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1 Introduction

Our eyes are the broadband connection between our brain and the outside world. The
retina in the eye processes about 10 gigabytes per second [1], comparable to a today’s
fiber optic network connection. Displays are the modern counterpart of this optical
connection and represent a possibility to visualize information dynamically. Although it is
questionable what percentage of information transmitted by displays represents essential
information for our brain, there is no doubt that this connection between displays and
our eyes has become increasingly important in recent decades. Our future will be shaped,
in particular, by interaction with computer systems. Professional fields such as air traffic
controllers, 3D designers and surgeons will be able to use sophisticated displays to capture
complex information with increasing ease or to access supporting information during their
manual work.

However, the beginnings of color displays were cumbersome. The first color cathode-
ray tubes were produced in 1954. Here, small green, red and blue phosphorescent dots
on a screen were excited by three separate electron beams. A well-heeled and well-versed
customer was thus able to view the first television pictures in color on a rounded display
(see Figure 1.1, left) with a dimension of about 160 x 120 pixels, while the entire system
consumed about 475W of electrical power [2]. In contrast, modern organic light-emitting
diode (OLED) displays, like the one used in Sony‘s Xperia 1 (see Figure 1.1, middle) only
consume electrical power in the range of 100mW [3] and could display the pixels of the
first color cathode-ray with a resolution of more than 643 pixels per inch on an area of
6mm x 5mm. In addition, these OLED displays have become extremely thin. Without
substrate, they have a thickness of about 1um and thus, allow the production of curved
and bendable screens. In the future, ever smaller displays with ever higher resolutions
will offer new application possibilities in the field of virtual and augmented reality. For
example, contact lenses are conceivable (conception in Figure 1.1, right) which project
information directly onto our retina and thus, provide us with auxiliary information or
extend our natural visual senses.

However, the resolution of a display is not the only aspect to be optimized on the way to

more and more sophisticated displays. Other important aspects include power efficiency,
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Figure 1.1: Left: First commercial TV screen “Victor CT-100” from 1954 produced by the
company RCA with a rounded screen of 160 x 120 pixels. The system is part
of a private collection [4] and was restored by Steve Dichter, who kindly granted
permissions to use this picture. Middle: Contemporary OLED display used in Sony‘s
Xperia 1 [5] utilizing 1644 x 3840 pixels. Right: Conception of a contact lens with
integrated high resolution display for future augmented reality applications. In 2020
companies like Mojo Vision and Samsung demonstrated first prototypes.

color gamut, device lifetime and contrast ratio. As we will see, all these aspects depend on
the properties of the luminous small molecules used in the OLEDs. These molecules are at
the center of this work, the aim of which is to analyze their photophysics, to demonstrate
different modes and mechanisms behind the emission of light and to gain insights that will
enable the next generations of light emitting devices. But first, we look at the underlying
function of an OLED: The schematic structure is shown in Figure 1.2. The OLED consists of
a cathode and an anode connected to a voltage source operating in the range between 1V
to 10V. Between the electrodes there is a series of thin organic layers that give the OLED its
name. Both types of charge carriers enter the emitting layer (EML) via a selective electron
transport or hole transport layer (ETL/HTL). In this emitting layer, the luminescent guest
molecules are dispersed within a matrix and capture the free charge carriers, so that
excitons are formed on the molecular dopants. In an alternative approach, excitons are
already formed in the matrix and then transferred to the doping molecules. In either case,
the excitons then ideally recombine radiatively at the site of the molecule and one photon

per electron-hole pair is emitted.

The optimization of OLEDs is a complex process and the improvement of dopants is
not the only challenge. Among others, these challenges include: Finding or modifying
materials that are suitable for production steps such as spin coating, inkjet printing or

vacuum deposition while maintaining their chemical stability, ensuring that all materials
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Figure 1.2: Left: Layer structure and principle energy diagram of an OLED: anode/hole
transport layer (HTL)/emissive layer (EML)/electron transport layer (ELT)/cathode,
Right: Energy levels for electrons and holes in an OLED.

have a sufficiently high glass transition temperature to avoid crystallization of the layer
material during device lifetime, minimizing quenching mechanisms by tailoring the
respective orbital energies of long living dark states in the host material [6], protecting
cathode materials from atmospheric oxidation and designing the cathode-ETL interface
with respect to the work function of the cathode, the lowest unoccupied molecular orbital
(LUMO) of the ETL, and the resulting electron injection barrier at the metal-organic
interface to minimize electric resistance [7], balancing charge carriers in the active device
volume to concur with microcavity effects in the OLED and, not least, optimizing light
out-coupling of the OLED [8]. Despite these many challenges upon optimizing an OLED,
the luminescent molecular dopants have a very direct influence on many properties of the

