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Summary
Summary
Organic light-emitting diodes (OLEDs) represent cutting-edge technology that promises to
improve significantly display and lighting applications. However, the blue diode still lacks
materials with simultaneous efficiency and stability. The latest and most promising solution
to solve this problem is based on thermally activated delayed fluorescence (TADF) emitters.
In the development of this new class of molecules, a fundamental role is played by the host
matrix, which, together with the emitter molecules, is essential to improve the stability and
efficiency of the device. The aim of the thesis is to synthesize and characterize new host
materials for blue OLEDs, establish a solid strategy for their design, and study the thermal and
morphological properties of hosts and emitters.
The first paper establishes a fundamental strategy for synthesizing high triplet energy host
materials. Through a toolbox approach, building blocks (acceptor, donor, and linker) were
chosen and combined systematically to form an array of six donor-acceptor molecules. All the
molecules possess a triazine acceptor, while carbazole and acridine are used as donors. The
connection between donor and acceptor is altered systematically from a para-phenyl to a
meta-phenyl linker until having no linker at all. By comparing the molecules, we conclude that
the highest triplet energies are obtained when the linker between donor and acceptor is
avoided. Furthermore, using a less conjugated donor (acridine instead of carbazole), the
highest triplet energy of 3.07 eV is reached for the host ATRZ. This host possesses high thermal
and morphological stability (thermal decomposition and glass transition at 341°C and 115°C,
respectively). Aside from the publication, the most promising host is tested in blue TADF
OLEDs, obtaining high external quantum efficiency of 10.0% and low efficiency roll-off.
Furthermore, the device has shown a good lifetime with LT50 (lifetime until half luminance)
of 40 hours at 100 cd/m2, which is a reasonable value among the few lifetimes reported in the
literature for blue TADF emitters.
In the second paper, the knowledge gained from the toolbox approach is expanded to obtain
new high triplet energy hosts and validate the design strategy. Donor and acceptor units were
chosen and directly coupled to limit the conjugation and provide higher triplet energy.
Additionally, the donor's choice goes on the acridine unit for its high triplet state and
bulkiness. This time, the donor is kept constant throughout the series, while three different
pyrimidine-based acceptors with varying conjugation lengths are adopted. Their conjugated
I

Summary
system is changed from having two phenyl rings to one phenyl ring until having only one
methyl group. We conclude that the host adopting the least conjugated methyl-substituted
pyrimidine acceptor provides the highest triplet energy of 3.07 eV, along with bipolar
properties and high thermal and morphological stability, i.e., glass transition at 138°C and
thermal decomposition at 413°C. Again, the most promising host is tested in blue TADF OLEDs,
providing high efficiency of 13.6% and a low efficiency roll-off.
The third paper discusses a series of four new pyridylbenzimidazole-based TADF emitters. Due
to the importance of thermal and morphological stability, the thermal properties of these
emitters are analyzed. The four emitters differ from the functional group on the acceptor
moiety, which increases bulkiness within the series: hydrogen (without substitution), methyl,
phenyl, and tert-butyl. The molecule with the phenyl group is the most stable (thermal
decomposition at 355°C) due to more π conjugation and π-π interactions. Surprisingly, the
morphological stability is the highest for the molecule without substitution (glass transition at
97°C), which is attributed to hydrogen bond formation in the solid-state.
In the fourth paper, a model correlating TADF emitters' orientation with the host's glass
transition to increase light outcoupling and hence OLED efficiency is described. The results
show that the orientation of TADF emitters doped in a host film depends mostly on three
parameters. i) When the molecule is highly elongated, the emitter's intrinsic property (shape)
determines the orientation. ii) When emitters are less elongated, the host governs their
orientation. iii) within the same glass transition range, certain hosts can rearrange more than
others, boosting the horizontal orientation of the emitter. Therefore, also the alignment of
the host itself influences the emitter's orientation.
To summarize, the work of this thesis tackles the deficiency of strategies on how to design
high triplet energy host materials by reporting a widely applicable approach for their design.
Additionally, two novel hosts with triplet energy as high as 3.07 eV were obtained, possessing
good thermal and morphological properties and bipolar character. The materials were tested
in OLED devices delivering good efficiency and stability. Furthermore, the thermal and
morphological properties of new TADF emitters were determined, providing insights into the
processability and durability of this category of emitters. Finally, the morphological properties
of benchmark hosts were obtained and correlated with TADF emitters' orientation to provide
a model helpful to increasing efficiency in OLEDs.
II

Zusammenfassung
Zusammenfassung
Organische Leuchtdioden (OLEDs) stellen eine neue Technologie dar, die deutliche
Verbesserungen bei Display- und Beleuchtungsanwendungen verspricht. Allerdings fehlt es
bei blauen OLEDs noch immer an Materialien, die gleichzeitig effizient und langzeitstabil sind.
Eine neue und vielversprechende Lösung für dieses Problem basiert auf thermisch aktivierten
verzögerten Fluoreszenz-Emittern (TADF). Bei der Entwicklung dieser neuen Molekülklasse
spielen Matrixmaterialien eine wesentliche Rolle, die zusammen mit den Emittermolekülen
die Stabilität und Effizienz der OLEDs maßgeblich bestimmen. Ziel dieser Arbeit ist es, neue
Matrixmaterialien für blaue OLEDs zu synthetisieren und zu charakterisieren, eine Strategie
für ihr Design zu entwickeln und die thermischen und morphologischen Eigenschaften von
Wirten und Emittern zu untersuchen.
In der ersten Arbeit wird eine grundlegende Strategie für die Synthese von Matrixmaterialien
mit hoher Triplett-Energie entwickelt. Mit Hilfe eines Tool-Box Prinzips wurden Bausteine
(Akzeptor, Donor und Linker) ausgewählt und systematisch kombiniert, um eine Reihe von
sechs Donor-Akzeptor-Molekülen zu synthetisieren. Alle Moleküle besitzen einen TriazinAkzeptor, während Carbazol und Acridin als Donoren verwendet werden. Die Verbindung
zwischen Donor und Akzeptor wird systematisch von einem para- zu einem meta-PhenylLinker verändert, oder der Linker ganz weggelassen. Der Vergleich der Moleküle zeigt, dass
die höchsten Triplett-Energien erzielt werden, wenn kein Linker zwischen Donor und Akzeptor
vorhanden ist. Darüber hinaus wird bei Verwendung eines weniger konjugierten Donors
(Acridin anstelle von Carbazol) die höchste Triplett-Energie von 3,07 eV für den Wirt ATRZ
erreicht. Dieser Wirt weist eine hohe thermische und morphologische Stabilität auf
(Glasübergang bei 115°C und thermische Zersetzung bei 341°C). Im Anschluss an die
Veröffentlichung wurde der vielversprechende Wirt ATRZ in blauen TADF-OLEDs getestet,
wobei eine hohe externe Quanteneffizienz von 10,0 % und ein geringer Effizienz-Roll-Off
erzielt wurden. Darüber hinaus hat das Bauelement im Vergleich mit den wenigen in der
Literatur für blaue TADF-OLEDs bisher berichteten Werten eine gute Lebensdauer mit LT50
(Abfall bis zur halben Leuchtdichte) von 40 Stunden bei 100 cd/m2 gezeigt.
In der zweiten Arbeit werden die Erkenntnisse aus dem Toolbox-Ansatz erweitert, um neue
Matrixmaterialien mit hoher Triplett-Energie zu erhalten und die Designstrategie zu
validieren. Donor- und Akzeptoreinheiten wurden ausgewählt und direkt gekoppelt, um die
III
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Konjugation zu begrenzen und eine höhere Triplett-Energie zu erzielen. Die Wahl des Donors
fiel wegen des hohen Tripletts und des sterischen Anspruchs auf die Acridin-Einheit. In dieser
Serie wird der Donor konstant gehalten, während drei verschiedene Akzeptoren auf
Pyrimidinbasis mit unterschiedlichen Konjugationslängen verwendet werden. Das konjugierte
System wird von zwei Phenylringen über einen Phenylring bis hin zu einer Methylgruppe
verändert. Es zeigt sich, dass das Matrixmaterial 1MPA mit dem am wenigsten konjugierten
methylsubstituierten Pyrimidin-Akzeptor die höchste Triplett-Energie von 3,07 eV aufweist. Es
zeigt bipolaren Transport und hohe thermische und morphologische Stabilität, d. h. einen
Glasübergang bei 138 °C und thermische Zersetzung bei 413 °C. Auch hier wurde die
vielversprechendste Matrix in blauen TADF-OLEDs getestet, die eine hohe Effizienz von 13,6
% und einen geringen Effizienzabfall aufweisen.
Der dritte Beitrag befasst sich mit einer Reihe von vier neuen TADF-Emittern auf
Pyridylbenzimidazol-Basis. Aufgrund der Bedeutung der thermischen und morphologischen
Stabilität werden die thermischen Eigenschaften dieser Emitter eingehend untersucht. Die
vier Emitter unterscheiden sich durch die funktionelle Gruppe auf der Akzeptoreinheit, die
den sterischen Anspruch innerhalb der Serie erhöht: Wasserstoff (ohne Substitution), Methyl,
Phenyl und tert-Butyl. Das Molekül mit der Phenylgruppe ist das stabilste (thermische
Zersetzung bei 355 °C), da es die höchste π-Konjugation und starke π-π-Wechselwirkungen
aufweist. Überraschenderweise ist die morphologische Stabilität bei dem Molekül ohne
Substitution am höchsten (Glasübergang bei 97 °C), was auf die Bildung von
Wasserstoffbrückenbindungen im festen Zustand zurückzuführen ist.
In der vierten Arbeit wird ein Modell beschrieben, das die Orientierung der TADF-Emitter mit
dem Glasübergang der Matrix korreliert, um die Lichtauskopplung und damit die OLEDEffizienz zu erhöhen. Die Ergebnisse zeigen, dass die Ausrichtung von TADF-Emittern, die in
einer Matrix dotiert sind, hauptsächlich von drei Parametern abhängt. i) Wenn das Molekül
sehr langgestreckt ist, bestimmt die intrinsische Form des Emitters die Ausrichtung. ii) Wenn
die Emitter weniger langgestreckt sind, bestimmt die Matrix ihre Ausrichtung. iii) Innerhalb
desselben Glasübergang-Bereichs können sich bestimmte Matrixmaterialien stärker umlagern
als andere, wodurch die horizontale Ausrichtung des Emitters verstärkt wird. Daher
beeinflusst auch die Ausrichtung der Matrix selbst die Ausrichtung des Emitters.
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Zusammenfassend lässt sich sagen, dass in dieser Arbeit mit dem Tool-Box Prinzip ein
allgemein anwendbarer Ansatz für die Entwicklung von Matrixmaterialien mit hoher TriplettEnergie für blaue Emitter vorgestellt wird. Darüber hinaus wurden zwei neue
Matrixmaterialien mit einer Triplett-Energie von 3,07 eV entwickelt, die gute thermische und
morphologische Eigenschaften und bipolaren Transport zeigen. Die Materialien wurden in
OLED-Bauelementen getestet und zeigten eine gute Effizienz und Stabilität. Darüber hinaus
wurden die thermischen und morphologischen Eigenschaften neuer TADF-Emitter bestimmt,
was Einblicke in die Verarbeitbarkeit und Stabilität dieser Kategorie von Emittern ermöglicht.
Schließlich wurden die morphologischen Eigenschaften von Benchmark-Matrixmaterialien
ermittelt und mit der Ausrichtung der TADF-Emitter korreliert, um ein Modell zu erstellen, das
zur Steigerung der Effizienz von OLEDs beitragen kann.
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1. Introduction
1. Introduction
Organic light-emitting diodes (OLEDs) represent one of the most promising technologies
concerning light emission. Since their discovery in 1987 at Eastman Kodak,1 where Tang et al.
reported the first efficient low-voltage OLED, they have been widely subjected to research and
development due to their potential in display and lighting technologies. In 2007, Sony released
the world's first OLED TV,2 while Nokia commercialized the first OLED smartphone in 2008.3
The first commercial OLED panels for lighting applications were instead developed by
Lumiotec in 2011.4

Figure 1: Applications of OLED technology. (1) Foldable smartphone display, Samsung, reproduced
from ref. 5 under the license CC BY-SA. (2) Rollable TV, LG, reproduced from ref. 6 under the license CC
BY-NC-ND. (3) OLED rear light, Audi, reproduced from ref. 7 under the license CC BY-NC. (4) Virtual
reality mask, reproduced from ref. 8 under the license CC BY. (5) White OLED design, reproduced from
ref. 9 under the license CC BY.

OLEDs present several advantages if compared with classic liquid crystal displays (LCDs), such
as enhanced image quality, faster refresh rates, wider viewing angles, thinner and lighter. 10
Furthermore, since the materials in OLEDs are primarily organic, slack van der Waals bonds
between the molecules endow OLEDs with intrinsic flexibility, making them ideal candidates
for flexible displays and transparent panels.11 Nowadays, this technology can be found in
many electronic devices such as smartphones, televisions, head-up displays for cars, and
wearable devices. For instance, LG has been developing and commercializing ultra-high
1
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definition (UHD) large panel displays, transparent panels, and the world's first rollable TV
based on OLED technology.12–14 Samsung, instead, commercialized foldable smartphones that
could be realized due to OLED technology.15 If utilized for lighting, OLEDs have several
advantages such as high efficiency, design flexibility, and no UV emission, together with
potential flexibility and transparency. Planar lighting panels present low thickness, light
weight, and keep the surface cool, avoiding heat sink technologies.16 White OLEDs are also
mercury-free illumination light sources and meet the requirements of the EU WEEE & RoHS
directives.17 AUDI AG is adopting OLED lighting technologies for rear lights due to improved
safety, communication, and design.18
The global OLED Display market is valued at 42 billion US$ in 2020 and is expected to reach
185 billion US$ by 2026, with a compound annual growth rate (CAGR) of 23.2% (Figure 2,
left).19 In the same way, the global OLED Lighting Panels market is valued at 45 million US$ in
2020 and is predicted to reach 65 million US$ by 2026 with a CAGR of 5.5% (Figure 2, center).20
Nowadays, OLEDs for cellphones dominate the OLED sector, comprising 78% of the OLED
market revenue in 2020. The second-largest sector is OLED TVs which are 17% of the total
market by revenue in 2020. The third-largest OLED application is wearables, which is 2%
(Figure 2, right).

