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List of Abbreviations

AFM — atomic force microscopy;
Algsz-tris(8-hydroxyquinolinato) aluminum;

Ar —aromatic;

ATR-IR — attenuated total reflectance infrared spectroscopy;
CDCI - deuterated chloroform;

CIE — chromaticity coordinates;

CV — cyclic voltammetry;

13C NMR- carbon *3C nuclear magnetic resonance;

d — dublet;

DFT — density functional theory;

DSC — differential scanning calorimetry;

DCM — dichloromethane;

EAcv—electron affinity estimated by CV;

E°-optical bandgap determined from UV-vis spectra;
EQE—external quantum efficiency;

EL — electroluminescence;

Er— triplet energy;

'H NMR — proton nuclear magnetic resonance;

HOMO - highest occupied molecular orbital;

IPcy — ionisation potential estimated by CV;

IQE — internal quantum efficiency;

IPee— ionisation potential estimated by electron photoemission in air method;
ITO — indium tin oxide;

Aabs — Wavelength of absorption maxima;

A hmax— wavelength of emission maxima;

MHmax— wavelength of phosphorescence maxima;
LUMO — lowest unoccupied molecular orbital;

m — multiplet;

m/m — mass-to-mass ratio;

m/z — mass-to-charge ratio;

1 — charge drift mobility;

MS — mass spectrometry;

M.p. — melting point;

m-MTDATA - 4,4’ 4"-tris[3-methylphenyl(phenyl)amino]triphenylamine);



MW — molar mass;
NPB-N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4’-diamine;
ne— Maximum current efficiency;

Np— Maximum power efficiency;

Nd:YAG — neodymium-doped yttrium aluminum garnet;
OFET - organic field effect transistor;

OLED - Organic light emitting diode;

PBD - 2-(4-biphenylyl)-5-(t-butylphenyl)1,3,4-oxidiazole;
PEDOT:PSS - poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate);
PhOLED - phosphorescent light emitting diode;

g — quadruplet;

rISC — reverse intersystem crossing;

s —singlet;

So— ground state;

S1 — excited state;

& — chemical shift;

T1 —triplet level;

TADF — thermally activated delayed fluorescence;

Tcr— crystallization temperature;

TCTA — tris(4-carbazoyl-9-ylphenyl)amine;

TCz1 - 3,6-di(9-carbazolyl)-9-(2-ethylhexyl) carbazole;
Te— glass transition temperature;

TGA — thermogravimetric analysis;

THF — tetrahydrofuran;

Tipo— initial weight loss temperature;

TMS — tetramethylsilane;

TPBi —2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole);
TOF — time of flight;

UV-Vis — ultraviolet-visible light;

Von— turn-on voltage;

XRD — X-ray diffraction.



1. Introduction

Organic light emitting diodes (OLEDs) are being commercialized as
components of high resolution full-scale large screens and information displays [1].
In addition, employment of OLEDs enhances opportunities not only for the
application as solid-state lighting sources [2] but also for such more innovative
opportunities as flexible wearable electronic devices [3]. The wide application
opportunities come with easily adjustable properties of OLEDs: high colour purity,
ease of fabrication, low power consumption and relatively low cost [4]. On the other
hand, some major drawbacks still do not allow to boost the production scale at
present. A few of the major issues are the short operational lifetime and the
degradation issues as well as the insufficient efficiency of devices [5].

OLEDs have multiple functional layers such as charge injection, charge
transport, exciton blocking, and emitting layers. The types of materials used for the
formation of the active layers can be divided into two groups, i.e low-molar-mass
compounds and polymers. The demanding requirements for the organic light
emitting diodes force researchers to seek the most effective materials. The most
widely investigated candidates for OLEDs are derivatives of carbazole,
triphenylamine, anthracene, and acridane [6-9]. The applicability of other classes of
organic electroactive materials in OLEDs is much less explored. In this work, the
attention is focused on indole moiety as the main chromophore in the design and
synthesis of electroactive materials. Indole-derived compounds exhibit good
luminescent and hole-transporting properties [10] which make them interesting
candidates for the application in OLEDs. However, indole moiety is still rarely used
for the design and synthesis of luminescent and charge-transporting materials.

Efficient OLEDs can be obtained only by building multilayer structures.
Multilayer devices can be prepared either by vacuum evaporation or by spin coating.
The main difficulty in the preparation of such devices by spin-coating is the
solubility of the material which forms the bottom layer onto which the top layer has
to be cast, because most organic semiconductors are soluble in the same solvents.
One approach that can be employed to circumvent this problem is the application of
electroactive derivatives with reactive functional groups which allow to convert
materials into insoluble networks or polymers with decreased solubility. There still
are few reports on the synthesis and studies of indole derivatives with reactive
functional groups. Therefore, particular attention has to be paid to the synthesis and
studies of derivatives of indole with reactive functional groups. It can open up new
possibilities in the fabrication of stable OLEDs. The main subject of this work will
be design, synthesis and investigation of new electroactive organic materials for
organic light emitting diodes.

The aim of this work was the synthesis and investigation of new indole
moiety-based charge-transporting and luminescent derivatives for OLEDs.



The main objectives for the achievement of the aim are as follows:

oSynthesis of 2-phenylindole twin derivatives with vinylene and single bond
linkages between the chromophores.

eSynthesis of 2-phenylindole and carbazole hybrid derivatives with reactive
functional groups.

oSynthesis of methyl- or naphthyl-substituted indole and benzo[b]carbazole
derivatives.

oSynthesis of benzophenone derivatives bearing phenylindole and other donor
moieties.

elnvestigation of the properties of the newly synthesized derivatives by
experimental and computational methods.

eEstimation of the performance of the synthesized derivatives in OLEDs.

The scientific novelty of the work is that new series of the indole-based
electroactive organic derivatives were designed. New materials were synthesised
and their thermal, optical, photophysical, electrochemical and photoelectrical
properties were investigated. Computational methods were employed to compare the
structure-properties relationship.

The practical value of the work. The extended properties investigation of the
newly designed and synthesized indole-based derivatives confirmed their
applicability in organic (opto)electronic devices. 2-Phenylindole- and carbazole-
based derivatives were used as host materials in phosphorescent organic light-
emitting diodes. Indole and benzo[b]carbazole derivatives were used as emissive
layers in blue light-emitting diodes.

Personal input of the author. The author has designed, synthesized, and
characterized all the new compounds described in Chapter 4. The author has
performed infrared spectroscopy, UV-vis absorption spectrometry, cyclic
voltammetry measurements, as well as thermally and photochemically induced
cross-linking experiments employing the attenuated total reflectance infrared
spectroscopy. Spectroelectrochemical measurements were also performed by the
author under supervision of dr. Paula Wagner at Intelligent Polymer Research
Institute, University of Wollongong (Australia). Structure analysis of the obtained
materials as well as their thermal characteristics, charge drift mobility and ionization
potential measurements were performed in collaboration with the colleagues from
Department of Polymer Chemistry and Technology and Department of Organic
Chemistry, Kaunas University of Technology (KTU). The analysis of electroactive
layers of compounds employing X-ray diffraction and atomic force microscopy was
performed by Algirdas Lazauskas at the Institute of Materials Science, KTU.
Computational calculations were carried out with the help of dr. Viktorija Mimaiteé.
Design, fabrication and investigation of phosphorescent light emitting diodes was
performed in collaboration with Dmytro Volyniuk at the Department of Polymer
Chemistry and Technology, KTU. Non-doped organic light emitting diodes were
fabricated and investigated by dr. Khrystyna Ivaniuk at Lviv Polytechnic National
University (Ukraine).
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2. Literature Review

2.1.0rganic Light Emitting Diodes

A breakthrough in the research of organic light emitting diodes (OLEDs) came
after the publication of the article by Tang and Van Slyke on the first functioning
device in 1987 [11]. The emitter tris(8-hydroxyquinolinato) aluminum (Algs) was
sandwiched between the anode, the hole transporting layer and the cathode by
vacuum deposition process, and green emission was obtained when applying voltage
to the device. Since then, the materials [12, 13], device structures [14-18] and
fabrication processes [19-22] have been developed thus allowing to reach efficient
production scale.

OLEDs are being commercialized as high resolution full-scale large screens
and information displays. Their employment also promises great future prospects for
flexible wearable electronics, such as the recently reported e-skin devices [23] and
solid-state lighting sources [24, 25]. The wide application opportunities come with
the easily adjustable properties of OLEDs: high colour purity, ease of fabrication,
low power consumption and relatively low cost [14, 26]. On the other hand, the
short operational lifetime and degradation issues as well as the lack of efficiency of
the devices make them a highly relevant research topic.

One of the main challenges, the lifetime of OLEDs, is due to several internal
and external degradation sources. OLEDs based on both inorganic and organic
semiconducting materials suffer from internal energy losses, and these losses
convert into heat [27]. The generated heat can then act by itself as a cause of
degradation resulting in the decrease of the lifetime of OLED devices [28].

Another concerning issue is the relevant fabrication method of the devices as
their structures have become more complicated. OLEDs have multiple functional
layers acting as charge injection, charge transport, exciton blocking, and emitting
layers. The types of materials used for the formation of these layers can be divided
into two groups: small molecule-based devices and polymeric ones. The appropriate
fabrication method is often different in terms of the used materials. Polymeric
devices cannot be fabricated by vacuum evaporation. Most of the devices based on
low-molar-mass compounds are prepared by vacuum deposition, and commercial
OLEDs are currently made by using this process [29, 30]. Although vacuum thermal
evaporation is generally preferred as the fabrication process of OLEDs, the vacuum
deposition method poses a number of problems, among which, the inefficient use of
material, the poor scalability, the high equipment costs, and the complicated colour
patterning processes can be mentioned [31-32].

Solution processing provides a low-cost approach to the fabrication of OLEDs.
The early production solution-processed OLEDs were based on a simple architecture
with an emitting polymer layer and a hole injection polymer layer [33, 34]. Since
then, attempts have been dedicated to developing solution-processed small-molecule
OLEDs with mixed emission layers [35, 36]. As the general spin coating method is
not entirely compatible with high scale production, it is highly desirable to improve
the solution process that can be continuously performed in the course of
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manufacturing. One of the most challenging tasks in the fabrication of multilayer
light-emitting diodes by solution processes is to avoid the interfacial mixing
between different layers since most of the commercially available emissive and
charge-transporting materials are soluble in common organic solvents. A good
solution allowing to circumvent this problem is to introduce cross-linkable
electroactive materials which can form insoluble and solvent-resistable functional
layers [37, 38]. However, in the case of single-layer devices, the performance of
solution-processed OLEDs is still inferior with respect to OLEDs fabricated by
vacuum evaporation [39, 40].

The OLEDs evolved from a single layer device structure with only one
emitting layer into multilayer structures with charge transport layers and an emitting
layer thus bringing improvement to the device performance of the OLEDs [41-43].

At first, fluorescent materials were used as emitting materials of OLEDs, but
the intrinsic low internal quantum efficiency of 25% of the fluorescent emitting
materials limited the application of fluorescent OLEDs [44]. It is known that the
ratio of singlet excitons to triplet excitons is 1:3 from spin statistics, and the use of
triplet excitons for light emission enables to achieve 100% internal quantum
efficiency (IQE) [43, 45]. The triplet excitons cannot be utilized for light emission in
common organic materials because of non-radiative decay of triplet excitons via the
internal conversion process [46, 47]. The radiative transition from the triplet excited
state to the singlet ground state is a spin-forbidden transition, but the transition can
be allowed in organometallic complexes with heavy metals such as Ir, Pt and Os due
to spin-orbit coupling [48-50].

The triplet excitons can be used for light emission, and internal quantum
efficiency of 100% can be obtained in phosphorescent OLEDs. Currently, almost
100% IQE has already been reported in red, green, and blue phosphorescent OLEDs
by several research groups. Organic complexes (Figure 2.1) for the emitting layers
were used in these devices [51, 52]. A wide array of examples of the most
commonly used organic complexes for emissive layers can be presented:

ebis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(l11)
(Ir(MDQ)2(acac)) — a red emitter;

otris[2-phenylpyridinato-C2,NJiridium(l11) (Ir(ppy)3) — a green emitter;

ebis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(Ill) (Flrpic) — a
blue emitter;

obis[2-(5-cyano-4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(I11)
(FCNIrpic) — a blue emitter.

12
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Figure 2.1. Organic complexes

The research on high efficiency OLEDs has focused on developing organic
materials and device structures for phosphorescent OLEDs. Thus the design and
synthesis of new phosphorescent emitters and their host materials represent two
research focuses in the PhOLED field to improve the device performance [13].

The challenging object for the design of the suitable materials is that both the
phosphorescent emitters and host materials are very critical for the PhOLEDs for
modulating the charge carrier injection/transporting and emission processes. In order
to guarantee high electroluminescence efficiencies, all the excitons in the emission
layer should be harnessed effectively by the radiative triplet states of the guest
phosphorescent emitters during the period of operation of PhOLEDs [53, 54]. In
addition, one of the critical roles played by the host materials is to have them excited
by the recombination of holes and electrons migrating from the charge transporting
layers and then effectively transferring the energies to the guest emitters. Therefore,
the condition that a good host material must satisfy is that the triplet energy (Er) of
the host material should be higher than that of the guest emitter in order to avoid the
undesired reverse energy transfer from the guests to the host materials and to
effectively confine triplet excitons on the guest molecules [55]. Er is regarded as a
critical parameter for the host materials, especially for those used in combination
with blue phosphorescent emitters. In order to block the reverse energy transfer, the
PhOLED:s involving blue phosphorescent emitters require the use of host materials
with a very large band gap (Eg) and a high Er level. Host materials for blue
phosphorescent emitters often possess poor charge injection/transporting features
due to their large Eg. The development of high performance host materials,
especially those for blue or even deep-blue phosphorescent emitters, with enhanced
charge injection/transporting ability is highly desired. Furthermore, the balance
between electrons and holes in the emissive layer is also one of the most important
factors allowing to obtain higher quantum efficiency of the devices [56-60].

One of the latest trends in the design of efficient emitting materials for OLEDs
is the employment of thermally activated delayed fluorescence (TADF). Although
TADF has been known since 1960 [61], the use of TADF emitters in optoelectronic
devices was proposed independently and quite recently [62—71].

TADF occurs via the up-conversion mechanism which converts triplet
excitons into singlet-excited states [72]. By preparing molecules with a small
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difference between the singlet and triple energy levels (AEs_m)), reverse intersystem
crossing (rISC) can be realized by harvesting the environmental thermal energy.
This eventuates in delayed fluorescence, which could lead to total
electroluminescent efficiency if the conversion efficiency is 100%. TADF molecules
have a low AEs 1), usually of an order of 102 meV [73]. Although direct transitions
between T1 and So are still forbidden, it is possible to go from T1 back to S; by means
of rISC if the thermal energy (koT) is sufficient. Compared with the regular
fluorescence where the excited-state lifetime is in the order of nanoseconds, the
lifetime of TADF is longer, often in the order of microseconds or more [74, 75].
TADF is a promising mechanism for the implementation of efficient OLEDs with
the maximum efficiency. It can equally compete with the phosphorescence
mechanism which is now the go-to solution for efficient OLEDs [76—78]. The basic
concept of the three described mechanisms is shown in Figure 2.2.

Recombination of charge carriers: $; and T, are fed

EA
— S —_ S e e
e —
4 . Ty x T4
v A J
So — S — S
Fluorescence Phosphorescence TADF

Figure 2.2. A schematic comparison of fluorescence, phosphorescence, and TADF. Straight
arrows represent emissive transitions whereas dotted arrows indicate up- or down-conversion
processes (ISC and rISC) [79]

Efficient emission also relies on efficient electron and hole injection/transport
from the cathodes and anodes [80, 81]. This requires that the ideal
electroluminescent materials should possess not only good luminescence properties
but also have good electron and hole-transporting capacity, which is difficult to
achieve with most of the current electroluminescent organic materials. One of the
approaches to overcome this problem is to fabricate multilayer OLEDs by using a
hole-transporting (or injecting) layer or an electron-transporting (or injecting) layer
in the device fabrication. The utilisation of phosphorescent and TADF materials as
organic emitters boosted the IQE of OLEDs from 25% to nearly 100% thus
indicating that the carriers can be thoroughly liberated to generate photons [82, 83].

The demanding requirements for the devices force to search for the most
prominent materials. Materials design, synthesis and investigation is still an ongoing
process where researchers are in constant search for perfection.

14



In the following chapter, both vacuum-deposited and solution-proccessed
devices will be discussed with an emphasis on the indole moiety as the main
chromophore in their electroactive layers.

2.2. Indole-Based Electroactive Materials

Indole is an aromatic heterocyclic organic compound with a bicyclic structure
consisting of a benzene ring and a pyrrole ring which occurs predominantly in
natural materials such as various plants alkaloids and fungal metabolites [84, 85].

1t H 7
N 6
AN
5
3 4
indole

Figure 2.3. The structure of indole

Indole has a privileged structure because of its ubiquity in natural products and
a wide span of biological activity. In addition, indole is unsaturated, electron rich
compound capable to display its unique electrical, chemical, optical and physical
properties with a great potential for many different applications [86, 87]. There are
multiple reactive sites in the indole group, and the most active ones are N-1, C-2, C-
3 and C-5 positions (see Figure 2.3) which can be used to design numerous
significant materials and chemical intermediates through C—N [88] or C-C [89, 90]
bond-forming reactions. Attachment of appropriate substituents at C-2, C-3, and C-5
positions of the indole moiety may allow to fine-tune its properties. The presence of
reactive sites and the relatively easy chemical modification of the indole nucleus
make it a good candidate to be used as a basic chromophore for the development of
new OLED materials. Indole derivatives usually posses both planar-fused aromatic
geometry and proficient electron donating characteristics [91]. They exhibit
photoluminescence (PL) emission in the blue-UV region with high quantum
efficiency [92-94].

However, vulnerable resistance to the oxidation of indole in many cases
hampered the direct substitution of protons with functional groups, especially at C-2
or C-3 positions [95]. Since five-membered aromatic/heteroaromatic rings provide
reduced intra-chain steric hindrance resulting in better planar back-bond
conformation in conjugated molecules rather than in the comparable six-membered
rings, devising an effective way of extending z-conjugation through the five-
membered ring of indole or its derivatives could be helpful when seeking to provide
promising electroactive materials [96].

Taking into account all the pros and cons of this building block, the indole
moiety is still not widely investigated as a possible candidate for the design of
OLED materials as its counterparts such as carbazole [97, 98], triphenylamine [99],
fluorene [100] or acridane [64, 101]. Reported indole-based electroluminescent
materials are still very scarce.
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2.2.1. Indole Moiety Containing Materials as Hosts of Emitting Layers of Organic
Light Emitting Diodes

The derivatives of indole seem to have a good potential as host materials
because of their high triplet energy values. Tri(1H-indol-3-yl)methane moiety was
taken as a building block in the synthesis of high triplet energy materials [102]. In
this moiety, three indolyl fragments are linked to the sp® hybridized carbon atom
which serves as a spacer to prevent z-conjugation (Figure 2.4). One of the
compounds contains the reactive epoxypropyl- functional group which could be
(photo)cross-linked for solution-processed device production. The characteristics of
the materials are outlined in Table 2.1.

Figure 2.4. Tri(1H-indol-3-yl)methane derivatives
Table 2.1. Characteristics of the indolo-carbazole derivatives 1-V11

T|D, °C TG' °C ET, eV |PPE, eV
[ 245 123 2.97 (2.81) 5.72
T 306 75 2.99 (2.78) 5.80
11 310 — 2.99 (2.82) 5.67
v 290 89 2.97 5.68
V 296 105 2.62 5.60
Vi 308 96 2.99 5.80
VIl 281 143 2.97 5.60

Tip — the initial weight loss temperature obtained from TGA curves; T — the glass transition
temperature from the second DSC heating scan; Et — the triplet energy estimated as
1240/hpn; 1Ppe — the ionization potential estimated by the electron photoemission in air
method.

The alkylated tri(1H-indol-3-yl)methane derivative (1) has the lowest initial
decomposition temperature (Tp=245 °C) while oxetanyl-and aryl-substituted
derivatives start to decompose at 306 °C and 310 °C, respectively. Although these
materials were obtained as crystals, they could still be transformed into the glassy
state, except for material 111, as detected during differential scanning calorimetry
(DSC) measurements.

As the triplet energy value (Er) is one of the determent characteristics in terms
of choosing the suitable host for OLED, these values were obtained from the
phosphorescence spectra of substituted tri(1H-indol-3-yl)methane toluene solutions
and spin-coated films (the values shown in parentheses in Table 2.1.). The triplet
16




energy values established from the highest energy phosphorescence peaks of these
compounds in the solid state are slightly lower than those of dilute solutions as it is
also typically observed for various phosphorescent host materials [103]. This can be
explained by an enhanced intermolecular interaction in the solid state, e.g. the
formation of triplet excimers takes place in the solid samples of tri(1H-indol-3-
yl)methane derivatives. Nevertheless, Er values range from 2.78 to 2.82 eV in solid
state samples thus making derivatives I-11l1 good candidates as host materials for
blue PhOLEDS.

IP values for the thin films of the compounds were established by employing
the electron photoemission technique. It is evident that the replacement of alkyl
groups by the aryl group results in the ionization potentials shifting to lower energy.

Indole-carbazole hybrid derivatives (Figure 2.5) were synthesized by replacing
one of the indole moieties with a carbazole fragment [104]. This change in the
structure improved the thermal stability of the materials. The initial thermal
decomposition temperatures range around 300 °C degrees. The characteristics of the
discussed materials are presented in Table 2.1.

Vi il
Figure 2.5. The indole-carbazole hybrid derivatives

Materials 1V, VI and VII exhibit relatively high triplet energy values of 2.97—
2.99 eV. Such values are sufficiently high to function as host materials for deep blue
phosphorescent dopants. The lower triplet energy value of compound V is
apparently due to the possession of the 2-phenylindole moiety since the latter has a
lower triplet energy than the carbazole moiety [105, 106].

Energy level positions are important for the proper host—guest system
combination in efficient electroluminescent devices. The authors determined the IP
energy values from the electron photoemission technique. The values were found to
range from 5.60 to 5.80 eV. Such values are close compared to those of common
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carbazole-based materials [105-108], which suggests that the energy levels are
mainly determined by the carbazole unit.

These compounds exhibited similar electrochemical behaviour and displayed
irreversible oxidation and reduction. The irreversible electrochemical oxidation is
even found in the compounds with blocked electroactive sites such as C-3 and C-6
of the carbazole moiety in compound VII, and C-2 of the indole species in
compound V. The irreversible oxidation behaviour can be possibly ascribed to the
triaryl-substituted carbon center which can easily deliver a proton and quench the
radical cation upon electrochemical oxidation.

3,6-Bis(indol-1-yI)-9-phenylcarbazole derivatives VII1-XI (Figure 2.6) were
tested as hosts and emitters in blue-green phosphorescent devices and single-layer
blue light emitting devices [109]. Their characteristics are presented in Table 2.2.
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Figure 2.6. 3,6-Bis(indol-1-yl)-9-phenylcarbazole derivatives

The thermal stability of these compounds is superior in comparison with that
of the previously described compounds. The different decomposition as well as the
glass transition temperatures of the similar materials VI11-XI are explained by the
influence of the methoxy groups. The introduction of the latter group to the C-5
position of the indole moiety increases both Tip and Te as a result of the elongation
of the indole moiety in the direction across the spinning axis (the C—N bond), and
the rotation in this moiety becomes slightly hindered.