OLED. In the following we will take a closer look at these properties:

Power Efficiency: A high power efficiency is not only desired in order to consume as
little electrical power as possible while providing a certain amount of light, but also to
keep the waste heat in the components as low as possible. The power efficiency of an
OLED is proportional to its external quantum efficiency (EQE) and this quantity is defined
as the ratio of emitted photons to injected electron hole pairs. Since there are several
largely independent loss mechanisms along the route of an injected electron hole pair to
an emitted photon, the EQE (1.x;) can be written as the product of different mechanisms
[9]:

Next = NexPpTph (1.1)
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Here 1., is the fraction of injected electron hole pairs that form excitons on molecular
guests which perform a subsequent radiative transition. This fraction depends on the type
of luminescence of the molecule and can be 1 for phosphorescent emitters and as low as
0.25 for fluorescent emitters. Next, ¢, is the internal quantum efficiency of the exciton
decay, i.e. the probability of observing a radiative decay with non-radiative decay channels
as competing processes. Finally, 77,y is the fraction of photons that manage to leave the
OLED in the direction of the observer. Without special measures like surface structuring
[8] or molecular alignment [10], 77, typically lies in the range of 25% [9] resulting in an
overall 7, typically between 10 % and 20 % [6].

Contrast Ratio: The contrast ratio is a measure by which OLEDs stand out from display
types based on back lighting such as liquid crystal displays. The contrast ratio describes
the brightness ratio between a pixel that is switched on versus its off-state. For marketing
reasons, the contrast ratio for OLEDs is often given as infinity, because turned off pixels
are completely dark and emit no light at all [3]. However, this neglects ambient light that
is scattered on the display. For a high image quality under ambient light, it is therefore
desirable to increase the absolute brightness of the individual pixels. However, this cannot
be achieved by simply increasing the current density in the OLED device, as at higher
exciton densities in the emitting layer, exciton-charge carrier interaction as well as exciton-
exciton annihilation processes increase disproportionately and an efficiency roll-off can be
observed [11] with dissipated heat causing additional negative effects on other processes in
the OLED. Therefore, a primary goal is to keep the radiative recombination rate of excitons
on the dopant molecules as high as possible and thus to limit the exciton density in the
emissive layer.

Device Lifetime: The lifetime of OLED displays is still a critical issue in the year 2021,
especially for electronic goods like TVs, where consumers expect long device lifetimes [3].
Especially, blue emitters are the problem here. The reason for this is the energetically high
lying exciton state of blue emitters which are susceptible to irreversible photobleaching
[12]. An obvious strategy is therefore again to increase the radiative recombination rate of
excitons on the dopant molecules in order to minimize the time a molecule resides in its
excited state and is prone to photobleaching.

Color Gamut: In order to develop a display with the most brilliant colors possible, it
is necessary to take into account the color perception of the human eye. Our retina has
three different types of cone cells, which have different maximum absorption sensitivities
in the blue, green and yellow and therefore, are excited to different degrees by light of
different colors [13]. If we neglect the absolute brightness of a color, all perceivable

colors can be represented in a two-dimensional map established by the Commission



internationale de l'éclairage (CIE map), which is illustrated in Figure 1.3. To cover this
color space by the emission of a display, the three primary colors red, green and blue
are used to form a red-green-blue (RGB) color space. In the early days, when the first
color images were generated by cathode-ray tubes, this color space covered only a rather
small part of the CIE-map. However, by choosing primary colors located more to the edge
of the CIE map the RGB space has been continuously expanded over the past years to
cover an ever-increasing proportion of all colors which can in theory be perceived by our
eyes. The latest RGB standards take this to the extreme and use individual spectral lines,
i.e. monochromatic primary colors, (red: 635nm, green: 532nm, blue: 467nm) as RGB
references [14]. However, these colors can currently only be produced by RGB lasers. For
OLEDs in application, the goal is therefore, that each of the three colors must be generated
by just one type of luminescent molecule. These three colors should be located in the
corners of the RGB triangle defined by the corresponding standard and therefore, have to
emit at the narrowest possible spectral linewidth. This modification of molecular emission
is often achieved by substitution of chemical moieties. As an example, Figure 1.3 illustrates
how the substitution of ligands in a copper complex can shift the emission of the species

towards the red corner of the RGB color space.
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Figure 1.3: Emitters in the CIE map. Left: All perceivable colors can be represented in a
two-dimensional CIE map. An RGB standard (BT.2020) covers only the colors within
the triangle. Right: The emission of copper complexes can be shifted within this
color space by substitution of ligands. Emission data was kindly provided by Markus
Gernert from the group of Dr. Andreas Steffen at the Institute of Inorganic Chemistry
at the University of Wiirzburg.

