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Abstract

The presented thesis is devoted to the field of organic light emitting diodes (OLEDs). Time-

dependent Kohn-Sham density functional theory (TDDFT) is applied in order to eludicate

optical properties such as fluorescence and phosphorescence for some of the most important

materials. The accuracy of TDDFT is evaluated with respect to the calculated absorption

and emission spectra for commonly used light emitting polymers. A continuation of this

work is devoted to Polyfluorene as this polymer has proven to be very promising. In this

study the chain length dependence of its singlet and triplet excited states is analyzed as

well as the excited state structures. Understanding the phosphorescence mechanism of

tris(2-phenylpyridine)Iridium is of importance in order to interpret the high efficiency of

OLEDs containing these specimens. The mechanism is analyzed by calculating the electric

transition dipole moments by means of TDDFT using quadratic response functions. As not

only the optical properties are essential for effective devices, electron transfer properties

are addressed. The electron transfer capability of the sulfur and nitrogen analogues of

Oxadiazole is evaluated through their internal reorganization energy.
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Chapter 1

Introduction

1.1 Historical key moments

The history of organic electroluminescence (EL) goes back to 1953 when it was reported

for the first time[1]. However, not until recently, 50 years later, the fruit of this first report

has been harvested through commercialization of organic light emitting devices (OLEDs).

While the technology is far from being completely developed, substantial progress has been

made during the last decade and some OLEDs have entered the market. Historically, there

are numerous important research results stretching from the study of Bernanose et al.[1] in

1953 to today. In 1963 Pope et al.[2] managed to produce EL by suppling approximately 400

V to anthracene crystals. The power supply was extreme but in the 1970s to the 1980s the

research shifted from single crystals to organic thin films, for which it also was recognized

that not only polymers but also low-molecular-weight (LMW) organic compounds can form

amorphous glasses. In the 1960s only little attention was paid to the amorphous glasses

of small organic molecules since, in general, LMW organic compounds tend to crystallize

easily. Vincett et al.[3] were among the first to use thin organic films; by evaporating

anthracene fluorescence was produced at 30 V. The external quantum efficiency (number of

photons emitted/electrons injected) was no more than 0.05%. One of the reasons for the

poor efficiency is the incapability of charge transport, a problem which later was addressed

by Tang and VanSlyke[4] in 1987. These authors made a device which was conceptually

simple, nevertheless, they took new grounds when they created a multilayer thin film EL

cell consisting of LMW organic molecules. By incorporating an additional transporting

layer a quantum yield as high as 1% was reported, an efficiency that attracted world wide

interest. In 1998 Baldo et al.[5] reported the first device based on electrophosphorescence

which in principle could have an internal quantum efficiency of 100%. In 1990 Burroughes

et al.[6] demonstrated the first polymer based LED. They showed that poly(p-phenylene

3
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Figure 1.1: Time-line for the most significant key moments in the history of OLEDs, stretch-

ing from the 1950 till today.

vinylene) (PPV) could serve as a highly fluorescent material in a single layer device. These

authors not only fabricated a luminescent polymer they also showed that the efficiency was

reasonably high, suggesting that display devices based on luminescent polymers could be

developed.

Although the two techniques mentioned above are different there are actually more

similarities between LMW organic molecules and polymers when it comes to the electronic

and optical properties in organic electronic applications, than there are differences. The

major difference is in the preparation, i.e. the thin film deposition. The LMW molecules

are deposited using thermal vacuum deposition whereas the polymers are deposited either

using wet-coating techniques, usually spin-coating or ink-jet printing. Both alternatives

offer a way of creating light emitting diodes (LEDs), the basic building block of a large

area display. LEDs based on LMW molecules are usually referred to as SMLEDs (small

molecular LEDs), AMOLEDs (amorphous molecules OLEDs), or just OLEDs (organic light

emitting diodes), whereas those based on polymers are referred to as PLED (polymer LED).

Both types are organic light emitting devices (OLEDs), where the word ’organic’ refers to

the fact that the devices have a carbon base, just as most materials in nature.

The development of OLEDs has been nothing but extraordinary since the reports by

Tang and VanSlyke and Burroughes et al.: from ineffective devices with lifetimes less than

1 minute to green OLEDs with lifetimes over 20 000 hours. The interdisciplinary efforts

required for this accomplishment can not be stressed enough, they involve wide a range of

chemistry, material science, physics, optics and engineering, which have been a necessity

for the spectacular development. However, even though the OLEDs now have entered the

market there are still challenges when it comes to the efficiency and stability that needs to
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be solved. These problems are connected with the dynamics of the singlet excitons , triplet

excitons (SEs and TEs), positive and negative polarons (p±) to which the injected electrons

and holes relaxes. One of the main driving forces in this field have been the vision of utilizing

the processing techniques that offers low costs, efficiency and the possibility to create tailor-

made materials having desirable properties. This would then lead to cheap electronics having

plastic properties such as flexibility and light weight. Other gains would be low-power

devices and, referring to today’s climate debate, the fact that many organic materials are

biocompatible making organic electronics a clean alternative to the environmental hazards

of silicon processing.

1.2 Basic electronic structure and dynamics of π-conjugated mate-

rials

As for most applications within the area of organic electronics, whether we are looking at

OLEDs, organic sensors, photovolatic systems etc., the π-conjugation is the fundamental

property. In a perfect polymer the π-conjugation would extend over the entire length but in

reality defects such as external impurities or intrinsic defects destroy the conjugation. When

electrons and holes are injected into the device they move by means of hopping which tends

to polarize the surrounding. They are therefore usually referred to as polarons (p±). As the

polarons migrate through the device they eventually enter the recombination zone in which

the oppositely charged polarons start to interact through Coulomb interaction, eventually

capturing each other forming an exciton, see Fig. 1.2.

The most common exciton is the so called Frenkel exciton which is a strongly bound

electron-hole pair usually localized on a single molecule[7]. Since the spin of the charge

carriers is random the spin of the exciton will follow spin statistics, meaning that 25% of

the formed excitons will be singlets and 75% will be triplets. This is because the triplet

state has three spin projections (MS = 0, ±1) and the singlet has only one (MS = 0).

Consequently, it has been assumed that the quantum yield has an upper statistical limit

of 25%. However, it has been suggested from both theoretical[8] and experimental work[9]

that the ratio between the formation of singlet and triplet excitons, σS/σT , even may exceed

1 and thus the efficiency can go far beyond the so-called statistical upper limit. This issue

is still under some debate much due to the study Lupton et al.[10] who questioned the

experimental findings. The reason for such a big difference between the SEs and TEs is

that the SEs usually provide much more intense luminescence (fluorescence) in organic

systems compared to the luminescence from the TEs (phosphorescence) which is very weak.

