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Studies of the triplet excitons in polyspirobifluorene have been carried out 
principally the techniques of photoinduced absorption and gated emission. Specifically 
the nature of the origin of the delayed emission has been investigated. In dilute solutions 
delayed fluorescence is attributed to intrachain triplet-triplet annihilation, whereas in thin 
films the delayed fluorescence is shown to originate from both inter and intra chain 
annihilation processes. In dilute solutions the use of time resolved photoinduced 
absorption has proven the production of triplets via intersystem crossing. In addition in 
dilute solutions the observation of triplet-triplet annihilation in the absence of singlet­
singlet annihilation has shown that the singlet excitons are relatively immobile along the 
chains compared with the triplet excitons. 

In addition to the triplet studies of PSBF, investigations were made into oligomers 
of the polyfluorene derivative Pf 2/6. Absorption and photoinduced absorption studies 
have shown that the triplet exciton is intrinsically confined to approximately 5 repeat 
units of the polymer, whereas the singlet occupies a considerably larger conjugation 
length of approximately 25 units. In another derivative, PFO the effect of the presence of 
the J3-phase on the photoinduced absorption spectra has been investigated for both poor 
solvents and in films. Principally a shifted photoinduced absorption spectrum is observed 
along with the features for the amorphous polymer, in addition the low luminescence of 
the J3-phase allows a higher transition of the triplet to be observed. 

Finally we have shown that it is possible to manipulate the rate of guest host 
triplet back transfer between the phosphor and the polymer host in an organic phosphor 
doped polymer system by exploiting the short range nature of Dexter energy transfer. 
Derivatives of Ir(PPY)3 with bulky side groups were shown to have a reduced rate of 
back transfer in comparison to the unsubstituted Ir(PPY)3 complex. 
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Introduction 

Ever smce 1990 when the first electroluminescent devices based on 

conjugated polymers were developed 1 by Burroughes et al the investigations into 

conjugated polymers for use in photonics have become more and more advanced. It is 

easy to see why, there are many possible applications from flat panel display screens 

to solar cells and polymer lasers2
-
5

. There are many advantages that conjugated 

polymer devices hold over conventional inorganic LEDs and liquid crystal display 

systems, most of them holding economic potential. These advantages all arise from 

the nature of the polymers themselves, we only need to look at the way that plastics 

have transformed everyday life in the twentieth century to see the many advantages 

polymers have. One of the most promising aspects is the processability of polymers 

themselves, in the solution state polymers are easily handled and devices can be made 

by simply building up layers of polymers on a substrate through spin coating, inkjet 

printing, and roll to roll processing techniques6
. Full colour displays have already 

been manufactured by inkjet printing onto a simple flat substrate which represent a 

massive leap in comparison to the complex lithographic techniques required for 

conventional inorganic LEDs and the expensive substrates required for other 

technologies. With more and more demands being made for flexible displays the 

amorphous nature, flexibility and relative resistance to defects of conjugated polymers 

makes them the ideal candidate, in situations where the lack of durability of 

conventional displays, such as LCDs, poses a problem. 

However, as with every emerging technology there are a number of problems, 

two of the principal issues are with low efficiencies and colour stability. To a certain 
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extent these problems can be circumvented by blending polymers with other organic 

emitters, know as phosphorescent dyes 7, as has been demonstrated on numerous 

occasions, other possibilities include the use of white emitting polymer blends8 with 

colour filters as well as increasing the sophistication of the polymers themselves. 

This research is concerned principally with the study of the triplet states of a 

particular class of conjugated polymer, the polyfluorenes. Polyfluorenes are one of the 

latest types of conjugated polymer to be employed in PLED applications, having been 

developed after the original PPVs (poly-phenylenevinylenes). They are blue emitters 

which can easily be adapted to other colours through copolymerisation with other 

monomers. Research into the triplet states of these materials is essential not only as 

they can be responsible for one of the principal losses of efficiency in conjugated 

polymer devices but it is essential factor which must be considered when blending 

with phosphorescent dyes. 
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Chapter 1 

Chemical bonding and Molecular orbital theory 

The most simplistic theory about covalent bonding is based around the sharing 

of electrons. Although this may provide a convenient model when dealing with simple 

molecules such as methane and water it is necessary to adopt more complex ideas 

when dealing with larger organic systems. The commonly held theory of bonding9 in 

the type of system studied here is molecular orbital theory; this envisages the atomic 

orbitals of the unbonded atoms mixing through overlaps to form an overall set of 

orbitals for the bonded molecules. 

As s first step we can consider the bonding in a diatomic molecule such as H2, 

the two s orbitals on the H atoms interact, merging to form a molecular orbital of 

lower energy than the individual s-orbitals. This molecular orbital becomes filled with 

the two electrons from the hydrogen atoms and the H2 molecule is formed, this is 

known as a cr-bond. However, one of the fundamental considerations of molecular 

orbital theory is the conservation of orbitals, the two S-{)rbitals from the hydrogen 

atoms must form another orbital in addition to the cr-bonding orbital. This is of higher 

energy than the original orbitals and known as an antibonding orbital and is denoted 

by an asterisk, in the hydrogen molecule this is unfilled. In other molecules if the 

antibonding orbitals are filled then no bond can form. 
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Molecular orbital theory becomes more complicated for larger atoms and more 

complex molecules. Firstly the individual atomic orbitals have been established from 

quantum mechanical simulations and adopt a variety of shapes, as shown in figure 1.1. 

In a bonded system these orbitals become mixed into what are known as hybrid 

orbitals, the most common hybrid is that found in a saturated carbon system, i.e. one 

containing no double bonds, this is known as an sp3 hybrid. The sp3 orbital is a 

mixture of the s and 3 p orbitals, the Px, the py and the Pz and yields a three 

dimensionally symmetric tetrahedral shape of the sp3 orbital, with one lobe for each of 

the carbon atom's 4 valence electrons to bond through. This is shown most easily in 

the methane molecule in which 4 hydrogen atoms bond identically giving a bond 

angle of 109.5°, this type of bond is known as a a-bond. 

X 

Combine to genemte 
four 'I' 1 orbita l~ 

,. 
/ 

Which are represented 
as !he St.1 

.\ 

Figure 1.1 The formation of sp3 hybrid orbitals from sand p atomic orbitals
10

• 

13 



In an unsaturated carbon system, such as a conjugated polymer, the 

hybridization is different, only the Px and py orbitals mix with the s orbital; the Pz is 

left unaffected. This is known as an sp2 hybrid in which only three a-bonds can form, 

this leaves one valence electron left in the Pz orbital, allowing the formation of 

another type of bond, the n-bond, as shown in figure 1.2; the formation of a n-bond in 

addition to a a-bond between two atoms results in a double bond. It is interesting to 

note the orientation of the bonds with respect to the orbitals, in the a-bond the orbital 

interaction is along the line of the bond, thus allowing free rotation about the axis of 

the bond. However, the n-bond has its interacting orbitals in a direction pointing 

perpendicular to the axis of the bond, the effect of this is that the bond is locked and 

there can be no rotation about the c - c axis as this would break the n- bond, forcing 

the molecule to adopt a planar structure. A further hybrid state can be formed, which 

is found in triply bonded molecules, whereby only one p orbital mixes with the s 

orbital thus allowing the formation of two n-bonds this is known as sp hybridization. 

It is important to think about the effect of the additional interaction on the bond itself, 

the stronger bonding interaction results in a shorter bond length as there is more 

electron density pulling the atoms together. 
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Figure 1.2 An sp2 hybrid orbital is shown in purple and the Py orbital remaining after 

hybridization is shown in green, note the planarity of the sp2 orbital and the Py orbital sticking 

vertically out of the plane of the molecule. 

The construction of molecular orbitals which fill with the electrons of the 

atoms that take part in the bond naturally allows for the lowest energy orbitals to be 

filled first. As in a bonded molecule the orbitals cannot all be filled there is a level of 

filling which is known by the term HOMO, for highest occupied molecular orbital. 

Correspondingly the LUMO is the lowest unoccupied molecular orbital. In addition to 

this we can defme a SOMO which is a singularly occupied molecular orbital, i.e. an 

orbital that is only filled with one electron rather than the pair found in the HOMO. 

Conjugation 

If we move away from a two carbon system, to something longer, such as the 

polymer polyacetylene which is shown in figure 1.3 we can see that the n-orbitals on 

the neighbouring carbons that are not n-bonded together are just as able to interact as 

those with a bond. This allows the electrons in the n-bonds to become delocalised 

along the whole chain, effectively making the whole chain one long homogenous unit. 
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This is only possible when the molecule contains alternating single and double bonds, 

this is known as a conjugated molecule. This has an important consequence on the 

electrical and electronic properties of the polymer. Firstly the polymer can become 

electrically conductive when sufficient additional electrons are added to the system 

through doping as the electrons are able to move freely along the polymer backbone 

through the n-system without interfering with the a-bonding of the polymer, so an 

electric current can flow along the polymer. Although the simplistic picture is of a 

homogenous unit this is in fact not the case, the molecule is distorted by Jahn-Teller 

and Peierls distortion on the bonding. Increased interaction from the n-bond shortens 

the length of the double bond so that the lowest energy state is not completely 

symmetrical like the traditional resonance picture suggests, a dimerised state IS 

formed. This distortion forces a band gap to develop so that the polymer IS 

intrinsically an insulator, with doping required to form a partially filled band and 

allow conduction, rather than metallic, as such conjugated polymers keep a well 

defined HOMO and LUMO level. The effect on the electronic properties is also 

significant as increased conjugation acts to raise the energy of the HOMO (highest 

occupied molecular orbital and lower the energy of the LUMO (lowest unoccupied 

molecular orbital) this is important as it effectively lowers the energy of electronic 

transitions in the molecule. 
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Indicates the formal bonding interaction between orbitals. 

The interaction from the effects of conjugation 

Figure 1.3 The effects of conjugation on the HOMO in the carbon backbone of the polymer 

polyacetylene. 
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Excitation types in conjugated polymers 

Since detailed investigations into conjugated polymers began there have been 

many discussions about the nature of the excitations in the polymer. It was first 

proposed by Su, Schreiffer and Heeger et al that the excitation may be similar to that 

in inorganic semiconductors 11
• 

12
, with the properties determined by electron-phonon 

interactions in the ground and excited states with little attention paid to electron­

electron interactions. This led to charge carriers known as solitons, polarons and 

bipolarons travelling freely in valence and conduction bands in a similar way to 

inorganic semiconductors. However the more advanced thinking is that initially 

proposed by Bass/er et al that the excitation is localised to a short length of the 

polymer chain, within this premise the excitation is considered to be a molecularly 

bound electron hole pair, an exciton13
• The exciton can be formed either by absorption 

of a photon: photoexcitation, or by charge trapping; which occurs in 

electroluminescent devices. Once formed the excitons are able to move about the 

conjugated polymer until they decay with the release of a photon. Excitons can be 

characterised into three different types14 depending on the size of their binding energy 

which is a result of the separation of the electron and hole often defined in terms of 

molecular crystals. The most bound excitons are known as Frenk:el excitons, 

essentially the electron and hole are both localised on the same molecule or molecular 

unit. Charge transfer (CT) excitons have an electron and hole separated by similar 

distance to the separation of the molecules in the crystal, an electron has been 

effectively transferred from one molecule to a neighbouring one. The third type of 
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exciton, the Wannier exciton has the electron and hole separated by a large distance 

and correspondingly the electron and hole are less strongly correlated, this allows for 

the possibility that the electron and hole are not even present on the same polymer 

chain, this is known as an intrachain exciton. 

Polarons 

It is also possible to generate uncorrelated charges in a polymer chain, either 

through charge injection in a device15
, doping16 or through the disassociation of 

weakly bound excitons (which naturally forms a pair in order to conserve the overall 

charge of the system). A charge on a polymer chain will induce a structural relaxation 

of the chain, effectively interacting with a phonon; this is known as a polaron1
\ a 

single charge in an orbital such as this forms the SOMO defined earlier. The 

formation of a polaron and the structural change associated with it changes the level 

of the HOMO, SOMO and LUMO as a result polarons are characterised by two new 

allowed electronic transitions along with one spin forbidden one these are shown in 

figure 1.4. Two oppositely charged polarons in a material can meet and become 

bound by the coulomb interaction, known as charge capture, giving rise to a polaron 

pair. Polaron pairs can also be formed from a photocreated singlet exciton known as a 

geminate polaron pair17
. After formation polaron pairs decay to excitons which then 

can undergo a radiative decay. This radiative decay is thought to be one source of the 

phenomenon of delayed fluorescence. 
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t 
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Figure 1.4 The extra states that polarons give rise to. 

