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INTRODUCTION

Electronic devices have settled so inherently in all aspects of our daily lives that it is
challenging to conceive the current world without them. Semiconductors, being essential
components of modern electronics, have therefore become indispensable materials. The
definition of semiconductor relies on its electrical conductivity, which is situated between
that of an insulator and a conductor and can be typically triggered and altered by external
factors. Elemental semiconductors such as silicon and germanium or compound ones that
combine two or more elements (e.g. GaAs or AlGalnP) are well-established within this
industry.[2-2]

On the contrary, organic materials had been only regarded as insulators in the early
development of the electronic field. In fact, the advent of organic semiconductors goes
back to the late 1940s with the study of phthalocyanine derivatives.[3 In the 1950s, the
discovery that polycyclic aromatic compounds in combination with molecular halogens
could form semiconducting charge-transfer complex salts paved the way to subsequent
advances.!*] However, the upsurge of organic electronics started in 1977, when Heeger,
MacDiarmid and Shirakawa pioneered in the discovery and development of conductive
polymers.[®! For this work, they were awarded with the Nobel Prize in Chemistry in
2000.15-7) Thereafter, the interest in organic semiconductors has increased considerably,
inciting the research of novel materials by both academia and industry. Despite the
extended predominance of traditional inorganic semiconductors, organic compounds have

finally achieved to keep pace and establish in the market as a realistic alternative.

Indeed, organic compounds offer interesting and unique characteristics required in next-
generation electronic products, which set them apart from their inorganic competitors.
Their potential in the manufacturing of large-area and flexible devices or the lower cost
attached to the production process are just a few of the advantages.8-1Y Not only that, but
their optical and electronic properties can be easily adapted from a structural point of view.
The accessible variety of both small molecules and polymeric materials also offer additional
characteristics to exploit. Thus, it is not surprising that the development of organic
semiconductors featuring effective charge transport capabilities has spread to many
applications like Organic Thin-Film Transistors (OTFTs)[*213] Organic Light-Emitting Diodes
(OLEDs)!**-151 and Organic Photovoltaic Cells (OPCs).[16-17]

The semiconductor behavior in organic compounds is closely related to the molecular

design, which is typically constructed from m-conjugated systems. Such architecture
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facilitates the required overlap between n orbitals, promoting the delocalization of the
corresponding electrons throughout the molecule.l8-211 This feature is essential to fulfill
the different processes involved within the active layers of organic-based devices, namely
the introduction of charge carriers into the system, their transport and their eventual
collection. In the case of inorganic materials, charge transport can be analyzed by means
of the band model, which involves the valence and the conduction bands. Nevertheless,
this approach is not applicable in organic compounds because of the weaker intermolecular
interactions. Alternatively, the hopping model was proposed to describe the charge
transport in more disordered or disjointed systems like those found in organics.?2-231 This
model considers that all relevant states are localized so the charge carriers “jump” between
individual molecules to form the corresponding radical specie. It should be pointed out
that, depending on the nature of the charge carriers, both inorganic and organic
semiconductors can be classified as hole-transporting (p-type) or electron-transporting (n-
type) materials. The feasibility to carry holes or electrons is conditioned by the electronic
profile of the material."® According to the hopping model, electrons are successively
relocated from a neutral system to a cation radical through the highest occupied molecular
orbital (HOMO) in the case of p-type semiconductors, whereas this process takes place
from an anion radical to a neutral system through the lowest unoccupied molecular orbital
(LUMO) in n-type ones. A schematic representation of such process is illustrated in Figure
1. In order to accomplish so, the disposition of the molecular units in the solid state should
grant an effective overlap between neighboring n-systems. Consequently, the design of an

organic semiconductor has to address not only the molecular but also the supramolecular

level.
a y = b g
) p F}ipe n-type % ) ) ﬁ:\l
E [ ) : ) LUMO |
- ) ‘\I /,x =
S - l:/ Conducti_on band fl 1|”\| 4l { | A {l
W TR Valence band ¥ r r v HEIE 14 r 1] 14

D

Conductor Semiconductor Insulator

Figure 1. Schematic diagram showing the charge transport characteristics in: a) inorganic materials,
showing the profiles of the conduction and valence bands (Er indicates the Fermi level) and the
structure of crystalline silicon; b) p-type organic semiconductors and c) n-type organic
semiconductors through the hopping model.
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The structural features of the m-conjugated backbone govern the intrinsic electronic and
optoelectronic characteristics in organic semiconductors. The nature of the core also
contributes to determining the intermolecular arrangement in the solid state, and thus it
should be carefully chosen. Nevertheless, all these features can be synthetically tailored
with the addition of electron-donating or electron-withdrawing moieties. It is especially
notorious the case of the alkyl chains, which enhance the solubility of the material as well
as modulating the intermolecular interactions and disposition in the solid state.[?4~28
Consequently, the molecular design of the semiconductor along with the device
architecture and its processing are key aspects to analyze. The specific requirements of an
organic semiconductor also depend on the final application. As abovementioned, the scope
of applications encompasses several fields. Nevertheless, this thesis is mainly focused on
the study of materials with potential use as active layers in OTFT and OLED devices, which

are introduced herein and further described in the general part.

e Organic Thin-Film Transistors

Transistors, being one of the basic building blocks of modern electronics, are devices
designed to amplify or switch electric signals. Specifically, they are able to control the
current through the semiconductor by means of a voltage input that acts as an external trigger.
The importance of this research becomes self-explanatory by the fact that it has yielded
the Nobel Prize in Physics on two occasions: for “the research on semiconductors and the
discovery of the transistor effect” in 1956[2°! and for “the invention of the integrated
circuit” and “the development of semiconductor heterostructures used in high-speed- and
opto-electronics” in 200083%,

In organics, the first OTFT device was reported in 1986 by Tsumura, Koezuka and Ando
employing an electrochemically-prepared polythiophene thin-film as the semiconducting
layer.[31-32] After that, the extensive investigation on OTFTs has derived into a tremendous
evolution of their performance, which implies a high charge-carrier mobility (i), a low-
operating voltage with a large on/off current ratio and air stability. Even though these
parameters are still globally outpaced by inorganics, it is important to note that the aim of
organics is not substituting them in high-performing applications, but open the door to new
conceptual products. OTFTs are key components in organic electronics and therefore find
their niche in, for instance, flexible and light-weight displays.[>33-3% From a research point
of view, they are also typically utilized as a method to characterize the semiconductor

properties of an organic material.[3¢!

As abovementioned, organic semiconductors aimed to OTFT applications require several

must-have characteristics that are mainly conferred through the structural design. In
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general, m-conjugated systems with adequate energy levels that can grant a steady nm—n
stacking throughout the semiconductor layer are prone to providing a fast and efficient
transport of charge carriers, i.e. high u. Currently, there are some examples of OTFTs with
charge carrier mobilities that have surpassed the milestone of 10 cm? V! s7%, overcoming
the results provided by amorphous silicon.?337 Figure 2 collects some of the top organic

molecules in terms of hole- and electron-transporting characteristics in OTFTs.
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Figure 2. Overview on currently top hole- and electron-transporting materials for high-performing
OTFTs and their reported charge mobility values (un or/and ). Hole-transporting materials (un):
rubrenel®®; pentacene!®-% and its derivative 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-
pentacene)®!; [1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives C8-BTBT(*)!*?, Ph-
BTBT-C10*¥! and C13-BTBT*¥; dinaphtho[2,3-b:2',3'-flthieno[3,2-b]thiophene (DNTT)**! and its
alkylated derivative C10-DNTT*®!, Electron-transporting materials (ue): (PhC2-BQQDI)!*”; 6,13-
bis((triisopropylsilyl)ethynyl)-5,7,12,14-tetraazapentacene (TIPS-TAP)*8 and its chlorinated
derivative 4CI-TAP!*?l, Ambipolar materials (un and pe): the polymeric copper (Il) benzenehexathiol
(Cu-BHT)P, (*) The semiconductor layer consists of a C8-BTBT:PS blend prepared via spin-coating.

The manufacturing of the device offers additional variables to extract the full potential of
an organic semiconductor. The deposition of the organic semiconductor by means of the

vacuum-evaporation technique generally affords more uniform and ordered films, which is
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typically translated into a better charge mobility. Alternatively, the solution-processing
implies a more versatile and economical method, but often at the cost of lower results and
a huge investment to optimize the process. However, compounds like TIPS-pentacene can
form highly crystalline films via solution deposition, outpacing the values of their vacuum-
evaporated counterparts.[® Also, the use of single crystals instead of deposited thin-films
grants a system with a long-range periodic order with minimal traps and defects.[® This is
particularly useful for revealing the intrinsic properties of organic semiconductors and the
structure-property relationship. For instance, a device based on a single crystal of
pentacene can achieve a un up to 40 cm? V! 571,152l which represents more than a 10-fold
improvement with respect to that of an OTFT. However, the applicability of such devices is

considerably more restricted.

The impact of the chemical structure over the electronic profile goes beyond the
modulation of the y, also influencing the stability and lifetime of the displays under ambient
conditions.®>3-341 |t is not uncommon that organic semiconductors underperform or even
succumb to degradation after being exposed to air. The example of top performers like
pentacene particularly illustrate this phenomenon.!*?! Consequently, the use of preserving
strategies like operation under inert atmosphere or encapsulation are often imperative in
such cases, hampering the viability of the material or implying undesired extra steps in the
processing, respectively. To avoid these issues, materials featuring high air-stability and
robustness are particularly sought-after. As predicted, a neutral p-type semiconductor
should possess an ionization potential greater than 4.9 eV, i.e. a rather low-lying HOMO. 18]
Otherwise, a shallow HOMO energy level would make it susceptible to reducing ambient
oxygen in the presence of humidity. The electron transport in n-type semiconductors is
perturbed by reactions with air to an even further extent, so the electron affinity should
surpass, or the LUMO energy level be below, the 4 eV to prevent exited electrons from
reducing oxygen or water.[>>->% Characteristics of the film such as a proper arrangement,
morphology and even balanced inner strains can also enhance the device stability and
prolong its shelf and operative lifetime.l>”) For instance, DNTT (Figure 2) has exhibited an
outstanding five-year lifetime by engineering the intrinsic strains of the film.[8! Despite the
importance of this factor, the long-term stability of devices is seldom reported or analyzed,

inciting further research in this direction.

e Organic Light-Emitting Diodes

The case of OLEDs is more self-explanatory because, unlike OTFTs, they represent the
visible part of a display. Just as the name indicates, it is a device that aims the conversion
of an electric input into light emission by means of the electroluminescent properties that

exhibit certain materials, whether small molecules or polymers. The first proof to the

Introduction | 7



feasibility of this phenomenon in organics was brought by Benarose et al. in 1953, inducing
a high-voltage alternating current to thin films of gonacrine and acridine orange E adsorbed
upon a sheet of Cellophane.l>®! In the early 1960s, this was also demonstrated with
anthracene crystals,[®® whereas eosin was reported to emit delayed fluorescence.[®!l In
1987, Tang and VanSlyke from Eastman Kodak set the stage for the development of this
field with the first efficient double-layered OLED device operated at relatively low
voltages.l®?l In recent years, the industry has experienced a revolution with the long-
awaited introduction of OLED-based products that comprise from displays of smartphones
and TV screens to lighting applications. Figure 3 compiles representative products based
on the OLED technology. Indeed, the assets of OLED displays with regard to the hitherto
existing technologies are continuously claimed nowadays by commercial advertisement. In
comparison to conventional liquid-crystal displays (LCD), OLED screens exhibit a better
energy-efficiency because they do not rely upon a backlight system. This also translates
into exceptionally pure black hues and high-contrast colors as well as thinner, lighter and
even transparent displays.['>®3] With the addition of the advantages attached to organic
materials, the OLED technology permits the expansion of possibilities regarding the design,
concept and application of next-generation displays and lighting sources.