The fluorescence spectra of the 3,6-bis(indol-1-yl)-9-phenylcarbazole
derivatives VI11-XI are characterized by two vibrational peaks. Since carbazole and
indole fragments exhibit emission below 360 nm [110,102], the observed
fluorescence band at 390 nm can be attributed to the excitation of the whole
molecules. The triplet energy values obtained from the phosphorescence spectra of
the materials solutions at 77 °K range from 2.72 eV to 2.81 eV. These values
provide a possibility to use these materials as hosts in blue PhOLEDs [105]. The
values of IP obtained by photoelectron emission spectrometry are given in Table 2.2.
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The effect of methoxy-substitution at the phenyl ring on the energy levels of the
derivatives seems to be negligible as the IP values of derivatives V111 and IX are the
same. The values of IP of derivatives X and XI are also close; however, they are
somewhat lower than those of derivatives VIII and IX because of methoxy-
substitution at indole moieties.

Table 2.2. Thermal, photophysical and photoelectrical characteristics of the 3,6-
bis(indol-1-yI)-9-phenylcarbazole derivatives VII1-XI

Tip, °C Ts, °C APl max, NM Er,eV | IP, eV
VIl 309 89 387, 404 2.81 5.68
VIX 385 77 391, 406 2.73 5.66
X 402 95 394, 408 2.72 5.52
Xl 410 92 396, 409 2.73 5.45
Device ITO/Cul (12 nm)/V111-X1 (30 nm)/Ca (40 nm)/Al (200 nm)
EL .
: Brightness, CIE 0
Von, V ma:r:qma, Ne, Cd/A 103 cd/m? (X, y) EQE, %
VIH-=XI 4.0-6.2 393-442 3.7-4.1 0.7-1.2 - 2.1-5.5
Device ITO/Cul/ VIH-XI:Ir(Fppy)s (50 nm)/TCz1 (10 nm)/
Ca (40 nm)/Al (200 nm)
10.8- 0.19,
VII-XI 6.8-7.9 476, 500 123 15.9-194 0.05 3.9-44
Device ITO/Cul/XI:DMAC(27/36) (40 nm)/TCz1 (7 nm)/
Ca (7 nm)/Al (100 nm)
XI:DMAC27 3.4 412 5.3 3.5 %%)?5 10.1
X1:DMAC36 3.4 444 135 12.5 %%‘é 16.7

Because of the favourable optical and electroluminescent properties of 3,6-
bis(indol-1-yl)-9-phenylcarbazole derivatives VI11-XI, these materials were used as
emitters for single-layer electroluminescent devices. The structure and
characteristics of the devices are presented in Table 2.2. These devices exhibited
emission in the blue region, and the external quantum afficiencies ranged from 2.1 to
5.5%. These materials were also used as hosts for PHOLEDs with the commercial
Ir(ppy)s as the emitter. The triplet energy of 3,6-bis(indol-1-yl)-9-phenylcarbazoles
VI1-XI is more than 0.1 eV higher than that of Ir(Fppy)s [111]. Thus the efficient
Forster energy transfer is possible from the host to Ir(Fppy)s [111]. Even though the
emitting colour of the device was not deep-blue, it can still be useful in blue-green
displays and lighting [112]. The low current efficiency observed for the devices
based on derivatives X and XI corresponds to the higher current density caused by
non-radiative recombination [113].

It is desirable to avoid the use of phosphorescent dyes containing heavy-metal
(such as iridium, platinum, osmium, etc. [114]) ions in order to reduce the
fabrication costs of OLEDs. The doped fluorescent host-emitter systems in simple
device structures with the balanced charge carrier transport may also be effectively
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employed for light emission [115]. Compound XI was chosen as a host for OLEDs
based on the phenomenon of delayed fluorescence [116]. 2,7-diphenylamino-
carbazole and 3,6-diphenylamino-carbazole derivatives were used as emitters
because of their efficient blue-light emission [117, 118]. Highly efficient violet and
blue organic electroluminescent devices were produced. They exhibited high current
efficiency of 5.3 and 13.5 cd/A, high brightness of 3458 and 12535 cd/m? and high
external quantum efficiency up to 17%. Such high efficiency of the manufactured
devices is due to the efficient spin up-conversion from non-radiative triplet states T,
of the host to radiative singlet states S; of the guests.

The advantages of spirofluorene-, carbazole- and indole- moieties were
combined in the design and synthesis of three host materials XII-XIV with a
different linkage between spiroluorene- and indole fragments (Figure 2.7) [119]. The
thermal and photophysical properties of derivatives XI11-XIV are presented in Table
2.3.

X XHI XIv
Figure 2.7. Derivatives of spirofluorene, indole and carbazole

The onset decomposition temperatures of the three materials were higher than
400 °C thus implying that they are highly thermally stable. The glass transition
temperature (Tg) for derivative XIV was determined to be 165 °C. High Tg is
desirable for stable high-performance OLEDs. Derivative XIV showed high T and
Tip values, apparently due to its sterically hindered molecular structure.

The IPcy values for derivatives X11-XIV established by cyclic voltammetry
measurements were found to be ca. 5.45 eV. The EAcv values of derivatives XI1—
X1V were determined to be around 1.80 eV.

In the view of the different linkage ways of spirofluorene and indole units, the
conjugation of compounds X111 and X1V was found to be more efficient than that of
compound XI1. The maximum emission peaks of compounds XIII and XIV were
red-shifted if compared with the emission peak of XII [120]. From the
phosphorescence spectra of the solutions in THF at 77 °K, the triplet energies (Er)
of compounds XII-XIV were determined to be higher than 3 eV. These
photophysical properties of compounds XII1-XIV render them suitable for the
fabrication of blue PhOLEDs [121].

20



Table 2.3. Thermal and photophysical characteristics of compounds X11-XI1V

TID. °C TG, °C XPLmax, ET, eV |Pcv, eV EAcv, eV
nm
X1l 407 — 350 3.204 5.42 1.74
Xl 405 — 364 3.018 5.49 1.86
A\ 412 165 364 3.204 5.43 1.80

Device ITO/MoO3 (5 nm)/TCTA (50 nm)/X1-X1V: Ir(ppy)s (35 nm, 8 wt%)/TPBi (35
nm)/LiF (1 nm)/Al (200 nm)

Von, V Ne, Cd/A Mo, IM/W (Sls) EL maxima, nm
Xl1 4.2 29.6 135 0.31, 0.61 510
X111 4.7 30.8 17.2 0.30, 0.62 510
X1V 4.5 45.2 23.3 0.30, 0.62 510

IPcy— ionization potential estimated by CV as IPcv=Eonset oxvs.ret5.1 €V [122, 123]; EAcy —
electron affinity estimated as EAcv=IPcv—E"; TCTA — tris(4-carbazoyl-9-ylphenyl)amine;
TPBI-2,2",2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole); #p — the maximum
power efficiency.

In order to investigate the electroluminescent performance of compounds XI11-
X1V as host materials, green electroluminescent devices based on compounds XI1-
X1V were produced. The emitting layer was composed of 8 wt% Ir(ppy)s doped into
host materials (X11-XIV). Compounds XI1-XIV appeared to be excellent host
materials. Green OLED based on compound X1V exhibited the best performance.
The turn-on voltage of the device was 4.5 V. The maximum current efficiency was
45.2 Cd/A, whereas the maximum power efficiency was 23.3 Im/W. The high triplet
energy level of compound X1V can contribute to the effective energy transfer from
the host to the emitter which subsequently contribuutes to the improvement of the
device’s performance. Therefore, combining spirofluorene, indole and carbazole
derivatives is a good method to enhance the performances of OLED devices, which
also broadens the category of organic host materials [124].

Similar host materials were synthesized by Chen et al. [125]. Fluorene moiety
was replaced with a triazine-based species, and the properties of the resulting
compounds (XV and XVI) were investigated. The characteristics of these
compounds are presented in Table 2.4.

Both materials started decomposing above 450 °C, and the T¢ of compound
XVI was 124 °C. However, the T of compound XV was not observed even during
the second DSC scan.

The maximum emission peaks of the solutions of compounds XV and XVI
were 409 nm and 407 nm, whereas their maximum emission peaks in the solid state
(as shown in Table 1.4 in parentheses) were red-shifted to 428 nm and 425 nm,
respectively, owing to the intermolecular n-stacking in the solid state. Meanwhile,
compound XV exhibited a very small red-shift compared to compound XV1 both in
toluene and in the solid state thus indicating that the para- substituent on the triazine
unit would be beneficial for the delocalization of the m electron clouds. The triplet
energy levels evaluated from the highest-energy vibronic sub-bands of the low
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temperature phosphorescent spectra were 2.47 eV for compound XV and 2.66 eV
for compound XVI, which qualifies them to be potential hosts for red or green
PhOLEDs. Compared to compound XVI having a para-substituted phenyl group,
compound XV possessing a meta-substituted benzene moiety exhibited a
dramatically higher Er and a larger band gap, which indicates that the meta-linking
design strategy could partially reduce the m-conjugation between the electron-
withdrawing and electron-donating groups [126]. The IPcy values obtained by
conducting cyclic voltammetry measurements [127] were estimated to be around
5.50 eV. Meanwhile, the EAcy was 2.36 eV for compound XV and 2.00 eV for
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Figure 2.8. Triazine, indole and carbazole derivatives

A comparison of the properties of these compounds with those of compounds
XII-XIV shows that the change of the fluorene moiety to the strong acceptor
triazine-based moiety results in the bathochromic shift of the fluorescence and
phosphorescence spectra as well as in the increased EAcv.

Table 2.4. Thermal, photophysical and photoelectrical characteristics of compounds
XV-XVI

T|D, °C TG, °C XPLmaX, nm ET, eV |Pcv, eV EAcv, eV
XV 452 — 409 (428) 2.47 5.56 2.36
XVI 460 124 407 (425) 2.66 5.50 2.00

Device | ITO/2-TNATA (60 nm) / TCTA (10 nm) / XV-XVI: Ir(MDQ).acac (8%, 25 nm)/
TPBi (10 nm) / BPhen (30 nm) / LiF (1 nm) / Al (80 nm)

VoV | 1o CIA | 1 IM/W (S'}E,) EQE, %
XV — 17.33 11.17 0.65, 0.34 17.53
XVI - 14.15 8.64 0.65,0.34 14.53
2-TNATA-4,4' 4"-tris[2-naphthyl(phenyl)amino]triphenylamine; BPhen—

bathophenanthroline

Compounds XV-XVI1 were used as host materials in red PhOLEDs. The
device structure and characteristics are shown in Table 2.4. The red emissive
22




Ir(MDQ)2acac [128] was doped in compounds XV and XVI with the doping
concentration of 8 wt % so that to form the emitting layers. The device containing
para-substituted derivative XV delivered superior performance even though the
meta-substituted compound XVI-based device showed more balanced bipolar
carrier-transporting ability than the device based on compound XV. The maximum
current efficiency reached 17.33 Cd/A, and the maximum power efficiency was
11.17 Im/W for the XV-based device. The carrier-transport ability of the host
produced a greater effect on the device’s performance. In addition, both devices
exhibited pure red emission and showed no residual emission from the host or other
layer materials, which highlighted that the electroluminescence solely originated
from the complete energy transfer from the host to the dopant.

In conclusion, indole-moiety containing materials show promising properties
to be considered for efficient light-emitting diodes.

2.2.2. Indole-Moiety Containing Materials as Emitters and Hole Transporting
Materials

In contrast to indole-based hosts, only a few examples of indole derivatives as
emitters were reported. Hwu et al. [129] designed and synthesized indole derivative
XVI1 as a potential emitter.

XV
Figure 2.9. Luminescent indole derivative

Attachment of the appropriate substituents at C-2, C-3, and C-5 positions of
indole allowed to tune its emission. The steric congestion between the esther group
at C-3 position and the hydrogen atoms on the dimethoxyphenyl moiety at C-2
position may generate a dihedral angle between these two planes. This possible non-
planarity, however, gives an advantage for compound XVII to become a promising
OLED material.

This derivative possesses fairly good thermal stability (Tip=289 °C) and is
denoted by the possibility to form a solid amorphous film (T¢=136 °C). The solution
of derivative XVII in dichloromethane emitted violet light (397-404 nm) with the
guantum efficiency of 59.2%. The emission of the solid thin film was
bathochromically shifted to blue light (439 nm). The bathochromic shift caused by
the electron-withdrawing moiety (CN-) was due to the intermolecular interactions
between this auxochrome and the main indole chromophore in the excited state
[130]. A pure blue light-emitting diode employing this material was produced. The
obtained device including compound XVII exhibited the turn-on voltage of 6.0 V.
Its brightness reached 184 cd/m? at 20 mA and 8.3 V as well as 783 cd/m? at 100
mA and 10.2 V. The observed maximum brightness of this device was at 2417
cd/m? at 551 mA and 15.0 V. The external maximum quantum and power
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efficiencies of the device were 0.87% and 0.45 Im/W recorded at 7.6 V (4.1
mA/cm?, 46 cd/m). The electroluminescence spectrum of a compound XV1lI-based
device showed the emission maximum at 443 nm. The colour of the device was blue
(x=0.18, y=0.12) in the Commission Internationale de L Eclairage (CIE)
chromaticity coordinates. The EQE of the device is rather low (0.87%) compared to
that of a similar device based on the different blue emitter (9,10-bis(4-(2,2-
diphenylvinyl))phenylanthracene). The eficiency of the latter device was 3% [131],
but it exhibited a greener colour with the CIE chromaticity coordinates of x=0.14,
y=0.17.

Compounds having an indole moiety can not only contribute to the active
emission layers of electroluminescent devices but can also be useful for the
preparation of charge-transporting layers. Generally, hole-transporting layers in
OLEDs play the role of facilitating the hole injection from the anode into the organic
layer, accepting holes, and transporting the injected holes to the emitting layer. The
hole-transporting layer can also block electrons [132, 133]. High triplet energy
charge transport materials play a role of confining the charges and the excitons
inside the emitting layer thus improving the quantum efficiency of PhOLEDs. Park
et al. [134] designed, synthesized and investigated compounds with a fused indole
rigid core structure (Figure 2.10).
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Figure 2.10. Structures of the derivatives of fused indole and carbazole

Derivatives XVI11 and X1X showed a high Te of 123 °C to 125 °C due to the
rigid molecular backbone structure. The thermal stability data was, unfortunately,
not provided in the publication.

The phenyl unit in the N-phenylindole moiety can freely rotate through the
chemical bond between the indole and the phenyl unit, but the rotation of the phenyl
group is hindered in fused indole compounds due to the structure of the fused ring
through the sp® carbon atom. In addition, the fused indole core is connected to the
carbazole and indole units through the sp® carbon, which does not extend the
conjugation of the fused indole core and maintains the high triplet energy (2.70 eV
for compound XVIII and 2.80 eV for compound XIX). Due to the high triplet
energy of these compounds, the triplet exciton quenching can be blocked by hole
transport layers in deep blue PHOLEDs [135, 136].
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Table 2.5. Thermal, photophysical and photoelectrical characteristics of triazine-

indole-carbazole derivatives XVI11-XX

Tip, °C | Tg,°C A lmax, NM E eV IPcv, eV EAcvy, eV
XVIII - 123 336 3.83 5.90 2.09
XIX — 125 350 3.57 6.04 2.24
XX — 142 367 3.40 5.86 2.57
Device ITO (150 nm)/PEDOT:PSS(60 nm)/ NPB (5 nm)/XVI111-XX (10 nm)/
mCPPO1:FCNIrpic(30 nm, 3%)/ TSPO1(25 nm)/LiF(1 nm)/Al(200 nm)

VooV | QB | g Imw &'5) EQE, %
XVIII 3.5 30.7 30.0 0.137,0.182 24.7
XIX 3.5 29.9 29.3 0.137,0.185 23.9
XX — — 14.2 0.14,0.17 19.3

E”" — the optical bandgap determined from UV-vis spectra; PEDOT:PSS — poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate); NPB — N,N’-di(1-naphthyl)-N,N’-diphenyl-
(1,1"-biphenyl)-4,4'-diamine

Hole-only devices of derivatives XVIII and X1X were produced in order to
compare the hole injection and transport properties. The hole current density of a
compound XIX-based device was higher than that of a compound XIX-based
device. In general, the hole current density is determined by the energy barrier for
hole injection and hole transport properties. The energy barrier for hole injection
between NPB (IP=5.50 eV) and compound XVIII (IPcy=5.90 eV) was 0.40 eV,
whereas between NPB (IP=5.50 eV) and compound XIX (IPcv=6.04 eV) it was 0.54
eV. Therefore, the low energy barrier for hole injection enhanced the hole current
density of the device based on compound XVIII. In addition to the low energy
barrier for hole injection, hole transport properties of compounds XVIII and XIX
also contributed to the high hole current density.

Deep blue PHOLEDs were fabricated by using compounds XVI11 and X1X for
the preparation of hole transport layers. Organic complex FCNIrpic [137] was used
as an emitter. A device based on compound XVI11 showed a higher current density
than a compound XIX-based one. The turn-on voltage of the deep blue PHOLEDs
was 3.5 V whereas the driving voltages at 1000 cd/m? were 6.9 V and 7.4 V for
compound XVI1I1- and XIX-based devices, respectively. Both devices showed high
guantum efficiency although the quantum efficiency of a compound XIX-based
device was a little lower compared with that of a compound XVIIl-based device.
The maximum external quantum efficiencies of the devices were 24.7% and 23.9%,
whereas the quantum efficiencies at 1000 cd/m? were 22.3% and 21.7%. The
prominently high quantum efficiency can be explained by the efficient hole
injection, exciton blocking and electron blocking properties of compounds XVIII
and XIX. The triplet energy of the triplet emitter was 2.75 eV, and the triplet exciton
guenching could be suppressed by the hole transport layer due to the high triplet
energy of the hole transport materials. Both devices exhibited similar emission
spectra with the maximum emission peak at 458 nm and the shoulder at 486 nm. The
colour coordinates of compound XV111- and XIX-based devices at 1000 cd/m? were
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(x=0.137, y=0.182) and (x=0.137, y=0.185), which corresponds to the real deep blue
colour.

The same research group [138] suggested compound XX with the fused indole
and indoloacridine structure as a high triplet energy hole transport material (Figure
2.10). The design concept of compound XX was to obtain high triplet energy and
thermal stability by using the indoloacridine core. The indoloacridine core has an
indole unit fused to the acridine moiety which keeps the high triplet energy of the
indole unit and provides rigidity to the molecule. High triplet energy (2.95 eV) of
compound XX is explained by the separation of conjugation between the
indoloacridine core and 1-phenylindole through the sp® carbon linkage [138]. The
triplet energy of compound XX was high enough for triplet exciton blocking of deep
blue PhOLEDs since common deep blue triplet emitters have a triplet energy of
2.70-3.05 eV [139]. Derivative XX exhibited T of 142 °C. The rigid indoloacridine
core and the bulky 1-phenylindole unit induced the high T¢ of compound XX. The
hole mobility of the material was measured by the space charge-limited current
curve of the hole-only device, and the obtained value was 104 cm?/Vs.

This material was used for the preparation of the hole transporting layer of a
blue PhOLED. The current density and luminance of the blue PhOLED were high,
which indicates high hole current density in the emitting layer. The high hole current
density was explained by the efficient hole injection and the high hole mobility of
material XX [138]. The energy barrier for hole injection from NPB [140] to the
material XX hole transport layer was 0.36 eV. The other factor which can be used
for the explanation of the high hole current density is high hole mobility of material
XX. This deep blue device exhibited a high external quantum efficiency of 19.3%.
The high triplet energy of material XX suppressed triplet exciton quenching of the
FCNIrpic deep blue emitter and confined the triplet excitons of FCNIrpic, which led
to the high quantum efficiency. The colour coordinates of the blue PhOLED were
(x=0.14, y=0.17).

More extended heteroaromatic structures containing an indole moiety are also
used in the preparation of materials for OLEDs. Among the most widely studied
compounds of this sort are derivatives of indolo[3,2-b]carbazole [141, 142]. Such a
chromophore is more rigid and planar compared to sole indole or carbazole moieties.
Thus condensation of more aromatic rings could improve thermal, charge transport
and luminescence properties [143, 144].
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Figure 2.11. Indolo[3,2-b]carbazole derivatives
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Zhao et al. [145] designed and investigated luminescent derivatives of
indolo[3,2-b]carbazole with triphenylamino (XXI) or fluorenyl (XXII) substituents
at C-6 position (Figure 2.11).

Compounds XXI and XXII exhibited high thermal stbility with the
temperatures of the onset of thermal degradation exceeding 400 °C. However, no
obvious glass transitions were observed for the two compounds by DSC.

These two compounds were highly fluorescent both in toluene solution and in
the solid state. The fluorescent quantum yields of the solutions of compounds XXI
and XXI1 were 0.40 and 0.45, respectively. Their solutions in toluene exhibit narrow
emission peaks at 499 nm. It could be presumed that the emission wavelengths are
mostly controlled by the indolo[3,2-b]carbazole unit according to their very similar
optical properties. Moreover, the two compounds exhibited similar Amax 0f emission
both in the solution and in the thin films, which indicates that there were minimal
intermolecular interactions in the films [146].

Table 2.6. Thermal, photophysical and photoelectrical characteristics of indolo[3,2-
b]carbazole derivatives XXI-XXIV

Mhma, NM Egopt,
Tio, © | TeT (toluene solution) eV IPev, eV EAcv, eV
XXI 420 — 499 2.62 5.10 2.48
XXI11 408 - 499 2.63 5.10 2.47
XXI11 — - 435 3.48 5.04 1.56
XXIV — - 444 3.22 4.99 1.77
Device | ITO/NPB (30 nm)/XXI-XXII (40 nm)/TPBI (40 nm)/LiF (1 nm)/Al (80 nm)
. EL
Ne, Moy Brightness, CIE . 0
Voo Vo cdia | imiw | xi0%di | (xy) | MR FQRY
0.224,
XXI 2.99 6.90 | 6.74 66 0562 502 2.39
0.214,
XXI1 2.65 7.06 | 7.92 69 0568 503 2.79
Device ITO/XXHT=XXIV(50 nm)/Algs(50 nm)/ Mg:Ag (10:1,150 nm)/Ag (10 nm)
0.295,
XXI11 3.7 2.156 | 1.45 13.3 0552 524 0.816
0.313,
XXIV 4.1 1.161 | 0.74 19.5 0.554 526 0.383

The ionization potential values estimated by CV were 5.10 eV for both
compounds whereas the electrochemically estimated electron affinity values were
2.48 for derivative XXI and 2.47 eV for derivative XXI1.

Both indolo[3,2-b]carbazole derivatives XXI and XXII were used as emitters
in electroluminescent (EL) devices. The devices exhibited low turn-on voltage of
2.65 V. The EL devices showed similar peaks with those of PL spectra of the thin
films. This observation indicates that both PL and EL originate from the same
radiative decay process of the singlet excitons [147, 148]. The devices showed
almost identical characteristics of current, power efficiency and brightness
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signifying the lack of substituent influence on C-6 position of the materials. The
luminescence efficiency of indolo[3,2-b]carbazole-derived materials is quite
promising in the actual use of light-emitting devices.

Similar compounds bearing triphenylamine (TPA) moieties at different
positions of the indolo[3,2-b]carbazole fragment were synthesised and studied [149]
(Figure 2.12). The characteristics of the compounds and devices are presented in
Table 2.6.