Figure 2: OLED global market revenue overview by the display (left) and lighting application (center).
Contribution of OLED technology by application in next-generation electronic devices (right). Adapted
from ref.21
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1.1. Luminescence in organic semiconductors
Organic semiconductors are made of unsaturated organic molecules, where sp 2-hybridized
carbon atoms form a conjugated π-electron system through their pz-orbitals. As compared to
the σ-bonds, which form the backbone of the molecules, the π-bonding is significantly weaker.
As a result, the lowest energetic electron excitation of conjugated organic molecules occurs
through π-π* type transitions from the HOMO to the LUMO energy levels, which leads to an
excited state of the molecule. The energy gap between the LUMO and HOMO is identified as
the energy bandgap in organic semiconductors, which is usually between 1.5 and 3 eV, and
directly affects optical and charge transport properties.22 The energy gap may be controlled
through molecular design, which unlocks various possibilities for the fine-tuning of
optoelectronic properties of organic semiconductors. The excited state of a molecule can have
singlet and triplet nature, depending on the relative spin between the electron in the π*orbital and the one left in the π-orbital. Parallel spin refers to the triplet state, while
antiparallel to the singlet state. Coulomb and exchange interactions between the electrons in
the molecular orbitals are significant (due to the low dielectric constant of organic
semiconductors). The former lowers the energy of singlet and triplet states by the same
amount, while the latter increases the singlet state energy and lowers the triplet state energy
(see Figure 3).23

Figure 3: Left: Representation of the ground state (S0), singlet state (S1), and triplet state (T1) of an
organic semiconductor. Only one spin configuration is shown for the triplet state. The arrows indicate
the electron spin. Coulomb and exchange energies are included in the positions of the frontier orbitals.
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This energy difference between singlet and triplet states is twice the value of the exchange
integral J, further discussed in section 1.4. Excitation might occur through the absorption of
light. However, it can also arise via charge recombination in a molecular film sandwiched
between two electrodes, like in OLEDs. In contrast to optical excitation, which preserves spin
and thus only creates singlet excitons, electrical excitation leads to the formation of both
singlet and triplet states.24 In particular, the statistical ratio for the triplet and singlet excitons
is 3:1.25 These excited states can undergo radiative decay to the ground state of the molecule,
thus emitting light (fluorescence from singlet state and phosphorescence from triplet state).
Depending on the kind of excitation, the light emitted will be named photoluminescence or
electroluminescence. The latter represents the emission in OLEDs.

1.2. Working principles of OLEDs
Due to van der Waals forces, and thus weak electronic coupling between molecules, charge
carrier transport in amorphous organic semiconductors is limited by incoherent hopping, 26–28
which leads to low mobility.29 Therefore, the charge conduction in OLEDs relies on injected
charges from the electrodes and the bulk transport characteristics of the organic layers. Figure
4 represents the design and operation principles of a simple monochromic OLED stack for the
generation of electroluminescence.

Figure 4: Illustration of OLED stack design (left, reproduced from ref. 30), operation principle of OLEDs
(center, adapted from ref. 30 ), and emitting layer configuration (right). HIL = hole injection layer. EIL =
electron injection layer. HTL = hole transporting layer. ETL = electron transporting layer. EML = emitting
layer. LUMO and HOMO levels denote the lowest unoccupied molecular orbital and the highest
occupied molecular orbital of the organic materials. (1) Charge injection from anode and cathode into
the organic layers. (2) Charge transport through HTL and ETL. (3) Charge recombination in the EML.
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(1) Under an applied bias voltage between the two electrodes, charge carrier injection into
the organic semiconductor occurs. At the anode, electrons are extracted from the HOMO level
of the organic material, thus generating holes. On the other side, electrons are injected from
the cathode into the LUMO of the organic molecules. This leads to radical cations and radical
anions, also called polarons. The anode is generally made of a transparent conducting oxide,
such as tin-doped indium oxide (ITO), which allows light extraction. The cathode, instead, is
made of reflective metals such as aluminum. The metal/organic semiconductor junction
should be ohmic, i.e., with a low injection barrier. This is necessary to facilitate the electron
and hole flow so that the current is not limited by the injection. However, the interfacial
energy barriers between the electrode materials and common organic semiconductors tend
to be large.31 To mitigate the problems, the electrode surface can be engineered with a buffer
layer (HIL and EIL), which is very thin (ca. 1–10 nm) and is used to control the energy level
alignment across the electrode-organic interface.32–34 For the anode can be used a polymer
blend such as poly(3,4-ethylene-dioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS),
while for the cathode, an alkali-metal halide like lithium fluoride (LiF).35,36
(2) The injected holes and electrons, driven by the applied external electric field, will then
migrate through the HTL and the ETL. These transporting materials, which have a thickness of
10-100 nm, must have high thermal stability and high charge mobility. Furthermore, they
should possess high triplet energy to isolate the excitons into the EML. They should also block
the opposite charge so that recombination is limited to the EML. If these two prerequisites
are not satisfied, thin blocking layers of 1-10 nm (HBL and EBL) might be employed between
transport layers and EML, which are organic materials with high triplet energy and monopolar
properties.37–39 Generally, aromatic amine-based molecules are used for HTL, as the πconjugation through the lone-pair electrons on the nitrogen in the HOMO level leads to low
ionization potentials and a small energy barrier for hole creation. Furthermore, this is coupled
with typically low reorganization energy for the electron transfer between adjacent
molecules, reducing the energy barrier for charge hopping.31 Triarylamine and carbazole
building blocks are the most used.40 On the other side, electron-deficient aromatic molecules
such as imidazoles, pyridines, and pyrimidines are used as ETL.41
(3) Finally, electrons and holes recombine into the EML due to Coulomb interaction to form
tightly bound pairs called excitons. 25 The EML, which is 10-100 nm thick, consists of a host–
5
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dopant combination where the host is combined in higher fractions (typically 80-99 % in
weight). The host's role is to dilute the emitter molecules and avoid emitters' concentration
quenching. The singlet and triplet energy levels of the host are higher than that of the dopant.
Hence, the excitons formed in the hosts will then be transferred to the dopant leading to light
emission. The materials and principles of hosts and emitters will be illustrated in detail in
sections 1.4 and 1.5.
As mentioned, during OLED operation, electrons and holes are injected from the electrodes
and transported through multiple organic layers. Along their path, electrons cross numerous
interfaces. At each interface, there is the possibility of an energy barrier that the charges must
overcome to enter the following material. Energy barriers increase the driving voltages of
OLEDs and, when close to the EML, result in charge-accumulation regions that increase the
probability of nonradiative recombination.32,41,42 Consequently, interfacial energy barriers
give rise to high OLED driving voltages and low device efficiencies.

1.3. Fabrication and performance of OLEDs
Generally, there are two different fabrication methods for OLED devices, depending on the
nature of the organic materials employed. Low molecular weight materials (<1000 g/mol) are
usually deposited by vacuum thermal evaporation (VTE). One advantage of VTE is the ability
to deposit complex device structures with almost unlimited combinations of different
materials. It is also one of the cleanest methods and allows to achieve high performance and
a long lifetime. On the other hand, only materials with suitable thermal stability must be
employed. Furthermore, there is a high waste of material during the deposition process.
Polymeric and high molecular weight materials (>1000 g/mol) are instead processed from
solution. A solution-based technique for large panel applications is the printing technique,
which promises low production costs. However, the production of multilayer devices with
solution-based processes faces the major problem of redissolving previously deposited layers.
Therefore, the vapor-deposition technique is the prevailing process for OLED fabrication at
the moment.31
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The most pragmatic approach to construct OLED for display and lighting applications consists
of combining monochrome red, green, and blue systems (RGB), allowing the generation of
diverse colors. The chromaticity of the light source represents a fundamental feature. It is
quantified using the Commission Internationale de l'Eclairage (CIE) 1931 (x, y) chromaticity
diagram (Figure 5), which describes each color with respect to the human's eye perception.

Figure 5: CIE 1931 color space diagram adapted from ref. 43 under the license CC BY-SA.

The curved borderline represents monochromatic light, while the straight boundary is
denoted as the line of purples. If three light sources with different chromaticity (represented
by the triangle's corners) are mixed at a certain ratio, any chromaticity within the triangular
gamut formed by their (x, y) coordinates can be produced. Therefore, deep RGB emitting
materials are necessary to improve the color gamut of a display. For lighting, it is essential the
inclusion of the white point (x = 0.33, y = 0.33). The curved line in the middle represents the
emission color of the temperature-dependent irradiation of a black body (Planckian Locus),
which correlates the color with the temperature and is important for lighting application.
Temperatures below 5000 K are regarded as "warm" white, while above 5000 K are denoted
as "cold" white.
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Another feature for the description of white light is the color rendering index (CRI), which
measures (from 0 to 100) the ability of a light source to resemble the color appearance of test
objects in comparison to a standard incandescent light bulb.
A crucial metric to evaluate the performance of an OLED is the external quantum efficiency
(EQE). The EQE is defined as the ratio of the number of extracted photons out of the device
towards the viewer to the total number of injected electrons, and it is defined as follows: 44
𝜂𝐸𝑄𝐸 = 𝜂𝑂𝐶 ∗ 𝜂𝐼𝑄𝐸

(1)

= 𝜂𝑂𝐶 (𝛾 ∗ 𝜒 ∗ 𝛷𝑃𝐿 )

(2)

Here, 𝜂𝑂𝐶 is the outcoupling efficiency, namely the ratio of the extracted vs. generated
photons. In general, the majority of generated photons within the EML are lost via optical
coupling to the waveguide, substrate, and surface plasmon modes. For this reason, 𝜂𝑂𝐶 is
typically limited to 0.2 (or 20%) without any light extraction techniques.45 The second
parameter is 𝜂𝐼𝑄𝐸 , which denotes the internal quantum efficiency (IQE), i.e., the ratio between
the total number of generated photons into the EML vs. the injected electrons. 𝜂𝐼𝑄𝐸 is
determined by the three factors: the charge balance factor, 𝛾, the fraction of the radiative
excitons, 𝜒, and the photoluminescence quantum yield, 𝛷𝑃𝐿 . In the modern OLED, 𝛾 is close
to unity because most injected charges are confined within the EML through an optimized
device stack (such as using blocking layers). Therefore, almost all the charges participate in
the exciton formation. 𝛷𝑃𝐿 represents the intrinsic quantum yield for the radiative decay of
the formed excitons. It depends on the emitter itself and the environment and can also reach
unity. 𝜒 is the fraction of excitons resulting in radiative transitions. This is up to 25% for
fluorescent emitters and up to 100% for phosphorescent and thermally activated delayed
fluorescence (TADF) emitters, as will be discussed in section 1.4. Therefore, considering
optimal charge balance and photoluminescence quantum yield (𝛾 = 1, 𝛷𝑃𝐿 = 1) and a
standard outcoupling efficiency (𝜂𝑂𝐶 = 0.2), the maximum EQE of fluorescent-based OLEDs
would be only 5%, while for phosphorescence and TADF devices would be 20%.
As mentioned, several interfaces arise from the difference in optical properties between
adjacent layers, and these interfaces are responsible for the light trapping. However, several
methods to improve efficiency are in progress, also from the molecular point of view.46 In
general, vacuum-deposited organic films are amorphous. However, recent findings indicate
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that some organic films do possess a preferred orientation.47 It is also known that the
orientation of the transition dipole moment vectors (TDMVs) of the emitting molecules with
respect to the plane of the OLED substrate has a large effect on light extraction.48,49 In fact,
the light is emitted mainly in the direction normal to the transition dipole moment, which for
elongated molecules follows the main axes. Therefore, a possible solution is to design a rodshaped emitter that would lay flat upon deposition, creating a preferred horizontal orientation
due to geometrical constraints of the emitting molecule.46 In doped films, the emitter
orientation is also found to be influenced by the host properties, such as its glass transition
(Tg). Namely, the molecular surface mobility is reduced on a host with high Tg, which
suppresses the randomization of the molecular orientation during vacuum thermal
evaporation, leading to the more favorable flat orientation.50 Other important photometric
quantities used in displays include luminance (L) and current efficiency (𝜂𝐶 ). The luminance
measures the luminous intensity per unit area of multipoint or area light sources with the unit
of candela per square meter (cd/m2). The current efficiency is the luminous intensity per
injected current to the device with the unit of cd/A. For lighting, the power efficiency, as well
as the luminance, are generally used. The power efficiency corresponds to the ratio of the
luminous flux to the consumed electrical power with units of lumens per Watt (lm/W). Finally,
for commercial applications, it is essential to know the durability of the device. For this reason,
another important metric is the lifetime, usually reported as LT. Lifetime is usually measured
by applying a constant current to the OLED device and monitoring the decreasing of luminance
over time. For instance, LT95 represents when the OLED loses 5% of its luminance under a
constant current. LT97 (3% lost in luminance) is typically quoted as the lifetime for display
applications.31

1.4. Emitter generations
The organic emitters should fulfill several parameters to be suitable for OLEDs. Firstly, they
must have high photoluminescence quantum yields (PLQYs), which directly impact the device
efficiency, as well as they must demonstrate sufficient thermal and morphological stability.
Aside from these requirements, a crucial issue to address is the management of hole and
electron recombination within the device.10 In fact, unlike photoexcitation, the formation of
excitons through hole and electron recombination results in 25% singlets and 75% triplets,
9
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according to spin statistics.51 Throughout the development of OLEDs, three main classes of
emitters can be distinguished, which lead to three diverse OLED generations (Figure 6).

Figure 6: Comparison of emission mechanism in first-generation (fluorescent), second-generation
(phosphorescent), and third-generation (thermally activated delayed fluorescent, TADF) emitters. S0 =
ground state; S1 = lowest singlet state; T1 = lowest triplet state; kF = rate constant of fluorescence; kP =
rate constant of phosphorescence; kPF = rate constant of prompt fluorescence; kDF = rate constant of
delayed fluorescence; kISC = rate constant of intersystem crossing; kRISC = rate constant of reverse
intersystem crossing; ΔEST = the energy difference between the first excited singlet and triplet states;
kSnr = rate constant of nonradiative decay of the S1 state; kTnr = rate constant of nonradiative decay of
the T1 state; IQE = internal quantum efficiency. Reproduced from ref. 10

The ﬁrst-generation of OLEDs is known as ﬂuorescent OLEDs and typically employs organic
dyes (Figure 7). Its discovery parallelled the first efficient OLED by Tang et al. in 1987. In these
kinds of emitters, the singlet state contributes to light emission by fluorescence (k F) with a
short emission lifetime (nanosecond regime). On the other side, emission from the triplet
state (T1) via phosphorescence does not occur due to the long emission lifetime (millisecond
regime), which is given by its spin-forbidden nature (slow spin-flip from singlet to triplet state).
In fact, the long emission lifetime makes the triplet excitons vulnerable to nonradiative
deactivation as heat loss. Therefore, a maximum of only 25% of the excitons can be harvested
for luminescence. However, for blue emission, the advantages of long lifetime and low cost of
fluorescent organic materials make them still widely used in OLED products at present.52
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Figure 7: Molecular structures of some classic fluorescent emitters (first generation). The name
denotes the RGB (red, green, and blue) color of the emitter. The maximum external quantum efficiency
(EQEMAX, which is the maximum value of EQE) of the OLED device based on the relative emitter is also
reported.1,53,54

To get access to the remaining 75% of excitons in the triplet state, heavy-metal complexes
have been investigated and developed as emitters for the second generation of OLEDs. Baldo
et al., in 1998, reported the first example of a platinum complex that delivered an IQE of 23%.55
Successively, in 2001, the first heavy metal-based emitters (iridium and platinum complexes)
with an IQE of nearly 100% were reported by Adachi et al.,56 which were far above the 25%
limit of the first generation. Basically, the enhanced spin-orbit coupling induced by heavy
metal atoms (such as iridium or platinum) facilitates the intersystem crossing (kISC) from the
S1 state to the T1 state,25,51,55,57 and the emission of phosphorescence within a useful
millisecond regime. Some examples of second-generation emitters are reported in Figure 8.