Figure 3. Representative displays and commercial products featuring the OLED technology: a) SONY
BRAVIA XR A95K TVI®¥: b) example of flexible OLED lighting “M&bius”!®!; ¢) OLED car taillights on
Mercedes-Benz S560!%¢; d) videogame console Nintendo Switch - OLED model®”!,

Nevertheless, OLED technology still deals with key challenges with respect to both the
organic materials and the device architecture, especially the improvement of their light

output, efficiency, color purity, operational lifetime and low-cost manufacturing
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techniques.[%8-%91 Again, the molecular design and the supramolecular properties of the
material in the solid state are crucial factors to address. This encompasses the n-conjugated
core as well as the attachment of adequate groups and scaffolds. Whereas OTFT
semiconductors prioritize large m-extended nuclei with a proper intermolecular overlap for
an optimal charge mobility, these type of materials are typically not optimal for OLED
applications due to their generally low emission output in the solid state.’-7! The
evolution towards more efficient displays has led to diverse emitting materials that rely on
fluorescence (first generation), phosphorescence (second generation) and the thermally
activated delayed fluorescence (TADF) phenomenon (third generation). Each type of

emitter requires particular structural characteristics.!1>72-73]

The color of the emitted light in OLEDs is also closely related to the molecular system, which
only reinforces the importance of an accurate design. The current research is particularly
focalized on the study of improved blue OLEDs, which have historically fallen behind their
red and green analogs in terms of both efficiency and stability.[74=7>l Indeed, the intrinsically
large optical band gaps of blue emitters make them more susceptible to deterioration upon
excitation, deriving into shorter lifetimes. The essentiality of blue OLEDs is not only limited
to full-color displays, but are also compulsory to generate white light, highlighting the
importance of enhanced blue-emitting materials.l’~771 Deep-blue emitters, which are
characterized by the Comission Internationale de I’Eclairage (CIE) chromaticity coordinates

with a CIE, value equal or below 0.10 (Figure 4), are especially sought-after.

o Q@
9

‘Bu2NapAn

CIE = (0.15, 0.09) PtON7-dtb \
EQE =5.2% CIE = (0.15, 0 08)
EQE =24.8%

DCzBN3 Q Q
NTSC (0.14, 0.08) CIE = (0.16, 0.06) CN
EBU (0.15, 0.06) EQE = 10.3% O N i N Q

Figure 4. CIE 1931 color space with the deep-blue region and the NTSC and EBU blue coordinates
highlighted in the amplified region. A representative example of each first!’®, second!”® and third(&%
generation deep-blue emitter with their CIE coordinates and external quantum yields (EQE) are also
collected.
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Indeed, the standard CIE coordinates for blue are established as (0.14, 0.08) or (0.15, 0.06)
by the National Television System Committee (NTSC) and the European Broadcast Union
(EBU), respectively.l’”! Figure 4 compiles a representative deep-blue emitter from each

generation and their respective characteristics.

e 9H-Carbazole as building block

As stated, the m-conjugated backbone of an organic material rules fundamental properties
such as the electronic profile, the arrangement in the solid state, the stability and the
optical characteristics, which overall represent the cornerstone of a semiconductor. Hence,
the investigation of this topic has led to countless molecular structures developed from a
wide array of building blocks. In this way, 9H-carbazole emerges as a highly promising core
that can fulfill all the requirements of novel materials. In fact, the carbazole heterocycle
(depicted in Figure 5) is a frequently-resorted synthetic building block because of its easy
availability and low cost, while also endows with hole-transporting properties!®1-821 and
stability against oxidative doping by atmospheric oxygen(®l. Nevertheless, the range of
possibilities does not restrict to semiconductor applications, but it is also well-known for
its excellent photophysical properties.[81-8284 |ndeed, the occurrence of carbazole moieties
in deep-blue emitters (such in examples 2 and 3 of Figure 4) exalts the relevance within all
areas of optoelectronics. Another enticing feature resides in the feasibility to easily modify
the properties of the main core through the attachment of diverse moieties to different
positions, which also paves the way to the synthetic expansion of its m-system. Thus, the

design of new semiconductor materials in this thesis will be based on the carbazole core.

Figure 5. The structure and highlights of 9H-carbazole as a building block for optoelectronics.
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OBJECTIVES

This thesis is focused on the search of different carbazole-based materials as potential
semiconductors for optoelectronic applications. Specifically, the derived core triindole was
set as the model for conceiving and choosing the molecular constructions surveyed herein,
since it has excelled as a p-type semiconductor in previous investigations of our research
group. The study encompasses all stages of investigation, namely the design of new
molecular structures, the synthetic processes, the characterization of the physical
properties, the integration in optoelectronic devices and finally, the correlation of the
device performance with the properties and intermolecular arrangement of the material.
The materials surveyed in this work and their subsequent analyses have been classified in

six chapters, depending on their structural features and their final application.

As a first approach to new hole-transporting materials, diverse ladder-type structures were
projected from the expansion of the aromatic system of 9H-carbazole. This strategy is
particularly exploited in the trilogy of chapters 1, 2 and 3, which deal with the study of three
different cores constructed from the fusion of carbazole with indole (diindolocarbazole
core, Chapter 1), benzothiophene (bisbenzothiophenecarbazole core, Chapter 2) and
phenanthrene (diphenanthrocarbazole core, Chapter 3). The effect of attaching alkyl chains
of various lengths to different positions of the three studied systems also represents an
important point of analysis. The integration of the resulting derivatives in OTFTs will
ultimately determine the viability and adequacy of the three cores as organic
semiconductors. A special emphasis is aimed to the evaluation of the stability and shelf

lifetime of the devices, a crucial analysis that is often overlooked in the literature.

The study described in Chapter 4 is built upon the idea of substituting the nitrogen of 9H-
carbazole by sulfur as an alternative building block, namely dibenzothiophene core. In a
more synthetically-conducted study, this chapter envisages the formation of assorted
thiophene-centered constructions with potential in the optoelectronic field. Besides, it
implies the evaluation of the synthetic route in terms of robustness and scope. The analysis
of the photophysical properties of the tetraarylated precursors as well as the
semiconductor potential of the final m-extended dibenzothiophene constructions

constitutes a prime objective.

Chapter 5 resumes the analysis of the triindole core, which has been regarded as a highly-
promising carbazole-based semiconductor in previous investigations of our research group.

The different synthetic strategies explored throughout this thesis have been applied in the
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redesign of triindole towards new derived constructions. The aimed synthetic variations
comprise structural changes such as the attachment of peripheral carbazole moieties and

the inclusion of oxygen and sulfur as alternative heteroatoms.

Finally, Chapter 6 pretends to highlight another important aspect of 9H-carbazole, i.e. its
photophysical properties. Thus, the search of new deep-blue emitting materials based on
the 3-phenylethynylcarbazole moiety has been directed to their application in OLED
devices. Specifically, the different fluorophores surveyed in this chapter target two distinct
features apart from the emission in the deep-blue region in the solid state: the feasibility
to be solution-processed and the flexibility to perform as both blue emitter and host in

second-generation iridium-doped white OLEDs.
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GENERAL PART

This section provides information about the fundamental concepts that are essential to
comprehend the techniques employed throughout this thesis. Specifically, it encompasses
from the characterization of the organic materials (Part 1) to the fabrication and evaluation
of optoelectronic devices, namely OTFTs (Part 2) and OLEDs (Part 3). Finally, the techniques
utilized to characterize the crystal structures of the organic semiconductors and their

molecular order within the thin-films are also compiled (Part 4).

PART 1. Characterization of organic materials

1.1. Optical properties

The transitions that can take place between the electronic states of a molecule from the
absorption to the emission of light are illustrated in the Jablonski diagram, represented in
Figure 1. The ground state So and the excited states S1 and S; correspond to singlet states,
while the counterpart triplet state is labeled as T1. The singlet state of a molecule with a
closed-shell structure is characterized by the opposite spins of the involved pair of
electrons. Additionally, each of the electronic energy levels presents several vibrational

levels. The processes involved are herein described.[8°!
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Figure 1. Schematic representation of the Jablonski diagram.
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1.1.1. Absorbance

When the molecule absorbs a photon with the appropriate energy (hvex), one of the
electrons from the orbital in the electronic ground state of the molecule is promoted to an
unoccupied molecular orbital possessing higher energy. This transition takes place in a
timescale of ca. 107° s, meaning that it is considerably faster than any other process like
molecular vibrations. As stated by the Franck-Condon principle, such transition is most
likely to proceed without changes in the positions of the nuclei in the molecular entity and
its environment. Since the initial spin of the electrons is preserved in this process, the
resulting promotion involves only singlet excited states. The least energetic transition,
which occurs from So — Sy, is typically associated with the promotion from the HOMO to
the LUMO energy levels. The optical energy gap (Egaﬁ’;), which quantifies the energy
difference between both energy levels (usually given in electronvolts (eV)), can be
estimated from the onset wavelength (Aonset) of the corresponding absorption band (Figure
2) employing eqgn. 1:

c-h
Eghe = — (1)

onset

where c is the speed of light (3 x 10° m s7) and h, the Planck constant (6.63 x 10734 J s).

Norm. Abs. or Int.

Figure 2. Representative absorption and emission spectra, indicating the corresponding transitions
and the onset wavelength.

Experimentally, the efficiency of light absorption at a specific wavelength A is characterized
by the absorbance (A), which is defined by the Lambert-Beer Law (egn. 2):

Ad) = logIT0 =e(M)lc (2)

where lp and / are the intensities of the beams entering and leaving the absorbing medium,

respectively. The absorbance of a sufficiently diluted sample follows equation 2, where &
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represents the molar absorption coefficient (in M cm™) at a given A, c is the concentration
in molarity (M) and [ is the path length or thickness of the absorbing medium (in cm).
Otherwise, relatively concentrated samples can lead to light scattering due to aggregation,
resulting into a loss of the linear dependence of the absorbance with respect to the

concentration.