Singlet and Triplet Excitons 

The nature of the electron and hole means that each have a spin and the 

conventional quantum mechanical model of bound fermions allows for the formation 

of excitons of two different spin states, singlet and triplet, the formation of the two 

states is shown in equation 1 below. As the ground state of conjugated polymers is 

known to be a singlet state, excitation by absorption of light can only produce singlets, 

the photon has no spin and spin must be conserved under excitation, therefore only a 

singlet excited state can be formed initially. Charge trapping in devices creates both 

singlets and triplets, statistically 75% triplets should be formed, as shown by equation 

1, however there are still discussions as to the actual ratio of singlets to triplets formed 

after charge trapping18
• 

19
. This is of particular importance because of the singlet 

ground state, triplets very weakly decay radiatively to the ground state due to spin 

conservation thus a 75% triplet generation rate represents a considerable loss of 

efficiency in devices. Although quantum mechanically forbidden triplet states can still 

be formed after photoexcitation of the sample through a process known as intersystem 

crossing; this is effectively a spin flip of the electron, a spin-orbit interaction with the 
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nucleus of an atom provides enough of a perturbation to allow it to take place for a 

small proportion of the excitons. Spin forbidden phosphorescence decay has been 

observed in many conjugated polymers20
• 

21
, both at low and room temperatures, this 

has a long lifetime of -1 s and a low quantum yield, compared with a high quantum 

yield and fast decay -4-00ps for the singlet exciton. The emission is also considerably 

redshifted; typically about 1 e V compared to the singlet emission; and as such is 

impractical for LED applications. This lowering of energy of the triplet state 

compared to the singlet is a result of the spin exchange integral. As the two electrons 

in a triplet state have the same spin, they have a greater repulsion between them due 

to the spin exchange integral, so are physically further apart than the in the singlet 

excited state where the opposite spins would allow occupation of the same space. The 

greater distance between the electrons reduces the electronic repulsion and hence the 

energy gap. As intersystem crossing is an isoenergetic process, once the triplet state is 

formed it undergoes a non radiative vibrational relaxation to the lowest lying triplet 

level. 

Singlet = ~ [(t -1-)- (-1-t )] 

(tt) 
Triplet = ~ [(t -1- )+(-I-t)] 

( -1--1-) 

(Equation 1) 

Excitons in Conjugated Polymers: Energy Transfer, Quenching and Dynamics 

The prevwus section has discussed the formation and radiative decay of 

excitons in conjugated polymers it is now time to look at the complex processes that 
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can take place within the envelope of the exciton's radiative lifetime. If we first 

consider the singlet, with its generally short -lns lifetime, has the simpler life of the 

two excitons, one of the most important process that the singlet undergoes is energy 

transfer. 

Forster Energy Transfer (Resonance energy transfer) 

The theory of Forster22 energy transfer is based around the transfer of energy 

between two dipoles. The donor dipole, oscillating at its resonant frequency, energy 

from this oscillation is transfers its energy to another acceptor dipole of similar 

resonant frequency. The resonant frequencies of the donor and acceptor dipoles are 

quantified by their emission and absorption spectra. Thus, if the emission spectrum of 

the donor overlaps with the absorption spectrum of the acceptor energy transfer is 

possible. However this is not the only condition necessary for energy transfer, as we 

are dealing with oscillating dipoles which have an orientation therefore it is easily 

prooven that crossed dipoles cannot undergo energy transfer. The other fact affecting 

the rate of energy transfer is of course the distance between the two dipoles. We 

define this formally by the Forster radius, which is the distance at which Forster 

energy transfer competes equally with the radiative decay of the exciton. With these 

conditions in mind it is possible to from an expression for the rate of energy transfer, 

as follows. 

(Equation 2) 
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In this case kT is the rate of energy transfer, r is the separation of the species, Qo is the 

luminescence quantum yield of the donor molecule (in the absence of the acceptor), n 

is the refractive index of the medium, N Avogadro's number, K
2 is a measure of how 

the dipoles are oriented with respect to one another (for randomly oriented dipoles K
2 

= 2/3) and 'to the lifetime of the donor. The final part is J(A.) which is known as the 

overlap integral and it expresses the degree of spectral overlap between the absorption 

and emission spectra of the acceptor and donor respectively. It is important to 

remember that even though the absorption and emission spectra overlap there is no 

photon involved in the energy transfer process; this is not just a case of emission and 

reabsorption. Typical values for Ro the critical distance for energy transfer are 

generally a few nm, for example23 for energy transfer from pyrene to coumarine the 

critical distance is 3.9nm and from the biomolecule tryptophan to pyrene the crytical 

distance is 2.8nm. 

Forster transfer allows the singlet excitons to move relatively large distances 

between the polymer chains, there is one special case of this which results in a slightly 

unusual phenomenon; this is Singlet-Singlet annihilation, SSA. 

Singlet-Singlet Annihilation 

In SSA when two singlet excitons become close enough to interact the energy 

from one is transferred to the other, thus exciting the acceptor exciton to a higher state, 

and the donor returning to the ground state. The acceptor then thermalises emitting 
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phonons, leaving only a singlet excited state. Thus two singlets have annihilated with 

one another to form a single singlet, as follows. 

(Equation 3) 

As outlined previously one of the most significant processes that the singlet 

can undergo is intersystem crossing to the triplet state. This is effectively the flipping 

of the spin of an electron forming a triplet exciton rather than a singlet; it is caused by 

the spin orbit coupling of the nucleus allowing a relaxation of the spin conservation 

rule. Intersystem crossing is also enhanced in excitations which involve a change in 

the orbital angular momentum quantum number for example in an n-n* transition. 

Naturally the larger the nucleus of the atoms involved, the greater the spin orbit 

coupling and hence the greater number of triplets produced; this is the theory behind 

the phosphorescence emission of heavy metal dyes. The heavy metal effect is 

conventionally believed to only have an effect over short ranges. However, we have 

recently observed the interaction over a much larger distance. 

Triplet Energy Transfer and Migration 

Forster's theory of energy transfer must be extended to allow for dipole 

forbidden transfers such as those involving triplet states, this was done by Dexter24 in 

his theory of electron exchange transfer, this is a relatively simple process whereby 

the electronic orbitals are close enough to physically overlap and thus an electron is 

exchanged from one to another effectively moving the exciton. In an energy transfer 
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reaction the Wigner spin selection rules mean that the spin and symmetry of the states 

must be conserved; in order that spin is conserved in triplet energy transfer it is 

necessary for 2 electrons to be exchanged between the orbitals. 

As conjugated polymers are a disordered system they do not necessarily have a 

set of discrete energy levels, but a distribution of states25
• 

26
, this is conventionally 

modelled as a Gaussian distribution of states and the site energies are given by the 

following expression. 

N ( E
2

J g(E)= ~exp --2 
'V 2m:r 2 2o-

(Equation 4) 

E is the energy difference from the centre of the distribution; N is the total 

concentration of states, and cr the width of the distribution. The migration of triplets 

within the triplet DOS is strongly effected by the position of the DOS with respect to 

the thermal energy of the system, if the DOS lies below k8 T, then the triplets are free 

to move in all areas of the DOS, non dispersively, i.e. without the loss of thermal 

energy. Conversely if the DOS lies above the thermal energy of the system, for 

example at very low temperatures, the triplets migrate to the lowest states in the DOS 

loosing thermal energy until they can go no lower, at which point they move non 

dispersively amongst the lowest states26
• 

27
• For most cases the thermal energy lies 

within the DOS and there is dispersive migration followed by non dispersive motion. 

As a result of this phenomenon the diffusion of triplets throughout the medium 

generally becomes time and temperature dependant, there is an initial period of 
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dispersive diffusion followed by a period of equilibrium diffusion, the turn over time 

for these two processes being temperature dependant. 

Triplet -Triplet Annihilation 

As with singlets, once migration is possible annihilation between two species 

becomes possible, effectively the triplets migrate until they collide and an electron is 

transferred from one to the other via the Dexter transfer process, forming an 

intermediate pair. 

(Equation 5) 

As the intermediate pair involves two triplet states and consequentially 4 spins it can 

form in 3 ways, with singlet, triplet or quintuplet multiplicity, the end product is either 

an excited triplet or an excited singlet, depending on the multiplicity of the 

intermediate. The excited singlet then thermalises and forms the first excited singlet 

state which can radiativly decay, one source of the phenomenon of delayed 

fluorescence27
• 

28 (DF). As TT A is governed by the migration of triplets, the effects of 

dispersive and non dispersive migration throughout the triplet DOS can often be seen 

in the rate of annihilation of the triplets and hence the decay of the DF. 

Singlet Triplet Annihilation 
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In the same way that excitons of the same spin character can annihilate with 

on another, singlets and triplets can annihilate together. The mechanism for this is 

similar to singlet - singlet annihilation with a Forster like energy transfer from the 

excited singlet to the excited triplet. Thus the singlet emission and the triplet-triplet 

absorption (photoinduced absorption) must overlap, although it could be a higher 

energy excitation of the triplet than that commonly observed. 

(Equation 6) 

Then follows the thermalisation of the triplet excited state. 

(Equation 7) 

Exciton Quenching Mechanisms 

Quenching describes any process which decreases the intensity of the emission 

of the sample, both the singlet emission and the triplet emission can become quenched. 

The mechanism of quenching is normally an unwanted energy transfer process, for 

example energy transfer to a non-radiatively decaying state. As this is an energy 

transfer between two species it naturally becomes a question of diffusion29
• 

30
, the 

quenchers can diffuse around the sample as the excitons migrate in the same area. As 

a result when mobility is reduced at low temperatures, the quenching becomes less of 

a problem. 
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Both singlet and triplet excitons can be quenched by on chain defects in 

conjugated polymers, one of the most common quenching processes of this type is the 

quenching of emission of polyfluorene derivatives by ketone31
• 

32 groups on the 

polymer backbone which arise from photoxidation of defects created during the 

synthesis. 

One of the most important quenchers for triplets is oxygen. Oxygen, being 

paramagnetic has a triplet ground state thus energy transfer to any triplet oxygen in 

the solution is a problem when measuring triplet lifetimes. For this reason 

measurements of triplet lifetimes are always made in solutions with the dissolved 

oxygen removed. 

Calculation of Photoluminescence Quantum Yield 

Quenching of excitons in conjugated polymers leads to a loss of luminescence 

efficiency. The photoluminescence quantum yield is an important measure of the 

emission efficiency of a polymer. It is essentially the ratio of the number of photons 

absorbed by the sample to the number emitted. As this is an experiment that relies 

heavily on the equipment used to collect the emitted light as well as to measure the 

amount of light absorbed; when calculated for solutions it is normally performed 

using a known standard as a reference to compare with the polymer under study. The 

following formula is then used to calculate the quantum yield of the polymer. 
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(Equation 8) 

Where Q is the quantum efficiency of the polymer QR is the quantum 

efficiency of the reference solution, I is the integrated fluorescence of the polymer, IR 

is the integrated fluorescence of the reference, A and AR are the optical densities of 

polymer solution and reference and n and nR are the refractive indices of the polymer 

and reference solutions respectively. 

As the only loss of efficiency is from non radiative decay channels quantum 

efficiency can be related to the rates of decay of the radiative and non radiative 

processes that are causing decay of the singlet. 

(Equation 9) 

In this case krad and Iknr are the radiative decay rate and the sum of all the non 

radiative decay rates, which includes internal conversion, intersystem crossing and all 

the effect of all quenching mechanisms respectively. 
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Chapter 2 : Experimenta~ MeU~OJdls 

The previous chapter has described how atoms bond into large conjugated 

molecules and how the resulting system has an energy level structure. In order to 

understand the photophysical properties of the polymers in devices it is necessary to 

understand fully the energy level structure and the relationships between processes 

that the excitons are involved in, this is done using a number of techniques, absorption, 

fluorescence, phosphorescence and photoinduced absorption. 

Theory of Absorption, and Emission of Light 

As the fundamentals of photophysics: absorption and emission spectroscopy are 

extremely well known and well used techniques. Absorption works on the principal 

that photons cause an electronic excitation of the molecule when light of the correct 

energy is incident on the sample. In an organic molecule this energy is required to 

promote an electron from the HOMO (highest occupied molecular orbital) to the 

LUMO (lowest unoccupied molecular orbital) or higher antibonding orbital. However, 

in many molecules this presents a problem, often the energy gap is too great for UV 

or visible light to cause the transition, this is because the electrons in the a-backbone 

of the molecule are so tightly bound that the cr-cr* transition is rarely possible with 

UVNis spectroscopy. The only transitions that are possible are n-n* and n-n* that is 

an excitation of either the 1t - electrons or the nonbonding (n-) electrons. This makes 

absorption spectroscopy particularly useful when studying molecules with double 

bonds, such as conjugated molecules. There is however, an additional consideration to 
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be taken into account with absorption spectra, this the effects of coupling of molecular 

vibrations on the electronic transition. At all temperatures molecular bonds are able to 

vibrate; these vibrations can couple with the electronic transition producing a series of 

additional energy levels above the ground state and excited states. Figure 2.1 shows 

how light can be absorbed by molecules in any of the vibration sub levels of the 

ground state and be excited to any of the vibrational levels of the excited state. If a 

simple diatomic model is considered, the vibrational levels are bounded by the 

potential energy characteristics of the ground and excited states of the molecules, as 

the diagram shows these do not necessarily occur with the same equilibrium bond 

length. The Franck-Condon principae3 assumes that the electronic excitation occurs 

with no change in position of the nuclei, as the excitation occurs faster than the 

vibration (<10-13s) of the bond, if the excited state does not have a suitable vibrational 

level with the nuclei in the same positions, bond disassociation occurs, the diatomic 

splits. However, in most cases the excitation occurs between two vibrational levels as 

shown in the diagram the excitation then usually relaxes to a lower vibrational state of 

the same electronic state, this is known as 'vibrational relaxation' after which the 

electronic state can drop back to the electronic ground state with the emission of a 

photon - fluorescence; hence the wavelength of the fluorescence is always longer than 

the wavelength of absorption. This energy loss through the relaxation of the molecule 

in the excited state is measured by the Stokes shift, which is the energy difference 

between the absorption edge and the fluorescence onset. The transitions between 

different vibrational levels give rise to the different peaks in the absorption and 

fluorescence spectra of each electronic transition known as 'vibronic fine structure'. 
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Absorption Em mission 

Molecular coordinate (bond length) Molecular coordinate (bond length) 

Figure 2.1 The Frank-Condon principal related to absorption and emission the thin lines 

represent vibrational relaxation of the state after absorption or emission of light. 