Figure 8: Molecular structures of state-of-the-art phosphorescence emitters (second generation). The
name denotes the RGB (red, green, and blue) color of the emitter. The maximum external quantum
efficiency (EQEMAX, which is the maximum value of EQE) of the OLED device based on the relative
emitter is also reported.49,58,59
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The second generation of emitters allows to reach high efficiency and, in some cases, stable
devices. In fact, due to the high performance and stability of these molecules, commercial
OLED displays currently rely on green- and red-emitting iridium complexes.60 However, also
this technology presents some drawbacks. Generally, rare heavy metals contribute to
increasing the device cost and present environmental concerns.61 Additionally, unlike green
and red emitters, the blue metal complexes suffer from poor stability, color purity, and low
luminance during device operation. Likely explanations comprise triplet-polaron annihilation
(TPA), which results in highly energetic polarons that cause device degradation,62 and unstable
radical cations on the complex, which cause ligand dissociation or complex isomerization. 63,64
Hence, the inefficient first generation of emitters is presently used in commercial blue OLEDs.
Table 1 shows the Universal Display Corporation (UDC) OLED material performance compared
with classic fluorescent OLEDs, presented by Prof. S. R. Forrest at the American Physical
Society (APS) March meeting 2018, illustrating the lifetime issue for blue phosphorescence
OLEDs.
Color

Phosphorescent OLEDs (2nd gen.)

Fluorescent OLEDs (1st gen)

1931 CIE coordinates

LT50 (hours)

1931 CIE coordinates

LT50 (hours)

Red

(0.64, 0.36)

900 000

(0.67, 0.33)

160 000

Green

(0.31, 0.63)

400 000

(0.31, 0.63)

200 000

Blue

-

<100

(0.14, 0.12)

11 000

Table 1: Universal Display Corporation (UDC) phosphorescence OLED material performance compared
with fluorescent OLEDs as of 2016.65,66

Therefore, the development of blue OLEDs that are simultaneously stable and efficient and
can avoid the usage of high-cost and environmentally precarious elements is essential. In
response to this necessity, thermally activated delayed fluorescence (TADF) is the most
promising exciton harvesting mechanism used in OLED devices and represents the third
generation of OLEDs. Since the first reported TADF OLED by Endo et al. in 2011, 67 incredible
attention in recent years has been dedicated to developing this technology.68 An important
advantage of TADF emitters is that they can be purely organic, thus avoiding the problems
associated with the use of heavy-metal-based organometallic complexes.69 Analogous to the
phosphorescence emitters, purely organic TADF emitters can recruit both singlet and triplet
excitons for light emission and hence achieve 100% IQE.70 Figure 9 shows state-of-the-art red,
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green and blueTADF emitters, which through molecular engineering and device optimization
reached among the best efficiencies so far know in OLEDs.

Figure 9: Molecular structures of state-of-the-art thermally activated delayed fluorescence emitters
(third generation). The name denotes the RGB (red, green, and blue) color of the emitter. The
maximum external quantum efficiency (EQEMAX, which is the maximum value of) of the OLED device
based on the relative emitter is also reported.71–73

The peculiarity of these molecules is that they rely on a small singlet-triplet energy gap (Δ𝐸𝑆𝑇 )
between S1 and T1 states (usually <0.1 eV). Therefore, thermal upconversion from the triplet
state to the singlet state by reverse intersystem-crossing (kRISC) becomes possible, allowing
the triplet excitons to be harvested. TADF emitters characteristically show two types of
photoluminescence: the prompt fluorescence (kPF), which comes from excitons that were
exclusively singlet states, and delayed fluorescence (kDF), which is the result of an initial (kisc)
to the triplet state followed by repopulation of the singlet state via kRISC.74
As mentioned, TADF relies on a small Δ𝐸𝑆𝑇 , which governs the exciton harvesting via reverse
intersystem crossing, according to the following Boltzmann distribution:75
𝐾𝑅𝐼𝑆𝐶 ∝ exp (−

ΔEST
)
𝑘𝑏 𝑇

(3)

where 𝑘𝑏 is Boltzmann's constant and T is the temperature.
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Therefore, a small Δ𝐸𝑆𝑇 will provide a greater kRISC, namely, more efficient harvesting of
excitons from the triplet to the single state. It is important to mention that the Δ𝐸𝑆𝑇 increases
exponentially with the HOMO-LUMO overlap,76 expressed by the integral J:77
ΔEST = 2J

(4)

Consequently, engineering the molecular structure of a molecule to reduce its HOMO-LUMO
overlap plays a fundamental role in obtaining efficient TADF emitters. A common way to
achieve this is to use donor and acceptor structure, often linked by a C-N bond. The LUMO will
stay mainly on the acceptor, while the HOMO on the donor (Figure 10). The C-N bond usually
provides perpendicular steric conformation between donor and acceptor orbitals, thus
decreasing their overlap. The normally spin-forbidden ISC and RISC processes in purely organic
TADF emitters can become efficient thanks to a small Δ𝐸𝑆𝑇 and can be explained by the
following equation:74
𝐻

𝜆 ∝ ΔE𝑆𝑂

(5)

ST

where 𝜆 and 𝐻𝑆𝑂 are the first-order mixing coefficient between singlet and triplet states and
the spin-orbital interaction, respectively. The mixing of singlet and triplet states is essential to
obtain efficient exciton harvesting. 𝐻𝑆𝑂 , which is crucial for the metal complexes (second
generation of emitters), is small for purely organic molecules. However, with a sufficiently
small Δ𝐸𝑆𝑇 , the ISC and RISC processes can occur.

Figure 10: Chemical structure (left). X-ray structure (center) and calculated HOMO (blue)/LUMO (red)
(right) for the blue TADF emitter SpiroAC-TRZ. Adapted from ref.73

1.5. Host materials
Even though TADF emitting materials exhibit good efficiencies, concentration quenching and
exciton annihilations represent significant issues, which lead to efficiency roll-off.51,78
Additionally, in the case of blue TADF emitters, high emission energy (>2.7 eV) and long triplet
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exciton lifetime easily create hot excitons or hot polarons (≈6 eV) by exciton annihilation
processes, which accelerates the material degradation due to higher energy than bond
dissociation energies.79,80 A general solution to suppress these problems is the dispersion of
emitting materials in a high triplet (and singlet) energy host to diminish exciton concentration
and annihilation. Generally, the primary roles of the hosts are to transport charges, generate
excitons, and transfer the exciton energy to the emitters. Holes and electrons are injected
from transport layers and then transported into the emitting layer. Typically, the transport
occurs through the hosts, although the dopants can trap some carriers.81 Therefore, most
holes and electrons recombine and form excitons in the host. These excitons are then
transferred to the dopants via Förster82 and Dexter83 energy transfer mechanisms (Figure 11).

Figure 11: Schematic diagrams of (a) Förster energy transfer and (b, c) Dexter energy transfer. D and A
denote donor and acceptor, respectively. Reproduced from ref.60

For the Förster energy transfer to occur, three primary conditions need to be met. Firstly, the
donor and acceptor molecules must be in close proximity to one another (typically in the range
of 1 to 10 nm). Then the absorption spectrum of the acceptor (such as the emitter) must
overlap the emission spectrum of the donor (such as the host). Lastly, the orientations of
donor and acceptor transition dipoles must be approximately parallel.84 In contrast, Dexter
energy transfer can only take place at short distances (<1 nm) for both singlet and triplet
excited states, as there must be wavefunction overlap of electron clouds between donor and
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acceptor.83 Finally, the excited states of the dopant decay radiatively (emitting light) or
nonradiatively (through heat dissipation). Host materials need to fulfill several criteria: (i)
possess higher triplet energy than dopant emitters (> 3 eV for blue TADF emitters) to limit
reverse energy transfer from the dopant to the host and to ensure the confinement of triplet
excitons on the dopant (see Figure 12); (ii) exhibit matching of the HOMO and LUMO energy
levels with those of adjacent layers to reduce the charge injection barrier, thereby dropping
the device operation voltages; (iii) they are expected to have well-balanced charge carrier
transport properties for achieving the hole-electron recombination process and display the
exciton confinement in the emissive layer; (iv) possess high thermal stability; (v) exhibit high
morphological stabilities.85

Figure 12: Example of a suitable host for TADF emitters, where the excited states are higher in energy
than the emitter. The dotted arrows represent the exciton transfer, the white arrows the intersystem
crossing between singlet and triplet states of the emitter, and the light blue arrow shows the
emitter's emission.

Despite the developments made for green and red materials, blue materials still face
complications that obstruct their practical applications. The host material should possess a
higher T1 than its dopant. Therefore, the design of host materials for blue emitters is much
more complicated than for green and red ones, making this one of the biggest challenges for
OLEDs. Many hosts have been developed to satisfy the required criteria, improving the
external quantum efficiency and device lifetime. However, the device lifetime of these highefficiency blue OLEDs is not long enough, and further exploration of the design strategy and
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new chemical structures is strongly needed79. The majority of the blue TADF OLEDs are based
on conventional host materials, which come from the first and second generations, such as
those depicted in Figure 13.

Figure 13: Molecular structures of the most common host materials employed in TADF OLEDs.

Due to the high triplet energy required, the choice of functional groups is restricted, and the
majority of host materials are based either on phosphine oxide or carbazole groups. These
materials can be produced in bulk quantities at a relatively low cost. Moreover, their physical
and chemical properties have been well documented.86 One of the most commonly used host
materials is DPEPO,87–89 which benefits from a high triplet level of 3.0 eV90 and prevents
undesirable energy transfer from the dopant to the host. However, due to its phosphine oxide
nature, it suffers from limited stability,86,91,92 which limits its use to research purposes.
Furthermore, the strong electron-withdrawing oxide groups confer DPEPO a monopolar
nature, which leads to unbalanced carrier transport. Another widely employed phosphine
oxide-based host is PPT, with a triplet of 3.0 eV.85,93–95 Aside from this category, the majority
of the hosts are based on carbazole moiety. Carbazole is the most widely used electrondonating building block in OLED materials, owing to its high triplet energy (3.02 eV), excellent
hole-transporting ability, and good thermal stability. It features an sp3-hybridized nitrogen
atom at the 9-position, and hence, its derivatives exhibit more rigid structures, resulting in
thermally stable molecules that provide a better film morphology.96 Among these, mCP has
been widely employed for blue TADF OLEDs due to its high triplet energy of 2.9 eV.97 However,
it presents monopolar properties (hole conducting material) and low morphological stability
(Tg = 65°C).98 Another approach is to use two monopolar hosts to provide charge balance. 99
Several molecular strategies have been adopted in recent years to cope with the scarce
availability of host materials for blue TADF emitters. The most successful strategy is to
combine donor and acceptor groups with high triplet energy to provide bipolar properties (see
Figure 14). In this way, hosts can transport holes and electrons evenly. Therefore, the device
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performances of the bipolar transport hosts are often better than those of the p-type and ntype hosts due to balanced charge density and broad recombination zone in the emitting
layer.79

Figure 14: Molecular structures of bipolar host materials employed in TADF OLEDs.

Zhang et al. produced bipolar hosts based on carbazole and phosphine oxide groups. Blue
TADF OLEDs were produced, and the host 9CzFDBFDPO, having a triplet energy of 3.01 eV,
gave the best results with an EQE of 20.2 %.100 However, while carbazole remains the most
frequent choice as the donor, the phosphine oxide groups are usually replaced with more
stable groups because of the aforementioned problems. The cyano group is an alternative
electron-accepting unit that can be used to induce electron deficiency in organic molecules,
thus enhancing electron transport character. Moreover, it has large bond dissociation energy
values (due to the sp-hybridized carbon), which is beneficial to improve the stability of host
materials with a little decrease of the triplet energy by extended conjugation. Duan and coworkers101 designed a series of hosts where they substituted the central phenyl ring of the
classic host mCP with cyano groups. Blue TADF OLEDs were fabricated, and the device based
on the host 2,4-2CzBN realized EQE of 21.5% and ultralow onset voltage of 2.8 V. The
introduction of a small-sized CN unit has no negative impact on the triplet energy (2.95 eV),
which is even slightly higher than mCP. Higher electron mobilities are also achieved.
Moreover, the twisted structures between the carbazole unit and the benzene ring induced
the spatially separated frontier orbital distributions, resulting in relatively low Δ𝐸𝑆𝑇 , which is
the cause of the low voltage turn-on.
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Pyridine is also a common electron-transporting moiety with good electron affinity and is used
in electron-transporting materials. Consequently, the pyridine unit was incorporated with
donor moieties to provide bipolar hosts. The pair carbazole-pyridine has often been used since
it can readily balance carriers for high efficiency.79 Huang and co-workers synthesized a series
of pyridine-carbazole hybrid hosts based on a one-step simple aromatic nucleophilic
substitution reaction.102 The host 2,6-CzPy (T1 = 3.0 eV), which is essentially similar to mCP
except for the central pyridine ring, was then utilized in a blue TADF OLED which delivered an
EQE of 10.4%.103
Imidazole is an aromatic unit possessing two distinct nitrogen atoms (one electron-rich and
one electron-poor), which endows bipolar electronic characters (although the acceptor
strength prevails). Thus, this unique electronic structure pushed imidazole derivatives to be
widely applied in OLEDs as emitters, hosts, and electron transporting layers. Due to the higher
triplet energy, benzimidazole has been employed in blue TADF hosts. Zhao et al. integrated a
benzimidazole moiety on mCP (o-mCPBI, T1 = 3.0 eV), which was used in a blue TADF OLED
delivering and EQEMAX of 10.2%.104 Aside from these acceptors, also carboline, triazine, boron,
and sulfone-based units have been utilized.81

1.6. Thermal and morphological properties
Significant attention is paid to the stability of organic semiconducting materials, as their
stability governs the overall durability of OLED displays.105–107 Through evaporation and
solution processing, the materials are deposited as amorphous films. A crucial factor for the
durability of an OLED is the morphological stability of its organic materials. Precisely, the glass
transition temperature (Tg) of these materials plays a central role as the current flows through
the organic layers and leads to Joule heating.108,109 This phenomenon causes local
temperature increases inside OLEDs, and organic materials with a low Tg inevitably experience
molecular vibrations and may move from their initial positions within the device layers. This
might cause thermal expansion and recrystallization. The vicinal layers (see section 1.2 for
multilayer structure) are also directly affected, eventually destroying the display.110 Typically,
each layer should be thermally stable to improve the overall lifetime of the OLED. However,
exceptionally high Tg is necessary for the organic layers in contact with the electrodes and for
the materials within the emitting layer. The organic-inorganic interface is particularly
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vulnerable to the destruction caused by the difference in thermal expansion, which occurs via
Joule heating generated by high energy barriers (Figure 15). At the same time, the emitting
layer is exposed to heat generated as a byproduct of nonradiative exciton decay (see Figure
6).30