1.1.2. Fluorescence

The absorption of light generally promotes the excited electron to an energy level beyond
the lowest vibrational level of the S; state. Consequently, the electron relaxes to that level
through vibrational relaxation and internal conversion (IC) processes. The relaxation from
the S1 level to the ground state (S1 — So transition) can be as whether a non-radiative decay
(NRD) or associated to the emission of a photon. The latter case is known as fluorescence.
Since the relaxation generally takes place from the lowest vibrational level, the
fluorescence is not conditioned by the hvex. Besides, the energy of the emitted photons
(hvem) is lower than that of the absorbed photon (hvex), so the fluorescence is routinely red-

shifted with respect to the absorbance.

The fluorescence quantum yield (@x), which indicates the number of emitted photons
relative to the number of absorbed photons, represents an important parameter to
characterize a fluorophore. A @: close to the unity implies that most of the excited electrons
return to the ground state emitting a photon and NRD mechanisms are residual, so the
resulting fluorescence is more intense and efficient. It can be experimentally determined
with an integrating sphere or calculated using a reference compound according to eqgn.
(3):1%

Prxy = Drery A, 2 D, (3)

in which A represents the absorbance at A, n is the refractive index of the medium and D
is the integrated area of the emission spectrum corresponding to the sample (x) and the
reference (r). The chosen reference should display similar absorbance and emission profiles

to those of the analyzed fluorophore and possess a tabulated Qs value related to the Aex.

The @r of a material as well as the wavelength of emission are conditioned by numerous
structural and environmental factors. A commonly-observed phenomenon in organic
fluorophores is the aggregation-caused quenching (ACQ), i.e. the drastic decrease of the @
due to aggregation of the material when it is found in highly concentrated solutions or in
the solid state.’%-71 This phenomenon is usually accompanied by a bathochromic shift.

Highly extended, aromatic systems tend to especially suffer from this effect, hampering
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their use in optical applications. Contrarily, materials featuring aggregated-induced
emission (AIE) exhibit the opposite effect, namely the lack of emission in solution and a

prominent enhancement of the @ in the solid state together with a hypsochromic
shift.[71,87-88

1.1.3. Phosphorescence

The emission coming from the decay from the first triplet state to the singlet ground state
(T1 = So transition) is known as phosphorescence. As abovementioned, the spin of an
electron does not change upon excitation, only resulting into the promotion to excited
singlet states. However, an excited electron in the S; state can move to an isoenergetic
vibrational level of the Ty state through intersystem crossing (ISC). Since the ISC process
can take place in the order of 1077-1077 s, it is able to compete with other pathways of de-
excitation from Si. Even though crossing between states of different multiplicity is in
principle forbidden, it can become more probable depending singlet and triplet states
involved via spin—orbit coupling (i.e. coupling between the orbital magnetic moment and

the spin magnetic moment).

Another obstacle to the phosphorescence is that non-radiative de-excitation greatly
outweighs the radiative process in the T1 — So transition, which is especially notorious in
solution at room temperature. On the contrary, the emission of phosphorescence can be
observed in a rigid medium and/or at low temperature. The lifetime of the T; state may be
long enough under these conditions to observe phosphorescence on a time-scale up to
seconds and even minutes. Considering that the lowest vibrational level of the T; state
features a lower energy than that of the S; state, the phosphorescence spectrum is

bathochromically shifted with respect to the fluorescence spectrum.

1.1.4. Delayed fluorescence

Another feasible radiative de-excitation process from Ti is the delayed fluorescence.
Similarly to the intersystem crossing (S1 = Ti), the opposite transition (T1 = S1) can also
occur if the lifetime of T1 is long enough and the energy difference is sufficiently small. This
process is known as reverse intersystem crossing (RISC). The resulting emission is analog to
that of the fluorescence but with a longer decay time constant, since the molecules stay in
the triplet state before emitting from the S; state. Because of the greater energy of the S;
state in front of T1, this process can be thermally activated, so it is referred as thermally
activated delayed fluorescence (TADF). This phenomenon has recently attracted a lot of
attention due to its applicability in the highly efficient OLEDs of third generation (section
3.1).[89-91
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1.2. Electrochemical properties

The electronic profile of a semiconductor material, i.e. the values of the HOMO and LUMO
energy levels, is the base for any potential application.'® They do not only indicate the
feasibility as p- or n-type semiconductor of the molecule, but are also fundamental to
design the architecture of a device. The HOMO and LUMO energy levels of a molecule are
typically associated with the ionization potential (IP) and electron affinity (EA) of the
system, respectively. Cyclic voltammetry stands as a widely employed electrochemical
technique to estimate their values.[®224 A cyclic voltammetry is carried out in a three-
electrode cell consisting of a working electrode, a reference electrode and a counter
electrode,[®®! as represented in Figure 3a. The application of a suitable, forward potential
scan between the working and the reference electrodes under quiescent and inert
conditions triggers the oxidation (or reduction) of the material onto the surface of the
working electrode. The current generated in such process is simultaneously recorded
between the working and the counter electrodes. The application of a forward potential
scan is followed by an analog reverse potential scan, in which the oxidized (or reduced)
species return into the initial state in the case of a reversible process. An example of a
voltammogram corresponding to an oxidation process (Sp — e~ + Sp*) is shown in Figure
3b.

a) b)
Current S
Sp—=e +Sp*. __ Eo*
Potential ap
EDX
Working electrode < onset
Reference electrode Z
v 04 —
Counter electrode E == E©
- E oX
Sp*+e — Sp /
D
0 +Vmax
Potential (V)

Figure 3. a) Schematic depiction of an electrochemical cell, displaying the three electrodes and
indicating an oxidation process taking place on the working electrode, the generated current
(between the working and the counter electrodes) and the applied potential (between the working
and the reference electrodes); b) representative cyclic voltammogram showing an oxidation
process, indicating all the parameters. The arrows specify the direction of the forward and reverse
scans.

Specifically, it displays the anodic wave in the positive forward scan (=) that derives from
the oxidation of the electroactive species, whereas the reduction of the oxidized to the

initial species are associated to the cathodic wave of the reverse scan («). The anodic and
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cathodic waves culminate into the anodic (E3;) and cathodic (E%;) peaks, respectively. Such
peaks originate from the steadily consumption of the initial species (Sp) in the anodic wave
and the oxidized species (Sp*) in the cathodic wave that are near the electrode,
respectively. Since the cyclic voltammetry operates under quiescent conditions, the current
thereafter depends upon the delivery of additional (Sp) in the former case or (Sp*) in the
latter via diffusion from the bulk solution, explaining the decrease of the current intensity
after the peak.

In a reversible process, the current intensities of the cathodic and anodic peaks are typically
analogous and the potential difference between them does not exceed the 57 mV/n (where
n is the number of electrons transferred in the process).[®! As represented in Figure 3b and
described by eqgn. (4), the average of the peak potentials of the anodic and cathodic waves

of the reversible process is used as an approximation of the standard potential (E°):

_Egp +Egp
2

E° (4)
The extraction of the standard potential is nevertheless limited to reversible or quasi-
reversible redox couples. The calculi of the ionization potential and the electron affinity can
be related to the onset potential of the first oxidation (Eox.et, represented in Figure 3b) or
the first reduction (E%,,) peaks, respectively. To accomplish this, these potentials should
be expressed with respect to the vacuum level, i.e. in the absolute potential scale.
Therefore, the IP and EA values can be assessed considering the reference energy level of

ferrocene as it is shown in eqgn. (5) and (6):
IP = E9% ., — E°(Fct /Fc) + 5.39 (5)
EA = E?¢%,, — E°(Fc* /Fc) + 5.39 (6)

where E°(Fc*/Fc) corresponds to the standard potential of the ferrocenium/ferrocene
redox couple vs. the used reference electrode and the value of 5.39 eV stands as the formal
potential of the Fc*/Fc redox couple in the Fermi scale.®? Alternatively, the IP can be
estimated from the EA and the Egg’; if the material does not display any oxidation process
or, contrarily, the EA can be obtained from the IP and the Egg; if it does not show any
reduction process (eqn. 7 and 8):

IP =EA+Eg} (7)
EA =P —EJ% (8)
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1.3. Thermal properties

The thermal characterization of a material, namely the variation of its physical properties
as a function of the temperature, represents a highly valuable information. In fact, it sheds
light on several factors that influence into the applicability of the material as
semiconductor. The thermogravimetric analysis (TGA) and the differential scanning
calorimetry (DSC) are considered as two of the most widely used techniques to evaluate
the thermal properties of materials.®’l It should be mentioned that several experimental
factors can influence both TGA and DSC curves, such as the atmosphere (reactive or
nonreactive) and the applied heating rate.

1.3.1. Thermogravimetric analysis (TGA)

TGA is usually employed to evaluate the thermal decomposition of a compound by
measuring the change of weight of a sample with the temperature in a controlled
environment. It can be also applied to determine the thermal and oxidative stability of a
material, the composition of a sample in the case of multi-component systems or the
characteristics of chemical reactions. In this technique, the weight variations of the sample
are monitored by a thermobalance. The sample is heated in a regulated environment at a
given heating rate, while the weight is continuously and simultaneously recorded. Figure 4
exhibits a representative TGA curve, which expresses the percentage of weight with respect

to the initial value versus the temperature.

T4 (onset)

100 \/

——————————————————————————————— 95%

T4 (5% weight loss)

Weight (%)

Temperature (°C)

Figure 4. Representative thermogravimetric curve, showing the variation of weight of the
compound with respect to the initial value (in %) vs. the temperature. As indicated, the
decomposition temperature (T4) can be associated to the 5% weight loss or the onset value.

The decomposition temperature (Tq) refers to the point where the weight of the sample
starts to decrease. As shown in Figure 4, it can be estimated from the intersection point,
i.e. the onset decomposition temperature, or the temperature corresponding to the 5%
weight loss.
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1.3.2. Differential scanning calorimetry (DSC)

DSC is a widely used technique for studying the phase transitions of materials. Whereas the
instrumentation for DSC is similar to that of the TGA technique, it measures the difference
of the heat flow between the sample and a reference. The sample can be heated or cooled
in a controlled environment while the changes on the materials are monitored. Such
changes include solid-phase transformations, glass transitions or melting points. Figure 5
records characteristic DSC curves for both amorphous and crystalline molecular materials,

in which the heat flow (in W g™1) is plotted versus the temperature.
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Figure 5. Representative DSC curves displaying a first heating, a cooling to the initial temperature
and a second heating of two different materials: a) an amorphous molecular material; b) a
crystalline molecular material. (Tm: melting point, Tc: crystallization temperature and Tg: glass
transition temperature). The endothermic events are indicated as a downward feature, while the
exothermic ones go upwards.

As represented, glass transitions can be observed in the case of polymeric and amorphous
molecular materials (Figure 5a). A glass transition descripts the change from a rigid non-
crystalline solid to a glass phase or a rubber-like solid. Typically, it is observed in the second
heating step and it is not preceded by a crystallization in the cooling step. Contrarily,
crystalline materials display a characteristic melting point in the heating processes and the

corresponding crystallization in the cooling step (Figure 5b).