The strength of the optical absorption can be described by a dimensionless 

property known as the oscillator strength33 f, as defined in equation 1 0. 

(Equation 10) 

Where me is the electron mass, c is the speed of light, eo is the permittivity of 

free space, e the charge on an electron, A the integrated area of the absorption peak, n 

the refractive index a and e(u) the molar extinction coefficient of the sample in 

wavenurnber units. 

The oscillator strength is dependant on a number of selection rules which 

contribute to the overall probability of the transition. These rules govern the change in 

momentum, parity, symmetry and most importantly electron spin for allowed 

electronic transitions. The electron spin factor is of considerable importance as it 

prevents the direct photoexcitation and decay of triplet states. However, this rule can 
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be broken by the presence of a heavy atom in the system due to the influence of the 

large spin orbit coupling. 

The proportion of incident light absorbed in a solution will depend on the 

amount of solution that the light passes through (the path length l) and the 

concentration of the absorbing species (c), this is known as the Beer- Lambert law23
: 

A( A)~ log(:, J ~ c(A)cl (Equation 11) 

In this case A(A.) is the absorbance or optical density of the sample, I is the 

intensity of the light after the sample J0 is the incident intensity on the sample and e(A) 

is the molar extinction coefficient of the solution expressed as a function of 

wavelength. 

Absorption and fluorescence spectroscopy 

Absorption spectra were recorded on a Perkin Elmer Lambda -19 

spectrophotometer and fluorescence spectra on a Jobin Yvon Fluoromax - 3 

spectrofluorimeter, which allows excitation of the sample at any point in the visible I 

near UV range. 
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Principals of Photoinduced Absorption 

Photoinduced absorption spectroscopy is a technique used to investigate the 

higher electronic states of the molecule. It is particularly useful for the study of 

metastable states, in particular the triplet states of molecules. It is a pump probe 

spectroscopic technique, excited states are created by a pump beam; then the probe 

beam is used to measure the population of the states created. In the case of measuring 

the triplet population, singlets are created by direct absorption from the ground state 

of the molecule and then a small proportion of them are converted to triplets by 

intersystem crossing. The probe beam is then used to probe the absorption of the first 

triplet state; light is absorbed as the triplets are excited to a higher energy level, thus 

giving the photoinduced absorption spectrum. The transitions involved in 

photoinduced absorption spectroscopy are shown in figure 2.2. The small proportion 

(1-2%) of the number of excitations that form triplets can cause experimental 

difficulties due to the low triplet population and resulting small signal. Also if the 

triplets do not have a long lifetime there is very little triplet population to absorb the 

probe beam so the signals can once again be very weak. However, the lifetime can be 

increased by reducing quenching effects, particularly relevant to solutions, or by 

cooling the sample. 
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Figure 2.2 Jablonsk.ii diagram showing the transitions involved in absorption, fluorescence, 

phosphorescence and photoinduced absorption. 

One effect that can often be observed in photoinduced absorption spectroscopy 

that is not absorption itself is photobleaching. Photobleaching or ground state 

bleaching is a simple consequence of the long lifetime of the triplet state, this 

meta-stability allows the triplet population to accumulate; as the triplets do not decay 

immediately back to the ground state there becomes a point where there is reduced 

ground state absorption as there are considerably fewer molecules in the ground state 

available to absorb the incident light. This effect is seen on the P A spectrum as a 

negative signal (assuming the spectrum is displayed as an absorption spectrum rather 

than transmittance). It is generally only possible to see the photo bleaching when the 

sample is pumped hard and the lifetime of the triplet is long, otherwise the ground 

state is replenished fast enough so that absorption is always possible. 
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Photoinduced Absorption Spectra Experimental Technique 

Control And Recording 
Computer 

Lockin Amplifier 

Monochromator 
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Beam Expander 

400nm Electronically Modulated Diode Laser 

Water Filter 

Figure 2.3 Experimental setup for quasi cw photoinduced absorption spectroscopy. 

20W Tungsten 
Lamp 

The method for investigating excited states using photoinduced absorption is 

now well established particularly the acquisition of spectra. The principal of the 

experiment is very simple34
, an intense laser beam is used to generate the excited state 

and then its absorption is measured using a white light, a monochromator and a 

photodetector just like in a spectrophotometer; figure 2.3 shows a diagram of the 

experimental setup. However, there are a few considerations that must be taken into 

account which make the experimental method more complex; the first of these is the 

ground state absorption spectrum, it is perfectly feasible that the white light probe 

beam is absorbed by the ground state as well as the excited state, this would result in a 

spectrum that is a combination of both the absorption and photoinduced absorption 
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spectrum, in fact, for the triplet states studied the ground state absorption will be far 

higher then the triplet absorption, due to the low number of triplets generated through 

intersystem crossing. The solution to this problem arrives through the use of a lock-in 

technique. The excitation beam is modulated (typically modulation frequencies are 

lOs ofHz), and the signal is detected using a dual channel lock-in amplifier. When the 

pump beam is offthen the absorption is given by A(A.), when it is on the absorption is 

given by A(A.) + dA(A.) thus there are two components, a de signal A(A.) and an ac one 

dA(A.). The lock-in amplifier picks out the ac component of the signal with the same 

frequency as the modulation frequency: the ac component dA(A.). This ac signal is the 

photoinduced absorption spectrum only. The nature of absorption by a species means 

that a proportion of the incident light is absorbed. However, as the lamp profile and 

response of the photodetector are not constant across the entire wavelength range it is 

necessary to scale the photoinduced absorption ac component by the de component to 

yield the true photoinduced absorption. This is normally written in terms of 

transmission; dT/T. It follows that this is directly proportional to the number of 

excited states present, with the following relationship. 

dT N 
--=a-

T A 
(Equation 12) 

Where, dT/T is the steady state photoinduced absorption signal, cr is the absorption 

cross section of photoexcitation (energy dependant), N is the total number of 

photoexcitations and A is the area of the excited sample exposed to the probe beam. 

37 



There is another advantage gained from using a lock-in amplifier; when the 

sample is excited, a broad fluorescence spectrum can often overlap the photoinduced 

absorption spectrum, thus obscuring the photoinduced absorption. This problem is not 

overcome by the modulation of the light as the fluorescence will occur at the same 

frequency as the excitation. However a feature of the dual channel lock-in amplifier is 

to give not only the magnitude of the signal at the same frequency as the reference (in 

this case the modulation of the excitation beam), it also give the phase difference 

between the reference and the signal channels. This phase angle (8) allows us to split 

the spectrum into two components, one in phase with the reference, and one out of 

phase, these are given by the formulae below. 

( dT) = dT sin(B) 
T inphase T 

(Equation 13) 

(
dT) dT - =-cos(B) 
T outphase T 

From these two components it is possible to separate the photoinduced 

absorption from the fluorescence. This is possible because the fluorescence lifetime of 

the polymer is negligible compared to the time period of modulation, so the 

fluorescence appears in only the in-phase component of the spectrum. The triplets 

studied have a much longer lifetime, which although is still not comparable to the 

time period of modulation is sufficient for their absorption to appear in both the in 

phase and out of phase components, thus it is possible to retrieve 'hidden' 

photoinduced absorption features from within the fluorescence spectrum of the 

sample. 
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Photoinduced Absorption Apparatus 

The photoinduced absorption apparatus uses either the 457nm line of a 

Spectra Physics 2025 Ar+ ion laser and mechanical chopper or a 400nm 

electronically modulated GaN diode laser module for the pump beam (Laser 2000); 

the probe beam is provided by either a tungsten filament lamp or a xenon arc lamp. 

The tungsten lamp allows spectra to be recorded in the visible and near Ir region, 

whereas the Xenon arc lamp has emission further into the UV allowing absorption to 

be measured up to about 3.5eV. After passing through the sample the probe beam is 

monochromated by a Bentham monochromator before being detected by either a Si -

photodiode for visible light or an InSb cooled detector for the Infra red. Both solution 

state and thin films spin cast onto sapphire or quartz substrates were used, temperature 

dependant measurements could be made on the films by cooling in an Oxford 

Instruments liquid nitrogen cryostat, allowing measurements to be taken at 

temperatures down to 77K. The apparatus also incorporates a water filter, which is 

used when spectra are being recorded in the visible and UV range in order to filter out 

the IR light to reduce the heating on the sample. Solution state experiments were 

made on solutions degassed using at least three freeze- evacuate- thaw cycles in a 

quartz degassing cell. The use of a TTL modulated diode laser as pump beam is 

slightly unconventional; however it holds many advantages over the mechanical 

chopper. Firstly it can be triggered directly by the lock-in amplifiers internal oscillator, 

which results in greatly reduced jitter and very stable chopping allowing the lock-in to 

'lock' more easily, giving a more favourable signal to noise ratio. It also allows the 

use of considerably higher rates of modulation which can be useful when trying to 

resolve a noisy signal, this is particularly important when using the xenon arc lamp as 

probe source as the instability of the arc has a range of frequencies (1-1OOHz) similar 
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to the mechanical chopper, thus preventing the lock-in amplifier from resolving the 

photoinduced spectrum properly. However, modulating the pump considerably faster 

(approximately 1kHz) than the instability of the arc prevents the noise from the lamp 

from obscuring the photoinduced absorption signal. 

Time resolved PA 

It is possible to calculate the decay lifetimes for the species identified in the 

photoinduced absorption spectrum by investigating the variation in signal intensity 

with chop rate. However, this requires some knowledge of the mechanism of the 

decay as a model must be first formulated and then mathematically manipulated into 

the same form as the chop rate dependence before the data can be fitted. Although this 

is easy enough for species which follow a simple first order kinetic scheme it is 

unreliable and unsatisfactory when more complex decays are being investigated, 

especially when there are multiple processes in competition. It is therefore necessary 

to use a more complex technique. In this investigation an electronically detected sub­

nanosecond resolution pump-probe experiment35 was used. 
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Figure 2.4 Schematic diagram of apparatus for time resolved photoinduced absorption 

measurements. 

Fundamentally this experiment uses the same principals as the steady state 

photoinduced absorption spectroscopy experiments only in this case, a 

monochromatic light source is used as the probe beam and the temporal change of the 

signal strength at one wavelength is recorded. Apparatus for the experiment is shown 

schematically in figure 2.4. The pump beam provides an intense pulse of laser light to 

excite the sample after which the population of the excited species is monitored by a 

single wavelength probe beam. In order to preserve the true kinetics of the species this 

experiment requires the use of short laser pulses and detection electronics with a 

response comparable to the laser pulse length. The lower limit of the detection 

electronics limits the time resolution to approximately 500ps which allows the 
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investigation of most types of triplet behaviour in conjugated polymers, both fast and 

slow decays as well as the build in of triplets on some polymers. 

The 3rd harmonic (355nm) generated line of a 160ps pulsed Nd:YAG laser 

(EKSPLA SL-312) was used as the pump beam and the probe beam was provided by 

a thermally stabilised and electromagnetically shielded diode laser which was chosen 

to be at the peak of the photoinduced absorption spectrum for the triplet state of the 

polymer under study. The use of a diode laser for the probe beam rather than the more 

traditional monochromated light source is very advantageous as it is no longer 

necessary to focus light after the onto the detector, in fact the detector was placed a 

considerably larger distance away than the small lens used to focus the beam onto the 

photodetector. This method minimises the collection of the fluorescence of the 

polymer by the detector, allowing us to improve temporal resolution to within the tail 

of the fluorescence, which can be problematic in the conventional experiments even 

when carefully selected cut off filters are used. Crucially this makes it possible to 

measure the build in of triplet states during the decay of the singlet. The experiment 

was set up in a collinear geometry, in solutions this makes the volume of interaction 

of the probe beam and the excited solution as large as possible thus maximising the 

photoinduced absorption signal strength and allowing signals at lower pump doses to 

be measured. The same arrangement proves perfectly satisfactory for thin film 

samples as well. Having passed through the excited solution or film the probe beam 

was detected using a 0.8mm2 silicon pin-diode built onto a 2GHz transimpedance 

amplifier (Femto Gmbh), the signal was then recorded using a 1 GHz digital 

oscilloscope (HP Infiniuum), which was triggered directly by the pump laser via 

another pin diode. The entire detector setup allowed sub nanosecond time resolution 
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of the triplet kinetics, with a rise time for the system of under 500ps, having been 

measured as the response to the excitation laser itself. 

