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Chapter 1                                  

Introduction 

Abstract 

Organic light-emitting diodes (OLEDs) are thin-film devices that are increasingly being 

used in modern, energy-efficient display, signage and lighting applications. In this 

chapter, we will introduce the device configurations and methods that have been 

developed to fabricate OLEDs as well as the different classes of electroluminescent 

molecules that have been incorporated to enhance the efficiency and colour tunability 

of OLEDs. Even though the best white light-emitting OLEDs have reached power 

efficiencies comparable to fluorescent lamps, there is still room for improvement. One 

of the main issues with OLEDs is their relatively low external quantum efficiency, often 

limited to 20%. This is mainly due to a low light outcoupling efficiency, related to 

internal optical losses. Several ideas have been explored as a means to improve the 

light outcoupling efficiency of OLEDs, in particular for devices processed by 

evaporation under vacuum. In this thesis we discuss the orientation of the transition 

dipole moment of the emitting molecules in the plane of the electroluminescent film 

to improve the light outcoupling efficiency.  As we see solution processing as the 

future direction to produce OLEDs at a lower cost, higher speed and in higher volumes, 

in this work we focus on emissive layers deposited from solution. We give an overview 

of recent findings on the topic of orientation of transition dipole moments, for both 

solution processed and vacuum deposited materials.   
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1.1 Introduction 

In recent years, organic light-emitting diodes (OLEDs) have gained a sizable share of 

the market of flat panel displays. OLEDs are also applied in smartphones and other 

portable electronics. Attractive features of OLEDs are their large area, low weight, 

patternability and flexibility, soft light, close to daylight and glare-free operation. On 

the lab scale, energy conversion efficiencies up to 139 lm/W for OLEDs that emit white 

light, have been achieved.1 The internal electron-to-photon conversion efficiency, also 

known as the internal quantum efficiency (IQE), of OLEDs involving phosphorescent 

molecular emitters can be close to 100%. On the other hand, the external quantum 

efficiency (EQE), i.e. the electron-to-external photon efficiency, of the OLEDs is 

currently severely limited by the outcoupling efficiency of the light that has been 

generated within the emitter layer. In fact, the outcoupling efficiency rarely exceeds 

20% for OLEDs. An important loss mechanism is waveguiding of light in the plane of 

the diode.2 An elegant way to improve the light outcoupling efficiency is to optimize 

the orientation of the transition dipole moment of the emitters.3-6 Optical analysis 

indicates that OLEDs with an EQE above 40% can be realised without any extra light 

extraction layer, if the ratio of horizontal to vertical components of the emitting 

transition dipoles exceeds 95%.7 Using small molecular emitters that show either 

phosphorescence or thermally activated delayed fluorescence (TADF), which have 

been deposited in a way which gives them mainly horizontal orientation in the active 

layer, diodes with EQE higher than 30% have been realised.8-12 

So far, preferential orientation of the transition dipole moment of small 

molecular emitters in the horizontal plane of the organic layer for OLEDs has only been 

observed for layers deposited by thermal evaporation in high vacuum.6,13 However, a 

significant research effort is currently devoted to deposition of the organic layers from 

solution, which would allow for roll-to-roll processing, opening a way to high 

throughput and lower production cost. Lampe et al.14 compared the preferential 

orientation of iridium-based emitters in various host matrices deposited by solution 

processing and by thermal evaporation. They observed that only the evaporated layers 

show preferential horizontal orientation of the iridium emitters and concluded that 

horizontal orientation in the films of common phosphorescent iridium complexes 

cannot be achieved by solution processing. The preferential horizontal alignment in 

the deposition from the gas phase has been related to the presence of an interface 

between the aromatic matrix and vacuum during the deposition process.15  

Preferential horizontal molecular orientation in solution processed layers is 

known for luminescent π-conjugated polymers.16-19,20 High degrees of horizontal 
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orientation have also been recently reported for light-emitting oligomers in solution 

processed host/guest systems.21-23  

In this thesis we will investigate the conditions for which it is possible to achieve 

horizontal orientation of transition dipole moments of small molecular emitters in thin 

films. In particular, we will focus on films deposited from solution, as we see solution 

processing as the future direction for production of low-cost and large-area OLEDs. 

In the first chapter of this thesis we will start with a short description of OLEDs, 

the emitters used and the device limitations. We will explain the different ways in which 

transition dipole moments of emitters can be measured, and we will give an overview 

of the existing theories about how and why horizontal orientation happens. We will 

end this chapter with an outline of the thesis. 

1.2 Organic light emitting diodes (OLEDs) 

Electroluminescence, the emission of light from materials via electrical excitation, was 

first observed in the early sixties from single crystals of anthracene.24 Initially, due to 

the high working voltages required, no applications emerged, however, this discovery 

led to a good understanding of the basic physical processes involved in organic 

electroluminescence. A first breakthrough was achieved in 1987 when Tang and van 

Slyke,25 researchers at Kodak, reported efficient and low-voltage OLEDs using thin films 

of vapour-deposited organic materials. Another important milestone was in 1990 with 

the discovery of electroluminescence from polymers by the researchers at the 

University of Cambridge,26 creating a considerable global interest in academia and 

industry.  In 1997, Pioneer commercialised the first monochromatic OLED displays for 

car stereos. Since then, OLEDs have become an important component for both display 

and lighting technologies. 

OLEDs are attractive in the lighting market as replacement of traditional lighting 

technologies. OLED lighting has the potential to efficiently emit warm light across large 

surfaces and to bring novel form factors into the lighting sector, as they emit light from 

a uniform surface, compared to traditional point light sources as halogen lamps or 

LEDs. OLEDs can be semi-transparent and flexible, they are energy efficient, they 

produce light with no glare and good quality, closer to natural light, if compared for 

example to LED lighting. OLEDs also produce very little heat (< 35 ° C): this outstanding 

feature allows not only the waiving of previously indispensable cooling elements, but 

also the use in combination with sensitive materials such as wood or fabric. 

Several companies already offer OLED lighting panels: Philips/OLEDWorks, 

Osram, LG, Konica Minolta Pioneer OLED and others. Current production lines are still 

small, and prices are still high, but we see rapid advances in performance and price.  
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Figure 1.1: a) In 2015 Konica Minolta shipped 15,000 flexible OLEDs to the Japanese “Shining Tulip 

Festival", by far the largest OLED installation to date (source: OLED-info). b to j) OLEDs deposited on 

various substrates, in different colours and shapes, fabricated at Holst Centre in collaboration with 

industrial partners. b) OLED on glass substrate; c) OLED prepared within the Pi-Scale project, photo 

courtesy of Lyteus; c to f) flexible OLEDs on plastic substrates; g to j) flexible OLEDs on metal substrate. 

1.2.1 Device architectures and basic working principles 

The basic structure of an OLED consists of a thin film of organic material sandwiched 

between two electrodes (Figure 1.2). The most common substrate material is glass, but 

also metal foils or plastic substrates (as polyethylene terephthalate, PET or 

polyethylene naphthalate, PEN) can be used. One of the materials most used as anode 

is indium tin oxide (ITO) because of its high work function and good transparency in 

the visible range. Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate 

(PEDOT:PSS) is often deposited on top of ITO as hole injection layer (HIL), to smooth 

out the rough surface of ITO, and decrease the hole injection barrier. The emitter in 

this simple architecture (Figure 1.2.a) is usually an emissive polymer. The cathode is 

reflective and is made of metal such as aluminium, gold or silver, often combined with 

a very thin layer of lithium fluoride (LiF) or calcium to enhance the electron injection. 

The thickness of the organic layers in the basic structure is usually between 100 and 

a) b) c) 

d) e) f) 

g) h) i) j) 
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150 nm. The active area of the OLED is defined as the spatial overlap area of the two 

electrodes. Hence, OLEDs can in principle have any shape and size and they are 

therefore suited for a wide range of applications. The colour of the emitted light is a 

function of the energy difference between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) levels of the 

electroluminescent molecule.27,28 

The basic working principles of an OLED can be summarised in four steps:28 

1. Injection of electrons and holes at the electrodes; 

2. Transport of charge carriers through the organic layers; 

3. Formation of bound electron–hole pairs (excitons); 

4. Radiative exciton decay and emission of light. 

An external voltage source of typically a few volts is applied to the device so that the 

two types of charge carriers are injected from the opposite electrodes (electrons from 

the cathode and holes from the anode), and drift toward each other. When the initially 

free electrons and holes meet, they form strongly bound electron–hole pairs (excitons) 

in the emission layer, which then may decay radiatively and emit photons.28 

Two types of electroluminescent materials are often used: small molecules and 

polymers. Polymers are processed from solution, while small molecular materials are 

mostly deposited by evaporation under vacuum. Devices based on small molecular 

emitters (SMOLEDs) are usually more efficient as they allow a more elaborated device 

architecture compared to polymer based devices (PLEDs). In SMOLEDs, specialized 

functions such as hole injection (HIL), hole transport (HTL), hole blocking (HBL), 

emission (EML), electron transport (ETL) and electron injection (EIL) are each confined 

into individual layers (Figure 1.2.b). This is possible because the processing under 

vacuum allows for well-defined interfaces; the electroluminescence efficiency of OLEDs 

can be increased by carrier and exciton confinement within a multilayer device. In 

SMOLEDs the emissive layer is usually composed by one or more emissive dyes (with 

different emission wavelengths) embedded in a host matrix. The host matrix, which 

acts as charge transport material, also has the function to keep the emissive molecules 

(in low weight ratio, usually not higher than 10%) separated, to avoid concentration 

quenching of the emission and to make it possible to achieve high emission efficiency. 

In some cases, in particular for emitters showing thermally activated delayed 

fluorescence (TADF, presented in 1.2.2), it was possible to achieve EQEs up to 20% for 

devices with host-free emissive layers.29-31 However, the same emitters performed 

better if blended in a host material, and it has been shown that the emitter and host 

combination must be designed and optimized together to achieve highly efficient 

OLEDs.32 
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Recently, the advantages of PLEDs (simplicity of processing from solution, low 

cost) and the high efficiency of SMOLEDs (highest purity of materials and complex 

device architecture) have been combined in solution processed SMOLEDs. New, 

soluble small molecular emitters have been synthesised, and new strategies to prevent 

intermixing of different layers during solution processing (such as crosslinking)33,34 

have been developed. Solution processable SMOLEDs open the way to efficient 

devices produced at low cost by roll-to-roll (R2R) processing techniques. 

 

 

Figure 1.2: basic structure of OLEDs. a) Anode/HIL/EML/cathode. In this simple structures, EML is often 

a polymer, processed from solution. b) Anode/HIL/HTL/EML (host/guest system)/HBL/ETL/EIL/cathode. 

This most complicated architecture is often processed by evaporation under vacuum to allow sharp 

interfaces between the layers and avoid intermixing. The emissive layer is usually a blend composed of 

a host matrix and one or more small molecular emissive dyes. 

1.2.2 Different classes of emitters for OLEDs 

In OLEDs charge recombination occurs via recombination of electrons and holes, 

resulting in the formation of an exciton. Because both the electron and hole carry a 

spin (S = ½), recombination results statistically in 25% excitons with singlet character 

(S = 0) and 75% excitons with triplet character (S = 1), although in practice deviations 

from pure statistics may occur. Because of exchange energy, the excited triplet state 

(T1) is lower in energy than the corresponding excited singlet state (S1). The spin 

multiplicity of the exciton has important consequences for radiative decay and emitter 

molecules can be divided in two classes: fluorescent and phosphorescent. Fluorescent 

materials are generally designed to emit light from the singlet excited state to the 

ground state (S1 → S0, Figure 1.3). For OLEDs they have the limitation of a maximum 

internal quantum efficiency (IQE) of 25% only because of spin statistics. In contrast, 

phosphorescent materials emit light from the triplet excited state to the ground state 

(T1 → S0, Figure 1.3). The T1 state has 75% probability of being formed in OLEDS, 

resulting in a higher IQE.35 In fact, OLEDs using phosphorescent materials can achieve 

IQEs of 100%, when fast intersystem crossing (ISC) (S1 → T1) occurs and the 

phosphorescent quantum efficiency is 100%. Hence, the significant advantage of 

a) 

b) 
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phosphorescent emitters is not only that the T1 state is statistically formed three times 

more likely in the charge recombination than the S1 state, but also that intersystem 

crossing (ISC) from S1 to the lower lying T1 makes it possible to form the T1 state with 

an overall unit quantum efficiency. Therefore, to realize efficient OLEDs and maximize 

the generation of photons it is essential to use both the singlet (S1) and triplet (T1) 

excitons that are formed in the electron-hole recombination events in an OLED. The 

first OLEDs, developed in the late eighties used fluorescent emitters.25,26 At the turn of 

the century, phosphorescent emitters with high quantum yields were developed.36 

Nowadays, both are being used in OLED based devices available on the market.  

In recent years thermally activated delayed fluorescence (TADF) has received 

attention as a mechanism to also form the S1 state with quantum yields approaching 

unity, after charge recombination. Although TADF has been known since 196137 as 

delayed fluorescence in the photochemistry of Eosin-Y, the potential use of TADF 

emitters in optoelectronic devices was proposed only recently by research groups led 

by Adachi,38,39 Yersin40 and others. In the past few years, TADF emitters have received 

considerable attention from the scientific community, resulting in a large number of 

research and review papers being published lately.41,42 

The key process enabling TADF is the reverse intersystem crossing (RISC), from 

the lowest triplet state (T1) to the lowest excited singlet state (S1), followed by radiative 

decay from S1 to the ground state (S0) (Figure 1.3). In principle, this also makes it 

possible to achieve 100% internal quantum efficiency (IQE) in an OLED, by collecting 

the singlet and triplet excitons generated via charge recombination via the singlet 

excited states. TADF molecules do not use rare or expensive transition metals such as 

iridium or platinum, commonly used in phosphorescent emitters.  

 

 

 

 

 

 

Figure 1.3: Jablonski diagram of emitters for OLEDs. 

 

To realise RISC it is important that the energy difference between S1 and T1 

(ΔEST) is small (< 100 meV), such that the S1 state can be reached from the T1 state by 

the available thermal energy. ΔEST represents the quantum chemical exchange energy, 

which in a first-approximation is proportional to the spatial overlap of the squares of 

the two singly occupied molecular orbital wave functions carrying the hole and the 

T1 Fluorescence 

Phosphorescence 

TADF (ΔEST <100 meV) 

S1 

S0 

RISC 

ISC 
ΔEST 

 F P TADF 
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electron, respectively. Hence, a small ΔEST can be realised by spatially separating the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) of the molecules. However, localising the HOMO and LUMO on 

different parts of the molecule also decreases the oscillator strength (f ) of the 

transition between S1 and S0, which can lower the photoluminescence quantum yield 

(PLQY) when non-radiative processes are present.8 Hence, designing efficient TADF 

molecules for OLEDs, requires careful molecular engineering.  

Fluorescent materials are often defined as “first generation emitters”, as they 

were the first to be used in OLEDs in the eighties and nineties. The “second generation 

emitters” are the phosphorescent emitters, second to be used in time. Compared to 

the previous generation, they have the advantage of higher IQE, but the disadvantage 

of requiring rare heavy atoms. The TADF emitters are the “third generation emitters”, 

as the ones more recently introduced for OLED applications. The high IQE, the 

possibility to be fully organic (no rare metals required) and the relative simplicity in 

tuning their properties, make them very attractive. 

1.2.3 External quantum efficiency (EQE)  

An essential parameter to characterise an OLED is its external quantum efficiency (EQE) 

that describes the ratio between the number of emitted photons and injected charge 

carriers:43,44 

𝐸𝑄𝐸 = 𝐼𝑄𝐸 × 𝜂𝑜𝑢𝑡                                                    (1.1) 

where 

𝐼𝑄𝐸 = 𝛾𝜂𝑆
𝑇⁄
𝑞𝐸𝐹𝐹                                                      (1.2) 

 

In (1.1) the outcoupling efficiency, ηout, describes the fraction of generated photons 

that actually are emitted from the device. In (1.2) γ is the charge carrier balance factor, 

describing whether or not equal amounts of electrons and holes are injected and which 

fraction of them recombines to form an exciton. 𝜂𝑆
𝑇⁄
 gives the fraction of excitons that 

is allowed to decay radiatively by spin statistics and qEFF indicates how many of the 

spin-allowed excitons actually do decay by emitting a photon (instead of dissipating 

the excitation energy non-radiatively to their environment).44  
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Figure 1.4: Schematic illustration of different optical loss channels in OLEDs. Only a small fraction of light 

can escape from the substrate, leading to low EQE (figure reproduced from reference 44, Copyright 

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.). 

When the device structure is well optimised, and the emitters used are 

phosphorescent or exhibit thermally activated delayed fluorescence, it is possible to 

have IQEs close to one. However the EQE is usually limited to ~20% due to a low ηout. 

This is due to the refractive index of the layers where the light is generated, which are 

higher compared to those of the substrate and the air. Substrate modes (where total 

internal reflection at the glass–air interface is the limiting process), waveguiding in the 

organic layers followed by absorption or edge emission and surface plasmon modes,45 

are the main channels for optical losses in OLEDs, drastically limiting the EQE of devices 

even in the ideal case of IQE = 100% (Figure 1.4). 

1.2.4 Strategies to improve the light outcoupling efficiency 

Several strategies can be used to improve the light outcoupling efficiency of OLEDs. In 

their comprehensive review papers, Brütting et al.44 and Saxena et al.46 provide a 

complete overview of the techniques used to improve the light outcoupling efficiency 

of OLEDs. These strategies are mainly applied to OLEDs based on phosphorescent 

materials, as their initial efficiencies are higher than those of devices based on 

fluorescent polymers. In this paragraph we will briefly mention the main strategies, to 

give to the reader a general overview of the different possibilities, and a context for 

our choice. 

In general, there are two different approaches: optimisation of the devices while 

keeping a planar structure and the use of scattering methods.47 The first approach 

includes optimisation of the OLED cavity, by careful choice of thickness and optical 

properties of the various layers. Another option is to use substrates with high refractive 

index. However this can be expensive, and not applicable in the case of metal or plastic 

substrates. 

The second approach consists in using scattering structures, which can be 

applied internally or externally, or both. The modification of the backside of the glass 
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substrate with random structures, is an easy way to scatter out light rays that would 

otherwise suffer from total internal reflection at the glass/air interface.48 Ordered 

microlens arrays or scattering particles can also be used. Light scattering foils are 

nowadays commercially available, but in contrast to a macroextractor these techniques 

typically extract only part of the light trapped in the substrate and the reflecting 

appearance of the OLED in the off-state changes to a milky, non-reflecting one, which 

can be a problem depending on the application chosen for the device. To reduce the 

waveguided modes, internal scattering structures, periodic or random, placed between 

the glass substrate and the ITO layer, can be used. The effectiveness of this approach 

relies on the spatial overlap of the waveguide modes with such features; in other 

words, they have to be employed close to the emission zone of the OLED.49 

To reduce the losses due to surface plasmon polaritons, gratings between the 

organic layers and the metal, optically optimised, can be used.44  

A different way to improve the light outcoupling efficiency of devices, the 

approach chosen in this work, is to horizontally orient the transition dipole moments 

of the emissive molecules. When the transition dipole moments are oriented 

horizontally, most of the light is emitted at angles perpendicular to the device 

substrate. In this way it is possible to reduce the waveguiding and substrate modes, 

but also the surface plasmon polariton modes, mainly coupling with vertical dipoles.44 

Horizontal molecular orientation not only has a positive effect on light outcoupling 

but also on charge transport. When the host material or the charge transport layers of 

an OLED are horizontally oriented, charge carrier mobility can improve up to 30 

times.50 In their paper Kim et al.7 show by theoretical analysis that the maximum EQE 

achievable for a certain emitting dye in a host can be predicted by just measuring the 

photoluminescence quantum yield (qPL) and the orientation factor h (the ratio of the 

horizontal dipoles to total dipoles) in a neat film on glass without the need to fabricate 

devices. This offers a universal plot of the maximum EQE as a function of qPL and h 

and indicates that OLEDs with an EQE higher than 40% can be realised without any 

extra light extraction layers, if phosphorescent dyes with qPL and h over 95% are used. 
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Figure 1.5: Example of contour plot of maximum EQE achievable for a defined stack (in this case with 

[(bis(4-methyl-2-(3,5-dimethylphenyl)quinoline))Ir(III)(tetramethylheptadionate)] (Ir(mphmq)2tmd) as 

emitter) by varying qPL and ratio of the horizontal dipoles (h) of the emitter (graph reprinted by 

permission from Springer Nature, ref. 51, Copyright © 2014). EQE higher than 40% can be achieved if 

phosphorescent dyes with qPL and h over 95% are used.7 

1.3 Orientation of transition dipole moments 

The orientation of transition dipole moments in emitters, is the approach we chose to 

analyse in depth as step to improve the light outcoupling efficiency, therefore the EQE, 

of OLEDs. Of all the possible approaches, this is probably the most versatile one as it 

can be used independently of the device architecture chosen. It is also an economic 

option: additional expensive processing steps as introduction of gratings, expensive 

high refractive index substrates, or additional treatment of the substrate to increase its 

roughness, are not needed. This option is also cheaper than the application of external 

light outcoupling foils, which are expensive by themselves and also require the extra 

processing step of foil lamination. Moreover, horizontal orientation of transition dipole 

moments, when the right combination of host and guest materials is chosen, can be 

achieved with standard solution processing techniques, without special requirements 

for the substrate or the layers deposited below the emissive layer. This makes the 

upscaling of this solution, both in terms of increased device area and production 

volume, industrially compatible. 

The beneficial effect of the horizontal orientation of polymers in solution 

processed thin films, on the efficiency of polymeric OLEDs has been known for a long 

time.52 It has been shown that for films of poly(p-phenylenevinylene) (PPV) derivatives, 

the emitting dipoles are distributed primarily in the plane of the film,53 with the 

transition dipoles nearly parallel to the polymer chain axis. The same anisotropy has 

been observed for poly(2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene) 
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(MEH-PPV): regardless of the solvent used, chain orientation in cast films is anisotropic; 

the PPV backbones and the planes defined by the benzene rings within the PPV 

backbones are predominantly parallel to the film plane.54 Anisotropic orientation of 

transition dipole moments has been observed for several other polymers deposited 

from solution,55 such as poly(9,9-dioctylfluorene) (PFO),56 [poly(9,9_-dioctylfluorene-

co-benzothiadiazole)] (F8BT), [poly(9, 9_- dioctylfluorene-co-bis-N,N-(4-butylphenyl)-

bis-N,N_-phenyl-1,4-phenylenediamine)] (PFB) and [poly(9,9_-dioctylfluorene-co-bis-

N,N_-(4-butylphenyl)diphenylamine)] (TFB ).57  

Only recently, it was shown that orientation effects also play a role in small 

molecule OLEDs fabricated by vacuum evaporation, where the fluorescent or 

phosphorescent dyes are embedded with only a few percent content in a matrix 

material, demonstrating the potential of controlling the emitter orientation for 

efficiency enhancement in OLEDs.6 

Yokoyama et al.6,58,59 strongly contributed to the growth of this field in its early 

days by showing the influence of the molecular shape on the orientation of the 

transition dipole moments of the emitters. They showed that molecules with an 

isotropic or bulky molecular shape, also have isotropic orientation of transition dipole 

moments and that the linear-shaped molecules are horizontally oriented in the 

vacuum-deposited amorphous films depending on the molecular length.59  

The preferential orientation of molecules, is also preserved when they are 

deposited on different substrates or when doped in a isotropic host.59 

Recently, these studies have been extended towards highly efficient 

phosphorescent emitters. Symmetrically substituted metal–organic emitter complexes 

such as tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3) have random emitter 

orientation when doped in different matrices,60,3 however, in the case of complexes 

with different ligands there is evidence for non-isotropic emitter orientation. For 

example, the well-known red phosphorescent emitter system bis(2-

methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III) (Ir(MDQ)2(acac)) doped 

into an N,N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)benzidine (α-NPD) matrix also 

exhibits predominantly horizontal orientation of the emitting dipoles.61 Other common 

iridium based phosphorescent emitters as bis[2-(2-pyridinyl-N)phenyl-

C](acetylacetonato)iridium(III) (Ir(ppy)2(acac)) or bis(2-benzo[b]thiophen-2-

ylpyridine)(acetylacetonate)iridium(III) (Ir(BT)2(acac)), also show preferential horizontal 

orientation of their transition dipole moments.62  

1.3.1 How orientation happens: different theories 

A few mechanisms have been proposed to explain the preferred molecular orientation 

of the iridium complexes doped in vacuum-deposited organic semiconducting layers, 
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however, the microscopic origin and the driving force of the molecular orientation 

anisotropy are still unclear. 

Kim, Moon et al.51,63 suggest that strong intermolecular interactions between 

electro-positive sides of the dopant, and the electro-negative host molecules 

promoting parallel alignment of the N-heterocycles of iridium complexes by forming 

host-dopant–host pseudo-complex mainly participating in 3MLCT transition, are the 

main source of transition dipole moment orientation anisotropy. In their view, non-

bonded interaction energy has a critical influence on the molecular orientation during 

the deposition process. 

Friederich et al.64 reached similar conclusions by microscopic analysis of the 

various intermolecular interactions affecting the molecular orientation. Their 

observations indicate that short range interactions, as the van der Waals attraction and 

the Pauli repulsion between the molecules at the surface, are the main driving forces 

for transition dipole moment orientation. As well as Jurow et al.15 they support the idea 

that the long-range electrostatic interactions (permanent dipole moments) do not 

significantly influence the orientation of the molecules.  

Jurow et al.15 propose a model based on the importance of the processing 

technique used to deposit the emissive layer (e.g. evaporation under vacuum) and on 

the differences in the chemical nature (aromatic or aliphatic) of the most common 

ligands in iridium based emitters. During the evaporation process, the aromatic ligands 

of the emitting species try to maximize interaction with the aromatic surface of the 

already deposited host material (like in the case of solubility of the molecule in 

different solvents), whereas the aliphatic part remains exposed to the vacuum. Thus, 

the interface between the already deposited material and the vacuum is responsible 

for the alignment of the phosphorescent molecules.65 

Mayr and Brütting60 investigated the influence of various matrix materials with 

different shapes and different glass transition temperatures and they found no 

significant dependence on the alignment of different iridium based phosphorescent 

emitters. 

The origin of preferential orientation of transition dipole moments in small 

molecular emitters is still under debate. Moreover, the vast majority of studies to date 

have focused on molecules deposited by evaporation under vacuum and the 

mechanism behind orientation in solution processed layers, could be different. 