PART 2. Organic thin-film transistors (OTFTs)

OTFTs are electronic devices capable of amplifying or switching electrical signals. Apart
from their essentiality in diverse applications, OTFTs also represent a well-known system
to determine the charge mobility of organic materials.?®) The mobility (1) indicates how
easily charge carriers can move throughout a material when an electric field is applied, in

cm? V1t It can be described with the following equation (9):
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U= (9)

v
E
where v is the drift velocity of the charge carriers and E is the applied electric field. Even
though there are several alternative methods to estimate the charge mobility of a material,
such as the time-of-flight (TOF) or space-charge-limited current (SCLC) techniques,®® the
results extracted from OTFT devices characterize more accurately the performance in final
applications. Therefore, this section is centered on the architecture, manufacturing and
characterization of OTFT devices to eventually define the charge mobility of the integrated

organic material.

2.1. Geometry

OTFTs are three-terminal devices that control the current flow between the source and
drain electrodes using the voltage applied to the gate electrode as an external trigger.
Figure 6 depicts a typical bottom-gate top-contact OTFT architecture, highlighting the
different parts.
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Figure 6. Schematic representation of an OTFT device. The amplified region details the structure of
two types of commonly used organic dielectrics, namely octadecyltrichlorosilane (OTS) and
polystyrene (PS).

As observed, the gate electrode is defined on a substrate that can be either rigid, such as
the silicon wafer of the example, or flexible, such as plastic or even paper. The presented
work is developed employing the former type of substrate. In it, the silicon typically acts as
the gate and the silicon oxide coating as the dielectric layer. The properties of the interface
between the semiconductor and the dielectric layer can be modulated by means of an
additional organic dielectric. In fact, the presence and nature of this interfacial layer can be
decisive in the performance of the device. Several organic dielectrics can fulfill this role,

such as the functionalization of the SiO, dielectric with a self-assembled monolayer
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(SAM).[99-1011 SAMs based on aliphatic chains like octadecyltrichlorosilane are the most
resorted. The deposition of a polymer-based layer such as polystyrene through solution-
processing also confers an interesting alternative.[1°2l The deposition of the semiconductor
layer is accomplished via vacuum thermal evaporation in this work. To achieve so, the
organic material is heated inside a vacuum chamber under a pressure below 10™® mbar.
Parameters such as the evaporation rate or the thickness of the deposited film can be
monitored throughout the process. The deposition of the metal that constitutes the drain
and source electrodes, being gold the one chosen in our case, is likewise carried out at high
vacuum. The geometry of both the semiconductor layer and the gold electrodes is
imprinted by means of a shadow mask, which defines the dimensions of the channel.

It should be mentioned that an alternative geometry, namely bottom-contact, is also
feasible. In it, the source and drain electrodes are deposited between the substrate and

the semiconductor layer instead of the upper part.

2.2. Operation and characterization of the devices

The application of an appropriate gate voltage (Vi) triggers the generation of charges
within the semiconductor layer, which accumulate in the interface with the dielectric.3>193]
This is represented in Figure 7a for a hole-transporting OTFT as example, in which the
operation under a Vs < 0V prompts the formation of holes in the semiconductor/dielectric
interface. As a result of the voltage applied between the source and the drain electrodes
(Vbs), most of these generated charges can move across the semiconductor layer. The
charge carriers are injected and collected from the source and drain electrodes,
respectively. Ideally, the device rests in the off state in the absence of an adequate Vg,
regardless of the Vps that could be applied. The minimum Vs needed to activate the current
flow is known as the threshold voltage (Vih). The threshold voltage depends on several
factors such as the nature of the material or the presence of traps in the film. Consequently,
the switching of the device between the off and the on states is controlled through the
gate. This is exemplified in the output plot (Figure 7b), in which the current intensity from
source to drain (/o) is measured vs. the Vps at different constant values of Ve. Each individual
curve corresponds to a fixed value of V. As observed, the intensity remains almost
negligible when Vs = 0 V (purple curve). When |Vs| > | Vin|, the intensity depends on the
Vbs and is defined by the regime of operation. The linear regime is designated at
| Vbs| < |(Ve— Vi) |, in which the Ip current is proportional to the Vps at a given Vi following
the Ohm’s Law, as described in eqn. (10):3¢!

w Vps
Ip = .ulinCoxT Vg = Vin) — > Vbs (10)
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where ujin refers to the charge carrier mobility in the linear regime, Cox is the gate-dielectric
capacitance per unit area and W and L indicate the width and length of the channel,
respectively. On the other hand, the device is said to operate in the saturation regime when
| Vos| > | (Ve — Vin)|, in which the Ip current is no longer dependent on Vps and remains
constant even if Vps is further increased. This happens because of the excessive
accumulation of charges near the drain electrode. In this case, Ip is governed by the mobility
in the saturation regime (usat) as described in eqn. (11):(39

w 2
Ip = ﬂsatcoxz(VG - Vth) (11)

The characterization of an OTFT also relies on the transfer plot, which, contrarily to the
output curves, represents the Ip with respect to the Vi at a fixed Vps value as shown in
Figure 7c,d. Specifically, Figure 7c represents a transfer plot in the linear regime, so the
applied Vps must be considerably lower than the maximum Vs reached in the
measurement. Accordingly to eqn. 10, Ip increases linearly with respect to V.

a) VS—I Vps <0 |/ Vi c) Linear regime
A
ID
SQURCE /W DRAIN .
d <
VDS<< VG
V;max (')
Vv, (V)
b) d) (log) Saturation regime
<

11, 1(A)

(Z/'TV)l/\

v, (V)

Figure 7. Characterization of a p-type OTFT: a) scheme of the different parameters of an operating
device; b) output plot registered at different constant Vs values, delineating the linear and the
saturation regimes; c) transfer plot in the linear regime at a given Vps; d) transfer plot in the
saturation regime (in the log scale) at a given Vbos, illustrating the /on/loff ratio, and the resulting
linear-scale plot (IbY? vs. Vs).
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Alternatively, Figure 7d illustrates the transfer curve in the saturation regime represented
in the logarithmic scale. Since the applied Vi is much higher in this case, so does the /p.
Thus, it enables the estimation of the lon/loff ratio, namely the difference of intensity
between the on and off states. The Ip displays a quadratic growth in front of Vs in the
saturation regime (eqn. 11), so the saturation plot (/b2 vs. V) is commonly expressed as
well. Most importantly, the linear-scale plots (/o vs. Vs in the linear regime and Ip'/2 vs. Vg
in the saturation regime) also permit the extraction of the charge carrier mobility (tiin and
Usat, respectively) of a material, on the basis of the aforementioned equations 10 and 11.
Even though some authors currently recommend the analysis of both uiin and psat to provide
more reliable results in top-performing OTFTs,[1%4 this work is more focused on the
characterization of the latter. Equation 11 can be rearranged to obtain the usat (which is
simply referred as u in the subsequent sections) from the saturation linear-scale plot as

follows (egn. 12):

w ; W
\/E = .usatcoxi Ve — :usatCoxi Vin=A4-Ve—B (12)

in which the usat can be extracted from the slope A and the Vin can be estimated from
parameter B (eqn. 13):

2L

5 B
ox

A

It must be noted that the description of an OTFT and the aforementioned equations are
assimilated to those employed in metal-oxide silicon field-effect transistors (MOSFETSs).
Thus, it is assumed that the linearity of the dependence of IpY/2 (V) covers an extended
range of Vg values, i.e. the OTFT displays ideal or close-to-ideal behavior. Nevertheless,
most of the devices still exhibit different nonlinearities as a result of diverse structural and
electronic factors. In these cases, the extraction of the charge mobility is still possible but
the slope should be carefully selected.36104-105 Figyre 8 exemplifies the OTFT
characteristics of a close-to-ideal device (a) and commonly found nonlinearities, namely
linear with a considerable Vi (b), hump-like (c) and kink or double slope (d). As suggested
in the literature, the estimation of the charge mobility in these cases should be carried out
with the green slopes highlighted in each case.[%4
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Figure 8. Extraction of the mobility from the saturation plot of an OTFT device featuring: a) a close-
to-ideal behavior; b) a linear profile with a considerable Vi; c) a hump-like nonlinearity; d) a kink or
double slope. The characteristics of the equivalent ideal devices are indicated with the
discontinuous grey lines and the recommended slopes to extract the mobility in green.

As observed, example (b) displays a superlinear behavior with respect to that of an
electrically-equivalent ideal device (indicated by the dashed grey line). Consequently, the
charge mobility extracted is lower than that of an analogous ideal device. Contrarily,
example (c) features a sublinear behavior, so the charge mobility extracted is higher than
that of an analogous ideal device. In the case of (d), the literature findings agree that the
mobility extracted from the high Vs region, i.e. the lower slope, is the most appropriate.
The empirical estimation of the Vi, from eqgn. (13), which is based on the extrapolated
intercept point of the Vg axis, can lead to unrealistic values particularly in cases (b) and (d).
The turn-on voltage (Von), i.e. the voltage at which the current starts to depend on the gate
voltage, is an alternative parameter. In an ideal device, both Vin and Von should exhibit
analogous values close to 0 V.
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PART 3. Organic light-emitting diodes (OLEDs)

3.1. Structure, fabrication and operation

Organic Light-Emitting Diodes are multilayer devices that aim the conversion of electric
current into light. To achieve so, OLEDs exploit the capability of an organic fluorophore to
release energy as light when an electron returns from an excited to their ground state. The
structure of the device typically consists of two electrodes sandwiching the emissive layer,
enabling the electroluminescence (EL) of the organic material when a certain voltage is
applied. The color of the emitted light is governed by the optical energy gap of the
fluorophore. Figure 9 presents the architecture of a conventional multilayer OLED device.

1
a— ...

e ——————— Electron transporting layer (ETL)

¢ Emitting layer

LIGHT Transparent substrate

Figure 9. Schematic representation of a multilayer OLED device.

The fabrication of an OLED requires the successive deposition of each layer over the
substrate. The deposition via vacuum thermal evaporation grants a lengthy but systematic
procedure that normally provides layers with an improved morphology, translating into a
better performance. On the other hand, the introduction of solution-processing techinques
like spin-coating or ink-jet can drastically reduce both the cost and time of the
manufacturing. However, the choice of the solvents and conditions involved should be

carefully addressed in this case to avoid interlayer mixing.