Figure 15: High injection barrier generating high joule heat (left). General schematic illustration of the
influence of glass transition temperature (Tg) in the thermal degradation of OLED materials (right).
Adapted from ref.21

Aside from the operational stability of OLEDs, another important thermal feature of
semiconducting materials is the thermal decomposition (Td), which represents the maximum
temperature at which the compound does not degrade. This is relevant for practical
applications while fabricating an OLED through the vacuum thermal evaporation process, as
it determines the process temperature range. This is not generally an issue in low deposition
rate research systems where the substrates are small and the rates are low, but for production
systems, thermal degradation is usually the limiting factor in scaling both size and
throughput.31
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are two of the
most widely used thermal analysis techniques in the characterization of OLED materials. DSC
measures various thermal transitions associated with a material when it is heated or cooled
in a controlled manner. The thermal transition could be due to a physical transformation or a
chemical reaction. Physical transformations, such as melting, crystallization, and glassy state,
are always associated with a change in enthalpy. This enthalpy change is detected over a
particular temperature range using a predetermined heating rate under a controlled
atmosphere. TGA is used to measure changes in the mass of a material as a function of
temperature using a predetermined heating rate under a controlled atmosphere. 111 Usually,
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favorable thermal and morphological properties are obtained through nonplanar molecular
spatial configuration, bulky and rigid substituents, and large molecular size.112
In this chapter, the basics of OLEDs relevant to the thesis are introduced. The device principles
and properties are illustrated together with the generations of emitters. Particular emphasis
is given to host materials for blue OLEDs, which are at the center of this work. Furthermore,
the importance of thermal properties is mentioned. The following chapter focuses on the
objective and overview of the thesis.
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2. Objective of the thesis
At present, organic light-emitting diodes represent cutting-edge technology for light emission,
especially for display applications. Both industry and academia are continuously developing
new materials and technologies for the further improvement of this field. However, the blue
light embodies the bottleneck of this technology. Materials exhibiting both high efficiency and
stability for blue OLEDs still need to be achieved. This would lead to a decreased power
consumption compared to the fluorescent emitters currently used. Material chemistry plays
a fundamental role in the development of new solutions to this problem. Several classes of
materials have been studied in the last years. The latest and most promising technology, called
the 3rd generation, is based on TADF emitters allowing high efficiency and promising higher
stability due to their pure organic structure. All the materials involved in the device need to
be advanced and optimized to keep up with the new technology. A fundamental role is played
by the host matrix, which dilutes the emitter molecules, and is essential to improve the
stability and efficiency of the device. Host molecules require the simultaneous presence of
several properties, making their design challenging. Firstly, they must possess high triplet
energy to ensure efficient energy transfer and localization of the excited states on the emitter
molecule. This is particularly problematic for blue TADF OLEDs, where high energies are
involved. Secondly, they must own high thermal stability to be optimally vacuum-processed
and be morphologically stable under device operation to retain their amorphous state and
avoid recrystallization. Thermal properties are critical not just for the proper working of the
device but also for the enhancement of the OLED's efficiency. This extends to emitters and all
the materials used for OLEDs. Thirdly, the hosts should also have good charge carrier mobility
(for both electrons and holes).
The simultaneous presence of requirements and the lack of systematic strategies make the
design of new host molecules for blue TADF OLEDs an arduous task. Furthermore, particular
attention should be brought to the thermal properties of materials due to their vital
importance. The aim of the thesis is to synthesize and characterize new host materials for blue
OLEDs and establish a solid strategy for their design, as well as study the thermal and
morphological properties of hosts and emitters. Here, the objectives of the thesis are
summarized and briefly presented:
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The first part of the thesis aims to establish a fundamental approach for synthesizing high
triplet energy host materials. Their design is of prime importance for the development of blue
OLEDs. The task of simultaneously fulfilling different requirements combined with high triplet
energies makes their realization an arduous task. So far, the majority of hosts come from
previous generations of OLED emitters and are often monopolar and with unstable groups.
Well-defined strategies for the design of hosts are also rare. A series of triazine-based
materials with similar structures and systematic variation in functional groups was selected
for the study. The structure-property relationship of these molecules will be analyzed and
compared throughout the series. This approach, called "Tool box", will allow us to build new
high triplet energy hosts and a widely applicable strategy for their design. Triplet energy is of
prime importance to address this scope and will be the leading parameter for the creation of
new hosts. Bulky and stable groups will be used to improve thermal properties, while donor
and acceptor groups will provide both electron and hole transport. Thermal analysis of the
most promising hosts will be performed to determine their suitability for device application,
together with the determination of molecular orbital values. Finally, the materials will be
tested in blue OLEDs.
The second part follows the fundamental "toolbox" approach, aiming to further develop the
concept and expand its application. Here, we will apply the information learned in the first
part and some new insights to design a series of new pyrimidine-based molecules. The new
molecules will be fully characterized, and the structure-property relationship will be
determined, like in the first case. The thermal analysis will be performed, and the molecules
compared. The values of the molecular orbitals will be determined to build up a tailored device
stack around the emitting layer. Finally, the most promising candidate in terms of triplet
energy and thermal analysis will be employed in blue OLEDs.
The third part deals with the thermal analysis of a series of new TADF emitters. The emitters
usually are doped 1-20 % w/w in the host material to avoid self-quenching. Though the more
significant percentage of the host, the emitter is not negligible to the overall morphology of
the emitting layer, and it must be considered. For new molecules, it is also essential to make
complete thermal analyses to understand their morphology in the solid-state and their
thermal behavior during the evaporation process for OLEDs fabrication. The thermal
properties of the new TADF emitters will be evaluated and compared.
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The fourth part relates to the glass transition of host materials as a critical parameter for TADF
emitters' orientation. One of the most effective approaches to increase the light outcoupling
and the efficiency of devices is to induce the emitter to be horizontally oriented with respect
to the substrate. This can be achieved via the horizontal orientation of the host matrix, which
is correlated to its glass transition. In fact, the higher the glass transition, the less the host
rearranges on the substrate's surface during the deposition. This leads to a more flat
orientation of the host and, as a consequence, of the emitter. For this, the glass transition of
benchmark host materials will be evaluated under the same conditions, which will help to
establish a model that describes the orientation of TADF emitters into doped films.
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The thesis focuses on the design and characterization of new host materials for blue TADF
OLEDs and their application, as well as characterizing the essential thermal properties of hosts
and emitters. A graphical overview of the topics is given in Figure 1.

Figure 1: Overview of the four papers of this cumulative thesis. Paper 1: High Triplet Energy Host
Materials for Blue TADF OLEDs-A Tool Box Approach. Paper 2: Low efficiency roll-off blue TADF OLEDs
employing a novel acridine-pyrimidine-based high triplet energy host. Paper 3: Substitution Effects on
a New Pyridylbenzimidazole Acceptor for Thermally Activated Delayed Fluorescence and Their Use in
Organic Light‐Emitting Diodes. Paper 4: What Controls the Orientation of TADF Emitters?

As mentioned in the objective, the development of blue TADF OLEDs requires an advance in
host materials that can provide high triplet energy and, at the same time, good thermal and
morphological stability and charge transport. To tackle this problem, we decided to make a
systematic study for understanding critical insights into molecular design, with the purpose of
generating a fundamental and widely applicable strategy for the creation of host materials.
For this, we present six bipolar host materials based on triazine as an acceptor and two types
of donors, i.e., carbazole and acridine. Using a toolbox approach, the chemical structure of the
materials is systematically changed. Both donors are connected to the triazine acceptor via a
para- or a meta-phenyl ring or are linked directly to each other. In this way, we can
methodically compare the properties using spectroscopic analysis supported by DFT
calculations and get valuable conclusions. From the study, we conclude that the highest triplet
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energy is obtained when donor and acceptor are directly connected. Furthermore, via utilizing
a less conjugated donor (acridine instead of carbazole), the triplet energy is further improved
up to 3.07 eV. The most promising host ATRZ was found to have high thermal and
morphological stability (due to the bulky acridine group), and the HOMO and LUMO values
were estimated. Finally, a blue TADF OLED was fabricated to prove its potential (Paper 1).
Subsequently, we apply this strategy with a different acceptor, pyrimidine, to create new high
triplet energy host materials and to develop the approach. Learning from the first work, we
opted for the same high triplet energy acridine-based donor, and we connect it directly to
three different pyrimidine units, avoiding linkers. Three new host materials were synthesized.
Through the series, the acceptor pyrimidine is decreased in size and thus conjugation, and the
properties are studied. Spectroscopic and DFT studies are performed to characterize the
molecules and asses the excited states. We find that the highest triplet energy host is the one
with the least conjugated acceptor (1MPA). The thermal and morphological properties of the
newly synthesized hosts are determined, along with the HOMO and LUMO values. Finally, the
most promising host, 1MPA, was used to fabricate blue OLEDs (Paper 2). The thermal and
morphological properties of materials are essential not just for hosts but also for emitter
molecules. These materials must be thermally stable during the evaporation process and
morphologically stable, especially when they are present in high doping concentrations in the
emitting layer. A complete thermal characterization was carried out on a series of new TADF
emitters to determine their suitability for OLED devices (Paper 3). Thermal properties affect
not just the processing of materials and the stability of devices. An essential parameter for
OLEDs is the external quantum efficiency. Usually, 70-80% of the light produced is lost before
it exits the device. Many efforts have been made trying to increase the light outcoupling of
OLEDs. One interesting approach is to orient the emitter horizontally within the emitting layer.
This is found to be dependent on several factors, of which the glass transition of host materials
is important. For this scope, the Tg of benchmark host materials was determined and
correlated with other parameters to build up a model that describes the orientation of
emitters in the host matrix (Paper 4).
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3.1. High Triplet Energy Host Materials for Blue TADF OLEDs-A Tool Box Approach
Here, a systematic approach for the design of high triplet energy hosts is reported. The study
aims to create new bipolar host materials with high triplet energy and to consolidate a
molecular strategy for their creation. Basically, several building blocks (acceptor, donor, and
linker) with good stability and high triplet energy were chosen and combined systematically
to form an array of six molecules. The choice of donors and acceptors lies in the bipolar charge
carrier transport of the final material. All the molecules possess a biphenyl triazine acceptor,
while two different donors are used (carbazole and acridine). In this way, two classes of
molecules based on different donors can be distinguished (carbazole series and acridine
series). Within each series, the connection is altered systematically from a para-phenyl linker
to a meta-phenyl linker until having no linker (Figure 2). By comparing the molecules, it is
possible to obtain useful structure-property information.

Figure 2: Tool box approach for the design of triazine-based hosts. Chemical structures of the molecular
constituents used and the resulting target compounds, along with their names and triplet energies.
Adapted from Rodella et al.1

Four of the molecules were synthesized using a Buchwald-Hartwig cross-coupling reaction
(mCTRZ, mATRZ and ATRZ) and a nucleophilic substitution (CTRZ). The compounds were
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obtained highly pure through train sublimation with yields from 30 to 70%. The molecules
mATRZ and ATRZ are entirely new, while the others are only partially studied under different
conditions. The compounds were spectroscopically evaluated in order to obtain information
about the excited states, with a particular focus on the triplet energy. From these results, we
can conclude that for both the series, the replacement of the para-phenyl linker with a metaphenyl linker is translated into an increase in the triplet energy, which becomes even higher
when the linker is omitted (see Figure 2). Furthermore, we are interested in knowing the origin
of the T1 states. We, therefore, compared the phosphorescence spectra of the molecules with
the ones of the functional groups. We find that for the compounds with the phenyl bridge,
phosphorescence spread from the center of the molecules into adjacent moieties. In contrast,
for the compounds without the bridge, the triplet state is localized strictly on the donor (CTRZ)
or acceptor (ATRZ). All the energy values and the transition of the triplet states are in good
agreement with the theoretical calculations. This gives a hint on the design of hosts with high
triplet energy. In fact, via connecting donor and acceptor directly and possibly limiting their
conjugation, we can reach high triplet energies. In fact, by replacing the carbazole with a less
conjugated unit (acridine) we obtain a high triplet energy host with 3.07 eV (ATRZ).
Aside from the results which have been published in Frontiers in Chemistry, the most
promising host of the series in terms of triplet energy (ATRZ) was further studied. The
molecule possesses a high glass transition of 115°C and thermal stability (Figure 3 a and b),
making it a good candidate for device fabrication. Cyclic voltammetry was also performed
(Figure 3 c) to estimate the molecular orbital values. A blue TADF OLED using a commercial
blue emitter was produced to verify the potential of the host material, obtaining high
efficiency and low efficiency roll-off, even at high brightness (Figure 3 d and e). The device
shows a good stability of 40 hours (LT50) at a luminance of 100 cd/m2. A summary of the
essential thermal properties and device data is shown in Table 1.
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Figure 3: Thermal analysis of the host ATRZ and device data of a blue TADF OLED employing ATRZ as
host. a) Thermogravimetric analysis (TGA) of ATRZ at 10 K/min under N2 atmosphere. b) Second scan
of differential scanning calorimetry (DSC) of ATRZ at 10 K/min after cooling with liquid N2. c) Molecular
structure of ATRZ. For experimental details, see Rodella et al.1 d) Electroluminescence peak, along with
the maximum peak emission (λpeak) and full width at half maximum (FWHM) of the ATRZ-based OLED.
e) External quantum efficiency (EQE) versus brightness, along with the maximum external quantum
efficiency (EQEmax) of the ATRZ-based OLED. f) Lifetime until half luminance is reached (LT50) versus
initial luminance (L0) of the ATRZ-based OLED.
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Table 1: Main thermal and device properties of the most promising host ATRZ. T1 = triplet energy. Td =
decomposition temperature at 5% weight loss. Tg = glass transition temperature. Tm = melting
temperature. Tr = recrystallization temperature. * LUMO = (HOMO – absorption energy gap). ** device
data.
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3.2. Low efficiency roll-off blue TADF OLEDs employing a novel acridine-pyrimidine based
high triplet energy host
In this work, the synthesis, characterization and application of three new pyrimidine-based
hosts are described. The knowledge gained from the toolbox approach is used and expanded
to other functional groups, aiming to obtain high triplet energy hosts. Initially, donor and
acceptor units were chosen and directly coupled, without linkers, to limit the conjugation. The
choice of the donor goes on the acridine unit for its high triplet energy and bulkiness. The
three acceptors all contain a pyrimidine core, but their conjugated system is varied from
having two additional phenyl rings, to one phenyl ring, until having only one methyl group. In
this way, a series of three host materials with different acceptor's conjugation is obtained. The
first molecule has a pyrimidine core linked to two phenyl rings and one acridine (2PPA). In the
second molecule (1PPA), one phenyl ring is replaced by a second acridine, and the acceptor's
conjugation is decreased. In the third molecule (1MPA), the last phenyl ring is replaced with a
methyl group, leading to even less conjugation of the central pyrimidine core.