The large Stokes shifts of the dilute solutions (89 nm for compound XXIII
and 147 nm for compound XXIV) could be attributed to the conformational changes
of the molecules upon excitation. Theorical quantum chemical calculations proved
that the introduction of triphenylamine moieties in different positions of the
indolo[3,2-b]carbazole backbone influenced the conjugation length of the molecules,
which resulted in such differences of their optical properties [149].

If compared with the common electron-blocking materials, the relatively high
EA values of these compounds may make them useful as effective electron-blocking
layers blocking electrons from escaping from the emitting layer to the anode and
thus contributing to the improvement of the efficiency of the devices [150].

XXM XXV
Figure 2.12. Derivatives of indolo[3,2-b]carbazole featuring triphenylamino moieties

The double-layer EL devices were produced by using compounds XXI11 and
XXIV for the preparation of hole-transporting layers and Algs as the emitting and
electron-transporting material. The structure of the devices is shown in Table 2.6.
Green emission from Algs was obtained, which suggests that the charge
recombination was localised in the Algs layer and that the indolo[3,2-b]carbazole
derivatives acted primarily as hole transporters and also that there was no exciplex
formation at the interface with Algs. All the devices exhibited low activating voltage
(recorded at 1 cd/m?). The lower activating voltage of the device containing
compound XXIV might suggest that TPA groups atttached at C-6 and C-12
positions were more helpful in enhancing the hole-injection performance than those
attached at C-2 or C-8 positions. The device produced by using compound XXIII
for the hole-injection layer showed better current and luminance efficiency. These
results indicate that disubstituted at C-6 and C-12 positions indolo[3,2-b]carbazole
derivatives demonstrate superior hole-transporting performance.
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Indole-derived compounds possess good luminescent and hole-transporting
properties which make them interesting candidates for the application in OLEDs.

2.3.Cross-Linkable Electroactive Materials
2.3.1.Thermally Activated Cross-Linking

Thermaly initiated or photoinitiated cross-linking is the most commonly
applied in manufacturing insoluble polymeric films. The major advantage of such
polymeric cross-linked films is that they do not deteriorate after the deposition of the
subsequent layers when using the spin-coating or any other solution processing
technique [151, 152]. The thermal induced self-polymerisation offers several
advantages over other methods of the preparation of polymers. For example, it often
enables avoiding purification which, comparatively, is a time consuming procedure.
The charge transporting layers obtained by self-polymerisation of electroactive
monomers are free from the residual initiator which can act as traps for charge
carriers. Moreover, thermally cured polymers reveal very good solvent resistance
and are electrochemically stable [153-156].

Vinyl groups are well-known for their capacity to undergo polymerization
through radical as well as anionic mechanisms. In particular, radical polymerization
can be thermally initiated [157, 108]. Thus polymerisation of vinyl groups can
potentially serve as a method for thermally cross-linkable OLED materials [158]. A
small molecule functionalised with a single reactive functional group after
polymerisation results in yielding a soluble linear polymer [159, 160]. Therefore,
candidates for cross-linking are typically functionalised with at least two reactive
functional groups [161-163].

Attractive features of styrene chemistry involve the aspect that no additional
reagents are required and that no side products are anticipated besides those
associated with chain terminations [164-166]. However, functional organic
materials must be stable at the temperatures required for cross-linking and relatively
unreactive towards the propagating polymer chain [167-169].

VAN
Figure 2.13. Cross-linkable hole-transporting compound

Cheng et al. [170] demonstrated a white emitting OLED with novel cross-
linkable hole transporting material XXV. The structure of the device was
ITO/PEDOT:PSS/ XXV/PF doped with BFBT (0.04 wt %)/CsF/Al. Polyfluorene
(PF) was wused as the blue host. 4,7-bis(9,9-dihexylfluoren-2-yl)-2,1,3-
benzothiadiazole (BFBT) was used as a guest. The layer of monomer XXV was
deposited by spin-casting and annealed at 180 °C in a nitrogen glove for 30 min. The
white colour was obtained by manipulating three-colour emission. The blue region
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was a characteristic emission of the PF host, whereas the green emission came from
the guest BFBT, while the red emission came from the exciplex formed at the
interface between the cross-linked compound XXV-based layer and the fluorenone
species. Fluorenone was detected as an impurity in PF. The device showed its
maximum luminous efficiency of 5.28 cd/A with the chromaticity coordinates of
0.33, 0.42 (the ideal white point is 0.33, 0.33). This example indicates that cross-
linkable electroactive monomers look promising for solution-processed white
OLEDs.

Sun et al. [171] designed and investigated two cross-linkable monomers with
vinylbenzyl groups. The product of cross-linking of compound XXV was chosen to
act as the host for blue OLEDs due to its high triplet energy of 2.95 eV. Compound
XXVII showed the property of thermally activated delayed fluorescence, which
enabled efficient exciton-harvesting via the spin up-conversion from T; states to S;
states. In order to investigate the characters of OLEDs, devices were produced, and
thermally cross-linked films of both monomers were employed as the emissive
layers. The mixed solution of different ratios of both monomers was spin-coated
onto the PEDOT:PSS layer from a chlorobenzene solution and heated at 200 °C for
30 minutes. Other active layers were thermally deposited onto the insoluble films.
By employing such polymers as the emitters in OLEDs, the blue device showed the
maximum EQE of 2.0% with the peak electroluminescence wavelength of 444 nm.

XXVI XXVl
Figure 2.14. Cross-linkable monomers for the emitting layer

2.3.2.Photochemically Activated Cross-Linking

The thermal cross-linking technique requires a high annealing temperature
(above 180 °C) and long processing times ranging from 30 min to several hours in
order to obtain fully insoluble films. The long annealing time may lead to the
thermal degradation of the electroactive materials in OLEDs [172, 173]. These
requirements of extensive thermal treatment may cause difficulty in and inefficiency
of the mass production of large-area devices.

The other approach towards the fabrication of solution-processed, multi-layer
structured OLEDs involves materials that contain photo-crosslinkable groups such
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as oxetanyl [174-177], or epoxy groups [166-179]. Photocross-linking can be
conducted under much milder conditions of room temperature rather than thermal
annealing. However, so far, little success has been achieved in applying the photo
cross-linking approach for the solution processing of multilayer OLEDs [180, 181].
Since the processes of photo-crosslinking of the currently available materials usually
require a relatively long exposure towards high-power UV irradiation, additional
side reactions can occur during the crosslinking process, and they can have adverse
effects on the efficiency and lifetime of the devices. Also, photocrosslinking
approaches can deteriorate the molecular packing, which would affect not only the
charge transport but also the device’s performance as the functional groups may
interfere with molecular diffusion and packing [182, 183].
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XXvill
Figure 2.15. Carbazolyl-containing arylamine with oxetanyl-functional groups

Carbazolyl-containing arylamine with oxetanyl-functional groups XXVII1 was
employed as the hole transporting material in green OLEDs in two different ways: as
a monomer and for photopolymerization in order to obtain a cross-linked material
[184]. Algs was used as an emitter. The polymeric hole-transporting layer was made
by spin-coating of a 30—40 nm layer of derivative XXVI1II with 5 wt % of {4-[(2-
hydroxytetradecyl)-oxyl]-phenyl}-phenyliodonium  hexafluorantimonate as a
cationic photoinitiator from a solution and irradiating it with an UV lamp for 90
seconds at room temperature. When positive voltage was applied to the device, the
bright green electroluminescence of Algs was observed with the emission maximum
at around 520 nm which was the same for the device containing derivative XXVII1
as a monomeric hole-transporting layer. This confirms that the insoluble polymer of
derivative XXVI111 functions well as the hole-transporting layer and its hole mobility
is sufficient for the charge carrier recombination occurring within the Algs layer.
Comparative low turn-on voltage of 5 V and the operation voltage (100 cd/m? at
~8V) of this device suggest that the cross-linked layer of derivative XXVIII could
function well as the hole-transporting layer. The maximum electroluminescence
efficiency of the device exceeded 0.8 cd/A.

Cross-linkable derivatives of indolo[3,2-b]carbazole bearing oxetanyl
functional groups (XXIX-XXXI) were synthesised and tested as hole-transporting
prepolymers for OLEDS [174]. The formation procedure of the insoluble polymeric
layer was the same as the previously described one. Algs was used as the emitter.
When positive voltage was applied, the bright green electroluminescence of Algs
was observed with the emission maximum at around 520 nm. No exciplex formation
at the interface between the polymeric hole transporting layer and the Alg3 layer
was observed. The devices with phenyl-substituted indolo[3,2-b]carbazole derivative
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XXXI exhibited the best overall performance (showing the turn-on voltage of 5 V,
the maximum luminance efficiency of 3.64 cd/A, and the maximum brightness of ca.
5700 cd/m?).
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XXIX XXX XXX|
Figure 2.16. Oxetanyl-substituted indolo[3,2-b]carbazole cross-linkable compounds
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Cross-linked layers of these derivatives were also tested as hole transporting
structures in  multilayer OLEDs. Poly[(9,9-dioctylfluorene-2,7-diyl)-co-2,5-
di(phenyl-4-yl)-2,1,3-benzothiadiazole] was used as the green emitter [185]. The
device containing a cross-linked layer of phenyl-substituted indolo[3,2-b]carbazole
derivative XXXI demonstrated the maximum photometric efficiency of 2.8 cd/A and
the maximum brightness of 7790 cd/m?.

Although the photo-crosslinking concept is simple, the development of cross-
linkable materials with a high cross-linking rate and the minimal disturbance in the
electrical properties after cross-linking remains a major challenge.

2.4.Conclusions of the Literature Review

The above discussed indole moiety-containing materials show high triplet
energy values of up to 3 eV, sufficient charge transport properties and controllable
ionisation potential values. They also possess the capacity to form molecular
glasses. The high reactivity of several positions of the indole moiety allows
modifying its structure and tuning its thermal, optical and photophysical properties
according to the requirements of organic light-emitting devices. Therefore, it is
important to evaluate the influence of different substituents and of the linking
topology of chromophores on the thermal stability, ability to form glasses,
photophysical properties, ionization potential values, electrochemical stability as
well as charge-transporting properties of the newly synthesised derivatives of the
indole.

There are still relatively few reports on the synthesis and studies of indole
derivatives with reactive functional groups. Therefore, particular attention has to be
paid to the synthesis and studies of cross-linkable derivatives. It may open up new
possibilities in the fabrication of stable OLEDs.
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3. Experimental Part
3.1. Instrumentation

Nuclear magnetic resonance (NMR) spectroscopy. H and **C NMR spectra were
recorded by using a Bruker Avance Il apparatus (400 MHz). The samples were
prapered by dissolving around 20 mg of the material in 1 ml of deuterated
chloroform (CDCI) with an inner standard, tetramethylsilane (TMS). Hydrogen
nuclei *H were excited by using the frequency of 400 MHz, and carbon nuclei 3C
were excited by using the frequency of 101 MHz. The data is presented as chemical
shifts (3) in ppm against tetramethylsilane (in parentheses: multiplicity, integration,
coupling constant).
Attenuated total reflectance infrared spectroscopy (ATR-IR). IR spectra were
recorded by using a Vertex 70 Bruker spectrometer equipped with an ATR
attachment with a diamond crystal over frequencies of 600-3500 cm™ with a
resolution of 5 cm™ over 32 scans. IR spectra are presented as a function of
transparency (T) expressed in percent (%) against the wavenumber (v) expressed in
cm™.
Mass spectrometry. Mass spectra were obtained on a Waters ZQ 2000 mass
spectrometer. The introduction of the sample into the ion source occurs by coupling
a gas chromatograph and a HPLC (High pressure liquid chromatograph) device. The
samples were prepared as diluted solutions of the materials and were ionized by
using electrospray ionization. Mass spectra are presented as an abundance of the ion
versus the mass-to-charge ratio (m/z).
UV-VIS absorption spectroscopy. The absorption spectra of the dilute solutions
(104-10° mol/l) and thin films of the synthesized materials were recorded with a
Perkin Elmer Lambda 25 spectrophotometer. The spectra were recorded under
ambient conditions. The spectra are plotted as a function of absorbance (A) against
the wavelength (L) expressed in nm. In most cases, the spectra are normalized
where the intensities of bands are equalized at certain wavelengths.
Photoluminescence spectroscopy (PL). Fluorescence spectra of the thin films and
the dilute solutions (10*-10-° mol/l) of the synthesized materials were recorded at
room temperature with a luminescence spectrometer Edinburgh Instruments
FLS980. The fluorescence guantum yields of the solutions and thin films of the
materials were measured by using an integrating sphere. The phosphorescence
spectra were recorded at a low temperature (77 °K). The samples were prepared in
the same way as for UV-VIS absorption measurements. The spectra are presented as
normalized PL intensity (1) against the wavelength, nm.
Differential scanning calorimetry (DSC) measurements were carried out by using
a TA Instruments Q2000 thermosystem. The samples were examined at a
heating/cooling rate of 10 °C/min under nitrogen atmosphere. The sample
(approximately 2—-3 mg) was placed in a closed aluminum pan. An empty pan was
used as a reference.
The melting points of the compounds were determined by using an Electrothermal
MEL-TEMP apparatus.
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Thermogravimetric analysis (TGA) was performed on a TA Instruments Q50
analyser. The heating rate was 20 °C/min under nitrogen atmosphere. The sample of
ca. 2-3 mg was placed in an open alumina (Al,O3) pan.

Electron photoemission spectrometry was used to determine the ionization
potentials (IP) of the layers of the synthesized compounds. For the recording of the
photoelectron emission spectra, the layers were prepared by drop-casting chloroform
solutions of the materials on cleaned indium tin oxide (ITO)-coated glass substrates.
The negative voltage of 300 V was applied to the sample substrate. The deep UV
deuterium light source ASBN-D130-CM and CM110 1/8 m monochromator were
used for the illumination of the samples with the monochromatic light. A 6517B
Keithley electrometer was connected to the counter-electrode for the measurement of
the photocurrent which was flowing in the circuit under illumination. Energy scan of
the incident photons was performed while increasing the photon energy. The
photocurrent (which is attributed to dU/dt) is dependent on the incident light photon
energy (hv). The Ip was estimated as the intersection points of the extrapolated
linear part of the dependence (dU/dt)1/2=f(4v) and the Av axis (i.e. the Av value at
zero photocurrent) [186].

Cyclic voltammetry measurements were performed by using a glassy carbon
working electrode (a disk with the diameter of 2 mm) in a three-electrode cell while
using an Autolab Type potentiostat — galvanostat. The measurements were carried
out for the solutions in dry dichloromethane containing 0.1 M tetrabutylammonium
hexafluorophosphate at 25 °C; the scan rate was 50 mV/s while the sample
concentration was 103 M. The potentials were measured against silver as a reference
electrode. Platinum wire was used as a counter electrode. The potentials were
calibrated with the standard ferrocene/ferrocenium (Fc/Fc*) redox system [187].

Spectroelectrochemistry measurements were performed in situ by using an EDAQ
potentiostat and monitoring the UV-VIS spectra on a Shimadzu UV-1800
spectrometer. The electrochemical cell was comprised of a platinum wire counter
electrode, a silver wire reference electrode and ITO quartz glass as the working
electrode. The measurements were made in 0.01 M concentrations of all the
materials in 0.1 M tetrabutylammonium perchlorate solution in dry
dichloromethane.

Computational methods. In order to estimate the frontier molecular orbitals,
density functional theory (DFT) calculations were performed. The ground-state
geometries were optimized by using the B3LYP (Becke three parameters hybrid
functional with Lee-Yang-Perdew correlation) [188] functional at 6-31G (d, p) level
in vacuum with the Spartan’14[189] or Gaussian [190] programs.

Firstly, while using Spartan’14, the equilibrium conformer search at the ground state
was performed by using the MMFF (Molecular mechanics force fields) method, and
then this geometry was used for further optimisation. The vertical triplet energy
values were calculated by using the energy difference between the neutral and
deprotonated species at the neutral state geometry.
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The time-dependent DFT (TD-DFT) calculations were carried out with the Gaussian
09 software package. Molecular orbitals were visualized by using Gaussview or
Spartan’i4.
Charge-drift mobility measurements were performed by employing two methods:
time-of-flight or space-charge-limited current. The time-of-flight (TOF) method was
used in order to test charge drift mobility of vacuum-deposited layers of the
compounds. Diode-like samples were prepared for being measured with ITO bottom
and aluminum top electrodes. The thickness of the layers ranged from 1 to 3.5 um.
The sample area was of 2x3 mm?. The experimental setup included an Nd:YAG laser
EKSPLA NL300, a Tektronix TDS 3032C oscilloscope, and a 6517B Keithley
electrometer. For the calculation of the charge drift mobility, the following formula
was used:

w = d2(Uxty) L,
where d is the layer thickness, U is the voltage applied to the samples, and ty is the
transit time [191].
Hole-only devices were fabricated for the space-charge-limited current (SCLC)
experiments [192]. The indium tin oxide (ITO)-coated glass substrates with the sheet
resistance of 15 Q/sq were cleaned in acetone and isopropyl alcohol ultrasonic baths
for ca. 5 min before depositing functional layers. The hole-only devices with the
following architectures were fabricated: ITO/m-MTDATA(20 nm)/the studied
compound (80 nm)/m-MTDATA(20 nm)/Al(60 nm). The layer of m-MTDATA
(4,4',4"-tris[3-methylphenyl(phenyl)amino]triphenylamine) was used as the hole-
injecting and electron-blocking layer. The values of hole mobility were estimated by
employing the Mott-Gurney Law [193]:

2

Jscie = Hscic g‘%'o F (3.1)

where Jq c is the steady-state current density (SCLC), IS the SCLC
mobility; V is the applied voltage; d is the film thickness, £ is the permittivity of
the film (~3); ¢, is the absolute permittivity of the free space. Organic and metal

layers were vacuum-deposited under vacuum higher than 3-10°° mBar. The
deposition rate of the guest was of 0.1 A/s, while the deposition rate of hosts was set
at 1.0 A/s. The thickness of thin films was monitored during the deposition process
by using a quartz crystal microbalance. The sample area was 6 mm? with 7 devices
per substrate. A Keithley source meter 2400-C was utilised for recording the current
density—voltage characteristics of the devices.
Device fabrication and characterization. Phosphorescent OLEDs (PhOLEDSs)
described in Chapter 4.2 were fabricated by thermal vacuum deposition under
vacuum conditions higher than 3-107° mBar. The host:guest emission layers were
deposited by the co-deposition of host (m/m 90%), the investigated compound and
the dopant (m/m 10%) (tris[2-phenylpyridinato-C2,N]iridium(l1l) (Ir(ppy)s)) from
two different sources. The deposition rate of the guest was of 0.1 A/s, while the
deposition rate of the host was set at 1.0 A/s. A Keithley source meter 2400-C was
employed for recording the current density—voltage characteristics of the devices.
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The current density—luminance characteristics were estimated by using a calibrated
silicon photodiode with a 6517B Keithley electrometer. Electroluminescence (EL)
spectra were recorded by an Avantes AvaSpec-2048XL spectrometer. The current,
power and external quantum efficiencies were estimated using the current density,
luminance, and EL spectra as reported earlier [194].

The electroluminescent devices described in Chapter 4.3 were fabricated by means
of vacuum deposition of organic semiconductor layers and metal electrodes onto
pre-cleaned ITO coated glass substrate under vacuum of 10—6 Torr. The devices
were produced by step-by-step deposition of different organic layers. The active area
of the obtained devices was 3x6 mm?. The density current-voltage and luminance-
voltage characteristics were measured by using a semiconductor parameter analyser
(HP 4145A) in the air without passivation immediately after the formation of the
device. The brightness measurements were performed by using a calibrated
photodiode. The electroluminescence spectra were recorded with an Ocean Optics
USB2000 spectrometer.

Atomic force microscopy (AFM) experiments were carried out in air at room
temperature by using a NanoWizardlll atomic force microscope (JPK Instruments),
while the data was analysed by using SurfaceXplorer and JPKSPM Data Processing
software. The AFM images were collected by using a V-shaped silicon cantilever
(the spring constant of 3 N/m, the tip curvature radius of 10.0 nm and the cone angle
of 20°) operating in the contact mode.

X-ray diffraction measurements at grazing incidence (XRD) were performed by
using a D8 Discover diffractometer (Bruker) with Cu K, (A\=1.54 A) X-ray source.
Parallel beam geometry while employing a 60 mm Goébel mirror (an X-ray mirror on
a high precision parabolic surface) was used in order to obtain the relevant data. This
configuration enables transforming the divergent incident X-ray beam from the line
focus of the X-ray tube into a parallel beam that is free of Ky radiation. The primary
side also had a Soller slit with an axial divergence of 2.5°. The secondary side had a
LYNXEYE (1D mode) detector with the opening angle of 2.16° and the slit opening
of 6.0 mm. The sample stage was a Centric Eulerian cradle mounted onto a
horizontal D8 Discover device with a vacuum chuck (sample holder) fixed onto the
top of the stage. The X-ray generator’s voltage and current were 40.0kV and 40mA,
respectively. The XRD scans of the emitting layers were performed in the range of
3-134.0° with a step size of 0.065°, the time per step set at 19.2 s, and the auto-
repeat function being enabled. The XRD scans were performed at the incidence
angle of 1.0°. The processing of the resultant diffractograms was performed with
DIFFRAC.EVA software.

3.2. Materials

Aluminum trichloride (99.9%), benzyltrimethylammonium chloride (BTMAC)
(97%), azobisisobutyronitrile (98%), benzyl chloride (99%), boron trifluoride
diethyl etherate (46.5%), bromoethane (98%), 2-chloro-2-methylpropane (99%),
cyclopentadienyl(fluorene)iron(ll) hexafluorophosphate (98%), 4.4-
difluorobenzophenone (99%), 9-ethylcarbazole (97%), epichlorohydrin (99%), iron
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(1) chloride (99.9%), 1-methylindole (97%), o-phthaldialdenyde (97%), p-
toluenesulfonic acid monohydrate (98%), 2-phenylindole (95%), 2-phenylindole-3-
carbaldehyde (97%), phosphorus (V) oxychloride (POCI3) (99%), potassium tert-
butoxide (99%), sodium borohydride (96%), sodium carbonate (99%), 1,2,3,4-
tetrahydrocarbazole (99%), tetrabutylammonium hexafluorophosphate (98%),
tetrabutylammonium perchlorate (98%), titanium tetrachloride, 4-vinylbenzyl
chloride (90%), zinc (99.9%) (all the materials sourced from Aldrich), phenoxazine
(97%) (purchased from Acros Organics), 3-bromomethyl-3-methyloxetane (95%),
concentrated hydrochloric acid (36%), sodium sulphate (99%) (by Chemada Fine
Chemicals), 2-methylpropyl iodide (97%) (produced by Fluka), 9H-carbazole
(chemical grade) and NaHCO3 (99.5%) (purchased from Reakhim) were used as
received. Thin layer chromatography was performed by using TLC plates covered
with a silica gel matrix on aluminum backing (purchased fromAldrich).

Alkylation procedure. The addition of reactive functional groups or alkyl chains
was performed by using a procedure similar to that described elsewhere [195]. To a
mechanically stirred mixture of the intermediate aromatic amine (1.125 mmol),
either 1,2-bis(2-phenyl-1H-indol-3-yl)ethene (0.5 @), 2-phenyl-3-(2-phenyl-1H-
indol-3-yl)-1H-indole (0.4 @), 3-((9H-carbazol-3-yl)(2-phenyl-1H-indol-3-
yl)methyl)-9H-carbazole (0.25 g¢) or 11-(3-indolyl)benzo[b]carbazole (0.2 g),
dimethyl sulphoxide (DMSO) (10 ml), potassium tert-butoxide (0.375 g, 3.375
mmol), BTMAC (0.01 mmol) and the respective aliphatic halide (4.5 mmol) were
added. The resulting mixture was stirred at room temperature for 24 h under
nitrogen atmosphere. The reaction was stopped by adding water and neutralized with
10% HCI (5 ml) to pH 6-7. The crude product was extracted with chloroform
several times (50 mIx3). The chloroform solution was washed with water, dried with
anhydrous sodium sulphate, filtered, and the solvent was subsequently evaporated.

