations and the resultant 

splitting of the energy levels. These indicate that small thermal deformations can break 

the symmetry within the molecule, and cause a splitting between the two absorption 

transitions, greater than the bandwidth of the laser pulse. The calculations show that a 

combination of small twists to the fluorene units on the arms of the molecule would 

be the most probable deformation capable of producing the required splitting. The fact 

that these deformations require energies less than kBT at room temperature shows 

that these could happen due to interactions with the solvent molecules. 

Unlike the oligofluorene molecules, both truxene-cored molecules show a fast bi-

exponential anisotropy decay, indicating energy transfer within the molecule. This 

energy transfer process has two different mechanisms which have two separate 

timescales. The majority of the anisotropy decay happens during the first decay which 

happens on ~500 fs timescale. This is argued to be a fast localisation onto a low energy 

single arm from a higher energy absorbing state. The second decay mechanism occurs 

on a 3-10 ps timescale, and is consistent with a weakly coupled resonant energy 

transfer between arms. The amount of anisotropy decay has been found to be highly 

dependent upon the excitation wavelength.  

The results present a strong red-edge effect, with less decay observed when exciting at 

420 nm than 380 or 400 nm. This can be explained by the nature of the decay: when 

exciting near the absorption maxima one excites the molecule to near the peak of its 

potential energy surface, allowing for a greater number of relaxation pathways. 
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However, if one excites in the tail of the absorption, which is near a local minimum, 

there are fewer relaxation pathways available for the molecule, resulting in the exciton 

staying on the absorbing arm.  
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7 
Lasing characteristics of benzene-

cored star-shaped oligofluorenes  

7.0 Introduction 

This chapter will present the lasing results from a family of benzene-cored star-shaped 

oligofluorene molecules. This work studies the relationship between changing the molecular 

size and the lasing performance. The work finds that increasing the arm length of the 

molecules causes a redshift of the absorption and emission spectra and also increases the 

solid state photoluminescence quantum yield (PLQY). This corresponds to a reduction in the 

threshold for the onset of amplified spontaneous emission (ASE). The materials were then 

spun onto distributed feedback gratings to assess their laser performance; it was found that 

as the arm length increases there is a reduction in the power density required for lasing and 

that the family are broadly tunable from 402-462 nm. The lasers were also found to have a 

small divergence, low lasing thresholds of 1.1 kW/cm2 and efficiencies as high as 6.6%. The 

lasing performance of these molecules will be compared against the published lasing values 

and photophysical results for a similar family of oligofluorene molecules with truxene cores. 

This comparison investigates which criteria are important for low threshold organic lasers, 

and finds that high PLQY and a reduction in intermolecular interactions are both important 

features.  

Section 7.1 introduces the materials used in organic lasers as well as their results and 

performance. Section 7.2 presents the solid state photophysical properties of the molecules, 

by looking at absorption, emission and PLQY of the molecules. Section 7.3 analyses the 

results of the ASE experiments, which provide a good indication of laser performance and 

looks at ASE thresholds, and at the material’s gain and loss. Section 7.4 presents the lasing 
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results for the molecules looking at lasing thresholds, tunability and efficiencies. Section 7.5 

discusses the results and compares these to the lasing and photophysical results for the 

truxene-cored molecules, in order to identify what characteristics are required for a low 

threshold organic laser. Finally section 7.6 concludes the study. The work in this study was 

performed with the assistance of Dr Georgios Tsiminis. 

7.1 Organic semiconductor lasers   

The field of organic semiconductor lasers has grown massively over the last two decades, 

since the first solid state organic semiconductor laser was produced by Tessler et al..1 The 

mechanisms and resonator design of organic semiconductor lasers was included in Chapter 

2, whilst this section presents the important attributes of the gain media. A more detailed 

account of organic lasers can be found in several review papers.2-4 At present all organic 

semiconductor lasers are optically pumped, but the size of required pump sources has 

decreased from large regenerative amplifiers to small inorganic Gallium Nitride LEDs.5-7 Due 

to this reduction in size, organic semiconductor lasers are seen as an important technology3 

for lab on chip type devices,8 especially in spectroscopy and sensing.9 A particularly 

promising application of organic laser sensors is in explosive sensing, where sensitivities to 

