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Summary 

 

 This thesis is concerned with two component host-guest systems, where the 

host materials are organic electroluminescent semiconducting polymers.  These 

materials are of interest for both academic and commercial research as they are cheap 

and easily processed materials, which demonstrate quasi-one dimensional properties. 

Molecular guests were first introduced to the materials to enable colour tuning. The 

present work, however, shows the technique may also be extended to reveal properties 

of the host polymers. 

 The work studies a variety of host polymers under both optical and electrical 

excitation, with different emissive molecular dopants included.  The interactions 

between the host and guest are investigated in each case, with examples of energy 

transfer, exciton dissociation and dopant aggregation observed.  The investigation of 

these different interactions enables quantitative information about the host polymers 

to be deduced.   

 The dopant used in the majority of the work was a phosphorescent platinum-

substituted porphyrin molecule. Differences observed when exciting blends including 

this molecule either optically or electrically are used to elucidate the processes 

occurring.  The interactions with the host polymers are shown to include direct 

transfer between the triplet levels of the two materials.  

 Where this transfer is from host to guest, the host triplet level must lie above 

the guest level to make the transfer energetically favoured. This allows a lower limit 

of the host triplet energy of 1.9eV to be deduced.  Additionally, this provides the 

normally non-emissive polymer triplet excitons a radiative decay channel, thereby 

introducing an opportunity to increase the efficiency of organic LEDs. 

 Where the transfer is from guest to host, an upper limit of 1.9eV may be 

inferred for the triplet energy of the host polymer.  Furthermore, a knowledge of the 

number of triplet excitons which are transferred to the host from the guest allows the 

inherent intersystem crossing on the polymer to be estimated.  A value for the 

polymer T1-Tn absorption cross section may then be deduced. 
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Chapter I: Introduction 

1 

CCHHAAPPTTEERR  II  

IINNTTRROODDUUCCTTIIOONN  

 

The initial discovery1 of electroluminescence from a conjugated polymer film 

in 1990 was the starting point for a rapidly expanding and technologically important 

field of research.  Commercially, electroluminescent organic semiconducting 

polymers represent a lightweight, cheap and easily processible alternative to more 

traditional materials such as silicon, with the possibility of making solar cells, 

transistors and light-emitting diodes (LEDs). The physics governing these 

semiconducting materials is also of great interest owing to their quasi-one 

dimensional nature, and the opportunity to study them both using spectroscopic 

techniques and in device structures. 

This thesis is concerned with the processes which occur when a variety of 

emissive dopant molecules are blended into organic electroluminescent polymer host 

matrices.  Of the range of interactions observed in the blends studied, the most 

common is energy transfer.  Indeed, for many of the blends examined, the principal 

objective was to combine components which would exhibit energy transfer from host 

to guest.  This was assessed primarily via the relative positions of the energy levels of 

the components, evaluated from their electronic spectra.   

The importance of the process of energy transfer is conveyed by its occurrence 

in many biological systems, including one of the most fundamental of all – 

photosynthesis.  During photosynthesis, chlorophyll molecules act as antennae to 

absorb light from the sun.  This initial excitation is then channelled via a sequence of 
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energy transfers.  The mechanism of this and other energy transfers have been studied 

for much of the twentieth century, the principal texts having been written by Dexter2 

and Förster3 around fifty years ago.  

Energy transfer in blends based on electroluminescent materials has been used 

as an ideal method of colour tuning for some years4.  Readily available emissive 

molecules may be used to easily alter the emission colours of existing polymers 

without the need for difficult chemical synthesis of new materials. Transfer of the 

excitons from the host polymer is possible under both optical and electrical excitation, 

so LED emission may also be tuned.  This is important for applications such as 

displays, where specific emission spectra are required for accurate colour 

reproduction.  Furthermore, as is shown in this work, if a phosphorescent dopant is 

used which may capture triplet excitons from the host polymer, additional benefits are 

obtained.  The observation of energy transfer directly between phosphorescent dopant 

and host triplet energy levels indicates which of the levels lies higher in energy.  Since 

the energy of the triplet level of the dopant is known from its phosphorescence, a limit 

of the unknown host triplet exciton energy may be deduced.  Other excitonic 

parameters relating to the host may also be determined, and the opportunity to allow 

normally non-emissive triplet excitons a radiative decay channel can also increase the 

internal efficiency attainable in organic LEDs. 

As seen at some points in this work, blends which have been created with the 

intention of observing energy transfer exhibit alternative effects.  Exciton 

dissociation, as is very desirable in organic solar cells, or quenching of the emission 

due to aggregation of a dopant molecule may dominate or replace the energy transfer 

altogether.  In these cases, alternative experiments and careful analysis may 

substantiate the phenomenon responsible for the results observed. 

  

The rest of this thesis is divisible into two parts: background and results. 

Chapter 2 discusses the relevant theory and literature relating to conjugated 

materials and some basic photophysics and energy transfer theory.  This, combined 

with the outline of experimental methods used in the rest of the work, given in chapter 

3, provides a background to the subsequent results chapters.  

The results chapters begin with a discussion of singlet energy transfer in 

blends of conjugated polymers and fluorescent molecular dopants, under both optical 
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and electrical excitation.  Chapter 4 also endeavours to address a variety of problems 

which may be encountered when blending a polymeric host with a molecular dopant 

and expecting to observe energy transfer.  It also serves as an indication of the care 

which must be taken when interpreting spectroscopic results. 

Chapters 5 and 6 present the results of blending the same phosphorescent 

molecular dopant into a variety of electroluminescent hosts.  The two host polymers 

used in Chapter 5, when blended with the phosphor, create systems which 

demonstrate long-lived emission under both optical and electrical excitation.  The 

emission of the guest molecule from the triplet manifold suggests that the normally 

non-emissive triplet excitations in the host cannot be forgotten.  Evidence for a direct 

interaction between host and guest triplet energy levels is indeed observed, and this 

observation is discussed with respect to extending the usefulness of blending organic 

semiconductors with emissive dopants beyond simple colour tuning.  

Chapter 6 demonstrates that energy transfer from host to guest is not the only 

possible outcome when a molecular dopant is blended with a conjugated polymer.  

The same phosphorescent dopant is used as in chapter 5, but in all the hosts into 

which the molecule is blended in this chapter, quenching of the phosphorescence is 

observed.  In some cases, host emission is also quenched.  This is investigated with 

respect to three possible quenching mechanisms; aggregation of the dopant, exciton 

dissociation, or energy transfer to the host triplet level, where the excitation decays 

non-radiatively.  Various techniques are used for resolving the cause in each case.  In 

the case of guest to host energy transfer, the results are used to infer quantitative 

information about the host energy levels and to quantitatively estimate the T1-Tn 

absorption cross section of the polymer triplet excitons. 

 Chapters 7 and 8 provide some final conclusions and a bibliography of 

publications arising from work in this thesis respectively. 

 

1. J.H. Burroughes, D.D.C. Bradley, A.R. Brown, R.N. Marks, K. Mackay, R.H. Friend, 

P.L. Burns and A.B. Holmes. Nature 347, 539 (1990). 

2. D.L. Dexter. Journal of Chem. Phys. 21(5), 836 (1953). 

3. T. Forster. at 10th Spiers Memorial Lecture, Stuttgart. (1959) 

4. C.W. Tang, S.A. VanSlyke and C.H. Chen. J. Appl. Phys. 65, 3610 (1989). 
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CCHHAAPPTTEERR  IIII  

BBAACCKKGGRROOUUNNDD  AANNDD  TTHHEEOORRYY  

This chapter discusses the relevant work carried out to date in the field of organic 

electroluminescent materials, with particular attention paid to conjugated 

polymers.  Basic theory required to provide a background to the rest of this thesis, 

and a brief outline of the relevant areas of the literature are also covered. 

2.1 Electroluminescent polymers  

Organic electroluminescent polymers and small molecules now form the basis 

for an enormous and intense field of scientific research.  The field has expanded 

rapidly in many directions and research into the electronic and spectroscopic 

properties of organic semiconductors is now carried out in institutions all over the 

world.  The fact that the materials are a commercially viable prospect has also helped 

to fuel the rapid growth of the field, and devices are now reaching standards of 

brightness, efficiency and stability which look promising to reach the market soon.  

Despite such large-scale investigation, many areas of the properties and fundamental 

physics underlying the materials are still somewhat clouded and poorly understood.  

This chapter aims to provide a basic introduction to the current understanding of the 

theory of organic semiconducting materials and the better established areas of the 

literature pertinent to the work presented in the rest of the thesis.  Areas of the 

literature which relate directly to the work presented in the later chapters will be 

reviewed in the appropriate section, alongside the findings of the present work.  For 



Chapter II: Background and Theory 

5 

further information on the commercial considerations of organic electroluminescent 

materials, and some more detailed theory and background, a number of excellent 

reviews are available1-11. 

Two types of organic polymeric conjugated materials have been used in this 

thesis.  Primarily, the work utilises polymers with a conjugated backbone, on which 

most of the theory in this chapter will be based.  However, a new type of polymeric 

organic semiconductor, with conjugated side-chains but a saturated backbone has also 

been used12.  These polymers combine molecular semiconducting properties with the 

ease of processibility of polymeric materials, since the small molecules which are 

normally vacuum deposited are simply grafted onto a saturated polymer backbone.  

Since all the semiconducting properties of these polymers arise from the conjugated 

side chain, the theory in this chapter is still applicable to these materials. 

2.1.1 Electrical properties of conjugated systems 

The principal building block in organic conjugated systems is the element 

carbon, which has an electronic configuration of 1s2 2s2 2p2.  The electrons in the 1s 

orbital are very tightly bound to the nucleus, and as a result do not participate in the 

bonding with other atoms.  In order for the carbon atom to bond with other atoms, 

bonding orbitals may be created via hybridisation of the 2s orbitals with either some 

or all of the 2p orbitals.  For instance, in diamond, all three p-orbitals are combined 

with the 2s orbital to make four sp3 hybrid orbitals with tetrahedral symmetry.  The 

hybridisation in conjugated materials, however, is like that of graphite, where the 2s, 

2px and 2py orbitals combine to form three sp2 orbitals in a trigonal planar formation 

(see figure 2.1).   

Figure 2.1: Left: Hybridised sp2 orbitals available for -bonding in carbon backbone 

and the perpendicular pz-orbital, and right: bonding and anti-bonding energy levels of 

combinations of pz-orbitals, and the associated molecular orbital electron density 

probability forms. 
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Each of the hybrid orbitals contains one bonding electron, which is then 

available for forming covalent -bonds with adjacent atoms.  The structural integrity 

of the polymer chain is therefore formed using two of the trigonal planar -bonds, and 

functional side groups or hydrogen atoms are attached using the remaining sp2 

bonding orbital. 

The pz orbital does not take part in the hybridisation, and is arranged 

perpendicularly to the -bonds of the carbon system.  The pz orbitals on adjacent 

carbon atoms combine to form a molecular p-orbital, consisting of a bonding orbital 

(p) which is lower in energy than the original pz orbitals, and an anti-bonding orbital 

(p*) which lies higher in energy (see Fig 2.1). The bonding and anti-bonding 

components of the molecular orbital are the in-phase and out-of-phase combinations 

of the constituent pz orbitals respectively.  The electrons which occupy the original pz 

orbitals are all accommodated in the bonding molecular orbital whilst the molecule is 

in the electronic ground state.  The bonding, p-orbital is therefore the highest energy 

occupied molecular orbital (HOMO), and the anti-bonding, p*-orbital the lowest 

unoccupied molecular orbital (LUMO). As more pz orbitals along the chain are 

combined, the discrete p and p* orbitals form quasi-continuous bands.  The terms 

HOMO and LUMO are still useful, however, and are applied throughout this thesis. 

From this molecular bonding description, it can be seen that the electrons of 

the -bonds of conjugated systems remain bound tightly between adjacent carbon 

atoms, and cannot, therefore, contribute to the electronic properties of the materials.  

The electrons in the p-bonds, however, lie above and below the polymer chain and are 

less tightly bound and somewhat delocalised across the entire chain.  This makes them 

more mobile, and enables them to contribute more to the electronic properties of the 

material. Conjugated systems may be formally represented by alternating single and 

double bonds, the single bonds being just -bonds, and the double bonds a 

combination of a -bond and a p-bond.  In reality, the p-bonds are more delocalised 

than this representation suggests. 

Intuitively it might appear from a chain of the simplest conjugated polymer, 

trans-polyacetylene (PA) (figure 2.2), that conjugated polymers should be most stable 

when the p electron density is delocalised evenly along the entire length of 

conjugation and all bonds are of equal length.  If this were the case, PA would be a 

metallic conductor with no band gap (figure 2.2). However, it has been shown that the 
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structure is stabilised by a Peierls distortion13,14, to give alternating bonds of high and 

low p electron density, and causes the structure to dimerise to a short and long 

sequence of bonds.  This reduces the symmetry, which in turn reduces the width of 

the Brillouin zone from p/a to p/2a (also shown in figure 2.2).  This opens up a gap in 

the band structure of PA making it a semiconductor. 

 

Figure 2.2: Peierls distortion of trans-PA and associated changes to band structure. 

 

2.1.2 Processing 

The repulsion between pz orbitals is minimised when a conjugated chain is 

planar, and conjugated backbone polymers tend to be rigid and insoluble as a result.  

There are two possible ways to surmount this problem, both of which have proven 

successful in the field of conjugated polymers.  The initial answer, used for many 

electroluminescent conjugated polymers including the prototypical poly(p-

phenylenevinylene) (PPV), is to form the film whilst the polymer is still in some 

partially-conjugated precursor state. The polymer is then converted in situ to the final 

conjugated form.  This conversion is carried out by heating under vacuum, which aids 

the detachment of a sulphonium or other leaving group.  The major disadvantages 

with this method are: (a) incomplete conversion which can lead to broken conjugation 

and defect sites on the polymer chain; (b) the interaction of the leaving group with 

other sections of polymer causing further reaction and more defects; and, (c) residual 
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leaving group remaining in the polymer film even after detachment from the polymer 

chain.  An alternative method of enabling solution processing of conjugated polymers, 

which avoids the problems of dealing with a leaving group, is to attach flexible non-

conjugated side-chains to the main polymer backbone.  The flexibility of the side 

chains provides the solubility that the rigid backbone cannot.  This approach has 

proved very successful in producing films of polymers such as MEH-PPV15,16, and 

there now exists an enormous range of soluble polymers with flexible side chains.   

In the case of saturated backbone polymers with conjugated side chains, 

solubility is not an issue, since the backbone remains flexible due to the absence of p-

bonds.  Indeed, solutions made with these polymers for this thesis were of high 

quality, and did not suffer from gelling and associated morphological problems to the 

same extent as soluble conjugated backbone polymers. 

2.1.3 Excited states in conjugated systems 

 One of the main differences between inorganic and organic optoelectronic 

systems is the extent of interaction between both charged and neutral excitations and 

the structure of the system. In the case of an inorganic system like silicon or gallium 

arsenide, electrons and holes are considered to move freely through the periodic 

potential of the lattice. However, an excitation on an organic molecule results in local 

rearrangements in electron density and associated structural differences in order to 

attain stability. 

 Since conjugated systems are represented using alternating single and double 

bonds, there are two possible senses of bond alternation for each structure.  The 

polymers may therefore be sub-divided into two types, depending on the effect of 

changing the bond alternation on the energy of the polymer chain.  Trans-

polyacetylene (PA) is an example of a degenerate ground-state polymer, since the two 

senses of bond alternation are identical in energy (figure 2.3).  For other conjugated 

systems, however, including all electroluminescent conjugated polymers, the two 

senses of bond alternation are not degenerate since they differ in associated energy.  

This is shown for PPV in figure 2.3, where the quinoidal form of bond alternation is 

higher in energy than the preferred benzenoidal form.  The ground state polymer 

therefore exists in the benzenoidal form. 
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Figure 2.3: Both senses of bond alternation for both t-PA (left) and PPV (right).  For 

PPV, the high energy quinoidal form is shown above the lower energy benzenoidal 

form, but for t-PA, the forms are degenerate. 
 

 For a degenerate ground-state polymer such as polyacetylene, the combination 

of charged excitation and a bonding defect, which is effectively the boundary between 

bond alternations, is known as a soliton. Since the bond alternations on either side of 

the disruption are degenerate in energy, the soliton is free to move along the section of 

conjugation without any associated activation energy.  The soliton has an associated 

energy level at the centre of the bandgap, which may be doubly- or singly- occupied, 

or unoccupied, in the cases of negatively charged, neutral or positively charged 

solitons respectively. 
 

 

Figure 2.4: Excitations on a PPV chain: (Top): structural changes. (Bottom): energy 

levels which are introduced between valence (lower) and conduction (upper) bands. 
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For a non-degenerate ground state conjugated polymer, both charged and 

neutral excitations must be accommodated on the polymer chain in a localised area of 

modified bond alternation, which is higher in energy.  Figure 2.4 shows the 

accommodation of both singly and doubly charged, as well as neutral, excitations on 

the polymer chain and their associated energy levels within the bandgap.  The singly 

charged excitation with its associated localised disruption to the preferred bond 

alternation is known as a polaron, and can be either negative or positive.  The doubly 

charged analogue of the polaron is a bipolaron, and may also be either negatively or 

positively charged. 

 Neutral excitations, known as polaron excitons, may be created either by 

collision of two oppositely charged polarons, such as during operation of a light-

emitting diode, or by absorption of a photon of appropriate energy. 

2.1.4 Exciton vs. band description of the primary photoexcitation 

 One of the most intensely discussed areas in the field of organic 

semiconductors is the nature of the primary neutral photoexcitation, and the extent of 

bonding between the electron and hole of which it consists.  The extent of the 

correlation between the electron and hole determines whether the neutral excited state 

is best described by a band or an exciton model.  Band models are appropriate in 

cases such as inorganic semiconductors, where an unbound electron and hole pair are 

created by photoexcitation.  Excitonic models, however, are more often invoked in the 

case of molecular organic semiconductors, and suggest a bound species consisting of 

a correlated electron and hole is created by the initial optical excitation.  The primary 

excitation of conjugated polymers may also be considered simply as an excited 

molecule, in which case the electron and hole pair is an irrelevant concept. 

The fact that the onset of a photocurrent in PPV coincides with the absorption 

edge was used as evidence for the band model by Lee et al.17.  It was suggested that 

unbound carriers must be formed by photoexcitation, otherwise additional energy 

would be required to overcome the binding energy of an excitonic species, and no 

photocurrent would therefore be detected at the onset of absorption.   

However, the measurement of a photocurrent at the onset of absorption has 

been explained in terms of an excitonic model by both Antoniadis et al.18 and 
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Rothberg et al.19, who suggest that the excitons migrate to defect sites where their 

dissociation is aided.   

 Further evidence for the bound exciton model was provided by site selective 

fluorescence measurements by Rauscher et al.20, who determine a threshold excitation 

energy in PPV.  Above this threshold, the emission is independent of excitation 

energy, but below it the emission shifts to lower energy as the excitation energy is 

reduced.  This is consistent with the exciton model, since the exciton may migrate 

from areas of high to low energy, providing it has enough energy to escape 

localisation.  Above the threshold energy this is possible, but below this energy, the 

exciton is trapped and may only emit from its original position of excitation.  

Photoluminescence excitation studies by Harrison et al.21 correlate well with this in 

suggesting that intrachain excitons are the primary excited state produced by 

photoexcitation in PPV.  However, additional relaxation after excitation in some PPV 

derivatives suggests an interchain excimer state may be the resulting species in these 

cases.  Evidence for the interchain exciton in PPV cyano-derivatives has also been 

found by Samuel et al.22,23 in the form of long-lived luminescence from solid films as 

compared with dilute solutions.  

 The situation was further complicated by Yan et al.24,25 and Hsu et al.26, who 

both suggested that the primary photoexcited species in conjugated polymers are non-

emissive ‘spatially indirect excitons’ or ‘bound polaron pairs’.  These authors observe 

competition between stimulated emission and photoinduced absorption in transient 

spectroscopy, and therefore suggest that the bound polaron pairs on different chains† 

constitute 90% of the primary photoexcited states, with emissive intrachain excitons 

only representing 10% of the population.  However, two observations in PPV have 

cast doubt on this theory, namely, the measurement of PL quantum efficiencies of 

around 80%27, and the observation of optically pumped lasing in PPV27.  The former 

of these two observations suggests that at least 80% of the primary photoexcited 

species must be capable of radiative decay, which is not true of these ‘interchain 

polaron pairs’.  The latter observation is not indicative of a system in which the initial 

population consists primarily of a non-emissive species.  It is thought that such 

species would be responsible for a large photoinduced absorption that would inhibit 

 
† ‘Different chain’ in this context may mean either discrete polymer chains, or different sections of 

conjugation on the same chain. 
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gain. Photoluminescence excitation spectroscopy on both pristine and photo-oxidised 

PPV samples28 has also indicated that singlet intrachain excitons are the primary 

product of photoexcitation in PPV, since the PL efficiency is constant for excitation 

energies between 2 and 5eV.  If the interchain polaron pairs were the primary 

products, increasing the excitation energy would be expected to reduce the efficiency 

with which the emissive singlet excitons were produced. 

Energy transfer, such as that used in chapter 4 of this thesis has been used as 

evidence for an excitonic excited species.  Lemmer et al.29 and Bolivar et al.30 found 

the transfer of energy to a laser dye from a polymer host is described by a Förster 

mechanism, and therefore conclude that the initial photoexcited state on the polymer 

must be a bound exciton and not free carriers.  This is discussed further in chapter 4. 

 Debate is not confined to simply whether excitons exist or not in 

electroluminescent conjugated polymer systems; the magnitude of the binding energy 

between electron and hole in the exciton is also an issue.  Photoconductivity 

experiments have been used to derive estimates of the binding energy of the neutral 

exciton in PPV.  The temperature dependence of the photocurrent of PPV was used31 

to derive a binding energy in the polymer of ~0.4eV using the activation energy of the 

photocurrent.  A very similar value of ~0.3eV was calculated from the magnetic field 

dependence of the photoconductivity by Frankevich et al.32, who attribute their 

observations to the formation of interchain polaron pairs via an electron transfer from 

a molecular exciton.  A binding energy of 0.9±0.15eV was estimated by Chandross et 

al.33 using calculations based on a coulomb-correlated model.  The same authors find 

that one electron band theory is insufficient to describe the optical absorption in PPV, 

and that the photocurrent efficiency in MEH-PPV indicates a binding energy in good 

agreement with their calculations (0.95±0.15eV).  The highest binding energy 

estimate is from Leng et al.34, who use a variety of optical probes to derive a detailed 

energy level diagram for PPV, and suggest that 1.1eV is appropriate. 

 Whilst the excitonic description of the initial photoexcited state in conjugated 

electroluminescent polymers is now generally favoured, Köhler et al.35 presented a 

possible ‘conceptual bridge’ between the two models.  Work based on the absorption 

and photocurrent action spectra of MEH-PPV is used in conjunction with a theoretical 

investigation of the correlation of the electron and hole on a conjugation length after 

excitation. It is found that absorption into the lower energy absorption features is 
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predicted to produce bound excitons, whereas excitation at higher energies may 

produce ‘charge transfer’ states, where the electron and hole may be separated by a 

few phenylene rings.   

 The discussion of the extent of the correlation between electron and hole after 

photoexcitation of conjugated polymers is likely to continue, and almost every 

publication has implications as regards evidence for one model or another.  The lack 

of a definitive answer, even after intense investigation and much debate, suggests that 

the correct description of the photoexcitation may contain elements of more than one 

theoretical model. 

 

2.2 Photophysics  

For the purposes of the spectroscopy carried out on electroluminescent 

polymers in this thesis, it is useful to consider the photophysics of organic molecules 

in general.  All the theory in this section may be applied to a large number of organic 

molecules, but is equally appropriate for the electroluminescent polymers studied 

here.  Where specific differences occur, these are outlined.  A number of texts 

explaining basic photophysics are available, and the reader is directed to one of these 

for more detailed, or further, information36-38. 

2.2.1 Absorption 

Absorption of a photon by an organic molecule causes excitation of an 

electron from a low energy state, such as S0, to a higher energy state, such as S1
‡.   In 

the case of the conjugated systems studied in this thesis, the S0 to S1 transition is 

considered to be between π and π* orbitals.  

Figure 2.5 depicts the process of absorption and emission for a generic organic 

molecule.  The plot shows the energy of the molecule as a function of configuration 

co-ordinate.  This is a commonly used scalar representation of the tensor which 

describes the spatial configuration of the molecule at any point in time.   

Each electronic energy state consists of a number of discrete vibrational 

energy states, the energy difference between vibrational states for an organic 

conjugated molecule being on the order of 0.18eV§.  The Boltzmann distribution 

 
‡ Absorptions may also occur to other excited state orbitals, such as T1, the first excited triplet state, 

and photoinduced absorption is an example of an absorption originating from an excited state. 
§ 0.18eV is the energy associated with a carbon-carbon stretching mode. 
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dictates that at room temperature when the molecules are in the ground electronic 

state, virtually all molecules lie in the lowest energy vibrational state.  Electronic 

transitions from S0 are therefore considered to originate from this vibrational state, as 

shown in figure 2.5.   

 

Figure 2.5: Absorption and emission processes between S0 and S1 electronic states of an 

organic molecule.  (From Kearwell and Wilkinson, in Transfer and Storage of Energy by 

Molecules. 39) 

 

Since electronic transitions occur very quickly compared with nuclear 

motions40 – around 10-15s and10-13s respectively – the molecule does not have time to 

rearrange during the electronic transition.  Absorptions are therefore shown as vertical 

lines on the diagram in figure 2.5, the most likely transition being that for which the 

wavefunctions of the initial and final vibrational states display the greatest net 

positive overlap.  This is quantified by the Franck-Condon integral37, fi  , where 

χi and χf are the wavefunctions of the initial and final vibronic states respectively.  

The Franck-Condon factor, 
2

fi  , therefore gives the transition probability and 
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effectively the predicted relative intensity for absorption into each vibrational state in 

the excited electronic level. 

Excitation to vibrational levels in the excited state provides an absorption 

spectrum with the vibronic structure imposed upon it in the case of many discrete 

organic molecules.  However, in the case of conjugated polymers, the absorption of 

light often gives a broad, fairly featureless spectrum.  This is attributable to the large 

inhomogeneity in conjugated polymers, since the conjugation lengths in a conjugated 

polymer film – that is, the length of uninterrupted conjugation on any one polymer 

chain – rarely extend the full length of the chain.  A typical polymer chain may 

consist of in excess of 200 monomer units, but the conjugation is likely to be 

interrupted by kinks, twists, impurities and other defects a number of times over its 

length.  An excitation on a long conjugated section will be stabilised energetically 

with respect to one confined to a short conjugation length. Since absorption spectrum 

samples the whole distribution of conjugation lengths and therefore energies, the 

features are considerably broadened. 

2.2.2 The triplet state 

Prior to excitation, the Pauli exclusion principle states that two electrons 

occupying the same orbital must be ‘paired’ – that is, they must have opposite spins37.  

After excitation the two electrons occupy different orbitals and may therefore have 

either paired or parallel spins.  These two configurations lead to two distinct excited 

states, which are considered below.  

An electron may be viewed as an electrically charged particle which spins 

about an axis generating a magnetic angular momentum as a result.  This angular 

momentum is termed electronic spin, S, and represented as a vector.  This electronic 

spin must precess about an axis so that the uncertainty principle is not violated, and 

this axis will be in the direction of the strongest magnetic field that the electron 

experiences.  Quantum mechanics requires that S is quantised, and therefore only two 

measurable orientations of the spin are allowed to occur.  The electron may therefore 

be described as either ‘spin up’ (+½) or ‘spin down’ (-½) with respect to the z-axis. 

 Consider a two-electron system described by ψiψj, with associated spins of Si 

and Sj.  The two spins may not only be either spin up or down, but may also precess 

either in or out of phase.  If in phase, the two spins will always point in the same 
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direction in the xy-plane.  If out of phase, they will always point in opposite directions 

in the xy-plane.  This provides four possible spin vector representations to 

characterise the two-spin system.  

The spin quantum number (S), is the result of the combination of the component 

electronic spins (S), and may be either 0 or 1.  If zero, there is only one possible value 

for the resulting magnetic quantum number, Ms (Ms=0), and the S=0 state is therefore 

called the ‘singlet’ state.  If S=1, there are three possible values for Ms (1, 0, -1), 

giving rise to three degenerate states, known collectively as the ‘triplet’ state.  These 

configurations may be visualised by considering the precession of the component 

spins: 

(a) Both i and j are ‘spin up’, to give spin and magnetic quantum numbers of one, 

(S=1; Ms=1). 

(b) Both i and j are ‘spin down’, giving a resultant spin quantum number (S=1), 

and a non-zero magnetic quantum number (Ms=-1).  Both (a) and (b) are 

triplet configurations, since S=1 in both cases. 

(c) One spin is ‘up’ (arbitrarily chosen) and one is ‘down’ with respect to the z-

axis, so there is no resultant magnetic moment, and the magnetic quantum 

number is zero (Ms=0).  However, this may still be a triplet configuration if 

the spin vectors are precessing in-phase, which results in a spin vector 

perpendicular to the z-axis, and a spin quantum number of one (S=1). 

(d) If, as in (c), there is one spin ‘up’ and one ‘down’ (Ms=0), but the spin vectors 

are precessing out of phase, such that they are in opposite directions; no 

overall spin vector exists (S=0), and a singlet state results. 

The three triplet configurations are effectively degenerate in energy, but will be 

separated in a magnetic field.  For simplicity, the singlet and triplet configurations are 

usually just described as having either ‘paired’ or ‘parallel’ electronic spins. 

In the triplet state, the Pauli exclusion principle operates to make the two parallel 

spins avoid one another more effectively than in the singlet state where the spins are 

paired.  This increased avoidance minimises electron-electron repulsions and causes 

the triplet state of any particular energy level to be stabilised with respect to the 

corresponding singlet state by a quantity known as the exchange energy.  In organic 

polymers, the exchange energy will also contain a polaronic contribution, since the 

configuration of the chain will depend on the nature of the excitation. 
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2.2.3 Non-radiative transitions 

 Two types of non-radiative transitions may occur after the initial electronic 

excitation of an organic molecule.  A transition which occurs without a change in spin 

angular momentum is known as internal conversion (IC), and this process occurs 

rapidly after excitation to remove excess vibrational energy from the molecule. This 

means that any slower processes, such as radiative decay, will occur from the lowest 

vibrational state of the electronic level after IC.  Internal conversion may also allow 

the molecule to decay to lower electronic levels and the ground state by removal of 

excess energy using vibrational and rotational modes of the molecule, and dissipating 

the energy to the surrounding material or solvent. 

 If the non-radiative transition involves a change in electron spin angular 

momentum, the process is known as intersystem crossing (ISC), and the excited 

electron moves between the singlet and triplet manifolds of excitation.  Intersystem 

crossing may also occur during internal conversion in the excited state. 