Figure 4: Tool box approach applied to pyrimidine-based hosts. Chemical structures of the molecular
constituents used and the resulting target compounds, along with their names and triplet energies.
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The synthesis was performed following a Buchwald-Hartwig protocol with the same conditions
used for the triazine-based series, and the compounds were sublimed to reach high purity
with overall yields between 25-58%.
Spectroscopic analysis and computational calculations were carried out to determine the
value and origin of the triplet energies. The results show that for 2PPA and 1PPA, the lowest
triplet state is similar (2.91 eV and 2.85 eV, respectively) and is extended on the pyrimidine
core with one phenyl ring. When the last phenyl ring is replaced with a methyl group (1MPA),
the triplet energy increases to 3.07 eV. Here, the acceptor and donors are very high in energy,
leaving a partial CT state as the lowest triplet energy of the molecule.
The thermal properties were then analyzed. The DSC results clearly show that the introduction
of the second acridine (present in 1PPA and 1MPA) delivers superior morphological
properties, with clearly higher glass transition and recrystallization temperatures. The melting
temperatures of the materials are instead similar, with a slight decrease in 1MPA. TGA data
indicate, once again, higher decomposition temperatures of the compounds with two acridine
units. TGA also indicates that all the materials leave none or only minor residues, which means
that all three hosts completely evaporate already at normal pressure and are ideal candidates
for OLED fabrication via evaporation. Additionally, cyclic voltammetry of the three hosts was
carried out to explore the electrochemical properties and to estimate the HOMO values. All
the compounds show two quasi-reversible oxidation peaks. The first oxidation peak always
appears slightly above 0.2 V vs. Ag/AgCl, and it corresponds to the oxidation of the donor
acridine. The LUMO is then obtained by subtracting the absorption's energy gap from the
HOMO. Among the series, the most promising molecule in terms of high glass transition and
triplet energy (1MPA) was chosen for device application. The host is used in blue TADF OLED
devices with a commercial blue emitter, which shows good efficiencies up to 13.6%, lowefficiency roll-off even at high brightness and electroluminescent emissions of 493 nm. The
host is also employed with a deeper blue OLED, delivering 461 nm as an emission peak and
confirming its potential. The results are summarized in Table 2.
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Figure 5: Thermal analysis of the hosts 2PPA, 1PPA, and 1MPA; and device data of a blue TADF OLED
employing 1MPA as host. a) Thermogravimetric analysis (TGA) of 2PPA, 1PPA, and 1MPA. b)
Differential scanning calorimetry (DSC) 2PPA, 1PPA, and 1MPA. c) Cyclic voltammetry (CV) of 2PPA,
1PPA, and 1MPA. d) Electroluminescence peak, along with the peak maximum (λpeak) and full width at
half maximum (FWHM) of the 1MPA-based OLED. e) Maximal external quantum efficiency, along with
the maximum external quantum efficiency (EQEmax) of the 1MPA-based OLED. f) Molecular structure
of 1MPA. For experimental details, see Paper 2.
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Table 2: Main thermal and device properties of the hosts 2PPA, 1PPA, and 1MPA. T1 = triplet energy.
Td = decomposition temperature at 5% weight loss. Tg = glass transition temperature. Tm = melting
temperature. Tr = recrystallization temperature. * LUMO = (HOMO – absorption energy gap). ** device
data.
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3.3. Substitution Effects on a New Pyridylbenzimidazole Acceptor for Thermally Activated
Delayed Fluorescence and Their Use in Organic Light‐Emitting Diodes
Thermal and morphological stabilities are crucial for the manufacturing and durability of
OLEDs. In this chapter, the thermal analysis is applied to a series of new TADF emitters based
on a pyridylbenzimidazole acceptor. When creating new materials, parameters that describe
their behavior with temperature need to be determined before proceeding with device
fabrication. This means knowing the material's processability and how it behaves during the
device's operation. Thus, thermal analysis is an essential investigation for materials employed
in OLEDs. Thermal stability helps determine whether an emitter can be processed through
vacuum thermal evaporation to form an OLED and at what temperature it decomposes.
Morphological stability is particularly vital in the emitting layer, where joule heat is generated.
Precisely, this is very important for hosts and emitters due to their key role in the
recombination processes and relative thermal stress caused through device operation. The
morphology steadiness is described by the Tg, namely, the point where the molecules become
mobile and above which crystallization may occur. This is an essential parameter and has to
be relatively high to avoid recrystallization within the device and its degradation. T g is a bulk
property and, therefore, the host material contributes the most to the stability of the emitting
layer. Nonetheless, the influence of the emitter is considerable. The thermal analysis is
completed with the determination of the melting and recrystallization points, significant for a
complete understanding of the materials. Figure 6 shows the molecular structure of the new
pyridylbenzimidazole-based TADF emitters H, Me, Ph and tBu (named after the functional
group), prepared in the group of E. Zysman-Colman in St. Andrews.2

Figure 6: Molecular structure of the four TADF emitters H, Me, Ph, and tBu. Adapted from Hall et al.2

Characterization of the molecules and device fabrication have been carried out. However, the
focus of this chapter will be on the thermal analysis of the materials, a crucial factor to
determine their potential as emitters for OLEDs. The molecules are similar but present
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different substitutions, i.e., an H, Me, Ph, and tBu group on the benzimidazole moiety. TGA
and DSC analyses were performed to assess the thermal and morphological properties, as
shown in Figures 7 a and b, respectively. The results are then summarized in Table 4.

Figure 7: a) Thermogravimetric analysis of the four emitters, used to determine the decomposition
temperatures. b) Differential scanning calorimetry of the four emitters showing the four heating scans
(1st heating at 10 K/min in black, 2nd heating at 10 K/min in red, 3rd heating at 20 K/min in blue, 4th
heating at 40 K/min in green), utilized to obtain glass transition, recrystallization, and melting
temperatures.

Throughout the series, we found that the molecules present a T d that ranges from 276°C to
355 °C. The molecule with Ph group is the most stable (355°C) due to more π conjugation and
π-π interactions. Then there are the H group (346°C) and the Me group (341°C) that are similar.
Since the H group is linked to nitrogen, hydrogen bonds in the solid-state take place, slightly
improving the stability. Finally, we found tBu having substantially less stability (276°C), due
the high steric repulsion of the tert-butyl group and less aromaticity. Furthermore, the
complete decrease of the weight down to zero suggests that the materials do not leave carbon
residues, thus a signal of complete evaporation. The Tg is the highest for the molecule H (97°C),
due to the presence of increased hydrogen bonds given by the NH group. Among the
substituted molecules, we find that the bulkier the group, the higher is the Tg: 80°C for tBu,
73°C for Ph and 60°C for Me. The Tm is again the highest for H (260°C) due to the presence of
hydrogen bonds, followed by the molecule with the Me group, for which we can attribute two
different melting temperatures given by two polymorphs (210°C and 225°C). The molecule
with the Ph group has a lower melting at 162°C, due to a less densely packed structure. Finally,
we couldn't attribute a melting point for the molecule with the tBu group due to a broad
exothermic zone, probably due to the start of decomposition. At around 140-160 °C, we see
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recrystallization of the molecules with H and Me groups, due to the absence of a sterically
demanding functional group on the acceptor moiety.

Compound

Td (°C)

Tg (°C)

Tm (°C)

Tr (°C)

H

346

97

260

160

Me

341

64

210, 225

140, 150

Ph

355

73

162

-

tBu

276

80

-

-

Table 4: Thermal and morphological properties of the four TADF emitters. Td = decomposition
temperature at 5% weight loss. Tg = glass transition temperature. Tm = melting temperature. Tr =
recrystallization temperature.

We conclude that morphological stability is the highest when the acceptor has a small H group.
This might be counter-intuitive, but it is necessary to consider the presence of hydrogen
bonds. Instead, the more extended conjugation given by the Ph group delivers the highest
thermal stability.
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3.4. What Controls the Orientation of TADF Emitters?
The external quantum efficiency, i.e., the ratio between extracted photons from a device
divided by the number of injected charges, represents one of the most important parameters
in characterizing OLEDs performance. About 75% of the photons generated are normally lost
before they leave the device. Therefore, effective methods for light extraction are essential.
One of these methods is to induce emitter molecules to be horizontally oriented within the
emitting layer. In this work, we determine under identical conditions the glass transition
temperature (Tg) of benchmark hosts, which is a crucial factor for the orientation of TADF
emitters. In order to build a model that describes the orientation of TADF emitter within the
emitting layer, two TADF emitters were co-evaporated with different host materials,
maintaining at constant temperature the substrate. One of the emitters has a donor-acceptordonor (DAD) assembly and is highly elongated (ICzTRZ). The other emitter (DMAC-TRZ) has a
less extended donor-acceptor (DA) construction, typical for TADF molecules. The structures
are reported in Figure 8.

Figure 8: Molecular structure of the host materials and emitters analyzed by differential scanning
calorimetry.

The host materials were chosen because they cover a wide range of glass transition
temperatures, which is expected to have an effect on orientation, based on previous studies.
Since the morphological data are not known for all hosts, the Tg of the host materials was
determined. The results show a clear trend for carbazole-based molecules. mCP comprises
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two carbazole moieties meta-linked through a phenyl ring. Although the meta position
provides a twisted structure, the Tg of the material is as low as 65°C, due to the low molecular
weight. When a phenyl ring is added (mCBP), the molecular weight increases and the Tg is
92°C. Finally, for mCBP-CN, only a cyano group is added. Although the functional group is
relatively small, the host material has the highest Tg of 113°C. The highly polar CN group
provides more interactions, increasing the temperature at which the glassy state persists. In
the case of DPEPO, the highly polar phosphine oxide groups together with the high
conformational motion given by the ether bridge provide a Tg of 93°C. The Tg of the emitters
was also determined. As expected, the long and heavy molecule ICzTRZ provides a Tg with the
value of 253°C and the shorter and lighter emitter DMAC-TRZ provides 93°C.

Figure 9: Differential scanning calorimetry showing the second heating scan of: the hosts mCBP-CN,
DPEPO, mCBP and mCP. b) the emitters DMAC-TRZ and ICzTRZ. The values of the glass transition
temperatures are included. Adapted from Naqvi et al.3

The emitter orientation factor Θ for each host-guest film was obtained through angular
dependent photoluminescence spectroscopy in the group of W. Brütting in Augsburg. Then,
Θ was correlated with the Tg of the hosts (Figure 10 a). The results show two different regimes.
Firstly, for less elongated emitters (DMAC-TRZ), a higher Tg of the host delivers better emitter
orientation (low Θ values). This proves the crucial role of the host in governing the spatial
disposition of the emitter. In fact, low Tg values (similar to the substrate temperature Ts) allow
the rearrangement of the molecules, thus preferring a vertical orientation (Figure 10 b).
Instead, when the Tg is high, rearrangement of the molecules is limited, leading to a more
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favorable horizontal disposition (Figure 10 c). However, when the molecule is relatively long
(ICzTRZ), the effect is less pronounced. This occurs because the elongated molecule rearranges
mainly horizontally, almost independently from the surrounding host molecules (Figure 10 d).
In this last case, the emitter's intrinsic property (shape) determines the orientation.

Figure 10: a) Dependency of the emitter's transition dipole moment (TDM) orientation factor (Θ) vs. Tg
of the hosts. b–d) Schematic illustration of the effect of Tg (mobility of host molecules) on the
orientation of emitter molecules. Host molecules are shown in red, DMAC-TRZ in green, and ICzTRZ in
blue. b) Enhanced molecular mobility and adoption of vertical orientation of host and DMAC-TRZ
molecules for Tg ∼ Ts, while in C) pronounced horizontal orientation is observed when Tg >> Ts. D) The
long ICzTRZ is relatively unaffected by the mobile host molecules regardless of their Tg's. Adapted from
Naqvi et al.3

Although the data have well fit, in the case of DMAC-TRZ another observation is necessary. In
fact, different orientation factors can occur within the same Tg range (see DPEPO and mCBP,
Figure 10 a, green squares). This concludes that Tg is the dominant factor, but not the only
one. For this reason, through impedance spectroscopy, the fraction of oriented permanent
dipole moments of the host materials was determined and correlated with the emitter's
orientation factor Θ. The results reveal a higher horizontal alignment of the host DPEPO than
for mCBP. Thus, within the same Tg range, certain hosts (such as DPEPO) can rearrange better,
boosting the horizontal orientation of the emitter.
To conclude, the orientation of emitters depends mostly on three parameters (see Figure 11
for a summary). Firstly, on the intrinsic properties of the emitter, i.e., the shape of the emitting
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molecules. The longer and more rodlike it is, the stronger will be its tendency to lie down when
evaporated on a surface. Therefore, it will be less affected by the surrounding host. Secondly,
if the emitter is relatively short, like in most TADF emitters, the host matrix takes over the role
of determining emitters' orientation. In particular, the glass transition temperature of the host
is of primary importance. A high Tg reduces the surface diffusivity of molecules so that they
do not have enough time to equilibrate and, thus, adopt the favored lying flat orientation.
Thirdly, alignment of the host material itself promotes TADF emitter orientation.

Figure 11: Proposed model for the dominant factors affecting TADF emitter orientation. Reproduced
from Naqvi et al.3

To summarize, the first paper establishes a fundamental strategy for synthesizing bipolar high
triplet energy host materials through a toolbox approach. The results show that a high triplet
energy host is obtained by using donor-acceptor structures, avoiding linkers, and decreasing
the conjugation of the donor. The host also has good thermal and morphological stability.
Furthermore, the material is used in blue OLED devices delivering good efficiency and stability.
The second paper follows the toolbox approach. In fact, donor and acceptor units were
directly coupled, and the less conjugated donor was used, like in the first strategy. Here,
another acceptor is introduced, and through decreasing its conjugation, a new high triplet
energy host is obtained. This host also possesses good thermal and morphological properties
and delivers blue OLEDs with good efficiencies. The third paper discusses the thermal and
morphological properties of new TADF emitters, providing insights into the processability and
51

3. Synopsis
the durability of this new category of molecules. Finally, the fourth paper reports the
morphological properties of benchmark hosts, which are correlated with the orientation of
TADF emitters to provide a model helpful to increase efficiency in OLEDs.
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3.6. Individual contribution to joint publications
The publications presented in this thesis arose from joint collaborations. The following section
specifies the individual contributions of the authors:

Paper 1
“High Triplet Energy Host Materials for Blue TADF OLEDs—A Tool Box Approach”
By F. Rodella, S. Bagnich, E. Duda, T. Meier, J. Kahle, S. Athanasopoulos, A. Köhler an P.
Strohriegl.
Published as Frontiers in Chemistry 2020, 8, 657.
I conceived the toolbox approach and conducted the synthesis and characterization of host
materials. S. Bagnich and E. Duda performed and interpreted the photophysical
measurements. T. Meier, J. Kahle, and S. Athanasopoulos were responsible for DFT
calculations. A. Köhler and P. Strohriegl supervised the project and corrected the manuscript.