As we have seen, there are several objectives that need to be fulfilled in order to design

suited luminescent dopant molecules for OLED applications. Each of these goals is



1 Introduction

relatively easy to cope with by its own, while it is very difficult to find molecules which
satisfy all relevant aspects. For example, if one only aims to optimize the quantum
efficiency of a molecule, it is possible to reach almost 100% with phosphorescent
molecules like Ir(ppy)2(acac) [15]. But the exciton lifetime of this molecule occurs on
a relatively long time scale of ps [16], which leads to problems with device lifetime and
limits their maximum brightness. Fortunately, the variety of possible emitters in organic
chemistry is almost unlimited. To perform an efficient and targeted search for the best
emitters it is necessary to understand the mechanisms to which excitons, and in particular
their formation and relaxation, in molecules are subjected. This work aims for the goal
to provide valuable insights to this topic by analyzing the photophysics of a number of
novel molecules and revealing the underlying mechanisms of emission and non-radiative
losses. Many of the findings are based on the direct investigation of single luminescent
molecules. In contrast to measurements on molecular ensembles, which average over a
large number of identical molecules with different local environments, single-molecule
measurements allow to study the interaction of a molecule with its local environment and
to separate these effects from its intrinsic properties, thus, disclosing the inherent potential
of a given compound. Additionally, the study of photon statistics, i.e. the analysis of the
exact temporal distribution of the emitted photons, plays a special role in this work as it
allows, among others, to identify single molecule emission.

Part I of this thesis provides the physical background to understand the relevant
properties of organic molecules and their interaction with light. Afterwards, a closer
look at the photon statistics of single molecules is taken and it is clarified which
information about a molecule is contained in the statistics of its emitted photons and
how this information can be extracted. Part II describes all materials used in this work.
The investigated luminescent organic molecules are classified according to the different
mechanisms preceding the emission of a photon and these mechanisms are discussed
in detail. Furthermore, all experimental setups and the preparation of the samples are
described. Finally, Part III presents the results and discusses the findings that will help to
develop the next generations of OLEDs and other novel photon sources. This includes the
detailed discussion of the photophysics of several representative small molecules featuring
different emission mechanisms, the role of interaction with the local environment on the
single molecule level, novel molecules that prove their applicability in OLEDs for the first
time and finally, electrically pumped multichromophoric molecules, which are optimized
for the emission of single photons and possibly will serve as active entities in future non-
classical light sources. These molecules emit so brightly that individual emitting molecules

can be observed by eye under the microscope.



2 Physical Background

This chapter provides the physical basis for understanding the behavior of molecules with
respect to their emission of light. First, we will look at the structure of organic molecules.
Then we will clarify how these molecules interact with light. Finally, we will see what

information can be obtained about a molecule from its light emission.

2.1 Molecules, Light and their Interaction

2.1.1 Organic Molecules

Organic molecules are based on carbon compounds and their photophysics is essentially
determined by the electronic structure of the constitutive carbon atoms. Here, the most
important role is played by sp?-hybridized carbon which forms three sp? hybrid orbitals.
These orbitals are oriented in the x-y-plane of the molecule at an angle of 120° with respect
to each other. They are singly occupied by electrons and therefore, can form strong
sigma bonds to other elements. This type of bond allows for large, predominantly planar,
molecules. A representative is benzene (CgHg), illustrated in Figure 2.1, in which six carbon
atoms bind to form a closed ring.

The single occupied p, orbitals of each carbon atom in benzene also contribute to
the stabilization of the molecule by forming a delocalized 7 electron system along the
ring. The electrons of the p, orbitals occupy the energetically most favorable 7 molecular
orbitals of binding character. The energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied (anti-bonding 7*) molecular orbital (LUMO)
essentially determines the photophysical properties of the organic molecules. For most
carbon based aromates this energy gap amounts to 1.5eV to 3 eV, which corresponds
to wavelengths between 400nm and 800 nm and thus, lies in the visible region of the
electromagnetic spectrum [10].