Pump dose dependant studies can be undertaken by attenuating the excitation 

laser beam with a calcite polarisation filter and /.. \2 wave plate and measuring the 

energy per pulse with a pulse power meter from which the pump power density was 

then calculated. It is also possible to change the excitation wavelength using a dye 

laser pumped by the Nd:YAG for excitation in different parts of the absorption 

spectrum. The experiment can be performed on samples in degassed solution or on 

thin films held in a closed cycle liquid helium cryostat, to allow temperature 

dependent studies down to 12K to be carried out. Films were held in the cryostat 

under vacuum even when room temperature experiments were carried out to ensure 

that the film was not degraded by the intense laser light in an oxygen containing 

atmosphere. 

Time Resolved Fluorescence Measurements Using a CCD Camera 

To complement the photoinduced absorption techniques, time resolved 

emission studies have been carried out using a gated intensified CCD detection 

system27
• This allows the measurement of kinetics and spectra of fluorescence, 

delayed fluorescence and phosphorescence. A sample is excited using the frequency 

tripled 355nm line of the Nd:YAG laser, the emission is then dispersed through a 

monochromator onto a gated intensified CCD camera. The camera is triggered by the 

laser through a fast silicon pin diode and the delay time between the camera being 
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triggered by the laser and the recording of the spectrum can be varied. Combining this 

variation in delay time with a variation in the integration time for the spectrum 

acquisition allows the collection of the temporal change in spectra over signal 

intensities of up to 13 orders of magnitude; considerably larger than the actual 

dynamic range of the camera. The ability to resolve such small signals is in fact a very 

simple procedure, the gate time is merely increased along with the delay, so for long 

delays a longer integration time is used, and the data is then scaled appropriately to 

yield the kinetics. It is important to note that the gate time must be kept small 

compared to the delay time in order to yield the true kinetics, rather than the 

integrated kinetics, something that is not always possible when measuring very weak 

emissions particularly phosphorescence. The minimum time resolution of this system 

is 300ps, as this is the narrowest gate that the camera can accept. The spectral range is 

determined by the CCD which is sensitive between 300 and 900nm, and the 

monochromator allows us to disperse 300nm of the spectrum onto the CCD at a time. 

The grating can be moved to place different portions of the spectrum at the centre of 

the CCD. 
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Figure 2.5 CCD camera for use in measuring delayed fluorescence and phosphorescence 

The diagram in figure 2.5 shows the apparatus used, marked on the diagram is 

the optical delay pass, this is necessary because it takes approximately 30ns for the 

CCD camera to initialise after the trigger pulse, so in order that the initial part of the 

delayed fluorescence can be recorded it is necessary to build in a delay excitation of 

the sample. The diagram also shows a dye laser in the path of the excitation laser 

beam; which allows us to change the wavelength of the excitation which is 

particularly useful when dealing with blends of polymers and dyes. The calcite 

polariser and A,\2 plate is also present which as in the time resolved photoinduced 

absorption experiment allows us to change the intensity of the excitation for dose 

dependant studies. Experiments can be made using the same samples as the time 

resolved photoinduced absorption, degassed solution or thin films which can be held 

in the helium cryostat. 
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Triplet Excitons in Polyspirobijluorene 

Polyfluorene derivatives are one of the most promising classes of materials for 

PLED applications. Solution processable and highly efficient they can offer good blue 

emission and when copolymerised with other units can be adapted to emit throughout 

the visible range. The monomer structure is of two benzene rings coupled with an 

additional carbon which can be substituted to manipulate the solubility and 

photophysical properties, two of the most common polyfluorenes poly-9,9-

dioctylfluorene (PFO) and poly(2,7-(9,9-bis(2-ethyl-hexyl)fluorene)) (PF2/6) are 

shown in figure 3.1 Their synthesis has been described in detail in the literature36
• 

37
• 

One significant disadvantage is their lack of colour stability; when left exposed to 

oxygen the normally blue emission is significantly reduced with a yellowish green 

band appearing in the fluorescence spectrum. The source of this emission has been 

extensively investigated and it is believed to originate from a photooxidation reaction 

causing the formation of a ketone defect at the 9 position of the fluorene which 

quenches the emission. Recent developments in the understanding of the 

photooxidation process have resulted in the development of polyfluorene derivatives 

that are resistant to the formation of ketone group. One such derivative is 

polyspirobifluorene (PSBF), which has an additional fluorene unit substituted at the 9 

position and is resistant to photoxidation. The structure of PSBF is shown in figure 

3.2 .. 
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PFO PF2/6 

Figure 3.1 The structures of some common polyfluorenes 

The PSBF used in the investigation was synthesized by Covion Organic 

Semiconductor Gmbh; and is an unusually high molecular weight polymer, with a 

mean molecular weight of 770,000g/mol it is particularly good for photophysical 

characterisation as any quenching or other effects caused by the influence of groups at 

the ends of the chains are reduced. Another advantage of the increased length is that it 

is particularly suitable for studying intra chain processes, as it becomes more probable 

that there will be multiple excitons on each chain with increasing length. 

Figure 3.2 The structure of polyspirobifluorene 

(PSBF) 

Isolated Chains In Solution 

The room temperature solution absorption and fluorescence spectrum of PSBF 

are shown in figure 3.3, the fluorescence spectrum is very similar to that observed for 

other polyfluorene derivatives28 although slightly red shifted by 0.06eV compared to 

PF2/6. The absorption spectrum however, does show a broader spectrum with an 
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additional peak at 3.6eV, which is attributed to the absorption of the unconjugated 

fluorene substitution; indicating that this Spiro derivative of polyfluorene has different 

photophysical characteristics to the more conventional aliphatically substituted 

polyfluorenes. The decay of the singlet state, measured by TCSPC (Time correlated 

single photon counting, a common technique for measuring fluorescence decays38
) 

and shown in figure 3.4 gives an excellent fit to a monoexponential decay resulting in 

a fluorescence lifetime of 2.3±0.05ns, when measured at a concentration of 1 o-6 by 

weight in toluene. This is an unusually long lifetime when compared with other 

polyfluorenes, which is in fact very advantageous as the long lifetime makes it 

possible to measure the build in of triplet states through intersystem crossing as the 

singlet decays. 
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Figure 3.3 Absorption and fluorescence spectra of PSBF solution. 
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Figure 3.4 Singlet decay of PSBF solution as recorded by TCSPC the scale is 25ps per channel 
and the lower graph indicates the difference between the recorded data and the fit of 2.3ns decay 
time. 

The photoluminescence quantum yield was calculated for polyspirobifluorene 

solution using the reference method outlined earlier with the reference solution as 

diphenylanthracene (DPA). In order to ensure that the measurement was as accurate 

as possible the solution of PSBF was made to have the same optical density as the 

DPA solution thus any errors due to nonlinearity of the instrumentation were reduced. 

Using this method gave a value of 0.93±0.05 for the photoluminescence quantum 

yield. 
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Figure 3.5 Phosphorescence spectrum of polyspirobifluorene film at 12K showing the triplet level 

at 2.16eV. 

The energy level of the triplet state is characterised by measunng the 

phosphorescence spectrum which for thin films at 12K is shown in figure 3.5. It is 

worth noting that it is not possible to measure the phosphorescence spectrum at room 

temperature. The data was taken with the time resolved emission experiment (CCD 

camera) using a delay time of 50ms after excitation and an integration time of 25ms. 

The peak at 2.16e V is the principal triplet level and it shows a second vibronic feature 

at 1.98eV; this corresponds to a redshift of approximately 0.71eV away from the 

singlet state. Figure 3. 6 shows the room temperature solution steady state 

photoinduced absorption spectrum taken using the TTL modulated 400nm diode laser 

as pump source and the tungsten lamp as probe beam. The excitation power was 

25mW over an area of approximately 0.75cm-2 which give an excitation power of 

33mWcm-2
• The data was taken with a chop rate of 23Hz and the polymer was at a 
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concentration of lxl0-5 by weight in toluene, placed in a lcm path length quartz 

degassing cuvette degassed by 5 freeze-evacuate-thaw cycles. 
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Figure 3.6 Photoinduced absorption spectrum of PSBF solution showing the triplet - triplet 

absorption at 1.57eV 

The spectrum shows a peak at 1.57eV and a large trough shown on the inset at 

3eV. The peak at 1.57eV is attributed to the photoinduced absorption of the triplet 

exciton and this is consistent with that observed for other polyfluorene derivatives, 

although a redshift of 0.04eV is observed when compared with PF2/6. The 3eV 

feature is attributed to the photoluminescence of the solution rather than the 

photo bleaching of the ground state, this is due to the low energy tail, the ground state 

photobleaching spectrum should show the same shape as the ground state absorption, 

which has a steep edge on the low energy side and a tail on the high energy side 
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whereas the fluorescence spectrum has a steep high energy edge and a low energy tail, 

in the same way as the 3eV feature. 

Triplet Build In 

Figure 3.7 shows the change in time of the magnitude of the photoinduced 

absorption for the frrst 5ns after photoexcitation by the Nd:YAG laser at 355nm. The 

data was recorded with a toluene solution at a concentration of 1 x 1 o-s by weight, it 

was not necessary to degas the solution for measuring such a rapid process because 

the diffusion time; that is the time it takes for a molecule of triplet oxygen to reach a 

triplet exciton; is longer than the time for the build in. The probe beam was a 785nm 

(1.56eV) diode laser which corresponds to the peak of the triplet exciton 

photoinduced absorption as measured previously in figure 3.6. This is verified by the 

fact that the number of triplets present is constant after the build in is finished . 
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Figure 3. 7 Build in of triplet states in a toluene solution of PSBF measured by time resolved 

photoinduced absorption 
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It is apparent that the rapid build of the signal and hence the number of triplet 

states does not occur solely within the 160ps laser pulse, thus the triplet build in is 

clearly a cold process, as expected a result of intersystem crossing from the first 

excited singlet state rather than direct photo-production of triplets. In fact the build in 

of triplets has almost exactly the same rate as the decay of the singlet. Using the 

intersystem crossing model for population of the triplet state it is expected that the 

triplet build in follows the decay of the singlet state, which is governed by the rate 

equation, 

(Equation 14) 

this upon integration gives the number of singlets as. 

(Equation 15) 

the rate constants knat. ki.c. and kisc are the rates for radiative singlet decay, internal 

conversion and the intersystem crossing rate respectively; G is the singlet generation 

parameter, which is essentially the number of singlets generated by the laser pulse at 

time t = 0. This gives the rate equation and number of triplets for the process, 

assuming the slow decay of the triplets is insignificant in short time periods, as, 

(Equation 16) 
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(Equation 17) 

The photoinduced signal is proportional to the number of triplets; dT/T = -cm/A, 

where n is the number of absorbing excited states, A is the sample area irradiated and 

cr is the absorption cross section. This can be combined with equation 17 and divided 

by A/cr and simplified as follows, 

(Equation 18) 

in this case C is the maximum of the photoinduced absorption signal and k is the sum 

of all the rate constants for all decay processes the singlet undergoes. 

The data for the build in of the triplets after excitation with a dose of 

300~cm-2, is fitted to the monomolecular build in formula (equation 5) yielding a 

value of k = 4.2±0.2x108s-1
, corresponding to a rise time of 2.4±0.2ns which is in 

excellent agreement with the 2.3ns decay of the singlet. The number of singlets only 

affects the total number of triplets produced after the build in has finished, as would 

be expected for consistency with the intersystem crossing model of triplet production. 

Other methods of population of the triplet state upon photoexcitation have been 

postulated, such as singlet fission39 or geminate charge pair recombination40
' 

41
, we do 

not believe this to be the case for isolated polyspirobifluorene chains as this would 

require greater photon energy than our pump beam provides. 

Decay of Triplet and Delayed Fluorescence 
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Figure 3.8 The decay of the triplet exciton for PSBF solution showing the presence of an 
additional fast decay mechanism for high excitation doses, as well as the effect of dissolved 
oxygen on the lifetime of the triplet. 

The decay of the triplet in 1 x 1 o-s by weight toluene solution as measured 

using time resolved photoinduced absorption is shown in figure 3.8. At low excitation 

laser doses (less than 1 00 ~cm "2) in the de gassed solution this exhibits slow 

monoexponential decay with a lifetime of 5.56 ms, this is as expected for a solution 

which is known to contain quenchers including water. When oxygen is present in the 

solution the lifetime is dramatically reduced to 254 ns, as has been mentioned 

previously this is due to energy transfer to the triplet oxygen ground state, a common 

quencher for the polymer triplets. 

For higher excitation doses, greater than 100~cm·2, the triplet is observed to 

have an initial fast decay component, after which follows the same monomolecular 

decay as with the low dose case. This is visible in figure 3.8 and is found to be 

independent of concentration, with the fast decay process beginning at excitation 

doses between 50 and 100~cm·2 . In order to quantify the laser dose dependence 
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better the laser dose dependence of the magnitude of the photoinduced signal after 

lOOns is plotted in figure 3.9 alongside the dose dependence of the maximum of the 

photoinduced signal after triplet build in. It is observed that for doses below 

1 OO~cm-2 the number of triplets remaining after 1 OOns follows directly the number 

initially created and is directly proportional to the laser dose, as would be expected for 

a monomolecular decay route. At higher laser doses the number of triplets remaining 

diverges from the number initially created with a slope of 0.5 thus suggesting that the 

triplets are decaying with a rate that has a quadratic relationship to the number created. 