1.3.2 How to measure orientation of transition dipole moments 

Various ways to measure the orientation of transition dipole moments have been used 

by the scientific community. These are described in detail in the comprehensive review 

paper on emitter orientation of Brütting et al.65  
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One of the most used methods is variable angle spectroscopic ellipsometry 

(VASE).6,58,59 The main drawback of this technique is that it only allows measurement 

of  the polarisability in the bulk material, therefore  it is not suited for host/guest layers, 

where the content of emitter molecules is very small (usually less than 10 wt%) and 

therefore difficult to detect. Absorption measurements before and after thermal 

annealing,66 excited state lifetime near metal layers,61 infrared spectroscopy,67,68 and 

external quantum efficiency measurements using macroextractors,69 are other 

methods used to study the orientation of transition dipole moments in emitter 

molecules. 

In this thesis we choose to use angle dependent luminescence spectroscopy,70 

as it is a simple method applicable to single layers, without the need to prepare the 

full device stack. This method is currently the most used as, in contrast to VASE, it 

allows measurement of the orientation of transition dipole moments of emitters 

blended in host matrices, where the content of the emitter is only a small fraction 

(usually less than 10 wt%) of the layer. This method will be described in detail in 

Chapter 2. 

1.4 Outline of this thesis 

The main goal of this thesis is to study the possibility to obtain in-plane orientation of 

the transition dipole moments of emitters in host/guest systems deposited from 

solution. To be relevant for OLED applications these layers should stay amorphous and 

have a smooth topography, in which both components are well mixed. A good 

morphology and well aligned energy levels are prerequisites for good charge transfer 

between host and guest, essential to have high efficiency devices. All these aspects will 

be covered in the next chapters.  

We started with introducing the topic: how OLEDs work, which classes of 

emitters are used and what are the limitations of these devices. The low external 

quantum efficiency (EQE), mainly due to low light outcoupling efficiency, is the main 

limiting factor in OLEDs performance. In this work we study the orientation of transition 

dipole moments of the emitters in solution processed layers as our preferred strategy 

to improve the light outcoupling efficiency of devices (Chapter 1).  

The main tools used to characterise luminescent thin films are angle dependent 

p-polarised fluorescence measurements, optical simulations, variable angle 

spectroscopic ellipsometry and transient fluorescence decay measurements, all 

described in Chapter 2.  

To reach our goal, in this thesis we explore several combinations of host and 

emitter materials with different characteristics. We start with short oligomers 

embedded in a small molecular, randomly oriented host matrix. In Chapter 3 we show 
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that the desired high horizontal orientation of transition dipole moments can be 

achieved, however, this is also accompanied by aggregation of the emitter molecules. 

To correct this undesired side effect we reduce the loading of the emitter molecules in 

the host/guest blend. As, for the blends considered, reduced loading of the emitters 

does not bring any orientation of the emitters, we move on by changing the host 

material to a polymeric one, able to orient strongly in plane.  

In Chapter 4 we show that small molecular materials with high aspect ratio, 

embedded in this polymeric host, can achieve strong horizontal orientation, in 

particular after annealing of the blend, as the polymeric host strongly improves its 

orientation under thermal treatment. This polymeric host, however, has low triplet 

energy levels, a characteristic that does not make it versatile for OLED applications. In 

particular in combination with blue or green emitters, a host material with low triplet 

energies can easily quench the triplet states of the emitters.  

In Chapter 5, to overcome the drawback of the polymeric host presented in 

Chapter 4, we test a different polymeric host matrix, with higher triplet energy levels, 

therefore more suited in combination with emitters which emit in the full wavelength 

range. We embed several emitters in this host, both fluorescent and phosphorescent. 

Even though the backbone of this polymer orients in plane, the polymer shows a 

strong polarisability in the vertical direction, mainly due to the carbazole side groups. 

This negatively affects the emitters, which, in general, tend to show an average vertical 

orientation of their transition dipole moment.  

To explore the influence of the orientation of the host material on the 

orientation of the emitters embedded in it, in Chapter 6 we test a new polymeric host 

matrix, with a mild polarisability in the in-plane direction. With this host, we cover the 

full range of possibilities, from a host with strong polarisability in the in-plane 

direction, to a host with strong polarisability in the vertical direction, passing by two 

host materials with intermediate polarisabilities. By blending several iridium based 

emitters in the host with mild polarisability in the horizontal direction, we find the same 

trend observed in the previous host matrix (with polarisability in the vertical direction): 

in this case the orientation order parameters calculated are shifted more towards the 

random orientation.  

After studying both fluorescent and phosphorescent emitters, in Chapter 7 we 

also investigate the so-called third generation of emitters, which show thermally 

activated delayed fluorescence (TADF). TADF emitters became of strong interest for 

OLED applications in the past few years, as they make it possible to achieve an IQE 

close to one using emission from a singlet state, without using rare and expensive 

heavy metals. We test these emitters in all the different host materials previously 
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introduced and we observe the influence of the host matrix on the orientation of the 

transition dipole moment of the emitters and on their TADF behaviour. 

In Chapter 8 we combine what we have learnt in the previous chapters to draw 

some general conclusions. 
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Chapter 2                                       

Methods 

Abstract 

In this chapter we describe the techniques used in this thesis to quantify the orientation 

of transition dipole moments of emitter molecules in thin films. An experimental setup, 

built in our laboratories to measure the angle dependence of the p-polarised 

fluorescence intensity, is used for the experiments. To quantify the orientation of 

transition dipole moments, we combine the experimentally determined angle-

dependent p-polarised fluorescence intensity with optical simulations. The optical 

simulations were performed using two different software packages: Setfos and 

OrientExpress. Setfos is a commercial package by Fluxim. In this thesis it is used to 

quantify the orientation of transition dipole moments of emitters in isotropic media. 

OrientExpress has been developed by Dr. Horst Greiner and it is used here to quantify 

the orientation of transition dipole moments of emitters embedded in birefringent 

host matrices. The optical constants of the host matrices, are needed as input for the 

optical simulations. In this work we extract these from variable angle spectroscopic 

ellipsometry measurements. 
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2.1 Introduction 

Various ways to measure the orientation of transition dipole moments of emitter 

molecules in host/guest thin films are available, as mentioned in Chapter 1. In this 

chapter we describe in more detail the method we use in this thesis: a combination of 

angle dependent fluorescent measurements and optical simulations. The angle 

dependent measurement setup used was built in our laboratories, following the 

example of Brϋtting at al.1 The simulation software used, has been developed by others 

and is used here to quantify the average orientation of the emitters using the 

experimental angle dependent fluorescence data as input. Additional input data 

required for the optical simulations are the thickness of the emissive layer and the 

refractive index of the host matrix. In this chapter we first describe the collection of 

experimental fluorescence data, then focus of simulation of the optical processes and 

finally describe the methods for obtaining the ancillary data. 

2.2 Angle dependent p-polarised fluorescence measurements  

The setup for angle dependent fluorescence measurements is represented 

schematically in Figure 2.1. The setup includes an LED emitting UV light with centre 

wavelength at 365 nm (M365L2 from Thorlabs); a UV short pass filter is placed in front 

of the LED to cut out a weak residual emission from the LED in the visible range, and 

a quartz lens is used to focus the UV light onto a spot with diameter < 1mm on the 

emitter layer under investigation.  

The thin film under study, with a thickness typically between 20 and 50 nm, is 

deposited on a quartz substrate which is optically coupled to a quartz hemicylinder 

through a refractive index matching oil. The molecular layer faces the excitation source. 

The thickness of the quartz substrate (0.7 mm) was taken into account when designing 

the hemicylinder, so that the emission from the excited emitters in the thin film, 

originates exactly from the centre of the hemicylinder. The quartz hemicylinder is used 

to couple out the light from the emitting layer without additional distortion due to 

refraction at the quartz/N2 gas interface. The focused excitation light has a fixed 

incident angle of 45° with respect to the normal of the film in order to suppress 

photoselection in the excitation of the emitter molecules.  

The emission collection optics is placed on a movable, motorised arm. The point 

of rotation of this arm is placed directly under the centre of the hemicylinder. The 

collection optics consists of a cut-off filter transmitting light with wavelength 

exceeding 450 nm (FEL0450 from Thorlabs), a wire grid polariser (WP25M-VIS from 

Thorlabs) and finally the head of an optical fibre. The optical fibre is used to guide the 

emitted light towards the stationary, diode array spectrometer (AvaSpec 2048L from 
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Avantes). The polariser is rotated such that only light with polarisation parallel to the 

horizontal plane incidence, i.e. with p-polarisation, is collected. The measurements are 

performed in inert N2 atmosphere (H2O and O2 <1 ppm), to avoid photochemical 

degradation and photoluminescence quenching induced by the combination of 

oxygen and UV light. The films are also deposited in inert atmosphere so that they 

never get in contact with oxygen or water. 

An important and critical point in these measurements is the calibration of the 

setup: it is important that the optical fibre is perfectly aligned with respect to the 

emissive spot. To make sure that the setup is always well aligned, we use a stable 

reference sample with known random orientation of transition dipole moments 

(evaporated TPBi:Ir(ppy)3, see Chapter 3 and Chapter 5 for more details on these 

materials). Before each set of experiments we run the measurements on the reference 

sample and if necessary we adjust the position of the optical fibre. 

The p-polarised spectra of the emission in the range between 450 and 800 nm 

is recorded for angles from 0° to 80°, in steps of 2°. Here 0o angle is defined as emission 

collection in a direction collinear with the normal of the film. For each emitter, the 

emission at the wavelength of maximum intensity (averaged between ±2.5 nm) is 

reported and normalised to the intensity of the luminescence in the direction of the 

surface normal of the film (0°).  

 

Figure 2.1: Layout of the experimental setup used for the angle dependent fluorescence measurements. 

The organic layer to be analysed is on top of a quartz substrate, which is in optical contact with a quartz 

hemicylinder through refractive index matching oil. The organic layer (on the free side of the substrate) 

is excited using a UV LED with an incident angle of 45°. The fluorescence is collected through a polariser 

and a fibre-coupled spectrometer. 

To rationalize the results from the angle dependent fluorescence 

measurements, we note that a transition dipole moment oriented along the normal of 

the film would radiate waves with propagation direction predominantly in the plane of 

the film. The vertical orientation of emitter dipoles thus should result in high intensities 
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for large angles in the angular emission profile. In contrast, a transition dipole moment 

oriented in the plane of the film and also in the plane of incidence, would emit mainly 

in the direction normal to the plane. Therefore the luminescence from emitter 

molecules with a transition dipole in the plane is expected to show low intensity at 

high angles in the angle dependent measurements. Thus, when the intensity of 

emission collected at 0° is higher than the intensity at 55°, we can expect, in first 

approximation, a preferential horizontal orientation of the transition dipole moment 

of the emitters (Figure 2.2). We note however that the thickness of the layer and the 

refractive index of the matrix influence the angle dependence of the luminescence. 

Therefore when comparing plots of normalised emission intensity versus angle visually, 

only measurements of emitters embedded in the same matrix should be taken into 

consideration.  

Looking more closely at Figure 2.2 we note that in general the luminescence 

intensity slowly decreases when the angle is raised from 0o up to ~42°, and then rapidly 

increases, with a broad maximum at angles between 52° and 60°, depending on the 

host/guest system under study. The minimum in p-polarised fluorescence intensity at 

42° is related to the Brewster’s angle. At the Brewster’s angle the p-polarised light is 

totally transmitted and there is no reflection. This means that the light collected by the 

optical fibre is only due to the primary rays (directly coming from the emissive dipoles), 

and not from the secondary rays (reflected at the layer/air interface and then collected 

by the optical fibre from the other side of the layer). Above this region, there is the 

critical angle, at which we have total internal reflection. This contributes to the 

increased light intensity (and rise in the curves in Figure 2.2) as no light is lost by 

transmission at the layer/air interface. 

To go beyond this first qualitative analysis and to proceed to quantitative 

determination of the average orientation of the transition dipole moments of the 

emitters, it is necessary to perform optical simulations. 

2.3 Optical simulations 

To quantify the orientation of transition dipole moments of the emitters, two different 

software packages, Setfos 4.0 and OrientExpress, have been used in our studies. Setfos 

4.0 is a software package developed and commercialised by the Swiss company Fluxim 

AG. We have used it mainly to study host/guest systems where the host has isotropic 

optical properties (Chapter 3). The OrientExpress code, developed by Dr. Horst Greiner, 

has been used in Chapters 4, 5 and 6, to study host/guest systems with birefringent 

host matrices with uniaxial properties. In both cases, the experimental angular 

dependencies of the p-polarised fluorescence intensities of the host/guest systems 

under study are combined with the refractive indexes of pure host. Because the 
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concentration of the guest in the blend is small and limited to 10% we in first 

approximation neglect any influence of the guest on the refractive index of the 

complete host/guest layer. In the optical simulations the thickness of the emissive 

host/guest layer is also used as an input parameter.  

The software simulates the angular emission profile of the p-polarised 

luminescence of the emissive layer, assuming a distribution of transition dipole 

moments over the perfectly vertical and the two perfect horizontal directions with 

adjustable weight coefficients (v and h). These weights describe the prevalence of 

either of these orientations. For a fully random distribution of transition dipole 

moments, the coefficients for vertical and horizontal orientation are v=1/3 and 

h=2/3, respectively. 

In more detail, Setfos 4.0 solves the Maxwell equations for the set of stacked 

layers (only one in our case), with oriented dipole oscillators embedded in the host 

layer as sources of radiation representing the emitting molecules.2 Both far field 

radiation and near field radiation patterns of the dipoles are simulated. In the 

modelling it is assumed that photoselection in the excitation of dipole emitters is 

absent and that every fluorescent molecule is excited with equal probability regardless 

of its orientation. 

In OrientExpress, the angular emission profile of the vertical and horizontal 

radiating dipoles is simulated based on the thickness and (isotropic or anisotropic) 

refractive indices of all layers (only one in our case) and the substrate, which define a 

microcavity. Hereby an even distribution of the emitters across the emitting layer is 

assumed and the intensities of the contributing dipoles are added accordingly. The 

relative weights of the contributions of horizontal and vertical dipoles to the emission 

profile are then obtained from the measured one by simple linear regression. The 

interested reader can find more details in the Supporting Information of Ref. 3.  

As an example, we show in Figure 2.2 the simulated intensity profiles for different 

orientational distributions of transition dipole moments in an evaporated layer of 

TPBi:Ir(ppy)3, used in this work as reference material to calibrate the setup. The relative 

intensity of the emission peaks at low and high angles change with orientation. 

Horizontally oriented dipoles (h > 2/3) emit more at low angles, while vertically 

oriented dipoles (h < 2/3) emit strongly at high angles.  
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Figure 2.2: Simulated angular dependent emission profiles of a TPBi:Ir(ppy)3 40 nm thick evaporated 

layer, normalised at 0°, for horizontal (green), random (blue) and vertical (red) orientation. 

2.4 Variable angle spectroscopic ellipsometry 

The refractive index of the host material is a necessary input parameter in the software 

employed to quantify the orientation of transition dipole moments. The wavelength-

dependent optical constants of the pure host materials, i.e. the refractive index, n, and 

extinction coefficient, k, are determined experimentally by means of spectroscopic 

ellipsometry at various angles of incidence. This method also allows one to study 

anisotropy in the optical properties of the host.  

For the host materials deposited from vapour phase we assume isotropic optical 

behaviour but for polymeric host materials we take into account uniaxial optical 

anisotropy. In this latter case, two different refractive indices, the ordinary no and 

extraordinary ne suffice to characterize the optical properties. For the host materials 

with wide bandgap under study in Chapters 4, 5 and 6, we neglect absorption in the 

wavelength region of interest (450 - 800 nm) and assume k = 0 throughout this range. 

For frequencies far below resonance, the frequency dependence of the refractive index 

can be described by the Cauchy expression (2.1). The Cauchy expression is used to 

estimate the uniaxial anisotropic optical constants of the wide bandgap materials from 

measurements of the ellipsometric angles for reflection of light by films for pure host. 

𝑛(𝜆) = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
                                                  (2.1)                                           

 Films are deposited on silicon wafers and angles of ellipsometric data are 

recorded for angles of incidence in the range from 35° to 75° using a variable angle 

spectroscopic ellipsometer (VASE) from J. A. Woollam Co.. Data analysis is performed 

using the WVASE software, also from J. A. Woollam Co.. For poly(9,9-dioctylfluorene) 

(PFO), we evaluate the anisotropic optical constants in the region of interest using 

Gaussian oscillators to represent the allowed optical transitions with polarisation in the 

ordinary and extra ordinary directions.  
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2.5 Miscellaneous techniques 

The thicknesses of the layers under study were determined using surface profilometry 

using a Bruker Dektak profilometer.  

Atomic force microscopy (AFM) was used to analyse the surface topography of 

the layers and to detect microscopic aggregation. We used a Veeco Dimension 3100 

microscope in tapping mode with a scan rate of 1 Hz and ppp-NCHR-50 tips from 

Nanosensors.  

Time correlated single photon counting (TCSPC) was used to study the 

luminescence lifetime of the emitters. As excitation source, a semiconductor laser is 

used producing short pulses (<100 ps) with 400 nm wavelength. The repetition rate of 

the laser is variable (2.5 - 40 MHz). The rate at which emitted photons were counted 

was kept below 1% of the repetition frequency of the laser source. 

In order to quantify the aspect ratio of the molecules investigated, we made use 

of molecular mechanics calculations. Molecules were drawn and optimised using the 

AVOGADRO software, an advanced molecule editor. For the fluorescent molecules the 

general AMBER force field (GAFF) was employed for optimization. For the iridium 

based molecules the iridium to iridium-bonded-atom distances were optimised with 

the universal force field (UFF), while the rest of the molecule was optimised using GAFF. 

In order to determine the aspect ratio of the molecule we define three axes in the 

following way: the first axis is defined by the maximum atom to atom distance found 

in the molecule. The second axis is the maximum atom to atom distance orthogonal 

to the first axis. The third axis is the maximum atom to atom distance orthogonal to 

the first and second axis. In this way we have constructed a box which encompasses 

the entire molecule with three orthogonal edges The aspect ratio of the molecules was 

calculated by taking the ratio of the first and third axis lengths. 
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Chapter 3                                               

The orientation of fluorescent                                          

p-phenylenevinylene oligomers in 

solution processed layers  
 

Abstract 

In this chapter we investigate the orientation of a series of conjugated p-

phenylenevinylene oligomers (OPVn), in a small-molecule host matrix deposited from 

solution. By measuring the angular distribution of p-polarised fluorescence intensity 

from thin solution processed films, we determine the average orientation of the 

transition dipole moment of the emitters in the host matrix. We find that for longer 

oligomers (n = 6, 7), the transition dipole moments align more horizontally, with ratios 

of horizontally to vertically oriented dipoles up to 80:20. The preferential horizontal 

alignment is related to the aggregation of the emitter molecules. 
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3.1 Introduction 

The orientation of the transition dipole moment of the light-emitting molecules in 

OLEDs is an important factor determining the efficiency with which the light generated 

in the diode can be coupled out towards the viewer. As mentioned in the previous 

chapters, orientation of the transition dipoles in the horizontal plane enhances the 

outcoupling efficiency. So far studies on the orientation of transition dipole moments 

in small molecular materials for OLED applications have focused mainly on evaporated 

materials. For luminescent conjugated polymers preferential horizontal orientation in 

solution processed layers is known.1-4 High degrees of horizontal orientation have also 

been reported for a light-emitting heptafluorene oligomer in a solution processed 

host/guest system.5 Preferential orientation of small molecular emitters for OLEDs has 

been studied by Yokoyama et al. For a number of molecules they find that the degree 

of horizontal molecular orientation of small molecule spincoated films is inherently 

lower than that of the corresponding vacuum evaporated films.6,7  

In this chapter we investigate whether horizontal alignment of light emitting 

oligomeric guests in a small molecule host can be induced in layers deposited from 

solution by varying the aspect ratio of the oligomers. We studied a series of π-

conjugated methyl end-capped p-phenylenevinylene oligomers (OPVn), in which the 

number of phenyl rings, n, varies from 2 to 7 (Figure 3.1). The host matrix we use is 

2,2′,2"-benzene-1,3,5-triyltris(1-phenyl-1H-benzimidazole) (TPBi). In evaporated 

layers, TPBi molecules have been shown to be randomly oriented on the substrate.8  

 

Figure 3.1: Chemical structure of host and guest molecules used in this work. (a) Host: TPBi. (b) Guest: 

OPVn with n the number of phenyl rings ranging from 2 to 7. 

3.2 Experimental 

3.2.1 Materials  

The synthesis of the OPVn molecules has been described previously.9 TPBi was 

obtained from Lumtec. The two components of the host/guest system were mixed in 

a 9:1 weight ratio and dissolved in chloroform, 1 w/v%. For OPV4, OPV6 and OPV7 also 

films with a host/guest weight ratio of 49:1 were prepared. The mixed solution of TPBi 

and OPVn was stirred at 40 °C overnight and cooled down before use. Solutions were 

filtered through a 0.22 µm PTFE filter and deposited by spin coating at a speed of 1200 

a) b) 
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rpm on quartz substrates. The layer thickness was around 40 nm for all layers, as 

measured by surface profilometry. 

3.2.2 Angular dependent fluorescence  

In order to analyse the orientation of the transition dipole moment of the emitters in 

solution processed layers, we measured the angular dependence of the p-polarised 

fluorescence intensity. The setup used has been described in Chapter 2. 

The optical constants (refractive index, n, and extinction coefficient, k) of the 

pure host material (see Ref. 10) were determined experimentally by spectroscopic 

ellipsometry at various angles (experimental details are described in Chapter 2). 

Ellipsometry on layers of the pure TPBi host did not reveal any indication for optical 

anisotropy and so the optical properties of the host were taken to be the same in all 

directions.  

Absorption spectra were obtained from transmission measurements on the 

host/guest films on quartz substrates. For clarity the contribution of the host material 

to the absorption, peaking at 306 nm and a baseline were subtracted from the spectra. 

The experimental angular dependencies of the p-polarised fluorescence 

intensities of the TPBi/OPVn layers were combined with the optical constants of pure 

TPBi and used as input for optical simulations using Setfos 4.0 (Fluxim AG, 

Switzerland).11 In the modelling it is assumed that photoselection in the excitation of 

dipole emitters is absent and that every fluorescent molecule is excited with equal 

probability regardless of its orientation. This is a reasonable assumption because 365 

nm excitation is at higher energy than the lowest energy, parallel polarised, S0 → S1 

absorption band (except for OPV2) as can be seen in the optical absorption spectra of 

the OPVn molecules (Figure 3.2). Furthermore, the high concentrations of 2 and 10 

wt% stimulate energy transfer and randomization among the orientation of excited 

OPVn molecules before they emit. By comparing to the experimental data the optical 

simulations make it possible to quantify the degree of orientation of the transition 

dipole moments. 
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Figure 3.2: Normalised absorption spectra of OPVn molecules in 2-methyltetrahydrofuran solution at 

room temperature (adapted from Ref. 12). 

3.2.3 Microscopy  

The host/guest layers for transmission electron microscopy (TEM) were processed from 

chloroform solutions on top of a layer of poly(3,4-ethylenedioxythiophene):poly 

(styrene sulfonate) (Clevios PEDOT:PSS, Heraeus) on glass substrates. By immersing 

the layer stack in deionised water, the PEDOT:PSS layer is dissolved and the host/guest 

film floats on the surface. The host/guest layer is picked up onto 200 square mesh 

copper TEM-grids. TEM images were taken on a Tecnai G2 Sphera, operating at 200 

kV, using a magnification of 5000× and a defocus of -10 µm. Atomic force microscopy 

(AFM) was performed using a Veeco Dimension 3100 microscope in tapping mode 

with 1 Hz scan rate and ppp-NCHR-50 tips from Nanosensors, on the same layers as 

used in the fluorescence measurements. 

3.3 Results and discussion 

3.3.1 Transition dipole moment orientation and layer analysis 

All TPBi/OPVn host/guest layers studied showed bright fluorescence originating from 

the OPVn guest molecules. In Figure 3.3 we show the absorption and fluorescence 

spectra for the TPBi/OPV4 (10 wt%) layer. The absorption with maximum at 450 nm 

and fluorescence with maximum at 550 nm corresponds to the allowed optical 

transition between the ground state (S0) and the lowest singlet excited state (S1) of the 

OPV4 molecule. The transition dipole moment for the S0 – S1 transition is known to be 

predominantly oriented along the long axis of the molecule, along the π-conjugated 

bonds.13-15 
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Figure 3.3: Absorption (solid line) and fluorescence (dashed line) spectra for a TPBi/OPV4 (10 wt%) layer. 

Figure 3.4 shows the angular dependence of the p-polarised fluorescence 

intensity of the TPBi/OPVn films. For each film, the intensity was recorded at the 

wavelength of maximum intensity and normalised to the intensity of the fluorescence 

in the direction of the surface normal of the film (0°). For the films containing short 

oligomers (n  5) we notice that the fluorescence intensity remains relatively constant 

for angles up to ~40° and then rapidly increases. The fluorescence intensity shows a 

narrow peak at 43° and a broader maximum at around 53°. The high normalised 

intensities at high angles indicate a preferential vertical orientation of the transition 

dipole moments. A transition dipole moment oriented along the normal of the films 

would radiate waves with propagation direction predominantly in the plane of the film. 

The intensity emitted in the direction along the surface normal is minimal for a vertical 

dipole. In contrast, for the OPV7 film we find that the fluorescence intensity at 53° is 

lower than at 0°, indicating a preferred orientation of the transition dipole moments in 

the plane of the film. The minimum in p-polarised fluorescence intensity at 42° is 

related to the Brewster angle for internal reflection at the host/air interface where light 

can couple out effectively in the backward direction. Thus qualitative analysis of the 

intensity profiles shown in Figure 3.4, indicates preferential vertical orientation of the 

shorter oligomers and more horizontal orientation for the longer OPVn guest 

molecules in the solution processed films. 
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Figure 3.4: Angular dependence of the p-polarised fluorescence of solution processed TPBi/OPVn (10 

wt%) layers. The fraction of horizontal dipoles increases with increasing the length of the OPVn 

molecules. Layers containing OPV6 and OPV7 show preferential horizontal transition dipole moment 

orientation. 

In order to quantify the orientation of the transition dipole moments we 

combine the measurements with optical simulation of the angular intensity profile of 

the p-polarised emission. In Figure 3.5 we show simulated intensity profiles for 

different orientational distributions of transition dipole moments. For fully randomly 

oriented transition dipole moments with an isotropic distribution function, the relative 

intensity at 57° is 1.1. For the case where all transition dipoles are aligned perfectly in 

the plane of the film, the simulations predict a much lower relative intensity of the p-

polarised fluorescence with a local maximum of 0.55 at 58°. Figure 3.5 also shows the 

experimental data for the films containing 10 wt% OPV7. The data points lie in between 

the simulated traces for random and horizontal orientation, indicating a partial 

alignment of the transition dipole moments in the horizontal direction.  