The preservation of electronic spin during singlet to singlet transitions (S=0) 

means this process is ‘fully spin allowed’, and this is usually reflected by a large 

absorption cross-section for the S0 to S1 transition.  The change in spin angular 

momentum required for intersystem crossing (S=1) may occur during the absorption 

process resulting in direct excitation from S0 to T1, the first excited triplet state.  

However, this is formally a spin forbidden transition, which is reflected in a small 

absorption cross-section as compared with excitations to the singlet manifold.  

It is more common for the change in spin angular momentum of the electron to 

occur after excitation to S0.  Whilst the spin flip is still formally spin forbidden, 

intersystem crossing both during and after excitation may be aided by spin-orbit 

coupling.  Changing the spin angular momentum of one component of a two-spin 

system requires a localised change in the magnetic field that one of the spins 

experiences.  A change in external magnetic field will not work, since both spins will 

experience the same change in magnetic field, and the spins will still be paired 

relative to one another.  The magnetic torque to flip the spin must therefore be very 

localised – usually within the molecule itself.   

The magnitude of the magnetic torque generated by a charged particle, He, 

depends on the charge of the particle, and also its velocity: 
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c
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H e

υ
=      (2.1) 

where E is the electric field due to the charged particle, υ is its velocity, c is 

the speed of light, and × is the vector multiplication.  Since the velocity of electron 

orbital motion is about a thousand times faster than the motions of nuclei, the 

necessary localised magnetic torque is most likely to be produced by electron orbital 

motions, as opposed to nuclear vibrations.   

However, not only must the necessary localised magnetic torque be applied, 

but also the total momentum of the system must be conserved.  Spin-orbit coupling 

therefore provides an ideal mechanism for the electronic spin flip, as not only can the 

magnetic torque be applied, but an accompanying change in orbital angular 

momentum (caused by a jump to an alternative orbital) can compensate for the change 

in spin angular momentum. 

Spin-orbit coupling may therefore be particularly effective in two cases: 

(a) In cases such as that of carbonyl groups, where the primary transition is 

considered to be between n and π* molecular orbitals, the excitation involves a 

change in orbital angular momentum.  The electron spin flip required for the 

intersystem crossing to the triplet manifold may be compensated by the change 

in orbital angular momentum.  Molecular structures containing carbonyl 

groups are therefore expected to exhibit enhanced intersystem crossing.  For 

conjugated systems consisting primarily of carbon, the S0 to S1 transition is 

considered to be between a π to π* transition, such that spin-orbit coupling is 

not promoted by this mechanism in these systems to any great extent. 

(b) When a molecule contains an atom of high atomic number, the charge on the 

nucleus, Z, is also high.  Since the accelerating force operating on the electron 

is proportional to Z, the electronic velocity, υ, and therefore magnitude of the 

localised magnetic torque (equation 2.1) is increased.  This thesis uses a 

molecule containing a platinum ion, which exhibits enhanced intersystem 

crossing attributable to this mechanism.  Conjugated polymers containing 

platinum have also been synthesised41,42 to enhance intersystem crossing, and 

both singlet and triplet emission are observed for these compounds.   
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2.2.4 Emission – singlet and triplet 

After rapid internal conversion, emission from the upper electronic state 

originates primarily from the lowest vibrational level, and the Franck-Condon factor 

is again applicable in determining the probability of transition to each vibrational 

level.  Theoretically, therefore, the transition between the lowest vibrational levels of 

the electronic states (the 0-0 transition) should occur at the same wavelength, and the 

absorption and emission spectra should mirror one another (figure 2.5).  In practice, 

the 0-0 emission is usually shifted to higher wavelengths than the 0-0 absorption by 

an energy known as the ‘Stokes’ shift’.  In solutions this is attributed to the relaxation 

of the solvent around the excited molecule, but in solid films such as those of the 

electroluminescent polymers studied in this thesis, the difference in the energy of the 

0-0 absorption and emission is attributable to another source.  Excitons in a polymer 

film are mobile, and those on high energy sections of conjugation may migrate to 

lower energy sections via an energy transfer process.  The excitation will therefore 

undergo a series of ‘hops’ to lower energy sites until no further migration is 

energetically possible and decay must follow.  This means that whilst the absorption 

spectrum of the film is a summation of all the conjugated segments which make up 

the film and reflects the large distribution of energies of absorbing species, the 

emission spectrum of the same film represents only the lower energy sections of 

conjugation.  This not only explains the lower energy of the emission, but also the 

enhanced vibronic structure of the emission spectrum with respect to the absorption 

spectrum, since far fewer conjugation sections are sampled21.  

For excitations in the triplet manifold, decay to the ground state, which also 

involves a spin flip, is formally spin forbidden like the original S to T intersystem 

crossing.  This causes the triplet state to be long-lived by comparison with the 

corresponding singlet.  The long lifetime allows ample time for the excitation to decay 

non-radiatively, and this is the fate of triplet excitations in the majority of organic 

molecules.  However, the same spin-orbit coupling which promoted the formation of 

the triplet excited state in the first place may make the radiative T1 to S0 transition 

sufficiently spin-allowed that phosphorescence may be observed. 
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2.2.5 Summary of transitions 

 Figure 2.6 shows a summary of the transitions covered in section 2.2, and the 

possible experimental techniques (see also chapter 4) with which they may be probed 

or observed. 

 
Figure 2.6: Summary of the transitions available to an organic molecule.  Grey lines 

denote loss of energy, black lines denote a gain in energy.  Straight lines are radiative 

transitions, and wavy lines are non-radiative transitions.  See section 2.3 for 

information on energy transfer. 

 

2.3 Energy transfer 

After excitation of a molecule to either a singlet or triplet excited state, 

interactions with other molecules are also possible.  Much of this thesis is concerned 

with the transfer of energy from an excited donor molecule to a ground state acceptor 

molecule, which in turn becomes excited.  This photophysical process has been the 

subject of an enormous amount of research and a large body of well-established 

literature exists, not least because the process of energy transfer is important for many 

biological and chemical processes.  This section does not, therefore, aim to address all 

aspects of the energy transfer literature, or indeed to review theory in minute detail.  

The aim is to provide a background to the theory relevant to the work in later 

chapters.  For a comprehensive review of energy transfer literature and theory, the 
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reader is referred to one of many excellent textbooks36,37, or indeed, the original 

papers on which the energy transfer theory is based43,44. 

Energy transfer between a donor (D) and an acceptor (A) molecule may 

proceed via several different mechanisms, of which three that are relevant to this work 

are discussed here.  All mechanisms have some basic requirements which must be 

fulfilled in order to enable the transfer to proceed.  The most important of these 

requirements is a correlation between the energies of the donor and acceptor levels, 

assessable via the overlap between the emission spectrum of the donor and the 

absorption spectrum of the acceptor molecule.  This is simply to ensure that the 

energy lost by the donor molecule is sufficient to enable the acceptor molecule to be 

promoted to an excited state.  This criterion must be satisfied for any energy transfer 

to occur. 

The spatial proximity of the donor and acceptor molecules also has a role to 

play in determining the success of the transfer.  The importance of this component, 

however, varies greatly from mechanism to mechanism, and even between individual 

cases of the same mechanism being invoked. 

2.3.1 Trivial transfer 

The simplest mechanism by which energy may be transferred from one 

molecule to another is trivial energy transfer.  In this mechanism, light is emitted by 

the donor molecule, and is subsequently absorbed by the acceptor molecule in exactly 

the same manner as the donor molecule absorbed the initial excitation light.  Trivial 

transfer is therefore always a two-step process, and may be represented as: 

hDD +→*   followed by:  *AAh →+  

The rate or probability of trivial transfer occurring will depend on several 

factors.  It is obvious that the overlap of the emission spectrum of the donor and 

absorption spectrum of the acceptor is important for this mechanism to proceed, and 

the extent of the overlap will affect the probability of the transfer occurring.  The 

success of trivial transfer is also strongly dependent on both the concentrations of 

donor and acceptor molecules and their quantum efficiency and extinction coefficient 

respectively.  Trivial transfer is therefore most likely to be a factor in concentrated 

solutions or solid films, such as those used in this work.  Finally, the path length 

traversed by the emitted light through the region of acceptor molecules is also 
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important, simply because the more acceptor molecules encountered by the emitted 

light, the more likely it is to be absorbed. 

2.3.2 Förster (singlet) transfer 

Another well documented transfer mechanism is that first discussed by 

Förster43.  This mechanism describes a radiationless transfer process, which therefore 

does not involve emission of the light from the donor molecule at any stage.  It 

proceeds instead via a coulombic interaction of the dipoles of the two molecules, D* 

and A.  The movement of the excited electron on the donor molecule creates an 

oscillating dipole, which in turn induces an alternating electric field.  If this oscillating 

electric field is in resonance with an electron in the acceptor molecule, they may 

couple together, possibly resulting in promotion of the electron to an excited state on 

A, and de-excitation of the electron on D.   

Figure 2.7: Diagrammatic representation of singlet-singlet (Förster) energy transfer. 

 

This process occurs in a way analogous to the resonance and coupling between 

the electron and the electric field component of light.  Förster transfer requires closer 

proximity between the donor and acceptor molecules than trivial transfer, since they 

must be close enough for the electric field surrounding the donor molecule to interact 

with the electrons of the acceptor molecule. 

The dependence of the rate of Förster transfer on the intermolecular distance 

between D and A was proposed by Förster to be of the form: 
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where τD is the actual mean lifetime of D*, R is the separation between the 

centres of D and A, and R0 is the separation of the molecules at which transfer from 

D* to A and the decay of D* are equally probable.  Förster transfer is only an 
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operative mechanism for fully spin-allowed transitions, and is therefore not of use for 

the transfer of energy from the triplet manifold. 

2.3.3 Dexter transfer 

The third and final energy transfer mechanism to be discussed here is Dexter44 

energy transfer.  This mechanism is an electron exchange process, where the excited 

electron from the donor molecule is exchanged for a ground-state electron from the 

acceptor molecule.  The two exchanges may either occur simultaneously, or one after 

another.  If it is a stepwise process, charged species will be generated after step one. 

Figure 2.8: Diagrammatic representation of triplet-triplet (Dexter) energy transfer. 

 

Since Dexter energy transfer involves the tunnelling of the electrons, the 

electronic spin is inconsequential and the mechanism may also operate for transfers 

between non-radiative triplet states.  The rate of the transfer via this mechanism is 

exponentially dependent on the distance between the donor and acceptor molecules.  

This would be expected for a tunnelling mechanism which does not rely on electric 

field, but rather on the overlap of wavefunctions for the two orbitals involved.  The 

rate constant for Dexter transfer44 is therefore: 
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where K is related to the specific orbital interactions, J is a spectral overlap integral 

normalised for the extinction coefficient of the acceptor, and RDA is the distance 

between donor and acceptor relative to their van der Waals radii, L.  This mechanism 

is therefore very sensitive to the distances between molecules, the rate of transfer 

decreasing exponentially as the donor and acceptor are moved apart.  The greater 

effect of the distance between the molecules on the rate of Dexter transfer as 

compared with Förster transfer is both intuitive once the nature of the transfer 
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mechanisms is known, and reflected in the rate equations for the two processes.  The 

rate of Dexter transfer shows an exponential dependence on the intermolecular 

distance, whilst Förster transfer displays a 1/R6 dependence on the same factor.  The 

relative dependence of Förster and Dexter transfer on the spatial proximity of the 

molecules involved is shown in figure 2.9. 

Figure 2.9: Relative distance dependence of Förster and Dexter transfer. 

 

2.4 Device physics  

 This section aims to provide an introduction to some of the understanding of 

the operation of organic electroluminescent devices.  The majority of this thesis is 

concerned with photophysical properties of electroluminescent polymers and the 

effect of the addition of a dopant to the systems.  Using the polymer in a light emitting 

diode structure has therefore been primarily used to contrast the differences between 

optical and electrical excitation, which provide different ratios of singlet and triplet 

excited states.  However, since the other effects of electrical excitation such as the 

presence of charges cannot be eliminated, they should not be ignored when 

considering this method of excitation.  In addition, care must be taken when 

interpreting the results obtained from both steady-state operation and pulsed LEDs.  

This section aims to provide the necessary information and background to enable a 

comprehensive consideration of the effects observed.   

 The device physics governing the operation of conjugated polymer LEDs are 

still fairly poorly understood.  There are several excellent reviews1,6,45,46 providing 

information concerning the physics of ideal systems and the modelling of conjugated 

polymer LEDs within this framework.  Modelling LEDs as ideal systems can provide 
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valuable information as to the processes occurring, although the finer points of 

deviation from the ideal with regard to polymer LEDs are still under investigation.  

2.4.1 Device structure 

 This section aims to address the issues relating to the construction of 

polymeric organic light emitting diodes, both in the processing and the final 

architecture of the devices.  A typical single-layer device structure is shown in figure 

2.10.   

Figure 2.10: Typical single-layer device structure of polymeric light-emitting diode. 

 

When modelling the operation of a polymeric LED, the contacts between 

polymer and electrode are often considered to be ideal.  That is, the two materials are 

in intimate contact but there is a distinct boundary between them, with pure metal or 

metal oxide on one side, and ‘pure’ polymer on the other.  This is rarely the case in 

real polymeric systems, and one of the complex issues which prevents these systems 

from being ideal is the level of doping of the polymer layers.  This may not only occur 

during the synthesis of the polymer, but may also during the fabrication of the device 

itself. For instance, the deposition of polymer onto the indium tin oxide (ITO) coated 

substrates is often considered as a mere coating of the substrate with polymer.  

However, in practice the ITO and polymer rarely remain truly separate, particularly 

when a conversion step follows the deposition47.  This also holds true for the 

deposition of the top electrode, which is exacerbated by the use of evaporation 

deposition techniques.  Evaporation of a reactive metal like calcium onto the polymer 

surface is likely to be very effective at promoting chemical reactions at the metal-

polymer interface.  The penetration of metal from the electrode to the polymer layer, 

whilst difficult to quantify and study, is sometimes found to be beneficial to the 

efficiency and longevity of devices48,49.  Doping of the polymer layer may introduce 
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defect sites and affect the energy levels of the polymer itself, whether this doping is 

intentional or not. 

The treatment of the ITO anode prior to polymer deposition has also been the 

subject of intense research50-54.  Many methods of both chemical and mechanical 

preparation have been compared to find the best for device performance and 

longevity, and it has also been found that the work function of the electrode may be 

altered considerably by processing techniques. Work by both Kim et al.52and Xie et 

al.53 found that oxygen plasma treatment offered the most advantages regarding 

modification of work function, device performance and longevity. On the basis of this 

work, oxygen plasma treatment was used on all the ITO anodes in this thesis. 

2.4.2 Charge injection  

An energy band diagram for a single layer PPV device, with aluminium or 

calcium cathode, is shown in figure 2.11 for three different scenarios – (a) before 

physical contact, (b) after physical contact, but with no applied bias; and, (c) under 

applied forward bias.  The injection of carriers in an ideal system – holes from the 

anode and electrons from the cathode – may proceed by either thermionic emission 

(thermally assisted surmounting of the barrier) or a tunnelling mechanism.  Figure 

2.11 shows clearly that the injection of holes from the ITO anode in to PPV is 

relatively easy, since the energy of the HOMO and the ITO workfunction is well 

matched, leaving only a 0.3eV barrier for the holes to overcome.  However, the 

energy barrier for electrons from an aluminium cathode is more problematic, since a 

large 1.8eV energy barrier must be surmounted.  This causes the operation of the 

device to be limited by the injection of electrons.  Presenting similar barriers to both 

charge carriers to balance their injection should result in more efficient devices.  In 

practice, aluminium cathodes make very inefficient LEDs, and it is necessary to move 

to more reactive metals such as calcium to present a similar magnitude of barrier to 

the electrons and holes entering the device.  The LEDs used in this thesis were 

fabricated with calcium cathodes, covered with an aluminium layer of at least 200nm 

to protect the reactive metal from atmospheric damage and chemical degradation.  All 

fabrication steps were also carried out under an inert atmosphere (N2), and devices 

were measured under a dynamic vacuum to minimise damage to the cathodes. 
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When considering single carrier injection, with (a) a small injection barrier, or, 

(b) a high field applied, where a large number of charges are quickly transferred from 

the electrode to the semiconductor, the carriers may build up at the interface.  This is a 

particularly prominent phenomenon in low mobility materials like PPV, where 

carriers are not quickly transported into the bulk of the polymer.  A space-charge 

layer builds up at the interface, and neutralises the applied field. A dynamic 

equilibrium is eventually established, and the current flowing under these 

circumstances is known as the space charge limited current (SCLC)1. 

 

Figure 2.11: Energy diagrams for a PPV LED with Al cathodes (not to scale). (a) before 

connection, (b) after connection, no bias applied, and (c) under applied forward bias. 

The Fermi energy is shown as a dashed line, and positioned as expected for slightly p-

doped PPV. In (b), the equalisation of the Fermi levels, and the associated redistribution 

of charge, cause the internal field. (After Harrison, PhD thesis, Cambridge, 1997) 

 

2.4.3 Recombination 

After the charge carriers have been injected into the device, they may move 

through the conjugated polymer layer as polarons towards the recombination zone.  

The polarons are considered to move through the polymer layer via a hopping 

mechanism55, and this motion has been modelled in two different ways.  Schein56 

uses the ‘polaron’ model which assumes that the structural relaxation of the excited 

state is the dominant effect.  The ‘disorder’ model, used by Bässler 57 assumes that the 

disorder in the sample is more important.   

The position of the recombination zone is known to depend on the voltage 

applied to the device, due to the field-dependent mobility mismatch between electrons 

and holes58-60.  In PPV, the holes have been found to be far more mobile than the 

electrons61, and recombination occurs close to the polymer-cathode interface.  
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Emitted light must then pass through the entire thickness of the polymer layer in order 

to exit the device.  An attempt to both balance charge injection, and reposition the 

recombination zone was made by Brown et al.62 by fabricating two-layer devices.  

These devices consisted of a PPV hole-transporting layer directly adjacent to the ITO 

anode, and a more electronegative polymer layer adjacent to the cathodes to transport 

electrons.  The effect of the layered device is three-fold.  Holes transported through 

the PPV layer become trapped at the polymer-polymer interface by the offset in the 

HOMO levels of the two polymers.  Electrons can then pass easily through the 

electronegative layer and recombine more easily with the trapped holes at the 

interface.  Secondly, since the formation of excitons occurs in the middle of the 

device structure instead of at the cathode interface, the light which is emitted when 

they decay radiatively need only pass through half the thickness of the polymer layer, 

allowing less time for reabsorption by ground state molecules.  Finally, the creation of 

excitons in the centre of the device lessens the quenching of the emission due to the 

proximity of the metal electrodes63,64.  Two-layer devices display a tenfold increase in 

efficiency as compared with single layer PPV devices, and many of the devices 

reported in this thesis make use of an efficient hole-transporting layer in order to 

improve performance and reliability. 

Using the exciton-based theory outlined above, the recombination of electron 

and holes is considered to proceed via collision of oppositely charged polarons, to 

form neutral excitons.  Based purely on spin statistics as outlined in section 2.2.2, the 

spins of the electron and hole are expected to be paired (S=0) in only one quarter of 

the collisions, that is, three quarters of the excitons created in an LED should be 

triplet excitons. This is in stark contrast to photoexcitation of a conjugated polymer, 

where triplet excitons are only expected to be formed in cases either where 

intersystem crossing occurs, possibly aided by a defect, or where electron and hole 

separate and recombine in a new spin configuration.  Assuming that the 

recombination of electrons and holes is not spin-dependent, the internal efficiency of 

an organic semiconductor LED is not expected to exceed 25% of the 

photoluminescence efficiency of the emissive layer.   

 Cao et al.65 demonstrated very high efficiency LEDs created by blending 

electron transport materials with a conjugated polymer to improve electron transport 

into the devices.  The electroluminescence efficiency was 50% of the 
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photoluminescence efficiency for the material which is double the theoretical limit for 

strongly bound excitons.  The authors suggest this is either due to excitons not being 

strongly bound, or that the emissive singlet excitons have a higher formation 

probability than non-emissive triplet excitons in an organic LED, i.e. either a band 

model is applicable, or the recapture of carriers to form excitons is spin dependent. 

This issue is covered in more depth in chapter 5. 
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CCHHAAPPTTEERR  IIIIII  

EEXXPPEERRIIMMEENNTTAALL  TTEECCHHNNIIQQUUEESS  

This chapter details the experimental procedures used in the work presented in 

this thesis.  All general techniques applied to make devices and samples and 

obtain relevant spectroscopic measurements in subsequent chapters are reviewed, 

although special techniques are covered as they arise in Chapters IV-VI.  

3.1 Solutions 

3.1.1 Polymer solutions 

Polymer solutions were made by weighing the desired quantity of polymer 

into an amber vial, and adding the required volume or weight of suitable solvent.  

Most polymer solutions contain a few percent by weight of polymer in solvent.  PFO 

solutions were heated for a few minutes in a water bath at ~60ºC to dissolve the 

polymer, and OC1C10-PPV solutions were stirred at ~50ºC for ~4 hours, whilst other 

solutions required only movement on a roller at room temperature to dissolve the 

polymer completely.  Amber vials were chosen as they exclude the majority of 

ultraviolet light, and solutions were stored either at –20°C, or under a nitrogen 

atmosphere if the polymer would precipitate out of solution at low temperatures.  

These precautions were intended to limit the degradation of the polymer by 

interactions with oxygen and photochemical reactions, which are particularly 

damaging when combined.  Solutions were also used as soon as possible after 
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preparation to ensure the minimum degradation of the polymer and consistency in 

experimental procedures. 

3.1.2 Blend solutions 

Blend concentrations quoted in the text are weight percent of dopant in host 

polymer.  Blend solutions of higher concentrations of dopant in polymer (>5%) were 

made by weighing the required amount of dopant into a vial, followed by addition of 

either solid polymer and then solvent, or by pre-prepared polymer solution.  Less 

concentrated blend solutions (<5%), or series of blend solutions were made by first 

preparing a solution of dopant in solvent, which was then added in measured 

quantities to polymer solution.  This method has the advantage of enabling the 

addition of very small quantities of dopant to polymer, and also gives more reliable 

relative quantities of dopant in a series of blends.  It does, however, alter the overall 

solution concentration slightly, particularly where more concentrated blends are 

created by this method.  This should be considered when spin-casting a series of blend 

solutions under the same spin conditions, as the film thickness may vary slightly 

between solutions.  In practice, the number of other factors influencing the thickness 

of spin-cast films make the effect of slight changes in solution viscosity negligible.  

 

3.2 Spectroscopic Techniques 

3.2.1 Making samples (on Spectrosil) 

Samples for spectroscopic measurements were made by depositing polymer or 

blend solutions onto circular Spectrosil B substrates, which were usually 13mm in 

diameter.  The polymer solution was usually spin-cast onto the substrate, though in 

extreme cases where a thicker film than that achieved by spin coating was required, 

the polymer was drop-cast in stages under a nitrogen atmosphere.  Films for optical 

measurements were spun under nitrogen, at spin speeds of between 1200 and 3000 

rpm.  Polymer solution was deposited onto the substrate prior to spinning using a 

Gilson micropipette to dispense between 50 and 100l evenly over the Spectrosil.  

Spinning was commenced immediately, and film thicknesses were around 100nm, 

unless otherwise stated. 

Spectral measurements on electroluminescent polymers are often batch-

dependent, due to the differences in molecular weight or uniformity caused by slight 
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alterations in the synthesis.  The spectra shown in this thesis therefore represent 

typical data which may be expected from a polymer structure. 

3.2.2 Absorption spectra 

Absorption spectra were recorded using a Hewlett-Packard 845x UV-Vis 

Spectrometer.  All spectra were recorded with the samples exposed to air for as little 

time as possible before measurement.  The spectrum was recorded by initially 

measuring a background spectrum, followed by a spectrum measured with the sample 

in the path of the beam of the spectrometer.  The spectrometer takes readings at all 

wavelengths simultaneously, recording the absorbance at each wavelength in units of 

optical density (OD).  This is –log (transmittance), from which the absorption 

coefficient can be calculated using: 
 

 )ln(10
d

1
α OD−−=             (3.1) 

where α is the absorption coefficient, d is the thickness of the film, and OD is 

the absorbance measured by the spectrometer. 

In the majority of cases in this thesis, however, it is unnecessary to convert the 

spectra to absorption coefficient, and the data has been left in units of optical density.  

Where the energy of the absorption peaks are all that is required, the absorbance is 

sufficient. 

3.2.3 Photoluminescence (PL) spectra 

Emission spectra were recorded using an Oriel CCD-array spectrograph using 

Instaspec software. Light was coupled into the spectrometer using either a liquid light 

guide or a fused silica optical fibre bundle.  In each case, the apparatus had been 

calibrated using a standard light source of known spectral intensity at all wavelengths.  

In cases where exposure of the sample to air would affect the results, such as in all 

cases of blends made with PtOEP, the sample was measured whilst contained in an 

enclosed chamber under a nitrogen atmosphere.  This prevented any exposure to 

oxygen either prior to or during the photoluminescence measurement.  In other cases, 

the PL spectrum was measured with the sample mounted in an integrating sphere (see 

Section 3.2.4), which was purged with nitrogen for the duration of the experiment. 

Excitation of the sample was provided by a Coherent Innova Model 300 

Argon Ion laser, under controlled power output mode, with appropriate filters to 
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reduce the light to intensities low enough not to damage the polymer samples, and 

also to exclude the ‘plasma lines’ when UV excitation was used.  Various excitation 

wavelengths were possible using this laser, and these are detailed at the appropriate 

points with the results produced.  Where multi-line UV (MLUV) excitation is 

specified, this indicates a range of lines between 333.6 and 363.8nm. 

Occasionally excitation was from another source, such as a monochromatic 

beam from a xenon lamp.  In these cases, the excitation source is detailed in the text 

together with the results obtained. 

3.2.4 Photoluminescence efficiency measurements 

PL efficiency measurements were made using an integrating sphere and a 

selected laser line from an argon ion laser.  The technique employed is ideal for 

highly-scattering solid luminescent samples, and involves recording spectra with the 

laser light entering the integrating sphere in three configurations1.  The first 

measurement is of the laser entering an empty sphere.  The second requires the laser 

to be directed onto the sample, and the last requires the sample to be in the sphere, but 

for the laser to be not directly hitting it.  The difference in emission intensity between 

the laser directly striking the sample and just the reflected light is used to evaluate the 

PL efficiency of the polymer.  The greatest uncertainty in the measurement is likely to 

be due to the spectral limits for the laser line and photoluminescence set by the user.  

Deterioration of the inner coating of the integrating sphere, which should ideally be 

non-absorbing, will also introduce errors.  Measurements will therefore have an 

uncertainty on the order of ±5-10%.  Sets of measurements taken on the same day will 

have a smaller error relative to each other, so values may be more directly compared. 

3.2.5 Photoinduced absorption 

The experimental apparatus for the photoinduced absorption (PiA) experiment 

is shown in figure 3.1.  The sample was mounted in an Oxford Instruments optically 

accessible cryostat, capable of cooling to around 15K.  The temperature was 

monitored and controlled by an Oxford Instruments Intelligent Temperature 

Controller (ITC4) and was also recorded alongside the spectral results.  The sample 

was optically pumped using the beam from a water-cooled Coherent Innova 300 

Model argon ion laser, dispersed using a diverging lens and modulated using a 

Stanford Research Systems Model SR540 Chopper wheel and controller.  The probe 
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beam consisted of monochromated light from a tungsten lamp, which passed via an 

assembly of mirrors through the sample in the cryostat, perpendicular to the pump 

excitation.  The probe beam then passed through a further assembly of mirrors, before 

monochromator 2 (see figure 3.1), the wavelength of which tracked that of Mono 1. A 

silicon photodiode provided detection via an EG&G 5208 Two-phase Lock-in 

Analyzer, referenced to the chop frequency of the pump beam.  Two measurements 

are made at each wavelength.  Firstly, the change in transmission of the probe beam 

caused by photoinduced absorption by the sample is measured with both pump and 

probe beam on the sample.  Secondly, the probe beam is blocked by shutting the slits 

on Mono 1, and the PL from the sample is measured with just the pump beam on the 

sample.  Measuring the PL signal directly after the PiA signal at each wavelength 

minimises the effect of changes in PL efficiency due to sample degradation on the 

final PiA spectrum obtained.  A transmission scan, measured by chopping the probe 

beam whilst scanning the wavelength range, was used to correct for the changes in 

transmission attributable to the system itself.  

 

Laser

Mono 1

M
o
n
o
 2

Sample in cryostat

Chopper wheel

Tungsten lamp

Probe

Pump

Si diode detector

Diverging lens

 

Figure 3.1: Experimental set up for PiA experiments.  

 The lock-in detector used in this experiment records data in two channels, and 

the chop frequency of the pump beam is used as the reference.  The X-channel records 

data which is ‘in-phase’ with the chopper; that is, the fast response of the sample.  The 

Y-channel records the quadrature response; this is the slow component of the signal.  

The data is analysed to give the PiA signal by first correcting the phase of the 
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recorded data to ensure that the photoluminescence signal appears only in the X-

channel.  The PL is used as a marker with which to set the phase, since it is assumed 

that the response of the PL to the chopped pump laser beam will be ‘instantaneous’ – 

that is, less than 10-8s, and all PiA signals measured will have longer lifetimes 

associated with them.  In this way, when studying PiA spectra one can assume that the 

X-channel displays the ‘fast’ response of the signal, whilst the Y-channel displays the 

slow component, and the larger the proportion of the signal in the Y-channel, the 

longer the lifetime of the associated species.   

 After the phase of both the PL and the PiA have been adjusted, the PL signal 

is subtracted from the PiA signal at each wavelength, and the spectrum is finally 

divided by the normalisation scan to correct for the response of the system.  This 

process gives spectra of excited species absorbing in the sample, as seen in Chapters 5 

and 6 of this thesis.  The PiA spectra presented in the present work are all plotted as 

total signal magnitude )YX( 22 +=  vs. wavelength or frequency. 

 The frequency dependence of a feature measured by photoinduced absorption 

can reveal details about the lifetime (τ) of the absorbing species if its decay is 

monomolecular.  Signals measured in the X (fast, in-phase) and Y (slow, quadrature) 

channels of the lock-in are given by2: 
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where A is a constant,  is the frequency of the chopper (in rad s-1), and  is the 

lifetime of the absorbing species.  The signal magnitude (sig.mag) and phase 

dependence are then found from: 
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 The signal is expected to decrease rapidly at frequencies greater than ω≈τ-1 for 

monomolecular decay, and be independent of the chop frequency when ω<τ-1.  These 

equations will not hold if the decay of the absorbing species does not have a single 

lifetime, such as is observed in the case of absorptions due to photoinduced charges, 

where the spectral feature is due to absorbing species with a number of different 
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lifetimes.  In these cases, the signal should not exhibit a frequency independent 

regime.  Where a species lifetime may be determined, the error associated with the 

value will be largely dependent on the fit of the data to equation 3.3. 