By optical or electrical excitation, an organic molecule can be converted into one of
the excited configurations shown in Figure 2.2. In this simplified picture of electrons

occupying the molecular orbitals, however, the interaction between the electrons is
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Figure 2.1: Origin of delocalized n-electron systems. Left: sp?-hybridized carbon has
three singly occupied sp? orbitals and one singly occupied p, orbital. Middle: The
interaction between several carbon atoms leads to a splitting of the energy levels of
the 2p, molecular orbitals. Right: In benzene the p, orbitals form a delocalized 7-
electron system delocalized along the ring which determines the optical properties
of the molecule.

neglected. Therefore, it is more useful to describe the electronic state of the molecule as a

collective state and to indicate its total energy as shown in Figure 2.2 on the right side.

Only then, energetic differences such as those between S; and T;, where only
one electron spin is flipped, become apparent. This is extremely important for the
photophysics of the molecules. Therefore, in the following the idea of an electron that
is excited by a photon from the HOMO to the LUMO is replaced by the view that the whole
molecule is excited from its Sq to its S; state.

In order to further refine the picture of processes taking place upon photon absorption
and emission in the molecule, vibronic processes of the atomic nuclei are included.
In the Born-Oppenheimer approximation, which separates electronic and vibrational
wavefunctions, the vibronic processes are described by the Franck-Condon principle [17],
shown schematically in Figure 2.3. Here the process of absorption from the Sy into the
S; state is indicated by vertical blue arrows and can end in different vibronically excited
states. As these transitions exhibit different Franck-Condon factors, i.e. different amount

of vibrational wave function overlap, the corresponding absorption bands vary in strength.
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Figure 2.2: From configuration picture to state model. Left: In the configuration picture
electrons, indicated by small arrows, occupy the individual molecular orbitals. In
this picture, electron-electron interactions are neglected. Right: The states of a
molecule are better described by collective states with their corresponding total

energies.

The intra-molecular vibrations have frequencies of 10'?2 Hz to 10'* Hz [18] and quickly

relax to the vibronic ground state of the electronically excited state if there is a possibility

to dissipate the excess energy to the environment. This effect also occurs upon light

emission, indicated by red arrows in Figure 2.3, which leads to two distinct characteristics

of absorption and emission spectra: First, both have a vibronic structure that reflects

the vibronic structure of the molecule. Second, the molecule’s emission is red-shifted in

respect to the absorption.
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Figure 2.3: Illustration of the Franck-Condon principle. After the absorption (blue arrows)
and emission (red arrows) of a photon the molecule can be vibrationally excited.
This vibrational energy spectrum becomes apparent in the molecule’s absorption
and emission spectrum. The process is described in detail in the text.

Besides radiative transitions, non-radiative transitions are another possible relaxation
process of the electronically excited state. This includes internal conversion, i.e. non-
radiative transitions between states of equal multiplicity, and transitions between singlet
and triplet states, known as intersystem crossing. An overview of possible transition
processes is shown in the Jablonski diagram in Figure 2.4. The described transitions
take place on widely differing time scales: Absorption and fluorescence, i.e. the radiative
recombination from S; to Sy, have a high oscillator strength and emission runs on the time
scale of nanoseconds while the absorption rates depend on the intensity of the excitation
light. Transitions between singlet and triplet states are generally spin-forbidden. However,
effects such as heavy atoms incorporated in the molecule [19] or processes that mix singlet
7,m* excitations, i.e. excitations between bonding and anti-bonding 7-orbitals, and triplet
n,m* excitations, i.e. excitations between non-bonding and anti-bonding z-orbitals, can
lift this constraint. Thus, it is also possible to observe phosphorescence, i.e. the radiative

transition between T and Sy state with typical T, -lifetimes in the range of microseconds.

10
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Figure 2.4: Illustration of a molecule’s Jablonski diagram. Besides radiative transitions like
absorption, fluorescence and phosphorescence there are non-radiative transitions
between states of equal multiplicity, i.e. internal conversion, and different multi-
plicity, known as intersystem crossing, as well as vibronic relaxation channels within
different electronic states.

2.1.2 Light

Light can be theoretically described in the basis of planar electromagnetic waves. These

waves can be defined by the vector potential

A(r,t) = Agpecos(k-r—wt) 2.1)

where each wave is characterized by the normalized vector of polarization &, the wave
vector k with € -k = 0 and the angular frequency of the oscillation w = c- [k|. Further, Ay is
the amplitude of the vector potential, r the position vector and ¢ the time. Starting from this

vector potential, the electric and magnetic fields associated with the wave can be obtained
by

11
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4,A
E=--——"  and (2.2)
C
B=VxA. (2.3)

While planar waves are rather an idealized concept they serve as a mathematical basis to
construct waves which are closer to reality by using a superposition of different planar
waves with different k and w.