This is consistent with what would be observed for a bimolecular decay mechanism. 
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Figure 3.9 Dependence of the photoinduced absorption intensity after lOOns compared with the 
initial PA intensity for increasing laser dose. Slopes of 1 and 0.5 are shown for comparison the 
'switch on' of a bimolecular decay process is clearly visible. 

Having investigated the triplet kinetics through photoinduced absorption it 

became apparent that in solution state the triplets were undergoing more complex 
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processes than simply phosphorescence and quenching decays. One useful way of 

investigating these processes is to look at the delayed fluorescence of the polymer and 

to relate the delayed fluorescence to the triplet population. Figure 3.10 shows the 

spectrum of the delayed fluorescence alongside the prompt fluorescence. 
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Figure 3.10 Fluorescence and Delayed Fluorescence of PSBF solution 

The prompt fluorescence was measured from immediately after excitation 

with an integration time of 0.5ns and the delayed fluorescence was measured with a 

delay time of 1 OOns and an integration time of 1 Ons. In Figure 3.1 0 these data are 

normalised, which clearly shows that the delayed fluorescence arises from the decay 

of the same excited state as the prompt fluorescence; the first excited singlet state. 

There is a slightly different vibronic character in the delayed fluorescence compared 

to the prompt fluorescence. The decay of the delayed fluorescence are shown in figure 

3.11, for excitation doses of SO~cm-2 and 200~cm-2 • DF measurements also show 

the additional decay mech ism for excitation doses above 80~cm-2• This manifests 

57 



itself in the region of the higher excitation dose DF curve at times between 40 and 

80ns delay, this is seen as an increase in the signal compared to the low dose DF 

measurement. 
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Figure 3.11 Decay of the DF at two different excitation doses showing a clear additional 
component to the DF for high laser doses. 

Owing to the fact that the delayed fluorescence emission is proportional to the first 

derivative of the triplet population this indicates a more rapid decay such as a 

bimolecular process is taking place. The difference between the signals is small 

because there are other processes in addition to the rapid decay of the triplet 

contributing to the DF, such as diffusion controlled impurity quenching and geminate 

pair recombination. The same laser dose turning point in the decay mechanism is 

evident in the delayed fluorescence as shown in figure 3.12, recorded at a time delay 

of 1 OOns after excitation. The prompt fluorescence varies linearly with pump dose 
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throughout the experimental range. The delayed fluorescence however, varies 

quadratically for low doses but above about IOO~cm-2 a linear dependence is 

observed. This is again consistent with a bimolecular decay mechanism at high 

powers, the bimolecular decay initially depletes the states rapidly so after a time 

interval the rate of decay and hence the magnitude of the delayed fluorescence is 

lower. 
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Figure 3.12 Comparison of the effect of increasing the laser dose on the prompt and delayed 
nuorescence. The turn over of the slope of the DF from 2 to 1 is a clear indication of the start of a 
TT A based contribution to the DF. 

The presence of a bimolecular decay route suggests immediately an 

annihilation process; this remains a suitable conjecture for this case. Triplet - triplet 

annihilation (TT A) is most likely in this case as no bimolecular decay is seen in the 

prompt fluorescence which would be an indicator of singlet - singlet or singlet -

triplet annihilation. Annihilation effects are often not present in dilute solutions such 
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as these, because this is considered to be the isolated chain regime, there is a low 

probability of interactions occurring between polymer chains. This leaves only the 

possibility of intrachain annihilation which is believed to be the case for this polymer. 

The lack of concentration dependence of the TT A decay acts to enforce this 

hypothesis, an inter chain process would undoubtedly be more prevalent at higher 

concentrations and hence show a faster rate, as the individual chains would come into 

contact more frequently allowing more annihilation reactions to take place. This 

cannot be present in an intrachain process as the rate of reaction will be dependant 

only on the density of excited states on each individual chain and the rate of migration 

of the states along the chains. Further confirmation of an intrachain process is given 

by the very presence of the change of decay mechanism; we postulate that the 

80)lJcm-2 laser dose threshold is the point at which multiple triplet excitations appear 

on the individual chains. From this it is possible to calculate a lower bound on the 

intersystem crossing rate; if we take 80)llcm-2 to be the turning point of the decay 

mechanism and assuming that at this point multiple triplets start to be generated on 

chains it is possible to calculate the ratio of triplets to singlets generated and assuming 

all triplet production is through intersystem crossing; calculate the intersystem 

crossing yield. The number of singlets on each chain is calculated by first calculating 

the amount of laser power absorbed and thus the amount of singlets generated in the 

solution dividing by the chain density then gives the singlet density per chain. The 

triplet density per chain is found by estimating the proportion of triplets that are 

quenched in annihilation reactions, although it is important to take into account the 

triplets produced as a result of the annihilations themselves. This gives a lower bound 

of 0.01±1 which is realistic given the value of 0.03 calculated by photoaccoustic 

calorimetry for poly(9,9-dioctylfluorenct2
• 

43
• The value remains an absolute lower 
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bound because there may be multiple excited chains where the triplets never meet to 

annihilate. 

The general rate equation for decay of the triplets involving a bimolecular 

mechanism such as TT A in addition to a monomolecular quenching process is, 

(Equation 19) 

In this case NT is the number of triplets; kT is the monomolecular rate constant and 

y is the annihilation constant. The photoinduced absorption data in figure 3.8 can be 

fitted to this using a competing monomolecular and bimolecular model, which for our 

data yields a value of y=2.9±0.lx108 cm3s-1
• Smoluchowski's theory of diffusion 

controlled reaction kinetics suggests that the annihilation constant would be 

dependant only on the diffusion coefficient, (D); the interaction radius (r) and the 

fraction of the triplets that annihilate on encountering each other (f), this gives4
\ 

r =87ifRD (Equation 20) 

In the solid state this annihilation constant has been investigated thoroughly 

yielding more complicated results than this theory would suggest. The nature of the 

density of states in conjugated polymers leads to a theory that the interchain triplet 

hopping rate in three dimensions and consequentially D is time dependant, 

characterised by a rapid decay of D as the triplets dispersively relax towards the tail 
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states in the distribution of states, then follows a steady state constant value of D 

when the triplets have enough thermal energy from their surroundings to hop non­

dispersively amongst the low energy states. The problem of relaxation to the low 

energy states has been solved analytically45 and in the long time limit can be shown 

to approximate46 to r(t)~r 1 · 04. The solution state time resolved photoinduced 

absorption data in this study shows no such dependence even though there is still a 

distrubution of states; in fact the time dependence which fits the data is r(t)~r0· 05 . 

Although at first glance it seems that our data is inconsistent with this theory it 

remains perfectly valid. At room temperature, where our solution state experiments 

were performed, the number of states created above the thermal energy level is small, 

and thus the dispersive migration of triplets is very rapid. It follows that we only 

observe the non-dispersive migration of triplets within the density of states; 

essentially the steady state value of y that at low temperature would be observed after 

the turning point in the decay mechanism. The turnover from dispersive to non­

dispersive migration has been observed by Rothe et al in the solid state27 and is 

investigated further in the second half of the chapter. It is important to note that the 

hopping in solid state is three dimensional, interchain in nature and there may be 

differences with the one dimensional intrachain migration observed in solution. 

Finding a constant value for the annihilation rate allows the calculation of the 

hopping rate along the chains, to do this a number of assumptions must be made. 

Firstly, that there are only two triplets generated on each chain, as this is not 

necessarily true, making this assumption means that the hopping rate calculated is a 

maximum as with only two triplets generated per chain the distance between the 

triplets is maximised. The other assumption is that the triplets are unable to hop past 
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each other without annihilating, they simply move along the chain until they collide 

and annihilate; therefore using this simplified model the hopping rate is calculated 

using the equation 

1 
rate =-lxr 

2 
(Equation 21) 

I is the length of the chain and g the annihilation rate, the factor of V:! is 

included to allow for the fact that the two triplet excitons are not necessarily at the 

ends of the chains. Using this simple formula we can calculate the hopping rate to be 

approximately 109 nm s-1 

It is also important to note however the presence of triplet-triplet annihilation 

without singlet annihilation. This indicates that the intra chain singlet mobility is low 

in comparison to the triplet, especially when the number of singlets photo-created is 

almost two orders of magnitude greater than the number of triplets formed. Thus there 

would certainly be a high enough intrachain singlet density to cause annihilation even 

considering the much shorter lifetime of the singlet. This suggests that the singlets are 

considerably less mobile than the triplets along the chain, a result that has been 

suggested previously47
• 

Triplet- Triplet Annihilation in Films of Polyspirpbijluorene 

Investigating the processes in dilute solutions invariably leads to results for the 

simplest case, intra chain effects are only visible because of the separation of the 

chains. However, in PLED devices the polymers are no longer in solution, the chains 

are in contact with one another and as a result there are many interactions which can 

take place between the chains. These can be investigated with the polymer cast onto 
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sapphire substrates. As the films are solid it is also considerably easier to control the 

motion of the triplets; this is done by adjusting the temperature of the sample. When 

the polymer films are cold the triplets move so slowly that they do not find another 

triplet and annihilate before they decay through phosphorescence, with this in mind it 

is possible to control the rate of annihilation of the triplets. 

Both time resolved transient absorption and delayed fluorescence 

measurements were carried out on thin films held on the cold finger of a closed cycle 

liquid helium cryostat. Along with these experiments it is possible to measure the 

phosphorescence of the polymer at low temperature, whose kinetics should follow 

exactly the time resolved transient absorption measurements. The absorption, 

fluorescence photoinduced absorption and phosphorescence of the films of 

polyspirobifluorene are shown in figure 3.13 and 3.14 when compared to the solution 

state measurements in figure 3.3 there is little difference. The absorption spectrum 

once again shows two features, one form the polymer chain and one from the fluorene 

unit substituted at the 9 position; the fluorescence spectrum is slightly red shifted 

compared to the solution state spectrum, giving an increase in Stokes shift on going 

from solution to the solid state. In the photoinduced absorption spectrum the triplet 

exciton is once again seen, this time at 1.53eV which represents a slight redshift in 

comparison to the solution. 
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Figure 3.13 Absorption and fluorescence spectra of films of PSBF. 
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Figure 3.14 Photoinduced Absorption and phosphorescence spectra ofPSBF films, the PA was 
measured at 80K and the phosphorescence at 12K. 

The decay of the triplets as measured by time resolved photoinduced 

absorption is shown in figure 3.15 these data were taken at 160K and as with the 

solution data there is clearly two components to the decay, initially there is a non-

exponential decay which is then followed by an exponential decay shown by the 

straight line on the semi-logarithmic plot. The exponential part of the decay fits well 
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to a lifetime of 2 ms, however this is merely a function of the temperature as the 

triplets are still able to move around and fmd quenching sites. As the other graph in 

figure 3.15 shows the lifetime is clearly increasing with decreasing temperature. 
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Figure 3.15 The left hand graph shows the decay of photoinduced peak of PSBF film at 160k. 
The other is the same decay at 4 different temperatures in a double logarithmic presentation, the 

data has been smoothed with a 25point adjacent averaging algorithm. 

To try and understand the non exponential component it is once agam 

necessary to look at the delayed fluorescence of the polymer, as figure 3.16 shows, 

this is a non exponential decay which shows an increasing lifetime as the film is 

cooled as would be expected from delayed fluorescence originating from triplets. In 

fact the straight line on a double logarithmic graph indicates that the decay is 

dominated by a power law before a change to a faster decay. The turnover to the 

faster decay is determined by the temperature, higher temperatures turn over faster. 
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Figure 3.16 Delayed Fluorescence decay for PSBF films at various temperatures, the turning 
points between the two decays are clearly shown. 

The source of the delayed fluorescence in conjugated polymers has always 

been a contentious issue. It is believed that in the methyl ladder type polymer, 

MeLPPP delayed fluorescence originates from delayed charge carrier recombination, 

on the other hand in PPV (poly(p-phenylene vinylene)) and PPE (poly(p-phenylene 

ethynylene)) it has been shown to originate from TTA. In polyfluorenes DF is 

attributed to TTA27
; the investigation of the DF in polyspirofluorenes is clearly a 

natural progression from these studies. 
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Figure 3.17 Excitation dose dependence of the photophysics of films of PSBF at 160K, the PA 
intensity has been scaled by 108 for clarity and the lines shown have gradients of 2, 1 and 0.5. 

The two types of decay for the triplet once again point immediately to an 

annihilation process, in order to understand this better it is necessary to look at the 

dose dependence of the photo physics, this is shown in figure 3 .17. The graph shows 

three important features, firstly in the photoinduced absorption data; there is no turn 

over at 1 OO~cm-2 like that found in the solution state experiments. In fact the gradient 

of the line is a constant gradient of 0.5, suggesting that the bimolecular decay has 

started for considerably lower pump dose. The second interesting feature is the 

presence of a change in gradient of the relationship between the prompt fluorescence 

and the excitation dose; this change form a gradient of 1 to 0.5 occurs at a pump dose 

of lO~cm-2 • This change in gradient indicates that at high pump doses the singlets 

become involved in a bimolecular decay mechanism; the most likely conjecture for 

this has to be singlet-singlet annihilation suggesting that the singlets are able to move 

around in the solid state, which we must remember was not possible on isolated 
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chains in solution. The final interesting feature is the turn over in the gradient of the 

delayed fluorescence, this occurs at two separate points, firstly a turnover from a 

gradient of2 to 1 at 2.5J.l]cm-2 and then a turn over from 1 to 0.5 at 10 J.l)cm-2
. These 

turn overs support the idea of singlet - singlet and triplet - triplet annihilation. TTA is 

responsible for the turn over at low pump doses and then at higher pump doses 

singlet-singlet annihilation begins, it is important to note that it is possible to see the 

effect of SSA in the delayed fluorescence, not because the singlets produced by the 

TTA are annihilating with one another, as in reality the spin statistics of 

recombination means that the number of singlets produced is too few, but because the 

number of triplets originally produced from intersystem crossing is affected by the 

SSA. 