3.2.6 Time-resolved PL 

A number of different time-resolved photoluminescence measurements were 

carried out in the course of the present work.  The apparatus used reflected the 

required time scale for the excitation and emission from the sample, and details of the 

equipment used therefore accompany the results obtained where appropriate. 

 

3.3 Device Fabrication 

3.3.1 Substrate cleaning 

Balzers provided square substrates of 12mm side which were received coated 

in pre-etched indium tin oxide (ITO) in a 7mm-wide strip down the middle from with 

a typical resistance of 30Ω/□.  Initial cleaning was necessary to remove residues left 

from the etching process, and involved submersing the substrates in acetone in an 

ultrasound bath for some minutes, followed by the same treatment in isopropanol.  

Ten minutes of oxygen plasma treatment followed, with an incident power of approx. 

270W, and a reflected power of not more than 5W.  After this, the substrates were 

transferred to a dry nitrogen atmosphere in a glovebox for all subsequent steps. 

3.3.2 Polymer deposition 

Polymer films of ~100nm thickness were deposited by spin coating under a 

nitrogen atmosphere, as in Section 3.2.1.  Film thicknesses were measured using a 

Sloan Dektak IIA surface profilometer, by measuring the height difference between 

the polymer film and the substrate.  A small scratch was made in the polymer film to 

enable the difference in heights to be quantified. 

3.3.3 Electrode evaporation 

Cathodes were evaporated without exposure of the polymer films to air.  All 

LEDs used in this work had calcium electrodes, protected by a top layer of less 

reactive aluminium.  The polymer coated substrates were loaded face down in a 

shadow mask, which was then mounted inside an evaporator.  The shadow mask 

defined the active areas on each substrate, consisting of eight pixels, each 
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approximately 1.51.5mm, with a finger of cathode stretching over the ITO etched 

area to enable connection to the cathode without fear of a short circuit (see figure 

3.2a).   

(a)         (b)    

Figure 3.2: (a) LED consisting of eight pixels (dark), as defined by shadow mask for 

cathode evaporation.  The lighter shaded area is that covered by the ITO anode, whilst 

the white areas have been chemically etched to remove the ITO. (b) Side view of LED 

structure used in this work showing layered construction. 

The evaporator chamber was then evacuated to a pressure of ~5x10-7mbar.  

Calcium was deposited from a porcelain boat, mounted in a resistance-heated metal 

coil, to enable controlled evaporation of the metal, the thickness of the evaporated 

electrode being estimated with the use of a quartz crystal monitor.  The calcium layer 

of cathodes was typically 200nm thick.  The aluminium protective coating was 

evaporated directly from tungsten filaments, typically to a thickness on the order of 

200nm.  Pressure whilst evaporating the metal electrodes did not exceed ~10-5mbar. 

 

3.4 LED testing/electroluminescence spectra 

3.4.1 Device connection 

LEDs were connected for testing by painting the connection points with a spot 

of silver paint.  The ITO anode was connected by scraping a little of the polymer from 

the substrate, in an area well clear of the evaporated cathodes.  This area was then 

covered with silver paint, to allow two separate connections to the ITO.  This ensured 

good connection to the pins of the device holder. 

3.4.2 Testing conditions 

The sample holder for steady-state diode testing was designed to enable 

transport of devices between the nitrogen atmosphere of the glovebox and the sample 

testing rig, without exposure to air.  Once in the testing rig, the sample holder 

chamber is evacuated to a pressure of 5x10-2mbar, and the device is tested under this 

dynamic vacuum. 

Glass substrate

ITO

Transport/emissive 
polymer layer(s)

Ca/Al cathodes Conducting silver
 paint
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3.4.3 Electroluminescence (EL) spectra 

Electroluminescence spectra were recorded from LEDs in the device holder 

which was used for testing the IV characteristics of the device, using the same Oriel 

CCD spectrometer and liquid light guide or optical fibre used for photoluminescence 

spectra and efficiency measurements. 

3.4.4 Pulsed measurements – time-resolved EL 

Applying a pulsed voltage to an LED and recording the temporal response of 

the voltage, current and electroluminescence can be used to great advantage when 

investigating the operation of devices3.  LEDs are fabricated in the same manner as 

for steady state devices, but are mounted on a sample holder which unfortunately 

allows exposure to air between the glovebox in which the device has been made and 

the testing rig.  Once connected in the rig, the chamber is evacuated to ~10-5 Torr over 

some hours to enable the device to be tested in a relatively oxygen-free atmosphere. 

The system for testing devices with pulses was custom made, and consists of 

an Hewlett Packard (HP) 8116A Pulse/Function Generator and a WK 110V, 1A 

single output power supply driving the device.  The transient response of the voltage 

and current of the device were recorded on the same HP 54502A Digitizing 

Oscilloscope as the transient electroluminescence which was measured using a 

photomultiplier tube with a 10ns response time.   

 

3.5 Imaging techniques 

3.5.1 Transmission Electron Microscopy (TEM) 

TEM is a widely used technique for studying the fine structure of materials on 

a sub-micrometre scale.  The technique exploits the atomic-number dependence of the 

deflection of electrons from different atoms, which enables a difference in contrast to 

be detected from different elements when a beam of high-energy electrons are 

directed at a sample.  All TEM work carried out for this thesis was aided by Bruce 

Weir of the Cavendish Laboratory, Cambridge. 

The samples for TEM used in this work were prepared by first spinning a 

sample as described in section 3.2.1, and then scoring the film into sections.  The 

sections of film were then floated off in distilled water, and removed from the water’s 

surface using fine gold TEM grids (Agar Scientific), the surface tension of the water 
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being sufficient to make the polymer film stay in place.  The samples were then dried 

in air before being loaded onto a TEM probe and inserted into the sample space of the 

electron microscope, which was subsequently evacuated to 10-5mbar.   

An advantage of using TEM to image materials, particularly blends, is that the 

electron diffraction pattern of the region of interest may also be recorded.  This can 

aid detection of phase and material boundaries by comparison of the neighbouring 

diffraction patterns, and can also reveal whether the material studied has any degree 

of crystallinity or order associated with it.  The major disadvantage of the technique is 

that the high-energy electrons which bombard the sample cause extensive damage to 

the sample, so delicate materials are easily destroyed. 

3.5.2 Tapping-Mode Atomic Force Microscopy (AFM) 

Tapping-mode AFM measurements were carried out by Magnus Granström, of 

the Cavendish Laboratory, Cambridge.  AFM is a technique which relies upon the 

small changes in the interaction force between a fine tip and different materials.  The 

tip scans an area of the sample, and variation in the repulsive or the attractive forces 

which the tip is subjected to are recorded.  In this way, both changes in morphology, 

such as differences in heights between blend components, and changes in chemical 

composition may be evaluated.   

 Samples for AFM were made by spin-casting polymer or blend solutions in 

the same way as in section 3.2.1.  However, instead of spin-casting onto Spectrosil 

substrates, a small piece of a gallium arsenide wafer was used to provide a base which 

is flat to within a few Angstroms over the entire sample area of ~0.5cm2.  Once spun, 

the sample was mounted in air under the AFM tip, and the area of interest scanned, 

the images being recorded by computer as the spatial variance of tip attraction. 

3.5.3 Scanning Near-field Optical Microscopy (SNOM) 

 SNOM measurements on samples from Chapter 4 were carried out by Richard 

Stevenson of the Cavendish Laboratory, Cambridge.  The samples were created by 

spin-casting onto gallium arsenide as for the AFM samples (section 3.5.2).  The 

technique involves scanning a sub-wavelength aperture across the sample in close 

proximity to the surface.  The aperture, which is the tip of an optical fibre in this case 

collects the fluorescence from the sample, and a ‘map’ of the fluorescence may 

therefore be obtained.  This makes SNOM ideal for the study of luminescent blends, 
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since the differences in PL spectrum recorded from different areas of the sample 

provide the contrast to resolve the spatial distribution of blend components.   

Basic guidance and further information on the SNOM technique is available4. 

 

3.6 Other techniques 

3.6.1 Photocurrent spectroscopy 

Photocells for the measurement of the spectral dependence of the photocurrent 

of a polymer or blend were fabricated in the same manner as LEDs (see section 3.3), 

the only differences being: (a) a single layer of polymer or blend was used in order to 

test only the response of the polymer of interest; and, (b) the cathodes of the 

photocells consisted of a single layer of aluminium, with no calcium included.  The 

device was mounted in the sample holder under a nitrogen atmosphere, and evacuated 

once in place, to ensure the polymer did not encounter any air prior to testing. 

 Spectrally resolved excitation light was provided by the output of a 

monochromated xenon lamp.  This was calibrated by an initial test using a silicon 

photodiode of known response to enable the response of the device of interest to be 

evaluated accurately.  The current generated in the device by the interaction of the 

polymer or blend with light is measured with a Keithley 237 High Voltage Source 

Measure Unit and recorded at each wavelength, to give the ‘photocurrent action 

spectrum’.  This is the spectral response of the photocurrent in the polymer, and can 

be tested either with or without a bias applied to the device. 

3.6.2 Cyclic Voltammetry (CV) 

 Oxidation and reduction potentials of materials were obtained by cyclic 

voltammetry carried out at Cambridge Display Technology (CDT) with the help of 

James Crick.  An EG&G potentiostat and Model 270 Research Electrochemistry 

Software were used.  The cell consisted of a silver/silver chloride standard reference 

electrode, a platinum working electrode and a platinum wire counter electrode, with 

0.1M Bu4NClO4 in acetonitrile used as the cell solution.  Inert conditions were 

maintained by nitrogen purging the system.  A scan rate of 20mV/s was used, and 

sweeps were between 0V and +/- 2V unless otherwise stated. 

The onset reduction and oxidation potentials were used to calculate the 

HOMO and LUMO levels in electron volts (eV) by initially correcting the potentials 
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against a ferrocene standard.  After this, the HOMO and LUMO levels in eV were 

extracted by adding a scale factor of 4.8eV to relate the silver/silver chloride reference 

electrode potential to the vacuum level, as the standard calomel electrode is related to 

the vacuum level by Brédas et al.5. 

3.6.3 Photothermal Deflection Spectroscopy (PDS) 

 PDS was carried out by Steve Thomas of the Cavendish Laboratory, 

Cambridge, using a custom-built spectrometer.  The technique is a very sensitive 

method of measuring absorption, allowing very small sub-gap absorption features to 

be detected.   

 The experimental set-up used for PDS consists of a sample spin-cast onto a 

Spectrosil B substrate, mounted in a sample chamber filled with Fluorinert™ FC-104 

(3M Corporation).  A ‘pump’ beam from a monochomated xenon lamp source is 

directed onto the sample at normal incidence.  Another beam, from a diode laser, 

passes directly in front of the sample (see figure 3.3).  When excited, some of the light 

incident on the sample is absorbed, and a proportion of the absorbed light decays via 

non-radiative channels.  This causes a slight heating of the sample and consequently 

the fluid directly in front, which in turn alters the refractive index of the fluid, 

deflecting the diode laser beam.  These deflections are measured on a split silicon 

photodiode, and the level of heating – and therefore absorption – can be evaluated 

from the magnitude of the deflection.   

For more information on PDS, see Jackson et al6. 

Figure 3.3: Sample geometry for PDS experiment. 
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CCHHAAPPTTEERR  IIVV  

SSIINNGGLLEETT  EENNEERRGGYY  TTRRAANNSSFFEERR  

This chapter presents the results of blending conjugated electroluminescent 

polymers with a variety of fluorescent molecular dopants.  Energy transfer 

processes to the guest molecule and some associated problems are discussed.  An 

introduction to the extensive literature on the subject is also included. 

4.1 Introduction 

The doping of organic electroluminescent hosts with other emissive molecules 

was initially introduced as a simple, cheap and effective method of colour tuning by 

energy transfer.  It is often far easier to simply mix emissive dopant molecules with an 

electroluminescent host than to chemically synthesise a material with emission of the 

desired colour.  The first report of the method was from Tang and van Slyke1, and 

used small dye molecules co-evaporated with the host material, aluminium tris(8-

hydroxyquinoline) (Alq3).  There have since been many further examples of colour 

tuning in both polymeric and molecular electroluminescent hosts2-9, where an energy 

transfer process has allowed tuning of the emission from devices from high to low 

energy. Precise colour tuning to produce emission from blend components in 

controlled ratios may also allow the production of white light LEDs.  This has been 

achieved using both an Alq3 host10, and a combination of substituted oligothiophenes 

mixed with an insulating polymer in varying ratios.  The proportion of insulating 

polymer was used in this case to control the extent of energy transfer and therefore the 
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colour of the resultant emission11. Lee et al.12 have also observed the added benefit of 

increased photoluminescence and electroluminescence efficiency on the addition of a 

small quantity of low-energy polymer to a different polymeric host whilst altering the 

colour of the resultant emission. 

Blending emissive molecules into a luminescent host material may yield further 

benefits. Transient studies of the energy transfer process can also provide information 

as to the mechanism by which energy transfer occurs, and the literature on this subject 

concludes a Förster energy transfer mechanism is applicable in the case of a laser dye 

in organic electroluminescent hosts13-15. The Förster energy transfer mechanism 

between host and dopant was also used to infer the excitonic nature of the primary 

photo-excited species in organic electroluminescent materials by the same authors. 

A study by Hopmeier et al.16 utilised the fact that the nature of the dipole-dipole 

interaction between host and guest molecules could be altered depending on the 

resonant mode of the cavity in which the blend was contained.  The interaction was 

enhanced at spectral positions where the cavity modes were in resonance with the 

electromagnetic field emitted by the excited dipoles.  Tuning the cavity across the 

dopant absorption profile was therefore found to change the photoluminescence 

spectrum from the system. 

One of the particular advantages of transferring energy from an emissive host is 

an increase in the Stokes’ shift between donor absorption and acceptor emission.  This 

can reduce losses which occur due to reabsorption of the emitted light.  This has 

enabled a new approach to the fabrication of optically-pumped organic semiconductor 

lasers, and the process has been cited as a possible route to electrically-pumped 

organic lasers in the future.  This technique has been successful in both small 

molecule17 and polymeric18 electroluminescent hosts, and in a variety of optically-

pumped feedback structures.  Laser dyes were used as dopant in both these studies, 

and are often chosen for the purpose because of their inherent high quantum 

efficiencies, although a polymer dopant in a polymer host has also demonstrated 

amplified spontaneous emission (ASE)19.  Blends of emissive molecules in an inert 

polymer host can also show spectral narrowing in a waveguide configuration20.  An 

alternative approach to achieve spectral narrowing without the need for a waveguide 

is to use a dopant with an emission spectrum with small full width at half maximum 
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(FWHM).  This is explored in section 5.5, and associated literature is reviewed in the 

discussion accompanying that section. 

Finally, it is important to note the other effects of including a molecular dopant 

in an electroluminescent system.  Assuming no chemical changes occur as a result, 

the most important effects occur when using blends in LEDs.  The most common 

additional effect, whether wanted or otherwise, was that of carrier trapping by the 

included molecule.  Work by Uchida et al.21 demonstrates this well; it was found that 

when electron-transporting, hole-transporting and emissive dopants were embedded in 

an inert polymer host, the enhancement of the efficiency of the system was dependent 

on the laser dye chosen as the emissive dopant.  If Coumarin 6 was used, the carriers 

recombined on the electron transport molecules and the energy was then transferred to 

the dye, leading to low efficiency devices.  However, if rubrene was used as the 

emissive dopant, the carriers preferentially recombined on the emissive molecule and 

device efficiency was enhanced. 

A study by Mori et al.22 found a system in which the emission colour from an 

electrically-excited Alq3 blend with squarylium dyes could be tuned between green 

and red according to the voltage applied to the device.  This is attributed to a 

combination of hole trapping and saturation effects.  Indeed, in the case of the white-

light device reported by Granström et al.11, the emission colour was also voltage 

dependent and only appeared white when operated at 20V.  Work by Shaheen et al.23 

also found an increase in emission from the dopant under electrical excitation 

attributable to the preferential recombination of carriers on the dopant molecules. 

 The work in this chapter reviews blends of several different 

electroluminescent polymers with emissive molecular dopants.  The studies serve as 

examples of energy transfer in such systems and the problems and challenges which 

may be associated with both analysing the processes occurring, and utilising the 

technique to beneficial effect.  Various attempts at tackling the problems have also 

been made. 

 

4.2 MEH-PPV with DODCI 

Poly(2-methoxy, 5-(2'-ethyl-hexoxy)-p-phenylenevinylene) (MEH-PPV) is a 

widely used conjugated electroluminescent polymer24, easily processed directly from 
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solution owing to its flexible non-conjugated side chains which render it soluble in 

common organic solvents.  Since the final form of the polymer can be cast from 

solution, no precursor polymer or conversion step is required, making it an ideal 

polymer in which to include other molecules.  Further heating or processing steps 

could have adverse effects on the dopants which could not be quantified, complicating 

the interpretation of results from the system. 

Figure 4.1 shows the structures of both the polymer MEH-PPV and the laser 

dye 3,3’-diethyloxadicarbocyanine iodide (DODCI).  DODCI has been used and 

studied extensively as a laser dye25-27, despite its relatively low quantum efficiency of 

44% in methanol solution.  It is used here as an emissive acceptor molecule for the 

electronic excitations of MEH-PPV, and was chosen primarily for both the 

coincidence of its absorption spectrum with the emission spectrum of the polymer, 

and its solubility in chloroform. 

Figure 4.1: Structures of the host polymer, MEH-PPV (left), and the laser dye dopant, 

DODCI (right), used in this section. 

 

4.2.1 Photoluminescence and energy transfer 

For an indication of the emission expected from the laser dye in solid films, a 

1% blend of DODCI in a clear PMMA matrix was prepared and its absorption and 

emission measured.  Figure 4.2 shows the absorption and emission spectra of spin cast 

films of both the PMMA-blended DODCI and MEH-PPV.   

Spectral overlap between the emission of the polymer and the absorption of 

the laser dye is observed, and energy transfer between the two may therefore be 

expected.  Cyclic voltammetry (CV) measurements of DODCI in the solid matrix 

were unsuccessful, preventing the evaluation of the HOMO and LUMO levels of the 

dye.  This measurement would indicate whether it is favourable for both electron and 
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carrier is expected to transfer, exciton dissociation and charge separation may result.  

This would lead to a quenching of emission from the blend as compared with the 

polymer.  Further discussion of CV measurements, HOMO and LUMO levels and 

charge transfer can be found in chapters 5 and 6. 

 

Figure 4.2: Absorption (grey) and emission (black) spectra for MEH-PPV film (solid) 

and 1% blend of DODCI in PMMA film (dotted). Excitation was at 476nm for MEH-

PPV and 514nm for the DODCI film.  Experiment performed in air with flow of N2. 

 

DODCI molecules are known to exist in conformational isomeric forms ‘N’ 

and ‘P’28-30, the higher energy P-isomer configuration representing just 3% of the 

molecular population at thermal equilibrium31.  Both isomeric forms may 

photoluminesce after appropriate excitation, the N-isomer PL typically peaking at 

605nm and the P-isomer at 650nm.  When the molecule is uninhibited, such as when 

in dilute methanol solution, the N-isomer is predominant, and the absorption peaks at 

around 580nm.  If the molecule is confined in the ground state, such that the P-isomer 

is favoured, a difference is also observed in the peak of the absorption spectrum, 

which is typically 500nm for the P-isomer.  From the absorption and emission spectra 

observed from the 5% DODCI in PMMA blend shown in figure 4.2, it appears the 

molecules in a PMMA matrix adopt the more relaxed N-isomeric form, giving spectra 

resembling those of the dye in methanol solution. 
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Figure 4.3 shows the absorption and emission spectra of blends of DODCI in 

MEH-PPV.  The absorption of DODCI, seen as a shoulder at the low energy side of 

the MEH-PPV absorption is clearly visible.  Unfortunately, since the dominant 

emission from MEH-PPV obscures the majority of the absorption spectrum of the 

DODCI in the blend, no comment on the ground-state isomeric form present in this 

blend is possible from the absorption spectrum.  

Figure 4.3: Emission spectra of blends of DODCI in MEH-PPV, under excitation at 

476nm.  Only the absorption spectrum of the 1% blend is shown for simplicity. 

 

Emission from the blends is seen (figure 4.3) to be dominated by a lower 

energy peak between 650nm and 700nm, attributable to the DODCI emission.  The 

large contribution from the DODCI emission at wavelengths of 650nm and above 

indicates that a considerable quantity of the molecule in the blend is present as the P-

isomer, suggesting the molecule is confined in the polymer matrix.  However, work 

by Casalboni et al.29 indicated that emission from the P-isomer is also favoured when 

high excitation powers are used since the rate of photoisomerisation may cause 

accumulation in the P-form.  It is therefore difficult to say whether the molecule is 

inherently constricted in the MEH-PPV matrix, such that the P-isomer is present in 

larger quantities than the N-isomer prior to photoexcitation, or the P-isomer is merely 

accumulated at higher excitation densities.  A study of the power dependence and 

perhaps transient response of the blend would enable further comment on this issue. 
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The quenching of the MEH-PPV emission, and emission originating instead 

from the DODCI dopant, is indicative of the energy transfer process occurring from 

the polymer host to the guest molecule in the blends.  As the proportion of DODCI in 

the blend is increased, emission from the dopant molecule becomes even more intense 

relative to the polymer emission which is still observable in the spectra as a high 

energy shoulder at ~580nm.  

The energy transfer process from electroluminescent polymer host to laser dye 

dopant has been investigated by Lemmer et al. and Bolivar et al.14,15.  Time resolved 

luminescence measurements were carried out on a system of PPV and the laser dye 

DCM dispersed in an inert polymer matrix.  The authors conclude from the 

dependence of the transfer time on the distance between excited polymer 

chromophores and acceptor dye molecules that the transfer occurs via a Förster 

transfer (dipole-dipole) mechanism between singlet energy levels of the donor and 

acceptor.  Since both blend components used here are analogues of the materials used 

by Bolivar et al., a Förster mechanism is also inferred for the transfer in this case. 

Förster energy transfer is also thought32 to be the mechanism by which high energy 

excitons migrate to lower energy sections of conjugation, so this is not an uncommon 

phenomenon in these materials. 

 

Blend Quantum efficiency Relative efficiency 

Unblended MEH-PPV 7.1% 1 

0.5% DODCI in MEH-PPV 3.0% 0.42 

1.0% DODCI in MEH-PPV 1.9% 0.27 

1.5% DODCI in MEH-PPV 1.5% 0.21 

Table 4.1: Photoluminescence efficiencies of MEH-PPV and blends with DODCI 

 

Table 4.1 shows the photoluminescence efficiencies of blends of DODCI in 

MEH-PPV.  The efficiencies reflect the overall emission from the blend – both the 

residual emission from MEH-PPV and the emission originating from the laser dye. 

The efficiency of the dye alone is actually less than the 3.0% shown in table 4.1, since 

the residual MEH-PPV emission is included in this efficiency calculation.  Some 

quenching of the efficiency is observed as the percentage of dopant is increased.  

Whilst this sometimes suggests other processes are occurring, the PL efficiency may 

be affected by several factors, even when energy transfer is the only operative 

mechanism.  The guest molecule excitations should be subject to the usual non-
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radiative decay channels after transfer which are operative after conventional 

excitation by absorption of a photon. The reduction of the overall efficiency of an 

energy transfer blend as compared with a host polymer alone is often observed, unless 

a dopant with a quantum efficiency of 100% is used.  The relatively low laser dye 

efficiency of DODCI of 44% in methanol solution is likely to produce lower 

efficiency blends.   

The efficiency of the unblended host polymer will also affect that of the 

overall blend.  If the host polymer has an inherently low efficiency, many fast non-

radiative decay channels will be expected to compete with the transfer process, and 

further reduce the chances of the excitation decaying radiatively.  However, Förster 

transfer must occur on a timescale shorter or similar to that of fluorescence for the 

two channels to compete.  Therefore, a similar or greater number of excitations should 

be available for transfer as are available for radiative decay in the unblended polymer. 

Further effects are also likely to reduce the efficiency of the dopant in the 

blended system, since it is unlikely that the blend is perfectly uniform.  Dispersion of 

the dopant is difficult to control, and if aggregates are formed in the blends, this 

introduces additional non-radiative decay channels for the excitations which are 

transferred to the dopant molecules.  This phenomenon is explored further later in this 

chapter, and again in chapter 6. 

4.2.2 Electrical excitation 

Blends of DODCI in MEH-PPV were used to fabricate LEDs (§3.3).  Figure 

4.4 (left) shows the typical current-voltage curves for single layer devices, fabricated 

using either MEH-PPV or a blend of DODCI in MEH-PPV as the emissive layer.   
 

 

 

Figure 4.4: (Left) Current-voltage data for LEDs fabricated using either MEH-PPV or 

0.5% DODCI in MEH-PPV blend. (Right) energy levels for an MEH-PPV device. 
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The turn on voltage for the blend devices is lower than that for the MEH-PPV-

only devices.  This is a commonly observed phenomenon in doped LEDs33, and easily 

explained by examination of the energy levels of MEH-PPV, as compared with the 

work functions of calcium and ITO, the metals which form the electrodes in the 

devices.  Figure 4.4 (right) shows that injection of electrons is made much more 

difficult than injection of holes by the increased energy barrier.  The addition of a 

dopant with differing energy levels therefore serves to provide sites to trap carriers.  

Better balance of charge carriers in the device, as well as improved injection of the 

electrons/holes at the electrode interface enhances the overall efficiency of the system.  

This in turn lowers the turn on voltage of the diode.  Knowledge of the HOMO and 

LUMO levels of the dopant, and their positions relative to those of the host, would 

provide additional information on this matter. 

 Electroluminescence spectra from DODCI in MEH-PPV blends are shown in 

figure 4.5.  There are major differences between the electroluminescence spectra 

taken from different pixels of the same blend, indicating a lack of uniformity in the 

blend.  This is in agreement with the quenching seen in the photoluminescence 

efficiency measurements, which indicate some level of aggregation occurs in the 

blend.  Despite this, emission is seen to arise from the DODCI molecules in some 

cases under electrical excitation.   

Figure 4.5: EL spectra of 1% and 0.5% blends of DODCI in MEH-PPV.  1% blend 

spectra taken from different pixels on the same device. 
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It is possible that the electroluminescence originating from the guest 

molecules arises from trapping of individual charge carriers in subsequent steps in the 

LED.  However, without knowledge of the relative HOMO and LUMO levels of the 

host and guest, it is difficult to assess to what extent this would be expected.  By 

inference from the response of the system under photoexcitation, it would be expected 

that excitons formed on the polymer in the appropriate proximity to a guest molecule 

should be subject to energy transfer to the dopant.  

4.2.3 Structural evaluation – TEM 

Since aggregation effects are evident in both photoluminescence efficiency 

measurements and a lack of uniformity in electroluminescence spectra, transmission 

electron microscopy (TEM) was used in order to view the aggregates directly.  Figure 

4.1 shows that the DODCI molecule has an iodine counterion, I-, which is sufficiently 

distinct in atomic weight from the atoms which comprise MEH-PPV to deflect 

electrons to a different extent.  The counterions should therefore be viewed as a 

different colour to the host on a TEM image34.  To infer information about the 

location of the DODCI dye molecule itself, it must be assumed that the I- counter ion 

remains with the bulk of the molecule in the polymer blend. 
 

 
Figure 4.6: TEM image of aggregate (appears as pale area) in 1% DODCI in MEH-PPV 

film (image is a negative).  Image was recorded at x60k magnification, and the scale bar 

on the image is 100nm long. 
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 Figure 4.6 is a TEM image of an aggregate, which appears pale, in the 

otherwise dark amorphous polymer matrix.   This aggregate may consist of DODCI 

molecules.  In support of this hypothesis, the electron diffraction pattern taken from 

this aggregate displays some level of ordering, since faint circles are visible in the 

pattern.  This ordering would be expected if the dye were forming semi-crystalline 

aggregates in the polymer.  Further investigation of the crystal structure adopted by 

the dye in its crystalline form would indicate if this structure were replicated by the 

dye in the MEH-PPV matrix.  The feature identified in figure 4.6 is on the order of 

0.5m across, although more magnified images show it to consist of many smaller 

lumps. 

4.2.4 AFM images and SNOM attempts 

Figure 4.7 shows the same blend of DODCI in MEH-PPV imaged by atomic 

force microscopy (AFM).  This technique images materials by detecting changes in 

force between the sample and a tip, which may be induced by either a change in 

chemical structure and composition, or a change in height.  It is therefore difficult to 

assess which property the AFM is sampling when features are identified.  However, if 

the dye is indeed forming crystalline aggregates in the polymer, a change in height in 

addition to a change in interaction with the tip induced by a different chemical 

composition might well be expected between the polymer and the dye aggregates.   

Figure 4.7: AFM image of 1% DODCI in MEH-PPV blend. 
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Figure 4.7 does indeed show small features on the order of a hundred 

nanometres diameter, which are in the same size range as the feature from the TEM 

image above, and may again correspond to dye aggregates. 

An attempt was made at scanning near-field optical microscopy (SNOM) 

imaging of the blend by Richard Stevenson.  This technique images the optical 

response of the sample after excitation, and using near-field optics can be expected to 

reach a resolution of a few hundred nanometres35,36.  To measure the response of the 

area under investigation, the total luminescence is collected and band-pass filters are 

used to select the appropriate spectral range.  Attempts at SNOM imaging of blends of 

DODCI in MEH-PPV were unsuccessful, partially due to the overlapping emission 

spectra of the two materials.  Problems were also encountered with bleaching of the 

sample by the excitation light, which created areas of different emission intensity to 

the rest of the polymer.  This caused confusion as to which areas were dye, and which 

were just bleached polymer. 

 

4.3 The effect of solvent 

 The inclusion of dopant molecules in a polymer may cause other phenomena 

in addition to energy transfer from host to dopant.  One possibility is the disruption of 

the normal packing of the polymer chains leading to morphological changes.  This 

may, in turn, alter the photophysics of the host polymer before any effects of energy 

transfer are considered.  The work in this section attempts to assess morphological 

differences in MEH-PPV films induced instead by the use of different solvents. 

The solvent used to create an MEH-PPV solution can vary the properties of 

the polymer film enormously, even though it may have evaporated completely when 

the properties are measured.  The changes may be due to differences in morphology 

between films, induced by a variance in the evaporation rate of the solvent.  The 

polymer-solvent interactions, which determine the extent to which the polymer 

aggregates in solution, will also govern the final morphology of the film.  However, 

the effects of the different solvents on the photophysics of the material must be 

studied with care to avoid misinterpretation. 