The generation of the electroluminescence comprises several steps, namely the injection,
migration and recombination of charge carriers, which culminate with the emission of light.
The whole process is illustrated and detailed in Figure 10. In the absence of an external
voltage, the system remains in the single ground state So (step 1 in Figure 10). The induction
of a voltage triggers the introduction of electrons from the cathode and withdrawing of
electrons (or introduction of holes) from the anode (step 2 in Figure 10). In order to
optimize the charge injection, the work function of the anode and the cathode should fit
the LUMO and HOMO energy levels of the fluorophore, respectively.
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Figure 10. Schematic representation of the process that generates the electroluminescence in an
OLED. The four eigenstates are also detailed. Adapted from the literature.[106-107

Another key point to consider is that at least one of the electrodes must permit the
extraction of the generated light. Thus, ITO (Indium Tin Oxide) is usually the preferred
anode option since, apart from being optically transparent, it features a conveniently low-
lying work function of 4.8 eV.[1%8] On the other hand, metals possessing relatively high-lying
work functions are the most common choices for the cathode. As observed in both figures,
several interfacial layers are included as well to smooth the transport of charges towards
the emissive layer. Specifically, the hole-transporting layer (HTL) facilitates the transfer of
holes from the anode to the HOMO of the fluorophore and blocks the transport of
electrons, whereas the electron-transporting layer (ETL) performs in the opposite way
between the cathode and the LUMO of the fluorophore. Considering that the charge
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carriers migrate via the hopping mechanism across the emitting layer (step 3 in Figure 10),

the fluorophore should exhibit certain semiconductor properties.

Once electrons and holes are sufficiently close within the emissive layer, they are attracted
to each other to form excitons (steps 4 and 5 in Figure 10). It should be noted that, since
the exciton state in OLEDs is promoted by an external current, both hole and electron are
not spin-correlated. In fact, the spin is defined at the injection process and the electron-
hole collision is arbitrary. For instance, Figure 10 depicts an injected spin-down hole and a
spin-up electron. As represented in the step 5, the resulting exciton can conclude as both
singlet (S) and triplet (T) states. Alternatively, the collision of an electron-hole pair with
parallel spins also result in a triplet state. On the basis of the four possible eigenstates
described in Figure 10, it is known that, statistically, the actual ratio of singlet and triplet
states corresponds to 1:3. Knowing that the consequent decay from the latter is non-
emissive in most organic fluorophores because it is a spin-forbidden transition, the internal

efficiency cannot exceed 25% in first-generation fluorescent OLEDs (Figure 11a).l14-%%]

On the other hand, second-generation phosphorescent OLEDs (PhOLEDSs) are able to emit
from both the singlet and the triplet states (Figure 11b).1*-%] Typical phosphorescent
emitters are based on organometallic complexes of metals such as Ir, Pt and Os, in which
the transition between the triplet and the ground state is permitted due to spin-orbit
coupling.[®! The emissive layer of PhOLEDs usually consists of a suitable organic
fluorophore (host) that is doped with a phosphorescent complex (guest). The excitons are
therefore formed in the host material, which can emit through the S1 — So transition. In
this case, however, the triplet states can still be harvested by the guest, which also permits
the T1 = So transition. As a result, the internal efficiency of the device could be theoretically
enhanced to 100%. It should be mentioned that the triplet state of the host should be more
energetic than that of the guest to enable this process. Since blue emitting hosts possess
higher energies associated, they can be used universally in a wider spread of complexes.
Even though the S1 — Sp transition of the host also contributes to the emitted color, it is

generally determined by the energy of the T1 — Sp transition corresponding to the guest.

Third-generation OLEDs!®°°! can also achieve theoretical internal efficiencies up to 100%
due to the thermally activated delayed fluorescence (TADF), which enables the
upconversion from nonradiative triplet excitons to radiative singlet ones via the reverse
intersystem crossing (RISC) mechanism (Figure 11c). This case is especially enticing because
itimplies the fabrication of highly efficient non-doped devices, reducing the complexity and
cost of fabrication. The structural design of TADF emitters targets a small energy difference
between the excited triplet and singlet states and a high rate of radiative vs. non-radiative

decay in the S1 — Sp transition (i.e. high fluorescence). This can be achieved with structures
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based on the combination of electron-donating and electron-withdrawing moieties,
namely donor-acceptor (D-A) systems, with a twist angle between both driven by high

steric hindrance.

a) b) <)

RISC

host guest

Figure 11. Schematic representation of the basis of electroluminescence in an OLED device of:
a) first generation; b) second generation; c) third generation.

3.2. Characterization of the devices
3.2.1. Optoelectronic characterization

The optoelectronic characterization of an OLED device comprises different parameters,
which are herein defined. Typically, the light that emits an OLED is registered as
photocurrent through a photodiode detector, enabling the expression of the luminance (L).
The luminance describes the luminous intensity per unit of area irradiated by a device in
candela per square meter (cd m2). The electric current density (J) that goes throughout the
device, triggering the generation of light, is referred to the area of the device. It is expressed
as ampere per square meter (A m2). OLED devices should exhibit a high rectification ratio
with minimal leakage current, since it does not contribute to the electroluminescence.!*
Figure 12 shows representative curves of the luminance and current density with respect

to the applied voltage (Vappl.).

(log)

(. w ) Alsuap quauin)

z-

Luminance (cd m”)

Voltage (V)

Figure 12. Representative optoelectronic characteristics of an OLED: a) luminance in the log scale
and b) current density vs. the applied voltage.
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The turn-on voltage (Von) describes the potential at which the device is considered switched
on, on the basis of a certain luminance value. The Von depends on several factors, such as
the energy barriers between the different interfaces, the charge transport properties and
thicknesses of the active layers. Another key aspect is the efficiency of a device, which is
evaluated with different parameters. The current efficiency (CE) is the ratio between the
luminous intensity of the emitted light in the forward direction and the current density that
goes through the device, and is expressed in candela per ampere (cd A™) as described by
egn. (14):

CE = (14)

L
J
The power efficiency (PE), sometimes known as luminous efficacy (LE), and the external
guantum efficiency (EQE) also represent efficiency parameters. The formers are defined as
the output luminous flux per electrical power input and are measured in lumen per watt
(Im W™1). The power efficiency can be estimated from the current efficiency according to
eqgn. (15):

s
PE = CE x

Vappl. (15)
considering that the lumen depends on the visual angle, this approximation is valid at a
perpendicular angle under the assumption of Lambertian emission. Regarding the external
guantum efficiency, it indicates the ratio of photons emitted from the device with regard
to the electrons injected from the cathode. Consequently, the EQE stands as a general
measure of a device efficiency, whereas CE and PE of devices with different emission colors
should be compared with caution. This is because the CE and PE parameters consider the
sensitivity of the human eye to the diverse wavelengths of the visible spectrum. Since the
EQE refers to the total number of photons emitted, its experimental determination
requires the use of an integrating sphere. It can be theoretically expressed with eqn. (16):

EQE =y xnx x n¢ x & (16)

where x is the fraction of emissive excitons (which is 0.25 in fluorophores and 1 in
phosphorophores or TADF emitters), nx is the output coupling fraction, nc is the is the
charge balance between injected holes and electrons and @sis the quantum vyield of the

emissive molecule.
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3.2.2. Characterization of the emitted color

The chromaticity of the electroluminescence also represents a relevant factor to define. In
1931, the Commission Internationale de I'Eclairage (CIE) established a system to relate
guantitatively the different wavelengths of the visible spectrum with the colors perceived
by the human eye. As a result, the CIE chromaticity diagram (Figure 13a) stands as the most

currently employed method to represent the color space two-dimensionally.
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Figure 13. Evaluation of the chromaticity of light: a) CIE chromaticity diagram detailing the Planckian
locus, with the coordinates of a deep-blue emitter shown as example; b) spectral responses of the
three type of color receptive cells present in the human eye, described by functions x(A), y(A) and
Z(A), normalized with respect to y(A); c) example of a normalized emission spectrum P(A)
corresponding to a deep-blue emitter and the functions resulting from eqgn. (17). The tristimulus
values X, Y and Z correspond to the areas below.

This diagram is constructed from the spectral responses of the three type of color receptive
cells present in the human eye, which are described by the functions x(A), y(A) and z())
shown in Figure 13.11%9 As observed, functions x(A), y(A) and Z(A) can be roughly associated
to the responsivities to the red, green and blue, respectively. The contribution of a given
electroluminescence spectrum P(A) to the responsivity of each color receptive cell, namely

the tristimulus values X, Y and Z, is calculated as follows (egns. 17):
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Finally, the corresponding CIE coordinates (x, y) can be obtained from values X, Y and Z as
indicated in egn (18):

X Y
(x'Y)_<X+Y+Z’X+Y+Z> (18)

Another parameter that should be described with regard to the characterization of white
light is the color temperature, which is particularly important in illumination
applications.['Y The color temperature of a source of light is measured in reference to the
radiation of a blackbody at a given temperature, expressed in Kelvin. The range of color
temperatures are described by the Planckian locus in the CIE chromaticity diagram (Figure
13a). The correlated color temperature (CCT) is the closest point to the Planckian locus of
hues possessing CIE coordinates outside of it. The McCamy’s approximation(*!2l stands as
a widespread method to estimate the CCT of a given hue from the CIE coordinates. The
associated empirical formula is shown in egns. (19) and (20):

(x - xe)
n=-———-—-~ (19)

v = ye)
CCT=an®*+bn®>+cn+d (20)

where x and y represent the given CIE coordinates, xe and ye correspond to the coordinates
of the epicenter with values of 0.3320 and 0.1858, respectively, and constants a, b, c and d
are estimated as 437, 3601, 6861 and 5517, respectively. Albeit this formula permits the
calculation of the CCT of any CIE coordinates, it should be pointed out that it is meaningless
to describe hues that are not close enough to the Planckian locus to be considered as
“white”. The scope of CIE coordinates that are considered as white in terms of illumination
and possess analog CCT values are defined by the lines that are transversal to the Planckian

locus in Figure 13a.
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PART 4. Solid-state characterization techniques

When a solid is irradiated, it is able to scatter the incident beam if it possesses a wavelength
close to the interatomic distances. Since the interatomic distances typically range from 1
to 3 A,1113] the use of X-ray irradiation is mandatory to achieve such phenomenon. The
process by which the radiation, without changing its wavelength, is transformed into
numerous reflections with characteristic directions in space through the interference with
the solid is called X-ray diffraction (XRD).[*13] The intensity of the diffracted beams, which
can derive into constructive or destructive interferences, can be measured to produce a
diffraction pattern. The former interferences increase the intensity whereas the latter
reduce it. In the case of a solid displaying a periodic and regular arrangement, the presence
of constructive interferences will be concentrated in certain directions, providing
information of the disposition of the atoms that form it. A constructive interference
requires an angle of reflection equal to that of incidence and a value that permits the
scattering in phase in the entire set of planes (Figure 14).1113114 As described by the Bragg’s
equation (21), the corresponding angles are defined as follows:

niA = Zdhkl sin @ (21)

where n is the order of diffraction, A is the wavelength of the X-ray source, dhu is the
distance between parallel planes and @ is the incident angle, as indicated in Figure 14.

g ai @~ -
lattice Y «— hkl planes

S )

Figure 14. Bragg diffraction projected by crystal planes.