 

Figure 3.5: Experimental angular dependence of the p-polarised fluorescence intensity for a solution 

processed TPBi/OPV7 (10 wt%) layer (magenta line) compared to simulated profiles with different 

anisotropy factors (blue line for h = 0.8; green line for fully horizontal orientation, h = 1; red line for 

isotropic orientation, h = 0.66).  

Using optical simulations we calculated the p-polarised intensity profile 

originating from the fluorescence of the organic layer assuming a distribution of 
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transition dipole moments oriented along the vertical and horizontal directions with 

adjustable weight coefficients (v and h) to describe the prevalence of either of these 

orientations. For a fully random distribution of transition dipole moments, the 

coefficients for vertical and horizontal orientation are v = 0.33 and h = 0.66, 

respectively. Taking the experimental data for the TPBi/OPV7 (10 wt%) and varying the 

coefficients in the simulations we find that the experimental data are best described 

by v = 0.2 and h = 0.8, i.e. a combination of 20% vertically and 80% horizontally 

aligned transition dipole moments. We note that although we consider the fit 

acceptable for the purpose of determining h, it is not perfect. In the small-angle region 

the simulations predict a lower intensity than found experimentally, and the peak in 

the high-angle range is at slightly higher angles in the simulations than in the 

experiment. Slight variations in the thickness of the films in the simulations did not 

affect these deviations. 

The angular dependence of the p-polarised fluorescence profiles of the layers 

were analysed for all OPVn compounds. The comparison of the experimental and 

simulated angular dependence of the p-polarised fluorescence for the other 

TPBi/OPVn blends can be found in Ref. 10. The fitting, obtained through the simulation 

software Setfos 4.0, is based on a chi-square minimization that takes all the 

measurement points into account between 0° and 80°. A Levenberg-Marquardt 

algorithm is used to solve this non-linear problem. The simulated curves (see Ref. 10) 

do not give a perfect fit to the data (which are consistently somewhat overestimated 

at angles below 20° and between 50° and 60°, and underestimated for complementary 

angles), but reproduce the salient features. The orientation coefficients h obtained in 

this way are shown in Figure 3.6. In the layers containing the shortest emitters, with n 

= 2 to 5, there is a bias towards vertical orientation of the fluorescent molecules 

(h<0.66). The physical basis for this preferred vertical orientation is presently not 

known. We cannot exclude that the observed h < 0.66 is a consequence of the density 

of photon modes favouring radiative decay from vertically aligned dipoles in these 

dielectric microcavity structures.16,17 Layers containing 10 wt% of OPV6 or OPV7 show 

a predominance of horizontally oriented emitting transition dipole moments (h>0.66). 
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Figure 3.6: Coefficients for horizontal orientation (h) for transition dipole moments in TPBi/OPVn 

host/guest layers obtained by fitting the experimental angular p-polarised fluorescence intensity to 

simulated profiles for partial horizontal (h) and vertical (v) orientation. 

In order to understand why the longest emitters show a preferential horizontal 

orientation of the emitting transition dipole moments, the photophysical properties 

and morphology of the layers containing OPV6 or OPV7 were studied in more detail. 

The absorption spectra of OPV6 and OPV7 shown in Figure 3.7 reveal a maximum in 

intensity around a wavelength of 430 nm for both oligomers. When dissolved in 2-

MeTHF, OPV6 and OPV7 show maximum absorption at wavelengths of 466 and 473 

nm, respectively (Figure 3.2).12 The absorption maximum of OPV6 and OPV7 in the film 

are thus strongly blue shifted even in comparison with the absorption maximum of 

OPV4 in the film. Furthermore the absorption spectra for the films containing 10 wt% 

of these longer oligomers also show a shift of the onset of absorption to longer 

wavelengths in comparison with the solution data as shown in Figure 3.7. These 

spectroscopic features are characteristic of the formation of H-type aggregates for 

OPV6 and OPV7 in 10 wt% films with TPBi.18 The presence of aggregates is further 

supported by fluorescence measurements. The spectra show a red shift of the emission 

band of the films in comparison to solution, which is consistent with H-type 

aggregation.18  
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Figure 3.7: Absorption and fluorescence spectra for TPBi/OPV6 10% (solid lines) and TPBi/OPV7 (10 

wt%) (dashed lines) and of OPV6 and OPV7 in solution (dashed-dotted lines). The tail at high 

wavelengths in the absorption spectra for both the blends (circled area), indicates aggregation of the 

films. 

Aggregation can be suppressed by lowering the concentration of the oligomers 

in the solution used to prepare the films. Figure 3.8 shows fluorescence spectra for 

TPBi/OPV6 and TPBi/OPV7 blends prepared from solutions with a reduced weight 

content of the oligomers (2 wt% instead of 10 wt%). For the films with a lower loading 

we find that the maximum in the fluorescence spectra occurs at shorter wavelengths 

in comparison with the films of higher loading. This indicates that the aggregation has 

been suppressed. 

 

Figure 3.8: Normalised fluorescence spectra for TPBi/OPV6 and TPBi/OPV7 host guest films with low 

loading (2 wt%, dashed lines) and high loading (10 wt%, solid lines).  

For films with low loading containing only 2 wt% of OPV4, OPV6 and OPV7, 

angular dependent fluorescence intensity profiles were determined (Figure 3.9). For 

the shorter OPV4 oligomer there is practically no difference between the intensity 

profiles for high and low loading. Based on this result and the absorption spectra of 

the TPBi/OPVn films (Figure 3.2) we conclude that for n ≤ 5, the OPVn molecules show 

no appreciable aggregation at 10 wt% concentration in TPBi. For the longest 

oligomers, OPV7, we find significantly higher relative intensity at an angle of 53° for 
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the film with low loading. This shows that the preference for horizontal orientation of 

the OPV7 molecules in the layer is reduced at lower concentration. Analysis of the 

orientation factor using the simulation software gives h = 0.66 at 2 wt% loading which 

indicates a more isotropic orientation in comparison with the data for 10% loading 

(h=0.8). For OPV6 we find a similar reduction of the tendency towards horizontal 

orientation upon lowering the oligomer content. Hence, for non-aggregated OPVn in 

TPBi the experiments (Figure 3.6) show a small effect of the length of the oligomer on 

the preferential orientation of the transition dipole moment in the film. 

 

Figure 3.9: Angular dependence of the p-polarised fluorescence intensity for a solution processed layer 

of TPBi/OPVn for low (2 wt%) and high (10 wt%) loading of the OPVn oligomer.  

3.3.2 Effect of aggregation on the orientation of the transition dipole moment 

To further understand the reason why the layers with the longest OPVn molecules 

show a preferential horizontal orientation of transition dipole moments at high 

loading, we studied the morphology of the TPBi blend films containing OPV6 and 

OPV7 using AFM and TEM (Figure 3.10). The TPBi layer with OPV6 at low concentration 

(2 wt%) shows low surface roughness (the root mean square roughness Rq = 0.49 nm 

for an area of 5 μm × 5 μm), and the low and small scale contrast in TEM indicates a 

homogeneous distribution of guest inside the host material. In the blends with higher 

emitter content (10 wt%), fibrillar structures several tens of nm in width and lengths 

typically in the range from 0.5 to a few µm can be observed by both AFM and TEM. 

The surface roughness is increased to Rq = 3.41 nm. These fibrillar structures are 

attributed to aggregates of the OPV6 that formed during the deposition of the layer. 

For films containing 2 wt% and 10 wt% OPV7 the surface roughness is Rq = 0.57 nm 

and Rq = 6.10 nm, respectively. For the 10 wt% OPV7 film the fibrils have an increased 

length and width compared to films containing 10 wt% OPV6. 
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Figure 3.10: TEM (a,c,e,g) and AFM height (b,d,f,h) images of 40 nm thick solution processed layers of 

(a,b) TPBi/OPV6 (2 wt%), (c,d) TPBi/OPV6 (10 wt%), (e,f) TPBi/OPV7 (2 wt%) and (g,h) TPBi/OPV7 (10 

wt%). AFM images (b,d,f,h) show 5 µm × 5 µm scans with the full colour scale corresponding to height 

differences of 0-10nm in (b,f) and 0-50nm (in d,h). 

At higher concentration, the angular dependence of the p-polarised fluorescence 

of TPBi/OPV6 (10 wt%) and TPBi/OPV7 (10 wt%) show a predominance of horizontal 

orientation of the emitting transition dipole moments in the thin film. The 

spectroscopic characteristics of the fluorescence from these films indicate that the 

photons emitted originate from aggregated guest molecules. Fibrillar aggregates of 

the guest molecules with high aspect ratio can be observed directly in these films using 

microscopy. We tentatively assume that the predominantly in-plane orientation of the 

fibrils in the mixed film is related to the high aspect ratio. The correlation between 

preferred horizontal transition dipole moment orientation and aggregation is further 

substantiated by studying films with low loading and suggests that the predominance 

of horizontal orientation for the transition dipole moments may be brought about 

indirectly by the orientation of the aggregates in the films. A complete explanation of 

the horizontal alignment by a preferred orientation of the aggregates, then requires 

that the transition dipole moments responsible for the emission, are oriented 

predominantly along the long axis of the aggregate. Alternatively, the aggregates 

could also have a tape like structure with the transition dipoles oriented in the plane 

of the tape and the tapes orienting preferentially flat on the substrate. Currently the 

internal structure of the aggregates of OPV6 and OPV7 is not known in detail.12 In 

these possible explanations, we have neglected any effects of photoselection of a 

preferred orientation of the emitting dipoles. In films of high loading, rapid Förster 

type energy transfer will occur, suppressing photoselection effects. For the films 
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containing 10 wt% of OPV6 or OPV7, photoselection effects cannot be excluded, but 

are less likely to influence the results because of the high degree of in-plane 

orientation of the long aggregates.19  

3.4 Conclusions 

In summary, by studying the fluorescence properties of solution deposited thin films 

of a host/guest system and systematically varying the length of the guest molecules 

we find that preferential horizontal orientation of the transition dipole moments for 

improved outcoupling efficiency in OLED systems may be realised making use of the 

aggregation properties of the emitter molecules. We note that the fluorescence 

efficiency of the OPVn guest molecules is negatively affected by aggregation. As such 

these aggregated TPBi/OPVn films with horizontally aligned transition dipole moments 

are not particularly suited for OLED applications. Yet recent research on aggregation 

induced fluorescence and electroluminescence has shown that high luminescence 

quantum yields may be achieved in aggregating systems of chromophoric molecules 

which can result in enhanced performance of OLEDs.20-23 In this respect it is of interest 

to combine chromophores that show aggregation induced emission and alignment of 

such aggregates to enhance performance of solution-processed OLEDs.  
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Chapter 4                                             

Small molecular emitters in          

poly(9,9-dioctylfluorene) 
 

Abstract 

In this chapter we investigate the orientation of the transition dipole moments of small 

molecular emitters in a host matrix of poly(9,9-dioctylfluorene) (PFO) by means of 

angle dependent luminescence intensity measurements. The polymer chains of the 

host orient predominantly in the plane of the film. Fluorescent p-phenylenevinylene 

oligomers with 6 and 7 repeat units (OPV6, OPV7) are found to also orient 

preferentially horizontally within the PFO host matrix. The orientation of the emitters 

can be improved by thermal annealing with up to 90% of transition dipole moments 

oriented in the plane of the film. The phosphorescent emitter Ir(MDQ)2(acac) shows a 

degree of horizontal orientation in the polymeric host matrix lower than that which is 

observed for oligomers, but as high as is observed for the same emitter in evaporated 

layers. The two phosphorescent emitters Ir(BT)2(acac) and Ir(BTP)2(acac) show random 

orientation. The strong orientation of OPV6 and OPV7 in the oriented polymer host is 

rationalised in terms of their high aspect ratios. The use of PFO as host material in 

host/guest systems makes it possible to achieve horizontal orientation of transition 

dipole moments in solution processed oligomers and small molecular emitters. 
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4.1 Introduction  

In this chapter, we investigate the use of a π-conjugated polyfluorene host polymer 

deposited from solution for orienting molecular emitters embedded in the host: 

poly(9,9-dioctylfluorene) (PFO, see Figure 4.1). For films of PFO deposited from 

solution by spincoating, preferential horizontal orientation of the polymer chains has 

been reported.1 We investigate five different molecular emitters which are each 

embedded in the polymeric host material (Figure 4.1). The materials chosen are 

representative of different classes of emitter molecules. The molecules differ in shape 

and allow us to investigate the importance of the aspect ratio of the guest molecules 

on the orientation of their transition dipole moment in the oriented matrix. For 

evaporated layers a correlation between aspect ratio of the molecules and preferential 

horizontal orientation has been proposed.2  

 

 

Figure 4.1: Chemical structures of host and guest molecules used in this chapter. (a) PFO, (b) TPBi, (c) 

bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III) (Ir(MDQ)2(acac)), (d) bis(2-

benzo[b]thiophen-2-ylpyridine)(acetylacetonate)iridium(III) (Ir(BT)2(acac)), (e) bis(2-(2′-benzothienyl)-

pyridinato-N,C3′)(acetylacetonate)iridium(III) (Ir(BTP)2(acac)), (f) OPV6, (f) OPV7.  

The set of emitters includes two π-conjugated methyl end-capped p-

phenylenevinylene oligomers containing 6 or 7 phenyl rings (OPV6 and OPV7). OPV6 

and OPV7 have a high structural aspect ratio and we have previously shown that they 

have preferential horizontal orientation in solution processed layers.3 Here we want to 

understand if they can also be oriented without the drawback of aggregation when a 

different host is used. Next to the oligomers we also investigate three phosphorescent 

iridium based emitters: bis(2-methyldibenzo-[f,h]quinoxaline)(acetylace-

tonate)iridium(III) (Ir(MDQ)2(acac)), bis(2-benzo[b]thiophen-2-ylpyridine)(acetyl-

acetonate)iridium(III) (Ir(BT)2(acac)) and bis(2-(2′-benzothienyl)-pyridinato-

N,C3′)(acetylacetonate)iridium(III) (Ir(BTP)2(acac)). The first two molecules show 

preferential horizontal orientation in evaporated layers,4,5−7,9 while the third has not 

been studied yet. To the best of our knowledge, horizontal orientation was never 
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observed when the emitters were deposited from solution.8 As a control we use 2,2′,2"-

(benzene-1,3,5-triyl)tris(1-phenyl-1H-benzimidazole) (TPBi) as a second host material. 

It has previously been shown that in evaporated9 pristine layers, TPBi is oriented 

randomly. 

4.2 Experimental 

4.2.1 Materials and thin films 

TPBi, Ir(MDQ)2(acac), Ir(BT)2(acac) and Ir(BTP)2(acac) were obtained from Lumtec and 

PFO from American Dye Source, Inc.. The synthesis of the OPV6 and OPV7 molecules 

has been described previously.10 For the PFO:OPV6 (5% by weight) and PFO:OPV7 (5% 

by weight) blends, the two components of the host/guest system were mixed in a 19:1 

weight ratio, and for the blend PFO:OPV7 (2%) in a 49:1 ratio; the materials were all 

dissolved in toluene, 0.5 w/v%, and deposited by spin coating at a speed of 800 rpm 

on quartz substrates, giving layers with thickness around 30 nm. For the blends 

PFO:Ir(MDQ)2(acac) the two components of the host/guest system were mixed in a 9:1 

weight ratio; they were dissolved in toluene, 1 w/v%, and deposited by spin coating at 

a speed of 1800 rpm on quartz substrates, resulting in 56 nm thick layers. For the 

blends PFO:Ir(BT)2(acac) and PFO:Ir(BTP)2(acac) the two components of the host/guest 

system were mixed in a 9:1 weight ratio; they were dissolved in chlorobenzene, 0.5 

w/v%, and deposited by spin coating at a speed of 600 rpm on quartz substrates, 

resulting in 40 nm thick layers. For the TPBi:Ir(MDQ)2(acac) system, the components 

were dissolved in toluene, 0.5 w/v%, in a 9:1 ratio, and deposited on a substrate by 

spin coating at 800 rpm (20 nm thick layers). Finally, PFO, 1w/v% solution, was spin 

coated at 1800 rpm, giving 57 nm thick layers. All solutions were stirred at 70 °C for a 

few hours, allowed to cool down and then filtered through a 0.22 µm PTFE filter before 

deposition by spin coating on clean and UV-ozone treated quartz substrates. Layer 

thickness was determined by surface profilometry. The layers referred as “annealed” 

were subjected to temperature treatment for 10 minutes at 100 °C. All the 

measurements were done after cooling of the sample to room temperature. 

Preparation of solutions and films were performed in inert N2 atmosphere (H2O and 

O2 <1 ppm). 

4.2.2 Angular dependent fluorescence  

The angular dependence of the p-polarised fluorescence intensity was determined 

experimentally in order to deduce the orientation of the transition dipole moment of 

the emitters embedded in the solution processed layers. The setup used was 

assembled in our laboratories based on a similar setup by Brϋtting et al.11 More details 

on the setup and the measurements are given in Chapter 2. The measurements were 
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performed in inert N2 atmosphere (H2O and O2 <1 ppm), to avoid photochemical 

degradation and photoluminescence quenching induced by the combination of 

oxygen and UV light. 

The optical constants (refractive index, n, and extinction coefficient, k) of the 

pure host materials, TPBi and PFO (Supporting information of Ref. 12), were 

determined experimentally by spectroscopic ellipsometry at various angles of 

incidence and transmission intensity measurements at 0° (perpendicular incidence). 

Optical constants for the host material also containing the molecular emitter (< 10 

wt%) were assumed to be the same as the pure host. Ellipsometry on layers of the pure 

TPBi did not reveal any indication for optical anisotropy, therefore the optical 

properties of the host were taken to be the same in all directions. For PFO, uniaxial 

optical anisotropy was taken in consideration and ordinary and extraordinary optical 

constants were extracted from ellipsometry data of the pure host polymer. 

The experimental angular dependencies of the p-polarised fluorescence 

intensities were used as input for optical simulations using the software OrientExpress. 

The comparison of the experimental data with the optical simulations allows one to 

quantify the degree of orientation of the transition dipole moments of the emitters in 

the host. 

4.3 Results and discussion 

4.3.1 Fluorescence of PFO:guest blends 

Upon admixing a small amount (2 wt%) of OPV7 oligomer into the PFO host matrix, 

the bright yellow-orange fluorescence of the oligomer becomes apparent. In Figure 

4.2.a, we show the normalised fluorescence spectrum of the as cast PFO:OPV7 blend 

with a maximum at 560 nm. The pure PFO host also shows fluorescence with the main 

emission band in the UV spectral range around 410 nm, just outside the window of 

observation. The long wavelength tail of the PFO emission is however clearly visible in 

the spectrum of the pure polymer (Figure 4.2.a). In the non-annealed PFO:OPV7 blend, 

the luminescence from the host polymer is strongly suppressed, most likely by energy 

transfer from the host to the guest. 
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Figure 4.2: a) Fluorescence of PFO (in blue) and PFO:OPV7 (2%) (in orange) for layers which are not 

annealed (solid lines) and layers annealed at 100 °C (dashed lines, Ann.). The measurements were taken 

after samples had cooled down to room temperature, with the angle dependent fluorescence 

measurement setup at 0°. b) Fluorescence of TPBi:OPV7 (2%), OPV7 non-aggregated (in purple); 

fluorescence of TPBi:OPV7 (10%), OPV7 aggregated (bright green); fluorescence of PFO:OPV7 (5%) (dark 

green).  

In order to enhance the alignment of polymer and guest, the films were 

thermally annealed, as thermal annealing has a strong influence of the fluorescence 

characteristics of the pure PFO film.13 The emission maximum shifts to longer 

wavelength and now appears around 440 nm.14 Changes in the fluorescence spectrum 

of PFO have been studied in detail and the shift of the fluorescence maximum has 

been attributed to formation of domains of β-phase of the polymer within the layer.15 

For the thermally annealed PFO:OPV7 film (Figure 4.2), the emission of the OPV7 is 

slightly blue shifted compared to the as-cast film: this shift, opposite to what is 

expected for annealed films, can be attributed to two main factors. After annealing, 

the tail of the emission from PFO overlaps with the peak emission wavelength for 

OPV7, causing a small shift. Second, annealing causes a change in the polarisability of 

the host, and this can influence the energy of the excited states, therefore the emission 

wavelength.16 We note that this shift contradicts the occurrence of aggregation of the 

OPV7 by the thermal annealing which leads to a red shift.3 The intensity of the 

luminescence from PFO relative to the OPV7 signal has increased upon thermal 

annealing (Figure 4.2.a). This may be interpreted in terms of an increase in the 

probability for photon emission by the pure host and/or phase segregation of 

nanocrystalline PFO domains in the film. Atomic force microscopy images of the 

PFO:OPV7 films of both the annealed and non-annealed layers showed a flat 

topography with a low root mean square surface roughness Rq of <1 nm (Figure 4.3). 

Upon increasing the loading of the PFO host with OPV7 guest to 5 wt%, the 

fluorescence bands of the OPV7 do not change appreciably in either position or in 

intensity relative to the PFO (Figure 4.4.a). However the topography of the layers 

slightly changes, with the appearance of small crystallites (<10 nm high and <300 nm 

long) which slightly increase in size after annealing.  
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Figure 4.3: AFM height images (5 μm × 5 μm) of spincoated layers of: a) PFO, as cast (Rq = 0.54 nm); b) 

PFO, annealed (Rq = 0.89 nm); c) PFO:OPV7 (2%), as cast (Rq= 0.34 nm); d) PFO:OPV7 (2%), annealed 

(Rq= 0.95 nm); e) PFO:OPV7 (5%), as cast (Rq= 2.18 nm, small aggregates ~5 nm high and ~200 nm 

long); f) PFO:OPV7 (5%), annealed (Rq= 1.95 nm, small aggregates 5-10 nm high and ~250 nm long). 

 The insensitivity of the OPV7 fluorescence bands to changes in the loading, 

strongly indicates that a possible contribution from aggregates of the OPV7 to the 

total emission spectrum is insignificant. The fact that the emission peak of PFO:OPV7 

(5%) is very close to that of TPBi:OPV7 (2%), where the OPV7 molecules were not 

aggregated3 (see Figure 4.2.b), further supports this conclusion. 

The photoluminescence spectra of the PFO:OPV6, PFO:Ir(MDQ)2(acac), 

PFO:Ir(BT)2(acac) and PFO:Ir(BTP)2(acac) blends are shown in Figure 4.4. Also for these 

systems the emission from the guest can be clearly distinguished from the 

fluorescence from the host. The band-shape and spectral position of the luminescence 

from the guests do not change appreciably upon annealing of the mixed systems, 

which is consistent with absence of aggregation of the guest upon thermal treatment. 
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Figure 4.4: Fluorescence of different blends in PFO. Fluorescence of PFO in blue; non-annealed layers 

(solid lines) and layers annealed at 100 °C (dashed lines). PFO:OPV7 (2%) in orange (a); PFO:OPV7 (5%) 

in green (a); PFO:OPV6 (5%) (b); PFO:Ir(MDQ)2(acac) (c); PFO:Ir(BT)2(acac) and PFO:Ir(BTP)2(acac) (d). The 

measurements were taken after cooling of the samples to room temperature, with the angle dependent 

fluorescence measurement setup at 0°. 

4.3.2 Angular dependent fluorescence  

Figure 4.5 shows the angular dependence of the p-polarised fluorescence of the pure 

PFO host and of the host/guest systems. Results for both as cast films (blue markers) 

and thermally treated layers (red markers) are given. For each film, the angular 

dependence of the luminescence of the emitters was probed at the wavelength of 

maximum intensity and normalised to the intensity of the luminescence in the direction 

of the surface normal of the film (0°).  

We first focus on the results for the pure PFO layer. As can be seen, the angular 

distribution of the fluorescence is strongly influenced by thermal annealing of the 

polymer. While the as-cast film shows a maximum at 60°, for the annealed layer the 

intensity at high angles is much lower than that for directions near the normal. To 

rationalise these results, we note that a transition dipole moment oriented along the 

normal of the film would radiate waves with propagation direction predominantly in 

the plane of the film. The vertical orientation of emitter dipoles thus should result in 

high intensities for large angles in the angular emission profile. In contrast, a transition 

dipole moment oriented in plane with the film, would emit in the direction normal to 

the plane, and would thus show low intensity at high angles in the angle dependent 
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measurements. Thus, the low intensity observed for the thermally annealed PFO at 

~60° is consistent with highly horizontally aligned emitters in the film. We note that 

for PFO due to the presence of domains of β-phase the orientational distribution of 

fluorescent sites may not be representative for the complete set of polymer chains. 

 

 

 

 

Figure 4.5: Angular dependence of the p-polarised fluorescence of solution processed layers of 

host/guest systems with PFO as host material, normalised at 0°, for both non-annealed layers (blue) and 

layers annealed at 100°C (red). The dots represent the experimental measurements, the full lines the 

simulated results.  

In order to quantify the orientation of the transition dipole moments, we 

combine the measurements with optical simulation of the angular intensity profile of 

the p-polarised emission. With the software OrientExpress, the simulated angular 

emission profile of the vertical and horizontal radiating dipoles is fitted to the 

measured ones by weighting their respective contributions. For a fully random 

distribution of transition dipole moments, the coefficients for vertical and horizontal 

orientation are v = 1/3 and h = 2/3, respectively. 
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The simulated results show an excellent fit with the experimental data (Figure 4.5) and 

the simulated values for vertical orientation of transition dipole moments in the 

analysed layers are summarised in Table 4.1. The non-annealed PFO layer shows a 

slightly horizontal orientation of the average transition dipole moment, that becomes 

almost completely horizontal (h = 0.94) after annealing of the layer.  

Table 4.1: Coefficient for horizontal orientation (h) for transition dipole moments in PFO and PFO/guest 

layers, obtained by fitting the experimental angular p-polarised fluorescence intensity to simulated 

profiles for partial horizontal (h) and vertical (v) orientation. The values are for both non-annealed and 

annealed layers. 