Figure 4.8 shows the emission and absorption spectra of MEH-PPV films 

spin-cast from chloroform, toluene, tetrachloroethane (TCE) and tetrahydrofuran 
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(THF).  All solvent tests were carried out on polymer made in a single synthesis 

batch, to ensure a fair comparison.   
 

Figure 4.8: Absorption and photoluminescence spectra of MEH-PPV films spun from 

different solvents.  Films were excited at 476nm for the PL spectra, under a nitrogen 

flow.  Emission from a 10-5M solution of MEH-PPV in dichloromethane is also shown 

(thin black line), courtesy of Dr. Anna Köhler. 

 

The absorption spectra show little difference between solvents, since this 

measurement samples the cumulative absorption of all conjugation sections in the 

polymer film, although the peak of absorption from the film spun from chloroform is 

higher in energy than for the other solvents.  

The emission spectra however, as seen from figure 4.8, vary immensely 

between films spun from different solvents, which may be due to one of two sources: 

(a) The degree of aggregation, or other inter- or intra-chain effects differing 

between solvents.  This is likely if solvents have different boiling points, or 

differ in their affinity for the polymer chains, i.e. in a ‘good’ solvent, the 

polymer will be less aggregated than in a ‘bad’ solvent.  The extent of 

aggregation in the solution will affect the properties of the spun film. 

(b) The differences in film thickness affect the extent of self-absorption occurring 

in the films.  Self-absorption, or the ‘inner filter’ effect37 causes changes in 

emission spectra in concentrated solutions and solid films of chromophores, 

particularly where the Stokes’ shift between absorption and emission is small.  
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The high energy emission encounters ground state chromophores before 

escaping the film or solution and may be reabsorbed, causing the emission 

spectrum to be attenuated only in the region where the emission overlaps the 

absorption.  This changes the relative contributions from the vibronic peaks.  

In solid films, the effect is dependent on film thickness since the further the 

emission must travel through ground-state chromophores, the more likely it is 

that it will be re-absorbed. 

Figure 4.8 also shows the emission spectrum from a 10-5M (molar with respect 

to the repeat unit of the polymer) solution of MEH-PPV in dichloromethane (CH2Cl2) 

excited with MLUV.  At 10-5M, very little self-absorption is expected, so the emission 

spectrum should be representative of a spectrum from isolated MEH-PPV molecules.  

The emission from the solution has been scaled to fit the film emission spectra at 

630nm, where the absorption is negligible, so self-absorption effects should also be 

relatively insignificant.  The solution spectrum has also been moved up the 

wavelength scale by 40nm in order to align it with the solid film spectra, and provide 

an idea of how the emission may look if no self-absorption were occurring.  This 

spectrum should be treated with caution, however, since more fundamental 

differences may be expected between solution and solid film PL spectra38,39.  The 

comparison of the spectra implies that a large degree of self-absorption is affecting 

the emission spectra from the films at high energies.  The 0-0 vibronic peak of the 

emission is found to be significantly more pronounced from the solution emission 

spectrum.  However, on the low energy side, where the self-absorption effect is not 

expected to be an issue, some differences in the film spectra are observed, particularly 

in the case of the film spun from TCE.  These differences are more likely to be due to 

changes in film morphology, and the low energy emission from MEH-PPV has been 

attributed to aggregates in the film by Samuel et al.39 

 

Solvent Boiling point Surface uniformity 

of film 

PL eff 

(λex=476nm) 

Eff. after 

annealing 

Chloroform 61ºC ±15nm 6.4% 7.0% 

THF 65-67ºC ±30nm 6.7% 5.9% 

Toluene 110ºC ±50nm 5.8% 10.4% 

TCE 145ºC ±5nm 3.9% 7.7% 

Table 4.2: Effect of solvent on surface uniformity and PL efficiency of polymer films.   
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Table 4.2 shows the relative effects of changing solvent on surface uniformity† 

and PL efficiency of the polymer once spin-cast.  The boiling points of the solvents 

are also shown, but there appears to be no correlation between either of the measured 

parameters and this property.  Surface uniformity is also affected by many other 

factors such as the viscosity of the solution, time between depositing solution on the 

substrate and beginning to spin, and the position on the substrate where the 

measurement is taken.  Higher boiling point solvents tend to form more uniform films 

when spin-casting, since the solvent evaporates more slowly, although in this case this 

is only reflected in the very uniform TCE-cast film. 

 The difference in efficiencies is substantial, and the most efficient film is 

found to be that spun from THF, which has a fairly poor surface uniformity.  Self-

absorption is also likely to attenuate the efficiency, so these measurements must also 

be treated with care. However, a discussion of solvent effects on MEH-PPV by Hide 

et al.40 found THF to be the solvent which produced films with the lowest threshold 

power required for line narrowing.  Films cast from either chlorobenzene or p-xylene 

had a line narrowing threshold power approximately five times greater than that for 

THF-cast films.  Unfortunately, no explanation other than a ‘solvent dependence of 

chain packing’ is offered for the differences in the observed phenomena.  Ultrafast 

spectroscopic data41 has also shown no stimulated emission in films of MEH-PPV 

cast from chlorobenzene, in contrast to those cast from other solvents. 

 The effect of annealing the films for 12 hours at 100ºC under vacuum was also 

investigated.  This process would be expected to drive off residual solvent, but is not 

expected to significantly alter the thickness of the film, so the self-absorption level 

should remain constant.  Contrasting the polymer films before and after the annealing 

process shows little difference between the efficiencies of the films spun from the low 

boiling point solvents (table 4.2; last column).  Larger differences may be expected, 

since low boiling point solvents should evaporate more efficiently during and after the 

spinning process, so less residual solvent should remain in the film.  The efficiencies 

of the films cast from higher boiling point solvents, however, almost double after 

annealing.  This suggests that the residual solvent is evaporated during the process, 

 
† Surface uniformity measurements were performed with a profilometer as used for thickness 

measurements outlined in §3.3.2. 
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increasing the efficiency of the film by removing non-radiative decay defect sites 

previously provided by the remaining solvent molecules. 

 The emission spectra of the various films before and after annealing were not 

found to change to a great extent.  The exception was the film cast from THF (figure 

4.9), which developed much more pronounced vibronic structure after annealing.  

This phenomenon may be due to a change in morphology, either produced by the 

evaporation of the residual solvent or by rearrangement of the molecules above the 

glass transition temperature (Tg).  No measure of the glass transition temperature of 

MEH-PPV can be found in the literature, perhaps because it is also very likely that 

this property is batch-dependent, making reliable and universally applicable results 

difficult to obtain‡.  Further investigation via other experimental means may establish 

a cause for the improved vibronic structure after annealing of this film. 

 

Figure 4.9: Photoluminescence spectra of MEH-PPV films spin-cast from THF solution, 

before (grey) and after (black) annealing.  Excitation was at 476nm in both cases. 

 

 In summary, the choice of solvent used to dissolve MEH-PPV can affect the 

emission properties of the films after deposition.  However, all effects must be 

carefully considered, since self-absorption is an important process in altering the 

apparent vibronic structure.  Any effects not due to the inner filter effect may be due 

 
‡ Differential scanning calorimetry analysis of this batch of MEH-PPV by Bruce Weir (Cavendish 

Laboratory, Cambridge) did not identify a Tg for the material between 0°C and 300°C. 

0

0.2

0.4

0.6

0.8

1

550 600 650 700 750 800

N
o
rm

. 
e
m

is
si

o
n

Wavelength (nm)



Transfer Processes in Organic Electroluminescent Systems 

62 

to changes in film morphology induced by different rates of evaporation of the 

solvent, or changes in the original solution due to the solvent interaction with the 

polymer molecules.  Such effects are also very likely to be chain-length (i.e. 

molecular weight), and therefore batch dependent, and differences may also be seen 

between individual films from the same solvent due to slight changes in spin 

conditions. 

 

4.4 Porphyrin dopants 

Figure 4.10 shows the structures of the porphyrin used in this section and the 

polymer MCP – a basic MEH-PPV structure with additional cyano groups on the 

vinylene linkages.  

 
Figure 4.10: Structures of the porphyrin, ZnOPEP (left), and the polymer, MCP (right), 

used in this section. 

 

MCP is a polymer which emits in a similar spectral region to MEH-PPV. It 

does not exhibit the aggregation and excimer effects evident in CN-PPV which red-

shift the emission of that polymer with respect to MEH-PPV42. MCP also does not 

display the problems of gelling in solution which make some batches of MEH-PPV 

difficult to work with.  MCP dissolves easily in xylene, which is the solvent used for 

these blends. 

The porphyrin, 5,10,15,20-meso(4-octylphenylethynyl)porphyrin (OPEP), was 

used in two forms, both with and without a zinc (II) ion at the centre of the ring.  
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Since both forms showed similar results and energy transfer processes, only the zinc 

analogue data will be shown here.  Discussion of this singlet-emitting porphyrin 

dopant in MCP will be limited in this section, since chapters 5 and 6 will cover this 

topic in considerable detail, with respect to a triplet-emitting porphyrin.  A more 

detailed discussion of porphyrins in general will also be addressed in Chapter 5, so for 

the purposes of this section, ZnOPEP is used merely as another possible emissive 

molecular dopant for organic electroluminescent polymers. 

4.4.1 Photoluminescence 

The absorption and emission spectra of both the zinc porphyrin (ZnOPEP) and 

MCP are shown in figure 4.11.  The spectra of ZnOPEP are recorded from a 1% blend 

in polystyrene.  The absorption spectrum of the porphyrin shows the typical high 

energy Soret or B-band absorption, peaking at 450nm, and the lower energy 

vibrational peaks of the Q-band absorption.  These bands are attributed43 to the S0-S2 

and S0-S1 absorptions respectively, although emission usually originates only from the 

S1 state, as is observed here.  The overlap of the Q-absorption bands of porphyrin and 

the emission of MCP indicates that energy transfer from the polymer to the porphyrin 

in blends of the two should occur.   

Figure 4.11: Absorption (grey) and emission (black) spectra of MCP (dotted) and 

ZnOPEP (solid) (as 1% dispersion in polystyrene).  Excitation for emission spectra was 

at 488nm for MCP and 457.9nm for ZnOPEP.  MCP absorption spectrum courtesy of 

Anna Köhler (Cavendish Laboratory, Cambridge). 
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Figure 4.12 demonstrates that this is indeed the case, since excitation at 488nm 

of blends of varying concentration of ZnOPEP in MCP show emission primarily from 

the porphyrin dopant, despite the polymer dominating the absorption spectrum at the 

excitation wavelength.  As the concentration of ZnOPEP increases, the contribution to 

the emission by the polymer is seen to decrease, although the emission from ZnOPEP 

is complicated by the growth of a second peak at 780nm.  This is possibly attributable 

to aggregate emission in these blends.  If this is the case, then the increase of the 

780nm peak with concentration would indicate that the dispersion of 1% ZnOPEP in 

polystyrene (figure 4.11) is considerably aggregated. 

Figure 4.12: Absorption of 5% blend (dotted, grey), and emission from blends of 1%, 

5% and 10% (dark to light) of ZnOPEP in MCP under photoexcitation at 488nm. 

 

4.4.2 Electroluminescence 

Figure 4.13 shows the electroluminescence spectra from two of the blends for 

which PL spectra are shown in figure 4.12.  The spectra were recorded from devices 

fabricated using a hole-transporting layer of PPV with an emissive layer of the 

appropriate ZnOPEP/MCP blend spun on top before depositing the cathodes.  The 

same concentration-dependent porphyrin emission peak which was visible under 

optical excitation is also seen under electrical excitation.  Some residual emission 

from the MCP and PPV hole-transporting layer is also observed.  Electron-hole 
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recapture and subsequent exciton emission is likely to occur at the interface between 

MCP and PPV, causing a small contribution to the EL spectrum by the PPV layer. 

 Further discussion of porphryins as dopants for electroluminescent systems 

can be found in chapters 5 and 6. 

Figure 4.13: Normalised electroluminescence spectra for 1% (solid line, 60V) and 10% 

(dotted line, 65V, smoothed) blends of ZnOPEP in MCP. 
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4.5 Europium complex 

Rare earth complexes, particularly those of europium and terbium, were 

investigated during the 1960s in solid solutions, with the aim of creating solid state 

optically pumped lasers44-46.  The complexes consist of the rare earth ion surrounded 

by ligands, which usually possess some degree of conjugation.  After initial 

absorption of a photon by the ligands, intersystem crossing of the excitation to the 

triplet manifold occurs.  The triplet level of the ligand then acts as a donor level to 

pass the excitation to a resonance level in the rare earth ion.  After relaxation, the rare 

earth ion emits with atomic-like emission.  This process is summarised in figure 4.14.  
 

 

Figure 4.14: Excitation process for rare earth complexes.  After Sinha47. 

 

4.5.1 Complex synthesis 

The complex europium dibenzoylmethane with a piperidine counter ion 

(EuD4P), was synthesised via the method outlined by Brecher et al.46.  The structure 

of the dibenzoylmethane ligand is shown in figure 4.15.  The ligands complex to the 

Eu3+ ion using the lone pairs of the carbonyl oxygens, and the complex adopts a cubic 

arrangement of ligands around the central ion, as is the case for other β-diketonate 

complexes of europium45. 

 
Figure 4.15: Structure of the ligand dibenzoylmethane. 
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Europium chloride (EuCl3), dibenzoylmethane (DBM) and piperidine (P) were 

all purchased direct from Aldrich and used without further purification.  The reaction 

is thought to occur via a two-stage process: 

DBM + P → DP 

4DP + EuCl3 → EuD4P + 3PCl 

This was accomplished by dissolving an excess of dibenzoylmethane in 

ethanol and adding an excess of piperidine to form the piperidinium salt (DP).  

Addition of a stoichiometric amount of EuCl3 (also in ethanol solution) whilst stirring, 

caused the product to precipitate from solution.  The resulting pale yellow crystals 

were air-dried, washed in ethanol, and dried again.  The crystals were stored at -20°C 

and protected from light.   Confirmation that the desired product had been made was 

limited to the study of the absorption and photoluminescence of the complex, 

examined in the next section. 

4.5.2 Photoluminescence of Eu complex 

The europium complex EuD4P was dissolved in chloroform solution with 

PMMA, to create a 5% (w/w) EuD4P in PMMA blend for study of the properties of 

the complex in a solid matrix.  Both the absorption spectrum of a film spun from this 

solution, and that of a 5% blend of the uncomplexed ligand, dibenzoylmethane 

(DBM) in PMMA are shown in figure 4.16.  

Figure 4.16: Absorption (grey) and photoluminescence (black) spectra (λex = 360nm) of 

the complex EuD4P (solid lines).  Absorption of the uncomplexed ligand DBM (grey, 

dotted line) is also shown. 
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To within experimental limits, the two absorption spectra are identical, 

indicating that absorption of light into the complex is via the ligands, and that direct 

excitation of the Eu3+ ion in the complex is not a dominant process.  This is 

anticipated from the excitation route for such complexes, as shown in figure 4.14. The 

sharp emission peak from the 5% EuD4P in PMMA blend is also shown in figure 

4.16. A large Stokes’ shift of almost 200nm is observed, again concordant with the 

suggested excitation route.  The transfer steps between excitation and emission mean 

that much energy is lost through internal conversion and radiationless transitions 

between levels.  Emission therefore occurs at much lower energy than absorption.   

 The narrow linewidth of the main peak of the complex emission in figure 4.16 

(full width at half maximum (FWHM) is on the order of only 8nm) is indeed 

reminiscent of atomic line emission.  The sharp emission lines from complexes of this 

type arise from transitions of f-orbital electrons, which are held close to the nucleus of 

the europium ion and shielded by both d- and s-orbitals.  This provides emission 

spectra very similar to those of the uncomplexed ions, with little or no involvement 

from the ligands at the emission stage.  The dominant peak in the emission spectrum 

of EuD4P at 612nm, and the minor peak at 593nm, are thought46 to arise from 5D0-7F2 

and 5D0-7F1 transitions respectively. 

The absorption energy of EuD4P is relatively high.  Therefore the emission 

spectra of most common organic electroluminescent polymers would not be expected 

to overlap the EuD4P absorption, and show energy transfer would not be expected  In 

order to observe energy transfer from an electroluminescent polymer to the complex, 

there are therefore two possible routes.  Either an electroluminescent polymer which 

emits at high energy must be used, or the complex must be modified to lower its 

absorption energy.  Both of these possibilities are explored in the following sections. 

4.5.3 Host polymer with high energy emission  

An aromatic oxadiazole copolymer48 with a hexafluoropropylidene linkage 

(figure 4.17) was examined with a view to blending with the EuD4P complex.   

Figure 4.17: Structure of the high-energy aromatic oxadiazole copolymer. 
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Figure 4.18: Absorption and emission spectra of high-energy copolymer.  Excitation 

was at 325nm. 

 

The emission and absorption spectra of this polymer after spin casting from 

chloroform solution are shown in figure 4.18.  The copolymer has a band gap of 

3.45eV, and emits with a PL efficiency of 57% when excited at 325nm.  This 

emission spans the wavelength region between approximately 360nm and 500nm, 

which provides approximately 50nm of overlap with the absorption spectrum of 

EuD4P.   

 Films of the oxadiazole copolymer were found to have a surface roughness on 

the order of ±15nm, possibly a result of spin casting from a chloroform solution, 

where the solvent evaporates quickly often making irregular films. Annealing the 

films§ did not improve the surface uniformity, or change the emission spectrum 

obtained after photoexcitation.  Attempts to fabricate LEDs from this polymer with a 

poly(3,4-ethylenedioxythiophene) (PEDOT) hole-transporting layer were not 

successful, even after annealing the polymer.  An electroluminescence spectrum could 

therefore not be obtained.  Uneven polymer films usually make poor devices, since 

pinholes in the film cause frequent short circuits between the electrodes after 

evaporation of the Ca/Al cathode. 

 
§ Films were annealed for 2 hours at 160°C, although no Tg was found for the polymer between 0°C 

and 300°C using differential scanning calorimetry. 
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4.5.4 Photoluminescence of blend 

EuD4P was blended with the oxiadiazole copolymer to study energy transfer to 

the complex from a luminescent material.  The absorption and emission spectra of a 

5% blend of EuD4P in the polymer are shown in figure 4.19.  Absorption is primarily 

from the polymer, whilst emission originates from the complex, although some 

polymer emission remains. 

Figure 4.19: Absorption (dotted line) and photoluminescence (solid line) spectra of 5% 

blend of EuD4P in high energy copolymer.  Excitation for PL spectrum was at 300nm. 

 

4.5.5 Synthesis of ligands with low energy absorption  

Polymers which emit at high enough energy to coincide with the absorption of 

EuD4P were either not available or were found to be difficult to process for LED 

fabrication.  The other possibility to enable energy transfer to Eu3+ ion complexes 

therefore is to lower the absorption energy of the complex.  Lowering the absorption 

energy of the ligands may be accomplished by adding an extra phenyl ring to extend 

the conjugation.  Unfortunately, attempts at the synthesis of such ligands were 

unsuccessful, although a more complete study of both the dinaphthoylmethane 

complex and others has been carried out by McGehee et al.49.  The authors study both 

optical and electrical excitation of blends of Eu3+ complexes in the polymer CN-PPP, 

which emits between 380nm and 600nm.  The ligands of the europium complexes are 

based around the β-diketonate structure of dibenzoylmethane, and reflect a range of 
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levels of conjugation.  The range begins with methyl groups at either side of the 

chelating carbonyl groups, moves through one phenyl group and one methyl group to 

two phenyl groups (dibenzolymethane), and finishes with two naphthyl groups 

(dinaphthoylmethane).  The absorption energy decreases throughout this set, and this 

is reflected in photoluminescence spectra of blends of the complexes with CN-PPP.  

Energy transfer becomes increasingly efficient as the absorption energy of the 

complex decreases, leaving less of the residual polymer emission.  However, under 

electrical excitation, emission originates purely from the Eu3+ ion for all ligand 

systems, indicating that recombination occurs on the dopant molecules, and energy 

transfer from host to dopant is not a dominant process under electrical excitation.  

Another study by Miyamoto et al. of β-diketonate Eu3+ complexes examined 

the interactions between the complexes and a phosphorescent host, with the intention 

of generating a direct interaction between the triplet levels of the host and the triplet 

energy levels of the complex ligands50.  The scheme was successful, although the 

situation appears similar to that investigated by McGehee et al. in that electrical 

excitation produces an emission spectrum consisting almost exclusively of the d-

orbital transitions of the europium complex.  By comparison, photoexcited emission 

spectra consist of a proportion from both blend components, suggesting charge carrier 

trapping is occurring at the complex sites under electrical excitation. 

The use of rare earth ions in electroluminescent blends has not been limited to 

europium complexes, and a number of examples of the use of alternative rare earth 

complexes exist in the literature.  Terbium (Tb)51, niodinium (Nd)52 and erbium 

(Er)53 have all been used in complexes which have acted as acceptors in energy 

transfer processes with electroluminescent host materials.  The choice of rare earth 

ion allows spectral tuning of the final emission colour.  Atomic-like emission spectra 

with small FWHM are achieved in each case, with the additional benefit of a large 

Stokes’ shift which enables the absorption of the host material to be avoided. 
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4.6 General discussion and further work 

This chapter has reviewed the use of several different conjugated polymer 

blends with emissive molecules.  Energy transfer is observed in each case, since there 

is overlap of the absorption bands of the dopant molecules with the emission bands of 

the host polymers.  However, other phenomena are also distinguishable in some 

blends.  Most noticeably, the effect of aggregation of the molecular dopants in the 

blends causes photoluminescence quenching and changes in spectra.  This 

aggregation has been evaluated using some imaging techniques.  The occurrence of 

aggregates in blends of electroluminescent polymers and emissive dopant molecules 

is a hindrance to both the efficiency of the blends and the understanding of the 

governing physics.  One successful method to overcoming aggregation problems is to 

use polymer-polymer blends, as opposed to polymer-molecule blends.  In these cases, 

aggregation may still occur to some extent, but the disordered nature of the polymer 

aggregates reduces the aggregate-induced non-radiative decay effects 12.  Blends of 

conjugated polymers have already been used extensively and to great effect in 

photodiodes34. 

The effect of solvents on the properties of MEH-PPV spun films was also 

assessed, although it is very important when working with films of varying thickness 

to properly assign the effects seen at the high energy side of the PL to either solvent 

effects or self-absorption.  The effect of solvent on the properties of MEH-PPV is an 

ongoing issue of some interest, since MEH-PPV is one of the most widely-studied 

soluble conjugated polymers available.  For a more effective evaluation of the effect 

of solvent on the properties of spun films of MEH-PPV, PL measurements need be 

carried out on films of uniform thickness.  An alternative to this is to study other 

properties of the film such as the transient response of the polymers, as studied by 

Samuel et al.39.  Other properties, such as line-narrowing characteristics dependence 

on solvent, have also been studied40. 

 A brief literature review on the blending of electroluminescent materials and 

emissive dopants has also been incorporated into this chapter.  The aim was to 

provide a general overview of the technique, and an insight into the problems and 

enormous number of possibilities and challenges which are presented by the method.  

 Following the work in this chapter with a variety of dopants, the following two 

results chapters focus more closely on a single dopant in a variety of hosts. 
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CCHHAAPPTTEERR  VV  

PPHHOOSSPPHHOORREESSCCEENNTT  BBLLEENNDDSS  

In this chapter, blends of electroluminescent polymers with a phosphorescent 

dopant are used to create triplet-emitting LEDs.  The method of guest molecule 

excitation via transfer of singlet excitons, triplet excitons, or charge carriers from 

the host polymer is discussed. These phenomena have implications for the 

efficiency of LEDs, and may also serve as a tool to investigate the host polymers. 

5.1 Introduction 

Chapters 5 and 6 analyse the consequences of including a single, 

phosphorescent dopant in a variety of electroluminescent polymer hosts.  In this 

chapter, the blends which are created demonstrate efficient phosphorescence from the 

dopant under both optical and electrical excitation.  Conversely, chapter 6 covers host 

polymers which, when blended with the dopant, suppress its phosphorescence.  The 

various mechanisms which lead to either emission from the dopant or 

phosphorescence quenching are investigated and discussed for each host polymer.  

Once each interaction has been ascertained, it is possible to confirm or probe a 

number of properties of the host polymers. 

The structure of the dopant used throughout these two chapters, platinum 

octaethyl porphyrin (PtOEP), is shown in figure 5.1. Porphyrins are an important class 

of compound, the photophysics of which have been investigated for much of the latter 

half of the twentieth century1-3.  These molecules play an important role in many 
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processes in the natural world.  For instance, chlorophyll, which is used in 

photosynthetic processes, is based on a porphyrin structure, and the transport of 

oxygen by the blood also utilises molecules based on the structure.  In chapter 4, a 

zinc-substituted fluorescent porphyrin was used.  The metal ion incorporated at the 

centre of the porphyrin ring may also be used to promote intersystem crossing from 

singlet to triplet manifolds.  The platinum ion at the centre of the PtOEP porphyrin 

ring used in this chapter aids spin-orbit coupling, causing the molecule to be 

phosphorescent. 

This chapter deals with the processes occurring in blends of PtOEP with the 

electroluminescent polymers poly [4-(N-4 vinylbenzyloxyethyl, N-methylamino)-N-

(2,5-di-tertbutylphenyl naphthalimide)] (PNP) and poly(dioctylfluorene) (PFO), also 

shown in figure 5.1. 

 

Figure 5.1: Structures of the dopant molecule, PtOEP (left), and the host polymers PNP 

(middle) and PFO (right). 

 

5.2 PtOEP in PNP  

 PNP is a material described as a ‘side-chain’ electroluminescent polymer4, 

synthesised to enable the use of small electroluminescent molecules in devices 

without the need for problematic deposition techniques such as vacuum sublimation.  

As figure 5.1 shows, the polymer is based on a saturated backbone with conjugated 

‘pendant’ side chains attached.  The side chain unit is a naphthalimide moiety5-7, 

chosen for its high luminescence efficiency and the ease with which it may be 

chemically modified8, and attached to the polymer backbone by a polystyrene 

linkage.  Whilst the polymer may be used to create LEDs in the same manner as 

conjugated backbone polymers, the chemical stability of PNP under electrical 

excitation is a greater issue9,10. 
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5.2.1 Investigation of blend components 

Figure 5.2 shows the absorption and emission spectra of the polymer, PNP, 

and PtOEP as a 5% dispersion in poly(methyl methacrylate) (PMMA).  The porphyrin 

again shows the Q- and B-absorption bands, at 501+534nm and 380nm respectively. 

It can be seen that a blend of PtOEP in PNP would satisfy the initial requirement for 

energy transfer between the two components, since the emission of PNP overlaps the 

Q-absorption bands of the porphyrin.   

 

Figure 5.2: Absorption (grey) and photoluminescence (black) spectra for the polymer 

PNP (dotted) and the porphyrin PtOEP (solid).  Excitation for the emission spectra was 

from a monochromated xenon lamp at 420nm for PNP and 534nm for PtOEP. 

 

Cyclic voltammetry (§3.6.2) was used to determine the HOMO and LUMO 

levels of the two materials, the results of which are shown in figure 5.3.  The relative 

positions of the HOMO and LUMO levels of host and guest also appear favourable 

for energy transfer from PNP to PtOEP, since both levels of the polymer lie outside 

those of the porphyrin.  This indicates that it is energetically favourable for both the 

hole and electron from the polymer exciton to transfer to the guest molecule.  
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Figure 5.3: Cyclic voltammetry data for both PNP (dark) and PtOEP (light) and the 

HOMO and LUMO levels derived from it (inset). 
 

The spectral and CV data suggest that blends of PtOEP in PNP should indeed 

demonstrate energy transfer from host to guest.  However, the absorption spectrum of 

the porphyrin shows several discrete absorption peaks.  Since energy transfer is likely 

to excite the molecule in a different spectral range to a monochromatic source, the 

wavelength dependence of the PtOEP emission spectrum was investigated.  The 

normalised emission from PtOEP when excited at the peak wavelength of each of the 

absorption peaks is shown in figure 5.4.  

 

Figure 5.4: Normalised emission of 5% PtOEP in PMMA blend after excitation at 

different wavelengths, corresponding to different absorption bands of the porphyrin.  
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Identical emission is seen in each case, consisting of a peak with a maximum 

at 647nm and a vibronic shoulder on the low energy side.  This indicates that fast 

internal conversion causes all emission to originate from the S1 state, regardless of 

whether the Q- or B-absorption band of the porphyrin is excited.  Therefore, the same 

emission spectrum from PtOEP should be expected after excitation from either a 

monochromatic source or energy transfer.   

The emission spectrum arising from the porphyrin in the blend may also be 

expected to closely resemble that of PtOEP in PMMA. 

5.2.2 Blend under optical excitation 

  Figure 5.5 shows the absorption and emission spectra of a selection of blends 

of PtOEP in PNP, ranging from 0.1% to 2.0% weight percent of porphyrin.  The 

absorption spectrum is a simple combination of the absorption spectra of the two 

components.  Excitation of each blend was at 457nm, a wavelength at which 

absorption by the porphyrin is minimal, so absorption by the polymer far exceeds that 

of the porphyrin.  Despite this, the emission of the blends is seen to consist of a far 

greater amount of PtOEP emission as compared with PNP than that expected from the 

relative levels of excitation of the two materials (figure 5.5).  This implies efficient 

energy transfer from the host polymer to guest molecule occurs as expected.  

However, some polymer emission remains at low PtOEP concentrations, indicating 

that some excitons still decay on the PNP in these cases. 

Figure 5.5: Absorption (inset) and emission (main graph) of blends of PtOEP in PNP at 

concentrations of 0.1%, 0.5%, 1.0% and 2.0% by weight (light to dark).  Excitation for 

the PL was at 457nm. 
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Material PL efficiency Relative efficiency 

PNP 72% 1.00 

5% PtOEP in PMMA 26% 0.36 

5% PtOEP in PNP 29% 0.40 

Table 5.1: PL efficiencies of blend components and 5% blend.  Excitation was at 457nm 

for both PNP and the 5% PtOEP in PNP blend, and at 514nm for the 5% PtOEP in 

PMMA blend.  

 

 The photoluminescence quantum efficiencies of the individual blend 

components and a 5% blend of PtOEP in PNP are reported in Table 5.1. It is perhaps 

surprising that the 5% blend in PNP efficiency exceeds that of the PtOEP in PMMA 

blend.  However, there are several factors to consider in these measurements: 

(a) The residual emission from the polymer is also included in the emission for 

efficiency calculations in the PtOEP in PNP blend, which will increase the 

value slightly as compared with the PtOEP in PMMA blend.  