TNT derivatives has found to be as high as 5 ppb.10  

Since just after the invention of the laser, organic materials have been used as laser gain 

materials, with dye lasers becoming a well-established technology.11 These had the 

advantage of broad tunability and very short pulse lengths, but because they had to be used 

in dilute solution meant that relatively compact lasers could not be produced. The problem 

with using organic dyes as a laser gain material in the solid state is that they have low PLQYs, 

and as such have to be doped into a host matrix.12 The reason why dyes have low solid state 

PLQYs is that there are large intermolecular interactions, and they also have a tendency to 

form dimers. This poor performance of dyes led to the development of a number of 

different classes of organic materials for lasers, such as polymers, small molecules and 

dendrimers. Each of these materials have their own different set of characteristics which 

will be further explored, but they all present one advantage over traditional organic dyes, in 

that they have high PLQYs in the neat film.2 This is a huge advantage for organic materials 

used in lasers, because it means that they can be processed as neat films. Also due to their 
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high absorption cross sections, solid state organic lasers can display high gains in a very 

short path length. 

 

Figure 7.1: (a) Structure of polyfluorene (PFO), (b) poly(para-phenylene vinylene) (PPV) 

derivative, (c) aluminium tris(quinolate) (Alq3) and (d) 4(dicyanomethylene)-2- 

methyl-6p-(dimethylaminostyryl)-4H-pyran (DCM) 

Conjugated polymers were used in the first solid state organic semiconductor laser.1 Since 

then the two main polymer families which have been studied are polyfluorenes13,14 and 

poly(phenylene vinylyene)s.1,15,16 This is because they both possess high solid state PLQYs 

and have been reported to have high gains and low lasing thresholds. Other advantages of 

using these materials are that they are commercially available and can be fabricated via 

simple solution processing techniques, allowing for low cost fabrication. With the use of two 

dimensional distributed feedback (DFB) structures, MEH-PPV17 and polyfluorene18 lasers 

have reported slope efficiencies of ~7 and ~10% respectively. These results imply that 

relatively efficient lasers can be made using organic materials as the gain medium.  

As well as conjugated polymers, small molecules have also been used. Aluminium 

tris(quinolate) (Alq3) doped with lower energy laser dyes such as DCM and DCM2 are  

popular material systems. In these systems the absorption occurs in the Alq3 and then there 
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is a Förster resonant energy transfer to the acceptor material.19 Lasers using these materials 

have been found to have relatively low thresholds of 15 kW/cm2 and a tunability from 597.8 

nm to 713.1 nm.20 The downside of using these materials is that they have to be thermally 

evaporated, which makes the laser fabrication more intensive than their solution 

processable counterparts.  

Other small molecules which can be solution processable have also been studied in the form 

of dendrimers.21-23 These molecules have a modular design where different parts can be 

incorporated for different processes, such as adjusting the level of interaction between the 

dendrons and the core. Typically in a dendrimer the arms can be used for absorption, after 

which there is a subsequent energy transfer to the core for emission. These types of 

materials have also been found to be able to lase via a two photon absorption process.21  

Another category of small molecules is the star-shaped molecules,24 whose photophysical 

advantages were highlighted in chapters 2 and 5 of this document. A three armed truxene-

cored oligofluorene molecule was found to be a very good lasing material possessing low 

thresholds and losses.25-27 The T3 molecule with 3 fluorene unit arms was also found to be 

broadly tunable over a range of 25 nm from 428-453 nm.25  

As can be seen from this brief overview there is considerable interest in organic 

semiconductor lasers with a large variety of suitable materials. Star-shaped molecules are 

ideal to study the lasing properties and performance in relation to the molecular structure, 

because they have a well-defined structure whose size can be increased in a controlled way. 

This means that a study can be performed on a family of molecules and the difference 

analysed.   