Knowing the incident angle and the wavelength of the X-ray source from the experimental
conditions, the distance between planes can be extracted to shed light on the arrangement
and composition of the atoms within. In fact, XRD represents the cornerstone of solid-state
characterization, permitting the study of not only the crystallographic structure, but also
the chemical composition and physical features of compounds and thin films as well.[11°]

Since the semiconductor properties of organic materials are closely related to the
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intermolecular packing, the structural characterization in the solid state represents a
crucial part.[?% This part pretends to delve into the main XRD techniques utilized in this
work, which are crucial to unveil the molecular arrangement, orientation and degree of

order within the thin films.

4.1. Crystal structure

The analysis of the crystal structure of a material provides a valuable insight into its
intermolecular disposition and interactions that govern the packing. Thus, it permits the
correlation of the molecular structure with its supramolecular features. The elucidation of
the crystal structure involves the definition of the precise spatial arrangement in the
crystalline state of all the present atoms, namely the connectivity, conformation,

stoichiometry, symmetry, etc.[113]

Crystals are solid constructions constituted of a basic pattern of atoms or molecules that is
repeated over and over along all three dimensions.[%113 Hence, it is only necessary to
define the simplest repeating motif, known as the unit cell, and the lengths and directions
of the basis vectors to describe the structure of a crystal. By the operation of one unit cell
upon another, a lattice is generated. Figure 15 illustrates the fragment of a lattice formed
from equivalent unit cells and the parameters that define them, as well as two

representative examples.

Figure 15. Part of a lattice formed by consecutive unit cells, indicating the basis vectors (a, b and c)
and the angles that separate them (a, f and y). Two examples of unit cells are also included,
featuring a single molecule (4,9-dichloro-2,7-bis(2,2,3,3,4,4,4-heptafluorobutyl)benzo[Imn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetrone, crystallized in space group P-; of the triclinic system, CCDC
number 1018034) or several molecules (pentacene, crystallized in space group P-; of the triclinic
system, CCDC number 114447) inside.

The unit cell is characterized by the lengths of the basis vectors (a, b and c¢) and the angles
that separate them (a, B and y). Apart from their values with respect to the rest of the
parameters, the symmetry present in the lattice is also important. Considering all the
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possible symmetries for the lattice, seven different crystal systems are defined: triclinic,
monoclinic, orthorhombic, tetragonal, trigonal, hexagonal and cubic. All of them possess
unique shapes and characteristics that distinguish from each another. The symmetry
operations in each one can be further specified with the space groups, with an overall range
of 230 possibilities. The crystallographic data of a compound can be approached via two

different techniques, which are briefly surveyed herein.

4.1.1. Determination via single crystal X-ray diffraction

Single crystal X-ray diffraction (SXRD) represents the most extensively employed technique
to elucidate a crystal structure. A single crystal is usually obtained from the slow
evaporation of the solvent (or mixture of solvents) of a dissolved compound. The success
in furnishing a suitable single crystal depends on several factors, such as the solvent nature
and polarity, the evaporation rate of the solvent or the proneness of the compound to
assemble in a regular and continuous disposition.[*'®! Since single crystals are composed of
homogeneously repeated unit cells, the distances between the lattice planes (dh«) can be
directly deduced through XRD measurements according to Bragg’s Law. The lattice planes
display an orientation relative to the lattice that can be defined by the Miller indices (hkl),
as exemplified in Figure 16.[113]

2) \h ) h=1n
a -1/1 (100) a
dhi :1/2 (200)
5 l < 1/4 (400) b —C
1/1=1/2"
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a a
i g
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Figure 16. Examples of lattice planes and the corresponding dh, represented in the unit cell (above)
and in the 2D lattice where the b vector is perpendicular to the sheet (below): a) plane (100), with
the complementary planes (200) and (400); b) plane (102).

As represented, the Miller indices refer to the points where the closest plane to the origin
that do not pass through it intercepts the basis vectors a, b and c, being their values 1/h,
1/k and 1/, respectively. Each set of lattice planes also has parallel, complementary planes
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that feature Miller indices that are multiples of the original one (lattice planes (200) and
(400) of Figure 16a), which are often translated into secondary reflections in XRD. The
interpretation of the whole set of resulting diffractions leads to the unit cell and,

subsequently, the crystal structure.

4.1.2. Determination via powder X-ray diffraction

Alternatively to the well-established resolution via SXRD, the crystal structure can be also
approached from a polycrystalline material. This method is especially enticing when the
crystallization of the material is challenging or the production of single crystals results
inaccessible. Structure determination from powder diffraction (SDPD), while by no means
routine, has also emerged as a realistic option for determining crystal structures.[*'7]
Whereas the use of a microcrystalline powder compound is substantially more
straightforward with respect to SXRD in terms of sample preparation, the analysis of the
XRD data is considerably more intricate. The diffraction patterns of single crystal and
powder samples contain essentially the same information, but the diffraction data is
distributed in the 3D space in the former and compressed into 1D in the latter.
Consequently, this involves a considerable overlap of diffraction peaks in the powder
diffraction pattern, resulting in a loss of information. The development of high resolution
PXRD instrumentation, computational resources and well-developed algorithms, however,
has prompted SDPD as a powerful tool of structural characterization.['’8] The SDPD
procedure implies several steps, which are summarized in Scheme 1. The experimental
conditions should be carefully addressed in order to collect high quality data. Specifically,
they should provide angular accuracy and a proper choice of slits, control over the
morphology and size of the sample and avoid preferential orientation problems.[*] The
determination of the unit cell, i.e. the indexing step, is the most challenging and crucial of
the resolution process. The indexing involves the analysis of the Bragg reflections in the
powder XRD data in terms of the diffraction angle 26 or the corresponding dnu spacing. The
aim is to find a set of unit-cell parameters and the corresponding set of Miller indices for
each Bragg reflection that successfully account for the positions of all peaks in the PXRD
data. Thereafter, it implies the assignation of the fitting space group. After establishing a
proper initial approximation to the unit cell, it is improved in subsequent profile-fitting
calculations where the PXRD pattern generated from the approximated structure is
compared with the experimental one. This leads to a closer approach of the crystal

structure that is further improved via the Rietveld refinement.
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Scheme 1. General procedure of structure determination from powder X-ray diffraction (PXRD).

4.1.3. Classification of crystal structures in organic electronics

As stated, the analysis of the crystal structure provides vital information about the feasible
charge-transport mechanisms and potential of the material as semiconductor. On the basis
of the more frequent crystal arrangements observed in polycyclic aromatic hydrocarbons,
four general categories have been defined.!20-121 Each type of packing is characterized by
the presence of different interactions between the aromatic systems, namely face-to-face
(cofacial and parallel-displaced) and edge-to-face (Figure 17a). The herringbone packing
(Figure 17b) is featured by several top-performing semiconductors like pentacene and
BTBT, and is mainly governed by edge-to-face interactions whereas there is no effective
face-to-face overlapping. Similarly, the sandwich herringbone packing displays an
analogous disposition but composed of cofacial or parallel-displaced dimers instead of
single molecules (Figure 17c). The y packing consists of parallel-related molecules forming
n-stacked columns through face-to-face interactions and edge-to-face interactions
between columns (Figure 17d). It is often described as a flattened herringbone motif
featuring direct m-mt overlap. Finally, the § packing, sometimes referred as sheet-like, is
basically composed by face-to-face interactions. Depending on the arrangement of the mn-
stacking, the  packing is divided in cofacial, slipped and brick-layer (Figure 17e). The face-
to-face m-mt stacking found in y and 8 packings is considered as optimal in terms of effective
and continuous overlap throughout the material, whereas the presence of edge-to-face

interactions favors alternative hopping pathways.
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Figure 17. Schematic representation of interactions and packing motifs commonly found in
aromatic systems: a) basic interaction geometries represented for a benzene dimer, namely
cofacial, parallel-displaced and edge-to-face; b) herringbone packing; c) sandwich herringbone
packing; d) y packing; e) different types of the 8 (or sheet) packing, namely cofacial, slipped and
brick-layer stacking motifs.

The presence of alkyl chains or other groups can endorse another interactions such as
aliphatic C-H---m or C-H---:C-H that are prone to conditioning and reinforcing the packing

motif.

4.2. Characterization of a thin film

Since organic semiconductors constitute the active layers of final devices, it is important to
also characterize the arrangement within the thin films. Contrarily to XRD measurements
of a single crystal or a powder material, which aim the characterization of all Bragg
reflections in the 3D space, the analysis of a thin film is centered on the reflection parallel
to the substrate. If the thin film possesses an ordered and crystalline arrangement, the XRD
will reveal the orientation of the material within it. Knowing the crystal structure of the
compound, it is possible to relate the diffraction signal of the film with a lattice plane of the
crystal, revealing the preferred orientation (or orientations) of the lattice, as represented
in Figure 18.
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Figure 18. Assignation of the preferred orientation of an organic compound in a thin film: a) PXRD
simulated from the crystal structure, in which each diffraction is related to a specific lattice plane
(above) and the XRD of the thin film displaying a unique preferred orientation (below); b)
disposition of the lattice within the thin-film, where the corresponding (hkl) plane is situated
parallel to the substrate.

The intensity of the diffractogram is typically related to the degree of order of the material.
When comparing the diffractograms of different samples integrating the same compound,
a higher intensity is directly associated to a higher degree of order. The comparison of the
degree of order between different compounds is not as obvious, since the intensity

displayed by the corresponding reflections in the powder samples could highly vary.

In some cases, XRD of thin films using conventional scanning methods only afford week
signals from the film that are eclipsed by those from the substrate. To overcome this
problem, the grazing incidence X-ray diffraction (GIXRD) technique can be used instead.
This method implies that the measurement is performed at an incident angle lower than
the critical angle relative to the surface plane. Hence, the beam does not permeate the thin

film as far as the substrate, so the X-ray reflection from the latter is attenuated.
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CHAPTER 1. Extending the carbazole heterocycle (l): the
diindolocarbazole core

1.1. Introduction

This first chapter initiates the study of molecular constructions based on the carbazole core
with potential semiconductor properties. Indeed, previous studies in our research group
have demonstrated the suitability of 9H-carbazole as building block.[*22-126] Derived
structures featuring more extended systems such as indolo[3,2-b]carbazole and
diindolo[3,2-a:3’,2'-c]carbazole, best known as triindole, have excelled as p-type
semiconductors in organic thin-film transistors.['2! This does not only apply in terms of
charge mobility, but also considering their air and temporal stability. Taking this into
account, further investigation of carbazole-based constructions prevailed as an enticing
project. The case of the diindolo[3,2-b:2’,3’-h]carbazole core, which is a constitutional
isomer of the aforementioned triindole, arose as a plausible and appealing next step in this
study. As shown in Figure 1.1, the conversion of triindole into diindolo[3,2-b:2’,3’-
h]carbazole 1, simply referred as diindolocarbazole from now on, implies a structural

change from a star-shaped to a ladder-type architecture.

stvvis %

Triindole Diindolocarbazole

Figure 1.1. Structures of the two examined constitutional isomers of diindolocarbazole: star-shaped
diindolo[3,2-a:3’,2’-c]carbazole (triindole) and ladder-type diindolo[3,2-b:2’,3’-h]carbazole
(diindolocarbazole 1). The main carbazole nucleus is highlighted in grey whereas the two indole
extensions are highlighted in violet in the former and green in the latter.