The fundamental differences between the annihilation process in solution and 

that happening in the solid state lies in the origin of the annihilating species. As 

described previously in dilute solutions the species lie on the same chain; however, in 

films it appears that both the singlets and triplets are able to travel around the film 

between the chains and annihilate. For singlet - singlet annihilation this must clearly 

be the case, as no SSA was seen in solutions, so the singlets are unable to move very 

far along the isolated chains, in the films they must be moving between the chains to 

annihilate. TT A in films begins at a much lower excitation dose than in isolated 

chains, at such a low dose, it is not likely that multiple triplet excitons are formed on 

each chain, therefore they must be travelling between the chains in order to annihilate. 

69 



In order to test the validity of the suggestion that at low dose the delayed 

fluorescence is due to TT A it is necessary to once again remind ourselves of the rate 

equation for decay of the triplets, 

(Equation 22) 

Where Nr is the triplet population, kr is the rate of monomolecular decay and 

y is the annihilation constant. In the regime of delayed fluorescence, (up to lms) we 

can neglect the monomolecular decay term, this is possible because of the long 

phosphorescence lifetime of the triplets and the assumption that the decay due to 

quenchers in the film is low, a reasonable assumption for low temperatures as the 

mobility of the excitons towards the quenchers is reduced. As the magnitude of the 

delayed fluorescence is proportional to the decay rate of the triplets rather than the 

population it follows that. 

(Equation 23) 

Thus the square root of the DF intensity should be directly proportional to the 

triplet population, and consequentially the photoinduced absorption signal. When 

plotted on a logarithmic axis these two lines should therefore appear as parallel. This 

is shown in figure 3.18 for the data recorded at 225K as the figure shows, the 

photoinduced absorption data has been smoothed using a 25 point adjacent averaging 

smoothing algorithm this makes the data considerably more useful over a larger 

dynamic range, especially when displayed in a logarithmic presentation where the end 
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of the decay can often appear lost in the noise. The P A data has also been scaled in 

order to be of the same magnitude at the end of the decay in order to make 

comparison simpler. A simulation of the prompt fluorescence is also shown; this 

clearly shows how the end of the prompt fluorescence turning over to the DF as well 

as how there can be no influence on the DF from the prompt emission after 1 OOns. 

The data clearly show a good correlation between the square root of the DF and the 

photoinduced absorption after 1.1 ~s. This is strong evidence to back up the 

assumption that the sole origin of the DF is TT A for this time regime. However, 

between the end of the prompt fluorescence and 1.1 J..lS there is some difference 

between the (DF) and the triplet population, there seems to be a fast decaying 

component of the DF which is not a bimolecular annihilation of the triplets. This is a 

phenomenon that has been observed previously by Rothe et al. in PF2/6, it was then 

referred to as DF1 (with the TTA originating DF as DF2) and the source of it remains 

unclear. 
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Figure 3.18 Graph showing the similarity between the square root of the delayed fluorescence 
and the photoinduced absorption. Showing that the DF originates from bimolecular annihilation 

of the triplets. 

If we once again look at the double logarithmic plots of the DF it is possible to 

see two regions where the decay shows a straight line. This shows that there is a 

change in the power law that is governing the decay, the turn over in the 160K decay 

shown in figure 3.16 is from a gradient of -1 to a gradient of -1.7. In order to 

rationalise this apparent change in mechanism for TT A we must recall the nature of 

triplet exciton migration as outlined in chapter 2 and mentioned in relation to the 

solution state experiments. This change in gradient represents a change in the nature 

of the diffusion of the triplets throughout the film; the change is from the energy 

dispersive migration from triplets created above the thermal energy level of the 

material to non dispersive migration within the thermal energy level. This change is 

seen in all the DF curves, and occurs later as the film is cooled, as would be expected 

as by cooling the film the level of the thermal energy is reduced, thus there is more 
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dispersive migration before the equilibrium value of the diffusivity is reached. This 

explains the time dependant nature of the diffusivity leading to time dependence in 

the annihilation constant as expected. 

In conclusion this chapter has confirmed the origin of the delayed fluorescence 

in polyspirobifluorene as triplet - triplet annihilation. In isolated chains delayed 

fluorescence from intrachain annihilation is possible whereas in films annihilation is 

both inter and intra chain. The turn over from dispersive triplet exciton migration to 

non dispersive migration below the thermal energy level has also been observed. 

Importantly we also observed from SSA that the singlets are able to migrate in the 

solid state whereas they are not able to on isolated chains hence only interchain 

migration is possible. 
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Chapter 4 

Steady State Photoinduced Absorption 

As previously mentioned steady state photoinduced absorption measurements 

tell us the energy of the triplet - triplet absorption and absorption of other long lived 

excited states. The photoinduced absorption spectra for a number of conjugated 

polymers have been measured and the absorptions identified. 

PF2/6- poly(2, 7-(9,9-bis(2-ethyl-hexyl)jluorene)) and its Oligomers 
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Figure 4.1 Absorption and fluorescence of solution of Pf2/6 in Toluene. 

Pf2/6 is a polyfluorene with two 2-ethyl-hexyl groups substituted at the central 

carbon and is shown in figure 3 .1. It has been under study for many years for use in 

polymer light emitting diodes and much is known about its behaviour. The Pf2/6 and 

its oligomers were synthesized by Professor U. Scherf at the Max-Planck-Institute for 
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Polymer Research, Mainz. The absorption and fluorescence spectra of Pf2/6 are 

shown in figure 4.1. The steady state photoinduced absorption spectrum is shown in 

figure 4.2 this shows a broad peak at 1.62eV with a steep low energy side and a 

slowly decaying high energy side, this is consistent with the triplet -triplet absorption 

spectrum for polyfluorenes and it shows a slight blueshift of 0.1eV compared to the 

polyspirobifluorene measured previously. This spectrum was measured at room 

temperature in a de gassed toluene solution with a 1 cm path length quartz cuvette, the 

concentration was 1x10·5 by weight. For this experiment excitation was provided by 

the 400nm modulated diode laser at a chop rate of 22Hz. The spectrum shows a low 

noise threshold of about 1x10-5 which is perfectly adequate as the signal (peaking at 

dT/T = 1.04x10-3
) is very strong. However, using a higher modulation frequency 

might provide better signal to noise ratios. 
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Figure 4.2 Photoinduced absorption spectrum of Pf2/6 solution showing a strong Triplet - Triplet 
absorption at 1.64eV 

One interesting comparison that can be made with PF2/6 is to compare 

polymers with the same chemical structure but with different chain lengths, this gives 
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us a way of investigating the effect of the conjugation length on the triplet- triplet 

absorption. Studies of the effect of conjugation length, both theoretical and 

experimental on the photophysics of conjugated polymers have been made before 

extensively in polythiophenes48
' 

49
, as well as other oligomers of conjugated 

polymers50
-
52

. However, most studies have investigated the UV/vis ground state 

absorption and the position of the first triplet state, the variation in the T 1-T n energy 

gap has only been extensively investigated for polythiophenes and poly(para­

phenylenevinylenes ). 

The variation of both the ground state absorption and the Triplet - Triplet 

absorption with oligomer length can be used to investigate the spatial extent of the 

excitons on the chain. For example if we consider a scenario where the exciton has a 

maximum size of 10 oligomer repeat units it is logical to assume that if the exciton 

sits on a polymer chain that is 100 units long it will be no different than if it sat on a 

chain only 20 units long. However if the exciton took up say 25 repeat units then the 

exciton on the shorter oligomer would be altered, effectively constrained by the 

polymer itself and as a result the electron and hole become closer together increasing 

the Coulomb interaction and raising the energy of the exciton. Thus the absorption 

peak may shift to a higher energy, although there remains the possibility that both T1 

and Tn would change. However, there are two factors that could be controlling the 

exciton size; the first is the intrinsic binding energy of the exciton itself, a relatively 

simple concept if we consider the exciton as an electron orbiting a hole in hydrogen 

like manner, the radius of the orbit is determined by the binding energy of the exciton. 

The other constraint on the exciton size is the effective conjugation length of the 

polymer itself; this is the length of polymer chain that contains conjugation unbroken 
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by defects, ring twists and other structural anomalies within which the exciton must 

remain. 
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Figure 4.3 Variation of the Absorption spectrum of Pf2/6 solutions with chain length. 

Figure 4.3 shows a comparison between the ground state absorption spectra of 

PF2/6 polymer and oligomers of PF2/6 that are 3, 5, 10 and 20 repeat units long. The 

polydispersity of the 10 unit oligomer, 20 unit oligomer and polymer were 2.5, 2.3 

and 2.0 respectively whereas the pentamer and trimer were synthesized with only a 

fixed number of repeat units. The data has been normalised to the peak of the 

fluorescence to allow easier comparison. The variation in conjugation length between 

the oligomers has a clear effect on the position of the absorption. The absorption 

moves to higher energy as the conjugation length shortens, an exception seems to be 

with the tenmer and pentamer which have almost identical absorption spectra, this 
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could be an effect of the synthesis, as the trimer and pen tamer were synthesised with a 

pyridine ring terminating one end of the chain rather than phenyl rings. Figure 4.5 

shows that these data approximately obey a linear relationship with 1/n with a 

gradient of 0.66. This is consistent with other data in the literature 52 for the oligoenes, 

oligothiophenes and OPV s. 
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Figure 4.4 Normalised Triplet- Triplet absorption spectra for oligomers of Pfl/6 showing a clear 
deviation from the polymer like behaviour for chains shorter than 10 units long. 

If we now look at the Triplet - Triplet absorption spectra in figure 4.4 a 

different dependence is seen, the polymer, 20mer and 10mer have the same 

photoinduced absorption whereas the variation with conjugation length seen in the 

ground state absorption is only seen in the shortest oligomers. The data for the 

pentamer and trimer have been smoothed with a 15 point adjacent averaging 

algorithm, this was necessary because they have very low signal magnitudes due to 

the reduced ground state absorption of the 400nm pump laser. It is also interesting to 

note that the trimer spectrum has a slight shoulder at about 1.65eV. There are two 
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possibilities for this the first is contamination with longer polymer chains which could 

produce the additional photoinduced absorption. The other possibility is that the 

trimer has become aggregated in the solution producing a state with increased 

conjugation, this would be similar to the behaviour of PFO in solution which is 

described in more detail in the second half of this chapter. 

The onset of absorption of the oligomers was also measured and is plotted in 

figure 4.5 against n, the length of the polymer, by assuming the linear dependence of 

the absorption with 1/n is true it is possible to use this data to calculate the effective 

conjugation length for the singlet exciton, most likely determined by the frequency of 

structural defects on the polymer backbone which confines the singlet. This is done by 

fitting the data for the oligomers, in which we must assume that the majority of the 

chains do not contain structural defects, to the equation shown on the graph and from 

the intersect of this fit with the energy of the onset of absorption of the polymer itself 

we can estimate the effective conjugation length of the polymer. From this we can see 

that the effective conjugation length is considerably shorter than the length of the 

polymer chain itself, some 25-30 units in comparison to the 260 unit length expected 

from the mean molecular weight of the polymer. This in turn suggests that the mean 

separation of the structural defects is between 25 and 30 units. 
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Figure 4.5 The onset of ground state absorption against chain length, fitting the oligomer data 
allows the calculation of the effective conjugation length of the polymer. 

In figure 4.6 positions of the absorptions have been plotted against 1/n and the 

difference between the behaviour of the absorption and photoinduced absorption is 

clear. These plots provide a clear way of testing the contributing factors to the exciton 

size; if the exciton were being confined purely by conjugation breaks in the polymer 

than one would expect to see the same dependence on length for the absorption of 

both the triplet and the ground state. However as this is not observed, it leads us to 

conclude that the triplet exciton size is defmed more intrinsically, this can only be 

concluded for the triplet because no turn over is seen for the ground state absorption 

dependence indicating that the singlet can occupy a considerably larger conjugation 

length given a long chain. 
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Figure 4.6 Variation of Ground state and Triplet-Triplet absorptions with inverse chain length 

As previously mentioned the ground state absorption dependence on the 

inverse conjugation length follows approximately a straight line and this can be 

extended to estimate the absorption for the monomer to be 3.9 ± 0.1 eV. The fit line 

for the triplet exciton dependence is from equation 24. 