This chapter will investigate another family of star-shaped molecules. These have a central 

benzene-core, with three oligofluorenes arms attached to the meta positions of the central 

benzene ring. This study investigates the photophysical properties of this family by 

measuring their absorption, emission and PLQY. It will then cover the ASE results which are 

used to study the gain and loss of the material without the presence of a laser cavity. The 

lasing properties will then be measured, when spun onto 1 and 2D DFB gratings. These 

results will then be compared with those of truxene-cored molecules to provide an insight 

into what are desirable characteristics in organic semiconductor lasers.  
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Figure 7.3: Solid state absorption (red line) and emission spectrum (black line) of all the 

benzene cored molecules in this study. 
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Figure 7.3 shows the solid-state absorption and emission spectra of the benzene-cored 

molecules with 1-4 repeat fluorene unit arm lengths. The results show that as the arm 

length increases the absorption and emission spectra are redshifted and the 0-0 peak 

become more dominant in photoluminescence. This mirrors the same observed features in 

solution, as seen in Figure 5.3. All molecules apart from B1 show an absorption peak close to 

355 nm, which makes them ideal materials to be pumped using the 3rd harmonic from an 

neodymium yttrium aluminium garnet (ND:YAG) laser. 

The film PLQY data for all the molecules are presented in table 7.1. The PLQY was measured 

using the Greenham method28 outlined in Chapter 3. The value of 55% for the B4 molecule 

is similar to the reported values of 50% for polyfluorene,29 and only slightly larger than the 

47% of B3. These PLQY values agree well with those reported by Zhou et al..30 There is a 

clear trend of increasing PLQY with increasing arm length. This is similar to what was 

observed in the solution measurements from Chapter 5, but with lower absolute values of 

PLQY in particular for B3 and B4. The PLQY increases from 40-55% between two to four 

repeat fluorene units.  

Table 7.1: Photophysical and lasing result for the benzene-cored molecules  

 Solution 

PLQY 

(%) 

Film 

PLQY 

Emission 

Dipole 

(eÅ) 

Optical 

gain 

(cm-1) 

Waveguide 

losses 

(cm-1) 

Lasing 

threshold 

(kW/cm2) 

Slope 

efficiency 

(%) 

B1 36 … 0.3 … … … … 

B2 58 40 2.3 18.2 ± 1.2 5.0 ± 0.6 2.9 ± 0.6 3.0 ± 0.5 

B3 83 47 3.3 21.6 ± 2.1 4.4 ± 0.2 1.1 ± 0.2 5.0 ± 0.4 

B4 86 55 3.7 19.6 ± 0.7 3.9 ± 0.3 1.2 ± 0.3 6.6 ± 0.6 

 

7.3 Amplified spontaneous emission, gain and loss 

Prior to measuring the laser performance of a material it is helpful to measure the 

properties of its ASE. Three key parameters can be obtained from this: the ASE threshold, 

the power density above which ASE is present in a thin film; the gain at a given pump 

density; and the loss within the films, in the absence of a cavity. To investigate the ASE 
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properties, films of the materials were optically pumped using the measurement techniques 

highlighted in chapter 3. No ASE was observed for the B1 molecule and so only results for 

B2-B4 are presented here.   

7.3.1 Measurement techniques 

ASE measurements are performed by measuring the output intensity from the film, parallel 

to the surface and varying the intensity of the stripe input pulse. Gain measurements are 

performed using the variable slit technique outlined in Chapter 3. In this experiment a laser 

stripe is focussed through a variable aperture onto the edge of the film and the aperture is 

opened to increase the length of the pump stripe on the film. As the size of the beam � is 

increased, the output intensity is expected to change according to the following equation:31 

���, �� =
�	
��

���
������ − 1� (7.1) 

Where ���� is the excitation intensity, � is the wavelength and ���� is the gain per unit 

length at the wavelength.    

The loss measurements are performed by moving a stripe of constant intensity away from 

the edge of the sample and recording the output intensity from this, as it travels through 

the waveguide. The loss can then be calculated by the following: 

���� = ���
��� (7.2) 

Where �� is the output intensity when the stripe is at the end of the film and � is the 

waveguide loss coefficient. Due to the use of a collecting lens on the end of the fibre, the 

change in the emission solid angle is not an issue in this measurement. This is because the 

size of the output ASE is much smaller than the diameter of the collecting lens. 
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7.3.2 ASE results 

 

Figure 7.4: ASE spectra (blue line) of the benzene-cored molecules overlaid onto the solid 

state absorption (red line) and emission spectrum (black line).  