This has its origin in that the TEs form triplet excited states with a forbidden radiative
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Figure 1.2: Schematic representation of the fundamental processes for the electrons and

holes, starting from the carrier recombination (assuming statistical limit, see below). The

figure also introduces the quantities which are important for the external quantum efficiency;

γ, rST ,ηPL and ξ which will be discussed in Sec. 1.5

.
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Figure 1.3: Illustration of the fundamental differences between an organic and a heavy

transition metal containing molecule. Notice that the organometallic compound does not

experience any fluorescence. Due to the effective ISC the internal quantum efficiency could

reach 100%.

recombination with the ground state by spin-selection rules. In order to compel the triplet

excitons to do useful work in OLEDs, devices based on electrophosphorescence have been

developed[11, 12, 8]. In these devices the TEs recombine radiatively on a heavy transition

metal containing molecules. The metal atom provides strong spin-orbit coupling (SOC)

which helps the triplet state to overcome the spin-forbiddness of the T1→S0 transition,

supplying intense phosphorescence. The fate of the excitons in a typical organic system

(small SOC interaction) and in a heavy atom containing system (large SOC interaction) is

illustrated in Fig. 1.3. Not only will the SOC help overcoming the spin-forbiddness of the

T1→S0 transition, it will also induce strong intersystem crossing (ISC) which allows the

singlet exciton to convert into a triplet exciton. In systems where ISC is fast it might even

compete with fluorescence and hence quenching it. The excitons then have a lifetime under

which they migrate before recombination. During this lifetime there is a chance that the

excitons can dissociate into an electron and hole and in the case of a system with a large

number of TEs the TEs may interact and form SEs through triplet-triplet annihilation

T1 + T1 → S0 + S1 → S0 + S0 + hν. (1.1)

As illustrated in Fig. 1.2 both the SEs and TEs may decay non-radiatively, i.e. through

thermal deactivation. Other problems which might occur are the formation of exiplexes

and electroplexes which will lead to several luminescent bands. These problems will not be

discussed in this thesis.
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Figure 1.4: Basic structure of a multi-layer OLED. In the case of electrophosphorescent

OLEDs the emitting layer is doped with heavy transition metal containing emitter molecules.

Otherwise the recombination can occur in either the ETL or HTL.

1.3 Structure and architecture of organic light emitting diodes

The basic structure on an OLED is shown in Fig. 1.4. Electrons are injected from the metal

cathode (1) into the electron transporting layer (ETL) (2). The metal cathode is usually

a bi-layer in itself, designed to reduce the work function of the electron injection. At the

opposite end holes are injected from the transparent anode (5) into the hole transporting

layer (HTL) (4). Having a transparent electrode is crucial for a light emitting device since

the photons need to escape.

The variety of materials that can be developed to make use in OLEDs seems endless and

there are too many to be discussed in this thesis. Below, the most important ones will be

high lightened, some of which are illustrated in Fig. 1.5.

Anode materials: The anode is typical a high work function material. Indium tin oxide

(ITO) is commonly used as the anode in devices designed in such a way that the light should

exit through a transparent anode. The work function of ITO films increases with increasing

oxygen content from ≈ 4.5-5.1 eV and since it has been shown that the device brightness and
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Figure 1.5: Structure of commonly used π-conjugated systems. (a) Poly(para-phenylene

vinylene) (PPV); (b) polyfluorenes (PFO); (c) 2,5-diphenyl-1,3,4-oxadiazole; (d) tris(2-

phenylpyridine)Iridium (Ir(ppy)3); (e) tris(8-hydroxy quinoline Al) (Alq3); (f) 4,4’,4”-

tris(diphenyl amino)triphenylamines (TDATAs).

efficiency tend to increase with increasing work function the preparation of the ITO layer is

crucial. For flexible OLEDs the anode is made of a transparent conducting compound e.g.

poly(3,4-ethylene dioxy-2,4-thiophene)-polystyrene sulfonate (PEDOT:PSS) deposited on a

transparent plastic.

Hole transporting materials: There are numerous so called “starburst molecules” which

have HT features. The perhaps most widely used in this class are 4,-4’,4”-tris(diphenyl

amino)triphenylamines (TDATAs, see Fig. 1.5(f)). As already mentioned above, PEDOT:PSS

can be used as an anode material utilizing its flexible and transparent features, but it is also

frequently used as a HTL in PLEDs. One of the major gains of the starburst molecules is

that their structure inhibits crystallization (see below).
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Electron transporting and emitting molecules: tris-(8-hydroxy quinoline)Al (see Fig.1.5(e)

is perhaps the most studied material in the context of OLEDs. It is not only used as an

ETL but also as the most commonly used green emitter. Oxadiazoles (see Fig. 1.5(c)) were

the source material for the first blue OLED, the device had short lifetime but the efficiency

and stability was improved when adding fluorene units. Even though their performance

by now are inferior to the polyfluorenes (see below) oxadiazoles are still one of the most

successful electron transporting materials to date. In Paper II properties of its sulfur (Thia-

diazole) and nitrogen (Triazole) analogues are evaluated in terms of their reorganization

energies (which is one of the important factors for the electron transporting capabilities),

MO energy position and luminescence properties.

Phosphorescent small molecules: As we have seen in Sec. 1.2 according to spin statistics

75% of the electron-hole recombinations result in the formation of (generally) non-emitting

TEs. Hence, the internal quantum efficiency has its maximum at 25%. As mentioned above

there are ways of harvesting these TEs by the incorporation of heavy metal atom containing

molecules such as 2,3,7,8,12,13,17,18-octaethyl-21H,23H-phorphyrin platinum (PtOEP) or

tris(2-phenyl pyridine) iridium (Ir(ppy)3) (see Fig. 1.5(d)). The origin of the optical prop-

erties of Ir(ppy)3 is the target of Paper IV were the SOC interaction is taken into account

in order to evaluate the phosphorescence lifetime.

Fluorescent polymers: Since the publication by Burroughes et al.[6] where they demon-

strated the first PLED based on poly(p-phenylene vinylene) (PPV), PPVs have drawn

much attention. The most commonly used PPV is the unsubstituted polymer. The high-

est occupied molecular orbital -lowest unoccupied molecular orbital (HOMO-LUMO) gap

has effectively been tuned by increasing or decreasing the conjugation length or by copoly-

merization. Other polymers which deserve to be mentioned are poly(p-phenylenes) (PPPs),

polythiophenes (PT) and last, but certainly not least, polyfluorenes (PFOs, see Fig. 1.5(b)).

The unique properties of PFOs have attracted wide interest and in Paper V the first the-

oretical study of the chain length dependence of both singlet and triplet excited states as

well as triplet-triplet absorption is presented.

Cathode materials: The cathode should be a low/medium work function metal such as

Ca (φ = 2.87), Al (φ=4.3) or Mg0.9Ag0.1 (φ=3.66). There have been much debate regarding

bonding of the metal atoms to the small molecules or polymers at the organic/metal inter-

face. The metal atoms can form bonds or donate electrons to the organic layer, creating

a 2-3 nm thick interface layer. Although this interface layer will quench the device it has

been found that oxygen contaminated interfaces leads to improved operation. The reason
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Figure 1.6: Schematic energy level diagram of a double layer OLED. The accumulation of

negative charge carriers due to poor HOMO-LUMO alignment between the ETL and the

emitter layer is also illustrated.

is that the oxidation binds the metal atoms, thus preventing them to bond to the organic

layer. Based on these observations improved cathode materials such as Al2O3/Al have been

manufactured.

In Fig. 1.6 the typical solid-state way of visualizing a device is illustrated, where the

conducting and valence bands now correspond to the HOMO and LUMO. When the driving

voltage is applied the charge carriers need to overcome the injection barriers, for electrons

this is given by the difference of the work function of the cathode and the LUMO of the ETL,

see Fig. 1.6. The hole barrier is given by the difference of the work function of the anode and

the HOMO of the HTL. Having passed the injection barriers the charge carriers (electrons

and holes) migrate into the recombination/emitting layer where they recombine and excite

an emitter molecule. The emitter molecule deexcites either non-radiatively or radiatively.