(Equation 24) 

The derivation 53
• 

54 of this equation assumes a clearly defmed energy gap for 

the polymer Eoo, the monomer E1, the length of the oligomer n and a fitting factor a 

which expresses the sharpness of the turn over from the exciton energy being defined 

intrinsically (large n) or by the constraints of the conjugation length (small n). From 

this turn over point we can estimate the triplet exciton size to be approximately 5 

repeat units long. The fitting also gives an estimate for the energy of the Triplet -

Triplet absorption for the monomer as 2.5 ± 0.1 eV. Unfortunately this can not be 

verified as neither the 400nm diode laser nor the Ar+ laser used as the pump can 

provide excitation of the monomer because the ground state absorption spectrum is 

shifted to too high an energy. 
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The variation of the ground state absorption with effective conjugation length 

is similar to that observed previously in polythiophenes the linear relationship with 

1/n was once again found. However, in polythiophenes the T1~Tn absorption 

appeared to act much more like the singlet absorption with no deviation from a linear 

dependence with 1/n. This was attributed to the highest triplet exciton being as 

delocalised as the singlet state. However the lowest triplet state as measured by pulse 

radiolysis energy transfer does show a deviation from the linear dependence with 1/n 

at between 4 and 6 repeat units, this was attributed to electron delocalisation in the 

triplet state. Further confmement of the triplet exciton to 1 or 2 repeat units is 

expected from theoretical models based on single particle theories55 and ODMR 

measurements56
• 

57
; this theory is also supported by evidence from experiments with 

both fluorene58 based copolymers and carbazole-oxadiazole based copolymers59 

where the triplet can become confined by making the polymerisation at different 

positions on the phenyl ring, experiments of this type suggested that the triplet exciton 

was confined even further to as few as two phenyl rings. The results for 

polyspirobifluorene seem to allow for a middle ground, with the triplet exciton being 

less delocalised than in the case for polythiophenes, but more delocalised than in 

carbazole based polymers. 
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PFO- Poly 9,9- dioctyljluorene; solvent effects leading to aggregation. 

PFO is one of the simplest polyfluorenes, with two eight carbon alkyl chains 

substituted at the central carbon ofthe fluorene unit shown in figure 3.1. However, the 

simplicity of the substitution leaves PFO with some unusual properties60
' 

61
, most 

polyfluorenes in the solid state form a stable glassy phase which is resistant to most 

polymer processing techniques. However, PFO films exhibit some interesting features 

when they have undergone annealing processes, thermal cycling (even below the glass 

transition temperature) or exposure to certain solvent vapours. Solutions are also 

susceptible to changes when thermally cycled for example during degassing or when 

poor solvents such as methylcyclohexane are used. The most noticeable is a change in 

the absorption spectrum; additional features appear which are consistent with an 

additional spectrum with well defined vibronic character being superimposed over the 

original absorption spectrum. A redshift in the fluorescence spectrum of O.leV is also 

observed. It appears that there is some kind of phase change in the material during the 

treatments thus creating a new absorption spectrum which is superimposed on the 

absorption spectrum of the remaining glassy-phase PFO; this is known as the P-phase 

ofPFO. 

Th A h h b . l d" d . 60-62 • . e ...,-p ase as een extensive y stu 1e m recant years 1t 1s most 

intuitive to assign changes due to solvent effects to some form of aggregation with 

interchain effects becoming important. However in the P-phase of PFO there is no 

indication of broad excimer like emission often characteristic of interchain 
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interactions or reduction in quantum yield like that observed63 in MeLPPP. In this 

ladder type polymer it is believed that aggregates form and the excitiations can 

efficiently transfer from the bulk to the aggregated states which decay by a broad 

yellowish emission. The P-phase properties are in fact more consistent with the 

formation of a phase with extended conjugation. Comparison with the fully planar 

MeLPPP has yielded two possibilities for the cause of this, either the PFO is forced 

more planar by interchain interactions within the P-phase or the excitations are in fact 

located on interchain orbitals extending throughout the entirety of each of the P-phase 

segments. 

As well as changes in the ground state absorption spectrum aggregation causes 

changes in the photoinduced absorption, indicating that the morphology affects the 

triplet state as well as the singlet. In this chapter I have further investigated the nature 

of the changes to the photoinduced absorption and their causes. The PFO used in the 

study was synthesized in the Department of Chemistry, University of Durham, by Dr 

Batsanov. 
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Figure 4.7 Normalised photoinduced absorption spectra for PFO in Chlorobenzene and MCH. 

Absorption and fluorescence spectra show similar results to the other 

polyfluorenes for the polymer dissolved in toluene solution. Figure 4.6 shows the 

photoinduced absorption spectrum of degassed chlorobenzene solution at room 

temperature, the data was taken using the tungsten filament lamp as the probe beam 

and excitation was provided by the 400nm modulated diode laser with a modulation 

frequency of 72Hz the spectrum shows a peak at 1.60eV which has a width of0.23eV 

FWHM this is attributed to the triplet - triplet absorption and is consistent with 

spectra recorded for other polyfluorenes, this is in no way surprising. However when 

PFO is dissolved in MCH there is a significant change in the photoinduced absorption 

spectrum, as the red line in figure 4.6 shows, the triplet exciton peak splits into two, 

one transition at 1.64eV and another smaller one at 1.47eV; the decreasing signal 

above 1.8e V is the tail of the fluorescence spectrum of the polymer. The peak at 
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1.64e V is once again attributed to the triplet exciton of the dissolved polymer; the 

0.04eV blue shift is due to the lower solvent polarity of MCH in comparison to 

toluene. The lower energy peak is attributed to the triplet exciton of PFO chains in the 

~-phase. If we look carefully again at the PIA spectrum in chlorobenzene there is a 

small knee on the low energy side of the triplet - triplet absorption peak which 

indicates that there a small number of chains in the f3-phase even in good solvents, 

this feature is similar in nature to that observed in the three unit oligomer of PF2/6 

previously, suggesting that the shorter chains are more likely to form aggregates. 
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Figure 4.8 Comparison of the in phase components ofPA spectrum for PSBF and PFO films. 

We can take the observations of PFO solutions further by looking at PFO in 

the solid state, solutions were drop cast onto quartz substrates from a 1 Omg/ml 

solution in MCH. PIA spectra were obtained with the sample at 77K in a liquid 

nitrogen cryostat. The spectra obtained show a surprising result when compared to 

other polyfluorenes like PSBF these are shown in figure 4. 7. The spectrum features a 
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large sharp absorption at 1.42eV and a smaller peak at 1.95eV along with these two 

weak shoulders are observed at 1.64e V and 2.11 e V as well as the negative going 

signal from the photoluminescence at high energies. The similarities with the MCH 

solution spectrum allow us to assign the 1.42e V and 1.64e V to the triplet - triplet 

absorption of the P-phase and 'normal' solution state exciton of PFO. Assignment of 

the higher energy features is more complex; Cadby and Wohlgenannt et af'0 have 

attributed the 1. 95e V feature to transitions of polarons and indeed using an FTIR 

photoinduced absorption spectrometer setup they are able to observe another polaron 

like absorption below 0.5eV. However, having recorded the spectra at two different 

pump beam modulation frequencies, the two large peaks have the same relative 

intensities whether recorded at a chop rate of 720Hz or 72Hz although the magnitude 

ofthe signals at 720Hz is approximately 1/10 of that observed at 72Hz. This confirms 

that the two peaks obey the same decay kinetics; with this in mind the 1.95eV feature 

is attributed to a higher absorption from the first triplet state (T 1-T m) where the 

1.42e V feature is the original (T 1-T n) absorption. This would naturally have the same 

kinetics as the 'normal' triplet excited state as it is the kinetics of the initial state that 

are measured in this way. The shoulder at 2.lleV can be understood in the same way, 

this is a higher transition (T 1-T m) of the amorphous triplet, this conclusion is 

supported by the fact that the splitting of the two higher transitions is approximately 

the same as the splitting of the two (T 1-T n) transitions. It is also possible to just see 

the higher triplet transition (T 1-T m) on the PSBF. This is noticeable where the 

spectrum turns over to become the fluorescence and an additional shoulder is just 

visible. It is an interesting question to ask why this transition was not visible in 

solution state experiments. The answer is simple, we were unable to see the higher 

transition of the amorphous triplet because they were masked by the high 
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luminescence of the solutions as they are within the edge of the polymer fluorescence; 

however the films have sufficiently quenched luminescence that the higher transition 

of the amorphous polymer is visible. 

These results have shown that the P-phase of PFO can form not only in the 

solid state, but in poor solvents. The formation of the P-phase shifts the T 1- T n 

absorption to lower energy suggesting that there are segments of extended 

conjugation. An additional higher T 1-T m transition is also observed for both the P­

phase and the amorphous triplet for films containing the P-phase. The amorphous 

triplet was also observed in both the p-phase films and solutions in poor solvents, so 

even though a large number of P-phase segments are formed, not all polymer chains 

are in the segments. 
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Guest - Host Energy Back-transfer in a Phosphorescent Dye doped 

Polymer System. 

As outlined previously one of the current problems in PLEDs is loss of 

efficiency from the triplet state. As we know charge recombination in devices results 

in a singlet- triplet ratio of up to 25%:75% which results in a considerable reduction 

in the number of emissive states18
• 

19
. The best way to circumvent this problem is to 

harvest the triplet states for light output, thus allowing a considerably higher 

proportion of the excited states to contribute to the overall device efficiency. If we 

consider the nature of triplet generation after photo creation of singlets, intersystem 

crossing from the singlet state we remember that the rate of intersystem crossing is 

considerably enhanced by the presence of a heavy atom due to the spin orbit coupling, 

consequently the rate of phosphorescence is enhanced as well. With these two 

considerations in mind it is possible to dope the polymer in a PLED with a 

phosphorescent heavy metal complex; giving a large increase in device efficiency8
• 
64

-

69 

The method by which the phosphorescent complex in an electroluminescent 

device can be excited is by either one or both of the following ways; firstly energy 

transfers from the conjugated polymer host material, by resonant forster energy 

transfer. Or by acting as preferential electron trapping sites which allow charge 

recombination on the complex70
• 

71
. In photoexcitation experiments the complex can 
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once again be excited by energy transfer from the polymer host or by directly exciting 

in the absorption band of the complex itself. The latter method allows us to more 

easily understand the processes involved in the decay of the triplets on the complex 

and any energy transfer processes that depopulate the complex. The only problem that 

can arise is due to the relative strengths of the absorption bands of the polymer and 

complex, in a doped system as there are relatively few molecules of complex 

compared to the polymer the absorption into the complex is negligible compared with 

that of the polymer therefore, in order to carry out experiments of this type the blend 

must be excited away from the absorption band of the polymer with a relatively large 

laser dose in order to create enough triplets on the dopant. 

However, there is one problem with phosphorescent dye doped devices which 

lies in the triplet level of the polymer; if the triplet level of the polymer is lower than 

that of the phosphorescent complex then triplet energy transfer can take place from 

the complex back to the polymer, quenching the phosphorescence of the complex. 

The low triplet energy of most of the conjugated polymers suitable for PLED 

applications makes this a maJor stumbling block for the design of 

electrophosphorescent devices which emit in the blue and green regions of the 

spectrum, new polymers are being developed to overcome this barrier, one commonly 

used polymer polyvinylcarbazole (PVK) has a suitable triplet energy but 

unfortunately there is a hole injection barrier of approximately leV resulting in 

devices with low luminence and high onset voltage. Other such suitable polymers are 

the newly developed carbazole-oxadiazole based copolymers previously mentioned59
. 

However, there is another solution; as outlined previously triplet energy transfer 

occurs by the Dexter process, requiring overlap of the electronic orbitals of the guest 
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and host. It is now an elementary step to imagine reducing the orbital overlap by 

separating the polymer chains from the complexes by the addition of bulky side 

groups on the complex which physically prevent close contact between the chains and 

the complex24
, similarly the same effect could be achieved by using a polymer with 

bulky side group. For example it is possible to envisage the conjugated part of the 

complex surrounded by a shell of unconjugated alkyl groups to prevent energy 

transfer. 

In some cases the cycling of energy from the singlet to the triplet via the 

complex on the polymer can be advantageous, as it provides a way of enhancing the 

triplet population on the polymer. This method has been used with Benzil as the 

triplet enhancer by Rothe et al to aid investigation into polymer triplet energy 

transfer 72
. 

lr(PPYh lr(BuPPYh 

Figure 5.1 The lridium(lll) complex dopants used in the study. 

The efficiency of a device in which there is triplet back transfer is directly 

affected by the rate of the energy transfer; this can be measured directly using time 

resolved photoinduced absorption to measure the build up of triplet states as they 
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return to the polymer host. Experiments have been carried in this way out to test the 

method of reducing the back transfer and hence increasing the efficiency of the device. 

Rates of back transfer were measured for polyspirobifluorene doped with Ir(PPY)3 

and two derivatives: Ir(BuPPY)3 and Ir(Bu2PPY)3 the structures are shown in figure 

5.1. All the complexes used in the study were kindly provided by Dr A. Beeby at the 

department of Chemistry, The University of Durham. 

As with all tris-chelates the complexes are able to form in both thefac (facial) 

and mer (meridianal) isomers, however, the fac isomer shows considerably higher 

luminescence quantum yield73, and indeed the mer isomer is known to rearrange to 

the fac under UV irradiation. For all the complexes in this study the fac isomer has 

been used. This use of the fac isomer has an interesting implication when the phenol 

or pyridine ring on the ligand has an isobutyl substitution at one of the carbons; if 

both are substituted the effect is to form a shell around the complex with the butyl 

groups. If only one ring is substituted the effect is a shell over only one half of the 

complex. This hemisphere effect gives us the shielding effect required to reduce the 

energy transfer. 
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Figure 5.2 Absorption fluorescence and phosphorescence of PSBF films (top), Absorption and 
phosphorescence of lr(ppy)3 in zeonex films. 