An important aspect of these fields is their quantization. While classical theories allow
an arbitrary amplitude of the vector potential, the quantization of light predicts single
photons with an amplitude of A = \/8’;—? in the volume V and at energy of

|4

2
EQ phOtOn) = . (<E2> + <B2>) _ VAO(U _

arcl hw. (2.4)

While Einstein’s interpretation of the photoelectric effect indicated that materials absorb
radiation in quantized portions [20], the unambiguous experiment which showed the
quantization of light was performed by Clauser [21] using single photons emitted by a
mercury atom and a Hanbury Brown and Twiss photomultiplier configuration [22] for
detection. This setup plays a crucial role in this thesis as it allows for the detection and
verification of single photons and the characterization of the molecules which emit these

photons.

2.1.3 Interaction between Light and Molecules
Absorption and Stimulated Emission

The absorption and emission of light is commonly described by first order perturbation
theory. Fermi’ golden rule [23] predicts the rate of transition from one discrete state to an
other in the case of weak interaction with an electromagnetic field of continuous frequency

distribution:
27 A 2
riﬁf:€|<z|vi|f>| 8(E; — Ef + hw) (2.5)

where the perturbation operator is given by

V=—2Ap. 2.6)

mecC

12
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Here p denotes the momentum operator, / the Planck constant, w the angular frequency
of the oscillation, e and m, the charge and mass of the electron and c the speed of light.

This indicates that the processes of absorption and stimulated emission of a two level
system have equal probability and are proportional to the intensity of the electromagnetic
field interacting with the system. Nevertheless stimulated emission plays a minor role
in the experiments of this thesis. The reason for this are the vibrationally excited states
which allow the molecule to dissipate part of its energy to the environment. Therefore,
after losing part of its energy, the system is no longer susceptible to stimulated emission
at the photon energy that causes absorption. As vibrational relaxation happens typically
within the femtosecond range [18], its transition rate is several orders of magnitude higher
than the transition rate of absorption at moderate excitation intensities. This allows to
model the process of absorption with a single rate constant, which describes the transition
as an effective one-step process from the ground state to the relaxed electronically excited
state with a transition rate proportional to the exciting laser light and without including

stimulated emission.

Spontaneous Emission

The vibrational ground state of the first excited singlet state tends to spontaneously
decay within several nanoseconds. This process is provoked by the quantization of the
electromagnetic field. This leads to a non vanishing amplitude of the vector potential even
in the ground state of the electromagnetic field where the amplitude is not zero but its
energy is equivalent to half a photon. This in turn results in a finite probability to emit one
photon spontaneously. In the dipole approximation the transition rate of spontaneous

emission reads

Pi_,f:ile—2|(i|f'|f>|2w?? 2.7)
3 he3 if

and thus, provides three important results: First, the transitions between two states might
be forbidden, if the transition dipole moment (i|t|f) between initial and final state is
zero. Whether this is the case is determined by the symmetry of the molecule’s HOMO
and LUMO wavefunctions. Second, if the transition is dipole-allowed the polarization of
the emitted light is determined by the symmetry of the participating molecular orbitals.
Third, the rate of spontaneous emission is proportional to w? I This leads to an enhanced
spectral weight in blue emission regime of the experiment and has to be considered when
evaluating the transition dipole moments of molecular transitions from experimental

spectra.

13
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2.2 Design Criteria for Efficient Organic Light
Emitting Diode Dopants

As discussed in Chapter 2.1.1, there are several processes by which a molecule can change
its electronic state. In particular, the rates of intersystem transitions between singlet and
triplet states are crucial for the design of suited OLED dopants with a high quantum
efficiency and a strong luminescence. If one had the possibility to tune the transitions
rates between the different states of the molecule, what would be the ideal values for this?
If we remember the initially defined objectives, one of them was to achieve the shortest
possible exciton lifetime. The most obvious approach to achieve this goal would be to
utilize a fluorescent transition with a fast radiative decay instead of a phosphorescent
transition. However, in the case of electrically pumped OLEDs, it is a challenge to efficiently
occupy this state. First of all, due to the electron-electron exchange interaction, the triplet
state are energetically lower in energy than the corresponding singlet state and therefore,
is preferentially occupied by excitons. Secondly, the triplet state with its total spin 1 is
theefold degenerate in its magnetic quantum number Mg = —1,0,1. This leads to the
observation that a fluorescent dopant that is electrically pumped within a matrix is excited
only at a probability of 25 % in the singlet state but with a probability of 75 % in its triplet
states [6]. Additionally, these triplet states are long living and thus, limit the efficient re-
excitation of the fluorophore. Simple fluorescent molecules are therefore of only limited
use in OLEDs.