The light is emitted in all directions and only the photons that are emitted through the

transparent electrode can escape the device. By reasons of efficiency it is important that

the work function of the electrodes are in good alignment to the adjacent layers, the same

thing applies to the HOMOs and LUMOs of the organic layers relative to each other. If

these levels have poor alignment the charge carriers may be trapped, causing unbalanced

charge injection to the emitting layer which yields a low efficiency, see Fig. 1.6.

So far, the development of HT materials has been superior to ET ones, something
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that mainly is due to the fact that many emitting materials transport holes and not elec-

trons. This circumstance causes differences in the efficiency between the hole- and electron-

transporting materials, pushing the recombination zone towards the cathode, yielding a

lowering of the electroluminescence efficiency caused by exciton quenching by the metal

cathode[13]. This problem is temporarily solved by the use of low work function cathodes

with the drawback that these cathodes are more easily affected by the surrounding environ-

ment. Another, perhaps more delicate, solution has been to use an electron transporting

hole blocking layer in between the ETL and the emitting layer. This prevents the holes

from further migrating towards the cathode but not preventing the electrons from reaching

the emitting layer.

1.4 Carrier transport

The mechanism in a traditional solid-state LED is quite different from an OLED. A typical

solid-state device is formed by two layers doped with impurities, creating a p-n-junction.

In case of an OLED chemical doping is not possible since then the molecules can form

charge transfer complexes which can quench the fluorescence. Under this circumstance it

seems that the current through the device will never “exceed” Ohm’s law. Fortunately it can.

When applying a sufficiently strong electric field, (injected current density > intrinsic charge

density), charge carriers will start to accumulate close to the organic/electrode interface

due to the low mobility (see Fig.1.4). These charges will create an internal electric field

which effectively increases the mobility within the organic layer. This is the so called space

charge-limited conducting regime. There are other interesting phenomena related to carrier

injection and carrier transport but they will not be introduced in this thesis. In the coming

Sec. 2.2 we will have a closer look at the electron transfer rate which is addressed in Paper

II through the intramolecular reorganization energy.

1.5 Efficiency of organic light emitting diodes

The efficiency of OLEDs is a key issue which usually is discussed in terms of internal and

external quantum efficiency. The external quantum efficiency (ηEL) can be written as

ηEL = ξγrST ηPL (1.2)

where ξ is the so-called out-coupling efficiency i.e. the fraction of produced photons that

manage to escape the device. The fraction of electrons and holes that recombined is repre-

sented by γ and out of those that recombine rST is the fraction of SEs to TEs. ηPL is the
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radiative quantum yield of the SEs. As seen by looking at Eq. (1.2) increasing the efficiency

is a tedious problem involving all layers mentioned above, see Fig. 1.2 for illustration.

1.6 Degradation mechanisms

There are several degradation mechanism affecting an OLED. For PLEDs photooxidation

caused by 1O2 is perhaps the most severe problem. Molecular oxygen has a triplet ground

state and hence, in order to form the reactive 1O2 species the 3O2 needs to be excited

through energy transfer from the polymer. The SEs have a far too short lifetime for such an

effective energy transfer, the non-emitting TEs have longer lifetime and sufficient energy to

accomplish such an excitation of 3O2 to 1O2. In e.g. a PPV based PLED the singlet oxygen

species can then react with any double bond forming two C=O groups effectively cutting

the polymer in two parts.

For LMW OLEDs the main degradation process is recrystallization. All amorphous

layers will recrystallize as the temperature reaches the glass transition temperature, Tg. In

order to avoid this the materials needs to have high Tg which can be achieved by designing so

called starburst molecules whose non-planarity inhibits crystallization. The problem with

crystallization is that defects can capture the excitons and hence effectively quench the

luminescence. Molecular oxygen is also a problem when it comes to carrier transport. The

electron transporting materials, e.g. Alq3 and Oxadiazole are constantly being reduced and

the lifetime of a electron on a molecule in the ETL is sufficient for the molecule to undergo

physical relaxation followed by oxidation by molecular oxygen. It is hence important that

the ET molecules have a sufficient adiabatic electron affinity so that electrons will jump

between the ET molecules rather than being trapped by the oxygen within the layer.

1.7 Motivation

The field of OLEDs is in need for improved materials in order to meet the demands con-

cerning functionality and lifetime. Our thesis is that in order to take these, perhaps last,

steps towards commercialization of large screen display devices, and perhaps some of the

first steps towards new areas of OLEDs, theoretical calculations are helpful. Not only do

theoretical calculations form a valuable tool when it comes to predicting new materials

they are also, in combination with experiment, powerful to gain understanding of various

underlying physical phenomenon such as charge transport, quantum efficiency and origin

of luminescence. The motivation to this thesis is the accumulated result of the need just
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mentioned, of one inspiring talk and my own curiosity and determination.



Part II

Background





Chapter 2

Molecular properties

From the introduction it is clear that there are several interesting properties in connection

with OLEDs. The work in this thesis mainly focuses on the optical properties such as

absorption and emission. The coming chapters will give a model framework in which these

properties can be calculated. In this section we will discuss the types of emission processes

calculated in this thesis. Also, in this section the classical electron transfer (ET) theory as

derived by Marcus[14] will be briefly introduced.

2.1 Emission

The two types of emission processes are illustrated in Fig. 1.3, originate from states of

different multiplicity. Both are of interest since in PLEDs fluorescence is the main source

of luminescence, whereas in electrophosphorent devices phosphorescence provides the light.

Even so, the triplet states in PLEDs are far from unimportant since they carry information

needed in order to fully understand the optical properties. Historically, fluorescence and

phosphorescence have been distinguished by the lifetime where fluorescence was observed as

a fast response of an excitation whereas phosphorescence showed a long lived glow. The first

theoretical explanation, an explanation still valid today, was given in 1920 by a so called

Jablonsky diagram, see Fig. 2.1. It was suggested that in comparison to fluorescence the

phosphorescence process involves a third state.

Fluorescence: Fluorescence is luminescence produced by an atom or molecule after ab-

sorption of energy resulting in an electronically excited state (the energy can also be released

by means of non-radiative processes). Fluorescence in most organic compounds have a short

lifetime, in the order of ns, which is connected to the fact that these transitions are spin

17
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Figure 2.1: A Jablonsky diagram illustrating different processes.

allowed, usually S1→S0 (higher lying singlet states are also allowed and could in principle

produce fluorescence but these are in most cases relaxed to S1 through internal conversion).