Polymerization. Photopolymerization of monomers was performed by using an UV
lamp OmniCure® S2000 (manufactured by Lumen Dynamics). Thermally initiated
cross-linking of the monomers was performed by using a West 6100+ process and
temperature controller. In both cases, the solution of a monomer containing 3 mol %
of photoinitiator cyclopentadienyl(fluorene)iron(l1)hexafluorophosphate or radical
initiator azobisizobutyronitrile was drop-cast onto the surface of the ATR crystal of
an ATR-IR spectrometer (by Vertex 70 Bruker), and the decrease of the intensity of a
signal of the reactive functional group under exposure to the UV radiation source or
temperature was monitored on IR spectra.

The polymerization of monomer 12 was carried out in the solution of dry
dichloromethane (0.5 mol/l) under the argon blanket. After dissolving the monomer,
initiator BF3-(C2Hs)20 (0.15 mol/l) was added. The reaction was being carried out
for 3 days and monitored by TLC (eluent: dichloromethane). The initiator was
neutralised with NH3 (ag), and the reaction product was precipitated in methanol. The
precipitate was washed with methanol several times and dried. The molecular
weights of the products of polymerisation were determined by gel chromatography
by using the Waters SEC system with a Waters 501 UV detector and polystyrene
standards.
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1,2-Bis(2-phenyl-1H-indol-3-yl)ethene was synthesized by employing the
McMurry reaction according to the reported procedure [196]. Zinc (2.35 g, 36
mmol) was added to dry tetrahydrofuran (THF, 35 ml), and the mixture was cooled
down to 0 °C. Titanium tetrachloride (2.17 ml, 19 mmol) was added dropwise, and
then the reaction mixture was slowly brought to room temperature. 2-Phenylindole-
3-carbaldehyde (4 g, 18 mmol) was added dropwise, and then the reaction mixture
was refluxed for 1h. The reaction was monitored by TLC while using
hexane:ethylacetate 1:1 as an eluent. The solution of sodium carbonate was poured
in and stirred for 14 h. After the extraction with chloroform, the organic layer was
washed with water, dried with anhydrous sodium sulphate and filtered. The solvent
was evaporated, and the product was crystallized from methanol. The vyield of
greenish crystals was 75%. MW=412.0 g/mol. C3H24N2. M.p. 167-168 °C.*H NMR
(400 MHz, CDCls) & ppm 7.72 (s, 2H, N-H), 7.43 (d, 8H, Ar., J=8.9 Hz), 7.38-7.34
(m, 12H, Ar.), 6.93 (s, 2H). 3C NMR (101 MHz, CDCls) & ppm 135, 134, 133, 129,
128, 127, 122,119, 113, 110, 26. MS: m/z 413 [(M+H)*].

2-Phenyl-3-(2-phenyl-1H-indol-3-yl)-1H-indole was synthesized according to the
described procedure [197].

1,2-Bis(1-(4-vinylbenzyl)-2-phenylindol-3-yl)ethene (1) was obtained by
employing the alkylation procedure while using 1,2-bis(2-phenyl-1H-indol-3-
38



yl)ethene as the starting compound. The product was purified by silica gel column
chromatography using hexane as an eluent. The yield of yellow crystals was 59%.
MW=558.62 g/mol. CsHzsN2. M.p. 201-203 °C. *H NMR (400 MHz, CDCls) &
ppm 7.43 (d, 8H, Ar., J=8.9 Hz), 7.31-7.25 (m, 10H, Ar.), 7.22-7.11 (m, 8H, Ar.),
6.95 (s, 2H, CH=CH), 6.73-6.64 (m, 2H, AMX system CH=CH, proton H"), 5.72
(dd, 2H, AMX system —CH=CH, proton HM trans Jau=5.75 Hz and gem Jux=5.80
Hz), 5.27-5.22 (m, 2H, AMX system of ~-CH=CH, proton H* cis Jax=14.1 Hz),
5.20 (s, 4H, CH,). *C NMR (101 MHz, CDCl3) & ppm 137, 136, 130, 128, 126, 122,
120, 119, 113, 110, 47. ATR-IR (solid state on ATR, cm™): 3047 (v C-H Ar), 2922,
2853 (v C-H aliph.), 1463 (v C=C Ar), 1366 (v C-N Ar), 986, 899 (C-H of the vinyl
group), 831, 735 (y C-H Ar). MS: m/z 559 [(M+H)"].

1,2-Bis(1-isopropyl-2-phenylindol-3-yl)ethene (2) was obtained by employing the
alkylation procedure while using 1,2-bis(2-phenyl-1H-indol-3-yl)ethene as the
starting compound. The product was purified by silica gel column chromatography
using hexane as an eluent. The yield of a yellowish powder was 89%. MW=498.60
g/mol. CasHzaN2. 'H NMR (400 MHz, CDCls) 8 ppm 7.36-7.27 (m, 10H, Ar.), 7.19—
7.13 (d, 8H, Ar. J=27.5 Hz), 6.97 (s, 2H, CH=CH), 4.66-4.39 (m, 2H, CH), 1.28 (s,
12H, CHs). *C NMR (101 MHz, CDCls) & ppm 139, 138, 137, 136, 130, 128, 126,
122, 113, 110, 47. ATR-IR (solid state on ATR, cm): 3048 (v C-H Ar), 2922, 2853
(v C-H aliph.), 1493, 1462 (v C=C Ar), 1363 (v C-N Ar), 831, 807, 767 (y C-H Ar).
MS: m/z 522 [(M+Na)*].

1,2-Bis(1-((3-methyloxetan-3-yl)methyl)-2-phenylindol-3-yl)ethene  (3)  was
obtained by employing the alkylation procedure while using 1,2-bis(2-phenyl-1H-
indol-3-yl)ethene as the starting compound. The product was purified by performing
silica gel column chromatography using hexane as an eluent. The yield of yellow
crystals was 97%. MW=512.57 g/mol. C4HzsN20,. M.p. 184-186 °C. *H NMR (400
MHz, CDCls) 6 ppm 7.53-7.43 (m, 10H, Ar.), 7.36-7.25 (m, 8H, Ar.), 7.13 (s, 2H,
CH=CH), 4.40 (s, 4H, CH> ), 4.15 (d, 4H, CH>, J=6.0 Hz), 3.97 (d, 4H, CH>, J=6.0
Hz), 1.28 (s, 6H, CHs). *C NMR (101 MHz, CDCl3) & ppm 138, 131, 128, 125, 122,
121, 118, 114, 110, 81, 41, 22. ATR-IR (solid state on ATR, cm™): 3056 (v C-H
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Ar), 2923, 2853 (v C-H aliph.), 1489, 1457 (v C=C Ar), 1346 (v C-N Ar), 1235,
1181 (v C-O-C), 822, 759 (y C—H Ar). MS: m/z 536 [(M+Na)"].

1,2-Bis(1-((oxiran-2-yl)methyl)-2-phenylindol-3-yl)ethene (4). A solution of 1,2-
bis(2-phenyl-1H-indol-3-yl)ethene (0.2 g, 0.45 mmol), potassium tert-butoxide (0.52
g, 4.6 mmol) in epichlorohydrin (4 ml, 51 mmol) was stirred at 120 °C for 24 h
under argon atmosphere. Then epichlorhydrin was removed by distillation. The
product was purified by employing silica gel column chromatography using hexane
as an eluent. The vyield of yellow crystals was 42.5%. MW=498.52 g/mol.
CssHzoN202. M.p. 185-187 °C. *H NMR (400 MHz, CDCls) 8 ppm 7.64-7.49 (m,
8H, Ar.), 7.38-7.33 (m, 10H, Ar.), 7.18 (s, 2H, CH=CH), 4.34-4.30 (m, 4H, CH,),
4.28 (d, 4H, CHy, J = 4.1 Hz), 3.20 (m, 1H, CH), 2.73 (t, 1H, CH, J=4.4 Hz). BC
NMR (101 MHz, CDCls) 6 ppm 138, 137, 131, 128, 125, 122, 121, 119, 114, 110,
45. ATR-IR (solid state on ATR, cm™): 3051 (v C-H Ar), 2923, 2854 (v C-H
aliph.), 1460 (v C=C Ar), 1362 (v C-N Ar), 1226, 1195 (v C-0-C), 840, 741 (y C-H
Ar). MS: m/z 522 [(M+Na)*].

1-Ethyl-3-(1-ethyl-2-phenylindol-3-yl)-2-phenylindole (5) was obtained by
employing the alkylation procedure while using 2-phenyl-3-(2-phenyl-1H-indol-3-
yl)-1H-indole as the starting compound. The product was purified by performing
silica gel column chromatography while using hexane as an eluent. The yield of
greenish crystals was 31%. MW=440.58 g/mol. CzHzsN2. M.p. 143 °C. 'H NMR
(400 MHz, CDCl3) & ppm 7.61-7.42 (m, 10H, Ar.), 7.47-7.36 (m, 8H, Ar.) 4.26 (q,
4H, CH,, J=7.2 Hz), 1.38 (t, 6H, CHs, J=7.2 Hz). *C NMR (101 MHz, CDCls) §
ppm 137, 133, 130, 126, 125, 123, 117, 110, 38, 15. ATR-IR (solid state on ATR,
cmt): 3049 (v C-H Ar), 2989 (v C-H aliph.), 1479, 1457, 1446 (v C=C Ar), 1350 (v
C-N Ar), 847, 797 (y C-H Ar). Elemental analysis for CsHzsN2. % Calc.: C
87.24%; H 6.41%; N 6.36%; % found: C 87.24%; H 6.41%; N 6.36%. MS: m/z 441
[(M+H)"].
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1-Benzyl-3-(1-benzyl-2-phenylindol-3-yl)-2-phenylindole (6) was obtained by
employing the alkylation procedure while using 2-phenyl-3-(2-phenyl-1H-indol-3-
yl)-1H-indole as the starting compound. The product was purified by performing
silica gel column chromatography using hexane as an eluent. The yield of yellowish
crystals was 71%. MW=564.72 g/mol. Cs;Hs:N2. M.p. 132 °C. *H NMR (400 MHz,
CDCls) 6 ppm 7.71-7.62 (m, 4H, Ar.), 7.50-7.31 (m, 10H, Ar.), 7.30-7.11 (m, 10H,
Ar.), 5.38 (s, 4H, CH,). 3C NMR (101 MHz, CDCls) & ppm 132, 127, 124, 122,
120, 110, 47. ATR-IR (solid state on ATR, cm™): 3049 (v C-H Ar), 2924, 2854 (v
C—H aliph.), 1493, 1480, 1457, 1446 (v C=C Ar), 1350 (v C—N Ar), 848, 797 (y C-H
Ar). Elemental analysis for Ca2Hz2N2. % Calc.: C 89.33%; H 5.71%; N 4.96%; %
Found: C 89.33%; H 5.71%; N 4.96%. MS: m/z 565[(M+H)*].
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1-(4-Vinylbenzyl)-3-(1-(4-vinylbenzyl)-2-phenylindol-3-yl)-2-phenylindole  (7)
was obtained by employing the alkylation procedure while using 2-phenyl-3-(2-
phenyl-1H-indol-3-yl)-1H-indole as the starting compound. The product was
purified by performing silica gel column chromatography using hexane as an eluent.
The yield of a greenish powder was 20%. MW=616.79 g/mol. CssHasN.. *H NMR
(400 MHz, CDCls3) & ppm 8.20-7.78 (m, 8H, Ar.), 7.47-7.32 (m, 10H, Ar.), 7.23—
7.18 (m, 8H, Ar.), 6.72 (m, 2H, AMX system CH=CH, proton H"), 5.77 (d, 2H,
AMX system —~CH=CH, proton H trans Jam=5.75 Hz and gem Jux=5.80 Hz), 5.28
(d, 2H, AMX system of -CH=CH, proton HX cis Jax=10.6 Hz), 5.17 (d, 4H, CH,
J=13.1 Hz). *C NMR (101 MHz, CDCls) § ppm 136, 134, 132, 128, 126, 121, 117,
112, 110, 49. ATR-IR (solid state on ATR, cm™): 3056 (v C-H Ar), 2925, 2855 (v
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C—H aliph.), 1492, 1460, 1446 (v C=C Ar), 1342 (v C-N Ar), 988, 918, 896 (C—H of
the vinyl group), 825, 765 (y C—H Ar). Elemental analysis for CssHssN2. % Calc.: C
89.58%:; H 5.88%; N 4.54%:; % Found: C 89.53%; H 5.83%; N 4.59%. MS: m/z 617
[M7].

3-((9H-Carbazol-3-yl)(2-phenyl-1H-indol-3-yl)methyl)-9H-carbazole. To a
mixture of 9H-carbazole (5 g, 30 mmol) and 2-phenylindole-3-carbaldehyde (3.3 g,
15 mmol) in chloroform (40mL), hydrochloric acid (conc., 5 ml) was added
dropwise, and the reaction mixture was being stirred at room temperature for 8 h.
Then, water (10 mL) was added to quench the reaction, and the mixture was stirred
vigorously for an additional 10 min. The crude product was extracted with
chloroform several times. The chloroform solution was washed with water, dried
with anhydrous sodium sulphate, filtered, and the solvent was evaporated. The
product was purified by performing silica gel column chromatography using
hexane:ethylacetate (1:6) as an eluent. The yield of a reddish powder was 4.5 g
(56%). MW=537 g/mol. C3gH27N3z. *H NMR (400 MHz, CDCls) & 8.34 (s, 3H, NH),
8.23-7.72 (m, 9H, Ar.), 7.60-7.48 (m, 14H, Ar.), 5.41 (s, 1H, Ar—-CH). *C NMR
(101 MHz, CDCls) & 139, 126, 124, 119, 50.

2-Phenyl-3-[(2-phenyl-1H-indol-3-yl)methyl]-1H-indole. To a mechanically
stirred solution of 3-hydroxymethyl-2-phenylindole (1.3 g 5.8 mmol) and 2-
phenylindole (1.12 g, 5.8 mmol) in dry dichloromethane (40 ml), boron trifluoride
diethyl etherate (3.2 ml) was added dropwise, and the reaction mixture was stirred at
room temperature for 3 h. The crude product was extracted with dichloromethane
several times. The dichloromethane solution was washed with water, dried with
anhydrous sodium sulphate, filtered, and the solvent was evaporated. The product
was purified by performing silica gel column chromatography using
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hexane:ethylacetate (1:9) as an eluent. The yield of a greenish powder was 1.1 g
(62%). MW=398 g/mol. C29H2:N>. *H NMR (400 MHz, CDCls) & 8.33 (s, 2H, NH),
8.00-7.74 (m, 18H, Ar.), 5.41 (s, 2H, Ar-CH). **C NMR (101 MHz, CDCls) § 141,
137,129, 127, 126, 123, 121, 119, 22.

3-[(2-Phenyl-1H-indol-3-yl)methyl]-9H-carbazole. To a mechanically stirred
solution of 3-hydroxymethyl-2-phenylindole (1.3 g 5.8 mmol) and 9-ethylcarbazole
(1.5 g, 5.8 mmol) in dry dichloromethane (40 ml), boron trifluoride diethyl etherate
(3.2 ml) was added dropwise, and the reaction mixture was stirred at room
temperature for 3 h. The crude product was extracted with dichloromethane 3x50
ml. The dichloromethane solution was washed with water, dried with anhydrous
sodium sulphate, filtered, and the solvent was evaporated. The product was purified
by performing silica gel column chromatography while using hexane:ethylacetate
(2:9) as an eluent. The yield of greenish powder was 1.3 g (58%). MW=400 g/mol.
Ca9H24N2. *H NMR (400 MHz, CDCls) § 10.01 (s, 1H, NH), 8.00-7.74 (m, 9H),
7.43-7.15 (m, 7H), 5.69 (s, 2H, Ar—-CH), 4.04 (q, 2H, J=7.1 Hz, CH,), 1.32 (t, 3H,
J=7.1 Hz, CHs). 3C NMR (101 MHz, CDCI3) & 141, 137, 133, 128, 121, 118, 112,
111, 108, 37, 30, 14.

9-(4-vinylbenzyl)-3-((1-(4-vinylbenzyl)-2-phenyl-1H-indol-3-yl)(9-(4-
vinylbenzyl)-9H-carbazol-3-yl)methyl)-9H-carbazole (8) was obtained by
performing the alkylation procedure while using 3-((9H-carbazol-3-yl)(2-phenyl-
1H-indol-3-yl)methyl)-9H-carbazole as the starting compound. The product was
purified by performing silica gel column chromatography while using hexane as an
eluent. The yield of a reddish powder was 0.86 g (75%). MW=886 g/mol. CesHs1Ns.
'H NMR (400 MHz, CDCls) § 8.23-7.72 (m, 9H, Ar.), 7.60-7.48 (m, 14H, Ar.),
7.21-7.07 (m, 12H), 6.62 (m, 3H, AMX system CH=CH, proton H*), 5.67 (dd, 3H,
AMX system —~CH=CH, proton H trans Jam=5.75 Hz and gem Jux=5.80 Hz), 5.41
(s, 1H, Ar-CH), 5.18 (d, 3H, AMX system of -CH=CH, proton H* cis Jax=11 Hz),
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3.39 (s, 6H, CH,). *C NMR (101 MHz, CDCls) § 139, 125, 123, 119, 110, 50, 45.
ATR-IR (solid state on ATR, cm™): 3050 (v C-H Ar), 2919 (v C-H aliph.), 1450 (v
C=C Ar), 1363 (v C-N Ar), 995, 928 (C-H of vinyl group), 841, 820, 745 (y C-H

Ar). MS: m/z 886 [M™].
LHN OO Nr,u

9-[(Oxiran-2-yl)methyl]-3-[[1-{(oxiran-2-yl)methyl}-2-phenyl-indol-3-yI][9-
{(oxiran-2-yl)methyl}-carbazol-3-ylJmethyl]-carbazole (9). A solution of 3-[(9H-
carbazol-3-yl)(2-phenyl-1H-indol-3-yl)methyl]-9H-carbazole (0.7 g, 1.3 mmol)
potassium tert-butoxide (0.52 g, 4.6 mmol) in epichlorohydrin (4 ml, 51 mmol) was
stirred at 120 °C for 24 h under argon atmosphere. Then, epichlorhydrin was
removed by distillation. The obtained product was purified by performing silica gel
column chromatography using hexane as an eluent. It was recrystallized from
methanol. The yield of reddish crystals was 0.74 g (81%). M.p. 110 °C (DSC).
MW=705 g/mol. CagH39N30s3. IH NMR (400 MHz, CDC|3) 0 7.88 (d, 9H, J=7.8 Hz,
Ar.), 7.28-7.22 (m, 7H, Ar.), 7.1-7.0 (m, 7H, Ar.), 5.07 (s, 1H, Ar—-CH), 4.40 (dd,
6H, J=15.8, J=3.4 Hz, CH,), 4.18 (dd, 4H, J=15.8, J=8.1 Hz, CH,), 3.12 (d, 2H,
J=6.4Hz, CH,), 2.57 (t, 3H, J=4.1 Hz, CH).*C NMR (101 MHz, CDCl3) § 140, 125,
123, 119, 109, 50, 45. ATR-IR (solid state on ATR, cm™): 3052 (v C-H Ar), 2920 (v
C-H aliph.), 1453 (v C=C Ar), 1351 (v C-N Ar), 1220 (v C-0-C), 841, 779 (y C-H
Ar). MS: m/z 706 [(M+H)"].

9-Ethyl-3-[(1-ethyl-2-phenyl-1H-indol-3-yI)(9-ethyl-9H-carbazol-3-yl)methyl]-
9H-carbazole (10) was obtained by performing the alkylation procedure while using
3-((9H-carbazol-3-yl)(2-phenyl-1H-indol-3-yl)methyl)-9H-carbazole as the starting
compound. The product was purified by performing silica gel column
chromatography while using hexane as an eluent. The yield of a reddish powder was
0.53 g (66%). MW=621 g/mol. CssHssNs. 'H NMR (400 MHz, CDCls) & 7.89 (d,
9H, J=7.8 Hz, Ar.), 7.38-7.29 (m, 7H, Ar.), 7.2-7.11 (m, 7H, Ar.), 5.20 (s, 1H, Ar-
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CH), 4.02 (q, 6H, J=7.3 Hz, CH;), 1.32 (t, 9H, J=7.1 Hz, CH3). °C NMR (101 MHz,
CDCls) & 139, 125, 123, 119, 110, 50, 45. ATR-IR (solid state on ATR, cm™): 3052
(v C-H Ar), 2925 (v C—H aliph.), 1492, 1450 (v C=C Ar), 1358 (v C-N Ar), 842,
745 (y C-H Ar). MS: m/z 635 [(M+Na)*].

1-(4-Vinylbenzyl)-3-{[1-(4-vinylbenzyl)-2-phenyl-1H-indol-3-yl]methyl}-2-
phenyl-1H-indole (11) was obtained by employing the alkylation procedure while
using 2-phenyl-3-[(2-phenyl-1H-indol-3-yl)methyl]-1H-indole as the starting
compound. The product was purified by performing silica gel column
chromatography using hexane as an eluent. The yield of greenish crystals was 1.7 g
(74%). MW=632 g/mol. C47HsoN2. M.p. 120 °C (DSC). *H NMR (400 MHz, CDCl5)
d 8.05 (d, 8H, J=7.8, Ar.), 8.00-7.74 (m, 18H, Ar.), 6.62 (m, 2H, AMX system
CH=CH; proton H”), 5.61 (dd, 2H AMX system —CH=CH, proton HM trans
Jam=16.2 Hz and gem Jux=8.40), 5.41 (s, 2H, Ar-CH), 5.26 (d, 2H, AMX system of
~CH=CH, proton H* cis Jax=12.7 Hz), 5.14-5.07 (m, 2H, AMX system of —
CH=CH, proton HX), 3.38 (s, 4H, CH,). **C NMR (101 MHz, CDClz) & 140, 137,
128, 127, 125, 123, 121, 1186, 46, 41, 23. ATR-IR (solid state on ATR, cm™?): 3052
(v C—H Ar), 2927 (v C—H aliph.), 1485, 1450 (v C=C Ar), 1381 (v C-N Ar), 994,
969, 927 (C-H of the vinyl group), 842, 785, 746 (y C-—H Ar). MS: m/z 633
[(M+H)"].