(b) Other reports11 have quoted the PL efficiency of PtOEP to be nearer 50%, 

indicating that the 26% measured here may be rather low.  This may be due to 

the level of dispersion differing between blends, such that more aggregation of 

porphyrin may occur in some instances. Certain aggregate configurations of 

molecules can introduce non-radiative channels which detrimentally affect the 

radiative efficiency.  Therefore, PtOEP may be better solvated in a solid-state 

solution in PNP than in PMMA, causing the efficiency to increase in the PNP 

blend. Different solvents were also used for the two blends, and the 

chloroform used for the PMMA blend may not solvate and disperse the PtOEP 

as well as the toluene used for the PNP.  Aggregation effects in PtOEP blends 

are discussed further in Chapter 6. 

(c) The level of absorption of the PtOEP in PMMA blend at 514nm is relatively 

low compared with the absorption of the PNP blend at 457nm.  Low levels of 

absorption make the efficiency measurement less reliable, since any 

fluctuations in the laser power can cause discrepancies.  The uncertainty in the 

PtOEP in PMMA blend efficiency may therefore be greater than for the PNP 

blend, where more of the excitation light was absorbed. 

It is, however, encouraging to observe the relatively high quantum efficiency 

of the PtOEP in PNP blend.  This indicates that significant quenching of the PL 
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efficiency is not occurring, and non-radiative aggregate decay channels are not the 

foremost processes occurring in the blend. 

5.2.3 Electrical excitation 

PtOEP in PNP blends were used to make light-emitting diodes, as outlined in 

section 3.3.  The devices were fabricated with two layers – a hole-transporting layer 

of poly(vinylcarbazole) (PVK) next to the ITO-coated substrate, covered in the 

electroluminescent blend.  Control devices using only PNP, without any PtOEP 

included, were fabricated at the same time in an identical manner.   

The electroluminescence spectrum recorded from each of these devices can be 

seen in Figure 5.6.  The spectra are virtually identical to those of blends under 

photoexcitation, differing only in the proportion of emission remaining from the host 

polymer.  This point will be further addressed later in this chapter. 

Figure 5.6: Electroluminescence spectra recorded from devices made from 0% (dotted), 

0.1%, 0.5%, 1.0% and 2.0% blends (solid – light to dark) of PtOEP in PNP.  Device 

voltages were between 9V and 13V. 

 

5.2.4 Time-resolved emission 

To further the understanding of the interactions which occur in blends of 

PtOEP in PNP, the transient responses of host, dopant, and the blended components 

were studied. 

Time-resolved emission measurements on an unblended PNP sample in both 

toluene solution and solid film was carried out at the Chemistry Department of 
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Imperial College, London, with the help of Jo Gray, Melanie de Souza, and Dr. Garry 

Rumbles.  The emission lifetime of the polymer was measured by time-correlated 

single photon counting.  The sample was excited at 340nm using the fundamental of a 

cavity-dumped dye laser, synchronously pumped by a frequency-doubled mode-

locked Nd:YAG laser.  The laser generated pulses of 10-15ps duration, and emission 

from the solution was studied at 506nm.  The technique yielded a lifetime of 

7.7±0.3ns for a variety of concentrations of PNP in dilute toluene solutions, at room 

temperature. 

 

Figure 5.7: Photoluminescence decay (at 520nm) of PNP film under excitation at 

340nm.  Emission was studied using single photon counting apparatus. 

 

 Measurements on a solid film of PNP were carried out under a 10-2 Torr 

vacuum, although the sample was exposed to air briefly before the sample chamber 

was evacuated.  Excitation was at a wavelength of 340nm, emission was studied at 

520nm, and the photoluminescence decay is shown in figure 5.7.  The fluorescence 

lifetime of the sample was found to be 4.0±0.5ns at 520nm.  The emission lifetime of 

the polymer in both solution and solid state is considered to be long compared with 

other organic polymeric electroluminescent materials. For example, the prototypical 

electroluminescent conjugated polymer poly(phenylenevinylene) (PPV) decays with a 

lifetime of around a 0.3ns12.   
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The pendant side-chains of PNP consist of a naphthalimide moiety with a tert-

butyl substituted phenyl side group, attached to the polystyrene polymer backbone via 

an amino connector (see figure 5.1).  The naphthalimide molecule itself, when 

unsubstituted and in solution has a high intersystem crossing (ISC) rate, due to the 

promotion of ISC by the attached carbonyl groups13.  However, the lifetime of 7.7ns 

of the polymer, and the efficient emission observed do not suggest that the polymer is 

emitting from a triplet state14,15.  The possibility of delayed fluorescence13 being 

responsible for the extended lifetime has not been investigated, but temperature 

dependent measurements may be used to address this process.  It is assumed for the 

rest of this work that emission arises from a singlet state in unblended PNP. 
 

Time-resolved photoluminescence measurements on 5% blends of PtOEP in 

both PMMA and PNP were made with the help of Graham Denton.  Excitation was 

from a Nd:YAG regenerative amplifier producing 532nm pulses of approximately 

300ps to excite the sample.  Photoluminescence was detected using a photomultiplier 

tube with a 10ns resolution, the appropriate spectral range being selected using a 

variety of band-pass filters.  The PMT response was recorded on a Hewlett Packard 

(HP) 54502A Digitizing Oscilloscope, and then downloaded for storage on a 

computer. The samples for time-resolved photoluminescence measurements were 

spin-cast under a nitrogen atmosphere, then sealed inside the sample chamber.  Once 

the sample was in position in front of the laser, the sample chamber was evacuated. 
 

 
Figure 5.8: Time-resolved emission from 5% blends of PtOEP in PMMA (light) and 

PNP (dark). Excitation was at 355nm under a N2 atmosphere. 
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Platinum octaethyl porphyrin is well known as a solid-state phosphor2.  Since 

emission originates purely from the first excited triplet state, and the T1 to S0 

transition is formally spin forbidden, it is expected that the molecule will have a 

comparatively long lifetime compared with singlet-emitting molecules. Figure 5.8 

shows the time-resolved emission from the 5% blends of PtOEP in PNP and PMMA 

under optical excitation.   

It can be seen that the lifetimes in both blends are comparable, confirming 

again that the emission originates from the same state in each case.  The data in figure 

6.8 are consistent with a lifetime of 76±5μs at room temperature in both cases. 

 

Under electrical excitation, it is possible to time-resolve the 

electroluminescence from both unblended PNP and a 5% PtOEP in PNP blend, using 

pulsed LEDs (§3.4.4).  Such devices were fabricated using the same configuration as 

that used for steady-state devices, including the hole-transporting layer of PVK.   

Figure 5.9: Transient response of voltage (solid) and electroluminescence (dotted) from 

a PNP-only device under pulsed excitation. 

 

Figure 5.9 shows the time-resolved electroluminescence from a PNP control 

device, fabricated using PNP only, undoped with PtOEP, and the 400ns voltage pulse 

used to excite it.  It can be seen that the emission from the device has totally decayed 

by the end of the fifth microsecond after the start of the voltage pulse.  
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Figure 5.10 shows the time-resolved electroluminescence from an LED 

fabricated using the 5% blend of PtOEP in PNP. The 400ns voltage pulse is again 

shown, as in figure 5.9, but appears only as a single line at the zero point of the x-axis 

on this scale. The emission from the 5% blend is again seen to decay with the 

characteristic lifetime of PtOEP, calculated in this case to be 75μs.  The EL from an 

unblended PNP device is seen to decay within 5μs of the end of the excitation pulse.  

Therefore, this extended EL is attributed to phosphorescence from PtOEP, excited by 

energy transfer from PNP.  This device may thus be considered a red triplet-emitting 

LED. 

Figure 5.10: Transient response of voltage (dotted, black) and electroluminescence 

(grey) from a 5% PtOEP in PNP LED under pulsed excitation.  A fit to the data with a 

76μs lifetime is also shown (solid, black). 

 

5.3 The Energy Transfer Process 

Incorporating a triplet-emitting dopant molecule into an electroluminescent 

host introduces the process of intersystem crossing (ISC) into the steps between 

absorption of excitation by the host and emission from the dopant.  ISC from singlet 

to triplet manifold can occur on the porphyrin molecule if the energy of the excitation 

has been transferred between the singlet states of the host and guest.  However, the 
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5.3.1 Comparison of EL and PL 

Optical excitation of the polymer in PtOEP in PNP blends is seen to result in 

energy transfer from the host to guest, followed by phosphorescence from the 

porphyrin molecules.  This method of excitation, where excitons are created by 

promotion of an electron to a higher energy orbital, primarily creates singlet excitons. 

Triplet excitons may be created after photoexcitation of a polymer if the electron and 

hole separate and lose their correlation before recombining with either the original or 

a new counterpart16.  The other manner in which triplet excitons are considered to be 

created under photoexcitation is via intersystem crossing, possibly aided by a defect17.  

This defect may be either an impurity, perhaps of high atomic number to aid spin-

orbit coupling, or other polymer defect such as a conjugation break. 

 Since the vast majority of excitons created in the polymer after optical 

excitation are singlet excitons, Förster (singlet-singlet) transfer is considered to be the 

primary transfer mechanism by which the excitation reaches the porphyrin in this 

case.  The Förster mechanism is the same as that invoked to explain transfer in blends 

of laser dyes and conjugated polymers as seen in Chapter 4 and other work18,19.  An 

intersystem crossing step between the porphyrin singlet and triplet manifolds now 

follows the transfer, and this is summarised in figure 5.11.   

 

 

Figure 5.11: Processes occurring after optical excitation of the polymer in PtOEP in 

PNP blends. 
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 The transfer of singlet excitons from host to guest is considered the primary 

excitation source for PtOEP under optical excitation.  However, the situation is more 

complex under electrical excitation.  As outlined below, major differences are 

apparent in the blend response under electrical excitation, suggesting other processes 

are occurring in this case.   

 Figure 5.12 shows a direct comparison of the emission observed from the 

0.1% blend of PtOEP in PNP under both optical and electrical excitation.  Also shown 

is the emission after correction for the interference effects introduced by emission 

close to a metal electrode20.  Working with a 0.1% blend enables the use of the 

residual PNP emission as a calibration to study the relative amounts of emission from 

both blend components.  Even after the interference effect correction, which 

dramatically reduces the contribution of the total emission from the PtOEP, an 

additional 40% emission is found to originate from the dopant molecule under 

electrical excitation as compared with optical excitation. 

Figure 5.12: Comparison of emission from 0.1% PtOEP in PNP blend under optical (λex 

= 457nm) and electrical excitation.  EL before correction for interference effects is also 

shown (light grey).  
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which coincides with the excitation pulse, and then decay with the characteristic 76μs 

lifetime as expected.  The electroluminescence response is rather more complicated, 

however.  Whilst an initial sharp rise coinciding with the voltage pulse is also 

observed, a second, more gradual rise on the order of 10μs is also detected.  After this 

rise the electroluminescence again decays with a lifetime characteristic of PtOEP. 

 Both the slow risetime and the additional PtOEP emission under electrical 

excitation suggest an additional process occurring when exciting the blend by 

injecting a current as opposed to optical excitation.  To understand where these 

differences originate, the nature of the excitations in an LED must be addressed. 

Figure 5.13: (Upper): Transient response of emission from a 0.1% blend of PtOEP in 

PNP under optical (light) and electrical (dark) excitation.  (Lower): Pulsed EL response 

with –8V applied bias (see text).  A fit of the EL to equation 6.1 is also shown (black). 
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 In an LED, electrons and holes are injected from opposite electrodes and 

capture one another to form excitons.  Unlike photoexcitation of the polymer, the 

charge carriers which combine to form the excitons have not been created from the 

same source, so there is no correlation between the spins.  The ratio of singlet to 

triplet excitons created is therefore dependent on spin statistics and the relative 

probabilities of the generation of each, as discussed in section 2.2.2.  This means that 

a much higher proportion of the exciton population under electrical excitation is 

expected to have paired spins than those created via photoexcitation.  The major 

difference between the two methods of excitation, therefore, is that in an LED a large 

number (nominally 75%) of the excitations are triplet excitons.  This contrasts with 

the almost 100% singlet exciton population when excitation is provided by absorption 

of photons.  The additional source of energy for the PtOEP under electrical excitation 

could therefore be attributed to the direct excitation of the dopant by triplet excitons in 

the polymer.  The slow gradual rise seen in the temporal response of the 

electroluminescence would then arise from the differing rates of the two transfer 

processes.  Förster transfer, which operates only for singlet excitons, must occur on a 

relatively fast timescale, since the singlet is known to decay in the polymer with a 

lifetime of approximately 7ns (§5.2.3).  The transfer of triplet excitons, however, can 

operate over a longer timescale, since triplet excitons are comparatively long-lived.   

 LEDs also contain an enormous population of unpaired charges, and the 

recombination of charge carriers preferentially at a dopant site could therefore be a 

possible source of the additional emission from the PtOEP.  In this scenario, one 

carrier may be trapped first on the dopant site.  The additional slow rise in the 

transient response could then be attributed to the time taken to trap the second carrier 

on the PtOEP site prior to decay. 

 To determine whether this additional rise is due to the capture of charged or 

neutral species at the PtOEP sites, the same pulsed voltage experiment was repeated 

with an offset of –8V.  That is, when the voltage pulse was not ‘on’, the voltage was 

held at –8V instead of zero.  The negative bias is used to extract all remaining charged 

species from the device immediately after the end of the pulse21.  There should, 

therefore, be no charge carriers available to be trapped after the voltage pulse is 

turned off.  Figure 5.13 (lower) shows the transient response of the 

electroluminescence after a 600ns voltage pulse.  The slow risetime is still apparent, 
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indicating that this response is associated with the capture of a neutral species at 

porphyrin sites, since it is not removed by the applied bias.  This measurement 

therefore excludes the possibility that one charge carrier is trapped on a porphyrin 

molecule, and that the slow rise is the time taken to capture the other carrier.  

The relatively slow rise is consequently attributable to the migration of triplet 

excitons to a PtOEP site, and transfer of to the porphyrin by direct triplet-triplet 

transfer.  The slow additional rise in the transient electroluminescence is therefore a 

direct observation of excitations radiatively decaying on the dopant molecules, 

following ongoing transfer from the host polymer triplet level. 

Triplet-triplet transfer is considered to operate via a Dexter transfer22 

mechanism, which is an electron exchange process, the probability of which decays 

exponentially with the distance between the two species involved.  Since the transfer 

operates via a tunnelling mechanism, if the donor and acceptor molecules are in close 

proximity and the energy levels are arranged favourably, the transfer is predicted to be 

a very fast process.  The slow risetime observed in the temporal EL measurements is 

therefore likely to be due to a combination of both the migration and transfer of the 

triplet exciton to the porphyrin. 

 The relative amounts of Förster and Dexter transfer occurring in the blend can 

be independently evaluated via the proportion of instantaneous and delayed emission 

from the transient EL response.  This is estimated using: 
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where r is the emission rate, F is the proportion of instantaneous transfer, D is the 

proportion of slow transfer, and τ1 and τ2 are the delayed transfer time and the PtOEP 

triplet emission lifetime respectively.  The fit of this equation to the data is shown in 

figure 5.13, with the values of τ1 = 10μs and τ2 = 80μs, which are satisfactory values 

for the observed risetime and the known lifetime of the PtOEP decay.  This fit also 

gives the ratio D/F = 45%, which is in good agreement with the additional 40% 

emission seen in figure 5.12.   

Equation 5.1 is a simple approximation, assuming an instantaneous transfer of 

energy and another transfer at t=τ1.  The transfer is more likely to occur continuously 

between t=0 and t=τ1, and would therefore be more accurately modelled using 
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equation 6.8 in §6.4.3.  However, despite the simplicity of equation 5.1, figure 5.13 

shows a good fit to the data.  Additionally, the 45% transfer by triplet excitons 

estimated by equation 5.1 was not only concordant with the spectral estimation (fig 

5.12), but also with the ratio calculated by using the more complex equation 6.8. 

 It is unlikely that the ratio of singlet to triplet excitons captured at PtOEP sites 

in this blend accurately reflects the ratio in the entire device.  Therefore, the 1:0.4 

ratio of singlet to triplet excitons estimated using the 0.1% blend is probably a lower 

limit for the triplet population in an LED.  This is rationalised by considering the two 

mechanisms of energy transfer.  Since the Förster transfer mechanism is a dipole-

dipole interaction between molecules, it can occur over relatively long distances – 

typically on the order of tens of angstroms13.  Dexter transfer however, due to its 

tunnelling mechanism, is a much shorter-range process which requires overlap of the 

orbitals involved.   This suggests that the capture area for Förster transfer is larger 

than that for Dexter transfer.  Therefore, at a 0.1% doping level, a higher proportion 

of the singlet excitons in the polymer are likely to transfer than of the triplet excitons.  

This is somewhat complicated by the transport of excitons from the point of their 

creation to lower energy sites.   

The fact that residual emission is observed from the PNP in the 0.1% blend of 

PtOEP in PNP indicates that not all singlet excitons in the blend are within the capture 

region of a porphyrin site via Förster transfer.  Since Dexter transfer is expected to 

have a smaller capture region that Förster transfer, the ratio of singlet to triplet 

transfer should be independent of the doping level at low concentrations such as the 

0.1% blend.  As the concentration is raised, the proportion of singlet excitons 

transferred via the Förster mechanism should reach a maximum before the proportion 

of triplet excitons transferred via the Dexter mechanism.  

  Some additional excitation of PtOEP under electrical excitation when excitons 

are preferentially created at dopant sites must be expected.  This occurs when the 

dopant traps individual charges, which then recombine directly on the molecule.  

Wolf et al.23 have studied hole trapping in LEDs as a function of the offset energy 

between the HOMO levels of the host polymer and dopants.  As can be seen from 

figure 5.2, the offset between the HOMO levels of PNP and PtOEP is not more than 

0.1eV.  For this energy difference, Wolf et al. predict that hole-trapping effects should 

become more significant at concentrations greater than 0.1%.   
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  Preferential recombination of carriers at dopant sites was responsible for the 

increased efficiency observed in polymer-doped LEDs in work by Lee et al24.  

Additional dopant emission was also observed by Shaheen et al.25 under electrical as 

compared with optical excitation, and attributed to this mechanism.  However, the 

slow risetime in the transient response of PtOEP in PNP blends, and its insensitivity 

to the –8V bias, indicates that this process is not a dominant mechanism in these 

blends. 

 

 The transfer of triplet excitons from tris-(8-hydroxyquinoline) aluminium 

(Alq3) to the dopant molecule PtOEP has also been observed11.  Evidence in this case 

consisted of a comparison of the emission from Alq3 LEDs doped with either just the 

laser dye [2-methyl-6-[2-(2,3,6,7-tetrahydro-1H,5H-benzo[ij]quinolizin-9-yl) 

ethenyl]-4H-pyran-4-ylidene] propane-dinitrile (DCM2), or both PtOEP and DCM2.  

In the Alq3/DCM2 devices, singlet energy transfer to the dye is observed, with a 

residual shoulder of the Alq3 emission.  On addition of PtOEP to the system, the same 

relative contributions from both DCM2 and Alq3 emission are seen, but this time with 

the characteristic PtOEP emission imposed on the spectrum.  The authors state that 

the since the same singlet energy transfer is occurring to the DCM2 in the latter blend, 

the excitation of the PtOEP must be purely from direct excitation by triplet excitons.  

Later work by the same authors used layered devices where a PtOEP layer was placed 

at varying distances from the recombination zone.  A slow rise, very similar to that 

observed in PNP/PtOEP LEDs in this chapter, was observed.  This was attributed to 

the transport of triplet excitons from their point of creation to the PtOEP layer. 

 The high efficiency of Alq3/PtOEP devices reported in the initial paper11 is 

also used as an additional proof that Dexter transfer to the porphyrin must be 

occurring, since the internal quantum efficiency (estimated to be 23%) exceeds a 

quarter of the PL efficiency.  Indeed, another report26 relies solely on the high 

efficiency of the devices created from a blend of another phosphor with an 

electroluminescent molecular host as evidence to infer the occurrence of Dexter 

transfer between these blend components.  This evidence relies on the fact that spin 

statistics predict that 75% of the excitons created in an LED should be triplet excitons.  

The internal efficiency of an LED should therefore not be greater than ¼ of the PL 

efficiency of the material comprising the emissive layer.  This assumes that all 
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excitons created by optical excitation are singlet excitons.  However, measurements of 

very efficient unblended polymer LEDs have shown internal device efficiencies of 

approximately 50% of the corresponding polymer PL efficiencies27.  This was 

achieved without the aid of Dexter transfer to phosphorescent dopants.  These authors 

suggest that a possible explanation for the observed discrepancy between theory and 

experiments is that the probability for the creation of singlet excitons is higher than 

that for the creation of triplet excitons†.  In light of these observations, it seems that 

high efficiency devices alone are not sufficient evidence of the occurrence of triplet 

exciton transfer to a phosphorescent dopant molecule. 

 The transfer of excitons from host to dopant should affect the triplet exciton 

lifetime of both materials.  It is therefore desirable to study the effects of triplet 

energy transfer on the triplet states of PNP and PtOEP.  Photoinduced absorption is a 

technique capable of monitoring the T1 to Tn absorption, and lifetimes of the triplet 

states involved may be determined.  This technique is therefore ideal to study the 

differences induced in the triplet states of the two materials by blending them 

together. 

  

5.4 Photoinduced absorption measurements 

 Photoinduced absorption (PiA) (§3.2.5) is a ‘pump-probe’ technique in which 

the absorptions of relatively long-lived photoexcited states produced by the pump 

beam are subsequently probed. The most commonly observed absorptions in PiA are 

due to triplet excitons and dissociated charges, and these may be distinguished by 

their frequency or temperature dependence.  PiA measurements can inform us on the 

lifetime of triplet excitons in a polymer, which would be expected to be influenced by 

the introduction of a material which interacts directly with the triplet level. 

 The two blend components were initially studied separately to assess their 

intrinsic responses. 

5.4.1 Unblended PNP 

 Figure 5.14 shows the PiA spectrum of the unblended polymer PNP, at room 

temperature.  No additional features were observed up to a wavelength of 2500nm 

 
† An alternative explanation given for the high ratio of EL to PL efficiency in this work was that the 

excitons are not tightly bound, such that spin statistics arguments should not apply. 
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(down to 0.5eV).  Triplet excitons are usually measured in low-temperature PiA 

experiments, and are less likely to be observed at room temperature in singlet-

emitting conjugated polymers, since many additional non-radiative decay channels 

become operative as the temperature is raised.  This shortens the lifetime of the triplet 

excitons to a level which renders the number present at any time inadequate for the 

detection systems available.  Room temperature absorptions measured in PiA are 

therefore more likely to be due to photoinduced charges, which are less sensitive to 

temperature.   

Figure 5.14: PiA spectrum of unblended PNP at room temperature using a pump 

wavelength of 457.9nm and a chop frequency of 237Hz.  Inset:  Frequency dependence 

of the feature at 720nm and fit to equation 4.3. 

 

Since PNP is a side-chain electroluminescent polymer and not a polymer with 

a conjugated backbone, the triplet exciton may not behave identically to that of other 

electroluminescent polymers.  However, the effect of the carbonyl groups which are 

likely to promote intersystem crossing on the side chain chromophore in PNP may 

make triplet excitons either long-lived enough, or in large enough quantities to be 

measured at room temperature.  

 The feature seen in figure 5.14 shows a frequency dependence at 720nm 

(figure 5.14 inset).  However, whilst a fit of the data to a single bimolecular decay is 

shown in the figure, the signal is not seen to ‘plateau’ at low frequencies.  Since the 

response does not appear to be independent of frequency, even at low values, it is 
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likely that it is attributable to absorption by more than one species. This may or may 

not include the triplet exciton.  The low temperature spectrum of the polymer (50K) 

does not show any additional features, suggesting that if the triplet absorption is 

present, it is probably part of the 720nm feature. 

5.4.2 PtOEP in PMMA matrix 

 The room temperature photoinduced absorption spectrum of PtOEP is shown 

in figure 5.15.  The measurement was made on a 5% dispersion of PtOEP in a host 

matrix of PMMA, and shows a main peak at 760nm, with additional peaks centred at 

690nm and 625nm.  The separation between the peaks is ~0.16eV in both cases, 

which corresponds to the vibrational energy for a porphyrin molecule3.  These three 

peaks can therefore be attributed to three vibronic peaks of the T1 to Tn absorption in 

PtOEP.  The signal is clearly visible at room temperature due to the 100% intersystem 

crossing observed in the porphyrin.   

Figure 5.15: Photoinduced absorption spectrum of 5% PtOEP in PMMA blend at room 

temperature, with pump excitation at 501nm.  The line is a 4% weighted line fitted to 

the data.  Inset: Frequency dependence of PiA signal at 760nm of the same sample.  The 

line is a fit to equation 3.3.  

 

 The frequency dependence of the signal, measured at 760nm, is shown in the 

figure 5.15 inset.  The data has a reasonable fit to a bimolecular decay, as expected, 

with a calculated lifetime of 62±5μs.  This value is consistent with the lifetime of 

PtOEP as measured by other methods.  
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5.4.3 Blends of PtOEP in PNP 

 Both 1% and 5% blends of PtOEP in PNP were studied using PiA at room 

temperature, and the results are shown in figure 5.16. Interactions between the triplet 

levels of the materials should be observed as changes in either magnitude or lifetime 

of the features. However, the PiA features of the two blend components occur at very 

similar energies, causing them to overlap and complicating the analysis of the spectra. 

Figure 5.16: PiA spectra of 1% (filled circles) and 5% (open circles) blends of PtOEP in 

PNP.  Spectra were taken at room temperature, with a chop frequency of 237Hz and a 

pump wavelength of 457.9nm.  Inset: Frequency dependence of the feature at 720nm for 

the blends (fit to equation 3.3 of 1% blend frequency data gives 90±5μs, and to 5% 

blend frequency data gives 70±5μs.).   

 

The 1% PtOEP in PNP blend shows the characteristic 760nm peak of the T1 to 

Tn absorption of the porphyrin.  However, the rest of the feature is not identical to that 

observed in the 5% PtOEP in PMMA spectrum, and a contribution from the PNP 

room temperature absorption is clearly observable at 720nm.  This is not surprising 

for only a 1% blend of porphyrin in polymer however, since it is unlikely that all the 

triplet excitons from the polymer would be captured at such a low concentration11.  

Also, since it is not definite how much of the PNP PiA feature is due to photoinduced 

charge absorptions, and these would not be expected to be greatly affected by the 

inclusion of PtOEP, some residual signal is to be expected.  
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 The spectrum of a 5% blend of PtOEP in PNP, however, replicates that of the 

5% PtOEP in PMMA spectrum as seen in figure 5.16, within the expected 

experimental error.  The figure 5.16 inset shows the frequency dependence of the 

feature at 720nm, which corresponds to the peak of the PNP feature.  This shows a 

single bimolecular dependence, with a calculated lifetime of 70μs, indicating that the 

porphyrin triplet absorption is the only measurable signal at this wavelength. 

 This measurement suggests that the PNP feature is too small to be measured 

once the PtOEP has been added.  This in turn indicates that if the T1-Tn transition in 

the polymer was responsible for the feature observed, transfer of the triplet excitons to 

the porphyrin has significantly diminished the signal.  There is also a possibility, 

however, that the PtOEP T1-Tn absorption has effectively masked the PNP feature, 

making it impossible to measure independently.  A combination of the two effects, 

that is, the feature is more effectively masked because it is diminished by PNP to 

PtOEP triplet energy transfer, is also feasible.  

 Having observed evidence to suggest energy transfer may occur between the 

triplet levels of a host and phosphorescent dopant, it is desirable to establish if the 

phenomenon is more widely applicable.  The next section studies blends of PtOEP in 

another electroluminescent polymer, where phosphorescence from the dopant is again 

the result of either electrically or optically exciting the blends. 

 

5.5 PtOEP in PFO   

The polymer poly(dioctylfluorene) (PFO) is gaining prominence as an 

electroluminescent material of high efficiency, purity and regularity28,29.  These 

properties make it an ideal system in which to study further the effects of the 

inclusion of a triplet-emitting porphryin.  The extraction of triplet excitons from a side 

chain polymer or sublimed molecular host via Dexter transfer offers many 

opportunities for the advancement of the study and applications of electroluminescent 

materials.  Being able to predict where the process will occur, and how widely 

applicable it is, would therefore be advantageous.  PFO is a new, yet fairly-well 

characterised conjugated backbone polymer with which to establish whether the 

effects of blending with PtOEP extend into this class of materials.  
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5.5.1 Photoluminescence and electroluminescence 

Figure 5.17 shows the absorption and emission spectra of PFO, and the spectra 

of PtOEP are also included for ease of comparison.  It can be seen that the low energy 

tail of the emission spectrum of PFO overlaps the absorption bands of PtOEP at 

501nm and 534nm, so spectral evidence suggests singlet energy transfer from a PFO 

host to PtOEP should occur.   

Figure 5.17: Absorption (dotted) and emission (solid) spectra of PFO (black) and 

PtOEP (grey).  Excitation for PFO was MLUV, and 534nm for PtOEP. 
 

To examine whether it would be energetically favourable for both electron and 

hole to transfer from the polymer to the porphyrin, the HOMO and LUMO level 

positions of the two materials were compared (figure 5.18) as for PNP blends.   

Figure 5.18: CV-determined HOMO and LUMO levels for PFO and PtOEP. 
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It can be seen that the levels are arranged such that both electron and hole are 

favoured to transfer to the PtOEP from PFO.  Energy transfer is therefore also 

predicted from this result. 

The absorption and photoluminescence spectra of a blend of 2% PtOEP in 

PFO (figure 5.19) demonstrate that energy transfer is occurring.  Excitation of the 

blend was MLUV, where, as figure 5.17 shows, absorption by both components 

occurs.  However, in a 2% blend such as that studied here, the absorption in this 

region is dominated by PFO.  Emission is primarily from PtOEP, indicating efficient 

transfer of the photoexcited singlet excitons from the host to the dopant molecules.  

The electroluminescence from the blend is also shown in figure 5.19, and again, the 

emission is seen to arise primarily from the PtOEP.   

The photoluminescence quantum efficiency of PFO and a PtOEP in PFO 

blend is shown in table 5.2.  The quantum efficiency of the 5% PtOEP in PFO blend 

is ~60% of the porphyrin in a PMMA matrix.  The PFO blend is also on the order of 

half as efficient as the same concentration blend of PtOEP in PNP, although the 

efficiency of unblended PFO is also less than that of PNP.  

Figure 5.19: Absorption (dotted, grey) and PL (solid, grey) spectra of 2% PtOEP in 

PFO (excitation for the blend was MLUV), and EL spectrum (solid, black). 