In the present work, two fluorescent monomers, the squaraine monomer M and a
perylene bisimide monomer, are analyzed. In Chapter 4, these molecules are presented
in more detail with respect to their chemical and main physical properties together with
other new types of molecules that use multichromophores, thermally activated delayed
fluorescence, phosphorescence or open-shell systems to solve the challenge of efficient
light generation. Figure 2.5 gives an overview of all guest molecules used in this work for
emission studies and classifies them with respect to the underlying mechanism of light

generation.

Multichromophores

In comparison to fluorescent molecules with just one chromophore, multichromophores
employ the interaction between several identical chromophores. For example, the
process of triplet-triplet annihilation allows the generation of a singlet exciton from two

triplet excitons. For OLEDs that are operated by electro-fluorescence, a maximum of

14
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Figure 2.5: Overview of different types of recombination mechanisms. For each category
the characteristic path of molecular transitions is shown in red. Radiative transitions
are marked by solid lines, non-radiating transitions by dashed lines.

62.5% (25 % singlet states and %x 75 % triplet states) is theoretically possible [24]. The
mechanism of triplet-triplet annihilation allows also for niche applications like OLEDs
with an exceptionally small onset voltage of 1V [25], as the related energy of two generated
triplet excitons is sufficient for the generation of a singlet exciton.

In order to control the triplet-triplet interaction precisely, it is possible to covalently
link the two involved chromophores and therefore, to keep their distance constant, which
is crucial for the strength of the interaction [26]. Moreover, by covalent linking, other
properties like chemical stability and solubility can be improved [27]. The crystal structure
can be adjusted in a defined way and energy levels can be modified [28]. Finally, the triplet-
triplet interaction on one macro-molecule van be used to realize an efficient single photon

source [29].

Delayed Fluorescent Molecules

Another possibility to achieve almost 100 % internal quantum efficiency is to transfer the
population of the triplet state back to the singlet state and to observe the fluorescence
emitted from there [30]. Since S; is energetically higher than T, this approach requires
among other things the smallest possible energy gap between T, and S; so that the thermal
energy of the environment is sufficient to stimulate this transition [31]. This phenomenon
was observed in Eosin already in the 1960s [32] and was called E-type fluorescence.
Nowadays, this process is called thermally activated delayed fluorescence (TADF) and
was applied for the first time by SnF,-porphyrin metal complexes in OLEDs [33], which
exhibited still a rather big singlet-triplet energy gap of 390 meV. Today more elaborated
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molecules are available, which often involve charge transfer excited states with singlet

triplet gaps of only a few meV [34].

Phosphorescent Molecules

Besides fluorescent molecules, one strategy towards efficient OLEDs is to allow for strong
occupation of the triplet states and, instead, to focus on the optimization of intersystem
crossing and the subsequent phosphorescence. This can be achieved by enhancing spin
orbit coupling (SOC) to activate the otherwise spin forbidden So<T; transition [35].
Additionally, an increased spin orbit coupling can enhance the intersystem crossing and,
thus, effectively transfer singlet excitons to the triplet states. As a result, nearly 100 %
of all generated excitons are converted to photons [15]. In commercial materials, like
Ir(ppy)s [36], the increase of spin orbit coupling is achieved by relativistic effects in the
vicinity of heavy atoms incorporated in the molecule [37]. Thus, it is possible to increase
the radiative decay rate from the triplet states to the singlet ground states and observe
strong phosphorescence. In the case of Ir(ppy)s, the triplet state has a lifetime of 1.57 us
[38], which is short in comparison to other organic molecular species without heavy
atoms, typically exhibiting triplet lifetimes in the range of milliseconds [39], but long in

comparison to fluorescent lifetimes, which decay within nanoseconds.

Open-Shell Molecules

A completely different approach is based on the use of open-shell molecules instead
of closed-shell molecules. In contrast to closed-shell fluorescent or phosphorescent
molecules, these radicals have a singly occupied molecular orbital in their ground state.
Starting from there, the electron can be excited to the LUMO. Since this excited electron can
occupy two degenerated spin states, the excited molecule forms a doublet. Consequently,
the emission from this doublet state is not hindered by the Pauli exclusion principle, since
the initial molecular orbital is empty. The theoretical upper limit for the internal quantum
efficiency is therefore 100 %.