Phosphorescence: Compared to fluorescence the electronic transition accompanied with

phosphorescence is not spin allowed (T1→S0) and hence the lifetime of the excited states is

much longer. Having introduced SOC, which breaks down the selection rules, the electric

dipole transition moment can be calculated through Eq. (3.11) and given the transition

energy the phosphorescence lifetime from one of the three sublevels (indexed by k) of the

lowest triplet state |T k
1 〉 is given by

1

τk

=
4

3t0
α3

0 (∆Ek)3
∑

α∈{x,y,z}

|Mk
α|2, (2.1)

where t0 = (4πε0)
2~3/mee

4, α0 is the fine-structure constant, ∆Ek is the transition energy,

and Mk
α is the α-axis projection of the electric dipole transition moment between the ground

state and the k-spin level of the triplet state. The radiative lifetime τ of the triplet state in

the high-temperature limit, i.e. when spin relaxation equalizes sublevel population before

emission, is obtained by averaging over the three sublevels according to

1

τ
=

1

3

3∑
k=1

1

τk

(2.2)

see Fig. 1.3. Being able to calculate this property is of paramount importance since it is

one of the most important properties for electrophosphorescent devices.
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Figure 2.2: Free energy curves for an electron transfer reaction.

2.2 Electron transport

In order to evaluate the charge transporting properties of OLED materials Marcus theory

has been adopted. This theory is based on thermodynamics and is readily understood by

looking at a model system consisting of an electron donor (D) and electron acceptor (A),

see Fig. 2.2. In order to transfer an electron from D to A the system needs to climb the free

energy barrier given by ∆G‡. The barrier can be expressed as [14]

∆G‡ =
λ

4

[
1 +

∆G0

λ

]
(2.3)

where ∆G0 is the free energy of the system and λ is the reorganization energy. The electron

transporting rate is a function of ∆G‡ and is expressed as [14]

kET = A exp

[
−∆G‡

kBT

]
(2.4)

where A is a prefactor and kB is Boltzmann’s constant. In a typical light emitting device the

electron transporting layer (see Fig.1.4 ) is homogeneous meaning that A is the neutral and D

is the anion of the same species (the self-exchange case) and hence ∆G0 = 0. In this case the

barrier is determined by the reorganization energy, λ/4. At device operation temperature

the electrons move by means of hopping from one molecule to another. We see from Eq. (2.4)

that a low λ yields a higher ET rate. A more thorough examination of Eq. (2.4) reveals

that the equation predicts the ET rate to be zero at zero temperature, something that has

not been observed experimentally. The reason is of course that Marcus[14] did not perform

any quantum mechanical treatment of the problem and tunneling through the barrier is

not taken into account. The quantum chemical correction of Eq. (2.4) where tunneling is
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Figure 2.3: Internal reorganization energy.

taken into account has been performed by Bixon and Jortner and the reader is refereed to

Ref.[15] for further reading. Nevertheless if we consider Marcus or Bixon–Jortner theory

λ remains a key quantity in the hopping regime. The reorganization energy is a product

consisting of the energy which is accompanied the rearranging of the solvent surrounding the

molecules (λ0) and the energy released when the molecules undergo vibrational relaxation

in its neutral and ionic state, this is also referred to as the internal reorganization energy

(λi). The reorganization energy can thus be expressed as λ = λ0 +λi. Whereas λ0 is difficult

to calculate λi can be obtained to good approximation by only considering the potential

energy surfaces[16]. This involves calculations of the energy connected to the relaxation of

the electron-donating molecule (λ1) and the relaxation of the electron-accepting molecule

(λ2), yielding λi = λ1 + λ2, see Fig. 2.3.
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Molecular Hamiltonian

As one of the aims of this thesis is to gain knowledge about the phosphorescence mechanism

of Ir(ppy)3, see Fig. 1.5(d), it is necessary to take relativistic effects into account. Rela-

tivistic effects can be divided into two different groups, the spin-free, also known as scalar

relativistic, effects, and the spin-dependent effects, e.g. the spin-orbit coupling. The Dirac

equation would in this case be a suitable choice of representation considering the heavy

metal and the nature of phosphorescence but since the it is so computationally demanding

this is not feasible for the studies in this thesis. This chapter will demonstrate how the four-

component Dirac equation can be transformed into a two-component equation which will

give the proper terms for use in a non-relativistic perturbation approach. Also, spin-orbit

coupling phenomena will be discussed in more detail as well as how relativistic effects can

be taken into account through effective core potentials.

3.1 Dirac equation

Although the Klein–Gordon equation[17, 18] may be an appropriate starting point for spin-

less particles it is not appropriate for the description of electrons. An obvious problem with

the Klein–Gordon equation is that second derivatives with respect to time appear,

(p̂2
o − p̂2

x − p̂2
y − p̂2

z −m2c)Ψ = 0 (3.1)

where m is the electron mass, c is the speed of light, Ψ is the wave function, p̂α = −i~∂
∂rα

and

p̂o = i~∂
c∂t

. Unfortunately Eq. (3.1) removes the pleasant interpretation of having a constant

probability of finding the particle somewhere in space. Dirac proposed an equation of the

following form

(p̂0 − α̂xp̂x − α̂yp̂y − α̂zp̂z − βmc)Ψ = 0 (3.2)

21
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or in its well known vector form

(p̂0 − α̂ · p̂− β̂mc)Ψ = 0 (3.3)

which is linear in both time and momentum. Also, spin 1/2 particles can be described, hence

it is suitable for electrons[19]. In order to show that the solutions to the Dirac equation also

are solutions to the Klein–Gordon equation (not necessarily the other way around) Dirac

showed that the Klein–Gordon equation can be linearized under certain circumstances.

Dirac suggested the following factorization of the Klein–Gordon equation

(p̂0 + α̂p̂x + α̂p̂y + α̂p̂z + β̂mc)× (p̂0 − α̂p̂x − α̂p̂y − α̂p̂z − β̂mc)Ψ = 0.

This factorization is identical to the Klein–Gordon equation if the following relation

between β̂, α̂x, α̂y and α̂z is fulfilled (setting β̂ = α̂0)

[α̂i, α̂j]+ = α̂iα̂j + α̂jα̂i = 2δij (3.4)

where δij is the Kronecker delta. Hence, any solution to the Dirac equation is also a solution

to the Klein–Gordon equation. From non-relativistic theory we know that the spin-angular

momentum operators satisfy

[σ̂i, σ̂j]+ = 2δij. (3.5)

Having the similar properties of the known σ̂i and the unknown α̂i in mind, it can be shown

that in order to fulfill Eq. (3.4), α̂i and α̂j can be chosen to be four-by-four matrices (α̂0 = β̂)

α̂x =

(
0 σ̂x

σ̂x 0

)
α̂y =

(
0 σ̂y

σ̂y 0

)

α̂z =

(
0 σ̂z

σ̂z 0

)
α̂0 =

(
1 0

0 −1

)
where the three two-by-two Pauli spin matrices are

σ̂x =

(
0 1

1 0

)
σ̂y =

(
0 −i

i 0

)
σ̂z =

(
1 0

0 −1

)
In order to form a many-electron relativistic Hamiltonian Eq. (3.3) is rewritten as

i~
∂Ψ

∂t
= (cα̂ · p̂ + β̂mc2)Ψ (3.6)

where on the right hand side the one-electron Dirac Hamiltonian (ĤD) is acting on a four-

component spinor. The simplest many-electron Hamiltonian is the so-called Dirac-Coulomb
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Hamiltonian (ĤDC) in which the electron-electron interaction is treated the through classical

Coulomb interaction. With help of quantum electrodynamics more delicate interaction

terms can be derived such as the Breit correction yielding the so-called Dirac-Coulomb-

Breit Hamiltonian

ĤDCB =
∑

i

ĤD
i +

∑
i>j

e2

rij

+
∑
i>j

ĤB
ij . (3.7)

Here ĤB
ij is the Breit correction. It should be stressed that both ĤDC and ĤDCB are ap-

proximate since non of them are Lorentz invariant. A four-component approach, either

using ĤDC or ĤDCB, is by far the most elegant and accurate way of treating a molecular

system but it is also extremely expensive since the wave function includes both the so-called

“small” (gives the negative energies) and “large” (gives the positive energies) components,

yielding integrals over both. The computational problem is substantially simplified through

the so-called Foldy-Wouthuysen transformation[20] in which the coupling between the small

and large components is eliminated through a series of unitary transformations The re-

sulting two-component Hamiltonian can then be reduced to the non-relativistic Breit–Pauli

Hamiltonian which unfortunately contains some divergent terms which prohibits its use in

electronic structure calculations since the divergent terms make it variationally unstable.