In Figure 7.4 the ASE spectra are overlaid onto the emission spectra. The results show that 

the ASE spectra are considerably narrower, with full width half maxima of less than 7 nm. As 

can be seen, the ASE peak wavelength redshifts with increasing arm length, and is always 

located close to the 0-1 peak of the photoluminescence spectra. The narrow emission is 
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because the net gain in different parts of the spectrum varies, so some wavelengths will 

exhibit more gain than others, which leads to a spectrally line narrowed ASE peak at the 

gain maximum.2 ASE is mostly reported to occur at the 0-0 or 0-1 emission peaks. This is 

because at these points the gain is at its highest, with the 0-1 peak being more common for 

ASE, because it is further away from the absorption edge and so is not as significantly 

affected by self-absorption, which can be an issue at the 0-0 peak.32  
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Figure 7.5: ASE thresholds for the B2-B4 molecules. Note the change in scale of the x axis for 

the B2 molecule. The insets show the spectral narrowing with increasing power. 
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The ASE threshold results are shown in Figure 7.5. The results show that there is a nonlinear 

change in the output power dependence of the materials. The point at which the slope 

changes typically corresponds with the spectral line narrowing of the emission, as shown in 

the inset to the figures. There is a large difference in the ASE threshold between B2 at 25 ± 5 

kW/cm2 and the 4.5 ± 0.8 kw/cm2 for both the B3 and B4 molecules.  The results show that 

the ASE threshold reduces with increasing arm length, and that there is a similar 

performance for both the B3 and B4 molecules.  
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Figure 7.6: Gain and loss of the B2-B4 molecule, with their fits shown as the solid lines. (a) 

B4 (Black squares and black line fit), (b) B3 (black triangles and blue line fit) and(c) B2 

(black circles and red line fit). 
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Figure 7.6 shows the results for the gain and loss measurements for B2 (a), B3 (b) and B4 (c). 

As can be seen in all the gain measurement results, as the stripe length is increased the 

output intensity increases exponentially. The output intensity is seen to increase rapidly at 

first with increasing pump length, but at longer lengths this increase levels off due to gain 

saturation. The fit from equation 7.2 is shown as the solid lines on the plot and fits with a 

gain of 18.2 ± 1.2 cm-1 at an excitation density of 49.6 kW/cm2 for B2, 21.6 ± 2.1 cm-1 at 16.5 

kW/cm2 for B3 and 19.6 ±0.7 cm-1 at 20.8 kW/cm2. The loss results show that as the 

excitation is moved further from the edge of the film there is a decrease in the output 

intensity. This decrease in intensity with increasing distance from the edge is expected due 

to the waveguide losses. The solid lines show the fit to equation 7.2. The loss values are 5.0 

±0.6 cm-1 for B2, 4.4 ± 0.2 cm-1 for B3 and 3.9 ± 0.3 cm-1 for B4. The gain and loss values for 

all the materials are presented in Table 7.1.   

7.4 Laser Results 

To assess the laser performance, films were spun on 1 and 2D DFB gratings, fabricated via 

holography and reactive ion etching into silica substrates. The 1D grating had a period of 

270 nm and the 2D a period of 310 nm. The two different gratings were used for the family 

in order to provide feedback for wavelengths near the ASE peaks as determined by the 

equation: 

�� = 2!�""Λ  (7.3) 

where � is the diffraction order, � is the emission wavelength, !�"" is the effective 

refractive index of the waveguide and Λ is the period of the grating. The films were then 

excited and the laser emission detected as described in Chapter 3.   
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Figure 7.7: Laser threshold results for the B2-B4 molecules.  

Figure 7.7 presents the results from the laser threshold measurements for B2-B4. For all the 

molecules the results show that initially, as the power increases, there is only a small 

increase in the output intensity, up until a point where the gradient of the output emission 
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becomes steeper corresponding with the onset of lasing within the films. The lasing 

thresholds were found to be 2.9 ± 0.6 kW/cm2 for B2 (1D grating, Λ=270 nm), 1.1 ± 0.2 

kW/cm2 for B3 (2D grating, Λ= 310 nm) and 1.2 ± 0.3 kW/cm2 for B4 lasers (2D grating, 

Λ=310 nm). 