3-{[1-(4-Vinylbenzyl)-2-phenyl-1H-indol-3-yllmethyl}-9-ethyl-9H-carbazole
(12) was obtained by employing the alkylation procedure while using 3-[(2-phenyl-
1H-indol-3-yl)methyl]-9H-carbazole as the starting compound. The product was
purified by performing silica gel column chromatography using hexane as an eluent.
The yield of a greenish powder was 1.7 g (68%). MW=516 g/mol. CssH32N,. H
NMR (400 MHz, CDCls) § 8.13-8.01 (m, 2H), 8.00-7.74 (m, 9H), 7.43-7.15 (m,
7H), 6.69-6.51 (m, 1H, AMX system CH=CH, proton H"), 5.69 (s, 2H, Ar-CH),
5.66-5.54 (m, 1H, AMX system of -CH=CH, proton HX cis), 5.22-5.05 (m, 1H,
AMX system of -CH=CH, proton HX), 4.04 (q, 2H, J=7.1 Hz, CH,), 3.40 (s, 2H),
1.32 (t, 3H, J=7.1 Hz, CHs). 3C NMR (101 MHz, CDCls) § 141, 137, 130, 129, 125,
121, 120, 116, 111, 38, 22. ATR-IR (solid state on ATR, cm™): 3052 (v C-H Ar),
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2925 (v C—H aliph.), 1480, 1452 (v C=C Ar), 1359 (v C-N Ar), 993, 969, 926 (C-H
of the vinyl group), 842, 745 (y C—H Ar). MS: m/z 540 [(M+Na)*].
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11-(1-Methyl-1H-indol-3-yl)-5-methyl-5H-benzo[b]carbazole  (13). To a
mechanically stirred solution of phthaldialdehyde (0.100 g, 0.746 mmol) and 1-
methylindole (1.49 ml, 0.195 mmol) in chloroform (3ml), POCIs (0.069 ml, 0.746
mmol) was added drop-by-drop. The resulting solution was stirred at room
temperature for 35 min and then quenched with saturated NaHCOj3 solution. The
crude product was extracted with dichloromethane, filtered, and the solvent was
evaporated. The product was purified by performing silica gel column
chromatography using ethylacetate:hexane mixture (1:4) as an eluent. The obtained
product was recrystallized from dichloromethane/methanol. The yield of yellowish
crystals was 0.117 g (44%). MW=360.16 g/mol. CzsHzN,. M.p. 241 °C (DSC). H
NMR (400 MHz, CDCls) 6 8.05 (d, J=8.3 Hz, 1H), 7.97 (d, J=8.6 Hz, 1H), 7.75 (s,
1H), 7.56 (s, 1H), 7.54 (s, 1H), 7.49 (t, Ar., 1H), 7.40 (t, Ar., 1H), 7.34 (t, Ar., 3H),
7.18 (m, Ar., 1H), 7.08 (m, Ar., 1H), 7.02 (t, Ar., 1H), 6.84 (t, Ar., 1H), 4.01 (s, —
CHs, 3H), 3.91 (s, —CHgs, 3H). *C NMR (101 MHz, CDCls) § 144, 141, 136, 132,
127, 126, 124, 123, 121, 119, 111, 109, 107, 102, 33, 28. ATR-IR (solid state on

ATR, cm): 3051 (Ar. C-H), 2925 (Alk. C-H), 1625, 1600, 1470, 1433 (Ar. C=C),
869, 829 (Alk. C-H). MS: m/z 361 [M"].

oG

1-Naphthylindole was synthesized as described before [199].

K
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1-(1-(Naphthalen-1-yl)-1H-indol-3-yl)-5-(naphthalen-1-yl)-5H-
benzo[b]carbazole (14). To a mechanically stirred solution of 1-naphthylindole
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(0.520 g, 2.2 mmol) and o-phthaldialdehyde (0.143 g, 1.1 mmol) in chloroform
(3ml), POCI3 (0.097 ml, 1.06 mmol) was added drop-by-drop. The resulting solution
was stirred at room temperature for 40 min and then quenched with saturated
NaHCOs solution. The crude product was extracted with dichloromethane, filtered,
and the solvent was evaporated. The obtained product was purified by performing
silica gel column chromatography using ethylacetate:hexane mixture (1:4) as an
eluent. The yield of a yellowish powder was 0.372 g (60%). MW=584.23 g/mol.
CasH2sN2. 'H NMR (400 MHz, CDCls) & 8.24-8.03 (m, 5H), 8.02-7.94 (m, 1H),
7.89-7.79 (m, 3H), 7.79-7.66 (m, 3H), 7.64-7.51 (m, Ar., 4H), 7.50-7.39 (m, Ar.,
4H), 7.37-7.26 (m, Ar., 4H), 7.22-7.13 (m, Ar., 2H), 7.04-6.94 (m, Ar., 2H). 3C
NMR (101 MHz, CDCls) & 138, 134, 132, 131, 130, 128, 126, 125, 124, 123, 120,
119, 110, 109, 104. ATR-IR (solid state on ATR, cm?): 3051 (Ar. C-H), 1566,
1467, 1412 (Ar. C=C), 862, 834 (Alk. C-H). MS: m/z 585 [M*].
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5-Methyl-6-(1-methyl-1H-indol-3-yl)-5H-benzo[b]carbazole  (15). To a
mechanically stirred solution of 1-methylindole (0.78 ml, 5.96 mmol) and o-
phthaldialdehyde (0.4 g, 2.9 mmol) in methanol (10 ml), p-toluenesulfonic acid
monohydrate (0.552 g, 2.9 mmol) was added. The product precipitated from the
reaction mixture after stirring at room temperature for 15 min. The product was
purified by performing silica gel column chromatography using ethylacetate:hexane
mixture (1:4) as an eluent. The yield of yellowish-white crystals was 0.804 g (77%).
MW=360.16 g/mol. CzHzoN2. M.p. 241 °C (DSC).*H NMR (400 MHz, CDCls) &
8.71 (s, Ar., 1H), 8.33 (d, J=7.6 Hz, Ar., 1H), 8.15 (d, J=7.8 Hz, 1H), 7.83 (d, J=8.6
Hz, Ar., 1H), 7.56 (d, J=8.6 Hz, Ar., 2H), 7.48-7.27 (m, Ar., 7H), 7.12 (dd, J=14.5,
6.8 Hz, Ar., 1H), 4.04 (s, —CHs, 3H), 3.34 (s, —CHs, 3H). 3C NMR (101 MHz,
CDCls) 6 144, 140, 136, 133, 130, 129, 128, 127, 125, 124, 123, 122, 120, 119, 118,
111, 110, 109, 108, 33, 31. ATR-IR (solid state on ATR , cm™): 3052 (Ar. C-H),
2923 (Alk. C-H), 1602, 1541, 1476, 1435 (Ar. C=C), 884, 860 (Alk. C-H). MS: m/z

/N
O
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5-(Naphthalen-1-yl)-6-(1-(naphthalen-1-yl)-1H-indol-3-yl)-5H-
benzo[b]carbazole (16). To a mechanically stirred solution of 1-naphthylindole
(0.204 g, 0.838 mmol) and o-phthaldialdehyde (0.056 g, 0.419 mmol) in methanol (4
ml), p-toluenesulfonic acid monohydrate (0.0079 g, 0.042 mmol) was added. The
product precipitated from the reaction mixture after stirring at room temperature for
24 h. The product was purified by performing silica gel column chromatography
using ethylacetate:hexane mixture (1:4) as an eluent. The yield of a yellowish-white
solid was 0.101 g (70%). MW=584.42 g/mol. CxsHi7N.. *H NMR (400 MHz,
CDCls) 8 8.21 (d, J=8.0 Hz, Ar., 1H), 8.05 (d, J=8.4 Hz, Ar., 1H), 7.87 (d, J=8.3 Hz,
Ar., 1H), 7.84 (d, J=8.5 Hz, Ar., 1H), 7.59 (m, Ar., 2H), 7.50-7.27 (m, Ar., 6H),
7.10-7.03 (m, Ar., 1H), 6.99 (d, J=7.3 Hz, Ar., 1H), 6.77 (d, J=8.9 Hz, 1H), 6.70 (m,
Ar., 1H), 6.67 (m, Ar., 1H). 3C NMR (101 MHz, CDCls) § 129, 128, 127, 127, 124,
123, 122, 120, 119, 118, 110, 110. ATR-IR (solid state on ATR, cm™): 3051 (Ar. C—-
H), 1596, 1467, 1439 (Ar. C=C), 881, 800 (Alk. C-H). MS: m/z 585 [M*].

The general procedure was used for the synthesis of the following compounds 18-
22. 4,4’-Difluorobenzophenone (1.1 mmol) and an N-heterocyclic compound
(1,2,3,4-tetrahydrocarbazole,  2-phenylindole,  3,6-di-(tert-butyl)-9H-carbazole,
phenoxazine or 3-(4-vinylbenzyl)-2-phenyl-1H-indole (2.2 mmol) were dissolved in
DMSO (8 mL). Potassium tert-butoxide (11 mmol) was added to the solution while
vigorously stirring. The suspension mixture was stirred at room temperature for 24 h
under nitrogen atmosphere. The mixture was poured into ice—water (60 mL) and
filtered. The obtained crude product was purified by performing column
chromatography on silica using ethylacetate:n—hexane mixture (1:3) as an eluent.

17
Bis[4-(1,2,3,4-tetrahydrocarbazol-9-yl)phenyl]methanone (17). The vyield of
yellowish crystals was 0.103 g (66%). MW=520 g/mol. Cs7H32N>O. M.p. 168-169
°C. 'H NMR (400 MHz, CDCls) & 8.05 (s, 4H), 7.56 (s, 6H), 7.41 (s, 2H), 7.16 (s,
4H), 2.85 (s, 4H), 2.69 (s, 4H), 1.95 (s, 8H). *C NMR (101 MHz, CDCI3) § 194,
144, 136, 135, 132, 130, 128, 126, 121, 119, 117, 109, 31, 23, 21. ATR-IR (solid
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state on ATR, cmt): 3048 (Ar. C-H), 2927 (Alk. C-H), 1569 (Ar. C=0) 1230 (Alk.
C-N), 827 (Alk. C-H). MS: m/z 521 [(M+H)"].
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Bis[4-(2-phenyl-1H-indol-1-yl)phenyl]methanone (18). The yield of yellowish
crystals was 0.173 g (68%). MW=564 g/mol. CsH2sN.O. M.p. 155-156 °C. H
NMR (400 MHz, CDCI13) 6 7.70-7.62 (m, 8H), 7.45 (s, 4H), 7.33 (t, J=7.4 Hz, 4H),
7.21 (d, J=7.1 Hz, 4H), 7.13 (t, J=7.4 Hz, 4H), 6.84 (s, 4H). **C NMR (101 MHz,
CDCI3) & 194, 137, 136, 132, 129, 127, 125, 122, 120, 110, 99, 77, 28. ATR-IR
(solid state on ATR, cm™): 3048 (Ar. C-H), 2923 (Alk. C-H), 1598 (Ar. C=0) 1238

(Alk. C-N), 833 (Alk. C—H). MS: m/z 565 [(M+H)*].

(0]
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Bis[4-(10H-phenoxazin-10-yl)phenyllmethanone (19). [200] The yield of orange
crystals was 0.074 g (37%). MW=544 g/mol. Cs7H24N,03. M.p. 248-249 °C.'H
NMR (400 MHz, CDCls) & 8.08 (d, J=8.4 Hz, 4H), 7.51 (t, J=8.6 Hz, 4H), 6.74—
6.63 (m, 8H), 6.61 (td, J=7.6, 1.8 Hz, 4H), 5.99 (dt, J=10.9, 5.4 Hz, 4H). 3C NMR
(101 MHz, CDCls) 6 144, 143, 136, 133, 132, 130, 129, 128, 125, 123, 115, 113.

ATR-IR (solid state on ATR, cm™): 3048 (Ar. C-H), 2970 (Alk. C-H), 1738 (Ar.
C=0) 1290 (Alk. C—N),1268, 1044 (Alk. C-0O), 833 (Alk. C-H). MS: m/z 544 [M"].

0y

3,6-Di-(tert-butyl)-9H-carbazole was synthesized as described before [99].
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Bis[4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenylJmethanone (20). [201] The yield
of yellowish crystals was 0.132 g (43%). MW=722 g/mol. CssHssN-0. M.p.>270 °C.
'H NMR (400 MHz, CDCls) & 8.12 (d, J=7.7 Hz, 8H), 7.76 (d, J=8.4 Hz, 4H), 7.48
(d, J=0.8 Hz, 8H), 1.46 (s, 36H).23C NMR (101 MHz, CDCI3) & 193, 143, 142, 137,
131, 125, 123, 116, 109, 34, 31. ATR-IR (solid state on ATR, cm™): 3048 (Ar. C-
H), 2955 (Alk. C-H), 1679 (Ar. C=0) 1291 (Alk. C-N), 843 (Alk. C-H). MS: m/z
723 [M+].
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4. Results and Discussion
4.1. 2-Phenylindole Twin Compounds
4.1.1. Design and Synthesis

The aim of this research was the synthesis of a series of new 2-phenylindole
twin compounds containing reactive functional groups with the direct and double C—
C bond containing linkages between the aromatic moieties. The influence of the
linking topology of the chromophores on the thermal, optical, photophysical and
photoelectrical properties of the materials was explored.

The synthetic routes to the twin derivatives of 2-phenylindole are shown in
Scheme 4.1. In the first step, 2-phenylindole-3-carbaldehyde was condensed via
McMurry reaction so that to obtain the intermediate 1,2-bis(2-phenyl-1H-indol-3-
ylethene. TiCls and Zn were used as catalysts in this reaction. The resulting
precursor compound was obtained after the crystallization in good yield (75%).

4
O
2-phenylindole- 1,2-bis(2-phenyl-
3-carbaldehyde 1H-indol-3-vl)ethene

- —

2-phenylindole 2-phenyl-3-(2-phenyl-
1H-indol-3-yl)-1H-indole

4 5 6

1,7 2 3
~o~N A AL O

Scheme 4.1. Synthesis of 2-phenylindole derivatives

R

The other intermediate compound, 2-phenyl-3-(2-phenyl-1H-indol-3-yl)-1H-
indole was prepared by the oxidative coupling of 2-phenylindole while using FeCls.
This mild and selective method gave the yield of the precursor of 55%.

The last step in the synthesis of the target compounds was the introduction of
the reactive functional groups, and, for the comparison of the properties, alkyl chains
or benzyl groups by the interaction of the intermediate products with the
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corresponding alkyl halides in the presence of potassium tert-butoxide. All the target
compounds were isolated and purified by performing column chromatography and
characterized by using NMR, IR and MS. The synthesized compounds are soluble in
common organic solvents.

4.1.2. Thermal Properties and Polymerization

The thermal transitions and thermal stability of materials 1-7 were studied by
performing DSC and TGA. The thermal characteristics are outlined in Table 4.1.

Table 4.1. Thermal characteristics of the twin derivatives of 2-phenylindole
derivatives 1-7

Compound T, °C Tg, °C Tcr, °C Tpso, °C
1 181 -2 - 2150
2 - 95 - 245
3 191 68 - 214
4 187 44 - 228
5 75 - - 252
6 156 - 133 207
7 - 120 - 2200

Twm — the melting point observed at the first heating scan of the DSC measurement; T — the
glass transition temperature from the second DSC heating scan; Tcr — the crystallization
temperature; Tpse — the 5% weight loss temperature obtained from TGA curves; @ — not
detected; P — the weight loss temperature of the products of thermal polymerization during the
TGA measurement

Compounds 1, 3-6 were obtained as crystalline substances after
crystallization from a solution whereas compounds 2 and 7 were obtained as
amorphous materials. The crystalline nature of the materials was confirmed by DSC
measurements. Such well-defined melting signals as sharp single endothermic peaks
appeared in the curves of the first heating scans for the samples of 1, 3-6. The
difference between the Ty of the double-bonded (1, 3 and 4) and single-bonded (5-
6) compounds can be explained by the different molecular flexibility. The
chromophores of the latter compounds can easily rotate as they are directly linked
whereas the 2-phenylindole fragments in compounds 1, 3 and 4 are linked via a
double bond, and the molecules are almost fixed in planar conformations; thus they
can hardly change their shapes.

During the cooling scans of DSC, the ability of glass-formation was confirmed
for diindolylethenes 2—4 and for compound 7. Their T¢ ranged from 44 to 120 °C.
The highest glass transition temperature was detected for the derivative with the
vinylbenzyl group (7). It can be assumed that the incorporation of the relatively
bulky vinylbenzyl group decreased the flexibility of the molecule. Compound 6
crystallized on cooling instead of forming molecular glass.
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DSC thermograms of compound 1 are shown in Figure 4.1. Compound 1
containing two vinylbenzyl groups showed an exothermic signal after the melting
signal in the first heating scan. This signal can be assigned to the self-polymerization
[202] which starts at 180 °C. No glass-transition was observed for the product of
polymerisation during the subsequent cooling and heating scans.

ATR-FTIR monitoring (Figure 4.1. b) of the polymerization process of
monomer 1 revealed the decrease of the intensity of the signals of vinyl groups at
990-900 cm™! in the IR spectra in the process of thermal curing. It can thus be stated
that the cross-linked structure of compound 1 was formed [203].

1st cooling
polymerization
i |
o signal
E
@
° 2nd heating
B,
w
1st heating
0 50 100 150 200 250 800 900 1000 1100
a) Temperature, °C b) Wavelength, <:m"I

Figure 4.1. a) DSC thermograms of compound 1; b) IR spectra of compound 1 recorded
during thermal curing

Compounds 2-6 exhibited moderate thermal stability under nitrogen
atmosphere with 5% weight loss temperatures reaching 252 °C. The highest thermal
stability was observed for the alkyl-substituted derivatives 2 and 5. Derivatives 1
and 7 may have undergone thermal polymerisation during TGA measurements. The
values of 5% weight loss temperatures can be assigned to their products of
polymerization. The temperatures of the onset of thermal degradation of all the
compounds are rather similar; therefore, it can be assumed that the origin of the
linkage between 2-phenylindole moieties and the nature of the substituents at N-1
position of the indole moiety do not have any significant impact on the thermal
stability of the derivatives of 2-phenylindole.

4.1.3. Computational Studies and Optical Properties

Quantum chemical calculations were performed for compounds 1-7 by using
DFT/B3LYP/ 6-31 (d, p) method. The theoretical ground state geometries of twin
derivatives 1-7 showed that 2-phenylindole moieties of the central backbone are
flip-sided and not planar (Fig. 4.2). The dihedral angle of the indole moiety is
slightly twisted (~15°) in respect of the double bond linkage of compounds 1-4. In
the case of 5-7, the main backbone is further rotated, and the dihedral angle between
mirrored 2-phenylindole fragments is much higher (~60°). The attached phenyl rings
are nearly perpendicular to the indole moieties, and the dihedral angles exceed 65°.

HOMO are localized on the indole moieties in all the compounds (1-7).
LUMO are mostly localized on the phenyl rings with a small delocalization on the
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indole moiety for compounds 2—6. The orbitals of the LUMO of derivatives 1 and 7
are mainly localized on the vinylbenzyl fragments [204].

Optimized geometry HOMO LUMO

Figure 4.2. Optimized geometries and molecular orbital plots of compounds 2 and 7

To get more insight into the nature of the absorption bands of 1-7, TD-DFT
calculations were performed. The lowest energy bands, the oscillator strengths and
the molecular orbital contributions of the transitions from the ground state to the
excited states of molecules 1-7 are presented in Table 4.2. Theoretical and
experimental UV-VIS spectra are shown in Figure 4.3. The absorption spectra of the
dilute THF solutions (10 M) were recorded at ambient conditions.

Normalized absorption
Normalized absorption

250 300 350 400 450 250 300 350 400 450 500

a) Wavelength, nm b) Wavelength, nm

Figure 4.3. a) Experimental (10* M THF solutions) and b) theoretical UV-VIS spectra of
compounds 1-7

The nature of the theoretical and experimental absorption bands of compounds
1-4 is identical. However, two absorption bands overlap in the experimental spectra
of compounds 5-7. The lowest energy bands are characterized by small oscillator
strengths, and they are hidden under more intensive absorption bands.

The lowest energy bands of the experimental UV spectra of compounds 1-4
are batochromically shifted in comparison with the ones of compounds 5-7. This
could be explained by the larger conjugation systems of molecules 1-4 resulting in
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lower energy band gap values. The band gap values for compounds 1-4 are 2.84—
2.86 eV whereas those for compounds 5-7 are 3.43-3.48 eV. The experimental
lowest energy bands of the twin derivatives of 2-phenylindole 1-4 are influenced by
transition SO—S1 with the maxima of absorption at ~360 nm. Transition SO—S1
corresponds to the transition from HOMO to LUMO for these compounds. In the
case of compounds 5-7, the experimental lowest energy bands at ca. 307 nm can be
characterized as a combination of various transitions towards several excited states.

Table 4.2. Properties of the selected transitions and their contribution to UV-VIS
spectra of compounds 1-7 calculated at the B3LYP/6-31G (d, p) level

. Osc.
Compound fji :Ijlvn ij:: Ininv %Zﬁt;ifﬁ strznfth, Contribution (%)
1 361 400 S0—S1 0.3656 | H—L (60 %)
2 360 400 S0—S1 0.3128 H—L (95 %)
3 359 400 S0—S1 0.3218 H—L (97 %)
4 357 401 S0—S1 0.3130 H—L (96 %)
353 S0—S1 0.1311 H—L (97 %)
5 309 284 S0—S8 0.3599 | H-2—L (38 %)
H-1—-L+1 (48 %)
356 S0—S1 0.1800 | H—L (97 %)
6 307 284 S0—S12 0.3938 H-2—L (57 %)
H-1—-L+1 (29 %)
353 S0—S1 0.0635 H—L (79 %)
H—L+2 (19 %)
7 305 347 S0—S3 0.0714 | H—L (19 %)
H—L+2 (78 %)
283 S0—S15 03149 | H-2—L+2 (56 %)
H-1—-L+3 (20 %)

4.1.4. Luminescence Properties

Photoluminescence spectra of the dilute THF solutions (10* M) and of thin
films were recorded at ambient conditions. The phosphorescence spectra of the
dilute THF solutions were recorded at 77 °K. Luminescence was excited with the
325 nm wavelength. Figure 4.4 depicts the fluorescence spectra of the dilute THF
solutions and of thin films of compounds 2 and 6 representing two different families
of the twin derivatives of 2-phenylindole. The photophysical characteristics of
compounds 1-7 are presented in Table 4.3.

The fluorescence spectra of the solutions of compounds are characterised by a
single vibrational peak at ~ 460 nm. All the excited states involved in the absorption
bands would relax and participate in the observed emission. The Stokes shift
determines the difference between the lowest energy absorption maxima Aaps and the
emission maxima Ap.. Since Jp. is in the same position, the Stokes shifts are
determined by the positions of the lowest energy absorption maxima. The increase
of the Stokes shift values of compounds 5-7 indicates that the latter compounds are
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affected much more by the geometrical relaxation during electronic transitions as
they are denoted by higher molecular flexibility.
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Figure 4.4. Fluorescence spectra of the dilute THF solutions and of the thin films of
compounds 2 and 6. Aex=325 nm

Table 4.3. Photophysical, electrochemical and photoelectrical characteristics of the
twin derivatives of 2-phenylindole

Compound 1 2 3 4 5 6 7
Labs, nm 360 359 360 355 307 308 304
g ApL. nm 467 463 458 472 466 450 462
:;E Stokes shift, nm 107 104 98 117 159 142 158
“ Ak, T 397 369 374 359 305 308 309
Et, eV 2.29 229 2.29 2.29 2.30 2.30 2.30
g APL. nm 472 480 471 471 486 478 464
Lg hry, nm 541 541 542 541 539 539 540
Z Stokes shift, nm 101 111 98 112 181 170 155
Eox onset vaFe, V 0.20 0.06 0.13 0.12 0.51 0.42 0.57
IPpe, eV 5.22 5.16 5.52 5.51 5.54 5.79 5.61
IPcv, eV 5.2 5.16 5.23 5.22 5.61 5.52 5.67
EP, eV 284 | 286 | 294 | 286 | 358 | 354 | 343
EAcv, eV 2.38 2.30 2.29 2.36 2.03 1.98 224
= 3 HOMO, eV -4.44 -4.35 -4.54 -4.56 -4.77 -4.80 -4.87
% é LUMO, eV -0.92 -0.79 -0.98 -1.02 -0.71 -0.78 -0.91

ez

é '_'g Eg, eV -3.52 -3.56 -3.56 -3.54 -4.06 -4.02 -3.96

Aabs — the wavelengths of the absorption maxima; ArL— the wavelengths of the emission maxima; Stokes
shift=Ar—Aabs; Eox onset vs.Fc — the onset oxidation potential of the sample vs. the onset oxidation potential
of ferrocene; IPpe — the ionization potential estimated by the electron photoemission in air method; 1Pcv
— the ionization potential estimated by CV as IPcv=Eonset ox vs.Fc+5.1 €V; E¢° — the optical band gap
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estimated as 1240/Aabs onset where Aabs onset IS the wavelength of the onset of absorption; EAcv — electron
affinity estimated as EAcv=IPcv-E¢°"'; HOMO - the theoretically calculated HOMO energy; LUMO —
the theoretically calculated LUMO energy; Ec=HOMO-LUMO.