Nevertheless, certain terms in the Breit–Pauli Hamiltonian[21] can be used by means of

perturbation theory, hence molecular properties of relativistic nature can be evaluated to a

good approximation. One such term is the Breit–Pauli spin-orbit coupling operator which

will be discussed in the next section.

3.2 Spin-orbit coupling

As already mentioned in the introduction, SOC is an important factor which governs the

faith of the excitons. Here a more detailed description of the SOC phenomenon will be

given.

Electrons are particles with spin and charge which move with a certain angular momen-

tum. The electron spin gives rise to a magnetic moment as well as the orbital motion which

causes a magnetic interaction between the two magnetic fields, referred to as SOC. How

the orbital angular momentum is induced can easily be understood by considering a fixed

reference point at the electron, hence at the electron point of view it seems that it is being

in the center of the orbital motion of the nucleus. Classical electromagnetism, tells us that

when current flows through a copper coil a magnetic field is created in the center of the

coil, in our case, at the electron. As mentioned above, in a relativistic framework, the SOC

is treated implicitly and while a relativistic treatment is certainly the theoretically most
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elegant, and in principle most accurate method, at our disposal it also happens that it is

hampered by high computational costs. We are therefore in most cases constrained to use

less computationally demanding non-relativistic methods. In the non-relativistic regime the

Breit–Pauli SOC operator[22] describes the magnetic interactions (in atomic units):

ĤSO =
α2

2

[∑
iA

ZA
liA · si

r3
iA

−
∑
ij

lij · (si + 2sj)

r3
ij

]
(3.8)

and can be taken into account by means of perturbation theory. In Eq. (3.8) ZA is the

atomic number of nucleus A, riA and rij are distances between electron i and nucleus A

and electrons i and j, respectively, si is the spin operator for electron i, and liA and lij
are the orbital angular momentum operators for electron i with respect to the position of

nucleus A and electron j, respectively. α is the fine-structure constant. The first term

of the Briet-Pauli SOC operator describes spin-orbit interaction between the electron spin

and the magnetic field induced by the nuclear motion whereas the second term describes

the interaction between the electron spin and the magnetic field generated by the electron

motion. It should be noted that the relative angular momentum between two particles

lij = (ri − rj)× pi, is asymmetrical, i.e. lij 6= lji.

The result of taking SOC into account in a non-relativistic framework is two-fold; first,

together with spin-spin interactions it leads to a splitting of the 2S + 1 multiplet states,

the so called zero-field-splitting. As the name implies the multiplets are split without any

external field. The relative position of the first excited triplet state sublevels is of interest

in connection with radiative decay mechanisms (see Fig. 1.3).

Secondly, the inclusion of SOC will cause the spin selection rule to break down since

the pure multiplet states will become a mixture of states of different multiplicity. The

intensity of the spin-forbidden singlet-triplet transitions can thus be calculated and hence the

luminescence properties of phosphorescent materials can be evaluated. This is of particular

interest for electrophosphorescent devices in which the T1→S0 transitions governs the light

emission (see Fig. 1.3). By taking the SOC into account through perturbation theory we

may write the first order corrected singlet and triplet wave functions |S̃0〉 and |T̃ k
1 〉 as

|S̃0〉 = |S0〉+
∑

n

〈Tn| ĤSO |S0〉
E(Tn)− E(S0)

|Tn〉 (3.9)

|T̃ k
1 〉 =

∣∣T k
1

〉
+

∑
n

〈Sn| ĤSO

∣∣T k
1

〉
E(Sn)− E(T1)

|Sn〉 , (3.10)

where Eq. (3.9) and Eq. (3.10) sum over intermediate singlet and triplet states, respectively.

The first order corrected transition moment Mα (α ∈ {x, y, z}) between |S̃0〉 and |T̃ k
1 〉 is



Molecular Hamiltonian 25

given by

Mk
α =

∞∑
n=0

〈S0|µ̂α|Sn〉〈Sn|ĤSO|T k
1 〉

E(Sn)− E(T1)
+

∞∑
n=1

〈S0|ĤSO|Tn〉〈Tn|µ̂α|T k
1 〉

E(Tn)− E(S0)
, (3.11)

where the triplet state sublevels k ∈ {x, y, z} are taken to be energy degenerate. Here µ̂α is

the dipole operator where α ∈ {x, y, z}.

As Eq. (3.8) relies on the Foldy–Wouthuysen transformation of the DCB equation

[Eq.(3.7)] one could instead perform the Douglas–Kroll transformation yielding the so called

no-pair Hamiltonian. From the resulting no-pair spin-orbit Hamiltonian one could derive

the so called atomic mean-field spin-orbit approach (AMFI) which is much less demanding

compared to an approach where the the Breit–Pauli spin-orbit Hamiltonian is used, since

only one-electron operators are used in which the spin-other-orbit interaction is neglected

and where the spin-own-orbit is taken into account, see Refs. [23, 24, 25] for details.

3.3 Effective core potentials

Effective core potentials (ECPs) are used since they implicitly introduce scalar relativistic

effects and because they lower the computational cost compared to an all-electron calcula-

tion. The use of ECPs relies on the assumption that the model system can be separated

into core and valance electrons. Further, it is assumed that the properties of interest are

determined by valance electrons. Hence, the use of ECPs lets the calculation be restricted

to these electrons only, whereas the core electrons are approximated through the parame-

terized effective core potential. It is obvious that the use of ECPs will facilitate calculations

containing heavy elements which are not possible due to computational cost. Separating

the core from the valence is crucial since choosing a too big core could lead to losses in

accuracy when it comes to the properties connected to the valance. A rule of the thumb is

to partition the electrons according to the main quantum numbers.

The ECPs can be separated into two distinct categories, the pseudo potentials[26] and

the model potentials[27]. In the former the valence orbitals are smoothened in the core

region through a pseudo-orbital transformation, giving nodeless pseudo-valence orbitals. In

the model potential the nodal structure of the valance orbitals is kept in the core region.

The obvious gain, by smoothening the orbitals is that a few functions are needed in order

to get a full description.