 

Figure 7.8: Laser efficiency results for the B2-B4 molecules.  

 For the molecules the output efficiency was also measured by recording the laser output 

energy against the input energy - for different lasers to the threshold measurements - this is 
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shown in Figure 7.8. It was found that the output efficiency for the materials was 3.0% ± 

0.5% for B2, 5% ± 0.4% for B3 and 6.6% ± 0.6% for B4 . 

 

Figure 7.9: Tunability of the benzene-cored lasers, B2 (blue), B3 (black) and B4 (red).  

For all molecules, above threshold the lasing line becomes very narrow with a FWHM of less 

than 0.5 nm, with the peak being located close to the Bragg wavelength for the grating. It is 

possible to tune the laser emission wavelength by varying a combination of the film 

thickness and the grating period to produce a change in the Bragg condition from equation 

7.3. The results for these tuning experiments are shown in Figure 7.9. The results show that 

for the benzene-cored materials the lasing wavelength is tunable over 60 nm from 402-462 

nm; with B2 being tunable from 402 nm to 410 nm, B3 from 416 nm to 453 nm and B4 from 

452 nm to 462 nm.  
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 7.5 Discussion 

From the experimental results a clear trend appears: with increasing arm length, there is an 

improvement in both the lasing and ASE characteristics of the material. It is important to 

note that, unlike the other studies presented in other chapters this study deals with films, 

and as such there are a number of factors which can affect the photophysical properties of 

the film and consequently the laser performance. Two of the key factors are intermolecular 

interactions and the morphology of the film, each of which can have a detrimental effect on 

the quality of the gain medium. In order to understand them a comparison can be made 

with the solution photophysical properties,33 which were presented in Chapter 5. The 

results of these are presented in Table 7.1. 

In the solution PLQY values there is an increase from 36% for B1 to 86% for B4; there is also 

an increase in the emission transition dipole moments over this range from 0.3 eÅ to 3.7 eÅ. 

The results show a clear trend that as the arm length increases the photophysical properties 

become dominated by the arms, which agrees with the reports for the truxene molecules 

given by Oliva et al..34  These results show that the transitions in the longer armed 

molecules are stronger and more efficient. The results, however, do show that there is a 

reduction in the PLQY across the family when compared to the solution results. This 

decrease by a third presents a considerable reduction. It can be explained in terms of an 

increase in the intermolecular interactions increasing the number of non radiative decay 

pathways. It is also noticeable that there is a modest decrease in the waveguide losses when 

going to longer length arms. In this system, increasing the arm length of the molecules leads 

to a better film morphology and a reduction of the intermolecular interactions. This shows a 

clear improvement in the laser performance of the molecules with 3 and 4 repeat arm units 

compared with B2. 
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Table 7.2: Photophysical and lasing result for the truxene-cored molecules 

Material Solution 

PLQY 

(%) 

Film 

PLQY 

Emission 

Dipole 

(eÅ) 

ASE 

Threshold 

(kW/cm2) 

Waveguide 

losses 

(cm-1) 

Lasing 

threshold 

(kW/cm2) 

Slope 

efficiency 

(%) 

T1 78 … 2.0 … … … … 

T2 81 66 3.0 … … … … 

T3 79 73 3.3 2.1 3.5 0.52 … 

T4 87 86 3.6 4 2.3 0.27 … 

 

When comparing the solution photophysical properties the largest molecules are 

equivalent, with the T3, T4, B3 and B4 all having solution PLQYs greater than 80%. However, 

with the shorter arm lengths there is a larger discrepancy between the PLQYs of the 

corresponding members of the family. The entire family of truxene-cored molecules have 

PLQYs greater than 80%, whereas a significant drop off is seen in B1 and B2. Combining the 

results for the PLQY with the measured lifetimes implies that the truxene-cored materials 

have an intrinsically lower radiative rate. The similarities in solution are also shown in the 

emission dipoles, where the 3 and 4 unit arm length molecules have similar values, however 

the 1 and 2 unit benzene-cored molecules are much lower than their truxene equivalents. 