 

Material PL efficiency Relative efficiency 

PFO 56% 1.00 

5% PtOEP in PMMA 26% 0.46 

5% PtOEP in PFO 16% 0.29 

Table 5.2: Efficiencies of PFO and blends with PtOEP.  Excitation was MLUV for the 

PFO samples, and 501nm for the PtOEP in PMMA sample. 
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5.5.2 Energy transfer process in PFO 

 The mechanism of energy transfer in PFO with PtOEP blends was investigated 

in the same manner as for PNP with PtOEP blends.  That is, the relative proportions 

of emission from the blend components under optical and electrical excitation were 

compared, and the transient response of the electroluminescence after pulsed 

excitation was studied.  The two signatures of Dexter transfer in the blends were again 

present; i.e. the additional PtOEP emission and slow risetime in the transient response 

under electrical excitation.  Figure 5.19 shows that under electrical excitation, the 

polymer emission peak is too small to be distinguished in a 2% PtOEP in PFO blend.  

However, under optical excitation, the contribution from the host is still clearly 

visible.   

The photoluminescence lifetime of PFO was measured using single-photon 

counting apparatus at Imperial College as for PNP in section 5.2.3.  The emission 

from a PFO film at 440nm under excitation at 340nm, was found to be shorter than 

that measurable with the equipment; that is, under 400ps.  This indicates singlet 

excitons in PFO are relatively short-lived.  Therefore, the gradual risetime visible in 

the transient EL response (figure 5.20) must be associated with either triplet or charge 

transfer.  The gradual rise in the case of PFO blends takes place over a much shorter 

timescale than that observed in the PNP blends.  Additionally, the EL intensity gained 

over the duration of the slow rise represents a much smaller proportion of the overall 

intensity.  The pulsed excitation of the blend with an applied –8V bias is also shown 

(figure 5.20), and closely resembles the trace without applied bias.  This indicates the 

slow rise in a 0.1% PtOEP in PFO blend is primarily due to a neutral species once 

again, and the effects shown in figure 5.20 are therefore attributable once again to 

triplet energy transfer from host to guest. 
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Figure 5.20: Transient response of the electroluminescence of 0.1% blend of PtOEP in 

PFO, unbiased (black, upper) and with –8V bias applied (grey, lower). 

 

 Whilst similar energy transfer appears to be occurring in both PFO and PNP 

blends with PtOEP, the details of blends of PtOEP with PFO are somewhat different 

to those of the blends with PNP.  This is evident when comparing relative HOMO and 

LUMO levels for the two blends (figures 5.3 and 5.18).  Whilst the difference 

between HOMO levels of PtOEP and PNP is not greater than 0.1eV, the difference 

between the HOMO levels of PtOEP and PFO is 0.5eV, which is predicted23 to give a 

critical doping level of 0.0001% at which hole trapping becomes an important process 

in LEDs. 

 This problem is reflected in the dependence of the risetime on voltage for the 

two polymers. In PFO blends with PtOEP, the trapping effect is so significant that the 

gradual rise cannot be distinguished at low currents (figure 5.21), and is only 

observable at higher currents where the number of injected carriers, and therefore 

exciton density, is higher.  Even at these higher currents, the risetime is not as 

pronounced as that in the PNP blends with PtOEP at all voltages, as shown on the 

same figure.  It seems that the phosphorescence arising from electrical excitation in 

the PFO with PtOEP blends is due to some extent to the trapping of carriers at 

porphyrin sites.  This is likely to be exacerbated at higher doping concentrations, and 

is further discussed in section 5.6. 
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Figure 5.21: Comparison of slow risetimes in blends of PFO and PNP with PtOEP.  

 

 The use of a phosphorescent dopant enables the radiative decay of triplet 

excitons in organic LEDs, regardless of how the triplet exciton arrives at the dopant 

site.  With regard to device efficiency, it is irrelevant whether Dexter transfer or 

carrier trapping is responsible for triplet excitation of the dopant, and it should be 

possible to enable radiative triplet decay and therefore increase efficiency in either 

case.  With this in mind, the efficiency of some PtOEP in PFO devices was measured.  

These devices were made at Cambridge Display Technology (CDT), using a blend 

based on PFO and optimised for high efficiency by CDT before the inclusion of 

PtOEP.  A hole-transporting PEDOT layer was first deposited and converted on the 

ITO before spin-deposition of the emissive blend, to improve the efficiency and 

operation lifetime of the devices, although this should not affect on the spectroscopic 

response of the devices. The efficiency of the devices was measured, and is 

found to have an average peak value of 0.6 lumens/watt. The Commission 

Internationale de L’Eclairage (CIE) co-ordinates of the blend, showed that the 

emission from PtOEP is a good match for an ‘ideal’ red; that is, the colour that the eye 

perceives as a ‘true’ red.  For ‘perfect’ red emission for display applications, a shift of 

approximately 20nm to higher energy would be required. 

0.1

1

0 20 40 60 80 100

N
o
rm

. 
e
le

ct
ro

lu
m

in
e
sc

e
n
ce

Time (ms)

PNP - low I

PFO - high I

PFO - low I



Transfer Processes in Organic Electroluminescent Systems 

104 

5.5.3 PiA of PFO and blend 

 Photoinduced absorption measurements were carried out on PFO and a blend 

of PtOEP in PFO as described in section 5.4, to examine the effect of the inclusion of 

PtOEP on any triplet absorption signal identified in the spectrum of PFO.  Room 

temperature PiA experiments on unblended PFO did not show any discernible signal 

within the detection range, so all data shown here was acquired at low temperatures. 

 Figure 5.22 shows the PiA spectra of both unblended PFO and a blend of 4% 

PtOEP in PFO.  The measured PiA signal of the unblended PFO is of very low 

intensity, even at 30K, indicating either a very small population of triplet excitons in 

the material or a very short triplet lifetime.  This is concordant with other work30 on 

PFO which shows it to be a high-quality polymer with less defects than many other 

conjugated polymers.  This would indicate that there are few defect sites for an 

electron or hole to change its spin in the polymer, or for an exciton to dissociate, so a 

smaller triplet exciton population would be expected.  The lifetime of the PFO triplet 

exciton is also relatively short at room temperature compared with other conjugated 

polymers31. 

 A peak centred at ~805nm is seen in the unblended polymer PiA spectral 

response.  The frequency dependence of this feature shows a reasonable fit to a single 

bimolecular decay, with a calculated lifetime of 0.65±0.1ms. 

Figure 5.22: PiA spectra of unblended PFO (black) and 4% blend of PtOEP in PFO 

(grey).  Pump excitation of the blends was MLUV, and the spectra were recorded at 

30K at a chop frequency of 237Hz.  Lines are intended as a guide to the eye (7% 

weighted).  Inset: Frequency dependence of the signal from the two samples at 805nm.  
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Whilst the data in figure 5.22 is somewhat noisy, a peak centred at 760nm 

which was attributed to the T1-Tn absorption in PtOEP in figure 5.15 is also clearly 

visible in the blend spectrum. The frequency dependence for the 4% PtOEP in PFO 

blend, measured at the peak of the PFO feature at 805nm, again shows a good fit to a 

single bimolecular decay, with an associated lifetime of 0.70±0.1ms. There are some 

points, however, to be considered in the interpretation of the photoinduced absorption 

data. 

(a) The initial population of triplet excitons on PFO when photoexcited is very 

small, as evinced by the small magnitude of the PiA feature measured in the 

unblended polymer.  This may indicate that singlet energy transfer followed by 

intersystem crossing on the porphyrin will be the dominant excitation 

mechanism, saturating the dopant sites so very few triplet excitons can 

transfer.  This is also exacerbated by the fact that pump excitation of the blend 

is again MLUV, which also excites the porphyrin directly to a considerable 

extent, also causing saturation.  The effect of any triplet energy transfer may 

then be damped. 

(b) It is possible that the triplet energy transfer is temperature dependent.  Triplet 

diffusion and surmounting of the tunnelling barrier will both be more efficient 

at room temperature than at low temperatures.  Indeed, work in Chapter 6 

shows that triplet energy transfer in an alternative PtOEP in conjugated 

polymer blend is strongly dependent on temperature.  The processes occurring 

at 30K in the PtOEP in PFO blends may not, therefore, accurately represent 

the room temperature processes. 

The PiA data for PtOEP in PFO blends therefore appears to suggest that direct 

triplet transfer does not occur at low temperatures.  However, this does not exclude 

the possibility that it does occur to some extent at room temperature. 

The next section studies the transient response of PNP and PFO blends with 

PtOEP under pulsed electrical excitation. Some of the system parameters are varied, 

and the effects on the risetime attributed to triplet transfer are investigated. 
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5.6 Pulsed electrical excitation effects 

 Section 5.3 showed the transient response of electrical excitation of PtOEP 

blends, and discussed the significance of the additional slow risetime with respect to 

the transfer of triplet excitons from host to guest molecules.  The risetime was shown 

to be insensitive to a –8V bias in low concentration blends of PtOEP in both PNP and 

PFO, and therefore associated with the transfer of long-lived neutral excitations.  In 

this section, this risetime is examined in more detail, and the effect of altering both 

the concentration of dopant molecules in the blends, and the excitation voltage is 

reviewed. 

 The long emission lifetime of the porphyrin triplet excitation causes problems 

of saturation, where additional excitation of PtOEP is not possible since all sites are 

already in an excited state.  There is therefore a natural finite frequency at which each 

molecule may be excited.  Saturation effects related to the repetition rate and voltage 

of excitation are also observed and discussed for the PtOEP blends in this section. 

5.6.1 Concentration and voltage dependence 

 Typical transient responses from 1% and 10% PtOEP in PNP pulsed LEDs are 

shown in figures 5.23 and 5.24 respectively.  The slow (on the order of microseconds) 

risetime is observed as before for both concentrations and at all voltages, although the 

feature is seen to have a dependence on the excitation voltage.  This voltage 

dependence may be expected, since as the voltage is increased, relatively more 

carriers are injected into the device – this is observed as an accompanying increase in 

the current.  More carriers will create a higher density of excitons, so the effective 

distance from the point of carrier recombination, where the exciton is created, to a 

PtOEP site will shorten as the voltage increases.  Since the risetime is attributable in 

part to the transport of polymer triplet excitons to porphyrin sites, this component of 

the risetime should decrease as the overall exciton density grows.  This is indeed 

observed in both cases, although the peak of the rise is seen to ‘saturate’ at higher 

voltages for the 10% blend, i.e. the peak of the rise in all the responses between 19V 

and 23V for this blend occurs at ~6μs.  This saturation may be due to the fact that 

each site is probably only excited once in each excitation pulse.  The excitons created 

closest to the porphyrin sites will transfer quickly, and at high voltages, where the 

exciton density is large, the porphyrin sites will quickly all become excited by transfer 
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from the close excitons in the polymer.  This transfer appears to occur with an 

inherent transfer time on the order of ~6μs in the 10% PtOEP in PNP blends, since 

this is where the risetime saturates.  Any excess excitons which were further from the 

porphyrin sites would be unable to transfer to a porphyrin which is already excited, 

and would therefore decay on the polymer.  In the case of singlet excitons, radiative 

decay on the polymer would occur increasing the spectral contribution from the 

polymer.  Triplet polymer excitons which are unable to transfer would simply decay 

non-radiatively on the host.  This and other saturation phenomena are considered in 

more detail later in this section. 

Figure 5.23: Voltage dep. of transient response of 1% PtOEP in PNP blend under 

pulsed electrical excitation (low to high voltage, bottom to top). Rep. rate: 5kHz, RT. 

Figure 5.24: Voltage dep. of transient response of 10% PtOEP in PNP blend under 

pulsed electrical excitation (low to high voltage, bottom to top). Rep. rate: 5kHz, RT. 
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 The risetime in the 10% blend is seen to be shorter than that in the 1% blend, 

although the risetime in the latter blend responses did not saturate by the highest 

voltage shown.  The increased density of PtOEP sites in the higher concentration 

blend should have an effect analogous to increasing the density of excitons when 

increasing the voltage.  The effective distance an exciton must travel to encounter a 

dopant site is reduced at higher concentrations, so the risetime observed is shortened.   

 The 1% blends contain fewer porphyrin sites and might therefore be expected 

to show saturation at lower voltages.  However, it is likely that the injection of 

carriers is aided by the inclusion of the dopant in the higher concentration blends of 

PtOEP in polymer.  This is indeed demonstrated by the fact that the current at 20V for 

the 10% blend device is ~1mA, which is approximately double that for the 1% blend 

device at the same voltage.  Since the density of excitons is more directly related to 

the current than the voltage applied, the same density of excitons will require a higher 

voltage in the lower concentration blend.  Saturation is therefore likely to occur at 

higher voltages for the 1% blend than the 10% blend. 

 

 The case for PFO is complicated by the increased trapping effects found in 

blends of PtOEP in the polymer, as discussed in §5.4.2.  Figures 5.25 and 5.26 show 

the voltage dependence of the transient response in a 0.1% and a 10% PtOEP in PFO 

blend device respectively.  An additional slow risetime is seen to emerge as the 

voltage increases in both blends, as shown before in figure 5.21. 

The risetime in the 0.1% PtOEP in PFO blend becomes more pronounced and 

clearly defined as the voltage is raised, although the increased definition is aided by 

the increase in the signal to noise ratio as the overall electroluminescence increases.  

The application of a –8V bias is seen to have little effect on the risetime for the 16V 

transient response in the 0.1% blend, indicating that again a neutral species is 

responsible at this concentration.   

It is interesting to note that in the case of PFO blends, the increase in the 

voltage only appears to affect the magnitude of the slow rise, whilst the period of the 

rise remains constant.  This may suggest that the saturation seen to occur in PNP 

blends at higher voltages occurs for the PFO blends for all the voltages within the 

studied range.  This could again be rationalised by considering the number of excitons 

formed in PFO and PNP blends respectively.  The data for PNP blends (figures 5.23 
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and 5.24) was collected whilst pulsing the devices at around 20V, whereas the PFO 

transient responses were collected at below 16V.  It was possible to collect data from 

the PFO blends at lower voltages, since the overall electroluminescence from the PFO 

devices was much brighter than that from PNP devices at the same voltages.  To 

collect data from the PNP devices within a reasonable time frame, higher voltages had 

to be used.  The density of excitons in the 0.1% PtOEP in PFO device at the voltages 

where the transient responses were recorded was therefore already reasonably high.  It 

would appear that the trapping dominates the transient response at lower voltages, and 

it is not until higher voltages are reached that a small signature of triplet transfer 

becomes apparent.  By this voltage, the transfer time is already as short as possible. 

Figure 5.25: Voltage dependence of transient response of 0.1% PtOEP in PFO blend 

under pulsed electrical excitation (low to high voltage, bottom to top).  Heavy black line 

is 16V with -8V bias.  Rep. rate: 1Hz, RT. 

 

In the case of the 10% PtOEP in PFO blend device (figure 5.26), the risetime 

is seen again to grow in magnitude as the voltage is increased, although the effect is 

less obvious than in the 0.1% PtOEP in PFO blend.  This is even more notable when 

the effect of the addition of the higher concentration of dopant, and the increased 

carrier injection which this implies, is taken into account.   

The application of a –8V bias to the 16V transient response in the 10% dopant 

in PFO blend demonstrates that the trapping of charge carriers is occurring to a large 

extent in this device (figure 5.26).  The risetime is effectively removed, showing that 
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species.  This is different to the case with PNP, where a negative bias did not remove 

the observed slow risetime at all concentrations tested.  Work by Wolf et al.23 

suggested a 0.0001% critical doping concentration for the trapping of holes when 

using a host and dopant with a 0.5eV difference in the HOMO levels, such as is 

observed in PtOEP and PFO blends.  It is hardly surprising, therefore, that the device 

operation may become overwhelmed by the trapping of individual carriers at 

porphryin sites, which act as recombination centres. 

Figure 5.26: Voltage dependence of transient response of 10% PtOEP in PFO blend 

under pulsed electrical excitation (low to high voltage, bottom to top). Heavy black line 

is 16V with -8V bias.  Repetition rate: 1Hz, RT. 

 

The responses from the high concentration PtOEP in PFO blends suggest that 

the dopant acts as a recombination centre for carriers, and that this is the source of 

some of the extra emission from the PtOEP emission seen in the spectral response 

(figure 5.19).  However, the risetime in the low concentration blends, and the fact that 

a –8V bias does not affect this feature, suggests that some transfer of long-lived 

neutral species is occurring.  Since Wolf et al. showed that hole trapping effects are 

highly dependent on dopant concentration, these concentration differences are not 

unexpected.  It seems likely from the observation of the triplet exciton transfer 

signatures in the low concentration blends that the phenomenon should occur to some 

extent at all concentrations of PtOEP in PFO.  However, the effective masking of such 

effects by the carrier trapping, which is particularly pronounced at higher 

concentrations, makes the examination of energy transfer substantially more complex. 
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5.6.2 Saturation effects  

The relatively extended lifetime of PtOEP causes some problems, since each 

site can only be excited once every 75μs on average.  This dictates that each 

porphyrin molecule can only be excited once from each voltage pulse of 500ns.  Any 

excess polymer excitons which cannot migrate to ground state porphyrins will 

therefore decay on the polymer.  In the case of singlet excitons, this decay will be 

radiative, increasing the relative contribution from the PNP emission.  Triplet 

excitons, however, will decay non-radiatively if not transferred to a PtOEP molecule.  

Saturation effects are expected to be observed in two cases under pulsed excitation:  

(a) If the population of excitons from a single voltage pulse is raised above that 

which is transferable to the porphyrin sites available.  This may occur when 

increasing the voltage, and therefore the current and density of excitons above 

a critical value, and;  

(b) If the repetition rate of the pulses is above the frequency at which all PtOEP 

excitations can decay prior to the next excitation of the blend. 

These effects are seen spectrally in figures 5.27 and 5.28 respectively.  Figure 

5.27 shows the spectra of a 0.1% blend of PtOEP in PNP under electrical excitation at 

30V and 32V.  Even though there is relatively little difference between the voltages, a 

clear increase in the contribution from the polymer is observed at 32V.  At the higher 

voltage, the population of excitons is such that all porphyrin sites are filled and the 

excess excitons must decay on the polymer.  This may also be the case at the lower 

voltage, but since less excitons are created overall, less are left to decay on the 

polymer once all the PtOEP sites are filled.  There is therefore more contribution from 

the PNP emission relative to the PtOEP emission at higher voltages.   

If the spectra could be measured to a low enough voltage, the exciton density 

should be low enough to not saturate all the PtOEP sites, and the spectra should be 

consistent at a range of low voltages.  In practice this measurement was not possible, 

however, due to the low electroluminescence intensities from the devices at low 

voltages. 
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Figure 5.27: Voltage dependence of spectrum of 0.1% PtOEP in PNP blend under 

pulsed electrical excitation (30V, grey; 32V, black).  Repetition rate: 5kHz, RT. 

Figure 5.28: Repetition rate dependence of spectrum of 0.1% PtOEP in PNP blend 

under pulsed electrical excitation.  Voltage: 16V, RT. 

 

Figure 5.28 shows the spectral response of a 0.1% blend of PtOEP in PNP 

under pulsed electrical excitation, where the pulses have a repetition rate of between 

20 and 100kHz.  These repetition rates allow too little time for the phosphorescence 

of the PtOEP to decay before the next excitation, and the excitations which cannot 
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emission spectra should reach a level which reflects the inherent concentration of 

polymer excitons transferring to the porphyrin.  This should occur at repetition rates 

below 1/(decay time of PtOEP), such that complete decay of the PtOEP excitation is 

possible between pulses.   

Continuous electrical excitation of the blend, such as that used for the spectra 

in figure 5.5 is likely to produce emission with a deceptively high contribution from 

the polymer, since the porphyrin decay and re-excitation rate limits its emission level.  

However, this still allows comparison between continuous electrical and continuous 

optical excitation, since the natural ‘repetition rate’ which the PtOEP decay imposes 

should be the same for both cases.  For the transient data shown in figures 5.13 and 

5.20, it was ensured that the pulses were well below the ‘natural’ frequency of the 

PtOEP decay. 

Increasing the number of PtOEP sites in the blend will clearly diminish the 

saturation effects at a set exciton density, since there will be more ground state 

porphyrin molecules to which the excitons may transfer.   Saturation should therefore 

occur at higher voltages and repetition rates for higher concentrations of PtOEP.  The 

effect of saturation of the phosphorescent sites may also be addressed by changing the 

phosphor to one possessing a shorter emission lifetime, such as in the system used by 

Baldo et al.26.  This work utilised an iridium phosphor with an emission lifetime on 

the order of 1μs to enable re-excitation on a much shorter timescale than that of 

PtOEP. 

5.6.3 Conclusions 

 This section has presented a brief examination of some of the effects of 

voltage and repetition rate of pulsed electrical excitation on the spectral and transient 

response of PtOEP blends with electroluminescent polymers.  From this data, it is 

evident that under electrical excitation, the trapping of carriers is an important issue in 

blends of the porphyrin with PFO, particularly at high concentrations.  The indications 

of transfer of triplet excitations from PFO to PtOEP do appear to occur at low 

concentrations.  Unfortunately it is difficult to comment on the phenomenon at higher 

concentrations since trapping effects may be masking the relevant details. 

 Blends of PtOEP with PNP show much more predictable transient responses, 

with the risetimes shortening as either voltage or concentration is increased.  Several 
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saturation phenomena, all associated with the slow decay of the porphyrin, were also 

observed and discussed in these blends. 

 In order to extract more quantitative information from the pulsed 

electroluminescence of PtOEP blends, it is necessary to either work in regimes where 

saturation effects will not occur, or to fully quantify the saturation phenomena.  From 

the data in this section, it appears that to avoid the saturation regimes experiments 

should be conducted at considerably lower voltages than those used here.  The main 

problem in obtaining data at these low voltages is the very low signal to noise ratio, 

and the available equipment precluded the acquisition of the necessary responses.  

 Transient electroluminescence is an invaluable source of information, 

particularly for any investigation of triplet excitons in organic electroluminescent 

materials since optical excitation produces a far smaller ratio of triplet to singlet 

excitations.  If the various saturation and charge-related phenomena can be 

deconvolved from the information which is of primary interest, quantitative analysis 

of the Förster and Dexter transfer occurring in the blends may be possible. 

 

5.7 Conclusions and further work 

The work in this chapter has related to the phosphorescence from blends of an 

organic electroluminescent polymer with a porphyrin molecule, excited by either 

singlet or triplet energy transfer or direct recombination of carriers on the dopant.  

The initial work established that whilst PNP alone emits with a relatively short 

emission lifetime, the energy transfer resulted in the final emission of the blend being 

from a long-lived triplet state of the porphyrin.  This was also possible under 

electrical excitation, enabling a triplet-emitting LED to be fabricated.  This approach 

was also shown to be more widely applicable, and another host polymer, PFO, was 

identified to make phosphorescent blends with the PtOEP dopant. 

The energy transfer process was also studied, and evidence was found of long-

lived transfer of neutral excitations from polymer to porphyrin.  No other excitation in 

the polymer has a lifetime similar to the 10μs transfer rise time observed under 

electrical excitation of the blends.  Once it had been ascertained that the excitation 

was neutral and not charged, the consistent conclusion is that the risetime is due to the 

transfer of triplet excitons to the porphyrin.  This was corroborated by the additional 
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emission observed from the porphyrin under electrical excitation, where triplet 

excitons represent a far greater proportion of the exciton population than under optical 

excitation.  For the PFO blends, evidence was found to suggest some triplet transfer 

was occurring.  However, under electrical excitation, the porphyrin was also excited 

by carrier trapping and recombination directly at the dopant site. 

 

In summary, blending PtOEP with PNP results in: 

• phosphorescence from the guest molecules. 

• evidence for singlet transfer from optically excited blends. 

• evidence for triplet transfer from the differences in the transient and spectral 

responses between optically and electrically excited blends. 

 

Blending PtOEP with PFO results in: 

• phosphorescence from guest molecules. 

• evidence for singlet transfer from optically excited blends. 

• some evidence for triplet transfer from the differences in the transient and 

spectral responses between optically and electrically excited blends. 

• evidence to suggest that carrier trapping is also an important source of dopant 

excitation when electrically excited. 

 

The efficiency of organic LEDs is limited32,33 by the creation of a high 

proportion of triplet excitons which normally decay non-radiatively.  The possibility 

of transferring the energy of these excitons to a phosphorescent dopant therefore lifts 

this limit and should allow much more efficient diodes to be created.  This has indeed 

been proven in work with small molecules, where diodes have reached 5.6% with 

PtOEP11 and 7.5% with another phosphorescent compound, fac tris(2-phenylpyridine) 

iridium (Ir(ppy)3)26. Ir(ppy)3 benefits from a shorter emission lifetime from the triplet 

state of only a microsecond, which reduces saturation effects in the diodes. The mode 

of excitation of the porphyrin is irrelevant with respect to the lifting of the limit to EL 

efficiency.  If phosphorescence arises from direct recombination of carriers on the 

porphyrin site, such as is prominent in the case of the PFO blends, the triplet excitons 

are still offered a radiative decay site. 
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The observation of the transfer of excitons between triplet levels of host and 

guest in these systems also allows additional information about the host polymers to 

be inferred.  The first excited triplet energy levels of both PNP and PFO must lie 

above that of PtOEP to make the triplet exciton transfer energetically favourable.  

Since the PtOEP triplet energy is easy to determine as 1.9eV from its 

phosphorescence spectrum, we can use the transfer as a tool to establish a lower limit 

of 1.9eV for the PNP and PFO triplet levels. A further conclusion from the results in 

this chapter, is a limit for the exchange energy between S1 and T1 levels in the host 

polymers PNP and PFO.  Since the optical bandgaps of the two polymers are 2.6eV 

and 2.9eV respectively, the exchange energy cannot be more than 0.7eV for PNP and 

1.0eV for PFO. 

This technique for triplet energy level measurement via direct triplet transfer 

to or from a conjugated polymer has been used recently by Monkman et al.34 with the 

polymer MEH-PPV.  The authors use pulse radiolysis to excite a variety of benzene 

solutions of MEH-PPV mixed with triplet sensitisers with triplet levels at different 

energies.  By monitoring the polymer triplet absorption in the solutions, they 

determine whether triplet excitations transfer to or from the sensitiser, and therefore 

which level is higher in energy.   

A triplet energy level was also estimated by Österbacka et al.35 for the 

polymer poly(p-phenylene vinylene) (PPV).  These authors use a variety of optical 

techniques to determine the energies of various levels.  The pump excitation energy 

dependence of the efficiency of the T1 to Tn PiA signal in PPV shows that two 

mechanisms are responsible for the creation of triplet excitons.  The authors identify 

these two processes as intersystem crossing from the singlet manifold and singlet 

fission, where singlet excitons decompose into a pair of triplet excitons with opposing 

spins.  Since the onset of this process is seen to occur at 3.1eV, and the energy barrier 

for the process is given by E>2ET, the triplet energy of PPV is estimated to be 

~1.55eV above the ground state.  The exchange energy for PPV was therefore 

deduced to be ~0.9eV. 

The use of PtOEP in an Alq3 host has also recently enabled the proportion of 

triplet excitons in an Alq3 device to be estimated as 22±3%, extending the usefulness 

of this technique even further36.  A detailed study of the concentration dependence of 
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the transfer in PNP and PFO blends with PtOEP could utilise the same technique to 

establish the singlet:triplet ratio in these materials. 

The experimental results and conclusions in this chapter show that the 

inclusion of a triplet-accepting dopant in electroluminescent polymer blends allows 

more efficient diodes to be considered.  Perhaps more importantly, however, it can 

also provide invaluable information about the host polymers and their non-emissive 

triplet excitons.  Chapter 6 considers similar phenomena in blends of PtOEP with host 

polymers which quench its phosphorescence. 
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CCHHAAPPTTEERR  VVII  

PPHHOOSSPPHHOORREESSCCEENNCCEE  QQUUEENNCCHHIINNGG  

When blending polymers with emissive dopant molecules, energy transfer from 

host to guest isn’t the only possible result.  This chapter looks at possible 

alternative consequences, and ways of detecting what is occurring. The use of 

included molecules as probes with which to further the quantitative understanding 

of the host polymer is also investigated. 

6.1 Introduction 

Chapters 4 and 5 looked at energy transfer between various electroluminescent 

polymer hosts and emissive guest molecules.  However, when blending host and guest 

systems, energy transfer resulting in emission from the guest molecule is not 

necessarily the only process which may occur.  This chapter studies blends of the 

porphyrin used in chapter 5, platinum (II) octaethylporphyrin (PtOEP), with other 

electroluminescent polymers.  In contrast with the blends in chapter 5, all the blends 

in this chapter exhibit quenching of the porphyrin phosphorescence, even when 

energy transfer is expected, or under direct excitation of the guest molecule.  The 

possible mechanisms by which this may be explained are discussed.  It is found that 

the quenching can be attributed to one of three possible causes: (a) exciton 

dissociation and charge transfer; (b) quenching by non-radiative channels introduced 

by aggregation of the guest molecules, or; (c) transfer of triplet excitons from the 

guest porphyrin to the host polymer triplet level, where the excitation decays via non-
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radiative channels.  Further experiments, such as photocurrent measurements, 

photoinduced absorption, and photoluminescence efficiency measurements can be 

used to resolve which of these mechanisms is most likely in each case.   

Exciton dissociation in multi-component organic systems, as observed in two 

of the blends investigated in this section, has been studied since the first observation 

of the phenomenon in molecular semiconductors in 19861-3.  Dissociation occurs 

when it is energetically favourable for the charge carriers which comprise the exciton 

to lie on different blend components, but the energy difference must also be large 

enough to drive the process3.  This occurs where the blend component HOMO and 

LUMO levels are sufficiently offset, making it favourable for one charge carrier to 

transfer, and the other to remain on the original material. 

Exciton dissociation by blends of organic materials has become a useful 

technique in the fabrication of photocells, where the transfer of one charge from the 

exciton pair to a different material is an aid to overcoming the binding energy of the 

exciton.  Once the charges are separated, each may be transported to its respective 

electrode to produce a photocurrent.  Photocells made using blends of materials – for 

instance blends of MEH-PPV, a hole-transporting material, and CN-PPV, which 

displays a much higher affinity for electrons – have exhibited2 a photocurrent far in 

excess of cells made with either of the pure polymers alone.   

Aggregation of organic molecular materials is also a long-studied 

phenomenon4-7, which probably occurs in the vast majority of solid film molecule-

polymer blends.  Two types of aggregate may be identified, although intermediate 

cases between the two are also possible.  As two molecules are brought together, the 

individual dipole associated with each may align with the other in either a high or a 

low energy configuration.  This is reflected in the splitting of the excited state into 

two levels, as demonstrated in figure 6.1 below.  Where the similarly charged ends of 

the dipoles are able to avoid one another, a low energy configuration is created, 

whereas when like ends are pushed together, a higher energy situation occurs.   

A net dipole moment is required for a molecule to interact with the electric 

field component of light, and therefore observe an absorption or emission.  Figure 6.1 

shows that for an ‘H-aggregate’ only the higher energy configuration has an 

associated dipole, and therefore only the blue-shifted absorption will be observed.  