Paper 2
“Low efficiency roll-off blue TADF OLEDs employing a novel acridine-pyrimidine based high
triplet energy host”
By F. Rodella, R. Saxena, S. Bagnich, D. Banevičius, G. Kreiza, S. Athanasopoulos, S. Juršėnas, K.
Kazlauskas, A. Köhler and P. Strohriegl.
Submitted to Journal of Materials Chemistry C.
I performed the synthesis and characterization of the host materials, as well as the thermal
and electrochemical analysis. R. Saxena and S. Bagnich performed photophysical studies. D.
Banevičius and G. Kreiza fabricated OLED devices. S. Athanasopoulos was responsible for DFT
calculations. S. Juršėnas, K. Kazlauskas, A. Köhler and P. Strohriegl supervised the experiments
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Abstract
The development of efficient blue emitter-host combinations is one of the biggest challenges
in organic light-emitting diode (OLED) research. Host materials play a crucial role when it
comes to enhance efficiency, improve the lifetime and decrease the efficiency roll-off of the
device. The need for new hosts is of prime importance, especially for blue phosphorescence
and thermally activated delayed fluorescence (TADF) emitters, due to their high exciton
energies. The hosts are less investigated than the emitters and require further progress. This
work provides a new molecular strategy that combines an acridine derivative (donor) and
pyrimidine moieties (acceptors) to obtain three novel host materials. This approach
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demonstrates that via careful selection of donor and acceptor units, it is possible to manage
the properties of the host materials, obtaining at the same time superior thermal and
morphological properties and high triplet energies up to 3.07 eV. The decrease of the
conjugation in the acceptor unit was found to play a crucial role in increasing the triplet
energy. The most promising host 1MPA was used to fabricate blue TADF OLEDs. Using a skyblue emitter, we achieved electroluminescence at 491 nm and maximum external quantum
efficiency (EQE) of 13.6%, combined with a low efficiency roll-off, even beyond the practical
brightness of 1000 cd/m. The host 1MPA was also combined with a deep blue emitter to
deliver a blue OLED with color coordinates of x=0.16 and y=0.18.

Introduction
Presently, organic light-emitting diodes (OLEDs) are expanding their boundaries and
applications, such as in flat panel displays and smartphones, due to their significant
advantages like facile preparation, cost-effectiveness, and energy efficiency.(1, 2) For these
reasons, much effort is put into developing this technology, both in academia and industry.
Especially for display applications, commercial OLEDs contain stable and efficient green and
red emitters based on iridium complexes (3). In contrast, blue emitters suffer from lacking
simultaneous efficiency and stability.(4, 5) In the last years, thermally activated delayed
fluorescence (TADF) emitters seem to be among the most promising candidates to solve this
problem. Their capacity of harvesting triplet excited states can allow for an internal quantum
efficiency of up to 100% through prompt and delayed fluorescence emission. Rapid thermally
activated transfer of the excitation from the triplet to the singlet state, followed by efficient
delayed fluorescence, avoids degradation processes that could otherwise occur when the
excitation prevails for a long time in the triplet state. TADF OLEDs contain purely organic
molecules, which avoid rare and costly noble metals and allow a broad range of molecular
engineering. Aside from emitters, host materials play an essential role in obtaining the desired
performance of the OLED. Emitters are frequently doped in a host matrix to decrease
detrimental bimolecular effects caused by longer-lived triplet states.(6) The dilution into the
host is thus essential to enhance lifetime, increase efficiency, and reduce efficiency roll-off of
the device.(7) The hosts, in general, must have high and balanced charge carrier mobility, good
thermal and morphological stability, and chemical stability. They also must have high triplet
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energy to confine the excitons on the emitter, which is particularly challenging for blueemitting OLEDs.(8)
The majority of host materials adopt carbazole or less stable phosphine oxide groups.(9) In
this work, we present host molecules based on acridine and pyrimidine groups instead.
Acridine is often used as a donor (D) in emitter molecules because of its rigidity and strong
donating feature.(10–13) Few cases report its use in hosts for red phosphorescence
OLEDs.(14, 15) Furthermore, what brought our attention to the acridine group, is that it has
higher triplet energy than carbazole (due to less conjugation).(16) The pyrimidine unit is also
a building block for TADF emitters due to its acceptor (A) properties.(17–20) It is also used as
a building block for hosts in phosphorescence OLEDs, with triplet energies of these hosts laying
below 3 eV.(21–23) Another use of pyrimidine is as an electron transport material (ETM).(24)
In this work, we report a strategy to obtain high triplet energy donor-acceptor host materials
based on acridine and pyrimidine moieties. In particular, via careful molecular modification, it
is possible to limit the conjugation of the acceptor pyrimidine, leading to high triplet energy
of more than 3 eV. To prove the strategy’s applicability, we fabricated blue TADF OLEDs using
the most promising host of the series (1MPA), expressing blue emission (from 461 nm to 493
nm) with low efficiency roll-off even beyond a practical brightness of 1000 cd/m2.

Experimental
Materials
9,9-Diphenyl-9,10-dihydroacridine;

2-chloro-4,6-diphenylpyrimidine;

4,6-Dichloro-2-

phenylpyrimidine; 4,6-Dichloro-2-methylpyrimidine; palladium(II) acetate and tri(tertbutyl)phosphine(10 wt.% in hexane) were purchased from abcr. Sodium tert-butoxide was
purchased from TCI.
Synthesis
10-(4,6-diphenylpyrimidin-2-yl)-9,9-diphenyl-9,10-dihydroacridine (2PPA). 9,9-Diphenyl-9,10dihydroacridine (1 g, 3 mmol, 1.1 eq), 2-chloro-4,6-diphenylpyrimidine (727 mg, 2.73 mmol, 1
eq), sodium tert-butoxide (340 mg, 3.54 mmol, 1.3 eq), palladium(II) acetate (25 mg, 0.11
mmol, 0.04 eq) and toluene (25 ml) were placed with a stirring bar in a Schlenk tube. The
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mixture was then degassed three times through freeze-pump thaw cycles and the tube
backfilled with argon. Subsequently, tri(tert-butyl)phosphine(10 wt.% in hexane) (0.07 ml,
0.22 mmol, 0.08 eq) was added and the mixture was then refluxed for 12 h. The reaction
mixture was extracted with water and the organic phase was dried over anhydrous sodium
sulphate before to evaporate the solvent with reduced pressure. Finally, the compound was
purified by column chromatography on silica gel (20% ethyl acetate / hexane) and by train
sublimation, obtaining 25% yield of pure product. 1H NMR (CDCl 3, 500 MHz, Me4Si): δ [ppm]
8.01 (d, J = 7.5 Hz, 2H), 7.92 (d, J = 7.5 Hz, 4H), 7.45-7.42 (m, 7H), 7.39 (t, J = 7.5 Hz, 2H), 7.17
(t, J = 7.5 Hz, 2H), 7.05-6.99 (m, 6H), 6.96 (d, J = 7.0 Hz, 2H), 6.90 (d, J = 6.5 Hz, 4H). 13C NMR
(CDCl3, 500 MHz, Me4Si): δ [ppm] 164.21, 160.05, 144.35, 142.55, 140.91, 137.73, 130.63,
130.27, 128.60, 128.04, 127.45, 127.28, 127.04, 126.32, 125.55, 124.07, 104.45, 58.62. EI-MS
m/z [M]+: 564.
10,10'-(2-phenylpyrimidine-4,6-diyl)bis(9,9-diphenyl-9,10-dihydroacridine) (1PPA). 1PPA was
synthesized following a similar procedure as described for 2PPA; using 9,9-Diphenyl-9,10dihydroacridine (977 mg, 2.93 mmol, 2.2 eq), 4,6-Dichloro-2-phenylpyrimidine (300 mg, 1.33
mmol, 1 eq), sodium tert-butoxide (320 mg, 3.33 mmol, 2.5 eq), palladium(II) acetate (25 mg,
0.11 mmol, 0.08 eq), tri(tert-butyl)phosphine(10 wt.% in hexane) (0.07 ml, 0.22 mmol, 0.16
eq) and toluene (25 ml). Yield = 28%. 1H NMR (CDCl3, 500 MHz, Me4Si): δ [ppm] 8.27 (m, 2H),
7.44-7.37 (m, 7H), 7.22 (t, J = 7.5 Hz, 4H), 7.16-7.10 (m, 12H), 7.07 (t, J = 7.5 Hz, 4H), 6.89 (d, J
= 7.5 Hz, 4H), 6.82 (d, J = 7.5 Hz, 8H), 5.65 (s, 1H). 13C NMR (CDCl3, 500 MHz, Me4Si): δ [ppm]
162.68, 161.44, 144.60, 140.17, 140.15, 138.37, 130.40, 130.15, 128.93, 128.30, 128.17,
127.56, 126.63, 126.09, 123.74, 123.69, 91.1, 58.12. EI-MS m/z [M]+: 818.
10,10'-(2-methylpyrimidine-4,6-diyl)bis(9,9-diphenyl-9,10-dihydroacridine) (1MPA). 1MPA
was synthesized following a similar procedure as described for 2PPA; using 9,9-Diphenyl-9,10dihydroacridine (2.35 g, 7.05 mmol, 2.3 eq), 4,6-Dichloro-2-methylpyrimidine (0.50 g, 3.07
mmol, 1 eq), sodium tert-butoxide (0.77 g, 8.01 mmol, 2.6 eq), palladium(II) acetate (55 mg,
0.25 mmol, 0.08 eq), tri(tert-butyl)phosphine(10 wt.% in hexane) (0.15 ml, 0.49 mmol, 0.16
eq) and toluene (25 ml). Yield = 58%. 1H NMR (CDCl3, 500 MHz, Me4Si): δ [ppm] 7.23 (d, J =
7.5 Hz, 4H), 7.18 (t, J = 7.5 Hz, 4H), 7.14-7-10 (m, 12H), 7.04 (t, J = 7.5 Hz, 4H), 6.87 (d, J = 7.5
Hz, 4H), 6.80 (d, J = 7.5 Hz, 8H), 5.60 (s, 1H), 2.43 (s, 3H). 13C NMR (CDCl3, 500 MHz, Me4Si): δ
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[ppm] 144.76, 140.07, 138.81, 130.34, 130.06, 129.01, 127.88, 127.55, 126.60, 126.28, 123.36,
122.31, 94.77, 57.92, 26.17. EI-MS m/z [M]+: 756.
Purification
The synthesized compounds 2PPA, 1PPA, and 1MPA were purified by train sublimation in a
Carbolite split tube furnace HZS 12/450.
Characterization
1H

NMR and

13C

NMR spectra were recorded on a Bruker Avance III HD (500 MHz), the

chemical shifts were referred to chloroform-d3 (7.26 ppm), and the J values are given in Hz.
MS spectra were obtained on a Finningan MAT 8500 using electron impact ionization.
Thermal measurements
Thermogravimetric analysis (TGA) was conducted on a Mettler TGA/DSC3 with a heating rate
of 10 K/min under nitrogen flow. Differential scanning calorimetry was performed with a
Mettler DSC3+ in pierced Al pans at 10 K/min under nitrogen flow. The glass transition Tg was
determined as the midpoint temperature of the step. Tm and Tr were determined as the peak
temperature of the melting peak and recrystallization peak, respectively. These calculations
were performed by Mettler STARe 15.00a software.
Electrochemical measurements
Cyclic voltammetry measurements were carried out using a standard three electrode
electrochemical micro-cell kit from Ametek Scientific Instruments, consisting of a Platinum
wire counter electrode, a Platinum disk working electrode, and a Silver/Silver chloride
reference electrode. A Gamry Interface 1010T served as the potentiostat. Electrochemistry
grade solvent was used, and 100 mM tetrabutylammonium hexafluorophosphate was the
supporting electrolyte. The solutions were thoroughly purged with dry nitrogen for 10 minutes
before each measurement.
Computational details
We have used density functional theory to obtain the ground state geometries of the
compounds employing the M06‐2X exchange‐correlation functional in combination with a 6‐
31+G(d,p) atomic basis set. Geometry optimizations were successfully converged, and no
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imaginary frequencies were observed following a vibrational frequency analysis. Singlet and
triplet emission energies were further obtained by optimizing the structures with linear
response time‐dependent density functional theory at the M06‐2X/6‐31+G(d,p) level(25) and
within the Tamm‐Dancoff approximation.(26) Electron‐hole natural transition orbitals (NTOs)
were calculated to characterize the excited state transitions.(27) All calculations were
performed using the Gaussian 16 software package,(28) and orbitals were visualized using the
Avogadro molecular editor software.(29) Charge transfer numbers ωCT with values in the range
between 0 (for a Frenkel exciton) and 1 (for a complete charge transfer exciton) were
computed by a transition density matrix analysis,(30, 31) based on defragmentation of the
molecules in acridine and pyrimidine groups (D‐A‐D for 1PPA and 1MPA and D‐A for 2PPA).
Electron‐hole correlation plots of the Ω matrix for the excitations were also constructed based
on the fragments. The average electron‐hole distance Δr, based on the charge centroids of the
orbitals involved in the transition,(32) was also computed as a complementary indicator to the
nature of the states using the Multiwfn software.(33)
Photophysical measurements.
For measurements in solution, all the compounds were dissolved in toluene or mTHF at a
concentration of 6-9 x 10-5M. Solutions were sonicated for 15 minutes after preparation.
Absorption spectra were recorded using a Varian Cary 5000 spectrophotometer. Fluorescence
spectra, phosphorescence spectra, and room temperature (RT) photoluminescence quantum
yield (PLQY) were measured using a Jasco FP-8600 spectrofluorometer. For phosphorescence
measurements, the detector unit was opened at a delay of 150 ms after excitation, and the
signal was acquired for 50 ms. The excitation wavelength for both fluorescence and
phosphorescence was 300 nm (unless specified in the text or figure). For the 77 K
measurements, the sample or cuvette was immersed in liquid nitrogen. Values for the
photoluminescence quantum yield of the molecules in solution were obtained using the Jasco
FP- 8600 spectrofluorometer equipped with an integrating sphere.
OLED fabrication and characterization.
OLEDs were fabricated on pre-patterned indium tin oxide (ITO)-coated glass substrates
(Kintec) with ITO layer thickness of 100 nm and a sheet resistance of 15-20 Ω/□. Prior to device
fabrication, the substrates were cleaned by sonicating consecutively in detergent (Hellmanex
II), distilled water, acetone, isopropyl alcohol, boiling distilled water, and finally treated with
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O2-plasma for 10 min. The substrates were then transferred into a vacuum evaporation
chamber (Vacuum Systems and Technologies Ltd) integrated inside the nitrogen-filled glove
box, where the stack of organic layers was deposited at a rate of 0.5-1 Å/s and pressure <10-6
Torr. The doping of the emissive layer was accomplished by co-evaporating the host and guest
materials from different evaporation sources at distinct rates for the desired doping
concentration. Afterward, the samples were transported by the robotic arm to a metal
deposition chamber without breaking the vacuum, which was followed by deposition of
lithium fluoride (LiF) and aluminum (Al) layers at a rate of 0.2 and 2 Å /s, respectively. The
active area of the devices was 4 mm2 as defined by the ITO pattern and the shadow mask used
for cathode deposition. The completed devices were removed from the vacuum chamber to
the N2-filled glove box without exposure to air and encapsulated by using a glass cover and
UV-curable epoxy KATIOBOND LP655 (DELO). A system consisting of a calibrated integrating
sphere (ORB Optronix), a spectrometer PMA-11 (Hamamatsu), and a source-meter unit 2601A
(Keithley) was utilized for evaluation of the electrical-optical properties of OLEDs such as
current–voltage-luminance (I-V-L) characteristics, EQE and efficiency roll-off.