Inspired by the outstanding performance of pentacene, the investigation of analogous
ladder-type structures has gathered many endeavor within the scientific
community.[*27-1281 That is, conjugated systems comprised of fused aromatic subunits that

are connected linearly through two or more atoms. Contrarily to the wide assortment of
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similar ladder-type constructions, however, the case of the diindolocarbazole core still
remains surprisingly unexplored. Even though there are a few derivative structures
reported in the literature,'?®-1331 the information concerning their semiconductor
properties is inexistent so far, to the best of our knowledge. Thus, an in-depth study
regarding the synthesis, physical characterization and particularly the semiconductor
properties of diindolocarbazole-based materials could pave the way towards the

settlement of this core in organic electronics.

Regardless of the crucial role of the main aromatic nucleus, other structural factors can be
decisive in modulating the semiconductor properties of the material. A prime example is
the presence of flexible alkyl chains, which not only enhance the solubility of the material
but also exert a great impact on the intermolecular interactions in the solid state.[2428] |n
order to explore the potential of the diindolocarbazole core in this topic, the influence of

the alkylation patterning should be also considered in the design.

1.2. Synthesis of the diindolocarbazole core

As aforementioned, there are a few reports on the synthesis of diindolocarbazole-based
materials described in the literature. Figure 1.2 collects the most relevant cyclisation
reactions for the formation of the carbazole nucleus that have been applied in the synthesis
of diindolocarbazole. Leclerc et al. pioneered in the synthesis of the diindolocarbazole core
in 2004, proposing two distinct strategies towards it. The first approach?®! culminated with
a ring closure through the Cadogan reaction, which is driven by a reductive cyclisation
through the nitro group. In this case, two scenarios were contemplated depending on the
position of the nitro group (Figure 1.2), which can be situated in the main carbazole nucleus
(A) or in the phenyl moiety (B). As stated in the literature, the former procedure was
fruitless, whereas the latter required protecting groups in specific positions of carbazole to
ensure the formation of the desired regioisomer of diindolocarbazole. Thus, this procedure
was remarkably limited and lengthy. In a second work,['3% they proposed a route
incorporating the Ullmann reaction (C), which is a copper-mediated carbon-nitrogen cross-
coupling procedure. Even though this synthetic route was equally lengthy, it was successful
in the synthesis of N,N’,N”-trioctyldiindolocarbazole. In fact, it has been employed
thereafter in the synthesis of additional derivatives.['31-1321 More recently, Srour et al.
revised the applicability of the Cadogan reaction via method A and described new
conditions taking advantage of microwave irradiation for the formation of the main core
and different methoxy-containing derivatives.[’32) The resultant synthetic route was
considerably more versatile and straightforward than the ones hitherto reported. Thus, it
was the one selected to conduct the present study.
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Figure 1.2. Carbazole ring closure towards the construction of the diindolocarbazole core via
different synthetic approaches: the Cadogan reaction, with the nitro group attached to the central
carbazole (A) or to the phenyl moiety (B)!*?*! and the Ulimann reaction (C)™*3°,

1.2.1. Synthesis through the Cadogan reaction: C-N coupling

This section deals with the synthesis of different diindolocarbazole derivatives utilizing the
procedure based on the microwave-assisted Cadogan reaction. The proposed structural
variations are focused on evaluating the influence of the alkylation patterning in the solid

state arrangement and the performance in final devices.

Synthesis of 2,7-dibromo-9H-carbazole

The synthesis of 2,7-dibromo-9H-carbazole, which stands as an indispensable synthetic
building block to construct the diindolocarbazole core, started with the commercially
available 4,4’-dibromobiphenyl. Scheme 1.1 depicts the formation of 2,7-dibromo-9H-
carbazole, which is likewise based on the Cadogan reaction. The mononitration of 4,4’-
dibromobiphenyl employing fuming nitric acid in glacial acetic acid as solvent led to the
intermediate 2 in a yield of 84%. The subsequent cyclization was tested using two reported
conditions. The first one, involving the use of triethyl phosphite as both reducing agent and
solvent,['3* provided compound 3 in a yield of 49% after 20 hours. The second one, in which
triphenylphosphine performed as the reducing agent in o-dichlorobenzene as solvent,!13°!
certainly implied further advantages. In addition to an easier purification process, the yield

increased to a 74% and the reaction time was reduced to only 5 hours.
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Scheme 1.1. Preparation of the synthetic building block 2,7-dibromo-9H-carbazole (3).

N-alkylated diindolocarbazole derivatives

As a first synthetic goal, five diindolocarbazole derivatives featuring distinct N-alkylation

patternings were considered, as shown in Figure 1.3.
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Figure 1.3. Alkylation patterning of the five targeted N-alkylated diindolocarbazole derivatives.

The diindolocarbazole nucleus possesses three nitrogens that can be alkylated, one
corresponding to the central carbazole and the other two in the respective indole
extensions. Specifically, three of the targeted systems display a homogeneous substitution
patterning, namely tributyl- (1b), trihexyl- (1c) and trioctyl- (1d), whereas the other two
maintain the hexyl chain on the central carbazole while the peripheral indoles feature
either shorter ethyl (1a) or longer dodecyl (1e) chains. The synthesis of the homogeneously
substituted compounds 1b-d is described in Scheme 1.2. The alkylation of 2,7-dibromo-9H-
carbazole was conducted with sodium hydride as base and the corresponding 1-
bromoalkane in DMF as solvent. The alkylated compounds 4-6 were obtained in excellent
yields around 90%. Subsequently, positions 3 and 6 of the carbazole ring were nitrated
using fuming nitric acid in glacial acetic acid under reflux, providing intermediates 7-9 in
yields ranging from 71 to 88%. The attachment of the phenyl moieties towards derivatives
10-12 was achieved in similarly high yields (from 69 to 83%) through the Suzuki-Miyaura

cross-coupling reaction!3¢l, utilizing phenylboronic acid, Pd(PPhs)4 as catalyst and K,COs as
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base in a mixture of THF and water (6:1 v/v) under reflux. As stated, the cyclisation was
carried out via the Cadogan reaction, using triethyl phosphite as reducing agent in o-
dichlorobenzene under microwave irradiation for 2 hours. The final alkylation was
performed directly on the resulting precipitate, using analogous conditions to the ones
described for the synthesis of 4-6. Due to the severe insolubility of the non-alkylated
intermediates, the alkylation was carried out without any in-between purification. The
yields comprising both the cyclisation and the alkylation processes went from 8 to 12%.

O5N NO,
NaH, R-Br HNO3
Br Bf = Hr Br —————»= Br Br
N DMF, RT N AcOH, A N
H R R
3 4 R=C/Hy; (94%) 7 R=C,H, (79%)
5 R=CiH; (87%) 8 R=C;H,; (88%)
6 R=CyH, (98%) 9 R=CyHy; (71%)

Pd(PPh3)y

(HO);B
K2CO4
THF:H,0O

A

1) P(OEt)3

R R 0N NO;

N N o-dichlorobenzene
OO0 2= OO0
N 2) NaH, R-Br, DMF I\IJ
R R

RT
1b R=CH, (8%) 10 R=CH, (83%)
1c R=CgHy; (11%) 11 R=CgH; (69%)
1d R=CgH, (12%) 12 R=CgH, (77%)

Scheme 1.2. Synthesis of the homogeneously N-alkylated diindolocarbazole derivatives 1b-d.

On the other hand, the preparation of the heterogeneously substituted derivatives 1a and
le was achieved from the hexylated intermediate 11. As described in Scheme 1.3, the
cyclisation and posterior alkylation with bromoethane or 1-bromododecane provided
derivatives 1a and 1e, respectively. The yields are consonant with those of 1b-d.

o-dichlorobenzene N N
O~ — 8B O
N 2) NaH, R-Br, DMF N
CgH13 RT )
CsH13
1 1@ R=C,H: (10%)

1e R=CyHy (11%)

Scheme 1.3. Synthesis of the heterogeneously N-alkylated diindolocarbazole derivatives 1a and 1e
from the hexylated intermediate 11.
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Addition of peripheral chains to diindolocarbazole

Another interesting point of study was the tailoring of the alkylation patterning beyond the
N-alkyl chains. An easy modification was the attachment of peripheral alkyl chains to the
aromatic nucleus in a head-tail fashion. In order to evaluate the effects of such addition,
the inclusion of two peripheral hexyl chains to the structure of the hexylated derivative 1c
was considered, resulting into the pentahexylated derivative 1f. Besides, an analog
derivative 1g, possessing shorter N-ethyl chains, was envisioned to accentuate the
influence of the peripheral chains. The followed route, shown in Scheme 1.4, is analogous

to the one employed for the synthesis of the other derivatives.

NaH, R-Br
N DMF, RT N
H R

3 5 R=C.Hy; (87%)
13R=C,H, (86%)

Y

HNOS
B(OH), AcOH, A

OyN NO; /©/ O;N NO»,

- Br Br
CgH1z O N Q CeH13 Pd(PPhs)s, K,CO4 N
R THF-H,0, A R

15 R=C.Hy:  (86%) 8 R=C.H. (88%)

16 R=C,H, (58%) 14 R=C,H, (75%)

1) P(OEt),

o-dichlorobenzene
uW, 230 °C

2) NaH, R-Br, DMF
RT

R R
1 }

N N
A
N
1
R
1f R=CH,s (11%)

1g R=C,H,

Scheme 1.4. Synthetic route towards the diindolocarbazole derivatives 1f and 1g, featuring
peripheral hexyl chains.

The alkylation with bromoethane and the subsequent dinitration, with yields of 86 and
75%, respectively, provided the ethylated intermediate 14, whereas the synthesis of 8 has
been already described. The inclusion of the peripheral hexyl chains was attained by
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substituting the phenylboronic acid for 4-hexylphenylboronic acid in the Suzuki reaction,
which supplied compounds 15 and 16 in a yield of 86 and 58%, respectively. The final
cyclization and hexylation provided derivative 1f in a comparable yield of 11%.
Unfortunately, this synthetic procedure was unsuccessful in the case of the ethylated
derivative. In fact, the formation of the tributylated derivative 1b was already hampered
with a lower yield, anticipating the synthetic difficulty regarding the shortest N-alkyl chains.
As reported in the literature, the formation of higher heteroacenes was also limited
employing these conditions, which was attributed to the lack of solubility of the
reagents.[!33 Apparently, not even the addition of peripheral hexyl chains was enough to
evade this solubility limitation in the case of 1g. It should be mentioned that the
consumption of the starting material was observed in all the cases, implying the formation

of numerous by-products in which 1g was not detected.