For the ‘J-aggregate’, only the lower energy configuration has an associated dipole, 
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and the red-shifted absorption will consequently be seen.  In the intermediate case, 

both blue and red shifted absorptions should be seen, since both possess an overall 

dipole moment.  These absorptions may be used to reveal the nature and extent of 

absorption occurring in blends of molecules and polymers. 

Since fast internal conversion also occurs in aggregate systems, emission is 

expected to originate from the lowest excited state.  It can thus be seen that after 

internal conversion, the H-aggregate excitation will be trapped in a state with no 

associated net dipole.  Therefore, radiative decay is not possible, and H-aggregates 

should quench luminescence.  In contrast, J-aggregates should show red-shifted 

emission with respect to the isolated molecules.  However, the radiative and non-

radiative rates of J- and intermediate aggregate systems may differ from those of the 

isolated molecules.  This may therefore mean that radiative decay from J-aggregates 

is also unfavourable, if rapid non-radiative decay routes are available. 

Figure 6.1: Energy level splitting for molecular dimers, and associated dipole moments.  

(Note that arrows in this diagram represent dipole moments and not electronic spins.) 

 

The possibility of using the inclusion of molecules in luminescent polymers to 

reveal properties of the hosts is also explored in this chapter.  Knowledge of the triplet 

energy level of the guest molecules via their phosphorescence, combined with the 

requirements for energy transfer, has already been used to infer lower limits for the 

polymer triplet exciton in chapter 5.  The technique is developed in this chapter, and 

shows promise for the determination of both energy levels and other quantitative 

properties of polymer hosts.  

E*

H-aggregate
(blue shift)

J-aggregate
(red shift)

Intermediate
(blue+red shift)

E-

E+



Chapter VI: Phosphorescence Quenching 

123 

6.2 PtOEP in DMOS-PPV 

The structure of the host polymer used in this section, poly(2-

dimethyloctylsilyl-1,4-phenylenevinylene) (DMOS-PPV)8, is shown in figure 6.2.  

This polymer is a soluble green-emitting electroluminescent polymer, similar in 

electronic structure to poly(p-phenylenevinylene) (PPV), which has been used in both 

LEDs and light-emitting chemical cells (LECs).  The polymer was chosen in this 

work for its solubility in common organic solvents, such as chloroform, and the fact 

that no conversion step is required to create the fully conjugated form. 

Figure 6.2: Structure of the host polymer, DMOS-PPV.  

6.2.1 Quenching of emission in the blend 

Blends of PtOEP as a guest in a DMOS-PPV host would be expected to exhibit 

energy transfer from polymer to porphyrin, based on the relative positions of host 

emission and guest absorption alone (figure 6.3), since one of the absorption bands of 

PtOEP is overlapped by the DMOS-PPV emission.   

Figure 6.3: Absorption (grey) and PL (black) of DMOS-PPV (solid) and 5% PtOEP in 

PMMA (dotted).  Excitation for DMOS-PPV: 457.9nm and for PtOEP: 534nm. 
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However, as figure 6.4 shows, no discernible emission is seen from PtOEP in a 

5% blend of the two after excitation of the polymer.  Table 6.1 also shows that 

addition of PtOEP to the host polymer results in effective quenching of emission from 

both host and guest by a factor of twenty.   

Figure 6.4: Absorption (dotted) and emission (solid) of 5% blend of PtOEP in DMOS-

PPV.  Excitation of the blend was at 457nm (black) and 501nm (grey). 

 

If energy transfer were occurring, emission characteristic of the PtOEP guest 

molecule would dominate the emission spectrum on excitation of the DMOS-PPV, so 

this is clearly not the mechanism operating in this blend.  Indeed, even excitation of 

the dopant directly at 501nm (also figure 6.4) results in only a minor shoulder of 

emission at 650nm attributable to the PtOEP.  A slight red shift in the emission 

spectrum from the DMOS-PPV is also seen in the spectrum from excitation at 501nm.  

This can be rationalised in terms of the exciton migration model9, where high energy 

excitons migrate via a hopping mechanism to lower energy sites.  Eventually, the 

exciton has too little energy to migrate further, and decays on the site to which it is 

then confined.  Excitation below a threshold energy results in excitons which are 

incapable of migration, and the red-shift in the emission spectrum reflects this.  

 

Material Absolute efficiency Relative efficiency 

Unblended DMOS-PPV 61% 1 

5% PtOEP in DMOS-PPV 3% 0.05 

Table 6.1: Efficiencies of DMOS-PPV and a 5% PtOEP in DMOS-PPV blend. 

Excitation was at 457.9nm. 
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An indication of why the host emission is quenched, and yet is not replaced by 

the guest emission, is found via a cyclic voltammetry (CV) measurement to examine 

the relative positions of the HOMO and LUMO in the two materials.  Figure 6.5 

shows the cyclic voltammogram of DMOS-PPV, with a clear oxidation potential with 

an onset at 1.28V.  This gives a HOMO level relative to the vacuum level of 5.6eV 

after calibration against a ferrocene standard and conversion (see §3.6.2).   

Figure 6.5: Oxidation section of cyclic voltammogram for DMOS-PPV (unblended), and 

HOMO and LUMO levels derived from the data (inset). 

 

A reduction potential is not clearly enough defined to extract a value from the 

voltammogram, so the LUMO level of the polymer is best estimated from a 

subtraction of the optical band gap of the polymer in electron volts from the HOMO 

level value.  DMOS-PPV has a band gap of 2.5eV, giving a value of 3.1eV for the 

LUMO level of the polymer.  These levels are represented alongside the HOMO and 

LUMO levels of PtOEP in figure 6.5. 

The relative positions of the HOMO and LUMO levels of the two materials 

indicate that after excitation at 457.9nm, it will be favourable for the hole in the 

polymer HOMO level to transfer to the porphyrin HOMO level.  The electron, 

however, is energetically favoured to remain in the LUMO of the polymer.  Exciton 

dissociation is therefore energetically favoured, providing the offset between levels is 

large enough to overcome the exciton binding energy.  Once the electron and hole 
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have dissociated they can no longer recombine radiatively, which efficiently quenches 

the emission from either blend component. 

6.2.2 PiA measurements  

In order to confirm that the observed reduced emission efficiency is due to 

charge separation in blends of PtOEP and DMOS-PPV, photoinduced absorption 

measurements were carried out on both the pure polymer, and a 1% blend of PtOEP in 

DMOS-PPV.  The spectra obtained from these two samples using a pump excitation 

wavelength which coincides with absorption of both blend components, are shown in 

figure 6.6.   

Figure 6.6: PiA spectra of unblended DMOS-PPV (open circles) and 1% PtOEP in 

DMOS-PPV (filled circles).  Both spectra recorded at 80K, pump excitation at 501nm 

and chop frequency of 237Hz. 

 

In the unblended polymer, relatively few separated charges are expected.  A 

signal is found centred at 850nm, which is measured to have a single lifetime 

associated with it of 1.0±0.3ms.  This signal is attributed to the absorption of excitons 

from the T1 to Tn states, after initial photoexcitation and intersystem crossing to the 

triplet manifold.  It is interesting to note the similarity of this signal to that attributed 

to the T1 to Tn absorption in poly(p-phenylene vinylene) (PPV)10, which peaks at 

855nm.   

In the 1% PtOEP in DMOS-PPV blend, a very intense signal is found which 

peaks at 800nm, and has a different lifetime of 1.6±0.3ms associated with it.  This 

5 10
-4

1 10
-3

1.5 10
-3

2 10
-3

600 700 800 900 1000 1100

2 10
-5

4 10
-5

6 10
-5

8 10
-5

0.0001

D
T
/T

 1
%

 P
tO

E
P
 i
n
 D

M
O

S
-P

P
V

Wavelength (nm)

D
T
/T

 D
M

O
S
-P

P
V



Chapter VI: Phosphorescence Quenching 

127 

feature is spectrally very similar to that attributed to charges in PPV samples10, which 

peaked at 775nm, indicating a large density of separated charges in the blend.  

Using the relative cyclic voltammetry determined HOMO and LUMO levels 

of the blend components, and the evidence provided by the differences in PiA spectra 

of the unblended and blended polymer, the quenching of emission from DMOS-PPV 

on addition of PtOEP can be ascribed to exciton dissociation in the blend. 

 

6.3 PtOEP in F8BT 

 The host used in this section, F8BT, is a polymer based on the structure of 

PFO – one of the polymers used in chapter 5.  It also emits in the green region of the 

spectrum, and its absorption spectrum is a composite of the absorption bands of the 

two units comprising the monomer. 

6.3.1 Quenching of emission in the blend 

Figure 6.7 shows the structure of the polymer F8BT, with the HOMO and 

LUMO levels of the polymer as determined by cyclic voltammetry measurements by 

Cambridge Display Technology (CDT).   
 

 

 

 

Figure 6.7: Structure of the host polymer F8BT and cyclic-voltammetry determined 

HOMO and LUMO energy levels alongside those of PtOEP. 

 

F8BT is a green-emitting polymer, and its absorption and emission spectra are 

shown in figure 6.8.  The spectra from a 5% PtOEP in F8BT blend is also shown.  

Whilst the absorption of the PtOEP is clearly visible in the blend absorption, and 

spectral overlap between the emission of F8BT and an absorption band of the PtOEP 

is observed, no emission from the PtOEP is seen in the blend photoluminescence 

spectrum.  In addition, the emission from the polymer in the blend has been magnified 
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by two orders of magnitude in order to display the spectral shape more effectively, 

and is clearly almost completely quenched by the addition of 5% PtOEP. 

 

Figure 6.8: Absorption (grey) and emission (black) of unblended F8BT (dotted) and 5% 

PtOEP in F8BT blend (solid).  Emission of blend is magnified by 100-fold.  Excitation 

wavelength 465nm. 

 

Studying the HOMO and LUMO levels of the polymer in relation to the 

porphyrin can again help in deciphering the cause of this quenching in the blend of 

PtOEP in F8BT.  The HOMO and LUMO levels of polymer and dopant as shown in 

figure 6.7 are arranged such that it would be favourable for a hole from an exciton to 

transfer to the porphyrin, whilst the electron from the pair would remain on the 

polymer.  This would again lead to charge separation in the blend, quenching the 

emission from any exciton, be it on the polymer or the porphyrin. 

6.3.2 Photocurrent measurements 

To verify that the quenching of emission from the blend is due to charge 

transfer, photocurrent measurements were performed on both the pure polymer, and a 

1% blend of PtOEP in F8BT, using photodiodes fabricated as described in §3.6.1. 

Photocurrent action spectra show the spectral response of the photocurrent using a 

monochromated excitation source, and typical spectra of the two systems are shown 

in figure 6.9.  The peak response of the 1% blend photocurrent is seen to be 

approximately a factor of four higher than that of the pure polymer.  This increase 

may be attributed to increased separation of charges by the addition of porphyrin to 
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the blend, since the creation of additional free charges will increase the number of 

carriers available for transport to each electrode.   

Figure 6.9: Photocurrent action spectra of unblended F8BT (filled circles) and a 1% 

blend of PtOEP in F8BT (open circles).  No bias was applied to the diodes during either 

measurement. 

 

An increase in photocurrent in blended systems is observed where charge 

transfer occurs at the interface between components of the blend2, and usually this 

increase is observed to be more than four-fold.  For more efficient photocell 

fabrication, there must be sufficient amounts of each component to allow each type of 

charge to find a pathway via its preferred material back to its respective electrode.  

The interpenetrating network of blend components required for this to happen is 

unlikely to be found in only a 1% blend of one material in another.  The charges 

separated at porphyrin sites must therefore find a more difficult path via the polymer 

back to their respective electrode resulting in only a factor of four difference between 

pure polymer and blend photocurrents.  Increasing the concentration of PtOEP in the 

blend should result in some increase of the measured photocurrent.  However, at 

concentrations where interpenetrating networks of the two components would be 

formed (on the order of 50%), the film-forming properties of the blend will be 

compromised. 
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6.3.3 Temperature dependence of charge transfer 

The temperature dependence of the photoemission from a 1% PtOEP in F8BT 

blend is shown in figure 6.10.  No emission from PtOEP is observed at any of the 

temperatures studied. 

Figure 6.10: Temperature dependence of emission from 1% PtOEP in F8BT blend. 

Excitation was MLUV.  Spectra were taken at RT, 250K, 200K, 150K, 100K and 66K 

(dark to light).  

 

No investigation of the temperature dependence of charge transfer in blends 

with conjugated polymers is evident in the literature, although studies have 

investigated the phenomenon at low temperatures.  For example, work by Ginger and 

Greenham11 examined charge transfer between MEH-PPV and CdSe nanocrystals and 

found that it still occurs at temperatures as low as 20K in this case.  Since the energy 

difference between the HOMO levels of the polymer and porphyrin is relatively high 

(0.6eV), a comparatively small thermal activation energy for the tunnelling process of 

charge transfer may be expected. The charge transfer should therefore be expected to 

continue even at low temperatures.   

The emission from F8BT is seen to change slightly, and as expected at lower 

temperatures, the vibronic structure of the spectrum is better resolved.  The observed 

photoluminescence efficiency from the blend increases as the temperature is reduced.  

This could be interpreted as the gradual inhibition of the exciton dissociation 

processes at lower temperatures, although this may be expected to be accompanied by 

some emission from the porphyrin if this is the case.  The lower temperature also 
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provides less energy for the migration of excitons to defect sites, allowing radiative 

decay on the polymer instead of the non-radiative decay promoted at such sites.  This 

would complement the theory that slower migration to PtOEP sites, which are a 

‘defect’ as regards the photoluminescence efficiency of the F8BT host, may be a 

cause of the increased efficiency at lower temperatures. The reduction of non-

radiative decay channels at low temperature should also increase the inherent 

photoluminescence efficiency of a material. 

6.3.4 Charge transfer dynamics 

An interesting question to address in relation to both blends of DMOS-PPV 

and F8BT with PtOEP is the dynamics of the charge transfer process.  When 

excitation of the blend is directly into the porphyrin absorption band, such as in the 

DMOS-PPV photoinduced absorption experiments, would charge transfer occur from 

the triplet excited state, as easily as from the singlet excited state?  Also, is the charge 

transfer process fast enough to occur before the intersystem crossing of the excitation 

to the triplet manifold?  These questions are important so that we might understand 

whether it is the singlet or the triplet energy levels of the porphyrin which must be 

compared with those of the polymer to assess whether charge transfer is likely.   

 The triplet exciton on the porphyrin, or indeed on any material, is more 

energetically stable than the singlet exciton on the same material.  The energy of the 

porphyrin triplet level will therefore lie at lower energy than the porphyrin singlet 

level.  If this stability reduces the energy offset between host and guest levels, charge 

transfer will not occur so easily from the triplet level as from the singlet.   

For PtOEP, the phosphorescence spectrum implies that the triplet level lies 

approximately 0.4eV below the singlet LUMO level.  Therefore, after porphyrin 

excitation, if ISC occurs, the transfer of the electron would not be expected to follow 

in a blend with DMOS-PPV, since the triplet level of the porphyrin level lies below 

the polymer LUMO.  This also provides an indication of the answer to the second 

question in the case of DMOS-PPV blends.  Charge transfer must occur from the 

singlet state after excitation of PtOEP, so intersystem crossing on the porphyrin must 

be slower than exciton dissociation.  

However, for the same scenario in F8BT blends, the energy difference is large 

enough to suggest the charge transfer should still occur after ISC, although the energy 

gap is only 0.2eV.  This may not be enough to overcome the exciton binding energy, 
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so charge transfer is more likely from the singlet state.  In DMOS-PPV blends, 

therefore, charge transfer appears to occur faster than ISC on the porphyrin.  The 

situation in F8BT blends , however, is more difficult to comment conclusively on.   

 If intersystem crossing competes with charge transfer to any extent, and the 

polymer triplet level lies below the triplet level of the porphyrin, triplet energy 

transfer from porphyrin to polymer may be expected in light of the evidence for the 

reverse process.  The photoinduced absorption spectrum of the blend would be 

expected to show an enhanced polymer triplet exciton absorption signal if this were 

the case.  Unfortunately, the polymer triplet absorption occurs in approximately the 

same area of the spectrum as the huge charge induced absorption measured in the 

DMOS-PPV blend, and it is therefore difficult to discern anything else which may 

appear in this spectral area.  In order to evaluate any effects the inclusion of PtOEP 

may have on the polymer triplet signal, it is necessary to use a blend where either the 

photoinduced charge signal is separated from the triplet signal in the PiA spectrum, or 

where charge separation does not occur.   

Host polymers used in the next sections are not expected to demonstrate charge 

transfer in blends with PtOEP, so the effects on the polymer triplet excitons may be 

assessed via PiA measurements. 

 

6.4 PtOEP in OC1C10-PPV  

 The polymer OC1C10-PPV is a soluble red-emitting polymer very similar in 

structure to MEH-PPV, as used in chapter 4.  Its absorption and emission peak in very 

similar spectral regions to the dopant molecule PtOEP, though the polymeric nature of 

OC1C10-PPV gives a broader range of absorption and emission wavelengths so the 

vibronic structure of the spectra is not so well defined. 

6.4.1 Quenching of emission in blends 

 Figure 6.11 shows both the structure of the polymer used in this section, 

poly[(2-methoxy-5-(3,7-dimethyl)-octyloxy)-1,4-phenylenevinylene] (OC1C10-PPV), 

and the HOMO and LUMO levels of both the polymer and the guest molecule, 

PtOEP, as determined by cyclic voltammetry (see section 3.6.2).  The HOMO and 

LUMO levels of the blend components are not offset, and charge transfer is not 

expected. 
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Figure 6.11: Left: Structure of the polymer OC1C10-PPV; and right: Cyclic voltammetry 

determined HOMO and LUMO levels for the two blend components. 
 

 The potential for singlet energy transfer from OC1C10-PPV to PtOEP is 

evaluated from the overlap between the absorption spectrum of the porphyrin and the 

emission spectrum of the polymer.  As figure 6.12 shows, the polymer emission 

occurs at lower energy than the porphyrin absorption, so energy transfer is not 

expected in this case.  In addition, no overlap is observed between the porphyrin 

phosphorescence and the polymer absorption.  

Figure 6.12: Absorption (grey) and emission (black) of OC1C10-PPV (solid) and PtOEP 

(dashed).  Excitation wavelength was 501nm in both cases.   

 

 On the basis of the above evidence, it would be expected that blends of PtOEP 

in OC1C10-PPV would demonstrate no interactions between the components.  If this is 

the case, the emission observed from a blend should merely be a convolution of the 
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emission spectra of the two components, reflecting the relative concentrations, the 

extent of absorption at the excitation wavelength, and the efficiencies of each 

component. 

 Figure 6.13 shows the normalised emission spectra from both pure OC1C10-

PPV and a 5% blend of PtOEP in the polymer.  The emission expected from PtOEP in 

the 5% blend is also shown on the same scale, as calculated from the extent of 

absorption into the PtOEP at 501nm.  The spectra of the blended and pure OC1C10-

PPV differ slightly, although this may be attributable to differences in either the 

morphology of the polymer or the extent of self-absorption between samples.  This 

phenomenon is often observed in the very similar polymer MEH-PPV, as studied in 

§4.3.  Qualitatively, the phosphorescence expected from the PtOEP in the blend is not 

observed, although the extent of the quenching is difficult to ascertain from this 

measurement alone. 

Figure 6.13: Normalised emission spectra from both pure OC1C10-PPV (dotted, black) 

and a 5% blend of PtOEP in the polymer (solid, black) under excitation at 501nm.  Also 

shown is the emission from PtOEP in a PMMA matrix, scaled using the relative 

absorption levels to reflect the emission expected from the porphyrin in the OC1C10-PPV 

blend assuming no interaction between blend components (grey). 

 

 In order to assess more accurately the extent of the quenching of the porphyrin 

phosphorescence in the OC1C10-PPV blends, the transient response of the PtOEP 

emission was measured.  This data, alongside the transient response of PtOEP in a 

PMMA matrix at the same concentration, are shown in figure 6.14, and the emission 
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lifetimes calculated from the data are shown in table 6.2.  It can be seen that the 

phosphorescence lifetime of the porphyrin is attenuated in the OC1C10-PPV blends as 

compared with the inert matrix.  The degree of attenuation is also temperature 

dependent; the quenching factor is more than 50 at room temperature, whilst at 50K it 

is only 1.5.  This temperature dependence implies an activation energy associated 

with the quenching mechanism. 

Figure 6.14: Transient response of PtOEP emission in PMMA (grey) and OC1C10-PPV 

(black) matrices, at room temperature (solid) and 50K (dotted).  Excitation is at 325nm 

for the OC1C10-PPV matrix and at 501nm for the PMMA matrix.  50K PtOEP/PMMA 

response is constructed from PiA lifetime measurements. 

 

Blend Lifetime at RT Lifetime at 50K 

5% PtOEP in PMMA 75μs 150μs 

5% PtOEP in OC1C10-PPV 1.2μs 100μs 

Table 6.2: Emission lifetime of PtOEP at RT and 50K in PMMA and OC1C10-PPV 

matrices.  Details as for figure 6.13. 

 

6.4.2 Photoinduced absorption measurements 

Photoinduced absorption measurements of blends of PtOEP in OC1C10-PPV 

may be used to confirm the absence of photoinduced charges in the blend, and to 

investigate the source of the PtOEP phosphorescence quenching. Figure 6.15 shows 

the spectral dependence of the photoinduced absorption signal for pure OC1C10-PPV, 

and 1% and 5% blends of PtOEP in the polymer at 50K, excited at 501nm where both 

polymer and porphyrin absorb. 
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Figure 6.15: PiA spectra for unblended OC1C10-PPV (open) and blends of 1% (grey) 

and 5% (black) PtOEP in the polymer, all at 50K.  Pump λ=501nm, chop frequency: 

167Hz. 

 

A single feature, peaking at 1.35eV (920nm) is observed in all cases, 

indicating that the same excited species is responsible for the signal in each case.  

Comparison of the PiA spectra in figure 6.15 with the same measurement on MEH-

PPV again shows the similarity of the two polymers.  MEH-PPV has an almost 

identical photoinduced feature, which has been confirmed as the T1-Tn absorption12, 

and the OC1C10-PPV feature at 920nm is therefore attributed to the same triplet-triplet 

absorption in the polymer.  No evidence for photoinduced charge absorption, such as 

that found in blends of MEH-PPV and CdSe nanocrystals11, is found in any of the 

PiA spectra in figure 6.15, confirming that charge separation is not occurring in these 

blends. 

 Further examination of the photoinduced absorption data, as reported in table 

6.3, reveals the mechanism of quenching of the porphyrin phosphorescence.  The 

proportion of absorption directly into the porphyrin in the blends was calculated by 

converting all absorption spectra taken from the samples into absorption coefficient 

(using equation 3.1).  A comparison with a PtOEP in PMMA blend absorption 

spectrum then provided the percentage of absorption by the porphyrin in the OC1C10-

PPV blend.  

The OC1C10-PPV triplet exciton lifetime is observed to increase as more of the 

porphyrin is included in the blend.  Excitation of the 5% PtOEP in OC1C10-PPV blend 
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at 465nm, where less absorption by the PtOEP occurs than at 501nm was used to help 

elucidate the origin of the extended OC1C10-PPV triplet lifetime.  The measured 

lifetime of the OC1C10-PPV triplet exciton under excitation at 465nm as compared 

with 501nm indicates the changing lifetime is dependent on the extent of the 

excitation of the porphyrin.  The increased lifetime of the OC1C10-PPV triplet is 

therefore not attributable to simple changes in morphology or the proximity of heavy 

platinum ions to the polymer chains, since if this were the case, the effect would not 

be dependent on the pump excitation wavelength.   

The extent of the interaction between polymer and porphyrin is also seen to be 

concentration dependent, as can be seen from the difference between the OC1C10-PPV 

triplet lifetime and the extent of excitation of the PtOEP in different blends.  

 

Blend (% of 

PtOEP) 

λex % of absorption 

by PtOEP 

PiA intensity 

at 920nm* 

OC1C10-PPV 

triplet  measured 

lifetime† 

0% 501nm 0% 1.0 0.14ms 

1% 501nm 0.2% 1.7 0.21ms 

5% 501nm 1.0% 1.3 0.23ms 

5%  465nm 0.4% - 0.18ms 

Table 6.3: PiA data for blends of PtOEP in OC1C10-PPV matrix.   

 

 The quenching of the porphyrin phosphorescence and the extended lifetime of 

the polymer triplet may be attributed to energy transfer from guest porphyrin to host 

polymer.  After initial excitation of the PtOEP, and intersystem crossing to the triplet 

manifold of the porphyrin, energy may be transferred by a Dexter mechanism to the 

polymer triplet level.  As this occurs continually over some period of time after 

excitation, the lifetime of the polymer triplet exciton appears to be extended.  That is, 

the point where the number of OC1C10-PPV triplet excitons drops to 1/e of its initial 

value is delayed by a supply of triplet excitations from the PtOEP which continues for 

some time after the inherent intersystem crossing within the polymer itself has ceased. 

6.4.3 Modelling the triplet transfer 

 Consider the energy levels and transfers affecting the population of the 

OC1C10-PPV T1 level.  The initial population is considered to be that created via 

 
† Since the polymer triplet excitons are not all created at t=0, the conventional photoinduced absorption 

frequency dependence (equation 3.3) will be an approximation in this case. 
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( )tkexpT OC

OC

‘instantaneous’‡ intersystem crossing from the singlet manifold of the polymer.  After 

this, the OC1C10-PPV T1 level population may be increased by the transfer from the 

porphyrin T1 level, and decreased by natural decay (non-radiative in this case).  The 

transfer from the porphyrin is further affected by the population of the PtOEP triplet 

level, which is in turn decaying with its own natural lifetime. 

 The population of the porphyrin T1 level is decaying via both transfer to the 

polymer triplet level, and to the ground state: 

( ) Pt

TrPt

Pt

Tkk
dt

dT
+−=     (6.1) 

where TPt is the population of the PtOEP T1 level, and kPt and kTr are the rates 

of the PtOEP decay to the ground state and transfer to the polymer T1 level 

respectively.  Integrating eq.6.1 gives the density of PtOEP triplets at time t: 

 ( )tkkexpTT TrPt

Pt

0

Pt +−=     (6.2) 

 where T0
Pt is the initial population of the porphryin T1 level.  Considering the 

density of OC1C10-PPV triplets, where the transfer of porphyrin triplets increases the 

concentration, but the decay to the ground state diminishes it: 

 ( ) OC

OCTrPt

Pt

0Tr

OC

OC

Pt

Tr

OC

TktkkexpTkTkTk
dt

dT
−+−=−=     (6.3) 

 where TOC is the population of the polymer T1 level, and kOC is the rate of 

decay of the polymer triplet to the ground state.  Re-arranging gives: 

 ( )tkkexpTkTk
dt

dT
TrPt

Pt

0Tr

OC

OC

OC

+−=+    (6.4) 

Multiply both sides by exp (kOCt): 

( ) ( )  ( )tkkkexpTktkexpTktkexp
dt

dT
OCTrPt

Pt

0TrOC

OC

OCOC

OC

−+−=+      (6.5) 

Using the chain rule to differentiate then gives: 

( ) ( ) tkexpTktkexp
dt

dT
 OC

OC

OCOC

OC

+  

 which is identical to the left-hand side of eq.6.5.  Therefore, eq.6.5 may be re-

written as: 

 
‡ The intersystem crossing on the polymer is considered to be ‘instantaneous’ in this instance, since it 

occurs on a timescale on the order of fluorescence or faster, i.e. around a nanosecond or less.  By 

comparison with the time taken for triplet transfer from the porphyrin or triplet exciton decay, the 

inherent intersystem crossing therefore appears instantaneous. 
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( ) 
 ( )tkkkexpTk

dt

tkexpTd
OCTrPt

Pt

0Tr
OC

OC

−+−=   (6.6) 

 Integrating eq.6.6 gives: 

( )
( )

 ( ) C tkkkexp
kkk

Tk
tkexpT OCTrPt

OCTrPt

Pt

0Tr
OC

OC +−+−
−+

−
=  (6.7) 

 Now, at t=0, TOC=T0
OC, which is the initial population of TOC as a 

consequence of the instantaneous intersystem crossing from the polymer singlet level.  

Applying this boundary condition yields: 

( ) ( )OCTrPt

Pt

0TrOC

0

OCTrPt

Pt

0TrOC

0
kkk

Tk
TC       

kkk

Tk
CT

−+
+=

−+
−=  

 Re-placing this in eq.6.7, and dividing through by exp (kOCt) gives the final 

functional form: 

( )
( )

( )  ( ) tkkexptkexp
kkk

Tk
tkexpTT TrPtOC

OCTrPt

Pt

0Tr
OC

OC

0

OC +−−−
−+

+−=   (6.8) 

6.4.4 Triplet absorption cross-section 

   All the following arguments relate directly to the 5% PtOEP in OC1C10-PPV 

blend and related experimental data.  Since the quenching factor for the PtOEP triplet 

excitation is known, it is possible to deduce how many dopant triplets have transferred 

to the polymer.  The contribution the transfer from PtOEP makes to the lifetime of the 

OC1C10-PPV measured in the PiA experiment may then be deduced from equation 6.8 

above, and the inherent triplet population created on the polymer via intersystem 

crossing can be calculated.  Once this is known, the absorption cross-section for 

polymer triplet excitons may be determined.  Figure 6.16 shows the results of using 

equation 6.8 to model the polymer triplet density at time (t).  The various rates were 

calculated from the lifetimes determined for the different processes; that is, 

kOC=1/140μs, kPt=1/150μs, and kTr=1/300μs (as deduced from the quenching of the 

porphyrin lifetime in the blend at 50K).  The ratio of T0
Pt to T0

OC which demonstrates 

the best fit to the measured lifetimes is 15:1, as shown in figure 6.16. 
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Figure 6.16: Polymer triplet exciton density as a function of time as modelled by eq.6.8, 

using 1% PtOEP absorption (grey) and 0.4% PtOEP absorption (black), and a ratio of 

15:1 for T0
Pt:T0

OC. 

 

 Using this ratio, the polymer triplet population falls to 1/e of its original value 

at ~0.23ms for excitation at 501nm, and at ~0.17ms for excitation at 465nm, which fit 

the measured lifetimes for the 5% blend to within 0.01ms.  This indicates that there 

are 15 times as many excitations in the porphyrin triplet level than in the polymer 

triplet level at t=0.  One third of these are transferred, as shown by the quenching 

factor of the PtOEP emission at 50K§.  The ratio of polymer triplet excitons provided 

by transfer from the porphyrin to those formed by direct ISC on the polymer is 

therefore 5:1.  The absorption level into the porphyrin at 501nm in the 5% blend is 

~1%, and it is assumed that the probability of intersystem crossing is one.  Therefore, 

of the absorption into the polymer (99% of the total power in this case), 0.2% is 

converted into polymer triplets by the inherent intersystem crossing. 