The solid samples of compounds 1-7 also exhibit well-resolved single peaks
although a slight red shift is observed in the fluorescence of the films in respect to
that of the solutions. This may indicate the influence of the neighbouring molecules.

The triplet energies Er were calculated from the maxima of the
phosphorescence spectra of the solid samples of compounds 1-7. The values were
found to be comparable (2.29-2.30 eV), and no influence of the linkage between 2-
phenylindole moieties could be identified. Such Er values make these compounds
suitable as host materials for green OLEDs.

4.1.5.Electrochemical and Photoelectrical Characteristics

For the successful application in (opto)electronic devices, electroactive
materials must be stable during electrochemical operation. During the application of
current to the sample solution of a compound, various redox processes take place.
Reversible oxidation may occur if, after the oxidation of the neutral molecule to the
radical cation, the molecule reduces to its initial state. If changes, such as the
appearance of a new wave, or the decrease of the current, occur in voltammograms
of multiple scans, such an electrochemical process is irreversible.

In addition, the energy needed to withdraw one electron from a molecule can
be determined from CV. The establishment of the energy level alignment is
important when combining all the components of the devices. The electron affinity
(EAcv) and ionisation potential (IPcyv) values are obtained from CV measurements
as these characteristics are of the condensed state. HOMO and LUMO levels can
determine the isolated molecule at the vacuum level [205].
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Figure 4.5. Cyclic voltammograms of compounds 2 (a) and 6 (b)

The electrochemical properties of derivatives 1-7 were studied by employing
the cyclic voltammetry (CV) technique. The electrochemical characteristics are
summarized in Table 4.3. The ionization potential values were determined from the
onset oxidation potentials after calibration against ferrocene (Fc/Fc*). The cyclic
voltammograms of diindolylethene 2 are shown in Figure 4.5 a.

57



The 2" and 3" positions of the indole moiety can be easily oxidized. In the
case of this series of compounds, both positions are blocked. Diindolylethene
derivatives 1-4 were found to be electrochemically stable. They exhibited two
reversible oxidation peaks in the repeated cycles of redox processes up to 1 V.
During the multiple scans of compounds 14, their CV curves retained their shape.
The cyclic voltammograms of biindole 6 are shown in Figure 4.5 b. The similar CV
curves were observed for compounds 5 and 7. Twin compounds 5-7, in which 2-
phenylindole moieties are linked via the single bond, exhibited irreversible oxidation
at 0.95 V, which can be attributed to the formation of radical cations, and to their
coupling during further scans. The new peak of the reversible oxidation appeared at
0.48 V. The lower oxidation potential values and the formation of stable radical
cations in the CV experiments of compounds 1-4 can apparently be explained by the
extended conjugation system due to the presence of ethenyl-containing linking
bridge of the diindolylethene derivatives. Whereas, in the case of compounds 5-7,
they are electrochemically stable only up to ~ 0.9 V.

Spectroelectrochemistry is a combination of two techniques: CV and
spectroscopy. This method allows more complex analysis of single and multiple
electron transfer processes through simultaneous determination of redox reactions
and of the associated species at once. For the qualitative insight in such processes
of compounds 1-4 observed on the electrodes during CV measurements,
spectroelectrochemical measurements were performed. Figure 4.6 shows the results
of UV-vis spectroelectrochemical measurements of compound 1.
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Figure 4.6. UV-vis spectra recorded during potentiostatic electrochemical oxidation of DCM

solution of compound 1

The process of electrochemical oxidation resulted in the decrease in the
intensity of the absorption peak at 360 nm in the potential range of 0.3-1 V and the
formation of one broad absorption band at 550 nm. This new absorption band can be
associated with the newly formed radical cation (polaron). This polaron band
disappears after applying the reduction potential of -0.5 V. The reversibility of the
electrochemical process on the electrodes is confirmed as the absorption spectra
after reduction of compound 1 are identical to the original one.
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The ionization potentials of the solid samples of compounds 1-7 were also
estimated by the electron photoemission in air method (Table 4.3). The trends were
found to be in good agreement with those observed by CV and theoretically
calculated HOMO levels. Derivatives 1-4 with the ethenyl-containing linkages
between 2-phenylindole moieties showed lower ionization potentials than
derivatives 5-7 in which the 2-phenylindole species are directly linked by the single
bond indicating the larger m-conjugation system of the former compounds. The
values of the ionization potentials of the researched diindolylethene derivatives 1-7
are also in the same trend with the experimentally and theoretically obtained energy
band gap E¢*" values. This is very important for the optimization of hole injection in
the active layers, and thus for balancing the electron and hole transport in
(opto)electronic devices.

4.1.6. Charge-Transporting Properties

Charge-transporting properties of the layers prepared by thermal vacuum
deposition were studied by employing the TOF technique. Electric field
dependencies of the hole-drift mobilities of the layers of compounds 1-4 are shown
in Figure 4.7 a. The values of hole-mobility of the layer of compound 3 were found
to be in the range from 2x10° to 7x10* cm?/Vs at the electric fields ranging from
1x10° to 1x10° V/ecm. This compound can be characterized as a low-dispersive
charge-transporting material (Figure 4.7 b).
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Figure 4.7. Electric field dependencies of the hole-drift mobilities of the layers of
compounds 1-4 at room temperature (a) and current transient pulses at different electric
fields for 3 (b)

The lower values of hole-mobility and the more dispersive charge transport
were observed for compounds 1 and 2. Such differences in the charge-transporting
properties of the investigated compounds can apparently be explained by the
different degree of ordering of the molecules in the solid layers [206]. The
continuous increase of the hole drift mobility values of compounds 14 with the
applied electric field implies the dominating role of energetic disorder. The values of
the hole mobility of the synthesized indole twin compounds are close to those of the
previously reported indole and N-phenyl-phenylenediamine-based enamines which
were used as hole-transporting materials in bilayer green fluorescence OLEDs [207].
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Hole mobilities of the layers of compounds 1-3 are higher than those of pyrido[2,3-
blindole derivatives which were used as the host materials for the fabrication of
highly efficient blue phosphorescent OLEDs [52]. To sum up, it can be stated that
these compounds could be used as hole-transporting layers of OLEDs.

4.2. Derivatives of 2-Phenylindole and Carbazole
4.2.1.Design and Synthesis

The strategy employed in this part of the work was to combine carbazole and
indole moieties in the design and synthesis of host materials for phosphorescent
OLEDs. The designed compounds were expected to exhibit high triplet energy
values as well as charge-transporting and glass-forming abilities. The design of these
materials was based on the idea that n-electron conjugation has to be interrupted in
the compounds. This can be achieved by the incorporation of a hybridized sp?
carbon atom.

9H-carbazole
i

2-phenylindole-
3-carbaldehyde

3-((9H-carbazol-3-yl)(2-phenyl- 8-10
1H-indol-3-yl)methyl)-9H-carbazole

2-phenylindole or
9H-carbazole bis(2-phenyl-1H-indol-3-yl)
- methane

3-hydroxymethyl-
2-phenylindole

3-((2-phenyl-1H-indol-3-yl)methyl)-
9H-carbazole

10

| 8 9
RO o

Scheme 4.2. Synthesis of 2-phenylindolylcarbazole derivatives

The routes to the synthesis of the derivatives of 2-phenylindole and carbazole
are shown in Scheme 4.2. During the first step, the mixture of 2-phenylindole-3-
carbaldehyde and 9H-carbazole was treated with HCIl so that to obtain the
intermediate compound 3-((9H-Carbazol-3-yl)(2-phenyl-1H-indol-3-yl)methyl)-9H-
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carbazole. Friedel-Crafts alkylation is a convenient method for coupling different
aromatic fragments. In this context, FeCl;, ZnCl,, AICl; and HCI are most
commonly used as catalysts [208]. The choice of hydrochloric acid resulted in a
relatively fast reaction with a moderate yield (56%).

For the formation of compounds 11 and 12, condensation of  3-
hydroxymethyl-2-phenylindole with 2-phenylindole and 9-ethylcarbazole while
using boron trifluoride diethyl etherate was performed. The rapid reaction resulted in
moderate yields of intermediate compounds (58-62%). The final step in the
synthesis of the target compounds was the introduction of the reactive functional
groups by the interaction of the intermediate products with the corresponding alkyl
halides in the presence of potassium tert-butoxide. All the target compounds were
obtained and purified by performing column chromatography. The resulting yields
of the alkylated compounds were 66-81%. The chemical structures were
characterised by NMR, IR and MS. The compounds were found to be soluble in
common organic solvents.

4.2.2. Thermal Properties

The thermal transitions and the thermal stability of materials 8-12 were
studied by DSC and TGA. The thermal characteristics of compounds 8-12 are
outlined in Table 4.4. TG curves and differential thermogravimetric (DTG) curves
are presented in Figure 4.8 a, b.

Table 4.4. Thermal properties of compounds 8-12

Compound T, °C Tg, °C Tcr, °C Tm, °C
8 -2 228e
9 110 54 242
10 134 268
11 120 284¢e
12 85 404®

Twm — the melting point observed at the first heating scan of the DSC measurement; T — the
glass transition temperature from the second DSC heating scan; Tcr — the crystallization
temperature; Tip — the initial weight loss temperature obtained from TGA curves; @ — not
detected; P — the weight loss temperature of the products of thermal polymerisation during the
TGA measurement

Compounds 9 and 11 were isolated as crystalline substances. The Tu values
were well defined from the sharp exothermic single peaks of the first heating scan
during DSC. It was not possible to transform them to the glassy state by cooling
from the melts. Compounds 8, 10 and 12 were isolated as amorphous materials. The
glass transition temperatures of compounds 10 and 12 were determined from the
cooling scan of the melts. The higher glass transition temperature of compound 10
can be explained by its higher molecular weight which determines the stronger
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intermolecular interaction in the solid state. We did not manage to detect the glass
transition temperature of compound 8. In the DSC heating scan, it only showed a
sharp endothermic signal at 246 °C due to sublimation.

The temperatures of the onsets of the thermal degradation of most of the
compounds were found to be rather moderate under nitrogen atmosphere. They were
found to be up to 268 °C. Derivatives 8, 11 and 12 may have undergone thermal
polymerisation during TGA measurements. The values of the onset weight loss
temperatures can be assigned to their products of polymerization. The similar indole
and carbazole hybrids reviewed in Chapter 4.2 also showed similar Tp values (281-
321 °C).
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Figure 4.8. TG (a) and DTG (b) curves of 2-phenylindolo-carbazole derivatives 1-5.
(Heating rate: 10 °C/min, N2 atm)

4.2.3. Polymerization

Photocross-linking of monomers 8 and 11 was studied by ATR-FTIR
spectrometry. For the measurements, the solution of a monomer (0.5M) containing 3
mol % of photoinitiator cyclopentadienyl(fluorene)iron(Il)hexafluorophosphate was
drop-cast on the surface of the ATR-FTIR analysis crystal, the solvent was
vapourised by heating at 40 °C for 15 min, and then the monitoring of the decrease
of the intensity of the absorption band of the vinyl group under exposure to an UV
radiation source was performed.

Figure 4.9 shows fragments of the FTIR spectra of the films of compounds 8
(a) and 11 (b) at different stages of photocuring. The fragments illustrate the
decrease of the intensity of the absorption bands of vinyl groups at 997 cm with the
increase of the time of photocuring (they were being photocured for 15 min). The
values of the insoluble fractions of the obtained materials were found to be 76% and
56%, respectively (estimated after the extraction of the samples with chloroform for
24h).
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Figure 4.9. Fragments of FTIR spectra recorded during the photocuring of the films of
compounds 8 (a) and 11 (b) containing 3 mol % of
cyclopentadienyl(fluorene)iron(ll)hexafluorophosphate

Polymerization of monomer 12 was performed in the solution, and the product
was characterized by gel chromatography. The weight average relative molecular
weight was determined to be 1870, and the number average molecular weight was
found to equal 1110. The thermal degradation temperature (474 °C) of the resulting
product was determined by the TG (see Figure 4.10), and it was 70 °C degrees
higher than the thermally-induced polymerization product of the monomer 12 onset
degradation temperature (404 °C). The glass transition temperature (120 °C)
obtained from the DSC curves was detected to be 62 °C degrees higher than the
monomer glass transition temperature (58 °C).

100 200 300 400 500 600 700 800
Temperature, °c
Figure 4.10. TG and DTG curves of the product of the polymerization of monomer 12

4.2.4. Computational Studies

Quantum chemical calculations were performed for compounds 8-12 by using
the DFT/B3LYP/ 6-31 (d, p) method. Theoretical ground state geometries revealed
that the carbazole and 2-phenylindole moieties in all the compounds are not on the
same plane. Figure 4.11 shows the molecular orbital plots of the optimised structures
of 8-12. The indole moiety is nearly perpendicular to the carbazole moieties (~85°)
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of compounds 8-10 and 12. The carbazole units in the molecules (8-10) are twisted
by ca. 152° in respect to each other. In the case of compound 11, the 2-phenylindole
fragments are twisted by 58°.

m-Electrons in the HOMO of derivatives 8-10 and 12 are delocalized over all
the carbazole-indole backbone, except for the phenyl- moiety, whereas the HOMO
of indole twin derivative 11 is delocalized over both indole moieties with the same
exception of the phenyl group. The LUMO of 8, 11 and 12 are delocalized over
vinylbenzyl fragments, while those of compounds 9 and 10 are delocalized on
carbazole moieties (Figure 4.11).
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Figure 4.11. Optimized geometries and molecular orbital plots (B3LYP/ 6-31G**) of
compounds 8-12
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4.2.5. Absorbance and Luminescence Properties

UV-vis and fluorescence spectra of the dilute THF solutions (10* M) of
compounds 8-12 were recorded. The luminescence was excited with 320 nm
wavelength. The UV-vis spectra of 8, 11 and 12 representing two different families
of the derivatives of 2-phenylindole and carbazole are shown in Figure 4.12 a. The
wavelengths of the absorption maxima of compounds 8-12 are summarized in Table
4.5.
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Figure 4.12. a) the absorption spectra of the dilute THF solutions of compounds 8, 11 and
12; b) the photoluminescence (the thick curves) and phosphorescence (the thin curves)
spectra recoded at 77 °K (b) of the dilute THF solutions of compounds 8-12. =320 nm

The derivatives absorb UV-vis radiation up to 375 nm. A comparison with the
absorption spectra of 9-ethylcarbazole (EtCz) and 2-phenylindole (Phl) can be made
[104]. EtCz has absorption peaks at 348, 330 and 298 nm. The influence of this
chromophore to the absorption behaviour of compounds 8 and 12 is significant as
their spectra are of the same origin. The lowest energy absorption maxima of Phl is
300 nm [104]. The broad and bathochromically shifted absorption band of
compound 11 with respect of the sole Phl moiety absorption band indicates the
enhanced interaction of the chromophores in the molecule. As DFT calculations
show that the delocalization of the HOMO of compound 11 differs mostly from the
other series derivatives, the absence of the additional carbazole moiety in 11 is
expected to have an impact on its photophysical and photoelectrical properties.

Photoluminescence spectra recorded at low (77 °K) temperatures of the dilute
THEF solutions of compounds 8-12 are shown in Figure 4.12 b. The wavelengths of
the photoluminescence PL intensity maxima are summarized in Table 4.5. The PL
spectra of compounds are characterized by the single peak. The fluorescence
maxima of EtCz is at 351 nm [104]. The red-shifted fluorescence of the compounds
can be attributed to the relaxation of the excited states in which the whole molecules
are involved. The relatively low Stokes shift values show that the molecules are
quite rigid and do not experience radical geometrical transformations upon
photoexcitation.

The triplet energy values were established from the dilute THF solutions of the
derivatives from their phosphorescence spectra at 77 °K. These values are higher
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than those previously reported for other host materials such as indole-carbazole
hybrids (2.62-2.99 eV) [104] and triindolylmethanes (2.97-2.99 eV) [209]. These
luminescence properties make the 2-phenylindole and carbazole hybrids suitable as
the hosts for blue PhROLEDS.

Table 4.5. Photophysical and electrochemical characteristics of compounds 8-12

Compound 8 9 10 11 12
Aabs, mm 259, 298, 259,298, 259,298, 262, 360, 298,
325,337 325,341 325,336 301, 352 327,342
P, nm 359 363 359 363 381
-E Es1, eV 3.45 342 3.45 342 3.25
E Stokes shift, nm 40 22 25 11 39
JpH, nm 407 410 407 425 430
Er, eV 3.04 3.02 3.04 201 2.88
AEst. eV 0.41 0.40 0.41 0.51 0.37
Eox onset v Fe, V 0.73 0.52 0.42 0.71 0.40
IPeE. eV 5.74 5.82 5.74 5.88 545
IPcv, eV 5.83 5.62 5.52 5.81 5.50
E;oPt eV 3.42 3.46 3.40 3.29 3.36
EAcv, eV 2.41 2.16 2.12 245 2.21
=3 HOMO, eV -4.99 -4.93 -4.95 -5.08 -5.01
-*u'; é LUMO, eV -0.91 -0.66 -0.66 -0.90 -0.92
'Eu % Ee eV 4.08 4.27 4.29 4.18 4.09

Aabs — the wavelengths of the absorption maxima; ArL— the wavelengths of the emission maxima; Stokes
shift=Ar—Aabs; ET — the triplet energy estimated as 1240/ApH; Eox Onset vsrc — the onset oxidation
potential of the sample vs. the onset oxidation potential of ferrocene; IPpe — the ionization potential
estimated by the electron photoemission in air method; IPcv — the ionization potential estimated by CV
as IPcv=Eonset ox vs.Fc+5.1 €V; Eg°"' — the optical band gap estimated as 1240/Aabs onset where Aaps Onset is
the wavelength of the onset of absorption; EAcv — electron affinity estimated as EAcv=IPcv—Eg™;
HOMO - the theoretically calculated HOMO energy; LUMO - the theoretically calculated LUMO
energy; Ec=HOMO-LUMO.

4.2.6. Electrochemical and Photoelectrical Properties

The electrochemical properties of the compounds were investigated by
employing the CV technique. The obtained oxidation potential as well as the IPcy
and EAcv values are summarized in Table 4.5. The oxidation potential was
determined form the onset of the first cathodic wave, while the ionization potential
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was determined from the oxidation potential after calibration against ferrocene. As
an example, cyclic voltammograms of compound 8 are shown in Figure 4.13 a.
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Figure 4.13. a) Cyclic voltammograms of compound 8; b) UV-vis spectra recorded during
potentiostatic electrochemical oxidation of compound 8

All the investigated compounds showed irreversible oxidation suggesting
electrochemical coupling. During the multiple scans, new reversible oxidation peaks
at around 0.65 V were observed for all the compounds. The ionisation potential
(IPcv) and the electron affinity (EAcv) values were estimated from the oxidation
onset potentials (Eox onset vs. Fc) and the optical band gaps (E¢°™). The theoretically
calculated HOMO and LUMO energy values were found to be in the same trend as
the experimental results. The resulting ionisation potential values as well as the
optical band gap values are higher than for the previously presented series of 2-
phenylindole derivatives 1-7 (see Chapter 4.1). This indicates a decreased =-
conjugation system in derivatives 8-12, which results in decreased delocalization of
w-electrons and higher ionization potential values.

In order to get insight into the electrochemical processes of compounds 8-12
which occur on the electrodes during CV measurements, a spectroelectrochemical
study was performed. Figure 4.13 b shows the results of UV-vis
spectroelectrochemical measurements for compound 8.

Figure 4.14. A possible structure of the product formed during the electrochemical coupling
of 2-phenylindole and carbazole derivatives 8-10. R refers to an alkyl group

During the process of electrochemical oxidation, the intensity of the absorption
peak at 342 nm in the potential range of 0.3-1.2 V did not change. A new absorption
band at ca. 520 nm was formed. This new absorption band can be associated with
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the newly formed radical cation (polaron). This polaron band disappeared after
applying the reduction potential of —0.9 V. The new broad absorption band also
appeared at 420 nm thus indicating the formation of a new polymeric structure on
the ITO working electrode. Although the newly detected polymeric structure was
not further investigated, it is known, that the C-3 and C-6 positions of carbazole are
the most active in anodic coupling reactions [210]. By taking these considerations
into account, the possible structure of the derivative is depicted in Figure 4.14. The
larger m-conjugation system of the formed polymeric structure is also confirmed by
its lower oxidation potential value (Figure 4.13 a).
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Figure 4.15. Electron photoemission spectra of compounds 8-12

The ionization potentials of the solid samples of compounds 8-12 were
estimated by the electron photoemission spectrometry in air. Electron photoemission
spectra are shown in Figure 4.15, and the results are summarized in Table 4.5. The
values of the ionization potentials recorded by electron photoemission spectrometry
were found to be close to those estimated by CV and ranged from 5.74 eV to 5.88
eV. The IP values would be suitable for efficient hole injection to the layers of these
materials.

4.2.7.Charge-Transporting and Layer Pattern Properties

Charge-transporting properties of the solid layers of compounds 9 and 12 were
studied by employing the method of space-charge-limited current (SCLC). The hole-
only devices with the following architectures were fabricated: ITO/m-MTDATA(20
nm)/ 9 or 12 (80 nm)/m-MTDATA(20 nm)/Al(60 nm). The layer of m-MTDATA
(4,4',4"-tris[3-methylphenyl(phenyl)amino]triphenylamine) was used as the hole-
injecting and electron-blocking layer.
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Figure 4.16. Current density vs voltage characteristics of the hole-only devices based on the
compound 9 and 12 layer

The similar current density vs. voltage dependencies were observed for
compounds 9 and 12 (Figure 4.16). The values of the zero-field hole mobility of
1.97x10° cm?V1st and 1.78x10° cm?V-1st for compounds 9 and 12, respectively,
were obtained by fitting the region (I1I), in which the SCLC occurred, of the
experimental current density vs. the voltage curve by employing Eq. 1 (see Figure
4.16). The disagreement between the experimental and fit curves can be explained
by considering the existence of hole traps in 9 and 12 which can occur due to the
volume or morphology effects in the solid state layers [211]. An additional
explanation of this phenomenon can be the absent Ohmic contact which is required
for the SCLC method in the hole-only devices [212]. Region | is the Ohmic region
while Region Il can be caused by injection-limited behaviour, trap filling, or built-in
voltage [212].