Results and Discussion
Design and synthesis
In this work, a strategy to increase the triplet energy of donor-acceptor molecules is shown.
For this purpose, three novel host molecules were designed. As presented in previous
work,(34) by direct connection of donors (acridine and carbazole) and acceptors (triazine), it
is possible to increase the triplet energy of donor-acceptor molecules compared to the case
where the connection occurs via a conjugated bridge. In this work, acridine (donor) and three
different pyrimidines (acceptors) with a different size of the conjugated system of the
pyrimidine were chosen to obtain a sequence of three materials. Throughout the series, from
2PPA to 1PPA, to 1MPA, it is possible to see a decrease in the conjugation of the acceptor
moiety, a key strategy to reach a high-energy triplet (Figure 1). 2PPA presents a donoracceptor structure where the pyrimidine core is linked in positions 4 and 6 to two phenyl rings
and position 2 to one acridine. 1PPA has a donor-acceptor-donor (DAD) structure; i.e., the
pyrimidine moiety is linked to just one phenyl ring (in position 2) while two acridines occupy
positions 4 and 6. The last molecule of the series, 1MPA, still has the same DAD configuration,
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but the pyrimidine is substituted with a methyl group (in position 2) and two acridines (in
positions 4 and 6). By replacing the phenyl ring with a methyl group, the conjugation of the
acceptor is limited to the central pyrimidine ring. The products were synthesized using a
general Buchwald-Hartwig protocol between the donor acridine and the chlorinated
pyrimidine acceptor, which provides an efficient way for the formation of C-N bonds (Figure
1). Furthermore, all products were purified via train sublimation to obtain highly pure
compounds.

Figure 1: Synthesis route to the three host materials 2PPA, 1PPA and 1MPA. i) Pd(Oac)2, P(tBu)3,
NaOtBu, toluene, reflux, 12 h.
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Thermal and electrochemical analysis
The thermal properties of the compounds were investigated by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA), as shown in Figures 2 a and b. DSC
shows that all the compounds are morphologically stable beyond 100°C with glass transitions
(Tg) of 108 °C (2PPA), 150 °C (1PPA), and 138 °C (1MPA) and that recrystallization (Tr) upon
heating occurs above 100°C for 2PPA and above 200°C for 1PPA and 1MPA, due to the
addition of a second bulky acridine. The heating scan of 2PPA was obtained after the sample
was melted and directly cooled with liquid nitrogen. This was necessary to obtain the
amorphous material during the cooling process. The melting temperatures (Tm) are around
300°C for 2PPA and 1PPA and 273°C for 1MPA.
TGA data show high decomposition temperatures (Td) above 300°C for 2PPA and above 400°C
for 1PPA and 1MPA. TGA also indicates that all the materials leave none or only minor residues
what means that all three hosts completely evaporate already at normal pressure what makes
them ideal candidates for OLED fabrication via evaporation. Furthermore, throughout the
series, it is possible to see that by adding a second acridine, the T g, Tr, and Td of the materials
are improved. The melting points are instead similar, with a small decrease in 1MPA. These
data confirm the high thermal stability of the materials and their potential applicability as
hosts in OLEDs.
Furthermore, cyclic voltammetry of the three hosts was carried out to explore the
electrochemical properties and to estimate the HOMO values (Figure 2 c). All the compounds
show two quasi-reversible oxidation peaks. The first oxidation peak always appears slightly
above 0.2 V vs. Ag/AgCl, and it corresponds to the oxidation of the acridine donor moiety. The
HOMO values for the three compounds were estimated by the half-wave potential of the first
oxidation potential, considering the solvent correction according to Gräf et al.(35) The LUMO
values were then calculated by adding the optical band gap to the HOMO values (Table 1).
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Figure 2: Thermal and electrochemical properties of 2PPA, 1PPA and 1MPA. a) Differential scanning
calorimetry showing the second heating scan. b) Thermogravimetric analysis. c) Cyclic voltammograms
(cathodic scan) measured in CH2Cl2 at room temperature with tetra-n-butylammonium
hexafluorophosphate (0.1 M) as supporting electrolyte and a scan rate of 100 mV s−1.

2PPA

Tg (°C)

Tr (°C)

Tm (°C)

Td (°C)

HOMO (eV)

LUMO (eV)

108

127, 147

305

359

-5.12

-2.00

81

4. Publications
1PPA

150

229

304

417

-5.11

-1.71

1MPA

138

222

273

413

-5.10

-1.55

Table 1: Glass transition (Tg), recrystallization (Tr), melting (Tm), and decomposition at 5 wt% loss (Td)
temperatures determined from differential scanning calorimetry and thermogravimetric analysis.
HOMO and LUMO values of 2PPA, 1PPA, and 1MPA, calculated from cyclic voltammetry and the optical
bandgap, respectively. Absorption and photoluminescence in solution.

Absorption and photoluminescence studies of 2PPA, 1PPA, and 1MPA were performed in
dilute toluene solutions to analyze their intrinsic photophysical properties, with a focus on
determining their triplet state energies. Figure 3 a shows the room temperature absorption
spectrum of 2PPA, 1PPA, and 1MPA. 2PPA exhibits a band attributed to CT absorption from
around 3.2 - 3.9 eV. This assignment is based on the structureless absorption profile and
comparatively low extinction of this particular band. 1PPA and 1MPA do not show any
pronounced signatures of a CT state absorption. The absorption of 2PPA, 1PPA, and 1MPA
differ significantly from the absorption of either donor or acceptor (Figure S1 a, b, and c). This
indicates the existence of strong electronic interactions between the donor and acceptor units
in these compounds.
In order to estimate the triplet and singlet energies of the host materials, phosphorescence
(Ph) and steady-state (SS) measurements were carried out at liquid nitrogen temperature (77
K). For 2PPA (Figure 3 b), the phosphorescence is structured with a 0-0 vibrational peak at
2.81 eV (442 nm). The steady-state spectrum is a combination of fluorescence and
phosphorescence as the spectrum below 2.9 eV matches completely with the
phosphorescence spectrum. Thus, the lowest singlet in 2PPA is a state exhibiting a
structureless emission centered around 3 eV, with an onset at 3.15 eV (394 nm), with the lack
of vibrational structure probably indicating a CT-character. In 1PPA, the lowest singlet and
triplet states are both structured and have 0-0 peaks at 3.36 eV (369 nm) and 2.76 eV (449
nm), respectively, as shown in Figure 3 c. The phosphorescence of 2PPA and 1PPA are similar
to the ones of their respective pyrimidine acceptors (Figure S2), indicating that the triplet is
localized on the pyrimidine acceptor moieties. Due to the strong emission from the
pyrimidine-based singlet state in 1PPA, we cannot discern whether there is also a CT singlet
state at about 3 eV with lower oscillator strength buried under it. When we measured the
spectra with different excitation wavelengths between 300 nm and 350 nm, we found them
to be independent of excitation wavelength (Figure S3).
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The emission of 1MPA, in contrast, depends on the excitation wavelength, and the
corresponding spectra are shown in Figure 3 d. As before, Ph and SS measurements were
carried out at 77 K. For excitation at 300nm and 320 nm (4.13 eV and 3.88 eV, respectively),
we obtain a structured phosphorescence band with a 0-0 peak at 3.18 eV. However, when
exciting at 335 nm and at 350 nm (3.70 eV and 3.54 eV), the emission band has a similar shape,
yet it is shifted to lower energy, and it is broadened with a shoulder at 2.88 eV and an onset
at 3.07 eV. To clarify the origin of these two bands, we performed photoluminescence
excitation (PLE) spectra, and we also measured the phosphorescence of the acridine donor as
well as the methylpyrimidine acceptor. These data are available in the ESI (Figure S4 and S5).
For the higher energy phosphorescence, two assignments are principally possible, that is, to a
locally excited (LE) state localized either on the acridine donor or on the pyrimidine acceptor.
Based on the data in Figure S4 and S5 and the arguments detailed in the ESI, we tentatively
assign the higher energy phosphorescence band to a 3LE state localized on the acridine donor,
and we attribute the lower energy phosphorescence band to a triplet state with mixed CT-LE
character, where the LE contribution would be again from the acridine.
The fluorescence in 1MPA shows the same excitation dependence. For excitation at 300 nm
and 320 nm, we observe a broad band centered at about 3.6 eV (Figure 3 e), while for
excitation at 335 nm and 350 nm, the fluorescence is centered at 3.0 eV (Figure 3 f). By
comparison to the acridine fluorescence spectrum (Figure S4), the band at 3.6 eV is readily
assigned to a 1LE state localized mainly on the acridine. The band at 3.0 eV, by virtue of its
lower energy, must have some significant CT contribution.
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Figure 3: a) The absorption spectra of 2PPA, 1PPA, and 1MPA in toluene solution at 300 K. b)
The emission spectra of 2PPA taken at 77 K in a toluene glass under steady-state conditions
(SS), so that both fluorescence and phosphorescence show up, and taken with a delay of 150
ms after excitation and a gate width of 50 ms so that only phosphorescence (Ph) is visible.
Excitation was at 300 nm. c) The emission spectra were taken under the same conditions for
1PPA. d) The phosphorescence (Ph) spectra of 1MPA in toluene glass at 77 K, taken for
different excitation wavelengths as indicated. e) Comparison of the Ph and SS spectra for
excitation at 300 nm and f) at 350 nm. Also indicated is the fluorescence spectrum obtained
from subtracting the Ph from the SS.
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Figure 4 a summarizes the insights obtained on the energies and character of the excited
states in 2PPA, 1PPA, and 1MPA based on the spectroscopic data. All energy values are taken
from the onset of the emission spectra. It exemplifies the impact of reducing the conjugation
length of the pyrimidine acceptor. While for 2PPA and 1PPA, the 3LE state localized on the 2phenylpyrimidine (2PhPy) and 1-phenylpyrimidine (1PhPy) is the lowest triplet state with an
onset at around 2.9 eV, this is no longer the case when the conjugation is reduced in
methylpyrimidine (MePy). The triplet state for the units pyrimidine and methylpyrimidine
have 0-0 peaks at 3.50 eV and 3.42 eV, respectively (see Nishi et al.(36) and Figure S5 b), i.e.,
well above the onset of phosphorescence for the acridine moiety (Figure S4 and S5 b). As a
result, in 1MPA, the lowest triplet state becomes one with a mixed CT-LE character, where the
LE contribution is from the acridine unit. We also comment on the unusual observation of an
excitation wavelength-dependent phosphorescence. It implies that when exciting into the
acridine-based singlet LE state, the rates of intersystem crossing to its triplet state and
phosphorescence can compete with the charge transfer required to form the CT-based singlet
or triplet state. Evidently, the twists between the units slow down the charge transfer, which
needs to take place through a bond.
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Figure 4: a) Excited state energy level diagram for 2PPA, 1PPA, and 1MPA, based on the
spectroscopic data, along with their structure (donor in red and acceptor in blue). The values
are taken from the onset of the emission spectra. b) TDA-DFT computed natural transition
orbitals, emission energies, and charge transfer numbers for the lowest triplet state for 2PPA,
1PPA, and 1MPA at the M06-2X/6-31+G(d,p) level. Pyr represents pyrimidine acceptors and
Acr the acridine donor.
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Theoretical calculations
For a deeper understanding of the excited states, we turn our attention to the electronic
structure calculations. We find that for all molecules, acridine units lose planarity, and their
central ring adopts a distorted boat conformation both at the ground and excited state
geometries. At the same time, there is an intramolecular pi‐stacking arrangement between
the phenyl ring of one of the acridine donor units and the pyrimidine acceptor moiety (Figure
S7). The obtained conformations suggest a strong electronic mixing between the donor and
acceptor units, consistent with the observations made in the absorption spectra. The TDA‐DFT
calculated lowest excited singlet and triplet energies are in very good agreement with the
fluorescence and phosphorescence spectroscopic data, respectively, as summarized in Table
2. Calculations support the above spectroscopic assignment on the nature of the emissive
triplet states. Figure 4 b illustrates the spatial extent of the hole‐electron NTO pairs for the
optimized lowest triplet state of 2PPA, 1PPA, and 1MPA, along with the calculated charge
transfer numbers ωCT. These transitions can be described by a single NTO pair. The calculated
relaxed T1 state for 2PPA and 1PPA has a LE character and is localized on the pyrimidine unit,
whereas the relaxed T1 state for 1MPA has a mixed CT‐LE character, with the LE part on the
acridine. An energy level diagram based on the spectroscopic data is depicted in Figure 4 a.
The NTOs for fluorescence can be found in Figure S7. The emissive singlet for 2PPA is localized
on the pyrimidine, which is in contrast to the spectroscopic assignment of a CT state. This
comes from the fact that the obtained gas‐phase geometry from the TDA‐DFT calculations
leads to a distorted acridine. However, in the solid state, intermolecular interactions might
favor pi‐pi stacking configurations between the acridine units of the molecules and result in a
twisted intramolecular CT state. For 1PPA, the obtained lowest singlet is at 3.41 eV and has a
CT character. The lowest singlet state for 1MPA is at 3.13 eV, which displays a strong charge
transfer character as depicted by the hole‐electron pair natural transition orbitals and the
electron‐hole correlation plot of the Ω matrix (Figure S8) and has a weak oscillator strength
f=0.0037. Following optimization of the second lowest singlet state, S2, we find that it is located
at 3.50 eV and has an oscillator strength f=0.0134 (Figure S7). Although the charge transfer
numbers obtained are similar for the two states, the electron‐hole distance index Δr is larger
for the S1 state (Δr=3.26 Å) than for the S2 state (Δr=2.07 Å), indicating a larger CT length for
the S1 state. The hole NTO for S2 is delocalized across both acridine units. This could explain the
experimentally observed excitation wavelength dependent emission described in the previous
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section. Given the relatively large energy difference between the S2 and S1 states and the fact
that relaxation from the Franck‐Condon state requires large conformational rearrangement,
vibrational relaxation and internal conversion to S1 might compete with radiative emission
from the S2 state leading to non‐Kasha emission.(37)

Compound

S1 → S0 [eV]

Fl

T1 →S0 [eV]

Ph

2PPA

3.23

3.15

2.80

2.91

1PPA

3.41

3.47

2.62

2.85

1MPA

3.50 (S2→ S0)

3.84

2.97

3.28

3.13 (S1→ S0)

3.30*

3.07*

Table 2: TDA-DFT computed singlet (S1→S0) and triplet (T1→S0) emission energies of 2PPA, 1PPA, and
1MPA at the M06-2X/6-31+G(d,p) level along with the energy values of fluorescence (Fl) and
phosphorescence (Ph) taken from the onset of the spectra at 77 K in toluene solution for 300 nm
excitation. *excitation at 350 nm.