 In films, however, there is a much greater difference between the PLQY values for the two 

families; in the truxene-cored molecules the PLQY remains similar to that observed in 

solution, with only T2 dropping below 70%. This is in great contrast to data observed for the 

benzene-cored molecules, where B4 for example has a low film PLQY of only 55%.  

By combining all these results, conclusions can be made as to why there is a reduction in the 

lasing threshold in the truxene-cored molecules. The only photophysical parameter that 

separates them in terms of performance is the film PLQY, which is 30% lower for the B4 than 

the T4 molecules. This implies that the level of intermolecular interaction in films of the 

truxene-cored molecules is lower than in the equivalent benzene-cored molecule. Due to 

these interactions and the consequent reduction in the PLQY, the benzene-cored molecules 

must be pumped harder in order to overcome these extra losses to produce gain. The film 

PLQY is strongly related to the important laser parameter $%, which due to its influence on 
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the radiative lifetime, the higher PLQY of the longer armed molecules makes them better 

lasing molecules. This suggests that the larger and more rigid core with hexyl side chains 

attached may help to isolate the molecule more and to prevent the molecules from π 

stacking.  

The other aspect that this study highlights is the favourable performance of star-shaped 2D 

molecules compared with linear 1D molecules.24 The star shaped molecules discussed in this 

report show a reduction in the ASE and lasing threshold, when compared with 

polyfluorene.29,36  This shows that, by connecting arms of good lasing materials, such as 

oligofluorenes, to a rigid core at well-defined positions, one can significantly improve the 

photophysical properties of the material. Moreover, that by further protecting the core by 

adding side groups as spacers one can achieve solid state efficiency to be close to that of the 

molecules isolated in solution.                    

7.6 Conclusion 

This study has investigated the performance of a family of star-shaped fluorene oligomers 

connected to the meta positions of a central benzene-core. The study found that on 

increasing the arm length there is an improvement of the photophysical properties, with the 

photophysics of the arms becoming dominant over that of the core. The benzene-cored 

molecules exhibit good film PLQYs with the longer arm length molecules similar to the PLQY 

of polyfluorene. They also demonstrate a low lasing threshold of 1.1 kW/cm2, for the 3 and 

4 unit arm length molecules, relatively low optical losses of only 4 cm-1, and slope 

efficiencies of up to 6.6%. The entire family is found to be broadly tunable over 60 nm in the 

blue region of the spectrum, from 402 nm to 462 nm. 

By combining the results presented in this chapter with the solution photophysical 

properties of B1-B4 and the same reported for T1-T4 it was possible to understand some of 

the key features required for a good lasing material. It is found that the truxene-cored 

molecules have superior lasing properties, due to their much higher PLQYs. This 

improvement in the film PLQY is argued to be a result of reduced intermolecular 

interactions. In part this is a result of the core, which separates the molecules more and 
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prevents π-stacking. The results for both systems highlight the advantages of using organic 

molecules with 2D star-shaped architecture rather than a linear chain.   
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8 
Conclusion 

Since the first demonstration of the solid state organic semiconductor laser, there has 

been a great deal of work carried out on improving cavity designs and laser 

performance. However, these improvements have mostly been achieved working with 

the best available materials; there has been little work on developing dedicated new 

laser materials. With the development of OLEDs switching to emission via 

phosphorescence and new solar cell materials, focus has shifted away from new highly 

efficient fluorescent materials. As a result of this the majority of organic 

semiconductor lasers still use the same materials that were used from the early 

examples, such as poly(p-phenylenevinelyne) and polyfluorene.
1-3

 Polyfluorene has 

been shown to be a very good lasing material, however there has been little work 

done to study and understand why this is the case.  