Material h Non-annealed h Annealed 

PFO 0.74 0.94 

PFO:OPV7 (2%) 0.81 0.90 

PFO:OPV7 (5%) 0.81 0.88 

PFO:OPV6 (5%) 0.83 0.80 

PFO:Ir(MDQ)2(acac) (10%) 0.71 0.78 

PFO:Ir(BT)2(acac) (10%) 0.64 0.57 

PFO:Ir(BTP)2(acac) (10%) 0.65 0.66 

 

The blends of PFO with the two oligomers OPV6 and OPV7 already show 

appreciable horizontal orientation in the as-cast state. The horizontal orientation 

improves upon thermal annealing, but the effect of the annealing is less strong than 

for pure PFO. Ir(MDQ)2(acac) is almost randomly oriented in the as-cast film, but its 

transition dipoles become more parallel to the plane of the film upon thermal 

treatment (h
 = 0.78). The degree of horizontal orientation in these solution processed 

PFO:Ir(MDQ)2(acac) films is very similar to that of Ir(MDQ)2(acac) in co-evaporated 

layers with TPBi where h
 = 0.77 (Ref. 12). Ir(BTP)2(acac) shows almost no difference 

between as-cast and non-annealed layers, showing in both cases random orientation 

of transition dipole moments. In contrast, for Ir(BT)2(acac) annealing has a negative 

impact on the orientation of transition dipole moments, which becomes slightly more 

vertical. The AFM images of the films of iridium complexes in PFO reveal a featureless 

surface topology with very low roughness (Figure 4.6), suggesting that the blend layers 

are well mixed. The images do not provide further information to understand the 

different effect of annealing on the PFO:Ir(BT)2(acac), compared to the other iridium 

based emitters. 
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Figure 4.6: AFM height images (5 μm x 5 μm) of spin coated layers of: a) PFO: Ir(MDQ)2(acac), as cast (Rq 

= 0.58 nm); b) PFO: Ir(MDQ)2(acac), annealed (Rq = 1.3 nm); c) PFO: Ir(BT)2(acac), as cast (Rq = 0.65 nm); 

d) PFO: Ir(BT)2(acac), annealed (Rq= 0.93 nm); e) PFO: Ir(BTP)2(acac), as cast (Rq= 0.66 nm); f) PFO: 

Ir(BTP)2(acac), annealed (Rq= 0.74 nm). All the layers present a featureless, flat topography. 

As a control experiment, we also investigated the emitter dipole orientation of 

Ir(MDQ)2(acac) in TPBi, a host matrix that shows no appreciable orientation. Results are 

shown in Figure 4.7 and summarised in Table 4.2. For Ir(MDQ)2(acac) the orientation 

coefficient of the transition dipole moments is consistent with fully random 

orientation. This holds both for as-cast and thermally annealed films. In Chapter 3 the 

orientation of OPV6 and OPV7 in TPBi was already investigated. Under conditions 

where aggregation of the OPV6 and OPV7 in the TPBi host are minimised, the 

oligomers orient randomly in the solution processed small molecular host (h = 0.68 

and h = 0.66).12  

10 nm 10 nm 10 nm 

10 nm 10 nm 10 nm 

a) b) c) 

d) e) f) 
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Figure 4.7: Angular dependence of the p-polarised fluorescence of solution processed layers of 

host/guest systems with TPBi as host material, normalised at 0°, for both non-annealed layers (blue) and 

layers annealed at 100 °C (red). The dots represent the experimental measurements, the full lines the 

simulated results. There is no difference between annealed and non-annealed films.  

Table 4.2 Coefficient for horizontal orientation (h) for transition dipole moments in TPBi:Ir(MDQ)2(acac) 

solution processed thin films.  

Material Θh Non-annealed Θh Annealed 

TPBi:Ir(MDQ)2(acac) (10%) 0.66 0.66 

 

In this chapter we demonstrated that the emitters with the most elongated 

backbone (OPV6 and OPV7) also show the highest degree of horizontal orientation of 

the transition dipole moment.  

In order to quantify the aspect ratio of the molecules studied, we made use of 

molecular mechanics calculations, as explained in Chapter 2. After minimising the 

energy of the molecule, the longest axis was chosen as the axis between the most 

distant atoms in the molecule. The aspect ratio of the molecules was calculated by 

finding the rectangular cuboid that encompasses the whole molecule, with the edges 

of the cuboid determining the aspect ratio. Comparing the aspect ratios (Table 4.3) 

with the orientation of the transition dipole moments reveals that the molecular shape 

anisotropy of the emitters is one of the parameters that influences the molecular 

orientation in blend films, resulting in a more horizontal orientation when the aspect 

ratio of the molecule is higher. We note that horizontal orientation of the transition 

dipole moments can only be expected when these are parallel to the long axis of the 

molecules. For OPV molecules the transition dipole moment is mainly oriented along 

the long axis of the molecules.17−19 The combination of a high structural aspect ratio 

and a transition dipole moment along the long axis is a winning combination. 
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Table 4.3: Dimensions of the rectangular cuboid with minimal volume that encompasses the molecule 

and aspect ratio for the molecules studied in this chapter from molecular mechanics calculations. 

Emitter a (Å) b (Å) c (Å) Aspect ratio 

OPV6 43.1 21.9 7.6 5.7 

OPV7 49.3 21.4 6.0 8.2 

Ir(MDQ)2(acac)  16.0 10.0 9.7 1.6 

Ir(BT)2(acac)  14.1 10.9 10.6 1.3 

Ir(BTP)2(acac) 14.1 10.9 10.6 1.3 

 

In previous literature,6 two factors were recognised to be important for 

horizontal orientation of average transition dipole moment in heteroleptic iridium 

based emitters, deposited from evaporation: (1) the emitter should have triplet 

transition dipole moments preferentially oriented along a specific direction and not 

have a combination of transition dipole moments with various orientations, and (2) the 

emissive molecule itself should have a preferred orientation with respect to the 

substrate, in such a way that the combination of both conditions leads to transition 

dipole moments that are parallel to the horizontal direction. When the layers are 

deposited by solution processing, different factors can also play a role, and the 

underlying physical mechanisms governing the orientation could be different.  

In a heteroleptic iridium complex, each optically active ligand has a transition 

dipole moment, and the emission is expected to originate from the 3MLCT involving 

the ligand(s) with the lowest triplet energy.20,21 For the N,N-trans isomer of 

Ir(MDQ)2(acac) the average transition dipole moment from the luminescent transition 

for the excited triplet level was calculated to be oriented approximately parallel to the 

longest axis of the molecule,6 see also Figure 4.8. A more detailed picture with the 

triplet transition dipole moments of Ir(MDQ)2(acac) from three spin sublevels can be 

found in Ref. 6. The preferential orientation in the annealed PFO layer may thus be 

rationalised in terms of the main transition being parallel to the longest axis of the 

molecule and the longest axis of the molecule aligning with the PFO chains. 

 

 

Figure 4.8: Chemical structures of OPV7 (a) and Ir(MDQ)2(acac) (b) with approximation of their longest 

backbone axis (blue) and direction of transition dipole moment (red) 

Comparison of the orientation of OPV6 and OPV7 in an isotropic small 

molecular host as TPBi supports the view that the orientational order of the polymeric 

b) a) 
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host is instrumental in aligning the emitter molecules predominantly in the horizontal 

plane. The experimental result that for the small molecular emitter Ir(MDQ)2(acac) the 

nature of the host has a much smaller influence on the orientation of the guest 

indicates that the aspect ratio of the guest is an important factor. The larger the aspect 

ratio of the guest, the more susceptible it seems to be for directional influence of the 

polymer host on its orientation. Hence, the high preference for horizontal orientation 

of OPV6 or OPV7 is correlated with the high aspect ratio of these molecules.  

Annealing at 100 °C induces a crystalline phase transition in the PFO host matrix. 

Together with the rearrangement of the host matrix, also the emitters can rearrange 

their orientation alongside the PFO chains or crystallites. Annealing of the TPBi layers 

does not result in morphological change and also does not have any influence on the 

alignment of the emitters. These results support the idea that rearranging the host in 

a solvent-free environment, influences the orientation of the emitters. The fact that the 

reorientation of the transition dipole moments only occurs for guest molecules with 

an appreciable aspect ratio (OPV6, OPV7, and Ir(MDQ)2(acac)) but not for Ir(BT)2(acac) 

and Ir(BTP)2(acac) shows that the shape-anisotropy of both guest and host are 

important for molecular alignment. 

 

4.4 Conclusions 

In solution processed layers of host/guest systems, relevant for OLED applications, the 

orientation of small molecular emitters can be influenced by using a polymeric host 

that shows preferential alignment in the horizontal plane. The experimental evidence 

obtained suggests that rod like emitter molecules adopt a preferential horizontal 

orientation under the influence of the host. In particular, for the oligomers OPV6 and 

OPV7 in a PFO host, it was possible to reach extremely high horizontal orientation (with 

86 to 90% of dipoles horizontally oriented) after thermal annealing, without 

detrimental aggregation of the luminescent guest molecules. For solution processed 

layers of Ir(MDQ)2(acac) in PFO, after thermal annealing, it was possible to reach the 

same degree of orientation observed for the same emitter in evaporated layers. The 

use of poly(9,9-dioctylfluorene) as host material in host/guest systems seems to be a 

good way to achieve horizontal orientation of transition dipole moments in solution 

processed oligomers and small molecular emitters. The two emitters Ir(BT)2(acac) and 

Ir(BTP)2(acac) do not show a similar preferential horizontal orientation as 

Ir(MDQ)2(acac). This can partially be related to the higher aspect ratio of Ir(MDQ)2(acac) 

compared with the other two emitters.   

  



Chapter 4 
 

56 

 

4.5 References 

1 Whitehead, K.S., Grell, M., Bradley, D.D.C., Jandke, M., and Strohriegl, P. (2000). Highly polarized 

blue electroluminescence from homogeneously aligned films of poly(9,9-dioctylfluorene). 

Applied Physics Letters 76, 2946–2948. 

2  Yokoyama, D. (2011). Molecular orientation in small-molecule organic light-emitting diodes. 

Journal of Materials Chemistry 21, 19187. 

3  Senes, A., Meskers, S.C.J., Dijkstra, W.M., van Franeker, J.J., Altazin, S., Wilson, J.S., and Janssen, 

R.A.J. (2016). Transition dipole moment orientation in films of solution processed fluorescent 

oligomers: investigating the influence of molecular anisotropy. Journal of Materials Chemistry C 

4, 6302–6308. 

4   Flämmich, M., Frischeisen, J., Setz, D.S., Michaelis, D., Krummacher, B.C., Schmidt, T.D., Brütting, 

W., and Danz, N. (2011). Oriented phosphorescent emitters boost OLED efficiency. Organic 

Electronics: Physics, Materials, Applications 12, 1663–1668. 

5  Graf, A., Liehm, P., Murawski, C., Hofmann, S., Leo, K., and Gather, M.C. (2014). Correlating the 

transition dipole moment orientation of phosphorescent emitter molecules in OLEDs with basic 

material properties. Journal of Materials Chemistry C 2, 10298–10304. 

6  Kim, K.H., Lee, S., Moon, C.K., Kim, S.Y., Park, Y.S., Lee, J.H., Lee, J.W., Huh, J., You, Y., and Kim, J.J. 

(2014). Phosphorescent dye-based supramolecules for high-efficiency organic light-emitting 

diodes. Nature Communications 5, 4769. 

7 Schmidt, T.D., Setz, D.S., Flämmich, M., Frischeisen, J., Michaelis, D., Krummacher, B.C., Danz, N., 

and Brütting, W. (2011). Evidence for non-isotropic emitter orientation in a red phosphorescent 

organic light-emitting diode and its implications for determining the emitter’s radiative quantum 

efficiency. Applied Physics Letters 99, 163302. 

8  Lampe, T., Schmidt, T.D., Jurow, M.J., Djurovich, P.I., Thompson, M.E., and Brütting, W. (2016). 

Dependence of Phosphorescent Emitter Orientation on Deposition Technique in Doped Organic 

Films. Chemistry of Materials 28, 712–715. 

9  Penninck, L., Steinbacher, F., Krause, R., and Neyts, K. (2012). Determining emissive dipole 

orientation in organic light emitting devices by decay time measurement. Organic Electronics: 

Physics, Materials, Applications 13, 3079–3084. 

10 Peeters, E., Janssen, R.A.J., Meskers, S.C.J., and Meijer, E.W. (1999). Optical activity of chiral π-

conjugated oligomers and polymers. In American Chemical Society, Polymer Preprints 40, 519–

520. 

11 Frischeisen, J., Yokoyama, D., Adachi, C., Brütting, W., Frischeisen, J., Yokoyama, D., Adachi, C., and 

Brütting, W. (2014). Determination of molecular dipole orientation in doped fluorescent organic 

thin films by photoluminescence measurements. Applied Physics Letters 96,  073302. 

12  Senes, A., Meskers, S.C.J., Greiner, H., Suzuki, K., Kaji, H., Adachi, C., Wilson, J.S., and Janssen, R.A.J. 

(2017). Increasing the horizontal orientation of transition dipole moments in solution processed 

small molecular emitters. Journal of Materials Chemistry C 5, 6555–6562. 

13 Campoy-Quiles, M., Etchegoin, P.G., and Bradley, D.D.C. (2005). Exploring the potential of 

ellipsometry for the characterisation of electronic, optical, morphologic and thermodynamic 

properties of polyfluorene thin films. Synthetic Metals, 155, 279–282. 

14  Grell, M., Bradley, D.D.C., Ungar, G., Hill, J., and Whitehead, K.S. (1999). Interplay of physical 

structure and photophysics for a liquid crystalline polyfluorene. Macromolecules 32, 5810–5817. 

15 Grell, M., Bradley, D.D.C., Inbasekaran, M., Ungar, G., Whitehead, K.S., and Woo, E.P. (2000). 

Intrachain ordered polyfluorene. Synthetic Metals 111, 579–581. 

16  Suppan, P. (1990). Invited review solvatochromic shifts: The influence of the medium on the 

energy of electronic states. Journal of Photochemistry and Photobiology, A: Chemistry 50, 293–

330. 

17  Hagler, T.W., Pakbaz, K., and Heeger, A.J. (1994). Polarized-electroabsorption spectroscopy of a 

soluble derivative of poly(p-phenylenevinylene) oriented by gel processing in polyethylene: 

 

 



 Small molecular emitters in PFO 

 

57 

 

 

Polarization anisotropy, the off-axis dipole moment, and excited-state delocalization. Physical 

Review B 49, 10968–10975. 

18  Chandross, M., and Mazumdar, S. (1997). Optical absorption in the substituted phenylene-based 

conjugated polymers: Theory and experiment. Physical Review B 55, 1486–1496. 

19 Mewes, S.A., Mewes, J.-M., Dreuw, A., and Plasser, F. (2016). Excitons in poly(para phenylene 

vinylene): a quantum-chemical perspective based on high-level ab initio calculations. Physical 

Chemistry Chemical Physics 18, 2548–2563. 

20  Jurow, M. J., Mayr, C., Schmidt, T. D., Lampe, T., Djurovich, P. I., Brütting, W., & Thompson, M. E. 

(2016). Understanding and predicting the orientation of heteroleptic phosphors in organic light-

emitting materials. Nature Materials, 15, 85–91. 

21  Chi, Y., and Chou, P.-T. (2010). Transition-metal phosphors with cyclometalating ligands: 

fundamentals and applications. Chem. Soc. Rev. 39, 638–655. 



 

58 

 



 

59 

 

Chapter 5                                         

Poly(9-vinylcarbazole) as host 

material for small molecular emitters 

Abstract 

In this chapter, we study the orientation of light-emitting guest molecules in a solution 

processed non-conjugated polymer (poly(9-vinylcarbazole), PVK) host matrix. The 

guest molecules are either fluorescent oligo(p-phenylenevinylene) (OPV) molecules of 

different length or homoleptic and heteroleptic phosphorescent iridium complexes. 

The general result that emerges from this study is that all emitters with a higher aspect 

ratio have an average transition dipole moment that is oriented more in-plane, but 

that the absolute value of the order parameter, signifies more vertical emission than 

expected. Accordingly, the molecule with the highest aspect ratio, OPV7, which has 

shown pronounced horizontal orientation in PFO, shows almost random orientation of 

the average transition dipole moment in PVK. Ir(ppy)3, a homoleptic complex, which 

shows random orientation in evaporated and solution processed layers with 2,2',2''-

benzene−3,5-triyltris(1-phenyl-1H-benzimidazole) TPBi as host (Chapter 3), shows a 

predominantly vertical orientation of the transition dipole moment in PVK. This is 

connected to the fact that Ir(ppy)3 in PVK tends to aggregate creating needle like 

crystals on the surface of the layer. The other iridium based emitters, all less symmetric 

heteroleptic materials, are also emitting vertically on average, but show a slightly more 

horizontal orientation compared to Ir(ppy)3, and a more homogeneous topography, 

with low roughness and absence of crystalline structures. The unexpected vertical 

orientation of the transition dipole moments observed for these fluorescent and 

phosphorescent emitters can, in part, be explained by the vertical orientation of the 

refractive index of the host material itself. The radiative decay rate of the emitters 

depends on the polarisability (refractive index) of the environment. The strong 

polarisability of PVK in the out-of-plane direction, has a negative impact on horizontal 

orientation of the emitters embedded in it. In the case of the PVK:Ir(ppy)3 layer, 

crystallisation of the emitter also plays a role. 

 

Part of this work has been published as: Huckaba, A.J., Senes, A., Aghazada, S., Babaei, A., Meskers, S.C.J., 

Zimmermann, I., Schouwink, P., Gasilova, N., Janssen, R.A.J., Bolink, H.J., and Nazeeruddin, M.K. (2018). 

Bis(arylimidazole) Iridium Picolinate Emitters and Preferential Dipole Orientation in Films. ACS Omega 

3, 2673–2682.  
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5.1 Introduction 

At present most electroluminescent layers in organic light-emitting diodes (OLEDs) are 

made by co-depositing a host/guest system via thermal evaporation in high vacuum. 

In OLEDs phosphorescent emitters are more popular than fluorescent emitters 

because they can provide internal quantum efficiencies (IQEs) up to 100%. In 

fluorescent materials, radiative decay occurs from singlet excited states. This limits the 

IQE of fluorescent OLEDs to ~25%, i.e. the statistical fraction of singlet excitons formed 

via electron-hole recombination.1 Phosphorescent emitter molecules based on organic 

transition metal complexes, incorporating e.g. iridium or platinum, profit from the 

strong spin-orbit coupling induced by the metal centre, which lifts the strict spin-

selection rules. The excited states of these molecules are a mixture of ligand-based 

and metal-to-ligand charge-transfer transitions.2 The transition metal enables fast 

intersystem crossing from the excited singlet level S1 to the lowest excited triplet level 

T1 and simultaneously efficient radiative decay from T1 to the singlet ground state S0. 

As a consequence, triplet emitters allow for IQEs of 100% in OLEDs.3 In the field of 

OLEDs phosphorescent iridium complexes have become very popular, because of their 

high quantum yields for phosphorescent emission and colour tunability. To further 

increase the light output, it is necessary to increase the external quantum efficiency 

(EQE). This can be achieved via horizontal, i.e. in-plane, alignment of the transition 

dipole moment of emitters in thin film materials. 

The alignment of transition dipole moments in host/guest systems with iridium 

based small molecular emitters deposited by thermal evaporation in high vacuum has 

been subject of several studies. Homoleptic iridium complexes, i.e., those with identical 

ligands, generally show random orientation of their transition dipole moments. On the 

other hand, the heteroleptic phosphorescent iridium complexes, i.e. those with 

different ligands often show some horizontal alignment. Especially complexes with β-

diketonate ligands, such as acetylacetonate (acac), frequently show preferential 

horizontal orientation of their transition dipole moment, with the coefficient for 

horizontal orientation, h, between 0.72 and 0.78. Although there are numerous 

examples of predominantly horizontal orientation of the transition dipole moment in 

small molecular emitters, the mechanisms behind this orientation are under debate.4,5 

By analysing linear-shaped molecules of fluorescent styrylbenzene derivatives 

of different lengths, deposited by evaporation under vacuum, Yokoyama et al.6 found 

a correlation between the length of the molecule and the orientation of its transition 

dipole moment. The longer the molecular length, the larger the anisotropy of the 

molecular orientation.  
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Jurow et al.7 explain the orientation of the transition dipole moment in small 

molecular emitters as a combination of two kinds of asymmetries: asymmetry in the 

surface during the vacuum deposition process, and molecular asymmetry of the dye 

itself. The surface of an amorphous (isotropic) film is inherently asymmetric during 

vacuum deposition, with the organic film on one side and the vacuum on the other 

side. While homoleptic complexes such as tris[2-phenylpyridinato-C2,N]iridium(III) 

(Ir(ppy)3) have aromatic ligands, the acetylacetonate ligand in heteroleptic complexes 

is not aromatic. This changes the interactions of the molecule with the receiving 

surface. The boundary created between the organic host material on the substrate and 

the vacuum of the deposition chamber during fabrication causes the asymmetrical dye 

molecules to orient before it is over coated with an amorphous layer of the host 

material.  

Through a microscopic analysis of the various intermolecular interactions 

affecting the molecular orientation, Friederich et al.8 found that the main driving force 

for orientation of the transition dipole moment is the van der Waals interaction 

between the molecules at the surface, while the electrostatic dipole−dipole 

interactions have a lower impact, and only slightly reduce the anisotropy. In systems 

where the host has a significant static dipole moment, host molecular orientation and 

a resulting modified host/guest interaction could be important for the dipole induced 

internal electrostatic field and to the guest dipole orientation distribution.8 The net 

orientation of the static dipole moment of the host material, creates an electrostatic 

background with which the dipole moment of the dye molecules interacts.8 No 

significant dependence of the orientation anisotropy on dye concentration was 

observed in literature for evaporated layers.7,8 

For solution processed host/guest luminescent layers horizontal alignment has 

been described in Chapter 4, where it was shown that poly(9,9-dioctylfluorene) (PFO) 

as host material enables embedded fluorescent and phosphorescent dyes to have their 

average transition dipole moment oriented horizontally, i.e. in the plane of the film.9 

For PFO it was concluded that the orientation of small molecular emitters can be 

influenced by using a polymeric host that shows preferential alignment in the 

horizontal plane. However, PFO is not the most suitable host material for OLED 

applications, because its low triplet energy (2.10-2.15 eV)10,11 causes quenching of the 

emission of phosphorescent guests, in particular when these emit in the blue and 

green region. In an attempt to overcome this disadvantage, we explore the use of 

poly(9-vinylcarbazole) (PVK)12 as host material in this chapter. PVK is a vinyl polymer 

with pendant N-substituted carbazole units (Figure 5.1.a) and has a significantly higher 

triplet energy (2.88 eV)13 than PFO, such that loss of emission via triplet-triplet energy 
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transfer to the host is minimised. In addition, PVK has good hole-transporting 

properties. As a consequence PVK is more suited for OLED applications.14-18  

The orientation of PVK itself has been studied previously, and results can be 

found in literature.19,20 Solution deposited layers of PVK have an unusual, positive 

uniaxial anisotropy, where the extraordinary refractive index is larger than the ordinary 

component (ne > no).19 This unusual property can be rationalised in terms of a 

preferential horizontal orientation of the polymer backbone20 with the highly 

polarizable carbazole side groups orienting such that the long axis of the carbazole 

moiety is perpendicular to the main chain. Taking into account all possible orientations 

of the main chain and the carbazole side groups one then expects the film to be most 

polarisable in the direction perpendicular to the plane of the film, explaining why ne > 

no.  

In this chapter we analyse the average orientation of transition dipole moments 

of fluorescent oligo(p-phenylenevinylene) (OPV) molecules of different length and 

homoleptic and heteroleptic phosphorescent iridium complexes embedded in solution 

processed thin PVK films. Surprisingly we find that the use of PVK results in a 

predominantly vertical alignment of the transition dipole moment. For emitters with a 

higher aspect ratio the emission becomes more horizontal, to become nearly isotropic 

in the best cases. The results are difficult to rationalize quantitatively, but we propose 

that the positive uniaxial anisotropy of PVK plays a role in enhancing the vertical 

compared to horizontal emission. 

5.2 Materials 

The chemical structures of the materials used in this work are shown in Figure 5.1. We 

use two fluorescent conjugated oligo(p-phenylenevinylene)s of different length, OPV3 

and OPV7 (Figure 5.1.b,c),21 to investigate the influence of the aspect ratio of the guest 

molecule on the orientation of the transition dipole moment in PVK. In Chapters 3 and 

4 we showed that the transition dipole moment of OPV7 is more horizontally oriented 

than that of OPV3 in the solution processed small molecule matrix 2,2',2''-benzene-

1,3,5-triyltris(1-phenyl-1H-benzimidazole) (TPBi) and PFO, respectively.22 The second 

group of emitters that we analyse are well-known phosphorescent iridium based 

emitters (Figure 5.1.d-h). These emitters, emit in a wide range of wavelengths, from 

green to red, and their properties, in solution, in thin films and in devices, have been 

widely studied previously.23-29 The third group of emitters that we analyse are three 

bis(arylimidazole) iridium picolinate complexes, newly synthesised at EPFL.30 For these 
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heteroleptic complexes the substituents on the ligands were modified to investigate 

the effect of additional substituents on the orientation. 

 

 

Figure 5.1: Chemical structures of host and guest molecules used in this chapter. (a) PVK, (b) OPV3, (c) 

OPV7, (d) tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3),31 (e) bis[2-(2-pyridinyl-N)phenyl-

C](acetylacetonato)iridium(III) (Ir(ppy)2(acac)),29 (f) bis(2-

methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III) (Ir(MDQ)2(acac)),32 (g) bis(2-

benzo[b]thiophen-2-ylpyridine)(acetylacetonate)iridium(III) (Ir(BT)2(acac)),29 (h) bis(2-(2′-benzothienyl)-

pyridinato-N,C3′)(acetylacetonate)iridium(III) (Ir(BTP)2(acac)),33 (i) bis(1-(2’,6’-diisopropylphenyl)-2-

phen-2’’-ylimidazol-3-yl)iridium(III) picolinate (Ir(iPr2PhIm)2(pic)),30 (j) bis(1-(2’,6’-diisopropylphenyl)-2-

(4’’-tertbutylphen-2’’-yl)-imidazol-3-yl)iridium (III) picolinate (Ir(iPr2PhtBuIm)2(pic))30 and (k) bis(1-

(2’,4’,6’-tri-isopropylphenyl)-2-phen-2’’-ylimidazol-3-yl)iridium(III) picolinate (Ir(iPr3PhIm)2(pic)).30 

 Excitation of PVK itself results in a singlet state, which may undergo intersystem 

crossing. In either state, the excitation energy may be transferred to the corresponding 

state on the guest molecules. In the case of the fluorescent OPV dyes emission only 

occurs from the S1 to S0, because their T1 states are not emissive. For the iridium dyes 

the emissive T1 state is either formed after singlet energy transfer from PVK and 

subsequent intersystem crossing, or directly via triplet energy transfer. We note that 

the T1 level of PVK is higher than the triplet of the emitters (Table 5.1) such that 

subsequent radiative decay from the T1 of the phosphorescent emitters to the singlet 

ground state S0 can occur. Of course, also direct excitation of the dye molecules may 

occur, resulting in emissive S1 states for the OPV molecules and, after intersystem 

crossing, emissive T1 states for the iridium dyes.  

In the host/guest layers we keep the dye concentration low (maximum 10 wt%) 

to suppress the chance of aggregation. In a few cases different concentrations of the 

emitters were used to check any possible influence of concentration on aggregation. 



Chapter 5 

64 

 

Moreover, atomic force microscopy (AFM) has been used to inspect the surface 

topology, looking for aggregation.  

Table 5.1: Triplet energy levels (T1) for the materials described in this Chapter.  