Scalar relativistic effects can be introduced by a suitable parameterization of the core,

preferably calibrated at a relativistic level. Effects such as SOC which rely on the expectation

value of 〈r−3〉 become problematic using psuedo orbitals. The reason is simply that, since
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the orbitals do not have any nodes in the core region they are much less accurate compared

to all-electron orbitals. One way of treating such a problem is to introduce an effective

operator, parameterized in such a way that the lack of accuracy in the expectation value

are corrected to good approximation. The simplest form would be to use an effective one

electron term operator

Ĥeff
SO =

α2

2

[∑
i,A

Zeff
A

liA · si

r3
i,A

]
. (3.12)

where the nuclear charge is replaced by a empirical charge Zeff . The effective charge is

parameterized with respect to experimental zero-field splitting energies and hence does not

only take into account the error due to the nodeless orbitals but also the missing two electron

term in the operator[28, 29] [compare Eq. (3.8)].
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Computational methods

In this chapter the self-consistent field method based on Kohn–Sham density functional

theory[30] (DFT) will be introduced.

4.1 Density functional theory

Density functional theory has proved to be a cost-effective way to include some electron cor-

relation, which is completely absent in the so popular Hartree–Fock approximation (HF).

Wave function theory offers other approaches than HF in order to include electron corre-

lation but these are very computationally expensive. The favorable scaling properties have

made DFT one of the most popular methods, and considering the system size of molecules

currently being used in the field of OLEDs, it is the most attractive choice. Below follows

a short review of the most important theorems of DFT and also the Kohn–Sham formalism

of DFT, a formalism which has been adopted in this thesis.

The electron density ρ(r) of an N electron molecular system is given by

ρ(r) = N

∫
· · ·

∫
|Ψ(x1,x2, . . . , rN)|2ds1dx2 . . . dxN , (4.1)

where x = (r, s) and Ψ is the wave function yields a function ρ(r) which depend on 3

spatial coordinates regardless of the system size. Comparing to wave function theory, where

the wave function depends on 4N variables one can imagine that a theory based on ρ(r)

would be far cheaper. The first who presented such a density functional theory (DFT) were

Thomas and Fermi in 1927, who assumed that the electron density could be considered as a

uniform electron gas. Unfortunately, the theory was not accurate. In 1964, modern density

functional theory was born due to the work by Hohenberg and Kohn[31]. They presented two

27
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theorems. In the first they proved that a v-representable density associated with the anti-

symmetric ground state wave function uniquely defines the Hamiltonian operator through

the potential v(r) and therefore all ground state properties of the system, such as the kinetic

energy T [ρ], the potential energy V [ρ] and hence the total energy E[ρ]. The energy of the

system can thus be written as

E[ρ]v = T [ρ] + Vee[ρ] + Vne[ρ]

= T [ρ] + Vee[ρ] +

∫
v(r)ρ(r)dr

= FHK [ρ] +

∫
v(r)ρ(r)dr (4.2)

where the E[ρ]v denotes that the total energy is a functional of a v-representable density ρ.

FHK is the universal functional describing the kinetic energy T [ρ] and the electron-electron

interaction Vee[ρ]. If FHK was known it would give the exact ground state energy of the

system together with the electron-nuclei interaction Vne[ρ]. In Hohenberg and Kohn’s second

theorem it is proved that that variational principle holds for electronic ground states i.e. for

all v-representable densities the ground state density provide a lower bond for the energy

E0 ≤ Ev[ρ̃] (4.3)

where ρ̃(r) is any trial density such ρ̃(r) ≥ 0 and
∫

ρ(r)dr = N .

Hohenberg and Kohn’s theorems assume v-representability which put restrictions on the

theory since conditions for v-representability are unknown. However, the theory can be

expressed for N-presentable densities, where the condition for N-representability is simply

that the density can be obtained from some anti-symmetric wave function, mathematically

this condition can be expressed as

ρ(r) ≥ 0,

∫
ρ(r)dr = N, and

∫
|∇ρ1/2|2dr < ∞. (4.4)

An N-representable density can be space partitioned and hence be expressed in N orthonor-

mal orbitals. The Levy’s constrained-search formula eliminates the v-representability con-

straint allowing one to solve

E = min
ρ

[
F [ρ] +

∫
ρ(r)v(r)dr

]
(4.5)

for N-representable densities. Here

F [ρ] = min
Ψ→ρ

〈Ψ| T̂ + V̂ee |Ψ〉 . (4.6)

searches all wave functions Ψ corresponding to the input density, resulting in the minimum

energy.
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Kohn-Sham method: The major problem with Eq. (4.5) is that the analytical form of

F [ρ] is unknown. Numerous approximations of F [ρ] exist, some better than others. In the

Kohn-Sham (KS) method[32] this problem is addressed by considering a non-interacting

system with the Hamiltonian

Ĥs =
N∑
i

(−1

2
∇2

i ) +
N∑
i

vs(ri) (4.7)

where no electron-electron repulsion is included. A noninteracting system can be described

by a Slater determinant (hence the index s) as

Ψs =
1√
N !

det[φ1φ2 · · ·φN ] (4.8)

where φi are the lowest state given of the one-electron Hamiltonian

f̂sφi = [−1

2
∇2 + vs(r)]φi. (4.9)

Kohn and Sham proposed that the kinetic energy Ts[ρ] should be calculated exactly for the

noninteracting particles, thus separating the kinetic energy functional in Eq. (4.2),

F [ρ] = Ts[ρ] + J [ρ] + Exc[ρ] (4.10)

where

Exc[ρ] = T [ρ]− Ts[ρ] + Vee[ρ]− J [ρ] (4.11)

is the so-called exchange-correlation functional. As seen in Eq. (4.11), Exc[ρ] will capture the

missing electron-correlation due to the non-interacting nature of Ts[ρ] and also the exchange

part of Vee[ρ]s. One can show that the ground state density will satisfy the Euler equation

in which the effective potential is defined as

veff (r) = v(r) +

∫
ρ(r′)

|r− r′|
dr′ + vxc(r) (4.12)

with the exchange-correlation potential

vxc(r) =
δExc[ρ]

δρ(r)
. (4.13)

For a given veff , ρ(r) is obtained by solving the KS-equations

f̂KS
s φi = [−1

2
∇2 + veff(r)]φi (4.14)
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followed by

ρ(r) =
N∑
i

∑
s

|φi(r, s)|2. (4.15)

In order to solve this problem, ρ(r) is guessed. The density will determine veff which will

determine the KS-orbitals in Eq. (4.14). The KS-orbitals will update the density through

Eq. (4.15) and the problem is solved when self-consistency is reached.

As in the Hartree–Fock theory the KS orbitals can be expressed through a linear combi-

nation of atomic orbital yielding the Roothaan–Hall scheme and hence similar computational

cost. The main difference is that the Hartree–Fock method is an approximation by construc-

tion whereas DFT would be exact if the exact exchange-correlation functional was known.

The great advantage is that it includes some correlation energy and compared to correlated

wave functions methods DFT is far cheaper.

Exchange-Correlation Functionals: As the exact exchange-correlation functional is not

known many attempts to form such a functional have resulted in various approximations in

which different aspects of the density have been captured. One usually splits the exchange-

correlation term into

Exc = Ex + Ec (4.16)

and tries to approximate the exchange and correlation parts separately. In the so-called local

density approximation (LDA) the density is assumed to be that of a uniform electron gas.

The LDA does not take into account the inhomogeneities of the electron density, something

which is addressed in the generalized gradient approximation (GGA). In the so called hybrid

functionals one uses a fraction of the exact exchange energy, as defined in HF theory. One

of the most successful hybrid functionals is the B3LYP[33] functional proposed by Becke.