Instead of radicals, biradicals with two singly occupied molecular orbitals can be used.
In this case, the doublet states formally become singlet and triplet states again and the
Pauli exclusion principle does not prevent emission from an excited state. This results in
eight possible radiative transitions, shown in Figure 2.6, which can merely be distinguished
spectrally when the coupling between the two electrons is weak. However, by definition,

a molecule is a pure biradical only if this interaction is zero which does not occur in real
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systems. The stronger the coupling between the two electrons, the more a closed shell

character has to be attributed to the molecule.

-I : T, Sl

=N s N

Figure 2.6: Energy diagram of an idealized biradical. In total there are two singlet-singlet
and six triplet-triplet radiative transitions, which vary only slightly in energy.

In general, radicals and biradicals have small bandgaps of typically below 1.5eV [40].
Further, they are highly unstable against chemical variations, since the singly occupied
molecular orbitals tend to form new bonds to other molecules to form closed shell
configurations. To prevent this formation, one aims to suppress these reactivity by
kinetically blocking the site of the singly occupied molecular orbital, using electron-
withdrawing groups and/or stabilizing the ground state of the biradicaloids by delocalized

m-electron states.
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2.3 Quantitative Analysis of Photon Statistics

In the scope of the experiments carried out in this thesis, absorption and spontaneous
emission as well as other intramolecular transition processes can be modeled by rate equa-
tions. The goal of time correlated single photon counting experiments is to determine the
rates within these models. From an experimental point of view, however, only the spon-
taneous radiative transitions indicated by the emitted photons are perceptible to the pho-
todetector. This happens whenever a photon hits the detector and the timestamp of the
event is recorded. This stream of photon events contains all the information which is
present in the photon statistic of the emitter. Therefore, we will now take a closer look
at possible relations that can be derived from the temporal stream of photon events and

discuss the information contained in these functions

A commonly used function to characterize single photon emitters is the intensity corre-

lation function g@ (¢). This function is defined by

U(DI(t+71))

2) _
8= 1y

with I(f) being the intensity recorded at a specific time ¢. Vividly, g(z) (1) describes the
normalized correlation function to measure the time interval T between the emission of
two photons. In the experiment, the photon detection events are measured on a discrete
time basis and the g'® ()-function is calculated by subtracting the time difference between
each pair of photons and sorting these time differences in a histogram.

Suited time correlated single photon counting hardware can calculate this function on
the fly avoiding big data files of photon arrival times, which can be as large as gigabits per
second for the recorded fluorescence. However, in recent years it has become possible
to stream these photon arrival events directly to a computer. Therefore an algorithm for
fast calculation of fluorescence correlation data was developed during this thesis and is
attached in the Appendix.

In comparison to the full data files of photon arrival times, the gz(t)—function contains
to a certain degree the essence of the photon statistic. This raises the question, under
what circumstances the g2(f)-function contains all the information being present in the
photon statistics and when information in neglected. As we will see, all information about
the system under investigation is included in the g (#)-function in the case of only one
radiative transition in the system. This is problematic as the g?()-function is often used

to prove the presence of a system with only one radiative transition, i.e. a single photon
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emitter. When the system contains more radiative transitions the use of the g2(#)-function
can neglect important information and can lead to incorrect conclusions.

Therefore, we must consider the system under investigation as everything in the
experiment that is able to trigger an event in the photon detectors. This includes dark
count events of the photo detectors, the respective intensity of the emitter’s background or

other adjacent, possibly dimmer emitters within the detection volume.

Remarkably, there is no comprehensive discussion on this issue in common literature.
Therefore, it is appropriate to present an overview here. First, I want to demonstrate how
the moments, i.e. mean, variance etc., of the photon statistics produced by a multi-level
system can be calculated from its rate model. Second, we will see how the g'® (#)-function
is derived from these moments and what kind of information is neglected in this step.
Additionally, in the experimental Section 4.7.1, a reference system will be exemplified that,
by the loss of this information, produces a g(z)(t)—function, which may lead to erroneous
conclusions on a material. Additionally, two possible strategies to solve this problem of
lack of information will be presented in Section 4.7.2 and 4.7.3: The first approach utilizes
the direct measurement of the third order correlation function and the second approach is
based on a change of the mode of photoexcitation from a continuous to a step-like function
and demonstrates how this allows an undisturbed and precise determination of transition

rates between different states of a molecule.