Recently however,  some work has been done on developing new laser materials using 

differing architectures. By moving away from a simple one dimensional structures into 

two dimensional structures some improvements in the lasing performance have been 

observed. These include a reduction in lasing thresholds and optical losses.
4,5

 These 

benefits have been observed in other devices too, where an increase in the 

dimensionality has led to similar improvements in performance.
6-8

 One of the best 

examples of this is shown in OLEDs, where dendrimer materials have been observed to 

improve the performance of the devices.
6
  

The aim of the project was to assess what characteristics are important for good lasing 

materials. The work began by studying a family of fluorene oligomers, which are 

known to be a very good lasing material, and have been well studied in other optical 

devices. The results for the oligofluorene molecules were then fed into a study of a 
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pair of two-dimensional fluorene derivatives. These molecules have three fixed length 

oligofluorene arms connected to central cores. One of the cores is a single benzene 

unit, in which the arms are connected to its meta-positions. The other is a oliofluorene 

truxene-core in which three fluorene units are fused through a shared central benzene 

unit. 

 Investigations were carried out on all these molecules to understand their 

photophysical properties; this was done by studying their absorption and emission 

properties through both experiment and theoretical DFT and TD-DFT calculations. The 

results from this part of the project, then led to a study focusing upon the inter arm 

energy transfer within the truxene-cored molecules. Once the photophysics of the 

molecules had been analysed, the final part of the study was then designed to look at 

the lasing performance of the family of benzene-cored molecules. The results for these 

were then compared against the photophysical results and the lasing results obtained 

for the truxene-cored molecules to identify the key characteristics of a good lasing 

material. 

The photophysical results for the oligofluorene and polyfluorene molecules showed 

that with increasing length there was an increase in the molar extinction coefficient, 

PLQY and transition dipole moments. A similar trend was also observed for the star-

shaped molecules. However, these were found to have  three times greater molar 

extinction coefficients than their linear oligofluorene equivalents. They also possessed 

higher PLQYs with the truxene-cored molecules all having a PLQY greater than 0.7, 

whilst the benzene-cored molecules followed a similar increasing trend to that of the 

oligofluorenes, but with the PLQY being higher throughout the family. It was also 

observed that both families of star-shaped molecules have higher transition dipole 

moments than the oligofluorenes.  

The experimental results and the results from the theoretical calculations for the 

oligofluorene molecules showed that at longer chain lengths there was a significant 

difference between the strengths of the absorption and fluorescence transition dipole 

moments; this is because the fluorescence transition dipole begins to saturate at chain 

lengths greater than 5 repeat units. This saturation was probed further by theoretical 
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DFT and TD-DFT studies, which showed that the saturation was the result of an exciton 

localisation process occurring in the excited state. The absorption transition on the 

other hand,  was always found to occur across the entire molecule.  

The star-shaped molecules were found to present C3 symmetry in the calculations, 

with there being two possible absorption transitions that could be excited by a single 

photon. The TD-DFT calculations showed that whilst it was possible for the absorption 

transition to occur across the entire molecule the emission transition only ever takes 

place from a single arm. Due to the symmetry of the molecules it was found that when 

performing the calculations that a small imposed symmetry breaking was required in 

order for the molecule to emit light, this symmetry breaking changes the energy levels 

of the system and forces the exciton to localise onto a single arm for emission. The arm 

that the exciton transferred to was found to be dependent upon the symmetry 

breaking conditions imposed and it was always found to go to the arm with the lowest 

energy.   

To study this energy transfer experimentally ultrafast luminescence anisotropy 

measurements were performed; this was done to provide information on the change 

in direction of the emission dipole relative to the absorption one. The results show 

that the symmetry of these large molecules is already broken whilst the molecule is in 

solution; this meant that only one of the two absorption transitions is excited. The 

excited transition can either be localised to one arm or spread across two. TD-DFT 

results were used to probe the nature of the symmetry breaking deformation; this 

needed to be large enough to cause an energy level splitting between the transitions 

which is greater than the bandwidth of the laser; otherwise the excitation pulse would 

excite both transitions and the molecule would behave as though it were symmetric. 

The most likely cause for the symmetry breaking defect was found to be the twisting of 

one of the fluorene units within the arm. The results from these calculations typically 

showed that the transitions which are spread over two arms are the higher energy 

transitions, whilst the lower energy transitions typically only occur on a single arm. 