The layer patterns were investigated by using two methods: atomic force
microscopy and X-ray diffraction. AFM measurements were performed for vacuum
deposited light-emitting layers 9:Ir(ppy)s and 12:Ir(ppy)s on glass substrates. The
AFM topographical images are shown in Figure 4.17 a. The topography of
9:1r(ppy)s shows a relatively homogeneous surface with the morphological features
having the mean height of 1.18 nm and the root mean square roughness (Rq) of 0.36
nm. The surface of 9:Ir(ppy)s is dominated by peaks with the skewness (Rs) value of
0.79 and has a leptokurtic distribution of the morphological features with the
kurtosis (Rk) value of 4.67 thus indicating relatively many high peaks and low
valleys. In contrast to 9:Ir(ppy)s, the 12:Ir(ppy)s surface is rougher with randomly
oriented surface mounds having a mean height of 3.60 and the R, value of 1.24 nm.
The surface of 12:Ir(ppy)s exhibited a relatively similar symmetry and the
leptokurtic distribution of the morphological features with Rs and Ry, values of 0.58
and 4.42, respectively. Both light-emitting layers, 9:Ir(ppy)s and 12:1r(ppy)s, exhibit
quite low roughness values which are acceptable for structuring OLEDSs as the low
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roughness values of the host:guest emission layers contribute to the higher
brightness and efficiency of PhROLEDs [213].
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Figure 4.17. a) AFM topographical images with normalised Z axis in nm of light-emitting
layers of 9:1r(ppy)s (a) and 12:1r(ppy)s (b). The images were acquired in air by using the
contact mode; b) X-ray diffraction patterns of the light-emitting layers 9:Ir(ppy)s (a) and

12:1r(ppy)s (b)

The X-ray diffraction patterns at the grazing incidence angle of 1.0° of 9:Ir(ppy)s
and 12:Ir(ppy)s thin films are shown in Figure 4.17 b. The broad reflex at about
20=23.6° in both diffractograms indicates the amorphous character of thin films.
Since crystallization and aggregation significantly affect the stability and lifetime of
the device, such amorphous layers as those of 9:lr(ppy)s and 12:Ir(ppy)s are
favourable for OLEDs [214]. In addition, amorphous materials exhibit excellent
processability, homogeneity and isotropic properties, which are also required for the
highly efficient OLEDs [215].

4.2.8.Green and Blue Phosphorescent Organic Light Emitting Diodes

In order to study the performance of compounds 9 and 12 as hosts, simple
green PhOLEDs were produced. In the devices with the structures of ITO/m-
MTDATA (25 nm)/9 or 12:1r(ppy)s(15 nm)/Bphen (30 nm)/Ca:Al (devices A and B,
respectively), 4,4',4"-tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA) was
used as the hole-transporting material, and 4,7-diphenyl-1,10-phenanthroline
(Bphen) was employed as the electron-transporting material. So that to prepare the
emitting layers 9:Ir(ppy)s and 12:Ir(ppy)s for devices A and B, hosts 9 and 12 were
doped with tris[2-phenylpyridinato-C2,N]iridium(I1l) (Ir(ppy)s) as a green
phosphorescent emitter. Efficient exciton confinement on the dopant Ir(ppy)s was
expected due to the relatively high triplet levels of 3.02 eV and 2.88 for compounds
9 and 12 (Table 4.6) [193].

The electroluminescence (EL) spectra of devices A and B are shown in Figure
4.18. The fabricated PhOLEDs were characterized by green emissions with the
intensity maxima at ca. 510 nm thus confirming the radiative recombination of
excitons on Ir(ppy)s. However, low intensity blue emission with the intensity
maxima at ca. 430 nm was observed in the electroluminescence spectra of both
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PhOLEDs. The wavelengths of these emissions were close to that of
photoluminescence of m-MTDATA showing that the recombination of excitons
occurred not only in the emitting layers but also in the hole-transporting layer of
devices A and B. In order to avoid the recombination of excitons in the hole-
transporting layer, either an additional electron-blocking layer or an exciton-
blocking layer are required [216].
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Figure 4.18. EL spectra of PhOLEDSs recorded at different applied voltages

The similar shapes of electroluminescence spectra at the different applied
voltages for both devices were observed. However, the intensity of the blue
emissions increased in the EL spectra of the PhOLEDs with the increase of the
applied voltage. The CIE coordinates were (0.29; 0.59) and (0.35; 0.64) which were
calculated for the EL at 8 V for devices A and B, respectively. The superior colour
purity was observed for device A.
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Figure 4.19. Energy-band diagrams of devices A and B

The efficiency curves of the PhROLEDs are shown in Figure 4.20 b—d. Devices

A and B based on hosts 9 and 12 exhibited the maximum current efficiency, power
efficiency, and external quantum efficiency of 4.2 and 10.3 cd/A, 2.5 and 7.2 Im/W,
1.2% and 2.9% respectively in the absence of light out-coupling enhancement. The
external quantum efficiencies of 1.05% and 2.24% at 1000 cd/m? were recorded
(Figure 20 b—d) thus showing efficiency roll-offs of 12.5% and 22.7% for devices A
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and B, respectively. The external quantum efficiencies of PhOLEDs decreased at a
high current density and high exciton concentrations apparently due to the
unbalanced charges and quenching effects [217].

The luminance and efficiency characteristics of devices A and B are plotted in
Figure 4.20.
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Figure 4.20. Electroluminescence characteristics of devices A and B: current density and
luminance versus voltage (a), current efficiency versus current density (b), power efficiency
versus current density (c), external quantum efficiency versus current density (d)

Both devices were characterised by the relatively low values of the turn-on
voltage (Von=3.7 for device A and Vo,=3.1 V for device B), which confirms the
highly efficient injection from the electrodes and the transport of holes and electrons
to the emission layers (Figure 4.19). The driving voltage of 4.9 V at 1000 cd/m? was
observed for device B, and it was 1 V lower than that observed for device A (Figure
4.20). This observation indicates a better charge balance in device B than that in
device A owing to the better charge injection due to the more appropriate HOMO
and LUMO levels of the active layers (Figure 4.19). The higher maximum
brightness of ca. 11900 cd/m? was recorded for device B than that observed for
device A (5700 cd/m?) (Figure 4.20). The higher brightness and the lower driving
voltages observed for device B compared to those recorded for device A shows the
more effective exciton recombination and the radiative transition in the emitting
layer with host 12 [218].
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4.3.Benzo[b]carbazole Derivatives
4.3.1.Design and Synthesis

In this part of the work, for the synthesis of efficient luminescent and charge-
transporting materials, regioselective acid-catalyzed reactions of 1-methyl and 1-
naphthylindole with o-phthalbenzaldehyde in the presence of phosphorus (V)
oxychloride or p-toluenesulfonic acid were employed. The influence of the
substitution pattern of the benzo[b]carbazole moiety on the thermal, photophysical
and photoelectrical properties was investigated.
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acid monohydrate O N O
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Scheme 4.3. Synthetic scheme of benzo[b]carbazole derivatives 13-16

16

The synthesis of the derivatives of benzo[b]carbazoles is shown in Scheme
4.3. The combination of 2,3-unsubstituted indole and o-phthaldialdehyde in the
presence of acid catalysts produces a promising aromatic fragment [219]. The use of
phosphoryl chloride in chloroform produced methyl- and napthyl- substituted 6-(3-
indolyl)benzo[b]carbazoles 13 and 14 in good yields (70-77%), whereas the use of
p-toluenesulfonic acid in methanol allowed rapid reactions which yielded isomeric
methyl- or naphtyl-substituted 11-(3-indolyl)benzo[b]carbazoles 15 and 16 in
slightly lower yields (44-60%).

The efficient and easy synthesis of benzo[b]carbazoles employing different C-
5 and N-substituted indoles significantly facilitated the synthesis of new efficient
electroactive materials.

All the target compounds were obtained and purified by performing column
chromatography and characterised by using NMR, IR and mass spectrometry
methods. They were found to be soluble in common organic solvents.
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4.3.2. Thermal Properties

The thermal transitions and stability of compounds 13-16 were investigated by
DSC and TGA. The data is outlined in Table 4.6. DSC thermograms of compounds
13 and 15 are shown in Figure 4.21.

Table 4.6. Thermal characteristics of benzo[b]carbazole derivatives

Compound 13 14 15 16
T, C 90 107 89 116
T, 'C 241 -a 172, 186 -

T, T 322 413 320 409

Twm — the melting point observed at the first heating scan of the DSC measurement; T — the
glass transition temperature from the second DSC heating scan; Tcr — the crystallization
temperature; Tip — the initial weight loss temperature obtained from TGA curves; @ — not
detected.

Compounds 13 and 15 having lower molecular weights were isolated as
crystalline substances. However, DSC studies (Figure 4.21) showed that these
compounds can exist in both crystalline and amorphous states. The Ty of compound
13 was defined by a sharp single peak appearing during the first heating scan of
DSC. In the case of compound 15, two endothermal melting peaks appeared during
the heating scan, which indicates polymorphism.
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Figure 4.21. DSC thermograms of compounds 13 and 15

During the cooling scans, both compounds showed transition to the glassy
state. The isomers (13 and 15) showed comparable values of T¢ (86 °C and 88 °C,
respectively). Compounds 14 and 16 were isolated after the synthesis and
purification as solid amorphous substances. No endothermic signals were observed
during the heating scan of these compounds. These isomers also showed similar
glass transition temperatures (107 °C and 116 °C, respectively). The slightly higher
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Te of compound 16 can apparently be explained by the steric hindrance preventing
the rotation of naphthyl- and naphthylindolo substituents around the C—-N and C-C
bonds, respectively. In the case of compounds 13 and 15, the plasticizing effect of
methyl- substituents is apparently the reason for the lower T values.

The derivatives featuring naphthyl- substituents (14 and 16) exhibited
considerably higher thermal stability than their methyl-substituted counterparts 13
and 15. Thus the initial weight loss temperatures of compounds 13 and 15 were
found to be 322 °C and 320 °C whereas those of 14 and 16 were 413 °C and 409 °C,
respectively. The higher thermal stability of compounds 14 and 16 can apparently be
explained by the stronger intermolecular interaction of the molecules of 14 and 16
due to their higher molecular weight and bulkier substituents.

4.3.3.Computational Studies

Optimized geometry

LUMO

HOMO

4
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Figure 4.22. Optimized geometries and molecular orbital plots (B3LYP/ 6-31G**) of
compounds 13-16

In order to get an insight into the molecular and electronic structures of
compounds 13-16, density functional theory (DFT) calculations were performed.
The ground-state geometries were optimised by using DFT with the B3LYP hybrid
function at the basis-set level of 6-31 (d, p) method. The optimised geometries as
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HOMO and LUMO for the optimized ground state geometries of the molecules are
shown in Figure 4.22.

The theoretical ground state geometries of the benzo[b]carbazole derivatives
13-16 show that the substituents and the central benzo[b]carbazole moiety are not
situated on one plane. The indole moieties are perpendicularly oriented (84-107°) to
the benzo[b]carbazole backbone. In the case of compounds 14 and 16, naphthyl-
substituents form dihedral angles of 69-123° with respect to the benzo[b]carbazole
or indole moieties.

The distribution of the electron density in HOMO is very similar for all the
studied compounds. HOMO electrons are localized mainly on the benzo[b]carbazole
moiety. The LUMO of 13 and 15 are localized over the benzo[b]carbazole fragment,
whereas the LUMO of compounds 14 and 16 are localized on naphthyl moieties.

4.3.4. Photophysical Properties

The UV-vis and fluorescence spectra of the dilute THF (10 M) solutions and
of thin films of compounds 13-16 were recorded at ambient conditions. The UV
spectra are shown in Figure 4.23. The characteristic spectral data of the compounds
are summarised in Table 4.7.
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Figure 4.23. UV spectra of the THF solutions (10 M) of benzo[b]carbazole derivatives 13—
16
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The derivatives absorb UV radiation in the range of up to 330 nm. The
absorption bands of the solutions of the compounds are all in the similar range and
are virtually not influenced by the nature of the substituent on the indole moiety.
The optical band gap energy values estimated from the absorption band edges of the
solutions of compounds 13-16 were found to be 3.76 eV. These values correlate
well with the theoretically calculated optical band gap values ranging from 3.60 eV
to 3.70 eV.

The emission spectra recorded at room and low (77 °K) temperatures of the

dilute solutions and thin films of compounds 13-16 are shown in Figure 4.24 a, b.
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The wavelengths of the photoluminescence (PL) intensity maxima are summarized
in Table 4.7.
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Figure 4.24. Photoluminescence (a — THF solutions; b — thin films) recorded at room
temperature. Aex=320 Nm

The emission spectra of the derivatives of indolylbenzo[b]carbazole THF
solutions depend on the substitution pattern at the benzo[b]carbazole moiety. The PL
spectra of derivatives 13 and 14, showing a substitution at C-6 position, are
characterized by two peaks. The PL spectra of derivatives 15 and 16 featuring
substituents at C-11 position of the central backbone are characterized by a single
peak at ca. 437 nm. The difference originates from the smaller conjugated n-electron
system of compounds 13 and 14. which results in the emission from two isolated
fluorophores: naphthyl- and indole. The origin of the C-N substitution slightly
impacts the blue shift of the spectra of methyl-substituted derivatives 13 and 15. The
PL spectra of the neat films are located at the similar wavelengths as those of dilute
solutions but are less influenced by the origin of the substituents. They are
characterized by the single peak at ca. 430 nm.

The triplet energy levels established from the phosphorescence spectra of the
dilute solutions of the compounds at 77 K were found to be rather low (2.18-2.23
eV). These values correlate well with the theoretically calculated triplet energy
values (2.21-2.26 eV).

The photoluminescence quantum yields (PLQY) of the dilute solutions of
compounds 13-16 in THF solutions range from 39% to 69%. They were found to be
dependent on the substitution pattern. The PLQY of the solutions of compounds 13
and 14 having substituents at C-6 position of the benzo[b]carbazole moiety were
found to be considerably higher than those of compounds 15 and 16 featuring
substituents at C-11 position. The PLQY values of the solid samples were found to
be considerably lower than those of the dilute solutions and less dependent on the
substitution pattern. The rather low PLQY of the solid samples can apparently be
explained by the aggregation-induced quenching. For compound 14, having bulky
substituents on both sides of the benzo[b]carbazole moiety, aggregation-induced
guenching is expressed to the less extent.
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Table 4.7. Photophysical properties of benzo[b]carbazole derivatives

Compound 13 14 15 16
A aBs, nm 321,336 321,334 321, 336 321,336
) pL. nm 432,454 427, 442 437 430
) pr, M 568 569 569 556
8| Stokes shift, nm 96 03 101 94
E Es, eV 2.73 2.81 2.84 2.88
E Er, eV 2.18 2.18 2.18 2.23
AEsr, eV 0.55 0.63 0.66 0.65
E%%, nm 3.76 3.76 3.76 3.76
QY. % 67 63 40 39
—_— 252,278, 277,322, 221,277, 287,324,
; 286 336 286 339
= Jer, nm 430 428 437 430
E Stokes shift, nm 144 92 151 91
QY. % 9 18 8 6

Aabs — the wavelengths of absorption maxima; Ap.— the wavelengths of emission maxima;
Stokes shift=Ae-Aabs; ET— the triplet energy estimated as 1240/Apn; Eox ONSet VS.gc — the onset
oxidation potential of the sample vs. the onset oxidation potential of ferrocene.

The Stokes shift values of the indolo and benzo[b]carbazole derivatives are
almost the same in solutions, whereas, in the solid state, the dependence of the C-N
substituents on the Stokes shift is noticeable. The enhanced rigidity of the naphthyl-
substituted indolylbenzo[b]carbazole does not influence the Stokes shift values as
they remain the same in the solid state and the solution. The Stokes shift values of
the unstacked methyl-substituted indolylbenzo[b]carbazole derivatives are highly
influenced by the state of aggregation. The freely rotatable unstacked indole moiety
is crucial to the large Stokes shifts of these folded chromophores in the solid state.

4.3.5. Electrochemical and Photoelectrical Properties

The electrochemical properties of the compounds were investigated by
performing cyclic voltammetry (CV). The resulting data is summarised in Table 4.8.
Cyclic voltammograms of compounds 13-16 are presented in Figure 4.25.

All the investigated compounds showed reversible oxidation thus suggesting
electrochemical stability up to 1.2 V. During multiple scans, no new oxidation peaks
were observed. The onset oxidation potential values of derivatives 13 and 15
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featuring methyl-substituted nitrogen atoms were found to be lower than those of the
naphthyl-substituted compounds. The solid-state ionization potential (IPcv) and the
electron affinity (EAcv) values were estimated from the oxidation onset potentials

(Eox onset vs.rc) and the optical band gaps (E¢).
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Figure 4.25. Cyclic voltammograms of 0.1M DCM solutions of compounds 13-15.
Ferrocene was used as the internal standard

The IPcy values were found to be lower for the methyl-substituted compounds
(13 and 15) than for the naphthyl-substituted derivatives (14 and 16). The theoretical
energy values of HOMO and LUMO for compounds 13-16 were calculated by using
the DFT/B3LYP/ 6-31 (d, p) method. Their values are summarized in Table 4.8. The
theoretical HOMO energy values showed the same trend as the IPcy values. Slightly
shallower HOMO energy levels were estimated for compounds 13 and 15 relative to
those of compounds 14 and 16. The LUMO and EAcy values showed the same trend
thus indicating the influence of the naphthyl-substitution on the benzo[b]carbazole
moiety.

In order to get insight into the electrochemical processes of compounds 13-16
observed on the electrodes during CV measurements, spectroelectrochemical
measurements were performed. Figure 4.26 shows the results of UV-vis
spectroelectrochemical measurements of compounds 13 and 15.

The UV-vis absorption peak recorded during the electrochemical oxidation of
compounds 13-15 without applying the potential was observed at 410 nm with a
small shoulder in the shorter wavelength region.
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Table 4.8. Electrochemical and photoelectrical characteristics of compounds 13-15

Compound 13 14 15 16

IPgp, eV 5.16 5.26 5.29 5.29

TPcv, eV 5.53 5.60 5.45 5.58

EAcv, eV 1.77 1.84 1.69 1.82

" Enowmo, eV -4.83 -4.87 -4.81 -4.97
g Erumo, eV -1.07 -1.33 -1.07 -1.28
T'é E, eV 3.76 3.54 3.74 3.69
:?E Es, eV 3.23 3.73 2.37 3.74
_E Er, eV 2.21 2.21 2.20 2.26
AEsT 1.02 1.52 0.17 1.48

IPpe — the ionization potential estimated by the electron photoemission in air method; IPcy —
the ionization potential estimated by CV as IPcy=Eonset ox vs.rct+5.1 eV Eg°Pt— the optical band
gap estimated as 1240/Aaps onset Where Aaps onset IS the wavelength of the onset of absorption;
EAcv — electron affinity estimated as EAcy=IPcv—E¢; HOMO - the theoretically calculated
HOMO energy; LUMO — the theoretically calculated LUMO energy; Ec=HOMO-LUMO.

During the process of electrochemical oxidation, compounds 13 and 15
behaved differently. Compound 13 showed one oxidation peak, and its UV-vis
spectra changed only slightly. A small broad peak appeared at 550 nm in the
potential range of 0.5-1.2 V. It can be attributed to the newly formed radical cation.
Compound 15 showed two oxidation peaks during CV measurements. The intensity
of the initial absorption peak of the latter compound in the potential range of 0.3-1.2
V decreased, and the shoulder disappeared. New very broad absorption bands at
~545 and 700 nm were formed. These new absorption bands can be associated with
the newly formed radical cation (polaron) and dication (dipolaron).

The oxidation of both compounds was found to be reversible. In the case of
compound 13, the radical cation absorption band disappears, and the UV-vis spectra
become identical to the initial spectrum. The polaron and dipolaron absorption bands
of compound 15 disappear after applying reduction potential -0.3 V. Although the
nature of the UV-vis spectra is not identical as it is broader, the characterisation peak
at 410 nm with the small shoulder can be observed.
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Figure 4.26. UV-vis spectra recorded during potentiostatic electrochemical oxidation of
compounds 13 (a) and 15 (b)

lonization potentials of the solid samples of compounds 13-16 were estimated
by photoelectron emission spectrometry in air. The obtained photoelectron emission
spectra are shown in Figure 4.27, and the results are summarized in Table 4.8.
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Figure 4.27. Photoelectron emission spectra of the amorphous films for vacuum-deposited
compounds
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The values of ionization potential recorded by photoelectron emission
spectrometry were found to be comparable (5.16 eV-5.29 eV). This indicates that
the energy levels are mainly determined by the main benzo[b]carbazole moiety.
Compound 13 showed the lowest ionization potential (5.16 eV). The differences
between the ionization potential values obtained by employing the different methods
can apparently by explained by the different states of aggregation of the samples in
use.

4.3.6.Charge-Transporting Properties

The charge-transporting properties of the layers of compounds 13-16 prepared
by thermal vacuum deposition were studied by employing the TOF technique. The
electric field dependencies on hole and electron-drift mobilities are shown in Figure
4.28.
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The newly synthesized benzo[b]carbazole derivatives were found to be
capable of transporting both holes and electrons. The values of hole-mobility of the
layers of the derivatives were found to be up to 6x10° cm?/Vs at the electric field of
5.7x10° V/cm. Electron mobilities reached 2.4x10° cm?Vs at the electric field of
5.4x10° V/cm.  The layers of most of the investigated derivatives of
benzo[b]carbazole showed close values of mobilities of holes and electrons. A
balanced transport of both charges is essentially desirable for broad charge
recombination zones in the active layers of the OLEDs [220].

m 14 (holes)
2| ® 16 (holes)
10°9 4 13 (holes)
s v 15 (holes)
o e
g 10 Fitting
[T
e
51047 o 14 (electrons)
=g O 16 (electrons)
2 A 13 (electrons)
© 0% v 15 (electrons)
—— Fitting
i T T 1
0 200 400 600 800 1000
172 172 172
E ,V Jfcm

Figure 4.28. Electric field dependencies of hole-drift mobility for the amorphous films for
vacuum-deposited compounds measured by the TOF method at room temperature

Derivatives 13 and 14 featuring substituents at C-11 position of the
benzo[b]carbazole moiety exhibited higher charge drift mobilities than those
substituted at C-6 position (15 and 16). Such differences in the charge-transporting
properties of the researched compounds can apparently be explained by the different
spatial orientation that is influenced by the substituents as well as the degree of
ordering of the molecules in the solid layers [206]. The values of the hole mobility
of the synthesized benzo[b]carbazole compounds are higher than those of the
previously reported dibenzoindolocarbazole-based derivatives which were used in
OFET devices [221].