In order to calculate the stream of photons emitted by a multi-level system an approach
is used to derive a generating function similar to that of Barkai et al. [41]. However, here
this approach is further expanded and is generalized by making no assumptions on the

state of the system after emission of a photon.

We start with an n-level system with radiative and non-radiative transition rates between
these levels. The population of these levels is described by a master equation based on the

transition matrix T:

L[(PO) [Tk k(P
I Py(t) | = k12 —Yiz2 ko Py (1) (2.8)
. - ~
P4 P

Here ¢ is the time since the beginning of the time correlated single photon counting

measurement. Now, this scheme is expanded by a parameter n so that P; ,(f) describes
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the probability of finding the system in the state i after emitting n photons. In the next

step, by introducing an auxiliary parameter s, one can define a generating function G(s, t):

Gi(s, )= P n(0)s" 2.9)
n=0
and

G(s, 1) =) _Gi(s, 1) (2.10)

Here, the notation follows the convention that scalar quantities are printed in regular
font, vectors printed in bold font and matrices are printed in bold font with hat. From
equations 2.8, 2.9 and 2.10 one obtains the differential equation in time which defines the

evolution of the system

d .

EG(S, 1) =M(s)G(s, 1) (2.11)
where M(s) is equal to the matrix T but with a factor s multiplied to every radiative
transition rate (i.e. M(s = 1) = T).

The solution for this differential equation is
G(s, 1) = MIP(1 - o0). 2.12)

The initial condition are assumed to be equal to the stationary case as every fluorescence
experiment starts some time after the excitation laser has been turned on and the system
has reached its steady state equilibrium. The generating function is constructed in a way

that now it can be used to calculate the factorial moments of the system’s photon statistics:

(m= —| G0 (2.13a)
ds s=1
d2
(n(n-1))= a2 SZIG(S, 1) (2.13b)
nn-1)...n—-m+1))= ﬂ G(s, 1) (2.13¢)
oo _dsm s:1 ) . *
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As nis the total number of photons emitted since the beginning of the measurement, % (n)
is the current photon intensity which is emitted by the system and the first moment of the
photon statistics. By the emitted intensity itself, one is not able to distinguish between a
classical and non-classical light source. The nature of non-classical light manifests itself
in the second moment of the photon statistics: For uncorrelated light, which follows a
Poisson-distribution, the generating function reads e **!~9 and the variance of emitted
photons is equal to At, where A is the only parameter characterizing the photon statistics.
For non-classical emitters, e.g. a single fluorescent molecule, however, this variance can
increase slower, leading to a more uniform photon emission. In Figure 2.7 the two systems
are compared regarding their stream of photons and their variance of photon emission.
Despite this, the g'? (¢)-function is another measure to prove the non-classical properties
of single photon emitter. Among different advantages, the g'® (¢)-function is neither
affected by the uncorrelated loss of photons, e.g. by a photon detection efficiency of less
than 100 %, nor by the dead time of the photodetectors if it is measured in a Hanbury
Brown and Twiss configuration with two independent photodetectors. The g ()-function

expressed in terms of factorial moments reads [42]

2 d2
22 A (n(n—-1)+ (). (2.14)

g?w =
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Figure 2.7: Comparison between a system obeying Poissonian photon statistic (blue) and
a three level system with one radiative transition (orange). In a) and b) the
models are illustrated together with the respective transition rates. Their simulated
stream of photon events on the right side shows uncorrelated photon events for
the Poissonian system including several time bins with multiple photon detection
events, indicated in red. In the three level system, photon antibunching, i.e a sub-
Poissonian distribution, on short timescales and bunching, i.e a super-Poissonian
distribution, on long time scales is observed. In c) and d) these properties are
clarified by the variance of detected photons in a certain time interval and the
corresponding g (#)-functions.
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In Figure 2.7 the g@(f)-function is compared for a system governed by Poissonian
photon statistics (in blue) and a three level systems (in orange). For ¢ = 0 the g(z)(t)—
function of the three level system approaches g? () = 0, which proves the system to be
a single photon emitter while the one level system is not a single photon emitter, although,
it also has just one radiative transition. The g'¥ (#)-function can be calculated by the first
two moments of the photon statistics, which means that moments of higher order are not
included in the g® (1)-function. This bears the question, unter what circumstances the
information of higher order moments can be neglected. This question can be answered
by considering the third order correlation function, which can be expressed solely by third
order factorial moments [41]. Simultaneously, a closer look at the g® (£)-function reveals
that its mathematical structure refers to the tensor product of two g'? (¢)-functions if and
only if the system is in the same sta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>