 To calculate the absorption cross-section for the T1 to Tn absorption, the 

absorption volume is first obtained.  The absorption coefficient of OC1C10-PPV at 

501nm is determined from: 

 
§ It is assumed that since one third of the PtOEP triplet excitations which normally decay radiatively 

are transferred to the polymer, one third of those which normally decay non-radiatively will also 

transfer. 
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( )OD10ln
d

1 −−=       (6.9) 

 where α is the absorption coefficient, d is the thickness of the sample, and OD 

is the optical density at the wavelength of interest.  Using a thickness of 85nm 

(8.5×10-6cm), and the measured OD of the sample of 0.9 at 501nm, α is 2.4×105cm-1.  

The ‘absorption depth’** is then given by 1/α = 1/2.4×105 = 4.1×10-6cm, and the 

absorption volume is defined by the excitation area (a spot of radius 0.3cm) and the 

depth: 4.1×10-6 × (πr2) = 1.1×10-6cm3. 

 The number of photons incident on the sample may be determined using the 

pump power and the excitation wavelength.  At 501nm, the energy of each photon is: 

joules104106.1
501

1240 1919 −− =  

 This gives 1/(4×10-19) = 2.5×1018 photons per joule, which, at a pump power 

of 8mW is 2.5×1018 × 8×10-3 = 2×1016 photons incident on the sample per second. 

 Since 0.2% of light absorbed into the polymer becomes triplet excitons via 

intersystem crossing, there are 0.002×(2×1016) = 4×1013 triplet excitons produced 

over 1.1×10-6cm3 per second, giving a density of: 
 

1319

6

13

scm106.3
101.1

104 −−

−
=




. 

 Multiplying for the triplet lifetime (1.4×10-4s) gives 5.5×1015cm-3 for the 

triplet exciton density. 

 Finally, the triplet absorption cross-section is calculated using the following 

equality††, where σ is the triplet absorption cross-section, N is the number of 

excitations in the beam path, and ΔT/T is the measured signal (5.1×10-5 for the 

unblended polymer sample): 

215
cm101

−=







+

D
−= 1

T

T
ln

Nd

1
        (6.10) 

 The triplet absorption cross-section in conjugated polymers has been 

estimated13 by comparison with photoinduced charge absorptions at 1.2×10-16cm2, 

although this calculation also assumes that triplet excitons are created in an organic 

LED with three times the efficiency of singlet excitons.  Another possible number 

 
** The excitation decays exponentially as it is absorbed in the polymer, but the absorption depth is a 

standard measure used to describe its penetration. 
†† The derivation of this equation is shown in Appendix 1. 



Transfer Processes in Organic Electroluminescent Systems 

142 

with which to compare this value is the singlet absorption cross-section, which is 

generally14 on the order of 10-16cm2.  The estimate above therefore seems a little high 

when compared with these other values, but certainly within an order of magnitude of 

the expected range. 

 Monkman et al.15 recently used the observation of triplet energy transfer to 

and from MEH-PPV in benzene solution to determine energy level limits.  The 

authors also infer a concentration-dependent molar absorption coefficient for MEH-

PPV, which approaches 1.2×105 M-1 cm-1 at higher concentrations.   

6.4.5 Energy level limits 

 The transfer of triplet excitation from the PtOEP directly to the polymer triplet 

manifold indicates that the polymer triplet level must lie at a lower energy than the 

porphyrin triplet level for the transfer to be energetically favourable, and therefore 

proceed.  Since the porphyrin triplet level is known to lie at 1.9eV (645nm) from its 

phosphorescence peak, this places an upper limit on the energy of the polymer triplet 

level – that is, it cannot lie more than 1.9eV above the ground state.   

Furthermore, knowing an upper limit for the triplet exciton energy in the 

polymer allows an estimation of the exchange energy by comparison with the S0 level.  

The first excited singlet state energy of OC1C10-PPV may be measured from the 

photoluminescence spectrum, which shows a 0-0 peak at 2.05eV (605nm).  The 

difference between these two values shows that the exchange energy – the energy 

difference between first excited singlet and triplet states – is not less than 0.15eV in 

OC1C10-PPV.   

Electroabsorption measurements on MEH-PPV16 estimate the energy of the 

upper excited singlet state (S2) to be 2.8eV.  The upper excited triplet state (T2), to 

which photoinduced absorption may occur, is considered to lie below this singlet state 

due to the exchange energy between the two.  Therefore combining T1-Tn absorption 

energy of 1.35eV from figure 6.15 with this value gives an upper energy limit of 

1.45eV on the T1 state. 

Limits for the triplet level energy for the polymer MEH-PPV in benzene 

solution were also obtained by Monkman et al.15  The authors derive a T1 energy of 

1.27±0.07eV by observing which sensitisers demonstrate triplet energy transfer to or 

from the polymer. Pulse radiolysis is used, followed by optical absorption to monitor 
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the transient species created.  MEH-PPV is very similar in both structure and spectral 

responses to OC1C10-PPV, so similar energy levels should therefore be expected in 

the two materials.  

Both values mentioned above for the T1 energy level in MEH-PPV are in 

agreement with the limit derived here using PtOEP for OC1C10-PPV.  Indeed, these 

works suggest the actual value is considerably lower than the limit set here.  The use 

of other lower energy phosphors should enable more accurate limits to be defined. 

6.4.6 Conclusions 

 In this section, PtOEP has been used as a probe of the triplet excitons in the 

host polymer, OC1C10-PPV.  The observation of quenching of the porphyrin emission, 

and the increase in polymer triplet exciton lifetime, were modelled together to show 

how the PtOEP triplets transfer from guest to host molecules.  This process may then 

be used to determine an upper limit for the energy of the acceptor triplet level, and 

therefore the exchange energy via comparison with the singlet energy.  In addition, it 

is possible to estimate the polymer triplet absorption cross-section.  The direct 

measurement of this value should allow future triplet absorption experiments to be 

more quantitative.  The use of other probing phosphors and conjugated polymers can 

only extend the value of this technique. 

 

6.5 PtOEP in PDPV 

 Poly(4,4’-diphenylene phenylenevinylene) (PDPV) is soluble green-emitting 

polymer with a wider band gap and more pronounced Stokes’ shift than either 

DMOS-PPV or F8BT.  The polymer has been used in LED structures to study the 

effects of ITO treatments17. 

6.5.1 Absorption, emission and cyclic voltammetry 

The structure of the polymer PDPV, and the HOMO and LUMO levels 

calculated from the CV data measured at CDT, are shown in figure 6.17. It can be 

seen that charge transfer would not be expected in blends of PtOEP with PDPV based 

on the CV data, since both the HOMO and the LUMO of the polymer both lie outside 

the HOMO and LUMO of PtOEP. 
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Figure 6.17: Structure of the host polymer PDPV and its cyclic-voltammetry determined 

HOMO and LUMO energy levels alongside those of PtOEP. 

Figure 6.18: Absorption (grey) and emission (black) of both PDPV (solid) and PtOEP 

(dotted).  Excitation was MLUV for PDPV and 534nm for PtOEP as a 5% dispersion in 

PMMA. 

 

Figure 6.18 shows the absorption and emission of both PDPV and a 5% 

dispersion of PtOEP in PMMA.  A clear overlap between the emission of the polymer 

and the Q-absorption band of the porphyrin is observed. This evidence coupled with 

the positions of the HOMO and LUMO levels, suggests that energy transfer from host 

to dopant would be expected, since both photoexcited carriers are energetically 

favoured to lie on the porphyrin.   
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However, as figure 6.19 shows, whilst the emission from the polymer is 

quenched, the emission from the porphyrin does not appear to be sensitised at room 

temperature.  Indeed, table 6.4 demonstrates that the efficiency of the polymer 

emission is quenched effectively even at low levels of porphyrin doping, although no 

phosphorescence is observed. 

Figure 6.19: Absorption spectrum (solid, grey) of 4% PtOEP in PDPV blend, and 

emission spectra (black) of 0% (solid), 0.1% (dashed) and 4% (dotted) PtOEP in PDPV 

blends excited with MLUV. 

 

Material Absolute efficiency Relative efficiency 

Unblended PDPV 50% 1 

0.1% PtOEP in PDPV 27% 0.54 

0.3% PtOEP in PDPV 9% 0.18 

4% PtOEP in PDPV 4% 0.08 

Table 6.4: PL efficiencies of PDPV alone and blends with PtOEP.  Excitation was MLUV. 

 

 There are three possible causes for the quenching considered here, two of 

which have already been observed in other examples in this chapter: (a) charge 

transfer between blend components such as that observed in blends with DMOS-PPV 

and F8BT; (b) initial energy transfer from the host polymer to the S1 level of the 

PtOEP, followed by intersystem crossing on the porphyrin to T1.  A final triplet 

transfer back to the polymer could follow this, where the excitation would decay non-

0.2

0.4

0.6

0.8

1

300 400 500 600 700 800

0.2

0.4

0.6

0.8

1

N
o
rm

. 
a
b
so

rp
ti
o
n
 

Wavelength (nm)

R
e
l. n

o
rm

. e
m

issio
n
 



Transfer Processes in Organic Electroluminescent Systems 

146 

radiatively as in the OC1C10-PPV blends; or (c) aggregation of the dopant causing 

quenching of the energy transferred to it by the host polymer.   

 Attempts to test the relative changes in photocurrent caused by addition of the 

dopant were inconclusive, in that no photocurrent was observable in either the 

unblended polymer or the blends with PtOEP. Whilst the lack of photocurrent in the 

blend suggests exciton dissociation is not occurring, these two negative results do not 

represent a conclusive answer as to whether charge transfer is the cause of the PL 

quenching in the blends.  Further evidence is therefore required. 

6.5.2 Temperature dependence of quenching 

 The temperature dependence of the emission of a 0.3% blend of PtOEP in 

PDPV was investigated between 50K and room temperature.  As can be seen from 

figure 6.20, considerable changes occur in the emission spectrum on lowering the 

temperature, and cooling is found to promote emission from the dopant PtOEP 

molecules. 

Figure 6.20: Temperature dependence of the emission spectrum from a 0.3% blend of 

PtOEP in PDPV.  Spectra were taken at room temperature, 250K, 200K, 150K, 100K 

and 50K (dark to light), under MLUV excitation, and the arrow indicates the growth of 

the PtOEP emission as the temperature decreases. 

 

 This result is a stark contrast with the same temperature dependence data 

obtained for the charge-transfer blend of PtOEP with F8BT, shown in figure 6.10.  
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from PtOEP is observed at lower temperatures, the processes occurring in the PtOEP 

in PDPV blends appears to have at least one step with an associated activation energy.  

Whilst the charge transfer step may well be temperature dependent in borderline 

cases, it is not possible to comment on this in the PDPV with PtOEP blend since the 

CV data does not suggest charge transfer is favourable at any temperature. 

6.5.3 Photoinduced absorption measurements 

 Ideally, due to the considerable temperature dependence of the processes 

occurring in the PtOEP in PDPV blends, photoinduced absorption experiments would 

be carried out at room temperature.  However, a PiA signal is only observable at low 

temperatures in the unblended polymer (figure 6.21), and even at 20K the signal is too 

noisy to determine its source by frequency dependent scans.  It seems likely that the 

lifetime of the triplet excitons on the polymer is too short to be properly detected at all 

but very low temperatures.  PiA experiments on the blends were therefore carried out 

at 80K.  It was hoped that any room temperature processes occurring in the blend 

would not be completely lost at 80K. 
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Figure 6.21: (Chop frequency=237Hz in all cases.) Upper plots: PiA spectra of 

unblended PDPV at 20K (grey filled circles), and 0.3% blend of PtOEP in PDPV at 80K 

(λpump= 501nm, open circles; λpump= MLUV, black filled circles).  

Lower plots: 5% blend of PtOEP in PDPV (black circles) and 5% blend of PtOEP in PS 

(grey circles) both at 20K and λpump= 501nm.  Inset: Freq. dep. at 580nm for 5% PtOEP 

in PDPV blend, and at 770nm for the 5% PtOEP in PS (calculated lifetime=225μs). 

 Figure 6.21 shows the PiA spectral dependence of both 0.3% and 5% blends 

of PtOEP in PDPV, and a 5% dispersion of PtOEP in polystyrene (PS).  Excitation for 

the 5% blends was at 501nm, and the 0.3% blend was excited at both 501nm and with 

MLUV.  Excitation at 501nm is primarily of the PtOEP, whilst the UV excitation is of 

both blend components. 

 A large feature is observed in the PiA spectra of both PtOEP in PDPV blends 

at all excitation wavelengths, centred at approximately 580nm.  The frequency 

dependence of this feature at 555nm is also shown in figure 6.21, and is found to fit 

well to a monomolecular decay curve with an associated lifetime of 0.75±0.1ms.  

However, additional features are also observed in some of the spectra.   

 Under UV excitation, the 0.3% blend also displays the small broad feature 

between 700nm and 900nm, similar to that observed in the unblended polymer under 

the same excitation.  This feature is not observed in the 0.3% blend under 501nm 

excitation.  This feature is likely to be attributable to the polymer triplet exciton 

absorption in the spectra, since it was also the only feature visible in the pure polymer 

PiA spectrum.  This suggests that excitation of the PtOEP alone does not lead to 

additional population of the polymer triplet state, since the feature is not observed 

when only exciting the porphyrin in the blend.   

 In the 5% PtOEP in PDPV blend, in addition to the 580nm feature, a small 

peak in the spectrum centred at approximately 770nm is observable.  The frequency 

dependence of this feature was measured, but was found to be overwhelmed by the 

580nm feature, which contributes significantly to the overall magnitude of the signal 

at 770nm. However, the energy of the small feature at 770nm correlates well with the 

PiA feature observed in a 5% blend of PtOEP in PS at low temperatures.  The 

spectrum of this blend is shown on the same figure, peaks at 760nm and is attributed 

to the T1 to Tn absorption in PtOEP with a frequency dependence which indicates a 

species lifetime of 220μs at 20K.  It is not surprising to observe this absorption in the 

PDPV blends, since the characteristic dopant phosphorescence is seen from the blends 

at low temperatures and is indicative of the PtOEP T1 state being populated.   
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 This leaves the question of the origin of the 580nm feature.  This wavelength 

corresponds to an energy of more than 2.1eV, and it is notable that this feature 

resembles the photoluminescence of the polymer.  However, the photoluminescence 

of the blends at this temperature consists almost entirely of emission from the 

porphyrin, and this is also subtracted from the PiA signal during processing.  Several 

possibilities for the origin of the feature exist: 

(a) The feature could be due to photoinduced charges, although the absorption of 

these might be expected at lower energies.  To investigate this further, the PiA 

of a blend of PDPV and buckminsterfullerene (C60) was measured, and the 

spectral result of this experiment is shown in figure 6.22.   

Figure 6.22: Spectral response of the PiA signal from a 5% blend of C60 in PDPV at 

80K.  Pump wavelength MLUV. Chop frequency 237Hz. 

 

The spectrum is virtually identical to that of a pure C60 film taken by Köhler18, 

which shows the C60 T1-Tn absorption peaking at 1.7eV (750nm).  This 

absorption is attributed to the C60 triplet absorption by Köhler, and dominates 

the spectrum of the blend with PDPV. The triplet excitation of the C60 arises 

from intersystem crossing from the singlet manifold on the molecule itself, 

with the possibility of some direct transfer from the PDPV host triplet level. 

Charge separation does not occur, since the C60
- ion absorption occurs18 at 

1.15eV, giving a peak in the PiA spectrum at around 1080nm.  This is not 

evident in the spectrum in figure 6.22.  This blend was not investigated 
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further, although it is surprising that charge transfer was not observed, given 

the offset arrangement of HOMO and LUMO levels of the polymer host and 

C60 molecule. 

(b) The probe beam could be further exciting the sample to produce additional 

photoluminescence when the PiA signal is recorded, as compared with the PL 

measurement where just the pump beam is incident on the sample.  This seems 

unlikely, primarily because absorption by the polymer is minimal at the 

wavelengths studied in the PiA experiment, a filter was used to eliminate 

second order light originating from the first monochromator.  This 

phenomenon is also not observed in other PiA experiments.  However, to 

check this, the second monochromator was replaced with a band-pass filter of 

10nm, centred at 580nm.  If the feature were due to additional excitation by 

the probe beam, the spectrum observed through this new system would be 

expected to follow the absorption of the polymer.  The signal observed was, 

however, zero at all wavelengths except those passed by the filter.  Therefore, 

only when the pump beam is at the same wavelength that is being detected is 

the feature observed. 

(c) Some form of triplet-triplet or other exciton annihilation may be occurring.  If 

this were the case, the pump-beam intensity dependence of the feature should 

be super-linear.  However, as shown in figure 6.23, the dependence is sub-

linear, and possibly divisible into two regimes.  The origin of the second 

regime at higher pump beam powers is probably some form of saturation 

phenomenon.   
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Figure 6.23: Pump beam intensity dependence of 580nm feature in 0.3% PtOEP in 

PDPV blend PiA spectrum at 80K (chop freqency 237Hz, λpump=MLUV). 

The intensity dependence of the feature does not suggest an exciton 

annihilation process is occurring, and this is supported by the experiment 

described in (b), which would also show a signal at excitation wavelengths 

other than that detected if exciton annihilation were the origin of the feature. 

(d) Sample degradation between measurement of the photoinduced absorption and 

the photoluminescence at each wavelength.  This possibility was eliminated, 

however, by manual checking of the signal.  Having set the probe beam to 

both transmit and detect at 580nm, the signal was clearly observable as a large 

difference between the measured signal when the probe beam was blocked 

(PL) or not (PiA).  This could be done several times without serious 

degradation of the signal, suggesting this is also not the origin of the feature. 

(e) The only other possible explanation for the feature is some form of stimulated 

emission caused by the incidence of the probe beam on the sample.  This 

hypothesis is concordant with the results of the experiment outlined in (b), but 

relies on a mechanism for repopulating the S1 state of the polymer via 

excitation of the porphyrin to allow the stimulated emission to occur.  This is a 

complex issue, which requires further investigation using techniques such as 

time-resolved spectroscopy before the processes involved can be determined. 

6.5.4 Aggregation  

Whilst some level of aggregation is undoubtedly occurring in blends of PtOEP 

with all electroluminescent polymers, it is difficult to detect this phenomenon unless 

complete quenching of the guest phosphorescence occurs.  Where phosphorescence 

quenching has occurred, it is attributable to other causes, so the extent and nature of 

aggregation has not been further investigated.  Aggregation of PtOEP in polymer 

blends was studied by first examining the porphyrin in an inert matrix in order to 

simplify the problem, before progressing to PDPV blends. 

 The question of whether aggregation is occurring, or more correctly, to what 

extent aggregation is occurring in blends of PtOEP in polymers was addressed using 

photothermal deflection spectroscopy (PDS) by Steve Thomas at the Cavendish 

Laboratory, Cambridge19 (§3.6.3).  Whilst imaging techniques are also possible, these 

can be fraught with difficulties such as finding a technique which will image on the 
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correct length scale for the aggregates, and also determining what exactly is being 

observed.  PDS can offer additional information on the types of aggregates observed 

in each blend.  However, the technique also probes other sub-gap absorptions, which 

can complicate the interpretation of spectra.  In the case of molecules such as PtOEP, 

the high level of intersystem crossing caused by the influence of the heavy platinum 

ion may also enable S0 to T1 absorptions to be detected.  The S0-T1 triplet absorption 

is likely to occur in a similar spectral range to aggregate absorptions and may confuse 

the spectral analysis. 

  The PDS spectra of PtOEP in PMMA blends showed a sub-gap doublet 

absorption just above 1.9eV, which coincides with the phosphorescence from the 

porphyrin.  This positioning, combined with the 0.16eV energy separation between 

the doublet peaks, which suggests vibronic peaks for a porphyrin structure20, suggest 

that the absorption is due to the S0 to T1 transition.  However, the long-lived 

phosphorescence from the porphyrin is inconsistent with the high intensity of the 

observed absorption if this is the source‡‡21. 

 Additional evidence against the feature being an S0-T1 absorption includes a 

concentration dependence on the relative heights of the sub-gap absorptions as 

compared with the Q-band.  There is also an agreement between the molecular 

alignment in the crystal structure of the pure porphyrin22 and that required for a J-

aggregate.  Such aggregates should show red-shifted absorption with respect to the Q-

band absorption, as was observed in the PDS spectra. 

 Thomas postulates that the porphyrin shows a reduced radiative lifetime when 

aggregated.  The T1 state in aggregated material would therefore have a shorter 

lifetime, consistent with the oscillator strength of the absorption peaks.  This would 

also explain the concentration dependence of the feature, since more aggregation is 

expected at higher concentrations. 

 PtOEP in PDPV blends were also studied, but no additional sub-gap features 

were identified other than those already described, and their intensity was similar to 

that in the PMMA blends.  Therefore, whilst aggregation in PDPV blends with PtOEP 

is probably occurring to some extent, it seems unlikely that this is responsible for the 

 
‡‡ The oscillator strength of an absorption is related to the absorbing species’ emission lifetime via the 

Strickler-Berg equation, and the two quantities are found to be inversely proportional to one another. 
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complete quenching of emission from the porphyrin, since the same aggregates are 

seen in PMMA blends where strong phosphorescence is still observed. 

6.5.5 Discussion 

The initial conclusion to be drawn from the data presented on PtOEP in PDPV 

blends is that some part of the process which leads to the quenching of emission in the 

blends is highly temperature dependent.  This makes it difficult to extrapolate from 

PiA measurements which must be carried out at low temperatures to room 

temperature processes. 

The immense temperature dependence suggests that what is occurring is 

unlikely to be exciton dissociation, which was not affected by changing temperature 

in blends of PtOEP with F8BT, and points instead to triplet transfer from PtOEP to 

PDPV.  This is supported by the temperature dependence of the PtOEP emission 

quenching observed in blends with OC1C10-PPV.  Charge transfer is also not expected 

from PDPV cyclic voltammetry data. 

Quenching by aggregates cannot be ruled out, but is unlikely considering the 

similarity of PtOEP aggregates observed in blends with PMMA, which show strong 

room temperature PtOEP emission. 

The most likely explanation for the observed phenomena therefore seems to be 

that at room temperature singlet exciton transfer from host polymer to dopant 

porphyrin, followed by intersystem crossing on the porphyrin and triplet transfer back 

to the polymer, where the excitation decays non-radiatively.  At low temperatures, the 

initial Förster transfer from polymer to porphyrin still occurs, but an activation energy 

of the triplet transfer prohibits its occurrence and results in radiative decay of PtOEP 

triplet excitations. 

The low temperature phenomena associated with the photoinduced absorption 

measurements are complex and require further investigation to produce conclusive 

results.  The suggestion of stimulated emission seems the most likely explanation 

based on the evidence gathered, but the processes surrounding and causing the 

observed phenomena cannot be concluded without further research. 
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6.6 General discussion 

This chapter has focussed on processes which occur when blending a polymer 

with the phosphor, PtOEP, but which do not result in energy transfer from host to 

guest and emission arising from the energy acceptor.   

 

In summary, when blending PtOEP with DMOS-PPV: 

• quenching of both polymer and porphyrin emission is observed. 

• HOMO and LUMO levels of host do not both lie outside those of the dopant. 

• a large new feature is present in the PiA spectrum of the blend, attributed to 

the absorption of dissociated charges. 

• Exciton dissociation at PtOEP sites is therefore inferred. 

 

When blending PtOEP with F8BT: 

• quenching of both polymer and porphyrin emission is observed. 

• the HOMO and LUMO levels of host and dopant are again offset. 

• four-fold increase in the photocurrent is found when 1% PtOEP is added to the 

polymer. 

• Exciton dissociation at PtOEP sites is again inferred. 

 

When blending PtOEP with OC1C10-PPV: 

• HOMO and LUMO levels are not offset. 

• PtOEP triplet emission is quenched, and quenching is temperature dependent. 

• PiA spectra show no signal attributable to absorption by charges. 

• measured lifetime of host triplet exciton increases with PtOEP concentration. 

• Transfer of PtOEP triplet excitations to polymer triplet level is concluded. 

 

When blending PtOEP with PDPV: 

• HOMO and LUMO levels are not offset. 

• porphyrin phosphorescence is quenched at room temperature, but not at low 

temperatures. 

• low temperature PiA spectra show no signal attributable to absorption by 

charges, but a new feature strongly resembling the PL of the polymer is found.  

The mechanism by which this may occur is unknown.   

• quenching of phosphorescence by aggregates is unlikely. 
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• Possible explanation of some of these phenomena is initial transfer of singlet 

excitons from host to dopant, and ISC on the PtOEP, followed by temperature-

dependent transfer of triplet excitations from PtOEP to host polymer.   

 

Charge transfer was observed in two of the polymer-porphyrin blends studied.  

This process is of great importance in the fabrication of organic solar cells, which 

offer a cheap and easily manufactured alternative to conventional energy sources.   

In the case of blends of PtOEP with OC1C10-PPV, a more complex situation 

was found.  The triplet transfer from guest to host was exploited to place limits on 

both the triplet exciton energy and the exchange energy of the host, and also provide 

an estimation of the absorption cross-section for the T1-Tn transition in the polymer.  

This measurement should prove valuable for quantitative study of triplet excitons in 

conjugated polymers. 

Finally, the case of PtOEP blends with PDPV provided a set of more 

complicated results.  Three possibilities were considered – charge transfer, quenching 

caused by aggregation, and singlet energy transfer from host to guest, followed by 

‘back’ transfer from guest to host, but a final conclusion was not obtainable.  Further 

work at both low and ambient temperatures would be required to further resolve the 

situation. 

In conclusion, this chapter has shown that whilst energy transfer may seem the 

most desirable outcome of blending an electroluminescent host with an emissive 

guest, this does not always ensue.  However, significant conclusions may still be 

drawn if this does not occur, and use may be made of the alternative processes. 
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CCHHAAPPTTEERR  VVIIII  

CCOONNCCLLUUSSIIOONNSS  

This chapter reviews the conclusions drawn from the work in the results chapters, 

and makes some suggestions for further work. 

 

This thesis was concerned with the interactions occurring in blends of 

emissive molecular dopants with electroluminescent polymers.  A variety of 

interactions were identified, and various spectroscopic techniques were used to 

elucidate what was occurring in each case. 

 The original incentive behind this technique was to tune the colour of emission 

for applications such as colour displays.  Spectrally shifting the emission away from 

the absorption of the bulk material, i.e. the host, also reduces efficiency losses due to 

re-absorption.  Colour tuning using molecular dopants was seen in blends in Chapter 

4, where fluorescent dopants were used in polymeric hosts.  Very precise emission of 

narrow FWHM was also possible with the use of an emissive europium complex.  

Chapter 4 also studied some other effects occurring in blends, such as aggregation. 

 Chapters 5 and 6 used the same phosphorescent dopant in a variety of 

electroluminescent polymer hosts.  Chapter 5 studied the blends of PtOEP with the 

polymers PNP and PFO, where emission from the phosphor was observed under 

electrical and optical excitation.  Evidence was also found to suggest triplet excitons 

were transferred from host to guest.  For the transfer to be energetically favourable, 

the energy of the host polymer triplet level must lie above that of the dopant triplet 
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level. Therefore, this observation, and knowledge of the dopant triplet energy level 

from its phosphorescence, allowed a lower limit of 1.9eV to be set on the triplet level 

of these polymers.  This limit in turn allowed upper limits of not more than 0.5eV and 

0.9eV for the S1-T1 exchange energy in PNP and PFO respectively. 

 Some evidence for charge trapping on the dopant, causing preferential creation 

of excitons at PtOEP sites was found in blends with PFO.  This mechanism, however, 

still offers triplet excitons a radiative decay pathway.  Since in singlet-emitting LEDs 

the triplet excitons decay non-radiatively, allowing a radiative decay pathway can 

increase the internal efficiency possible from devices.  This is applicable whether the 

dopant is excited via either exciton or charge transfer from the host. 

 In Chapter 6, blends of the same porphyrin dopant with host polymers which 

quenched its phosphorescence were studied.  In blends with both DMOS-PPV and 

F8BT, the quenching was attributed to exciton dissociation.  This was investigated by 

photoinduced absorption and photocurrent measurements respectively.  In blends with 

OC1C10-PPV, the temperature-dependent quenching was attributed to triplet transfer 

from guest to host, with an associated increase in the measured lifetime of the host 

triplet exciton.  This allowed an upper limit of 1.9eV for the host triplet excitons 

energy to be deduced, and therefore a lower limit of 0.15eV can be inferred for the 

exchange energy.  Modelling how many triplet excitons in the host are produced by 

transfer from the guest phosphor allowed evaluation of the inherent contribution from 

the polymer itself.  This, coupled with the photoinduced absorption measurements 

performed provides an estimate of the T1 to Tn absorption cross-section of 10-15cm2.  

This number should allow more quantitative analysis of triplet absorption experiments 

in the future. 

 Finally, blends of the same dopant with the host polymer PDPV showed a 

temperature dependent quenching of the phosphorescence.  This suggested a 

temperature dependent process was also responsible for this quenching.  The 

experiments performed did not provide a conclusive answer as to the mechanism, and 

additional work, perhaps involving temperature dependent or transient measurements, 

will be needed. 

 In conclusion, careful analysis of all the energy levels involved and 

measurements taken may elucidate interactions occurring between the materials in 

two component systems.  Once these interactions are established, some may be used 
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to infer properties of the host materials, such as triplet energy level limits or triplet 

absorption cross-sections.  Information learnt in this thesis should be of use for further 

experiments, and the technique may be easily extended to increase understanding of 

other electroluminescent polymers. 
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Appendix I shows the derivation of the equation used to determine the absorption 

cross-section of triplet excitons in OC1C10-PPV in Chapter 6.  This equation was 

derived by Mark Stevens of the Cavendish Laboratory, Cambridge. 

 

 Consider the case shown in the diagram below, which shows two possible 

scenarios in a photoinduced absorption experiment.  The intensity of the probe beam, 

Iin, entering a section of polymer of thickness d, is modulated according to whether 

the pump beam is on or off. 

  

 

 

 

 

 

 The transmission of the sample is therefore: 

in

u

outu

I

I
T =  or 

in

p

outp

I

I
T =     (A1) 

when the pump beam is off or on respectively. ΔT/T is considered to be the 

change in transmission caused when the pump beam is incident on the sample, 

divided by the normal transmission of the sample.  This may be expressed as: 
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 Combining equations A1 and A2 gives: 
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 Since ( )NdexpII u

out

p

out −= , where σ is the cross section for stimulated 

absorption or emission, N is the number density of the species absorbing, and d is the 

thickness of the film, substituting into A3 gives: 
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            (A4) 

 Rearranging A4 gives the equation 6.10 used in Chapter 6: 
 









+


−= 1

T

T
ln

Nd

1
 

 This equation may be approximated1 to 
T

T

Nd

1 
−=  when ΔT/T is small. 
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