In order to ascertain the energy levels of the system absorption, fluorescence 

and phosphorescence spectra were obtained for PSBF and the absorption and 

phosphorescence were obtained for the complexes, these are shown in figure 5.2. 

Theoretical calculations have been carried out by Hay74 which indicate that the feature 

in the absorption spectrum of Ir(ppy)3 at 494nm is the triplet MLCT state and slightly 

higher in energy is the singlet MLCT state which rapidly undergoes intersystem 

crossing to the lower energy triplet due to the large heavy atom effect75
. An energy 

level diagram for the system is shown in figure 5.3. 
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Figure 5.3 Energy level diagram of the polymer - complex system. The thick black lines represent 
excitation and emission and the thinner lines represent radiationless energy transfers between 

the states 

The emission from the Iridium complex at 510nm (2.43eV) remains the same 

for all the complexes, indicating that the isobutyl substitutions have no effect on the 

3MLCT state allowing more simple comparisons to be drawn. This is as expected as 

the isobutyl groups can take no part in the conjugation and hence would not be 

expected to influence the d2 - 1t* 
3MLCT transition, although it is conceivable that 

there could be an increase in electron density on the rings from the electron donating 

isobutyl groups76
, this effect is clearly to small to have an influence. Steady state 

photoinduced absorption spectra have been obtained for Ir(PPY)3 and PSBF and are 

shown in figure 5.4 the spectrum for PSBF has been explained previously. The 

Ir(PPY)3 spectrum shows a peak at 400nm attributed to the triplet MLCT state and the 

other feature at 450nm is attributed to the photobleaching of the ground state 

absorption, these features are consistent with reported spectra for this and other Ir(III) 

complexes77
. As the triplet-triplet absorptions of the two components are well 

separated with no overlap it is possible to probe the photoinduced absorption of the 

PSBF without it being affected by any change in the intensity of the P A of the 

complex. 
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Figure 5.4 Photoinduced absorption spectra of PSBF film and Ir(ppy)3 zeonex film, the Ir(ppy)3 

has been scaled by a factor of 5 for ease of comparison. Only the out of phase componants are 
shown as the in phase componant is dominated by the strong phosphorescence from the complex. 

Films of PSBF containing approximately 7% by weight of the Ir(III) 

complexes, the dopant level is only approximately 7% because the level was varied 

from complex to complex to ensure that the same concentration of Iridium atoms was 

present in all the films. The films were spun at 1200rpm onto sapphire substrates from 

either toluene or in the case of the unsubstituted Ir(PPY)3 chlorobenzene. Steady state 

emission spectra after excitation at 355nm were recorded and are shown in figure 5.5 

alongside a spectrum for undoped PSBF and Ir(PPY)3. It is important to note that 

although excitation at 355nm is within the absorption bands of both the polymer and 

the complex the absorption of the complex in the films is negligible compared to the 

polymer so much so that it is not detected by the spectrophotometer. Thus all the 

excitations that subsequently appear on the complexes arrive via the polymer, which 

is a clear indication that forster transfer is strong in this case. The emission of the 

films already gives a clue as to the relative rates of energy transfer. The most 
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substituted ligand shows an increase in the size of the peak at 51 Onm originating from 

the Ir(xPPY)3, showing that there are either more triplets created on the complex or 

that they are less able to transfer away before undergoing a radiative decay. It is also 

important to note the magnitude of the PSBF emission peaks, not only are they all 

considerably quenched in comparison to an undoped film, but the doubly substituted 

film has a larger PSBF peak. This could be an indication that the substitution is 

affecting the rate ofForster transfer from the PSBF to the complex. 

827 620 496 413 354 
13000 

12000 
Complex Phosphorescnece 

-- lr(Bu
2
PPY)

3 

11000 

\ 
-- lr(BuPPY)

3 

10000 --lr(PPY)
3 ~ 

1/) 9000 PSBF fluorescence c: 
Cl) 8000 

/ -c: 

~ 7000 
c: 6000 Cl) 
(.) 
1/) 5000 
~ 
0 4000 ::J 

u::: 3000 

2000 

~ 1000 

0 

1.5 2.0 2.5 3.0 3.5 

Wavelength /nm 

Figure 5.5 Steady state emission of films of PSBF blended with the various lr(III) complexes, 
these data are not normalised and it is important to note that the magnitude of the PSBF 
fluorescence peak is approximately 3 orders of magnitude smaller than for an undoped film. 

Time resolved photoinduced absorption measurements were then made on the 

films at 80K. In this experiment the triplet population of the PSBF was monitored 

after direct excitation of the complex. This was done using a dye laser containing a 

solution of Coumarine 500, which lases at 495±5nm providing excitation directly into 
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the MLCT bands of the complex. Crucially this is outside the absorption spectrum of 

PSBF thus ensuring that any triplets that subsequently appear on the polymer have 

undergone an energy transfer from the complex. The probe beam was a 785nm diode 

laser which was detected by a 20Hz amplifier and recorded on the oscilloscope as 

described in more detail in the experimental section. It was necessary to use 

considerable laser power to excite the complex due to the low absorption and low 

concentration of the complex in the film; indeed the absorption spectrum of the doped 

films does not show any absorption for the complexes at all, although the emission 

spectra more than verify its presence. The build in for the PSBF triplets after 

excitation of the complex are shown in figure 5.6. These have been smoothed and 

fitted to a single exponential build in function to give a build time. The build in times 

show a slower build in as the isobutyl groups are added. 
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Figure 5.6 Build in of triplets on PSBF following excitation of the complex at SOOn m. The build in 
of triplets in a film of PSBF following excitation of the PSBF itself is faster than the time 
resolution of the experiment. 

97 



The slowing of the build in clearly suggests that the protective shell of the 

isobutyl groups on the ligands is slowing the rate of triplet energy transfer to the 

polymer (on the energy level diagram this is marked as kgh). The reasoning behind 

this is relatively simple; the energy is transferred through the Dexter mechanism thus 

requiring overlap of the donor and acceptor orbitals. The wavefunction of the orbitals 

decays exponentially; moving the donor away from the acceptor reduces the orbital 

overlap considerably thus the energy transfer is less efficient. This rate of energy 

transfer by the Dexter process is governed by the equation78
. 

(Equation 24) 

With ~a the rate of energy transfer form donor to acceptor,~ the lifetime of 

the donor, Yda=2Ro!L where Lis a distance characterising the interaction range known 

as the Bohr radius; Ro the critical radius for energy transfer and R the separation of 

donor and acceptor. 

If we take the most simple case of the isobutyl groups on the Ir(Bu2PPY)3 

forming a shell around the excited complex which inhibits the energy transfer to the 

polymer using equation 24 it is possible to estimate the critical radius for energy 

transfer Ro; we calculate this to be 1.2nm. This is however a lower bound as in using 

equation 24 we have assumed that the complex and the polymer are solid objects in 

contact with one another when in reality there may be free space between them. 

It is advantageous at this point to consider a kinetic scheme for the blend, in 

the first instance following excitation of the polymer host. We consider all of the 

excitations to form on the polymer and undergo energy transfer, this is possible 

because of the relative strengths of the absorption bands of the polymer and complex, 

in this scenario we must consider both energy transfer to the complex and back 
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transfer away. In the equations below the 'h' subscript denotes the host polymer and 

the 'g' the guest complex. 

in this scheme, Sh denotes the number of singlets on the host, Ng the number of 

excitations on the dopant (strictly the excitations are Forster transferred as singlets 

and then undergo intersystem crossing to triplets, from which they transfer back to the 

host.) kr, knr, and khg are the radiative and non radiative decay rates for the polymer 

and the rate of Forster transfer to the complex respectively; kgh and kg are the rates 

guest host triplet back transfer and the radiative decay rate for the complex. 

In the simplified case of the photoinduced absorption experiments carried out 

we can neglect the effect of the energy transfer to the complex as excitation was 

carried out exclusively in the absorption band of the complex, using the same notation 

as above this simplifies the kinetic scheme as follows. 
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In this case T h is the number of triplets on the host polymer which as we can 

see is only dependant on the rate of Dexter transfer from equation 24 and the number 

of ex citations on the complex. 

It might be expected that the overall magnitudes of the photoinduced 

absorption peaks would be related to the efficiency of the transfer; the blend with the 

most efficient energy transfer would give the highest number of polymer triplets. This 

was not observed. However, this observation does not really contradict the findings 

from the build in times as there are many more factors to include when considering 

the number of triplets produced, these include the relative magnitude of the absorption 

of the individual complexes, the film thickness as well as the number of iridium atoms 

in the films. 

In summary we can draw the conclusion that the rate of triplet back transfer 

from an excited do pant with triplet energy above that of the host can be manipulated 

by adding bulky side groups to the dopant to change the spatial proximity of the 

dopant to the host polymer. This in turn reduces the rate of Dexter energy transfer to 

between the dopant and the host polymer. This will in turn increase the efficiency of 

electrophosphorescent devices where the triplet level of the phosphorescent dye is 

higher than the triplet level of the host polymer. 
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As outlined many times previously there is much importance attached 

to the triplet stated in conjugated polymers and in particular the polyfluorenes. The 

investigations carried out for this thesis have given an insight into the nature of the 

build in and decay of triplets in polyfluorenes, there are a number of firm conclusions 

that can be drawn from the results. 

Time resolved photoinduced absorption and gated emission studies have been 

made on pristine and blended films as well as dilute solutions of Polyspirobifluorene 

(PSBF). Upon photoexcitation in solution triplets are formed on isolated chains of 

PSBF by intersystem crossing and the rate of formation of triplets reflects the rate of 

decay of the singlet exciton, thus proving that the nature of triplet production is via 

intersystem crossing. 

If triplet excitons are formed on the individual chains in sufficient density then 

the excitons are able to travel along the chains and take part in intrachain triplet -

triplet annihilation reactions which give rise to delayed fluorescence. However, it 

appears that the singlet excitons are unable to travel along the chains as there is no 

evidence of singlet-singlet annihilation even though a large number of singlets are 

created on each chain. 

In the solid state, films of PSBF were investigated; annihilation reactions also 

occur however the close proximity of the polymer chains allows for both intra-chain 

and inter-chain annihilation to occur. It has been shown that these annihilation 
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reactions are the origin of delayed fluorescence in films of PSBF. This is consistent 

with the delayed fluorescence observed in other polyfluorenes. Unlike in solution 

state experiments singlet-singlet annihilation was observed in addition to triplet-triplet 

annihilation, and this in comparison to the solution state work suggests that the 

singlets are only mobile between the chains rather than along them. 

The triplet state in conjugated polymers can also be populated by energy 

transfer, we have shown that in blended films of PSBF and Ir(PPY)3 and similar 

complexes energy transfer from an organic phosphor can form triplet excitons on 

PSBF chains. This gives a slower build in of the triplets on the polymer than direct 

photoexcitation and intersystem crossing we have demonstrated that as triplet energy 

transfer is by the Dexter transfer mechanism the rate of energy transfer can be 

manipulated easily. The addition of bulky groups which do not change the 

photophysics of the complex, in this case isobutyl groups, can slow down the energy 

transfer by separating the dopant from the polymer chain, thus reducing the overlap of 

the orbitals necessary for Dexter transfer. Reducing the rate of triplet back transfer in 

a blended polymer and phosphorescent dopant system reduces the number of triplet 

excitons lost to the weakly emissive polymer triplet state thus increasing the 

phosphorescence of the dopant. 

An investigation into the steady state photoinduced absorptions of some other 

polyfluorene derivatives has lead to some interesting conclusions. Firstly the variation 

of the ground state and triplet - triplet absorption of oligomers of PF2/6 has shown 

that triplet exciton occupies only a short, approximately 5 unit, conjugated segment of 

the chain, whereas the singlet occupies a considerably larger conjugation length, 
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approximately 25 units and is most likely constrained by defects in the structure of the 

same separation. 

Steady state photoinduced absorption spectra of films and solutions of PFO 

have shown that in poor solvents and an alternative morphology of the polymer can 

form known as the ~-phase. In poor solvents this gives rise to a shift in the 

photoinduced absorption spectrum which is observed along with the features for the 

amorphous polymer. However, in films of the ~-phase not only is the shift observed, 

but the reduced luminescence compared to the solution allows a higher absorption of 

the triplet to be resolved, for both the ~-phase peak and the amorphous triplet. 

These investigations into the triplets of polyfluorenes and polyspirobifluorenes 

have yielded results which will help to further the understanding of triplets in 

conjugated polymers. This understanding will ultimately be useful in improving the 

efficiency electroluminescent devices based on emission from conjugated polymers 

and blends of conjugated polymers and organic phosphors. 

103 



Publications 

The publications listed below were published as a result of work contained in 

this thesis. 

'Triplet Build in and Decay in Isolated Polyspirobifluorene chains in 

Dilute Solution' S. King, C. Rothe, and A. P. Monkman, Journal of Chemical 

Physics, (in press) (2004). 

'The Triplet Exciton State and Related Phenomena in the (3-phase of 
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