This functional does not only take Hartree–Fock exchange into account but also LDA and

GGA correlation and exchange;

EB3LY P
xc [ρ] = ((1−A)EDirac

x [ρ]+AK[ρ]+BEBecke
x [ρ])+(CELY P

c [ρ]+(1−C)EV WN
c [ρ]). (4.17)

Here Dirac [34] and VWN [35] are the exchange and correlation functionals, respectively,

if considering the LDA. Becke [36] and LYP [37] are the exchange and correlation GGA

corrections to LDA. K[ρ] is just the Hartree–Fock exchange. The parameters A, B and C

have been determined by means of fitting results to experimental data, a procedure that

puts the DFT/B3LYP calculations into the class of semi-empirical theories.
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4.2 Response theory

The wave function, or density, is the most essential aspect of the calculations from which

molecular properties can be extracted. So far, only static properties have been addressed

since only time-independent densities have been considered. Under the influence of a

time-dependent electric field the situation changes since the wave function will become

time-dependent. The optical properties of OLED materials are experimentally determined

through different absorption and emission spectroscopy techniques, in the former during

which the material is subjected to a time-dependent field, allowing the system to respond

in which its properties are changed, e.g. it can undergo a electronic excitation, followed

by relaxation. In order to model this we turn our attention towards response theory[38].

In response theory the expectation value of an arbitrary Hermitian operator Â acting on a

time-dependent wave function (
∣∣0̃〉

) is expressed in powers of the applied field

〈
0̃
∣∣ Â

∣∣0̃〉
= 〈0| Â |0〉(0) +

〈
0̃
∣∣ Â

∣∣0̃〉(1)
+

〈
0̃
∣∣ Â

∣∣0̃〉(2)
+ · · · (4.18)

In order to determine the time evolution of the expectation value, approximate methods are

necessary in order to solve the time-dependent Schröderinger equation

Ĥ(t)
∣∣0̃〉

= i
d

dt

∣∣0̃〉
(4.19)

where

Ĥ(t) = Ĥ0 + V̂ (t). (4.20)

The Hamiltonian is expressed by the sum of Ĥ0, which is Hamiltonian for the unperturbed

system, and a time dependent perturbation V̂ (t). Switching from time to frequency repre-

sentation perturbation can be written as

V̂ (t) =

∫ +∞

−∞
dωV̂ ω exp (−iω + ε)t, (4.21)

where ε is a positive infinitesimal that ensures V −∞ is zero. The perturbing field cause the

wave function to become time-dependent and at a finite time t it can be expanded in a

power series of the perturbation

∣∣0̃〉
= |0〉 +

∫ +∞

−∞
dω1

∣∣0(ω1)
〉

exp[(−iω1 + ε)t]

+

∫ +∞

−∞

∫ +∞

−∞
dω1dω2

∣∣0(ω1,ω2)
〉

exp[(−i(ω1 + ω2) + 2ε)t] + · · · (4.22)
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the first term is the wave function for the unperturbed system, the second term describe

changes in the wave function that are linear in the perturbation, the third term that are

quadratic in the perturbation etc.

Inserting the time-dependent wave function [Eq. (4.22)] into Eq. (4.18) yields the time

development of the expectation value of the time-independent operator Â (ε → 0)

〈
0̃
∣∣ Â

∣∣0̃〉
= 〈0| Â |0〉+

∫ +∞

−∞
dω1〈〈Â; V̂ ω1〉〉ω1 × exp (−iω1t

+
1

2

∫ +∞

−∞
dω1

∫ +∞

−∞
dω2 × 〈〈Â; V̂ ω1 , V̂ ω2〉〉ω1ω2

× exp (−iω1 − iω2)t +O(V 3) (4.23)

where the Fourier coefficient 〈〈Â; V̂ ω1〉〉ω1 denote the linear response function (first order re-

sponse of the property A to the perturbation V ω1 of frequency ω1) and 〈〈Â; V̂ ω1 , V̂ ω2〉〉ω1,ω2

denote the quadratic response function (second order response with respect to the pertur-

bations V ω1 and V ω2 of frequencies ω1 and ω2). In case of a time-independent perturbation

(ωn = 0) the response theory is equivalent to time-independent perturbation theory where

the above expression reduces to an ordinary Taylor expansion of the static expectation value

of Â.

The linear response function in Eq. (4.23) can be expressed in the set of eigenfunctions

of Ĥ0 and is then given by

〈〈Â; V̂ ω1〉〉ω1 =
∑
k>0

(
〈0| Â |k〉 〈k| V̂ ω1 |0〉

ω1 − ωk

− 〈0| V̂ ω1 |k〉 〈k| Â |0〉
ω1 + ωk

)
(4.24)

where the poles ω1 = ±ωk correspond to the excitation energy between states |0〉 and |k〉.
The residues of Eq. (4.24)

lim
ω1→ωm

(ω1 − ωm)〈〈Â; V̂ ω1〉〉ω1 = 〈0| Â |m〉 〈m| V̂ ω1 |0〉 , (4.25)

gives the associated transition moments. In the same manner higher order response functions

can be expressed. The quadratic response function may be written

〈〈Â; V̂ ω1 , V̂ ω2〉〉ω1,ω2 = P12

∑
k,l>0

[
〈0|A |k〉 〈k|V ω1 − V ω1

0 |l〉 〈l|V ω2 |0〉
(ω1 + ω2 − ωk)(ω2 − ωl)

− 〈0|V ωk |k〉 〈k|A− A0 |l〉 〈l|V ω2 |0〉
(ω1 + ωk)(ω2 − ωl)

+
〈0|V ω1 |k〉 〈k|V ω2 − V ω2

0 |l〉 〈l|V ω2 |0〉
(ω1 + ωk)(ω2 + ωk + ωl)

]
(4.26)
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Its single residues will contains valuable information about spin-orbit induced transition

moments, setting Â = µ̂ and V ω1 = ĤSO(ω1 = 0). The double residue gives information

about the transition moment between excited states. From above it is clear that the linear

and quadratic response functions are corner stones when it comes to characterizing the

optical properties, such as absorption and emission wave lengths and strengths.

4.3 Response theory within a density functional theory framework

For reasons already mentioned KS-DFT have been adopted and hence the response theory

need to be formulated within DFT framework[39, 40]. The time evolution of the KS-

determinant, as given by the time-dependent KS-equation

(Ĥ(t) + V̂ (t))
∣∣0̃〉

= i
d

dt

∣∣0̃〉
(4.27)

is written as ∣∣0̃〉
= exp(−iκ(t)) |0〉 (4.28)

where |0〉 is the time-independent reference state and κ(t) is the anti-Hermitian operator

defined as

κ̂(t) =
∑
rsσ

κ(t)a†rσasσ. (4.29)

Here the time dependence is introduced by the variational parameters κrs(t), a†rσasσ = Eσ
rs is

the excitation operator expressed in creation and annihilation operators. The electron den-

sity of the time-dependent KS determinant can be expressed through the density operator

as

ρ(r, t) =
〈
0̃
∣∣ ρ̂(r)

∣∣0̃〉
= 〈0| exp(κ̂(t))ρ̂(r) exp(−κ̂(t)) |0〉 (4.30)