Material Triplet energy eV (Reference) 

PVK 2.88 (13) 

OPV3 >1.5 (34) 

OPV7 <1.5 (34) 

Ir(ppy)3 2.41 (18) 

Ir(ppy)2(acac) 2.41 (18) 

Ir(BT)2(acac) 2.23 (18) 

Ir(BTP)2(acac) 2.02 (18) 

Ir(MDQ)2(acac) 2.00 (35) 

Ir(iPr2PhIm)2(pic) 2.59 (30) 

Ir(iPr2PhtBuIm)2(pic) 2.43 (30) 

Ir(iPr3PhIm)2(pic) 2.59 (30) 

 

 

5.3 Results 

5.3.1 PVK 

The wavelength dependent refractive index, n, and extinction coefficient, k, of a thin 

film of PVK, deposited on a silicon substrate, were determined by spectroscopic 

ellipsometry at various angles of incidence and transmission intensity measurements 

at 0° (perpendicular incidence). The refractive index (ordinary, no, and extraordinary, 

ne) (Figure 5.2) determined from this experiment are in good agreement with literature 

data.19 At the wavelengths of interest, between 500 and 620 nm, PVK has a positive 

uniaxial anisotropy (ne > no) most likely due to the highly polarisable carbazole side 

groups, which apparently orient vertically. The main chain of the polymer is oriented 

in the plane of the substrate, as often happens for polymers.36-38 
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Figure 5.2: Ordinary and extraordinary refractive indexes (no, ne) of PVK. At the wavelengths of interest 

for the emitters studied (between 500 and 620 nm), PVK orients vertically (ne>no). 

The optical constants of PVK were used to simulate the orientation and angle 

dependence of the emission using the OrientExpress software. In the simulations we 

assume that the optical constants of the host material containing the molecular emitter 

(< 10 wt%) are the same as those of the pure host. 

5.3.2 OPV emitters 

We investigated the blends of OPV3 and OPV7 in PVK by angle dependent 

fluorescence measurements, both as cast and after thermal annealing at 100 °C for 10 

minutes. Fluorescent experiments were always performed at room temperature.   

 

Figure 5.3: Fluorescence spectra of PVK:OPV3 and PVK:OPV7 (2 wt% and 5 wt%) measured as cast and 

after thermal annealing for 10 minutes at 100 °C, and of TPBi:OPV3 (10 wt%) and TPBi:OPV7 (2 and 10 

wt%). The measurements were taken at room temperature, with the angle dependent fluorescence 

measurement setup at 0°. In the PVK:OPV3 films there is no aggregation of OPV3 molecules, while for 

PVK:OPV7 films, the fluorescent emission comes from both non aggregated and aggregated molecules. 

In Figure 5.3.a and Figure 5.3.b we show the normalised p-polarised 

fluorescence at 0° for the PVK:OPV3 and PVK:OPV7 (5 wt% OPV) blends. The emission 

observed at 505 nm for OPV3, and at 553 nm and 578 nm for OPV7 can be explained 

as radiative decay from the lowest singlet excited state (S1) to the singlet ground state 

(S0) of each oligomer. To check for effects of aggregation, we also studied layers with 
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2 wt% of the OPVs, and we compared the emission peaks with those of OPV3 and 

OPV7 in TPBi. We did not see any relevant difference by comparing the fluorescence 

of PVK:OPV3 at 2 or 5 wt% with the fluorescence of OPV3 in TPBi, in particular we did 

not observe any shift toward higher wavelengths in the emission peaks with increasing 

the emitter loading. As in the layers of TPBi:OPV3 (10 wt%) there was no aggregation 

of the emitters, we concluded that there is no aggregation of OPV3 molecules in the 

PVK:OPV3 layers as well.  

 

     
 

            

Figure 5.4: AFM height images (5 μm × 5 μm) of as-cast layers of: a) PVK (Rq = 0.44 nm); b) PVK:OPV3 

5wt% (Rq = 0.89 nm); c) PVK:OPV7 2wt% (Rq = 1.8 nm, small aggregates 5-10 nm high and <1 μm long); 

d) PVK:OPV7 5wt% (Rq = 4.33 nm, small aggregates ~15 nm high and 1 μm long); e) PVK:OPV7 5wt%, 

annealed for 10 min at 100 °C (Rq = 3.49 nm, small aggregates ~15 nm high and 1 μm long).  

This is also supported by the AFM image (Figure 5.4.b) where no structures are 

present and the root mean square surface roughness (Rq) of the PVK:OPV3 (5wt%) 

layer is very low (Rq =0.89 nm). In contrast, for all PVK:OPV7 layers, 2 or 5 wt%, as cast 

and annealed, the spectra seem to be composed of two contributions with peak 

wavelengths at 553 and 578 nm. If we compare the spectra with the spectrum of 

TPBi:OPV7, we see that the emission peak at 553 nm corresponds to the emission peak 

of the non-aggregated OPV7 (c.f. TPBi:OPV7, 2 wt%), while the peak at 578 nm 

corresponds to the emission peak of the aggregated OPV7 (c.f. TPBi:OPV7, 10 wt%). 

Therefore we conclude that in the PVK:OPV7 thin films the fluorescent emission comes 

from both aggregated and non-aggregated molecules. This partial aggregation of the 
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OPV7 molecules in the thin film is also supported by AFM measurements, where 

fibrillar aggregates, 10-15 nm high, can be observed at the film surface (Figure 5.4.c-

d-e).  

The wavelengths of the maximum emission peaks in Figure 5.3 were used to 

measure the angle dependency of the p-polarised fluorescence for each layer, as 

shown in Figure 5.5. Because the layers have the same host and the same thickness, 

we can estimate the relative orientation by looking at the experimental data in Figure 

5.5, where a lower normalised intensity at wide angles (~55°) with respect to the 

normal direction (0°) implies a more horizontally aligned transition dipole moment. 

For both blends there is a small change to a more horizontal orientation after 

annealing of the layer, and a more substantial horizontal alignment for OPV7 than for 

OPV3. 

 

Figure 5.5: Angular dependence of the p-polarised fluorescence of solution processed layers of 

host/guest systems with PVK as host material and OPV3 or OPV7 as guest, normalised at 0°, for both 

as-cast and thermally annealed (100 °C, 10 min.) layers. The dots represent the experimental 

measurements, the full lines the simulated results. In both the cases, the annealed films show a lower 

peak at wide angles (~55°), meaning a more horizontal orientation of the emitters in the annealed films.  

By optical simulation of the experimental results using OrientExpress (Figure 

5.5), we can quantify the orientation of the average transition dipole moment of the 

different layers by the orientation order parameter h (Table 5.2). Table 5.2 confirms 

that OPV7 has a more horizontal orientation than OPV3, and that in both cases there 

is a mild improvement after annealing. However, the absolute values of h indicate that 

the orientation of the average transition dipole moment of OPV3 is slightly vertical (h 

<0.66), while the orientation of OPV7 is close to random (h ~0.66). We have previously 

seen in TPBi that the longest oligomer, OPV7 orients more horizontally compared to 

OPV3 (Table 5.3). However OPV7 is not horizontally oriented in PVK as in TPBi and PFO, 

but only randomly oriented. Similarly, OPV3, which is randomly oriented in both TPBi 

and PFO, is now slightly vertically oriented in PVK (Table 5.3). In all blends, we observe 

the same trend: OPV7 orients more horizontally than OPV3. As mentioned in Chapters 
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3 and 4, this is most likely related to the higher aspect ratio of OPV7 combined with 

the fact that transition dipole moment vector orients along the long axis of the 

molecule.6 The higher aspect ratio of OPV7 compared to OPV3 was rationalised with 

molecular mechanics calculations (see Chapter 2), giving aspect ratio of 3.54 for the 

OPV3 molecules and 8.16 for the OPV7 molecules. We will discuss the possible origin 

of the more vertical orientation of the OPV dyes in PVK in Section 5.4. We note that in 

this analysis we ignore the effect of the presence of OPV7 aggregates (Figure 5.4).  

Table 5.2: Orientation order parameter h for emitters blended in PVK. 

Emitter 
Loading 

(wt%) 

Layer thickness 

(nm) 
λ 

(nm) 
h 

as cast 
h    

annealed a 

OPV3 2 25 505 0.60  n.a. 

OPV3 5 25 505 0.60 0.61 

OPV7 
2 25 554 0.67  n.a. 

2 25 578 0.71  n.a. 

OPV7 
5 25 555 0.67  0.68 

5 25 578 0.68  0.70 

Ir(ppy)3 10 20 515 0.56 0.55 

Ir(ppy)2(acac) 10 18 527 0.62 0.63 

Ir(BT)2(acac) 10 23 565 0.62 0.63 

Ir(BTP)2(acac) 10 31 620 0.62 0.62 

Ir(MDQ)2(acac) 10 19 617 0.60 0.61 

Ir(iPr2PhIm)2(pic) 10 18 542 0.59 0.59 

Ir(iPr2PhtBuIm)2(pic) 10 20 545 0.57 0.57 

Ir(iPr3PhIm)2(pic) 10 18 542 0.59 0.58 

a) Annealing for 10 minutes at 100 °C.  

Table 5.3: Orientation order parameter for OPVs in different hosts.  

Emitter 
         h 

TPBi (10%) PFO (5%) PVK (5%) 

OPV3 0.57 0.68 0.6 

OPV3 Annealed a n.a. 0.64 0.61 

OPV7 0.8 0.81 0.68 

OPV7 Annealed a n.a. 0.88 0.70 

a) Annealing for 10 minutes at 100 °C.  

5.3.3 Iridium emitters 

In this section we analyse five well known iridium emitters, Ir(ppy)3, Ir(ppy)2(acac), 

Ir(MDQ)2(acac), Ir(BT)2(acac) and Ir(BTP)2(acac) in PVK. The structures are shown in 

Figure 5.1. In each case the dye concentration is 10 wt%. Figure 5.6 shows the 

normalised emission of these blends, recorded at 0°. In these layers efficient energy 

transfer from the host to the guest material takes place42 and the emission can be 
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attributed to radiative decay from the lowest triplet excited states of the dyes 

(phosphorescence). 

 

Figure 5.6: PL of the various iridium based emitters in PVK, measured as cast. The measurements are 

done with the angle dependent PL measurement setup at 0°.  

Figure 5.7 shows the experimental data for the angle dependent p-polarised 

photoluminescence (PL) measurements for the five host/guest systems. The PL 

intensity at the peak wavelength was recorded for angles from 0° to 80°, and 

normalised at the intensity at 0°. Experimental data are reported as dots, while the lines 

are the optical simulation fits calculated with OrientExpress. In Figure 5.7.a we compare 

three emitters: Ir(ppy)3, Ir(ppy)2(acac) and Ir(MDQ)2(acac) in PVK. Because these three 

thin films have all same thickness, a direct visual comparison can be made. The higher 

intensity at wide angles indicates that the average transition dipole moment of the 

homoleptic emitter Ir(ppy)3 is less horizontally oriented than those of the two 

heteroleptic emitters, in particular for Ir(ppy)2(acac). Figure 5.7.b and Figure 5.7.c show 

the results for two other emitters Ir(BT)2(acac) and Ir(BTP)2(acac).  

 

Figure 5.7: Angular dependence of the p-polarised PL of solution processed layers of host/guest systems 

normalised at 0°. PVK is the host material while various iridium based emitters are used as guest. The 

dots represent the experimental measurements, the full lines the simulated results.  

 Optical simulation with OrientExpress (solid lines in Figure 5.7) make it possible 

to quantify the orientation of the average transition dipole moment for the different 

emitters (Table 5.2). Table 5.2 shows that Ir(ppy)3 indeed orients less horizontally (h = 
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0.56) than the other emitters, which all have very similar orientation parameter, with h 

= 0.60 for Ir(MDQ)2(acac), and h = 0.62 for all the others. The result that the homoleptic 

emitter Ir(ppy)3 is oriented less horizontally than the heteroleptic emitters is not 

surprising, as it is also seen in evaporated layers.4,39,40 However the absolute values for 

the orientation parameters are unexpected. The homoleptic emitter shows a 

preferential vertical orientation of the average transition dipole moment. The other 

iridium complexes show a slightly vertical to almost random orientation of the average 

transition dipole moment. A close look at the topology of the layers can help to 

understand this. It has been reported that in films of PVK with Ir(ppy)3 (13 wt%) cast 

from chlorobenzene needle-like aggregates can be formed.41 On the other hand it has 

also been reported that up to 15 wt% of Ir(ppy)3 in PVK there is no evidence of 

aggregation when films were cast from 1.2-dichloroethane.42 Likewise, Chen et al. have 

reported that Ir(ppy)3, Ir(ppy)2(acac), Ir(BT)2(acac) and Ir(BTP)2(acac) are 

homogeneously dispersed at 5 wt% in PVK films and do not show aggregation or 

phase separation as inferred from TEM, AFM, fluorescence and cross-polarised optical 

microscopy.18 In our case, AFM images (Figure 5.8) show that the layers with 

Ir(ppy)2(acac), Ir(BT)2(acac), Ir(BTP)2(acac) and Ir(MDQ)2(acac) have a flat topology with 

low Rq<1 nm. However for the PVK:Ir(ppy)3 layer, needle-like aggregates ~10 nm high 

and 1.5 μm long can be observed at the top surface. Figure 5.9 shows that the PL 

spectra of Ir(ppy)3 consist of a main peak at 515 nm, and a second peak at 540 nm. In 

the case of PVK:Ir(ppy)3, where crystalline aggregates are visible, the emission from the 

peak at 540 nm, is almost as intense as the emission at 515 nm. In the TPBi:Ir(ppy)3 

blend, where no crystals are present, the emission from the peak at 540 nm is slightly 

weaker compared to that at 515 nm. The PL of Ir(ppy)3 in solution and in the crystal is 

known to be complicated, involving different substates,43,44 and does not allow for a 

straightforward assignment of the peaks at 515 and 540 nm to purely amorphous or 

crystalline regions. Nevertheless, the presence of the crystallised regions in the 

PVK:Ir(ppy)3 blend can cause the surprisingly low orientation order parameter of h = 

0.56 obtained from the optical simulations, assuming a homogenous PVK matrix. 
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Figure 5.8: AFM height images (5 μm x 5 μm) of as-cast spin coated layers of: a) PVK:Ir(ppy)3 10 wt% (Rq 

= 4.35 nm, crystallites ~10 nm high and 1.5 μm long); b) PVK:Ir(ppy)2(acac) 10 wt% (Rq = 0.87 nm); c) 

PVK:Ir(BT)2(acac) 10 wt% (Rq = 0.39 nm); d) PVK:Ir(BTP)2(acac) 10 wt% (Rq = 0.73 nm); e) 

PVK:Ir(MDQ)2(acac) 10 wt% (Rq = 0.49 nm). 

 

Figure 5.9: Normalised PL of the evaporated layer TPBi:Ir(ppy)3 (green) and of the spincoated layer 

PVK:Ir(ppy)3 (magenta), measured as cast. The measurements are done with the angle dependent PL 

measurement setup at 0°. The pronounced peak at 540 nm in the PVK:Ir(ppy)3 could be related to the 

emission from the aggregated molecules. 

The results demonstrate that these iridium dyes do not show appreciable 

horizontal orientation in solvent deposited films in PVK. As stated above, the 

orientation of these dyes, except for Ir(BTP)2(acac), has also been studied in evaporated 

layers in different host materials, where they show a slight horizontal 

orientation.4,7,39−48. Results from literature are summarised in Table 5.4.  
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Table 5.4: Overview of orientation parameters found in literature for the iridium dyes studied in this 

chapter, embedded in different host materials. 

Emitter  Host h Range h Reference 

Ir(ppy)3 

CBP 0.69 

0.67 to 0.69 

39 

CBP 0.67 40 

TCTA:B3PYMPM 0.67 47 

CBP 0.67 48 

TCTA 0.68 48 

Spiro-2CBP 0.68 48 

CBP 0.69 4 

Ir(ppy)2(acac) 

CBP 0.77 

0.72 to 0.77 

39 

CBP 0.76 40 

TCTA:B3PYMPM 0.77 46 

TCTA:B3PYMPM 0.76 47 

CBP 0.73 48 

TCTA 0.73 48 

Spiro-2CBP 0.72 48 

CBP 0.77 4 

Ir(BT)2(acac) CBP 0.78 0.78 4 

Ir(MDQ)2(acac) 

NPB 0.74 

0.74 to 0.78 

40 

NPB 0.74 48 

TPBi 0.78 48 

0.76 (NPB) 0.76 4 

 

Table 5.5: Orientation order parameter of five different iridium based emitters, solution processed with 

PVK as host material (10 wt%), and deposited by evaporation under vacuum in different small molecule 

host materials (based on literature data). 

Emitter 
h 

Solution cast PVK film 
h 

Evaporated host 

Ir(ppy)3  0.56 0.67, 0.68 

Ir(ppy)2(acac)  0.62 0.76 to 0.78 

Ir(BT)2(acac)  0.62 0.78 

Ir(BTP)2(acac) 0.62 n.a. 

Ir(MDQ)2(acac)  0.60 0.75 to 0.77 

 

If we compare the orientation order parameters of these emitters embedded in 

PVK (Table 5.2), with the values measured by other groups in evaporated layers (Table 

5.4), we see the same trend (Table 5.5). Compared with the heteroleptic emitters with 

an acetylacetonate ligand, the homoleptic Ir(ppy)3 has the least horizontal orientation 

of transition dipole moment (Table 5.5). Ir(ppy)2(acac) and Ir(BT)2(acac) orient slightly 

horizontally compared to Ir(MDQ)2(acac) in PVK. However, the orientation order 

parameters of the emitters in PVK show a slight vertical orientation for all emitters 
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studied, which have a horizontal orientation of transition dipole moment in evaporated 

layer, except for Ir(ppy)3 which is randomly orientated in evaporated layers. 

5.3.4 Iridium picolinate complexes 

The third series of emitters are three heteroleptic iridium complexes with 

bis(arylimidazole) and picolinate ligands. We analyse the orientation of transition 

dipole moment, to see if the functionalisation in different positions of the molecule 

has an impact on the orientation of its transition dipole moment. The three emitters 

blended in a PVK host matrix (10 wt%) do not show relevant differences in their 

emission at 0° (Figure 5.10), that can be attributed to radiative decay from the lowest 

triplet excited state of each dye. Compounds Ir(iPr2PhIm)2(pic) and Ir(iPr3PhIm)2(pic) 

have their maximum emission wavelength at 542 nm, while compound 

Ir(iPr2PhtBuIm)2(pic) emits at 545 nm. AFM images (not shown) show that all the layers 

have a flat topology with low Rq < 1 nm. 

  

Figure 5.10: PL spectra of Ir(iPr2PhIm)2(pic), Ir(iPr2PhtBuIm)2(pic), and Ir(iPr3PhIm)2(pic) in PVK, measured 

on as cast films. The measurements were done with the angle dependent PL measurement setup at 0°. 

Figure 5.11 shows the angle-dependent p-polarised photoluminescence of the 

three bis(arylimidazole) iridium based picolinate emitters, normalised at the intensity 

at 0°. For comparison Figure 5.11 also shows the data for a layer of PVK:Ir(ppy)3 with 

the same thickness. By inspecting the relative intensities at wide angles (~52°) it is clear 

that compounds Ir(iPr2PhIm)2(pic) and Ir(iPr3PhIm)2(pic) have a more horizontal 

average transition dipole moment than compound Ir(iPr2PhtBuIm)2(pic). The 

homoleptic Ir(ppy)3 dyes has a least horizontal orientation in PVK. 
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Figure 5.11: Angular dependence of the p-polarised PL of solution processed films of Ir(ppy)3, 

Ir(iPr2PhIm)2(pic), Ir(iPr2PhtBuIm)2(pic), and Ir(iPr3PhIm)2(pic) blended in PVK (10 wt%), normalised at 0°. 

Experimental data (symbols) and simulated fit (lines).  

Annealing of the layers at 100 °C for 10 minutes, does not change the emission 

peak wavelength or the angle dependent emission of any of the three emitters (data 

not shown). Table 5.2 shows the orientation order parameters of the three 

functionalised emitters as obtained from optical simulations. Ir(iPr2PhIm)2(pic) and 

Ir(iPr3PhIm)2(pic), show the same orientation (h = 0.59), while Ir(iPr2PhtBuIm)2(pic) 

shows a somewhat more vertical orientation (h = 0.57) of its transition dipole 

moments. From the absolute numbers it appears that all the three emitters show a 

vertical orientation of the average transition dipole moment. If we compare the 

orientation order parameter of the three compounds, we see that while the 

substitution of an extra i-Pr on the aryl group in Ir(iPr3PhtBuIm)2(pic) does not have 

any influence on the orientation compared to the less-substituted Ir(iPr2PhIm)2(pic) 

compound, but that substitution of t-Bu on the phenylimidazole (Ir(iPr2PhtBuIm)2(pic)), 

has a slightly negative impact on the horizontal orientation of transition dipole 

moment. If we quantify the aspect ratio of these three emitters with molecular 

mechanics calculations (see Chapter 2), we see that the introduction of the t-Bu ligand, 

slightly reduces the aspect ratio of the molecule (1.63 compared to 1.85 of the 

unsubstituted molecule). 

5.4 Discussion 

The trend, observed here for small molecular emitters embedded in a polymeric host 

and processed from solution, is in line with what observed in the literature for 

evaporated layers. An anisotropic shape of the emitters, in particular when the 

transition dipole moments associated with the emitting singlet or triplet energy levels, 

are oriented along the longest axis of the molecule (even if this is often difficult to 

identify), give rise to a more horizontal orientation compared to more isotropic 
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emitters. Therefore in this respect, solution processed layers are not different from 

evaporated layers. 

While the trends observed among different emitters can be explained, the 

absolute orientation order parameters measured for solution processed layers, has a 

less trivial explanation.  

In particular, the preferential vertical orientation of Ir(ppy)3 in the PVK host is 

surprising. For this homoleptic complex one would always expect fully random 

orientation because of its almost isotropic shape, as seen when this material is 

deposited by evaporation under vacuum. Preferential vertical orientation of Ir(ppy)3 

has also been reported in literature for another non-oriented, solution-deposited host 

material.40 The crystallisation of Ir(ppy)3 (Figure 5.8) in the PVK:Ir(ppy)3 layers, can 

partially explain the low orientation order parameter of this layer: molecules strongly 

packed in a crystal can orient differently than the amorphous ones, moreover the 

optical constants of the host material used as input for the simulations to extract the 

orientation order parameter, could be less accurate.  

The optical anisotropy of the PVK host could also give a contribution to the 

vertical orientation of the iridium compounds, as we briefly discuss here. 

Solution deposited layers of PVK have an unusual, positive uniaxial anisotropy 

(ne > n0)19 that may be rationalised in terms of a preferential horizontal orientation of 

the polymer backbone49 with the highly polarisable carbazole side groups orienting 

such that the long axis of the carbazole moiety is perpendicular to the main chain. 

Taking into account all possible orientations of the main chain and the carbazole side 

groups one then expects the film to be most polarisable in the direction perpendicular 

to the plane of the film, explaining why ne > no. For molecules in a dielectric medium 

it is well known that the polarisability of the medium can couple with the oscillating 

transition charge density of a dye molecule to produce an effective transition dipole 

moment eff (what we actually measure) that can be larger than the transition dipole 

moment bare of the bare molecule. While the anisotropy of the refractive index of the 

host material is accounted for by the simulation software, the interaction between the 

polarisable host and the guest molecule is not. The so-called empty cavity model50 

predicts: 

 

 
2

eff bare2

3

2 1

n

n
 

 
    

 (1) 

 

The empty cavity model has been found to give an accurate description of the changes 

in radiative rate constant for small metal organic luminophores50 induced by the 
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polarisability of the environment. If we now take into consideration a uniaxial optically 

anisotropic medium (no  ne), then based on Eq. 1 one may expect a preferential 

orientation of the effective transition dipole moment of an isotropically oriented dye 

in the direction corresponding to the largest value of the refractive index. In a 

pragmatic approach, one predicts preferential orientations of the effective transition 

dipole moment that deviate from the isotropic value by about 1-2% by simply inserting 

values for ne and no into (1). Assuming a somewhat simpler relation between effective 

transition dipole moment and refractive index51 ( eff n  ) one predicts slightly larger 

deviations from the isotropic values for the orientation, but the differences are still 

smaller than 4%. We note that the transition probability scales with the square of eff. 

In summary, it is conceivable that the positive optical anisotropy of the PVK host 

contributes to the calculated vertical orientation of the iridium based emitter, but 

based on the bulk refractive index we cannot quantitatively account for the observed 

deviations. This may indicate the importance of specific molecular interactions 

between emitter and host. 

5.5 Conclusions 

In this chapter we have studied ten different small molecular emitters embedded in 

PVK as polymeric host, and deposited on quartz substrates from solution by 

spincoating. For the different systems, we have measured the orientation order 

parameter, representing the orientation of the average transition dipole moment, by 

combination of photoluminescence angle dependent measurements and optical 

simulation. 

Qualitatively we observe that emitters with more anisotropic shape are more 

horizontally oriented. Hence, the emitter with the highest aspect ratio, OPV7, is 

oriented more horizontally than all the others. All the heteroleptic emitters studied, 

Ir(ppy)2(acac), Ir(MDQ)2(acac), Ir(BT)2(acac), Ir(BTP)2(acac), and the bis(arylimidazole 

compounds, Ir(iPr2PhIm)2(pic), Ir(iPr2PhtBuIm)2(pic), and Ir(iPr3PhIm)2(pic) have an 

higher value of h compared to the homoleptic Ir(ppy)3 emitter, with isotropic 

molecular shape.  

By looking at the absolute values of h for the different emitters in PVK (Table 

5.2), we see that only OPV7 orients (slightly) horizontally, with maximum h =0.70 after 

thermal annealing. All the other emitters have an average transition dipole moment 

with a preferential vertical orientation. This surprising result can be only partially 

explained by the fact that PVK is most polarisable in the direction perpendicular to the 

plane of the film, and its anisotropy contributes to the observed vertical orientation of 

the emitters, given by the actual orientation of the emitters, coupled to the polarisation 

of the medium that surrounds it. The crystallisation of Ir(ppy)3 in the PVK:Ir(ppy)3 layers, 
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can also have an influence on the vertical orientation observed for the transition dipole 

moments of the emitter. 