OLED properties
After having established that the acridine-pyrimidine based compound 1MPA is the one with
the highest triplet energy (>3.0 eV) among the studied compounds, we employed it as a host
for the fabrication of blue OLED. We combined it with the previously reported blue TADF
emitters mPTC(38) and OBA-O(39) as dopants (Figure S9 e). In the case of mPTC, a doping
concentration of 12 wt% was used based on photoluminescence quantum yield
measurements (Table S1). For the emitter OBA-O we used several doping concentrations (5,
8, and 13 wt%) with a view to examine the emission wavelength tunability of the device. The
choice of mPTC and OBA-O as TADF emitters was based on i) their shallow HOMO levels (-5.12
and -5.15 eV, respectively), which were similar to that of 1MPA, ii) their triplet energies being
lower than that of the host to allow for triplet exciton confinement and iii) their high
photoluminescence quantum yields. OLEDs were fabricated using the following simple device
architecture: ITO (100 nm)/ TAPC (30 nm)/ EML (x wt% mPTC and OBA-O in 1MPA, 30 nm)/
TmPyPB (40 nm)/ LiF (0.8 nm)/ Al (100 nm). Here, ITO was used as a transparent anode, (1,1bis[(di-4-tolylamino)phenyl]cyclohexane) TAPC and (1,3,5-tri(m-pyridin-3-ylphenyl)benzene)
TmPyPB for hole and electron injection/transport, respectively, LiF/Al as the reflective
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cathode, whereas x denotes the doping concentration (in weight percentage) of the particular
TADF emitter in the emissive layer (EML).
The configuration and the energy level diagram of the device with the EML (12 wt% mPTC in
1MPA) is displayed in Figure 5 a. The main device characteristics are provided in Figures 5 b,
c, d and Table 3. The OLED demonstrated a low turn-on voltage (Von) of 3.25 V, greenish-blue
electroluminescence at 491 nm with the full width at half maximum (FWHM) of 75 nm
resulting in Commission Internationale de L’Eclairage (CIE) coordinates of (0.2, 0.4). The
maximum external quantum efficiency (EQEmax) was determined to be 13.6%, which is in good
agreement with PLQY of mPTC in mCP host (PLQY  55%) (38) if typical device outcoupling
efficiency of 20-30% is taken into account.(40) The fabricated device exhibited low efficiency
roll-off at practically useful brightness, i.e., EQE dropped down to 12.3% at the brightness of
100 cd/m2 and to 11.6% at 1000 cd/m2 (Figure 5 b). Notably, EQE remained above 10% up to
the very high brightness of 5000 cd/m2. This behavior could be explained by the optimal device
architecture and well-balanced electron and hole currents. Further increase of the bias caused
degradation of the device performance, most likely due to exciton-polaron annihilation
processes as detailed below. Nonetheless, the maximum luminance achieved by the device
was nearly 44000 cd/m2. The properties of analogous devices based on the same host, yet the
different TADF emitter OBA-O at various doping concentrations in the EML, are presented in
Figure S9 and Table 3. The OBA-O device with a similar doping concentration (13 wt%) as the
previous one based on mPTC expressed comparable emission properties. Explicitly, peak
emission wavelength, bandwidth, CIE color coordinates, and maximum EQE were found to be
alike. On the other hand, the much steeper I-V and L-V curves in the OBA-O device indicated
a significantly improved charge carrier mobility in the EML. Importantly, the reduced OBA-O
concentration down to 5 wt% in the EML shifted the emission wavelength from greenish-blue
(493 nm) to deep-blue (461 nm), demonstrating the potential of 1MPA to host deep-blue
TADF emitters. The picture of the deep-blue emitting OLED is shown in the inset of Figure S9.
The reduced emitter concentration concomitantly caused a broadening of emission
bandwidth (up to 94 nm) and an accelerated EQE roll-off. We attribute the roll-off at higher
luminance and in particular the accelerated roll-off in the OBA-O devices at low emitter
concentrations predominantly to exciton-polaron annihilation since it reduces with increasing
emitter concentration (see Figure S9 b). If the origin of the roll-off was exciton-exciton
annihilation, this should increase with emitter concentration. Further, since there is a barrier
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of about 1.15 eV for electron injection onto the host yet not for injection onto the guest, the
likely scenario is that electron transport proceeds by hopping between emitter molecules
while hole transport occurs via the host, where hole injection is barrier-free. This results in a
charge carrier imbalance that increases as the emitter concentration decreases, and thus
favors exciton-hole quenching. We note that the lifetime of delayed fluorescence in mPTC
(6 s) is more than 30 times shorter than that in OBO-A (190-340 s), consistent with its lower
susceptibility to exciton quenching processes (Figure S6 and Table S2). Nevertheless, the
obtained results show that high-triplet-energy host 1MPA is suitable for the fabrication of
efficient blue TADF OLEDs, delivering low efficiency roll-off even beyond the practical
brightness of 1000 cd/m2.

Figure 5. Main properties of the TADF OLED based on 1MPA host doped with 12 wt% of mPTC. a)
energy level diagram. b) EQE vs. luminance. c) current density and luminance vs. applied voltage. d)
electroluminescence spectrum with working device picture shown in the inset.
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Emitter
mPTC (12
wt%)
OBA-O (13
wt%)
OBA-O (8
wt%)
OBA-O (5
wt%)

Vona

EQEb

Lmaxc

CEmaxd

LEmaxe

λmaxf

FWHMg CIE 1931h

(V)

(%)

(cd/m2)

(cd/A)

(lm/W)

(nm)

(nm)

(x, y)

3.25 13.6/12.3/11.5

43911

33.3

27.5

491

75

(0.2, 0.4)

2.75 14.2/11.9/8.9

30247

36.6

36.4

493

83

(0.2, 0.38)

3.25

14.9/6.8/2.9

8449

26.2

24.5

475

93

3.5

10.6/3.5/1.6

5283

14.4

12.1

461

94

(0.16,
0.21)
(0.16,
0.18)

Table 3: Main parameters of blue TADF OLEDs based on 1MPA host doped with mPTC and OBA-O
emitters. a Turn-on voltage at 1 cdm-2; b maximum EQE/ EQE at 100 cdm-2/ EQE at 1000 cdm-2; c
maximum brightness; d maximum current efficiency; e maximum luminous efficiency; f peak emission
wavelength; g full width at half maximum; h Commission Internationale de L'Eclairage color coordinates
(x, y).

Conclusions
In this work, we present three newly synthesized host molecules that adopt acridine and
pyrimidine units. The bulky acridine provides superior thermal and morphological properties,
further improved when two acridines are used, like in 1PPA and 1MPA. The donor and
acceptor combination allows transporting both holes and electrons. Throughout the series, it
is possible to see a decrease in the conjugation of the acceptor moiety within the hosts. When
the acceptor unit is limited to only one pyrimidine ring (1MPA host), the triplet energy is the
highest, with a value of 3.07 eV. Through theoretical calculations and spectroscopy, we
attribute its nature to a mixed CT-LE state. Finally, to demonstrate the potential of these
molecules, 1MPA is employed as the host material to fabricate blue TADF OLEDs. Using the
emitter mPTC we achieved a sky-blue OLED with electroluminescence at 491 nm and
maximum EQE of 13.6%, combined with a low roll-off. The host 1MPA is also shown to be
suitable for deep-blue emitters like OBA-O, delivering blue OLED with color coordinates of
x=0.16 and y=0.18.
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Donors and acceptors used for spectroscopic studies:

Figure S1: a), b) and c) show the absorption spectra (solid green line) of 2PPA, 1PPA and 1MPA
solutions (concentration = 0.05 mg/mL) in toluene along with acridine absorption (dashed red line) and
2PhPy, 1PhPy and MePy acceptors (dashed blue line) respectively. The sum of donor and acceptor
absorption is shown by green dash-dot line. d) Acridine and 2PhPy (red and blue dashed line)
absorption spectra in Figure S1 a are shifted in energy to match the sum of acridine + 2PhPy spectrum
(green dash-dot line) with the absorption spectrum of 2PPA (solid green line).
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Figure S2: a) and b) show the comparison of 2PPA and 1PPA spectra (black line) with the horizontally
translated Ph spectra of 2PhPy and 1PhPy spectra (blue dashed line) respectively. For reference the
original 2PhPy and 1PhPy spectra is shown with a semi-transparent blue line.

Figure S3: Excitation wavelength Ph spectra is shown for 2PPA and 1PPA in mTHF.

Figure S4: 77 K phosphorescence (red solid line) and steady-state (blue dashed line) for acridine
solution in toluene (concentration = 0.05 mg/mL). Phosphorescence is collected with a delay time of
150 ms and a gate width of 50 ms.
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Figure S5: a) Phosphorescence (delay time 50 ms, gating time 50 ms) excitation spectrum for 1MPA
solution in toluene glass (77 K). b) 77 K phosphorescence for 1MPA (red), acridine (blue) and
methylpyriminine (MePy – green) solution in toluene (concentration = 0.05 mg/mL). Phosphorescence
is collected with a delay time of 150 ms and a gate width of 50 ms. c) MePy absorption (blue dash-dotdot line) and 77 K SS steady state emission of acridine solution (red solid) in toluene.
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Figure S6: a) RT PL decay of mPTC (12 wt%) and OBO-A (13 wt%) doped films in 1MPA. b) RT PL decay
of OBO-A (5, 8 and 13 wt%) doped films in 1MPA.

Table S1: Photolominescence quantum yield measurements of mPTC with different doping percentage
in 1MPA host.

mPTC (wt%) in 1MPA PLQY (%)
3

19

5

23

10

34.5

20

33

30

21

Emitter in 1MPA Doping concentration Average delayed lifetime
mPTC

OBO-A

12 wt%

6 μs

5 wt%

218 μs

8 wt%

343 μs

13 wt%

191 μs

Table S2: A summary of average delayed fluorescence (DF) lifetimes (𝜏𝑎𝑣𝑔 =
decays of doped emitter films in 1MPA.
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Assignment of singlet and triplet states for 1MPA
S2 is an acridine based locally excited (LE) state (by comparison of steady state emission of
1MPA in Figure S3e with the steady state emission of acridine in Figure S4).
Option A: High energy 1MPA phosphorescence (T2) is acridine based phosphorescence as it is
observed only when acridine is excited, i.e. when 𝜆𝑒𝑥𝑐 < 330 nm (Figure S5a and Figure S1).
This also implies that the intersystem crossing (ISC) rate on acridine is faster and that the
charge transfer (CT) from acridine to methylpyrimidine (MePy) to form a CT state is slower.
The internal conversion from the high energy triplet state (T2) to the low energy triplet state
(T1) is also slow because of the required CT.
Option B: High energy 1MPA phosphorescence (T2) is from MePy based LE.
•

Argument in favor of it: The MePy phosphorescence is close in energy to the observed
T2 emission (Figure 5b).

•

Arguments against it: the absorption from MePy is very far away from the excitation
energy (𝜆𝑒𝑥𝑐 = 300 nm, 𝐸𝑒𝑥𝑐 = 4.13 eV), i.e. MePy cannot be excited. Thus, the
excitation would need to be transferred from acridine to MePy. However, the emission
of acridine has negligible overlap with the MePy absorption (Figure S5c), implying poor
energy transfer between these two units, since for excitations to be transferred
efficiently via Förster/Dexter process some overlap is required.

Low energy 1MPA phosphorescence (T1): It is assigned as an acridine based hybrid CT-LE state
because emission at both 450 and 500 nm have strong contribution from acridine excitation
(𝜆𝑒𝑥𝑐 < 330 nm) in the phosphorescence excitation spectrum (Figure 5a). The
phosphorescence spectral shape (Figure 3f) has some signatures of acridine phosphorescence
(Figure S4). Also, there is some weak absorption between 330-380 nm (Figure S5a) consistent
with the expected position of CT absorption.

102

4. Publications

Figure S7: TDA-DFT computed natural transition orbitals, emission energies and charge transfer
numbers for the lowest relaxed singlet states for 2PPA, 1PPA and 1MPA at the M06-2X/6-31+G(d,p)
level. For 1MPA both the S2 and S1 state NTOs are shown. The relevant arrangement of the acridine
and pyrimidine units is shown at the bottom.

compound/state

ωCT

Δr (Å)

1PPA/S1

0.87

4.44

1PPA/T1

0.27

3.09

1MPA/S2

0.86

2.07

1MPA/S1

0.86

3.26

1MPA/T1

0.45

1.92

Table S3: Charge transfer numbers ωCT and average electron-hole separation distance Δr for the lowest
relaxed singlet and triplet excited states of 1PPA and 1MPA.
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Figure S8: Electron-hole pair correlation plots of the Ω matrix with respect to the acridine-pyrimidineacridine fragments for the lowest singlet and triplet state of 1PPA and 1MPA.

Figure S9: Main properties of the TADF OLED based on 1MPA host doped with 5, 8 and 13 wt% of OBAO. a) energy level diagram. b) EQE vs. luminance. c) current density and luminance vs. applied voltage.
d) electroluminescence spectrum with working device picture shown in the inset. The properties of
analogous device with mPTC (12 wt%) emitter is shown for reference. e) Molecular structure of the
emitters.
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4.3. Paper 3: Substitution Effects on a New Pyridylbenzimidazole Acceptor for Thermally
Activated Delayed Fluorescence and Their Use in Organic Light-Emitting Diodes
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Supporting information available (DOI: 10.1002/adom.202100846):
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadom.2021
00846&file=adom202100846‐sup‐0001‐SuppMat.pdf
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4.4. Paper 4: What Controls the Orientation of TADF Emitters?
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Supporting information available (DOI: 10.3389/fchem.2020.00750):
https://www.frontiersin.org/articles/10.3389/fchem.2020.00750/full#supplementary‐
material
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