This leads to an excitation energy dependence upon the anisotropy behaviour, in 

which it was found that there are two decay processes occurring, both of which are 

faster than rotational diffusion. Initially there is a ~400 fs first decay which is attributed 
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to a fast localisation process from a transition spread across two arms onto a single 

arm for emission. There is then a slower excitation energy dependent second decay of 

3-8 ps, which is attributed to the exciton hopping between arms.  

The lasing performance of the benzene-cored molecules was measured; they were 

found to be good laser materials, with ASE thresholds as low as 4.5 kW/cm
2
 and gains 

as high as 21.6 cm
-1

. The lasing emission was found to be tuneable across 60 nm from 

402-462 nm throughout the family. As well as this they also presented low lasing 

thresholds of 1.1 kW/cm
-2

, and lasing efficiencies as high as 6.6%.   

These results were then compared to the literature vales for the truxene-cored 

molecules. By comparing the both the film and solution photophysical properties, it 

was possible to identify the some of the key molecular properties for a good organic 

laser material. Upon comparison the lasing performance of the truxene-cored 

molecules was found to be better than that of the benzene-cored molecules. The only 

major difference between the two molecules in terms of their photophysical 

properties was found to be the film PLQY, which was much higher for the truxene-

cored molecules than the benzene-cored molecules. This suggests that the extra size 

and the side chains attached to the truxene core help to reduce the number of non-

radiative decay pathways and thus reduce the lasing threshold. 

 

8.1 Future design of organic semiconductor laser 

materials 

This study has set out to understand the photophysical properties of a family of 

oligofluorene molecules with the aim of identifying which photophysical and structural 

properties are key to lasing. This found that, as the molecular length is increased, the 

properties improve, but the emission is self-trapped to ~5 repeat units. When 

comparing these results to star-shaped oligofluorene molecules it is apparent that the 

star-shaped molecules present many photophysical advantages over linear 

oligofluorene molecules, with higher PLQYs and molar extinction coefficients. They 

also present larger absorption and emission transition dipole moments, suggesting 
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that they interact more strongly with the radiation. The laser results also showed that, 

by progressing to a two dimensional star-shaped architecture, a significant reduction in 

both the ASE and lasing threshold can be achieved.  

If we compare the two star-shaped molecules there is a clear case that the truxene-

cored molecules are better, because they have much higher PLQYs in both film and 

solution. This is a result of the much more rigid core with side groups attached which 

isolate the core from solvent and other molecules when in film and solution, thus 

reducing the number of non-radiative pathways available to the molecule. This 

improvement is clearly shown in the laser results where both the ASE and lasing 

thresholds are much lower in the truxene-cored molecules when compared against the 

benzene-cored molecule. This implies that for designing future lasing molecules it is 

important to use a highly emissive chromophore for the arms. This could be a single 

oligomeric material such as BBEH-PPV9 or a fluorene co-polymer such as F8BT, with the 

BT unit located close to the centre of the arm. These arms should then be attached to 

a large rigid core, with side chains attached to isolate the core and the molecule and 

prevent π-stacking.  

The study presented in this thesis covers a lot of the basic understanding of the 

photophysical and structural properties, and analyses how they relate to lasing for 

these oligofluorene molecules. However, in order to progress this work and to improve 

understanding, experiments need to be performed which investigate the role that 

excited state absorption and singlet-singlet annihilation has on the lasing performance. 

Moreover, further work needs to be performed on reducing the number of triplets 

within the system to progress towards either CW or electrically pumped lasing; this 

would involve a systematic look at materials which are capable of scavenging the 

triplets from the molecules. If this extra work were to build upon these findings then a 

good description of the photophysical and structural properties of lasing molecules can 

be obtained, and that further progress in organic semiconductor lasers can be made 

from this.   
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8.2 Summary 

In summary this work has set about studying the photophysical properties of a family 

of fluorene molecules to understand the nature of their photophysical transitions. 

These have then been used to study key material characteristics for organic 

semiconductor lasers and have shown that it is beneficial to move from one 

dimensional linear molecule into two dimensional star-shaped molecules. These show 

improved photophysical characteristics and lower lasing thresholds achieved by doing 

this.    
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