For solution processed layers, the combination of a guest material with high aspect 

ratio (such as OPV7), and a host material that is highly polarisable in the in-plane 

direction (such as PFO), seems to be the best combination to achieve high horizontal 

orientation of transition dipole moments in small molecular emitters. 
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Chapter 6                                              

Poly[N,N’-bis(4-butylphenyl)-N,N’-

bis(phenyl)benzidine] as polymeric 

host material for iridium based 

emitters 

 

Abstract 

In this chapter we study the orientation of the transition dipole moments of 

homoleptic and heteroleptic phosphorescent iridium emitters as guests in a solution-

processed poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (poly-TPD) host 

matrix. Ellipsometry measurements reveal that poly-TPD has a slightly horizontal 

orientation in thin films, which makes it potentially a  good candidate for host material 

for our experiments. By analysing the orientation of the transition dipole moments of 

the iridium emitters by means of angle dependent p-polarised photoluminescence 

measurements and optical simulations, we find that the heteroleptic emitters show a 

more horizontally oriented transition dipole moment than the homoleptic Ir(ppy)3 

emitter. However, different from what one would expect in poly-TPD, the average 

transition dipole moment of Ir(ppy)3 orients slightly vertically, and while all heteroleptic 

emitters orient more horizontally, they still show an orientation order parameter h 

lower than 0.66. 
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6.1 Introduction  

Poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (poly-TPD) is a fluorescent -

conjugated polymer with a wide bandgap (3 eV) and fluorescence in the blue region 

(~428 nm).1 Poly-TPD has been often used in solution processed OLEDs because of its 

good hole transporting properties.2  

 

 

Figure 6.1: Chemical structure of poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (poly-TPD) 

The lowest triplet energy level of poly-TPD is estimated to be at 2.3 eV above the 

singlet ground state.1 Thus poly-TPD is expected to be a good host for orange and red 

phosphorescent emitters because the emissive excited state of such guests is lower 

than the T1 state of the host. For blue and green triplet emitters, the phosphorescence 

is likely to be quenched via Dexter type energy transfer to the host yielding a triplet 

excitation on the polymer. Spincoated films of poly-TPD show optical anisotropy.3 This 

indicates that the poly-TPD chains can be partially oriented during the spincoating 

deposition process. The combination of wide band gap and orientability, makes poly-

TPD an interesting host material for iridium based emitters. In this Chapter we 

investigate whether in solution processed poly-TPD layers, the alignment of the host 

can lead to a preferential orientation of the transition dipole moment of 

phosphorescent iridium complexes embedded as a guest.  

6.2 Materials 

The eight dyes used here Ir(ppy)3, Ir(ppy)2(acac), Ir(BT)2(acac), Ir(BTP)2(acac), 

Ir(MDQ)2(acac), Ir(iPr2PhIm)2(pic), Ir(iPr2PhtBuIm)2(pic) and Ir(iPr3PhIm)2(pic) (chemical 

structures in Figure 5.1) have been previously studied in poly(9-vinylcarbazole) (PVK) 

as a host (Chapter 5). Poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (poly-

TPD, molecular weight 10,000 - 120,000 g mol-1) was obtained from American Dye 

Source and used as received. The polymer and guests were mixed and dissolved in 

chlorobenzene with 10 mg ml-1 of polymer and a 9:1 host/guest weight ratio. The 

host/guest system was deposited on a quartz substrate by spin coating, at 600 rpm.  
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6.3 Results 

6.3.1 Poly-TPD 

The optical constants for the poly-TPD layers used in this study have been measured 

by spectroscopic ellipsometry. The results are shown in Figure 6.2. In the wavelength 

range of interest, between 500 and 620 nm, poly-TPD shows anisotropy of the 

refractive index. Consistent with earlier reports3 we find no>ne. Because the polymer is 

expected to be most polarisable in the direction parallel to its -conjugated main 

chain, the observed optical anisotropy indicates preferential orientation of the polymer 

chains parallel to the substrate.  

  

Figure 6.2: Ordinary and extraordinary refractive indices (no, ne) of a thin, spin-coated film of poly-TPD.  

6.3.2 Iridium based emitters 

The host/guest systems involving Ir(ppy)3 and iridium acetylacetonate complexes in 

poly-TPD have been studied by angle dependent p-polarised photoluminescence (PL). 

Each blend has been measured as-cast and also after annealing for 10 minutes at 

100°C. All measurements were performed at room temperature. 

Figure 6.3 shows the photoluminescence spectra of the systems studied. For the 

poly-TPD:Ir(ppy)3 and poly-TPD:Ir(ppy)2(acac) blends we observe low luminescence 

intensities compared to the orange and red emitting blends containing Ir(BTP)2(acac), 

Ir(BT)2(acac) and Ir(MDQ)2(acac). In the normalised spectra (Figure 6.3.b), however, 

clear emission bands with maxima at 509 nm for Ir(ppy)3 and 521 nm for Ir(ppy)2(acac) 

can be observed. The local maxima at 455 nm seen in the spectra for Ir(ppy)3 and 

Ir(ppy)2(acac) are due to fluorescence of poly-TPD, cut-off at higher energies by a 450 

nm long pass filter used in front of the detector. The emission spectra observed for 

these five iridium emitters embedded in poly-TPD are consistent with radiative decay 

from the lowest triplet excited states.4-7 Ir(BT)2(acac) and Ir(BTP)2(acac) emit mostly 

from a ligand-based 3π-π* excited state (as suggested by the presence of vibronic 

replica of the main emission peak), while Ir(ppy)3 and Ir(ppy)2(acac) emit mostly from 
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a metal-to-ligand charge transfer state (3MLCT).7 We attribute the low intensity 

observed for the green Ir(ppy)3 and Ir(ppy)2(acac) phosphorescence to partial 

quenching due to triplet energy transfer from these guests to the poly-TPD host. The 

normalised luminescence spectra do not change appreciably upon thermal annealing 

of the film.  

  

Figure 6.3: (a) PL spectra of the Ir(ppy)3 and iridium acetylacetonate based emitters in poly-TPD 

measured on as-cast films with direction of luminescence collection normal to the film (0°). (b) 

Normalised spectra. Note that a 450 nm long pass filter has been used to reduce light from the 

excitation and poly-TPD fluorescence. 

The angle dependence of the p-polarised photoluminescence of the host/guest 

systems is illustrated in Figure 6.4, where the dots represent experimental data and the 

solid lines the simulated curves obtained using OrientExpress. The experimental traces 

for the systems studied are quite similar.  

   

Figure 6.4: Angular dependence of the p-polarised PL of solution processed layers of Ir(ppy)3 and iridium 

acetylacetonate based emitters using poly-TPD as host. Intensities have been normalised to unity at 0° 

angle. Dots: experimental data; solid lines: simulated curves fitted to the experiment. 

Consistent with the similarity of the experimental angle dependent PL data, the 

optical simulations yield very similar values for the orientation order parameter h in 

the films (Table 6.1). For all emitters studied we find h between 0.60 and 0.63, 

indicating largely random orientation of the transition dipole moment with a slight 

bias towards a vertical direction. Thermal annealing of the film does not significantly 

alter the orientational distribution of the emitters. For the homoleptic Ir(ppy)3 dye we 
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find the smallest value for h (0.60). This result for poly-TPD as host is similar to that 

for PVK host material (Chapter 5). For blends in poly-TPD (Figure 6.5.b) and PVK 

(Chapter 5), atomic force microscopy (AFM) revealed that Ir(ppy)3 forms small 

aggregates at the surface of the film, 10-20 nm high and ~500 nm long. This 

agglomeration of dopants could have an influence on the low orientation order 

parameter, which indicates a small prevalence for vertical orientation.  

 

 

Figure 6.5: AFM height images (5 μm x 5 μm) of as-cast spin coated layers of: a) poly-TPD (Rq = 0.64 

nm); b) poly-TPD:Ir(ppy)3 10 wt% (Rq =4.30 nm, crystallites 10-20 nm high and 500 nm long); c) poly-

TPD:Ir(MDQ)2(acac) 10 wt% (Rq =0.41 nm). 

Table 6.1: Orientation order parameter h for phosphorescent emitters in poly-TPD determined from 

angle dependent p-polarised PL measurements for as-cast and thermally annealed films together with 

film thickness and wavelength of observation. 

Emitter Layer thickness (nm) λ (nm) h as dep. h annealed a 

Ir(ppy)3 27 509 0.60 0.59 

Ir(ppy)2(acac) 27 521 0.61 0.62 

Ir(BT)2(acac) 31 558 0.63 0.65 

Ir(BTP)2(acac) 27 618 0.62 0.62 

Ir(MDQ)2(acac) 28 597 0.63 0.62 

Ir(iPr2PhIm)2(pic) 33 543 0.62 0.63 

Ir(iPr2PhtBuIm)2(pic) 18 543 0.59 0.60 

Ir(iPr3PhIm)2(pic) 33 543 0.63 0.62 

a) Annealing for 10 minutes at 100 °C.  

 

AFM images of poly-TPD pristine, poly-TPD:Ir(ppy)2(acac), poly-

TPD:Ir(BT)2(acac), poly-TPD:Ir(BTP)2(acac) and poly-TPD:Ir(MDQ)2(acac) show, on the 

other hand, a flat topography with a low root mean square surface roughness Rq of <1 

nm, similar to that of poly-TPD itself (c.f Figure 6.5a and c). We conclude that for these 

heteroleptic emitters there is no evidence for aggregation of the emitters inside the 

poly-TPD host. For the heteroleptic complexes we find a small preference for vertical 

orientation of the transition dipole moment of the emitters in the polymeric host. In 

contrast to PVK where the optical uniaxial anisotropy is positive (ne > n0), poly-TPD 

shows negative anisotropy (ne > n0). Thus for the poly-TPD host, a contribution of the 

a) b) c) 
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anisotropic polarisability of the matrix to the effective transition dipole moments for 

emission cannot explain the measured slightly vertical orientation of the transition 

dipole moments. Therefore we conclude that the poly-TPD host matrix is able to 

partially align the heteroleptic compounds in such a way that their transition dipole 

moment has a small net vertical orientation. 

6.3.3 Iridium picolinate complexes 

The second group of emitters studied in poly-TPD are three bis(arylimidazole) iridium 

picolinate complexes (Figure 5.1). The three complexes show similar emission spectra 

with a single broad band, centred on 543 nm originating from phosphorescence from 

the lowest triplet energy level. Beside the main band, a second peak appears in the 

spectra around 455 nm which is due to remnant fluorescence from the poly-TPD host. 

The peak is an artefact resulting from the use of a long pass filter with a cut-on at 450 

nm. The remnant fluorescence of the host is a result of incomplete energy transfer 

from the poly-TPD to the bis(arylimidazole) iridium picolinate complexes. It appears 

clearly in the normalised spectra, because the intensity of the phosphorescence of the 

iridium picolinate complexes is low as a consequence of efficient quenching via triplet 

energy transfer from the dyes (E (T1) = 2.43-2.59 eV) (Table 5.1) to poly-TPD (E (T1) = 

2.30 eV).  

AFM images (not shown) show that all these layers have a flat topology with low Rq < 

1 nm. 

 

Figure 6.6: Normalised PL spectra of as cast layers of bis(arylimidazole) iridium picolinate complexes in 

poly-TPD. The PL was collected parallel to the film normal (0o) Layer thickness Ir(iPr2PhIm)2(pic) and 

Ir(iPr3PhIm)2(pic): 33 nm, Ir(iPr2PhtBuIm)2(pic): 18 nm.  

Figure 6.7 shows the angle dependence of the p-polarised PL of the three 

bis(arylimidazole) iridium picolinate complexes in poly-TPD. Simulated curves have 

been fitted to the experimental data and orientation order parameters h obtained 

from optical simulations are listed in Table 6.1. The orientation order parameter is very 

similar for Ir(iPr2PhIm)2(pic) (h = 0.62) and Ir(iPr3PhIm)2(pic) (h = 0.63). 
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Ir(iPr2PhtBuIm)2(pic) shows a slightly more vertical orientation (h = 0.59) of its average 

transition dipole moment, close to the value for Ir(ppy)3 (h = 0.60). This is in line with 

the behaviour of these bis(arylimidazole) iridium picolinate complexes in PVK, where 

the insertion of an extra i-Pr side chain on the aryl group in Ir(iPr3PhtBuIm)2(pic) does 

not have any significant influence on the orientation compared to the less-substituted 

Ir(iPr2PhIm)2(pic) compound. The substitution of t-Bu on the phenylimidazole 

(Ir(iPr2PhtBuIm)2(pic)) appears to have a slightly negative impact on the horizontal 

orientation of transition dipole moment. 

 

Figure 6.7: Angle dependence of the p-polarised PL of Ir(iPr2PhIm)2(pic), Ir(iPr2PhtBuIm)2(pic) and 

Ir(iPr3PhIm)2(pic) in poly-TPD. Symbols: experimental data; solid lines: simulated curves fitted to 

experiment.  

 

6.4 Discussion and Conclusions 

In this chapter we have studied eight different small molecular iridium based emitters 

embedded in poly-TPD as polymeric host, deposited on quartz substrates from 

solution by spincoating.  

We observe that the homoleptic Ir(ppy)3 emitter has a lower h value compared 

to the heteroleptic emitters Ir(ppy)2(acac), Ir(MDQ)2(acac), Ir(BT)2(acac), Ir(BTP)2(acac), 

and the bis(arylimidazole) compounds, Ir(iPr2PhIm)2(pic), Ir(iPr2PhtBuIm)2(pic) (with 

exception of Ir(iPr3PhIm)2(pic)). AFM studies of the surface topology of Ir(ppy)3 in poly-

TPD reveals aggregation of Ir(ppy)3 molecules, appearing as small crystallites at the 

surface. Therefore the degree of orientation of this homoleptic complex most likely 

reflects the orientation of the emitter within the aggregate or crystallite in combination 

with polarization effects arising from the coupling of light into and out of the 

aggregate. We further note that of all emitters studied, Ir(ppy)3 is likely to be the 

complex with the smallest anisotropy in its steric shape. Therefore it seems unlikely 

that steric interactions between guest and host are responsible for the somewhat 

vertical orientation of the average transition dipole moment of Ir(ppy)3. 
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It has been reported that in comparison with Ir(BT)2(acac) and Ir(MDQ)2(acac), 

the green emitting fac-Ir(ppy)3 isomer has a static dipole moment that is about three 

times higher (6.4 vs 1.8 Debye).8,9 This difference in charge distribution may provide a 

possible explanation for the strong tendency of Ir(ppy)3 to aggregate or crystallize in 

the mixed host/guest films. We note that such a tendency for aggregation may also 

provide a possible explanation for the high probability of triplet-triplet annihilation of 

the homoleptic compound in comparison with other emitters.10  

Concerning the heteroleptic iridium coordination compounds, we find no 

experimental evidence for aggregation of these compounds with AFM. The orientation 

parameters h for the emitters are somewhat lower than the values expected for 

randomly distributed dipoles. We conclude therefore that using heteroleptic iridium 

coordination compounds as emitter and poly-TPD as host, emissive layers can be 

obtained in which the orientation of the transition dipole moment of the emitter shows 

a small preference for orientation in the vertical direction. 
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Chapter 7                                        

Photophysics and orientation of 

emitters exhibiting thermally 

activated delayed fluorescence  

 

Abstract 

In this chapter we study a new class of emitters, referred to as the third-generation 

organic electroluminescence materials that exhibit thermally activated delayed 

fluorescence (TADF). The TADF emitters studied (t-Bu-DACT-II, t-Bu-4CzIPN and cis-

BOX2) have been designed for application in combination with a solution processed 

host matrix. We test each TADF emitter in four different host materials, both polymeric 

(PFO, PVK and poly-TPD) and small molecule based (TPBi), and investigate their 

photophysics and the orientation of their average transition dipole moments. By 

studying the time dependent photoluminescence of the various blends, we find that 

the emitters do not show TADF in each host. This is due to the triplet energy level of 

the host, which is unfavourable for delayed fluorescence in the case of PFO because of 

its low triplet energy. Only one combination of host and guest material, shows 

horizontal orientation for the average transition dipole moment of the emitters: 

PFO:cis-BOX2. Cis-BOX2 is the most elongated (in shape) TADF emitter tested, while 

PFO, among the hosts studied in this chapter, is the one which shows the highest 

horizontal orientation.  
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7.1 Introduction 

To realise efficient light emitting diodes (OLEDs) and maximize the generation of 

photons it is essential to use both the singlet (S1) and triplet (T1) excitons that are 

formed in the electron-hole recombination events in an OLED. The radiative decay 

mechanisms available to singlet and triplet excitons are fluorescence and 

phosphorescence, respectively (Figure 1.3). The first OLEDs, developed in the late 

eighties used fluorescent emitters.1,2 At the turn of the century, phosphorescent 

emitters with high quantum yields were developed.3 Nowadays, both are being used 

in OLED based devices available on the market. The significant advantage of 

phosphorescent emitters is not only that the T1 state is statistically three times more 

likely in the charge recombination than the S1 state, but also that intersystem crossing 

(ISC) from S1 to the lower lying T1 makes it possible to form the T1 state with an overall 

unit quantum efficiency.  

In recent years thermally activated delayed fluorescence (TADF) has received 

attention as a mechanism to also reach quantum yields approaching unity, after charge 

recombination from the S1 state. Although TADF has been known since 19614 as 

delayed fluorescence in the photochemistry of Eosin-Y, the potential use of TADF 

emitters in optoelectronic devices was proposed only recently by research groups led 

by Adachi,5,6 Yersin7 and others. In the past few years, TADF emitters have received 

considerable attention from the scientific community, resulting in a large number of 

research and review papers being published lately.8-10  

The key process enabling TADF is the reverse intersystem crossing (RISC), from 

the lowest triplet state (T1) to the lowest excited singlet state (S1), followed by radiative 

decay from S1 to the ground state (S0) (Figure 1.3). In principle, this makes it possible 

to achieve 100% internal quantum efficiency (IQE) in an OLED, by collecting the singlet 

and triplet excitons generated via charge recombination from the singlet excited 

states. Another advantage of TADF molecules is that they do not use rare or expensive 

transition metals such as iridium or platinum, commonly used in phosphorescent 

emitters.  

To realise RISC it is important that the energy difference between S1 and T1 

(ΔEST) is small (< 100 meV), such that the S1 state can be reached from the T1 state by 

the available thermal energy. ΔEST represents the quantum chemical exchange energy, 

which in a first-approximation is proportional to the spatial overlap of the squares of 

the two singly occupied molecular orbital wave functions carrying the hole and the 

electron, respectively. Hence, a small ΔEST can be realised by spatially separating the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) of the molecules. However, localising the HOMO and LUMO on 
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different parts of the molecule also decreases the oscillator strength (f ) of the 

transition between S1 and S0, which can lower the photoluminescence quantum yield 

(PLQY) when non-radiative processes are present.11 Hence, designing efficient TADF 

molecules for OLEDs, requires careful molecular engineering. 

Horizontal orientation of transition dipole moments to improve light 

outcoupling efficiency has recently also been studied for TADF molecules. For example, 

the planar type TADF emitter 2,4-bis{3-(9H-carbazol-9-yl)-9H-carbazol-9-yl}-6-

phenyl-1,3,5-triazine (CC2TA) has shown a high horizontal dipole orientation ratio of 

0.92.12 Anisotropic dipole orientation of TADF emitters was also correlated with the 

substitution position of donor moieties in the backbone structure: by careful molecular 

engineering it was possible to increase the aspect ratio of the molecules and their 

horizontal orientation up to 84%.13 Komino et al.14 even obtained complete horizontal 

orientation for a TADF molecule by depositing the emitter in a 4,4′-di(N-

carbazolyl)biphenyl (CBP) host matrix at a low temperature of 200 K.  

In this chapter we study the photophysics and the orientation of transition 

dipole moments for different host/guest systems composed of solution processed 

polymeric and small molecular hosts, and TADF emitters (Figure 7.1). The host 

materials are three polymers: PFO, PVK and poly-TPD (previously introduced in 

Chapters 4, 5 and 6) and one small molecule, TPBi (introduced in Chapter 3). The 

dopants used are three TADF emitters, t-Bu-DACT-II,15 t-Bu-4CzIPN,16 and cis-BOX2,14 

synthesised to have an improved solubility for easy deposition from solution, starting 

from their basic less soluble counterpart.6,11 Each of these emitters has been used in 

literature to produce OLEDs, and high EQEs of 18.3% for t-Bu-4CzIPN,16 17.6% for cis-

BOX217  and 11.2% for t-Bu-DACT-II18 have been obtained.  

The challenge we take up in this chapter is to search for a host that is 

processable from solution, will orient the emitter in the horizontal plane and at the 

same time will facilitate the thermally delayed fluorescence of the dopant added to it. 

Four different wide bandgap host materials have been selected and will be screened 

for their ability to support TADF as well as induce orientation. To achieve such 

horizontal orientation we have chosen polymeric host materials because, as shown in 

the previous chapters, the long molecules of the host have a tendency to align in the 

horizontal plane of the solution deposited layer. The assumption we make is that 

molecules with sufficient aspect ratio will orient preferentially in a direction parallel to 

the surrounding polymer host molecules.   

In this chapter, after a brief section describing technical details, we will first study the 

luminescence of the three dopants in various hosts with the aim of verifying the 

occurrence of TADF. Second, we will study the orientation of the dopants in the host 

and we will see whether the desirable horizontal orientation can indeed be induced.  
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7.2 Materials 

The materials used as matrix in the host/guest systems deposited from solution, and 

studied in this chapter, have been already described in the previous chapters: TPBi, 

PFO, PVK and poly-TPD (Figure 7.1). The first TADF emitter, t-Bu-DACT-II is a solution 

processable version of 9-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl]-N,N,N',N'-

tetraphenyl-9H-carbazole-3,6-diamine (DACT-II)6 and incorporates four tert-butyl (t-

Bu) groups on the peripheral phenyl rings to improve the solubility of the molecule in 

aromatic solvents, and to also improve the thermal stability of the compound.18 The t-

Bu-DACT-II molecule shows TADF behaviour at room temperature. The second TADF 

emitter, 2,4,5,6-tetra(3,6-di-tert-butylcarbazol-9-yl)-1,3-dicyanobenzene (t-Bu-

4CzIPN),16 is a more soluble version of one of the first TADF emitters used in OLEDs, 

4CzIPN.9 The tert-butyl groups on the carbazolyl moieties play a dual role of increasing 

the solubility of the dopant materials and stabilising the morphology of the spin 

coated films, by preventing intermolecular interactions and hindering the 

aggregation.16 Both t-Bu-DACT-II and t-Bu-4CzIPN are donor-acceptor (D-A) 

molecules. The HOMO and LUMO of each molecule are spatially separated to achieve 

a small ΔEST, with the HOMOs mainly distributed over the carbazolyl (D) moieties. The 

third molecule, 2,6-bis(4-(10H-phenoxazin-10-yl)phenyl)benzo[1,2-d:5,4-

d']bis(oxazole) (cis-BOX2)17 is a donor-acceptor-donor (D-A-D) type emitter.17 cis-

BOX2 presents a more elongated shape, favourable for anisotropic orientation.14  

 

 

Figure 7.1: Chemical structures of molecules used in this chapter. Emitters: (a) t-Bu-DACT-II. (b) t-Bu-

4CzIPN. (c) cis-BOX2. Hosts: (d) TPBi, (e) PFO, (f) PVK, (g) poly-TPD. 
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The three TADF emitters were generously provided by prof. Chihaya Adachi (Kyushu 

University, Japan) and prof. Hironori Kaji (Kyoto University, Japan). 

Table 7.1: HOMO-LUMO (eV) and S1 and T1 energies of the materials used in this chapter. The energy 

levels of the three TADF emitters were measured in the laboratories of Kyushu and Kyoto universities, 

while those of the host materials are from literature (Ref. 11, 14, 17-25, 27) 

Emitter HOMO LUMO E(S1) E(T1) 

t-Bu-DACT-II 5.4 2.9 2.31 2.30 

t-Bu-4CzIPN 5.6 3.1 2.48 2.41 

cis-BOX2 5.8 3.3 2.45 2.35 

TPBi25 6.2 2.7 3.3 2.67 

PFO21-23 5.64-5.8 2.1-2.2 2.88 2.11 

PVK22-24,26 5.3-5.9 1.9-2.2 3.3 2.88 

poly-TPD20,22,24,27 5.1-5.2 2.3 2.9 2.3 

 

The energy levels (HOMO-LUMO and S1 and T1 energies) of the molecules involved in 

this study, summarised in Table 7.1, are important for a better understanding of the 

results obtained.  

 

Figure 7.2: Singlet (S1, full lines) and triplet (T1, dashed lines) energy levels of host (TPBi, PVK, PFO, poly-

TPD) and guest (t-Bu-DACT-II, t-Bu-4CzIPN, cis-BOX2) materials used in this study. 

The polymer hosts and TADF emitters (9 wt%) were dissolved in a common solvent 

and deposited on quartz substrates by spin coating. TPBi and the TADF emitters were 

dissolved in toluene at 10 mg ml-1 polymer and deposited at 1800 rpm. PFO:t-Bu-

DACT-II and PFO:t-Bu-4CzIPN were dissolved in toluene (0.5 wt%) and deposited at 

800 rpm. PFO:cis-BOX2 and mixtures of the TADF emitters with PVK and poly-TPD as 

hosts, were dissolved in chlorobenzene (0.5 wt%) and deposited at 800 rpm (blends in 

PFO and PVK) or at 600 rpm (blends in poly-TPD). 

The thin layers (20-40 nm) of host/guest materials were deposited by spin coating in 

an inert atmosphere (O2<1ppm, H2O<1ppm); also the fluorescence spectra were 

recorded in inert atmosphere. Time-correlated-single-photon-counting (TCSPC) 

measurements were performed in air on encapsulated layers: the active layers on 
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quartz were encapsulated with a glass lid in an inert atmosphere directly after 

spincoating the layer, to avoid any contact with oxygen or water. 

For the TCSPC short excitation pulses with 3.1 eV photon energy and ~100 ps temporal 

width were used. The pulse repetition frequency used was either 40 kHz, 100 kHz or 

2.5 MHz. 

The AFM images of these host/guest  layers all show a flat topography with a low root 

mean square surface roughness Rq of <1 nm. 

7.3 Results 

7.3.1 Transient fluorescence decay in TADF emitters 

We measured the time-resolved fluorescence of the three emitters in different host 

materials (PFO, PVK and TPBi) by time-correlated-single-photon-counting (TCSPC) to 

evaluate the TADF characteristics of the emitter molecules (Figure 7.3).  

   

    

Figure 7.3: Time-resolved fluorescence measured by TCSPC for t-Bu-DACT-II, t-Bu-4CzIPN and cis-BOX2 

blended in TPBi, PVK and PFO. 

Two measurements with different settings were performed for each system: a long 

measurement (25 μs, with a pulse frequency of 40 kHz, excitation at 400 nm) to detect 

the long lived components, and a short measurement (200 ns, with pulse frequency of 

5 MHz, excitation at 400 nm), to better detect the prompt fluorescence decay. We note 

that with excitation at 400 nm, the TPBi and PVK hosts cannot be excited and the TADF 

emitters are directly excited. 

From the graphs in Figure 7.3 we observe three characteristics: 
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1. The time-resolved fluorescence traces show both prompt and delayed components 

for all host/guest systems analysed.  