Having control of the time evolution of the KS-determinant through κ(t). The time evolution

of κ(t) is expressed in a perturbation series

κ(t) = κ(1)(t) + κ(2)(t) + κ(3)(t) · · · (4.31)

and by inserting Eq. (4.31) into Eq. (4.30) the density to all orders of the perturbation is

obtained. Having the density to all orders will enable the determination of an expectation

value of an arbitrary one electron operator Â. The problem reduces to determine the

variational parameters κrs(t). This is done by applying Ehrenfest theorem

d

dt

〈
0̃
∣∣ Â

∣∣0̃〉
=

1

i

〈
0̃
∣∣ [Â, Ĥ]

∣∣0̃〉
+

〈
0̃
∣∣ d

dt
Â

∣∣0̃〉
. (4.32)
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where Ĥ is the KS-Hamiltonian including the perturbation V̂ ω(t) and Â is and arbitrary

one-electron operator. Since the KS-Hamiltonian is a functional of the density it can be

expressed in terms of the parameter κ(t). Inserting the expansion series of κ(t) [Eq. (4.31)]

into Eq. (4.32) yields one equation for each order in the perturbation. By solving the first

order equation the linear response equation [Eq. (4.24)] of an arbitrary one electron operator

Â can be calculated thorough

〈〈Â; V̂ ω〉〉ω = 〈0| [κ̂ω, Â] |0〉 (4.33)

whereas the solution to the second order equation yields the quadratic response

〈〈Â; V̂ ω1 , V̂ ω2〉〉ω1ω2 = 〈0| [κ̂ω1ω2 , Â] |0〉+
1

2
P12 〈0| [[κ̂ω1 , [κ̂ω2 , Â]] |0〉 (4.34)

As mentioned in previous section, by calculating the linear and quadratic response functions

and their corresponding residues desirable properties such as S0→S1, S0→T1 absorption

energies and corresponding transition strengths can be obtained.

As the Dalton code[41] offers quadratic response as just mentioned, this package has been

used in order to calculate the electric dipole transition moments needed for evaluating the

phosphorescence lifetimes, see Eq. (2.1). For reasons mentioned, phosphorescence lifetime is

not as important for PLEDs as for electrophosphorescent devices. The fluorescence maxima

have been calculated by means of TDDFT as implemented in the Gaussian03 package[42].

The Gaussian03 package has also been utilized in order to calculate the energy of the charged

in neutral states (see Fig. 2.3) needed in order to evaluate the intramolecular reorganization

energy.



Part III

Review of completed work





Chapter 5

Overview of included papers

In Paper I, I studied various approximate ways of calculating the T1→S0 transition. The

emphasis is on the transition moment which is induced by SOC. Here I wished to evaluate

the performance of the semi-empirical effective one-electron spin-orbit operator together

with ECPs. In order to get a rigid evaluation of relativistic HF, non-relativistic HF and

DFT/B3LYP calculations where performed using various basis sets. In the relativistic frame-

work we do not explicitly address any spin-orbit operator as it is already taken into account

whereas in the non-relativistic case we use both the Breit–Pauli SOC operator and the

AMFI approach for comparison. We conclude that for the test case of molecules H2CX,

X ∈ {O,S, Se, Te}, the use of ECPs together with the effective spin-orbit operator manage

to reproduce the phosphorescence lifetime to within 15% of the lifetime obtained using the

Breit–Pauli operator.

In Paper II, I turned our attention to the electron transporting ability of the Sulfur

and Nitrogen analogues Oxadiazole, Thiadiazole and Triazole, respectively. The electron

transporting capability of Oxadiazoles are well known whereas we are breaking new ground

by evaluating Triazole and Thiadiazole. DFT/B3LYP calculations give reliable anion ener-

gies and were performed in order to evaluate the intramolecular reorganization energy. We

conclude that based on the properties we have calculated, Thiadiazole would be a better

electron transporter than Oxadiazole. Also, as the HOMO-LUMO alignment is a crucial

factor for an effective charge carrier injection, we investigated the tunability of these levels

by substituting the systems with donor and acceptor groups. Our calculations reveal that

Thiadiazole systems have a larger HOMO-LUMO span which would readily allow tunability

and hence it seems that Thiadiazoles are superior in this aspect as well. Last but not least,

as electron transporting materials are constantly being reduced it is important that they

do not get oxidated which will quench the electron transport. In order to prevent this the

adiabatic electron affinity needs to be larger for the electron transporting material than
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for molecular oxygen. Even in this respect it turns out that Thiadiazoles are superior to

Oxadiazoles.

In Paper III, we start our PLED research by calculating electronic absorption in the

singlet (S0→ S1) and triplet (T1→Tn) manifolds as well as the singlet-triplet gap (S0→T1) for

a range of oligomer systems where the corresponding polymer has been used in relevance to

light emitting devices. Again we utilize DFT/B3LYP and conclude that the mean absolute

errors of the triplet-triplet excitation energies are not significant, also the S0→ S1 energies

are not as accurate but still reliable. Knowing the performance of TDDFT is a crucial

aspect when it comes to predicting new materials.

In Paper IV I capitalize on the experiences from Paper I in order to determine the

phosphorescence mechanism in Ir(ppy)3. Ir(ppy)3 is one of the first fundamental compounds

used in order to achieve effective electrophosphorescent devices. In order to design next

generation of such materials the fundamental properties need to be fully understood. We

confirm previously calculated vertical excitation energies at the ground state geometry and

to that we add vertical excitation energy at the first excited triplet state geometry. In

this Paper, as well as in all other papers, vibronic interaction is not considered. This

can be a crude approximation since the radiative excitation from the lowest triplet state

can be quenched by non-radiative intersystem crossing (T1 S0). At this level of theory we

calculate the phosphorescence lifetime at the high temperature limit to be 2-10 µs depending

on the initial geometry. The vertical transition at the ground state geometry yields a

phosphorescence lifetime which is closer to experiment (≈ 2 µs) than the vertical excitation

which at first glance seems a bit odd. We attribute this to the fact that the T1 state has

an annharmonic potential with a shallow minimum, this makes the initial geometry for

the phosphorescence something in between the S0 and T1. The main intensity borrowing

responsible for the strong phosphorescence origins from the S5→S0 transition.

In Paper V, I continued our work with PLEDs addressing the chain length dependence of

singlet and triplet excited states for oligofluorenes. Not surprisingly, thanks to our previous

experiences in Paper III, we confirm the observed chain length behavior when it comes to

both absorption and emission. This adds another brick in our wall towards building the

experience needed for predicting new materials. On top of that, since we in this paper calcu-

late the fluorescence and phosphorescence energy, in which S1 and T1 optimized structures

are needed, we are able to compare and contrast the differences in the excited states. It

should here be noted that in order to optimize the S1 structure we had to abandon our

traditional DFT/B3LYP scheme since in the current software releases, analytical gradients

for the TDDFT method is not implemented. In order to obtain the S1 structure we have

used configuration interaction singles (CIS) which have been shown to give structures close

those of DFT. The differences is mainly due to inclusion of dynamic correlation in DFT
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which is absent in CIS. The excited state structures attract attention since they might give

information about the so called β-phase formation in polyfluorenes. The β-phase seems to

be responsible for the small unwelcome absorption peak at 413 nm. In order to find ways

of quenching this peak structure information is essential.
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