4.3.7. Non-Doped Blue Emissive Electroluminescent Devices

In order to evaluate the EL performance of naphthyl-substituted
indolylbenzo[b]carbazole derivatives 14 and 16 as blue emitters, non-doped
unoptimized devices A and B were produced. Their structure and characteristics are
described in Table 4.10. In these devices, Cul was used for the preparation of the
hole injecting and transporting layer, 2-(4-biphenylyl)-5-(t-butylphenyl)1,3,4-
oxidiazole (PDB) or BPhen were used for the fabrication of electron transporting
layers (ETL) (devices A or B, respectively), Cs,CO; was used as the electron
injecting material, and the Al layer was used as the cathode.
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Table 4.9. Characteristics of electroluminescent devices

Device ITO/Cul(8nm)/ A or B/ C5:CO3(2nm)/Al(80nm)
Vo V | 10 CI/A | 1o, lyW B‘?gfﬁ;s& CIE(x.y) | EQE. %
A(14(30nm)/ 34 9.8 3.2 17700 0.21,0.16 3.4
PDB(200m))
B(16(30nm)/ 3.6 5.7 3.6 14946 0.23,0.20 2.0
BPhen(20nm))

The EL spectra of the single-layer devices (Figure 4.29 a and b) based on
compounds 14 and 16 are slightly blue-shifted if compared to the PL spectra of the
films of the corresponding compounds. This enhancement of singlet emission may
be due to electric excitation. This enhancement of singlet emission may be due to
electric excitation. The EL spectra of the devices based on compounds 14 and 16 are
characterized by one well-defined narrow peak and a long-wavelength tail, which
can be attributed to excimer formation. Excimers are formed due to resonance
interactions of a molecular exciton with the neighbouring non-excited molecules
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Figure 4.29. El spectra of devices A (a) and B (b) electroluminescence spectra; current
density and luminance versus voltage plots for devices A (c) and B (d)

Different materials for the electron transport layer were chosen due to different
electron mobility values of compounds 14 and 16. The electron mobility of BPhen is
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of the order of 10 cm? /Vs [223] whereas that of PBD is ranged between 2x10~° and
4x10 cm?/Vs [224].
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Figure 4.30. Energy level diagrams of devices A and B

Figure 4.29 c and d shows the characteristics of the single-layer OLEDs. The
devices show relatively low turn-on voltage values and exhibit high brightness
reaching 17700 Cd/m?. The external quantum efficiency reaches 3.4%. The higher
brightness and EQE of device A can be assigned to the improved HOMO/LUMO
levels of the functional layers (Figure 4.30), higher charge drift mobility values and
QY. The overall characteristics of the non-doped blue OLEDs are comparable to
those of the similar blue OLEDs reported earlier [225, 226].
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4.4. Benzophenone-Based Derivatives
4.4.1. Synthesis

A combination of donor and acceptor moieties in a single molecule enables to
obtain materials exhibiting interesting photophysical properties such as triplet-triplet
annihilation, delayed fluorescence or aggregation-induced emission [227, 228, 229].
The exploitation of these properties enables to obtain efficient OLEDs without using
expensive heavy metal-based emitters [230, 231, 232]. In this part of the work, new
compounds were designed by using benzophenone as an acceptor and various
donors such as phenylindole and tetrahydrocarbazole. As it was mentioned in
Chapter 2, these donors are not widely investigated in donor-acceptor compounds.
Phenoxazine and 3,6-di-tert-butylcarbazole moieties were used for the comparison.
Bis[4-(10H-phenoxazin-10-yl)phenyllmethanone (19) [200] and bis[4-(3,6-di-tert-
butyl-9H-carbazol-9-yl)phenyl]methanone (20) [201] were reported when this work
was in process. Researchers used conventional coupling methods, such as
Buchwald-Hartwig and Ullmann methods. These synthesis methods require air-
senstitive Pd and Cu metal catalysts which are relatively expensive compared to

ordinary chemicals.

4,4 ﬂuoroben ophenone

17
R N*

Scheme 4.4. Synthesis of benzophenone derivatives 17-20

The target compounds discussed in this chapter were obtained by using one
step synthesis as illustrated in Scheme 4.4. The C-N bond formation was conducted
via the nucleophilic aromatic substitution reaction. 4,4’-difluorobenzophenone and
various N-heterocyclic compounds reacted by using potassium tert-butoxide as a
base in DMSO. Although the yields of compounds 19 and 20 were lower (37% and
43%) than those obtained by employing different synthetic routes (84% and 68%
[200, 201]), this synthesis method is comparatively mild and cheaper as no metal
catalysts are used.

All the target compounds were found to be soluble in common organic
solvents.
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4.4.2. Thermal Properties

The thermal transitions and thermal stability of compounds 17-20 were
researched by DSC and TGA. The thermal characteristics of the compounds are
outlined in Table 4.11. The TG curves are presented in Figure 4.31.

Table 4.10. Thermal characteristics of benzophenone derivatives

Compound 17 18 19 20
Tg, C 82 -2 145 160
T, C 200 179 258 343
Ter, C - 160 157 222
Tp, T 447 251 476 485

Twm — the melting point observed at the first heating scan of the DSC measurement; T — the
glass transition temperature from the second DSC heating scan; Tcr — the crystallization
temperature; Tip — the initial weight loss temperature obtained from TGA curves; @ — not
detected.
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Figure 4.31. TG curves of benzophenone derivatives 17-20. Heating rate 10 °C/min, N

atmosphere

Benzophenone derivatives (17-20) were isolated after purification as
crystalline compounds. The Ty was defined as sharp single endothermic peaks
during the first DSC heating scans. The high Tw values of the compounds can be
attributed to the molecular symmetry of the compounds. The highest Tw was
observed for the di-tert-butylcarbazole containing derivative 20 (343 °C).
Exothermic crystallization peaks were observed during the cooling scans of
compounds 18-20. Tetrahydrocarbazole, phenoxazine and di-tert-butylcarbazole-
substituted benzophenone derivatives 17, 19 and 20 were found to be capable of
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LUMO Optimized geometry

HOMO

forming molecular glasses with the glass transition temperatures ranging from 82 to
160 °C.

Benzophenone derivatives 17, 19, 20 exhibited high thermal stability. The
temperatures of the onsets of their thermal degradation ranged from 447 to 485 °C.
The temperature of the onset of thermal degradation of 2-phenylindole moiety
containing compound 18 was found to be comparatively low (251 °C). The
relatively modest thermal stability of the 2-phenylindole substituted compound 18
can apparently be explained by the lower thermal stability of the phenylindole
moiety as similar values were observed for the previously discussed indole
derivatives (Chapter 4.1 and 4.2). Compounds 8-11 discussed in Chapter 4.2
showed close values of the temperatures of the onsets of thermal degradation. The
TG of compound 18 revealed a rather high amount of carbonized residue indicating
thermochemical decomposition. The weight loss of compounds 19 and 20 resulted in
evaporation rather than in decomposition as their weight loss reached ca.100%.

4.4.3. Computational Studies

All the compounds (17-20) exhibit clear separation of HOMO and LUMO
distributions. As shown in Figure 4.32, for compounds 17-20, LUMO are located on
the central electron-accepting benzophenone core, whereas HOMO are mainly
localized on the electron-donating peripheral substituents because of the highly
twisted donors with respect of the acceptor.

20

Figure 4.32. Optimized geometries and HOMO-LUMO distributions of compounds 17-20

In their optimized ground-state geometries, dihedral angles between the phenyl
rings of the benzophenone unit and the respective donors were calculated to be 177°
for compound 17, 22° for 18, 94° for 19, and 47° for 20. In order to predict the
energy difference (AEst) between the lowest S;and the lowest T levels, time
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dependent density functional theory (TD-DFT) calculations were performed based
on the ground state geometries when optimized by the DFT (B3LYP/6-31G(d,p)).
The spatial separation of the frontier orbitals of all these molecules resulted in rather
small calculated AEsr of 0.52¢eV, 0.39eV, 0.13eV and 0.14 eV, respectively,
indicating the potential of the compounds as TADF emitters.

4.4.4. Photophysical Properties

UV-vis absorption, photoluminescence and phosphorescence spectra of the
dilute toluene solutions (10° M) and of thin films of compounds 17-20 were
recorded. The luminescence of compounds 17, 19-20 was excited with A=365 nm
wavelength, whereas the emission of compound 18 was excited with 325 nm. The
spectra are shown in Figure 4.33. The photophysical characteristics of compounds
17-20 are summarized in Table 4.12.
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Figure 4.33. Absorption (at RT), photoluminescence and phosphorescence (77 °K) spectra
of toluene solutions (10-° M) of compounds 17-20

UV-vis spectra of the derivatives were found to be very different and
dependent on the nature of the substituents. 2-Phenylindole substituted
benzophenone derivative 18 absorbs UV radiation up to 350 nm and has one
absorption band with the maximum at 309 nm. This lowest energy absorption peak
is bathochromically shifted with respect to that of unsubstituted 2-phenylindole.
This observation can be attributed to the interaction between benzophenone and the
donor fragments in the molecule. Tetrahydrocarbazole and ditertbutyl-carbazole
substituted derivatives 17 and 20 have two absorption bands at 290 and 375 nm
which can be attributed to n—n* and m—n* transitions of carbazole and the
intramolecular charge transfer, respectively [201]. Phenoxazine-substituted
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derivative 19 absorbs up to 450 nm, and its UV spectrum band is bathochromically
shifted with respect to the spectra bands of the other researched benzophenone
derivatives. Its lowest energy absorption peak can be attributed to the intramolecular
charge transfer. The band gap values estimated from the absorption edges also
depend on the nature of the substituents.

Table 4.11. Photophysical characteristics of compounds 17-20

Compound 17 18 19 20
hags, nm 310, 375 309 325, 425 295, 375
ApL, NM 480 344, 362, 377 590 450
Stokes shift, nm 105 35 165 75
- Esonset, €V 3.05 3.73 2.49 3.12
g ETonset, €V 3.03 2.84 2.49 3.02
z AEgT, eV 0.02 0.89 ~0 0.10
% Eg°Pt nm 3.03 3.42 2.52 3.04
i QY, % 7 18 9 5
T1, 1S 4.2 3.7 4.3 1.7
T2, NS - - 61.2 -
12 1.29 1.17 1.10 0.92
ApL, M 458 370,392,414 556 460
g QY, % 5 3 3 3
E T1. S 14.6 0.5 76.6 15.5
= T2, S 152.6 33 855.3 987.8
' 1.29 1.13 1.31 1.03

Aabs — the wavelengths of the absorption maxima; ArL— the wavelengths of the emission maxima; Stokes
shift=Ari—Aabs; ET — the triplet energy estimated as 1240/ApH; AEsT=ET—Es; Eox onset vsFc — the onset
oxidation potential of the sample vs. the onset oxidation potential of ferrocene; IPpe — the ionization
potential estimated by employing the electron photoemission in air method; IPcv — the ionization
potential estimated by CV as IPcv=Eonset ox vsFct+5.1 eV; E¢°" — the optical band gap estimated as
1240/ Xabs onset Where Aabs onset 1S the wavelength of the onset of absorption; EAcv — electron affinity
estimated as EAcv=IPcv—E¢"; HOMO - the theoretically calculated HOMO energy; LUMO — the
theoretically calculated LUMO energy; Ec=HOMO-LUMO.

The photoluminescence spectra of derivatives 17-20 are also highly influenced
by the substitution pattern. The spectra of the solutions of compounds 17 and 20 are
similarly broad and are characterized by a single peak in the blue region. The
spectrum of the solution of compound 18 is blue-shifted with respect to those of
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solutions of 17 and 20. It is characterized by the vibrational structure. The
photoluminescence spectrum of the solution of compound 19 is red-shifted with
respect to those of the solutions of the other investigated derivatives of
benzophenone.

The fluorescence spectra of thin films of compounds 17-20 are similar to the
spectra of solutions. They are slightly red-shifted with respect to those of the
solutions. The red shifts can be attributed to the intramolecular interaction in the
solid state.

The solutions of compounds 17-20 showed rather low PLQY values ranging
from 5% to 18%. The solid samples showed even lower PLQY values which can be
explained by aggregation-induced fluorescence quenching.

The Stokes shift values of the dilute solutions of compounds 17-20 were
estimated to range from 35 to 165 nm. It is known that the Stokes shift is highly
dependent on the rigidity of the molecule [233]. High Stokes shift values of
tetrahydrocarbazole- and phenoxazine-substituted benzophenones 17 and 19 implies
that they are denoted by large rotational degrees of freedom.

Triplet energy values were obtained from the phosphorescence spectra of the
toluene solutions of compounds 17—-20. These values are required for the estimation
of the materials as the hosts of the emitting layers of OLEDs and for the evaluation
of the differences between singlet and triplet energies (AEst). Compound 18
possesses a high triplet energy value but its AEsr is the highest among this series.
Low AEsr values of compounds 17, 19-20 allow to expect efficient singlet-triplet
up-conversion. Similarly, low AEsr values for compounds 19 and 20 were earlier
reported [200, 201].

In order to determine the origin of the emission, the fluorescence decay curves
of compounds 17-20 were recorded and analysed. Dilute solutions of benzophenone
derivatives 17, 18 and 20 exhibited single-exponential decays. The accuracy of the
fits was characterized by y2 values of 0.92-1.29. The dilute solution of compound
20 exhibited the shortest fluorescence lifetime of 1.7 ns. The solutions of 17 and 18
exhibited longer emission lifetimes of 4.2 and 3.7 ns, respectively. The solution of
compound 19 exhibited bi-exponential fluorescence decay with the lifetimes of 4.28
and 61.24 ns. For the mathematical representation of the decay curve, the following
equation was used:

F(t)= A + Blexp(-t/ 11) + B2exp(-t/t2);

where where 11 and 12 represent the time constants, and B1 and B2 represent the
amplitudes of the fast and slow components, respectively [234].

Fluorescence decays of the vacuum-deposited thin films of 17-20 exhibited
double-exponential behaviour. The accuracy of the fits (x*) was characterised by
values of 1.03-1.31. Compound 18 showed the shortest relaxation pathway with the
71 value of 0.51 and the =, value of 3.3 ns indicating its origin as prompt
fluorescence. The films of compounds 17, 19-20 demonstrated significantly longer-
lived excited species with the 7, values of 152.3-855.3 ns of delayed fluorescence.
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The longest fluorescence lifetime values of the film of compound 19 correlates with
its smallest singlet-triplet energy splitting (AEsT).

The newly synthesized and characterized compound 17 can be considered as a
potential TADF emitter based on its photophysical characteristics described above.
Compound 18, due to its high triplet energy value and the large optical band gap,
can be regarded as a potential host material.

4.4.5. Electrochemical and Photoelectrical Properties

The electrochemical properties of the compounds were investigated by
performing CV. The resulting data is summarized in Table 4.13. The ionization
potential values were determined from oxidation potential after calibration against
ferrocene. Cyclic voltammograms of compounds 17—-20 are shown in Figure 4.34.

12.0p 00
o] — 17 1 18
{ 2.0u ] 40.0p4
-
C  6.0p 20.0p4,
g 4.0p 4
0.0
8 2,001 /
0.0 -20.0u 4
-2.0p 4 400y
EIIE 1.0 1‘.5 IJI.EI EII.E ‘1IEI 1.5
100007 15.0p4
P 19 20
- 60.0p 4 10.0p4
E 40,00
5.0p4
e 20.0p
8 0.0 — / 00 — /
200y ] ’
-40.0p 4 -5.0p
-60.0p T T T T T T T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 158
. . +
Potential, V vs. Fc/Fe* Potential, V vs. Fc/Fc

Figure 4.34. Cyclic voltammograms of 0.1M DCM solutions of compounds 17-20

All the researched compounds except for 17 showed reversible oxidation
suggesting electrochemical stability up to 1.5 V. During the multiple scans, no new
oxidation peaks were observed. The solid-state ionization potential (IPcv) and
electron affinity (EAcv) values were estimated from the oxidation onset potentials
(Eox Onset vs. Fc) and optical band gaps (E¢°).

The theoretical energy values of HOMO and LUMO of compounds 17-20
were calculated by using the DFT/B3LYP/ 6-31 (d, p) method. The obtained values
are summarized in Table 4.10. The theoretical HOMO energy values showed a
similar trend to those of IPcyv values. The lowest HOMO level was estimated for
compound 19. The LUMO and EAcy values are also in good agreement. These
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values also correlate well with the optical band gap values estimated from the
absorption band edges.

In order to get insight into the electrochemical processes of compounds 17-20
taking place on the electrodes during CV measurements, spectroelectrochemical
analysis was performed. Figure 4.35 shows the results of UV-vis
spectroelectrochemical measurements for compounds 18 and 19.

Compound 19, as well as compound 20, showed fully reversible
electrochemical oxidation during CV scans. Their UV-vis absorption bands have
two peaks at 325 and 420 nm. In contrast to the previously described compounds 1—
18, the intensity of those peaks in the potential range of 0.4-1.2 V increased. A new
absorption band appeared at 550 nm indicating the formation of the radical cations.
This polaron band disappeared, and the increased peaks decreased to the initial state
after applying the reduction potential of -0.4 V. The reversibility of the
electrochemical process on the electrodes is confirmed as the absorption spectra
after the reduction of compound 19 is identical to the original one, only with the
difference of the increased intensity.

Table 4.12. Electrochemical and photoelectrical characteristics of compounds 17-20

Compound 17 18 19 20
IPgp , eV 5.54 5.53 5.46 5.74
IPcv, eV 5.70 5.72 5.45 5.84
EAcv, eV 2.67 2.30 2.93 2.80
9 HOMO, eV -5.27 -5.45 -4.81 -5.32
% LUMO, eV -2.00 -1.99 -2.21 -1.91
i'g Eort eV 3.27 3.46 2.60 341
_TE Es, eV 2.81 3.0 3.23 2.97
% Er, eV 333 3.39 3.36 3.11
ﬁ AEsT 0.52 0.39 0.13 0.14

IPee — the ionization potential estimated by the photoelectron emission spectrometry in air; IPcv — the
ionization potential estimated by CV as IPcv=Eonset ox vsrc + 5.1 eV; Eg°" — the optical band gap
estimated as 1240/Aabs onset where Aabs onset iS the wavelength of the onset of absorption; EAcv — electron
affinity estimated as EAcv=IPcv—E¢°"; HOMO - the theoretically calculated HOMO energy; LUMO —
the theoretically calculated LUMO energy; Ec=HOMO-LUMO.
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Figure 4.35. UV-vis spectra recorded during potentiostatic electrochemical oxidation of
compounds 18 (a) and 19 (b)

The ionization potentials of the solid samples of compounds 17-20 were
estimated by the electron photoemission in air method. The obtained electron
photoemission spectra are shown in Figure 4.36 a, and the results are summarized in

Table 4.13.
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Figure 4.36. a) Photoelectron emission spectra of the films for vacuum deposited
compounds 17-20; b) electric field dependencies of hole-drift mobility for the vacuum
deposited layers of compounds 19 and 20 measured by employing the TOF method at room
temperature

The values of ionization potentials recorded by photoelectron emission
spectrometry ranged from 5.46 eV to 5.79 eV. Compound 19 showed the lowest
ionization potential (5.46 eV). The IP values obtained by employing both methods
are in good agreement, and the decrease in the sequence is obtained: 20>17~18>109.
These values also correlate well with optical band gap values. Small differences in
the values of ionization potentials obtained by employing different methods can be
explained by different environments in the solution and the solid state.
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4.4.6.Charge-Transporting Properties

The charge-transporting properties of the layers prepared by thermal vacuum
deposition were studied by using the TOF technique. Electric field dependencies of
hole-drift mobilities on the layers of compounds 19 and 20 are shown in Figure 4.36
b. Charge mobilities of the other compounds (17 and 18) could not be measured by
the employing the TOF method due to the fast recombination of the charges.

The values of hole-mobility of the layers of derivatives 19 and 20 were found
to reach 2.9 x10° cm?Vs and 6.1x10° cm?/Vs, respectively, in the 3x10° V/cm
electric field. Both compounds have been reported before [200, 201], but their
charge-drift mobilities were not discussed. The hole-drift mobility values of
derivatives 19 and 20 are characterised similarly to the previously discussed
materials (see Chapters 4.1 and 4.3) by the continuous increase of the applied
electric field which implies the dominating role of the energetic disorder.

In summary, it can be stated that the newly synthesized tetrahydrocarbazole-
and 2-phenylindole-substituted benzophenone derivatives 17 and 18 can be used for
the preparation of active layers of OLEDs as their properties adhere to the
requirements.
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The Main Results and Conclusions

1. Twin derivatives 2-phenylindole with different linkages between chromophores
were synthesized, and their properties were investigated. It was established that:
1.1. 1,2-Bis(1-(4-vinylbenzyl)-2-phenylindol-3-yl)ethane can be subjected to
thermally initiated self-polymerisation.
1.2. The synthesised compounds form molecular glasses with the glass transition
temperatures ranging from 44 °C to 120 °C. The addition of the
vinylbenzylgroup to the molecule increases its rigidity and consequently
increases the glass transition temperature.

1.3. The calculated triplet energies Er (2.29-2.30 eV) make these compounds
suitable to serve as host materials for green OLEDs.

1.4. The ionization potential values estimated by photoelectron emission
spectrometry are in the range of 5.16-5.79 eV.

1.5. The hole-drift mobilities in the layers of the compounds exceed 10 cm?/Vs
at high electric fields.

2. Derivatives of phenylindole and carbazole were synthesised and studied. It was
established that:

2.1. Self-photopolymerization of the compounds featuring vinylbenzyl- reactive
functional groups can occur both in the solid films and in solutions.

2.2. Electrochemical polymerization of the obtained derivatives can be performed
at0.4-0.7 V.

2.3. The synthesized compounds form glasses with the glass transition
temperatures ranging from 85 °C to 134 °C.

2.4. The narrowly localized m-conjugation systems in the molecules determine
their high triplet energies (2.88-3.01 eV) and low ionisation potential values
(5.45-5.88 eV).

2.5. 9-[(Oxiran-2-yl)methyl]-3-[[1-{(oxiran-2-yl)methyl}-2-phenyl-indol-3-yI][9-
{(oxiran-2-yl)methyl}-carbazol-3-ylJmethyl]-carbazole and 3-{[1-(4-
vinylbenzyl)-2-phenyl-1H-indol-3-yl]Jmethyl}-9-ethyl-9H-carbazole were tested
as the host materials for iridium-based light emitting guests. The devices
exhibited the turn-on voltage of 3.1 V, the brightness up to 11900 cd/m?, and the
external quantum efficiency up to 2.9%.

3. Indole and benzo[b]carbazole derivatives were easily synthesised and fully
characterized. It was established that:

3.1. These derivatives form molecular glasses with the glass transition
temperatures in the range of 86-116 °C.

3.2. The solutions of derivatives featuring substituents at C-11 position of the
benzo[b]carbazole moiety exhibit higher fluorescence quantum yield values (63—
67%) than the solutions of the compounds having substituents at C-6 position
(~40%).
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3.3. The ionisation potential values estimated by cyclic voltammetry are in the
range of 5.45-5.60 eV, while the values obtained by photoelectron emission
spectrometry are in the range of 5.16-5.29 eV.

3.4. Hole and electron drift mobilities of the layers of the benzo[b]carbazole
derivatives clearly exceed 102 cm?/(Vs) at high electric fields at room
temperature.

3.5. 1-(1-(Naphthalen-1-yl)-1H-indol-3-yl)-5-(haphthalen-1-yl)-5H-
benzo[b]carbazole and 5-(naphthalen-1-yl)-6-(1-(naphthalen-1-yl)-1H-indol-3-
yl)-5H-benzo[b]carbazole were used as the blue emitters in non-doped light
emitting diodes. The devices exhibited the turn-on voltage of 3.6 V, the
brightness up to 17700 cd/m?, and the external quantum efficiency up to 3.4%.

4. Benzophenone derivatives with various donor moieties were easily synthesised
and investigated. It was established that:
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4.1. These derivatives form glasses with glass transition temperatures of 82 °C
and 160 °C respectively.

4.2. Tetrahydrocarbazole- and 2-phenylindole-substituted derivatives have high
triplet energy values exceeding 2.84 eV, which makes them suitable as the host
materials in blue PhOLEDs.

4.3. The ionization potential values depend on the nature of the donor
substituents and range from 5.46 eV to 5.74 eV. The lowest ionization potential
was shown by phenoxazine-substituted benzophenone.

4.4. Hole drift mobilities of the layers of donor-substituted benzophenone
derivatives clearly exceeded 102 cm?/(Vs) at high electric fields at room
temperature.
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