2. The three emitters exhibit similar behaviour in TPBi and PVK. The prompt 

component has lifetime in the order of several tens of nanoseconds, and the 

lifetime of the delayed component is in the order of microseconds. 

3. When PFO is used as host the delayed component is almost absent.  

In these systems, the prompt component of the fluorescence occurs from direct 

radiative decay of the S1 state to the S0 ground state, while the delayed component 

arises from T1 states that are formed from the initial S1 through ISC and then 

repopulate the S1 by subsequent RISC.11 The long lifetime is characteristic of T1 states. 

A similar behaviour was observed and reported in literature for DACT-II,11 t-Bu-DACT-

II,18 t-Bu-4CzIPN16 and cis-BOX2.17 The origin of the delayed component of the 

fluorescence as TADF via RISC, was proven by temperature dependent transient 

photoluminescence measurements.19 

     

Figure 7.4: Photoluminescence spectra of blends of t-Bu-DACT-II and t-Bu-4CzIPN in PFO, PVK and TPBi 

recorded with excitation at 360 nm. 

The behaviour of the TADF emitters in PFO needs some additional discussion. In 

contrast to TPBi and PVK, PFO is photoexcited by the 400 nm picosecond laser used in 

the TCSPC experiment. Hence, the initial distribution between S1 and T1 states can 

differ in PFO from the distribution when the TADF emitters are directly excited in TPBi 

and PVK. More important, however, is the fact that the T1 state of PFO at 2.10-2.15 eV 

(Table 7.1) is lower than the T1 level of the TADF emitters. This implies that as soon as 

the T1 state is formed on either of these TADF emitters, it can be quenched by triplet 

energy transfer to the PFO host, reducing the T1 lifetime and impeding the observation 

of delayed fluorescence via RISC.  

Figure 7.4 shows the fluorescence spectra of the blends of t-Bu-DACT-II and t-

Bu-4CzIPN in PFO, PVK and TPBi, when excited at 400 nm. The presence of emission 

from the hosts, at wavelengths below 450 nm (Figure 7.4), shows that the singlet 

energy transfer from the host to the dopant is not complete (when excited at 360 nm).  

This is a direct consequence of the short (ns) lifetime of the S1 state of the hosts, which 
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means that singlet-energy transfer is in competition with intrinsic radiative and non-

radiative decay of the excited state of the hosts.  

7.3.2 Photoluminescence of TADF emitters in host matrices 

The emission of t-Bu-DACT-II, t-Bu-4CzIPN and cis-BOX2 in different host matrices 

(TPBi, PFO, PVK and poly-TPD) was studied by using the angle dependent 

photoluminescence setup. This setup contains a long pass filter, which filters out the 

components of the spectra below 450 nm. 

The graphs with the emission (measured at 0°, orthogonally to the plane of the 

substrate) of the three emitters in different hosts, are reported here both as measured 

(Figure 7.5.a, b, c) and normalised (Figure 7.5.d, e and f). 

 

 

Figure 7.5: Emission of t-Bu-DACT-II (a), t-Bu-4CzIPN (b), and cis-BOX2 (c) in TPBi (red), PFO (green), 

PVK (blue) and poly-TPD (magenta). Normalised graphs in the bottom row (d, e, f). 

In Figure 7.5, by comparing the same emitter in different hosts, we can observe: 

1. Higher emission intensity for all the emitters in PFO (green lines) and poly-TPD 

(magenta lines) compared to TPBi (red) and PVK (blue), apart from the poly-TPD:t-

Bu-4CzIPN blend. 

2. Red shift (20-25 nm) of the emission peak in TPBi and PVK compared to PFO and 

poly-TPD, again apart from the blend poly-TPD:t-Bu-4CzIPN. 

3. Strong red-shift of the emission of t-Bu-4CzIPN in poly-TPD (55 nm compared to 

PVK and TPBi, and 81 nm compared to PFO). 

The less intense fluorescence observed in PVK and TPBi compared to PFO and 

poly-TPD is a consequence of the lower absorption coefficient at the wavelength of 

excitation (365 nm). The onsets of absorption for PVK (355 nm) and TPBi (350 nm) are 
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slightly below the excitation wavelength, while for PFO (420 nm) and poly-TPD (415 

nm) the onsets are at higher wavelengths, making the excitation much more effective 

for the latter.  

Due to their donor-acceptor design, the first singlet excited state of the TADF emitters 

has some charge-transfer (CT) character. As a consequence the excited state energy is 

sensitive to the local environment28,29 and in particular an increased polarity of the 

environment (solvent or matrix) causes a red shift (lower energy) in the emission. There 

is no detailed information available on the relative permittivity (εr) of these organic 

semiconductor hosts, but we note that for TPBi and PVK the nitrogen to carbon atom 

ratio is higher than for PFO and poly-TPD, which may result in a more polar character. 

This would then explain the red shift of the emission peak in TPBi and PVK compared 

to PFO and poly-TPD. 

As can be seen in Figure 7.5 the emission of t-Bu-4CzIPN in poly-TPD is strongly 

red-shifted to 595 nm, compared to PFO (514 nm). Such strong red-shift of the 

emission of t-Bu-4CzIPN has recently been observed19 when measuring its 

fluorescence in different solvents. For t-Bu-4CzIPN the wavelength of maximum 

emission shifts from 521 nm in toluene (εr = 2.43) to 588 nm in acetonitrile (εr = 35.94), 

induced by the increased polarity of the solvent and typical for the CT character of the 

excited state of D–A molecules.19 The intramolecular charge-transfer excited state has 

a larger dipole moment than the ground state and can be stabilised by polar solvent 

molecules, resulting in emission at longer wavelengths. In poly-TPD, the wavelength 

of maximum PL of t-Bu-4CzIPN is similar to that in acetonitrile, but it is unrealistic to 

assume a similarly high relative permittivity. Alternatively, we attribute the red-shifted 

photoluminescence of the t-Bu-4CzIPN:poly-TPD blend to the formation of an 

intermolecular charge-transfer excited state between poly-TPD as donor and t-Bu-

4CzIPN as acceptor. The HOMO energy level of poly-TPD is higher than the HOMO 

level of t-Bu-4CzIPN (Table 7.1).      

7.3.3 Angle dependent emission 

We measured the angle dependent p-polarised emission of each TADF emitter in the 

four host materials. In these experiments, the blends with the same host material have 

same layer thickness (apart from the TPBi:cis-BOX2 film which was thinner than the 

other blends with TPBi). Therefore the experimental curves already give an indication 

of the relative horizontal orientation of transition dipole moments. In first 

approximation, the emitters behave in a similar way in each host. The more vertically 

oriented emitter (highest emission at ~50° compared to 0°) is t-Bu-DACT-II, followed 

by t-Bu-4CzIPN and cis-BOX2 which have a more horizontally oriented average 

transition dipole moment (Figure 7.6). 



Chapter 7 

 

100 

 

 

 

Figure 7.6: Angular dependence of the p-polarised photoluminescence of solution processed layers of 

t-Bu-DACT-II, t-Bu-4CzIPN and cis-BOX2 in (a) TPBi, (b) PVK, (c), PFO and (d) poly-TPD. Intensities have 

been normalised to unity at 0° angle. Dots: experimental data; solid lines: simulated curves fitted to 

experiment. 

The optical simulations with OrientExpress gave very good fits with the experimental 

measurements, and made it possible to determine the orientation order parameter (h) 

of all the systems (Table 7.2). The main results from Table 7.2 are: 

1. The average transition dipole moment of t-Bu-DACT-II is less horizontally oriented 

than those of t-Bu-4CzIPN and cis-BOX2.  

2. The orientation is more vertical in PVK than in other hosts. 

Of all the blends, PFO:cis-BOX2 is the only one with a preferential horizontal 

orientation (h =0.69), while in the other blends the average transition dipole moment 

is oriented slightly vertically. 
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Table 7.2: Maximum emission wavelength and orientation order parameter for the host/guest TADF 

systems.  

Emitter λmax (TPBi/PFO/PVK/poly-TPD) 
h (as cast) in: 

TPBi PFO PVK poly-TPD 

t-Bu-DACT-II 543/520/543/525 0.59 0.58 0.52 0.58 

t-Bu-4CzIPN 541/514/540/595 0.62 0.62 0.58 0.62 

cis-BOX2 520/501/518/505 0.64 0.69 0.61 0.60 

 

 

7.4 Discussion 

From the orientation order parameters of the different host/guest system studied 

(Table 7.2), the same trend emerges for the three emitters in the different matrices. 

Cis-BOX2 is the emitter that gives the most horizontal orientation in TPBi, PFO and 

PVK, while t-Bu-DACT-II orients more vertically in each host. The geometrical shape of 

the molecules most likely influences these results.  

In order to quantify the aspect ratio of the molecules studied, we made use of 

molecular mechanics calculations, as explained in Chapter 2. After minimising the 

energy of the molecule, the longest axis was chosen as the axis between the most 

distant atoms in the molecule. The aspect ratio of the molecules was calculated by 

finding the rectangular cuboid with minimal volume that encompasses the whole 

molecule, with the edges of the cuboid determining the aspect ratio (Table 7.3).  

Table 7.3: Dimensions of the rectangular cuboid with minimal volume that encompasses the molecule 

and aspect ratio for the molecules studied in this chapter from molecular mechanics calculations. 

Emitter a (Å) b (Å) c (Å) Aspect ratio 

t-Bu-DACT-II 23.7 21.7 8.6 2.8 

t-Bu-4CzIPN 19.9 18.9 17.7 1.1 

Cis-BOX2 26.1 12.8 5.1 5.1 

 

Previously, it was observed for elongated emitters that by increasing the length of the 

molecule, the transition dipole moment orients more horizontally.30 Cis-BOX2 has an 

elongated shape, with aspect ratio of 5.1, even though there can be substantial torsion 

around the inter-ring bonds. The transition dipole moment of cis-BOX2 is directed 

from the terminal donor parts of the molecule to the central acceptor part of the 

molecule and thus lies along the long axis of the molecule.17 In combination with a 

strongly horizontally oriented host material, such as PFO, the elongated molecule 
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tends to orient in the plane of the film, resulting in an average horizontal transition 

dipole moment orientation (h =0.69). 

In contrast, t-Bu-DACT-II has a non-linear, sterically congested non-planar 

structure. This geometric structure serves to reduce the spatial overlap of the HOMO 

and LUMO and thereby reduce ΔEST. It is difficult to identify the longest axis in this 

molecule. The axis along the donor-acceptor direction (green arrow in Figure 7.7) has 

a very similar length to the one along a line joining the two triarylamine moieties (blue 

arrow in Figure 7.7). The direction of the transition dipole moment for the S1-S0 

transition is most likely from the carbazole to the triazine ring. Our measurements of 

the emission anisotropy indicate that t-Bu-DACT-II molecules orient preferentially with 

their carbazole-triazine direction perpendicular to the direction of the PFO chains. If 

we consider the long axis of the molecule as the blue arrow in Figure 7.7, this is in line 

with the vertical orientation observed. 

Also t-Bu-4CzIPN has non-planar structure and the three orthogonal axis have 

similar lengths, with a small aspect ratio of 1.1 (see Table 7.3). Moreover it likely has 

two non-coinciding localised transition dipole directions going from the carbazole 

groups to the cyano subsitutents opposite each other on the central benzene ring. For 

such molecules the transition dipole moment is ill defined. This is in line with the results 

observed, which indicate an almost random, slightly vertical orientation, in between 

those of cis-BOX2 and t-Bu-DACT-II. 

 

 

Figure 7.7: chemical structure of t-Bu-DACT-II with approximations of its longest backbone axis (blue 

and green) and the direction of the transition dipole moment (red). 

If we compare the orientation of each emitter in the different host materials, we see 

that all the emitters behave very similarly in PFO, TPBi and poly-TPD. However in PVK 

they all orient more vertically. As PVK is strongly polarisable in the vertical direction, 

we think that this has an impact on the way the emitters will orient in this matrix. 

7.5 Conclusions 

In this Chapter we studied several host/guest systems by means of transient 

fluorescence decay, and angle dependent emission. The emitters were all small 
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molecules that are able to exhibit TADF, while the host materials were polymers or 

small molecules with a known orientation. 

From the fluorescence decay measurements we observed that all the emitters 

show both prompt and delayed fluorescence. The prompt component of the 

fluorescence, with a lifetime in the order of nanoseconds, comes from the S1S0 

transition, while the delayed component, with a lifetime in the order of microseconds, 

comes from RISC (T1S1) followed by S1S0 (TADF). The three emitters, t-Bu-DACT-II, 

t-Bu-4CzIPN and cis-BOX2, behave in a similar way in TPBi, PVK and PFO with prompt 

and delayed components. In PFO the delayed component is very weak mainly because 

the triplet energy of PFO is lower than that of the TADF emitters, such that triplet 

energy transfer to the host may occur. 

We also observed a red shift in the emission of the dopants in PVK and TPBi, as 

TADF emitters show a strong dependence on the polarity of the environment. For t-

Bu-4CzIPN in poly-TPD this red shift was very pronounced (80 nm), due to the 

formation of a charge-transfer exciplex of the guest with the host, which has a HOMO 

level higher than the one of the dopant. 

From the angle dependent fluorescence measurements, we infer a more 

pronounced horizontal orientation for cis-BOX2 compared to t-Bu-DACT-II and t-Bu-

4CzIPN. We attribute this to the high aspect ratio of cis-BOX2, in which horizontal 

orientation of the transition dipole moment is more likely, as the transition dipole 

moment lies along the long axis of the molecule. This elongated molecule 

demonstrated horizontal orientation when used in combination with PFO, the most 

horizontally aligned host material of the series. All TADF emitters showed the most 

pronounced vertical orientation in PVK. As PVK was the host with the strongest 

polarizability in the vertical direction, we think that the host polarisability is playing a 

role in the final orientation of the guest emission. 
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Chapter 8                                     

Conclusions 

Abstract 

In this chapter we combine the results and insights obtained in the previous chapters 

in an attempt to draw general conclusions and provide guidelines for the requirements 

and conditions that can result in the horizontal orientation of transition dipole 

moments of emitters in host/guest blends relevant for solution processed OLED 

applications. The results described in the previous chapters demonstrate that the 

properties of both the host and the guest are very important. The host material should 

show high orientation in the in-plane direction, which we infer experimentally from the 

anisotropy of the biaxial refractive index. In favourable cases, the structural anisotropy 

of the host can be enhanced by post-deposition treatments of the layer (e.g. thermal 

annealing). The guest, on the other hand, should have a molecular structure with a 

high aspect ratio and a transition dipole moment along the long axis of the molecule. 

Using this combination of host and guest characteristics, fluorescent and 

phosphorescent emitters deposited from solution can achieve a preferential horizontal 

orientation of transition dipole moments, similar to the horizontal orientation achieved 

in vacuum deposited films. Obviously, molecular interactions between host and guest 

are important, but have not been addressed in this investigation. A deeper study of 

these interactions would further help to design the perfect host/guest combination in 

order to obtain high horizontal orientation of transition dipole moments of emitters. 
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8.1 Introduction 

The main goal of this thesis was to study the possibility of obtaining in-plane 

orientation of the transition dipole moment of emitters in host/guest systems 

deposited from solution, relevant for OLED applications. It was also important to be 

sure that the blends studied demonstrated good layer formation, where both 

components are well mixed, showing a smooth topography to enable good charge 

and energy transfer between host and guest. The main tools used for these 

investigations were angle-dependent p-polarised fluorescence measurements, optical 

simulations, atomic force microscopy (AFM) and transient fluorescence decay 

measurements. 

In the previous chapters we analysed several different host/guest systems 

deposited from solution. In order to understand the influence of both host and guest 

molecules on the orientation of transition dipole moments of the emitter, we used 

materials with different characteristics. In particular we tested four different host 

materials, small molecule based and polymeric, with polarisability in different 

directions (preferentially in-plane, out-of-plane or random). Moreover we tested 17 

different emitters: phosphorescent small molecular iridium based emitters, fluorescent 

oligomers and small molecules that exhibit thermally activated delayed fluorescence 

(TADF). 

In the next paragraphs, we combine what we have learnt in the previous chapters 

to draw some more general conclusions.  

8.2 Orientation of transition dipole moments in solution processed 

small molecular emitters 

In Table 8.1 we provide an overview of the aspect ratio of the molecules used in the 

previous chapters with the orientation of their transition dipole moments in various 

host materials. The host materials are ordered by their polarisability in the in-plane 

direction as inferred from their refractive index anisotropy: from the material most 

polarisable in the vertical direction (PVK) to the material most polarisable in the 

horizontal direction (PFO). The anisotropy of refractive index is related to the degree 

of in-plane orientation of the π-conjugated moieties of the host material. We realize 

that the relation between structural orientation and refractive index anisotropy is 

complex, but it is one of the few experimentally assessable parameters than can be 

used.  The emitters are divided in three groups (OPVn oligomers, iridium based 

emitters and small molecules with TADF behaviour) and are listed in order of increasing 

aspect ratio, as extracted from molecular mechanics calculations. 
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Table 8.1: Overview of the various host/guest blends studied in this work.  

Emitter axis length (Å) 
aspect 

ratio 

h  in various host materials 

PVK TPBi poly-TPD PFO 

OPV2 18.9/13.2/5.3 3.6 
    

OPV3 24.3/16.6/6.9 3.5 0.6 0.57 
  

OPV4 28.23320832 4.0 
 

0.60 
  

OPV5 35.3/19.5/8.0 4.4 
 

0.63 
  

OPV6 43.1/21.9/7.6 5.7 
 

0.73 
 

0.83 

OPV7 49.3/21.4/6.0 8.2 0.70 a 0.80 
 

0.90 a 

Ir(ppy)3 12.0/11.8/11.6 1.0 0.56 
 

0.6 
 

Ir(ppy)2(acac) 12.0/10.7/10.3 1.2 0.62 
 

0.61 
 

Ir(BT)2(acac) 14.1/10.9/10.6 1.3 0.62 
 

0.63 0.64 

Ir(BTP)2(acac) 14.1/10.9/10.6 1.3 0.62 
 

0.62 0.66 a 

Ir(MDQ)2(acac) 16/10/9.7 1.6 0.60 0.66 0.63 0.78 a 

Ir(iPr2PhtBuIm)2(pic) 17.3/13.3/10.6 1.6 0.57 
 

0.59 
 

Ir(iPr2PhIm)2(pic) 17/10.7/9.2 1.8 0.59 
 

0.62 
 

Ir(iPr3PhIm)2(pic) 22.3/10.5/8.9 2.5 0.59 
 

0.63 
 

t-Bu-4CzIPN 19.9/18.9/17.7 1.1 0.58 0.62 0.62 0.62 

t-Bu-DACT-II 23.7/21.7/8.6 2.8 0.52 0.59 0.58 0.58 

Cis-BOX2 26.1/12.8/5.1 5.1 0.61 0.64 0.6 0.69 

a) measured at room temperature after annealing for 10 minutes at 100 °C. 

 

For the first group of emitters, we observe that the orientation of transition dipole 

moments becomes more horizontal by increasing the aspect ratio of the molecules, 

and by increasing the polarisability of the host material in the horizontal direction. In 

the case of TPBi as a host, the increased horizontal orientation is related to aggregation 

of the emitters, however, this is not the case for PFO. High horizontal orientation (h = 

0.88) was observed in the case of PFO:OPV7 (5 wt%) where small aggregates of OPV7 

were present. The high horizontal orientation of transition dipole moments observed, 

originated from both aggregated and not aggregated molecules. However, the highest 

horizontal orientation (h = 0.90) for this group of emitters was observed for the blend 

PFO:OPV7 (2 wt%) where no aggregation was present. We therefore conclude that 

high horizontal orientation in OPVn molecules can be achieved even without 

aggregation of the emissive molecules, when they have a high aspect ratio and when 

the host material used has a strong polarisability in the in-plane direction.  

For the second group of emitters, the conclusions are less straightforward. If we 

compare the heteroleptic molecules with an acetylacetonate (acac) ligand with the 

homoleptic Ir(ppy)3 molecule, we observe that the orientation of the transition dipole 

moments in the heteroleptic molecules is characterised by higher values of h . This is 

partially related to the fact that for Ir(ppy)3 the value of h is low, probably because it 

tends to aggregate and form small crystals in the blends with PVK and poly-TPD, which 
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can influence the validity of the orientation order parameters determined assuming a 

perfectly mixed blend. In the case of poly-TPD, where the polarisability of the host 

material in the in-plane direction is only modest, the small differences in aspect ratio 

of the emitters do not result in large differences in the orientation order parameters, 

which are all very similar. In PFO, we observe an increased horizontal orientation of 

transition dipole moments with increasing aspect ratio of the molecules. In PVK, which 

has a strong polarisability in the vertical direction, we see that the material with the 

highest aspect ratio, Ir(MDQ)2(acac), is also the material which is most affected by the 

orientation of the host, showing the lowest orientation order parameter (h = 0.60). 

From this set of experiments we can conclude that the materials with the highest 

aspect ratio are also the materials more influenced by the orientation of the host in 

which they are blended. The polarisability of the host material itself always influences 

the orientation of the emitters: the small molecules blended in PVK, mostly polarisable 

in the vertical direction, also show vertical orientation, while the same materials 

blended in the horizontally oriented PFO, show a stronger horizontal orientation. 

If we look at the picolinate complexes, we see something similar: 

Ir(iPr2PhtBuIm)2(pic), with the smallest aspect ratio of the series, is the one with the 

smaller horizontal orientation in both the host materials studied, PVK and poly-TPD. 

The overall orientation is more vertical in PVK, and only slightly vertical, close to 

random, in poly-TPD. 

For the TADF emitters, we observe some of the aspects also observed for the 

previous groups of emitters: all the emitters show a higher horizontal orientation in 

the host material with the highest polarisability in the horizontal direction, PFO, 

compared to the material with the lowest polarisability in the horizontal direction, PVK. 

The emitter with the lowest aspect ratio, t-Bu-4CzIPN, has the lowest horizontal 

orientation compared to the material with the highest aspect ratio, cis-BOX2, in all the 

host materials, except for poly-TPD. t-Bu-DACT-II is here an exception, as it has more 

vertical orientation in all the hosts, compared to t-Bu-4CzIPN, which has smaller aspect 

ratio. This could be due to the fact that two of the axes of the molecule have similar 

length and the transition dipole moment of the molecule is oriented not along the 

long axis of the molecule, which tends to stay in plane, but along the second longest 

axis, which orients out-of-plane. Therefore only observing the aspect ratio of the 

molecules alone is not enough to predict their emission orientation behavior within 

blends, as we also need to consider whether the transition dipole moments of the 

molecule are oriented along its longest axis. For the longest molecules studied in this 

work, OPV6, OPV7 and cis-BOX2, the transition dipole moments were indeed along 

the longest molecular axis. 
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8.3 Conclusions and outlook 

In this work we studied a total of 17 different emitters belonging to various generations 

of emitters (fluorescent, phosphorescent and TADF), blended in four different host 

materials which show different grades of polarisability in the plane of the substrate: 

from PVK, most polarisable in the vertical direction, to PFO, highly polarisable in the 

horizontal direction, passing through TPBi and poly-TPB, which show an intermediate 

behaviour. All these materials, either polymers or small molecules, are relevant for 

OLEDs deposited from solution. 

We found that there are two main conditions that need to be satisfied in order 

to create a horizontal orientation of transition dipole moments of the emitters in the 

thin solution processed films: the emitter has a high aspect ratio with its transition 

dipole moment along the long axis, and the host has a strong polarisability in the in-

plane direction. 

In this way we obtained high horizontal orientation of transition dipole moments, 

with orientation order parameters up to h = 0.90 for the blend PFO:OPV7 (2 wt%). In 

this blend host and guest materials are well-mixed, creating layers with smooth 

topography and very low surface roughness.  

We found that the orientation of the host material is very important: in the hosts 

with higher horizontal orientation, the emitters tend to orient horizontally, and this 

influence is higher when the aspect ratio of the emitter is larger. We also found that 

the emitters blended in the host with higher polarisability in the vertical direction, tend 

to orient vertically.  Although the refractive index anisotropy is directly related to the 

average molecular orientation of the π-conjugated hosts, we do not yet have a physical 

explanation and we are not sure whether the correlation between polarisability and 

orientation is in fact a causal relation. 

Another very important criteria for successful horizontal alignment, is to ensure 

that the transition dipole moments of the emitters are oriented along the longest axis 

of the molecules, which tends to align in plane. This was the case for the molecules 

with the highest aspect ratio that we have studied. 

The host material with the highest polarisability in the horizontal direction (PFO), 

increases its horizontal orientation after a simple thermal treatment (10 minutes at 100 

°C) and this also has a positive effect on horizontal orientation of the transition dipole 

moment. The motion of the host molecules in a solvent-free environment seems to 

force the emitter molecules with a higher aspect ratio to move in the same direction 

as the host. For example, in the PFO:OPV7 and PFO:Ir(MDQ)2(acac) blends we have 

seen a strong improvement in orientation of transition dipole moments, after 

annealing of the layers. 
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However, if we look more generally at the results collected in this work, we see 

that although we can draw conclusions which hold within each group of emitters, if we 

compare quantitatively the results from different groups, the values extracted for the 

orientation order parameters are not always in line. For example in PFO, 

Ir(MDQ)2(acac), with an aspect ratio of 1.6, shows h = 0.78, while cis-BOX2, with an 

higher aspect ratio of 5.1, shows a lower h = 0.69.  As a second example, OPV7, with 

a high aspect ratio of 8.2, still has a mild horizontal orientation in PVK (strongly 

polarisable in the vertical direction), while Ir(MDQ)2(acac), with the highest aspect ratio 

among the iridium based emitters with acetylacetone ligands, shows the most vertical 

orientation in PVK. The high aspect ratio of Ir(MDQ)2(acac) therefore makes it 

polarisable in the same direction of the host, while this is not the case for OPV7. This 

may be explained by the molecular interactions between host and guest materials, not 

analysed in this work, and would be another important aspect to consider. Molecular 

dynamics simulations and quantum mechanical analyses could be useful tools to 

analyse these interactions. 

Obtaining high horizontal orientation of transition dipole moments in solution 

processed host/guest layers relevant for OLED applications, is an important point to 

improve their light outcoupling efficiency and therefore their EQE. 

The design of small molecular emitters with high aspect ratio, with transition 

dipole moments oriented along the long axis of the molecule, the use of host materials 

with high polarisability in the in-plane direction and careful analysis of the interactions 

between host and guest molecules, which need to blend together smoothly, are the 

key to obtain high horizontal orientation of transition dipole moments in solution 

processed host/guest layers. 
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Summary 

Orientation of transition dipole 

moments in solution processed            

small molecular emitters 

 

Organic light-emitting diodes (OLEDs) are thin-film devices that are increasingly being 

used in modern, energy-efficient display and signage applications. Moreover they 

represent a promising emerging lighting technology, due to their high efficiency, their 

potential to emit warm, glare-free light across large and flexible surfaces, and for their 

potential low cost, in particular when processed from solution with roll-to-roll 

compatible techniques.  

OLEDs consist of various layers of organic semiconductors sandwiched between 

two electrodes. The organic layers perform different functions, such as charge 

injection, charge transport and light emission. When a voltage is applied, electrons and 

holes travel through the layers and recombine in the emissive layer, emitting light in 

different colours depending on the emissive molecule used. The emissive layer, 

constituted by a host/guest system deposited from solution, is the focus of this thesis.  

Even though the best white-light OLEDs have reached power efficiencies 

comparable to fluorescent lamps, they have not yet reached their full potential. One 

of the main issues with OLEDs is their relative low external quantum efficiency, often 

limited to 20%. This is mainly due to a low light outcoupling efficiency, related to 

internal optical losses. Several ideas have been explored to improve the light 

outcoupling efficiency of OLEDs. In this thesis we discuss the orientation of the 

transition dipole moment of the emitting molecules in the plane of the 

electroluminescent film to improve the light outcoupling efficiency.  

The main goal of this thesis was to study the possibility to obtain in-plane 

orientation of the transition dipole moment of emitters in host/guest systems 

deposited from solution, relevant for OLED applications. An important point was also 

to study the possibility to deposit a good layer, where both components are well 

mixed, showing a smooth topography to enable good charge and energy transfer 

between host and guest. The main tools used for these investigations were the angle-

dependent p-polarised fluorescence measurements, optical simulations, atomic force 

microscopy (AFM) and transient fluorescence decay measurements. 
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In Chapter 1 we introduced the topic: how OLEDs work, which classes of emitters 

are currently being used and what limits the luminescence efficiency of these devices. 

We discussed that the low external quantum efficiency (EQE) is the main limiting factor 

in OLED performance. The main cause of the low EQE is the low light outcoupling 

efficiency. In this work we study the horizontal orientation of transition dipole moment 

of the emitters in solution-processed layers as a strategy to improve the light 

outcoupling efficiency of devices.   

In Chapter 2 we introduced the main tools used to characterise our layers: angle 

dependent p-polarised fluorescence measurements, optical simulations, variable angle 

spectroscopic ellipsometry and transient fluorescence decay measurements.  

In Chapter 3 we presented the first series of host/guest systems studied: the 

fluorescent p-phenylenevinylene oligomers (OPVn) blended in a small molecular host 

material (2,2′,2"-benzene-1,3,5-triyltris(1-phenyl-1H-benzimidazole), TPBi), which 

orients randomly in evaporated layers. We found that by increasing the length of the 

fluorescent oligomers, their horizontal orientation increased. The significant horizontal 

orientation found for the longest emitters, OPV6 and OPV7, was accompanied by 

aggregation and phase separation from the TPBi matrix. In general, aggregation leads 

to emission quenching and is therefore not desirable for OLED applications. 

In Chapter 4 we studied different emitters (the fluorescent OPV6 and OPV7 

oligomers and three phosphorescent iridium based complexes) in a polymeric host 

matrix (poly(9,9-dioctylfluorene), PFO). PFO orients in plane after deposition from 

solution, but after a short thermal treatment, its orientation largely improves, with 94% 

of the transition dipole moments oriented in plane. We demonstrated that the 

horizontal orientation of the host material has a positive influence on the orientation 

of the emitters when they have a high aspect ratio, with up to 90% of transition dipole 

moments horizontally oriented for the PFO:OPV7 blend after thermal annealing. We 

have also shown that the phosphorescent emitter Ir(MDQ)2(acac), when blended in 

PFO and annealed, can reach the same orientation as it reaches in evaporated layers 

(h = 0.78), which is gratifying, given its modest molecular anisotropy. While PFO is a 

matrix that provides a high horizontal orientation for some emitters, it has the 

drawback that its low triplet energy precludes efficient emission from blue and green 

phosphorescent emitters.  

Therefore, in Chapter 5 we studied several iridium based emitters and two OPVn 

oligomers in a polymeric host, poly(9-vinylcarbazole) (PVK), which has a much higher 

triplet energy. In contrast to PFO, PVK is mainly polarisable in the vertical direction 

which is ascribed to a horizontal alignment of the saturated polymer backbone but 

with pendant π-conjugated carbazolyl groups in a predominantly vertical orientation. 

Here we found that the average transition dipole moments of the iridium based 
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emitters are vertically oriented, and that the OPV7 molecules orient horizontally, but 

much less compared to the same emitters in TPBi or PFO.  

In Chapter 6 we studied the same iridium based emitters analysed in Chapter 5, 

but blended in poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (poly-TPD). 

Compared to PVK, the π-conjugated segments of the poly-TPD chain are oriented in 

plane while compared to PFO it has a higher triplet energy and it is also known for its 

favourable charge transport properties. In this case, where none of the emitters has a 

high aspect ratio, and the host material has only a slight preference for horizontal 

orientation, the emitters all show a similar orientation, being slightly vertical. 

In Chapter 7 we studied three emitters that exhibit thermally activated delayed 

fluorescence (TADF), blended in TPBi, PFO, PVK or poly-TPD. We first studied their 

transient fluorescence, and confirmed that they display TADF behaviour in TPBi and 

PVK hosts, but not in PFO. Due to the low triplet energy of PFO, the triplet state of the 

TADF guest is effectively quenched via triplet energy transfer to PFO. As a result the 

long-lived component of the fluorescence from the guest materials, is virtually absent. 

From all TADF/host layers, only the combination of the emitter with the highest aspect 

ratio (cis-BOX2) and the host which is most polarisable in the in-plane direction (PFO) 

gives horizontal orientation of the average transition dipole moments. 

Finally in Chapter 8 we combined what we have learnt in the previous chapters 

by studying several host/guest combinations, to draw some more general conclusions. 

In the host with higher horizontal orientation, the emitters tend to orient horizontally, 

and this influence is higher when the aspect ratio of the emitter is larger. We found 

that a correct choice of both the host material and the emitter is essential to obtain 

high horizontal orientation of the transition dipole moments of the emitters when they 

are deposited from solution, by using a simple deposition technique as spin coating.  

In summary, by investigating the orientation of transition dipole moments of 

several host/guest systems, we found that horizontal orientation of transition dipole 

moments of small molecular emitters deposited from solution is possible if two main 

conditions are fulfilled: the emitter has a high aspect ratio with its transition dipole 

moment along the long axis, and the host has a strong polarisability in the in-plane 

direction.  The results shown in this thesis indicate a possible route for improving the 

light outcoupling efficiency of solution processed OLEDs and they will serve as a 

guideline for chemists to design new host and emitters for high efficiency devices.
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Samenvatting 

Oriëntatie van 

overgangsdipoolmomenten van kleine 

moleculaire emitters aangebracht uit 

oplossing 
Organische licht-emitterende diodes (OLEDs) zijn dunne-film diodes die steeds vaker 

worden toegepast in moderne energie-efficiënte beeldschermen en aanwijsborden. 

Daarnaast vormen OLEDs een veelbelovende nieuwe verlichtingstechnologie, dankzij 

hun hoge efficiëntie, de mogelijkheid om warm licht te produceren zonder reflecties 

over een groot en flexibel oppervlak, en dankzij de potentiële lage kosten, in het 

bijzonder wanneer productie plaatsvindt vanuit oplossing met druktechnieken. 

OLEDs bestaan uit verschillende lagen organische halfgeleiders, ingeklemd 

tussen twee elektrodes. De organische lagen hebben verschillende functies, zoals 

ladinginjectie, ladingtransport en lichtemissie. Wanneer een spanning wordt 

aangebracht over de elektrodes bewegen elektronen en gaten zich door de lagen en 

recombineren in de emitterende laag, waarbij licht uitgezonden wordt in een kleur die 

afhankelijk is het gebruikte emitterende molecuul. De emitterende laag, bestaande uit 

een gastheer/gast combinatie, aangebracht vanuit oplossing, is het aandachtspunt van 

dit proefschrift.  

Ofschoon de beste witlicht OLEDs een vermogensefficiëntie halen vergelijkbaar 

met gasontladingslampen, wordt hun potentieel nog niet ten volle benut. Een van de 

voornaamste problemen met OLEDs is de relatief lage externe kwantumefficiëntie, die 

vaak niet hoger is dan 20%. Dit komt vooral door de lage efficiëntie van 

lichtuitkoppeling, die samenhangt met de interne optische verliezen. Er bestaan 

verschillende ideeën om de efficiëntie van lichtuitkoppeling van OLEDs te verbeteren. 

In dit proefschrift bestuderen we de oriëntatie van overgangsdipoolmomenten in het 

vlak van de licht-emitterende laag, met als doel de efficiëntie van lichtuitkoppeling te 

verbeteren. 

Het hoofddoel van dit proefschrift was het bestuderen van de mogelijkheid om 

horizontale oriëntatie van het overgangsdipoolmoment van emitters in dunne-film 

gastheer/gast systemen te verkrijgen als deze aangebracht worden vanuit oplossing, 

relevant voor OLED toepassingen. Een belangrijk aandachtspunt was daarnaast de 

mogelijkheid te bestuderen lagen aan te brengen, waarin beide componenten goed 
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gemengd zijn, met een gladde topografie om goede ladings- en energieoverdracht 

tussen gastheer en gast mogelijk te maken. De voornaamste methoden die voor dit 

onderzoek gebruikt zijn, zijn hoekafhankelijke p-gepolariseerde 

fluorescentiemetingen, optische simulaties, atomaire krachtmicroscopie (AFM) en 

tijdsafhankelijke fluorescentiespectroscopie.  

In Hoofdstuk 1 wordt het onderwerp geïntroduceerd: hoe werken OLEDs, welke 

soorten emitters worden momenteel gebruikt en wat beperkt de efficiëntie van de 

lichtopbrengst in deze diodes? Uitgelegd wordt dat de lage externe 

kwantumefficiëntie (EQE) de belangrijkste beperkende factor is voor de prestaties van 

OLEDs. De hoofdoorzaak van de lage EQE is de lage efficiëntie van lichtuitkoppeling. 

In dit proefschrift is onderzocht hoe een horizontale oriëntatie van het 

overgangsdipoolmoment van emitters bereikt kan worden in lagen gemaakt vanuit 

oplossing, als strategie om de efficiëntie van lichtuitkoppeling in OLEDs te verbeteren. 

 In Hoofdstuk 2 zijn de methoden geïntroduceerd die gebruikt zijn om de lagen 

te karakteriseren: hoek-afhankelijke p-gepolariseerde fluorescentiemetingen, optische 

simulaties, variabele-hoek spectroscopische ellipsometrie en tijdsafhankelijke 

fluorescentiespectroscopie. 

In Hoofdstuk 3 worden de eerste serie gastheer/gast systemen gepresenteerd: 

de fluorescente p-fenyleenvinyleen oligomeren (OPVn) gemengd in een moleculair 

gastheermateriaal (2,2′,2"-benzeen-1,3,5-triyltris(1-fenyl-1H-benzimidazool), TPBi), 

dat zich willekeurig oriënteert in opgedampte lagen. Het blijkt dat bij toenemende 

lengte van de fluorescente oligomeren ook de horizontale oriëntatie toeneemt. De 

significante horizontale oriëntatie die gevonden werd voor de langste emitters, OPV6 

en OPV7, ging samen met aggregatie en fasescheiding van de OPV moleculen. Over 

het algemeen leidt aggregatie tot onderdrukking van emissie en is derhalve niet 

wenselijk voor OLED toepassingen. 

In Hoofdstuk 4 zijn verschillende emitters bestudeerd (de fluorescente OPV6 en 

OPV7 oligomeren en drie fosforescente iridiumcomplexen) in een polymeer 

gastheermatrix (poly(9,9-dioctylfluoreen), PFO). PFO oriënteert zich in het vlak na 

depositie vanuit oplossing, maar na een korte thermische behandeling verbetert de 

oriëntatie aanzienlijk; tot 94% van de overgangsdipoolmomenten zijn horizontaal 

georiënteerd. We hebben aangetoond dat de horizontale oriëntatie van het gastheer 

materiaal een positieve invloed heeft op de oriëntatie van de emitters wanneer deze 

een grote aspectverhouding hebben, resulterend in maximaal 90% van de 

overgangsdipoolmomenten horizontaal georiënteerd in geval van OPV7 in een PFO 

matrix na een thermische behandeling. We hebben ook laten zien dat de fosforescente 

emitter Ir(MDQ)2(acac), gemengd in PFO na een thermische behandeling dezelfde 
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oriëntatie kan bereiken als in opgedampte lagen (h = 0.78). Dat is aanzienlijk, gezien 

de bescheiden moleculaire anisotropie. 

Om deze reden hebben we in Hoofdstuk 5 verschillende iridium-gebaseerde 

emitters bestudeerd, naast twee OPVn oligomeren in een polymere gastheer, poly(9-

vinylcarbazool) (PVK), die een veel hogere tripletenergie heeft da PFO. In tegenstelling 

tot PFO is PVK met name polariseerbaar in de verticale richting. Dit wordt 

toegeschreven wordt aan de horizontale uitlijning van de verzadigde polymeerketens 

in het vlak van de film, waardoor de π-geconjugeerde carbazoolzijgroepen een 

gemiddeld meer verticale oriëntatie hebben. We zien dat de gemiddelde 

overgangsdipoolmomenten van de iridium-gebaseerde emitters daardoor verticaal 

georiënteerd zijn en dat de OPV7 moleculen zich horizontaal oriënteerden, maar veel 

minder vergeleken met dezelfde emitters in TPBi of PFO. 

In Hoofdstuk 6 hebben we dezelfde iridium-gebaseerde emitters bestudeerd als 

in Hoofdstuk 5, maar gemengd in poly[N,N’-bis(4-butylfenyl)-N,N’-

bis(fenyl)benzidine] (poly-TPD). In vergelijking met PVK zijn de π-geconjugeerde 

segmenten van de poly-TPD keten georiënteerd in het vlak. Daarnaast heeft poly-TPD 

een hogere tripletenergie dan PFO en staat het bovendien bekend om de goede 

ladingstransporteigenschappen. In dit geval, waarin geen van de emitters een grote 

aspectverhouding heeft, en waarbij het gastheermateriaal slechts een lichte voorkeur 

heeft voor een horizontale oriëntatie, laten de emitters allemaal een soortgelijke 

oriëntatie zien, namelijk iets verticaal. 

In Hoofdstuk 7 zijn drie emitters bestudeerd die een thermisch geactiveerde 

vertraagde fluorescentie (TADF) vertonen, gemengd in TPBi, PFO, PVK of poly-TPD. 

Met tijdsafhankelijke fluorescentiespectroscopie is vastgesteld dat de drie emitters 

TADF gedrag laten zien in TPBi en PVK, maar niet in PFO. Door de lage tripletenergie 

van PFO wordt de triplettoestand van de TADF gast onderdrukt door tripletenergie-

overdracht naar de PFO matrix. Als gevolg daarvan is de component met een lange 

levensduur van fluorescentie van de gastmoleculen vrijwel afwezig. Van alle TADF-

molecuul/gastheer lagen geeft alleen de combinatie van emitter met de grootste 

aspectverhouding (cis-BOX2) en de host die het best te polariseren is in het vlak (PFO) 

horizontale oriëntatie van de gemiddelde overgangsdipoolmomenten. 

Tot slot hebben we in Hoofdstuk 8 gecombineerd wat we geleerd hebben in de 

voorgaande hoofdstukken, door het bestuderen van verschillende gastheer/gast 

combinaties, om meer algemene conclusies te trekken. In gastheren met een sterkere 

horizontale oriëntatie neigen de emitters zich horizontaal te oriënteren. Deze invloed 

is groter naarmate de aspectverhouding van de emitter groter wordt. We zien dat de 

juiste keuze van zowel gastheermateriaal als emitter essentieel is voor het verkrijgen 

van sterke horizontale oriëntatie van de overgangsdipoolmomenten van de emitters, 
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wanneer die aangebracht worden vanuit oplossing door middel van een simpele 

depositietechniek zoals spin-coaten.  

Samenvattend, door het onderzoeken van de oriëntatie van 

overgangsdipoolmomenten van verschillende gastheer/gast systemen, hebben we 

gezien dat de horizontale oriëntatie van overgangsdipoolmomenten van kleine 

moleculaire emitters, aangebracht vanuit oplossing, mogelijk is als aan twee 

voorwaarden is voldaan: de emitter heeft een grote aspectverhouding met het 

overgangsdipoolmoment langs de lange as, en de gastheer matrix heeft een sterke 

polariseerbaarheid in het vlak. De resultaten in dit proefschrift geven een mogelijke 

route aan voor het verbeteren van de efficiëntie van lichtuitkoppeling van uit oplossing 

aangebrachte OLEDs. De resultaten vormen een richtlijn voor chemici om nieuwe 

gastheer en emitter materialen te ontwikkelen voor hoog-efficiënte OLEDs.
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Riassunto 

Orientamento del momento di dipolo 

di transizione in emettitori a basso peso 

molecolare depositati da soluzione 
I diodi organici ad emissione di luce (OLEDs) sono dispositivi a film sottile sempre piú 

usati in applicazioni come la segnaletica ed i moderni display a risparmio energetico. 

Inoltre, rappresentano una promettente tecnologia emergente per l’illuminazione, 

grazie alla loro efficienza, la possibilitá di emettere luce calda e non abbagliante su 

superfici ampie e flessibili, e per il loro potenziale basso costo, in particolare quando 

processati da soluzione con tecnologie compatibili con il “roll-to-roll”. 

Gli OLED sono costituiti da vari strati di semiconduttori organici, racchiusi tra 

due elettrodi. Gli strati organici hanno diverse funzioni, come l'iniezione ed il trasporto 

di carica e l’emissione di luce. Quando viene applicata una tensione, gli elettroni e le 

lacune si muovono attraverso gli strati del dispositivo e si ricombinano nello strato 

emissivo, emettendo luce di colore diverso a seconda del materiale emettitore usato. 

Lo studio dello strato emissivo, costituito da un sistema host/guest depositato da 

soluzione, è l’obiettivo di questa tesi.  

Nonostante i migliori OLED che emettono luce bianca abbiano raggiunto 

efficienze simili a quelle delle lampade fluorescenti, questi ancora non hanno 

raggiunto il loro potenziale. Uno dei maggiori limiti degli OLED è la loro bassa 

efficienza quantica esterna, spesso limitata al 20%. Questo è principalmente dovuto 

alla bassa efficienza di estrazione della luce (o outcoupling), legata all’assorbimento 

interno e agli effetti di guida d’onda. Varie strategie sono state utilizzate per migliorare 

l’efficienza di estrazione negli OLED. In questa tesi si discute l’orientamento del 

momento di dipolo elettrico di transizione delle molecole emettitrici nel piano del film 

elettroluminescente, per aumentare l’efficienza di estrazione.  

L’obiettivo principale di questa tesi è studiare la possibilità di ottenere 

l’orientamento nel piano del momento di dipolo di transizione degli emettitori nei 

sistemi host/guest depositati da soluzione, utili per applicazioni OLED. Un altro aspetto 

importante che si studia è la possibilità di ottenere un buon film, dove entrambi i 

componenti siano ben mescolati, mostrando una morfologia superficiale omogenea 

che permetta un buon trasferimento di carica e di energia tra l’host ed il guest. Gli 

strumenti principali usati per questi studi sono le misure ad angolo variabile 

dell’emissione di luce polarizzata di tipo p (o polarizzazione TM, trasversa magentica), 
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le simulazioni ottiche, la microscopia a forza atomica (AFM) e le misure di decadimento 

della emissione dallo stato transiente.  

Nel Capitolo 1 si introduce l’argomento: come funzionano gli OLED, quali classi 

di emettitori sono attualmente utilizzate e cosa limita l’efficienza luminosa di questi 

dispositivi. Si discute che la bassa efficienza quantica esterna (EQE) è il principale 

fattore limitante nelle performance degli OLED. La principale causa della bassa EQE è 

rappresentata dalla bassa efficienza di outcoupling. In questo lavoro, studiamo 

l’orientamento orizzontale del momento di dipolo di transizione degli emettitori in film 

depositati da soluzione come strategia per migliorare l’efficienza di estrazione dei 

dispositivi. 

 Nel Capitolo 2 si introducono gli strumenti principali usati per caratterizzare i 

film: le misure di fluorescenza ad angolo variabile, le simulazioni ottiche, la 

spettroellissometria ad angolo variabile e le misure di decadimento della emissione 

dallo stato transiente. 

Nel Capitolo 3 si discute la prima delle serie di sistemi host/guest studiati: gli 

oligomeri fluorescenti p(fenilenevinileni) (OPVn) mescolati in un materiale host a basso 

peso molecolare, il 2,2′,2"-benzene-1,3,5-triiltris(1-fenil-1H-benzimidazolo) TPBi), il 

quale si orienta in modo random in film depositati tramite evaporazione in alto vuoto. 

Si dimostra che aumentando la lunghezza degli oligomeri fluorescenti, anche il loro 

orientamento orizzontale aumenta. Il significativo orientamento orizzontale trovato 

per gli emettitori più lunghi, OPV6 e OPV7, risulta accompagnato da aggregazione 

delle molecole e separazione di fase dalla matrice di TPBi. In generale, l’aggregazione 

porta allo spegnimento (quenching) dell’emissione e non è quindi desiderabile nelle 

aplicazioni OLED. 

Nel Capitolo 4 si studiano diversi emettitori (gli oligomeri fluorescenti OPV6 e 

OPV7 e tre complessi organometallici fosforescenti dell’iridio) dispersi in una matrice 

host polimerica  (poli(9,9-diottilfluorene), PFO). Il PFO si orienta nel piano del substrato 

dopo la deposizione da soluzione, ma dopo un breve trattamento di annealing il suo 

orientamento migliora ulteriormente, con il 94% dei momenti di dipolo di transizione 

orientati nel piano. Qui si dimostra che l’orientamento orizzontale del materiale host 

ha un’influenza positiva sull’orientamento degli emettitori, quando questi hanno un 

alto aspect ratio, con fino al 90% di momenti di dipolo elettrico di transizione orientati 

nel piano per il film PFO:OPV7 a seguito di annealing termico. Si mostra anche che 

l’emettitore fosforescente  Ir(MDQ)2(acac), se mescolato con il PFO e sottoposto ad 

annealing, può assumere lo stesso orientamento raggiunto nei film depositati tramite 

evaporazione in alto vuoto (h = 0.78), risultato più che soddisfacente dato il basso 

aspect ratio di questa molecola. Sebbene il PFO sia una matrice che fornisce un elevato 

grado di orientamento orizzontale per alcuni emettitori, presenta lo svantaggio che il 
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basso livello di energia del suo stato di tripletto preclude un’emissione efficiente da 

emittitori fosforescenti blu e verdi. 

Pertanto, nel Capitolo 5 si studiano diversi emettitori basati sull’iridio e due 

oligomeri OPVn in un materiale host polimerico, il poli(9-vinilcarbazolo) (PVK), che 

possiede una elevata energia di tripletto. Diversamente dal PFO, il PVK è 

prevalentemente polarizzabile nella direzione verticale (ortogonale al substrato), con 

un orientamento orizzontale dello scheletro alifatico del polimero, ma con i gruppi 

carbazolici pendenti π-coniugati che assumono un orientamento prevalentemente 

verticale. Qui si mostra che i momenti di dipolo di transizione dei complessi dell’iridio 

sono orientati verticalmente e che le molecole di OPV7 si orientano orizzontalmente, 

ma in modo molto meno importante se confrontato al comportamento in TPBi o PFO 

(le matrici studiate nei capitoli precedenti). 

Nel Capitolo 6 si studiano gli stessi complessi dell’iridio analizzati nel Capitolo 5, 

ma questa volta mescolati alla poli[N,N’-bis(4-butilfenil)-N,N’-bis(fenil)benzidina] 

(poli-TPD). Rispetto al PVK, i segmenti π-coniugati della catena della poli-TPD sono 

orientati più in piano. Rispetto al PFO, la poli-TPD ha un livello energetico di tripletto 

più alto. Inoltre, questo materiale presenta buone proprietà di trasporto di carica. In 

questo caso, in cui nessuno degli emettitori considerati ha un aspect ratio elevato, ed 

il materiale host presenta un orientamento orizzontale modesto, tutti gli emettitori 

mostrano un orientamento simile, leggermente verticale. 

Nel Capitolo 7 si studiano tre emettitori che mostrano fluorescenza termicamente 

attivata (thermally activated delayed fluorescence, TADF), mescolati a TPBi, PFO, PVK 

o poly-TPD. Inizialmente si studia la loro fluorescenza dallo stato transiente, e si può 

confermare che questi emettitori mostrano proprietà TADF negli host TPBi e PVK, ma 

non nel PFO. A causa del basso livello energetico dei tripletti del PFO, lo stato di 

tripletto delle molecole TADF è soggetto a quenching per energy transfer ET verso i 

livelli di tripletto del PFO. Come risultato, il contributo alla fluorescenza degli stati degli 

emettitori con tempi di vita più lunghi, è virtualmente assente. Tra tutti i film 

host/TADF, solo la combinazione tra l’emittitore con l’aspect ratio piú alto (cis-BOX2) 

e l’host piú polarizzabile nella direzione orizzontale (PFO), fornisce l’orientamento 

orizzontale del momento di dipolo di transizione degli emettitori. 

Infine nel Capitolo 8 si rielabora quanto appreso nei capitoli precedenti 

studiando diverse combinazioni di host e guest, per trarre delle conclusioni più 

generali.  Nell’host con il più alto orientamento orizzontale, anche gli emettitori 

tendono ad orientarsi orizzontalmente, e la sua influenza è maggiore quanto maggiore 

è l’aspect ratio degli emettitori. In questo lavoro si mostra che una scelta corretta sia 

dell’host che del guest è essenziale per ottenere un alto orientamento orizzontale dei 
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momenti di dipolo di transizione degli emettitori quando questi sono depositati da 

soluzione, utilizzando semplici tecniche di deposizione come lo spin-coating. 

In conclusione, studiando l’orientamento del momento di dipolo elettrico di 

transizione di numerose coppie host/guest, si è trovato che l’orientamento orizzontale 

del momento di dipolo di transizione di emettitori a basso peso molecolare depositati 

da soluzione è possibile se due condizioni principali sono soddisfatte: che gli emettitori 

abbiano un elevato aspect ratio con il loro momento di dipolo di transizione orientato 

lungo il loro asse più lungo, e che l’host presenti una elevata polarizzabilità nella 

direzione del piano. I risultati mostrati in questa tesi indicano una possibile strada per 

aumentare l’efficienza degli OLED preparati tramite deposizione da soluzione e 

costituiranno utili linee guida per i chimici, per disegnare nuovi host ed emettitori per 

dispositivi ad alta efficienza.
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