1.2.2. Synthesis through the oxidative cyclisation: C-C coupling

The successful synthesis of the diindolocarbazole derivatives 1a-f reinforced the viability
of the procedure based on the microwave-assisted Cadogan reaction. However, the
investigation of alternative synthetic strategies that could broaden the range of available
structural modifications was equally engaging. Being a relatively unstudied core, the search
of more accessible synthetic pathways might result into an innovational advance towards
its implementation in the field. Thus, a more synthetically conducted research about this

core was considered as a parallel study in this chapter.

The formation of the carbazole heterocycle was surveyed as an initial and simpler approach
towards more complex systems like diindolocarbazole. According to the literature, it can
be achieved from numerous and diverse methodologies apart from the ones already
stated.[’37l However, most of them would be exceedingly difficult to adapt for the synthesis
of carbazole-based constructions with large aromatic extensions. Specifically, we
prioritized the options that implied versatile and accessible synthetic precursors and had
the potential robustness to work with different target compounds. Taking this into account,
we considered a promising method as an alternative to the consolidated Cadogan reaction,
namely the cyclisation via an oxidative palladium-mediated coupling (method D depicted
in Figure 1.4). This synthetic method could also open the door to the construction of
different carbazole-based structures. The envisioned route implies an even more
straightforward synthesis than the one based on the Cadogan ring closure, starting from
the commercially available 3,6-dibromo-9H-carbazole. Since the Cadogan reaction could
not provide derivatives possessing short N-alkyl chains like ethyl, it was attempted
employing this procedure. The synthesis of the trihexylated 1c was also tested with this

route for comparison.
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Figure 1.4. Carbazole ring closure towards the construction of the diindolocarbazole core via
different synthetic approaches, highlighting the method employed to furnish derivatives 1a—f (A)
and the one proposed in this section, based on a carbon-carbon oxidative coupling (D). The
corresponding retrosynthesis is also depicted.

As shown in Scheme 1.5, the alkylation of 3,6-dibromo-9H-carbazole was performed
employing either bromoethane or 1-bromohexane to afford compounds 17 and 18 in
excellent yields of 97 and 98%, respectively, under standard conditions. The next step was
based on the attachment of aniline through the Buchwald-Hartwig reaction to form
compounds 19 and 20. For this, we pondered among several reported protocols which
combined different bases, ligands, solvents and heating conditions.[*38-142] Seemingly, one
of the most appropriate protocols was the one reported by Shaya et al. featuring Pd(OAc)2
as catalyst, JohnPhos as ligand and potassium tert-butoxide as base in toluene under
microwave irradiation.[38 We tested these conditions in the synthesis of the hexylated
compound 20 both under microwave irradiation and conventional heating in an oil bath.
Both methods were successful in affording the desired compound in similar yields, i.e. 69%
for the former and 74% for the latter. Even though the reaction under microwave
irradiation required substantially less time to complete than under conventional heating
(1 hour vs. up to 15 hours), the reaction was difficult to scale up and the involved by-
products made the purification process rather complex. Thus, all the subsequent reactions
were carried out at 110 °C under conventional heating, yielding both the N-ethylated (19)
and the N-hexylated (20) derivatives (Scheme 1.5).
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Scheme 1.5. Synthesis of the disubstituted intermediates 19 and 20.

In the case of 19, these conditions provided an even higher yield of 92%. Regarding the
oxidative cyclisation step, we found two alternative Pd(ll)-catalyzed procedures for the
construction of the carbazole ring, namely acid-mediated(*43-44 and acid-free
conditions!1*°. Nevertheless, the synthesis of more extended systems was scarce. The only
reported examples implying a twofold reaction were the formation of some derivatives of
indolo[3,2-a]carbazole through the acid-mediated protocol.[*#¢! Unfortunately, our first
attempts in furnishing the cyclized compounds were fruitless, so we decided to test the
coupling conditions on a less complex system to ensure their viability and scope. For this
purpose, we synthesized the monoaminated analogs 23 and 24 following the same
conditions, as shown in Scheme 1.6. The yields obtained in the Buchwald-Hartwig reaction,
with values of 83 and 65% for 23 and 24, respectively, were equally promising. As observed,
the ethylated derivatives provided the highest yields in both cases.

©/NH2

Pd(OAC),,
Br JohnPhos,
NaH R-Br O O _tBuok 0 O
mm RT N toluene 110°C
R
21 R=C,H; (97%) 23 R= CQHS (83%)
22 R=CzH;; (93%) 24 R=CiH,; (65%)

Scheme 1.6. Synthesis of the monosubstituted intermediates 23 and 24.

The oxidative coupling in the monosubstituted structure 23 was finally successful in
affording the desired cyclized product 25 using both conditions, as represented in
Scheme 1.7. The acid-mediated coupling, employing catalytic amounts of Pd(OAc), and
K2COs in pivalic acid at 110 °C and air as the terminal oxidant, provided 25 in a satisfactory
yield of 44%. Regarding the acid-free conditions, they were carried out under microwave
irradiation at 130 °C with Pd(OAc); as catalyst and Cu(OAc); as the terminal oxidant in DMF.
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The latter conditions proved less convenient for this coupling, resulting in a lower yield of
13% and a more tedious purification process, so they were discarded. The alkylation of
compound 25 under standard conditions yielded the N-diethylated indolo[3,2-b]carbazole
26 in a 91%. Contrarily, the cyclization of the hexylated counterpart 24 was seemingly more
prone in undergoing additional couplings and the targeted product 27 was not obtained.
Instead, two main by-products were formed, which were proposed as the structures 28
and 29 shown in Scheme 1.7 based on of their 'H NMR and MS spectra.

Pd(OAc);, K2CO3

| PivOH, 110 °C l
H 44% C2H5
N N
N [er CRT N
CoHs (,2| 5 91% CyHs
23 25 26
‘ Pd(OAc), Cu(OAc); T
DMF, uW 130 °C
13%
N@ B N
Pd(OAc), K2CO - “‘ N
SN W /D
N PivOH, 110 °C N
] I
CgH13 CgHy3 Cehi1a

24 ¥ o
. O 0 Q0

By-products

I 1
CgHi3 CgHis
28 (20%) 29 (14%)

Scheme 1.7. Oxidative coupling of the monoaminated compounds 23 and 24, affording the targeted
compound 25 in the former and by-products 28 and 29 in the latter.

As reported, the use of pivalic acid instead of the hitherto conventional acetic acid
drastically reduces the formation of undesired by-products.[**3! However, the inclusion of
pivalic acid observed in 28 was also reported as a minor side reaction in the synthesis of
mukonine, a carbazole-based alkaloid. On the other hand, an example of the unusual C-N
coupling observed in 29 was reported for the reaction of 3-methoxy-9H-carbazole using

acetic acid as solvent. In the case of 24, not even the choice of pivalic acid could prevent
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the formation of by-products 28 and 29 in a yield of 20 and 14%, respectively. Nevertheless,
the occurrence of such unusual C-O and C-N couplings using air as an oxidant could be
interesting from a synthetic point of view.['*3! The N-ethylated counterparts of 28 and 29

were also detected in the synthesis of 25 as minor by-products.

Taking this information into account, the twofold cyclization of 19 and 20 in pivalic acid was
analyzed again. We could determine that in this case the inclusion of pivalic acid occurred
before the cyclisation process, impeding the formation of the desired products. Thus, the
synthetic studies regarding the oxidative coupling reaction were not continued. The
effective synthesis of derivative 25, however, provides a way to obtain asymmetrically
substituted derivatives of the indolo[3,2-b]carbazole core. Despite the various well-
established synthetic procedures described to obtain this nucleus,**”! this is the first one
that permits an easy and straightforward asymmetric substitution, to the best of our
knowledge. Considering the relevant optoelectronic and biological properties of the
indolo[3,2-b]carbazole scaffold,*] this synthetic approach could be a valuable resource
for the design of new materials. Not only that, but the aniline-containing intermediates
19-20 and 23-24, being carbazole-based constructions possessing electro-donating
moieties, are interesting candidates to be studied as blue-emitting fluorophores.

1.3. Characterization of the organic materials

1.3.1. Aniline-containing intermediates

As anticipated, the aniline-containing intermediates were surveyed in terms of fluorescent
behavior. In fact, another aspect evidenced their potential as blue emitters during the
synthetic process. Qualitatively, the emission intensity of these compounds in solution
seemed to be relatively affected by the type of solvent. In order to further investigate this,
the photophysical characterization was performed in various solvents. Specifically, Table
1.1 collects the fluorescent properties of the N-ethylated derivatives 19 and 23, selected as
representatives, in a set of five solvents of different nature. The proposed solvents cover a
wide range of polarities and include protic and aprotic examples. As observed, the
wavelength of maximum emission (Aemmax) and the fluorescence quantum vyield (®s) of
compounds 23 and 19 proved to be slightly conditioned by the solvent in the first four
selected ones of Table 1.1. In fact, their emission spectra suffered an expected shift to the
red from the least polar solvent, i.e. cyclohexane, to the other ones. The choice of a protic
solvent like 1-butanol did not provide a significant effect either. The emission spectra of

both compounds in all the solvents tested are represented in Figure 1.5. Regarding the @,
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it displays slightly higher values in the mono-substituted 23 (ca. 0.17-0.22) than in the di-

substituted 19 (ca. 0.12-0.18).

Table 1.1. Optical characteristics of the mono-substituted 23 and the di-
substituted 19 compounds recorded in different solvents.

Compound 23
Solvent®  Aemmax ®'(nm) @
CH 398 0.20
DCM 416 0.17
ACN 426 0.21
BuOH 426 0.22
DMSO 434 0.46

Compound 19
Aemmax P (nm) @[
418 0.18
430 0.12
426 0.15
434 0.16
442 0.35

[a] Solvents: cyclohexane (CH), dichloromethane (DCM), acetonitrile (ACN), 1-
butanol (BuOH) and dimethyl sulfoxide (DMSO). [b] Wavelength of maximum
emission (Aemmax). The emission spectra were recorded after excitation at 300
nm. [c] Fluorescence quantum yields (@), determined using POPOP as standard.

The most prominent change was found in DMSO, which afforded considerably higher ®s
values of 0.46 and 0.35 in the case of 23 and 19, respectively. This implies an almost 3-fold

increase with respect to the values registered in the other solvents. The switch from
cyclohexane to DMSO in compounds 23 and 19 implied a global red-shift of the Aemmax Up

to 36 and 24 nm, respectively.
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Figure 1.5. Emission spectra of the ethylated
monosubstituted 23 and b) the disubstituted 19.
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It should be noted that the N-aniline moiety endows the core with o bonds where the

system can freely rotate. The divergent @r values exhibited in DMSO could be derived from

an effective restriction of the intramolecular rotations due to its high viscosity and polarity,

enhancing the fluorescence. Indeed, the development of rotor-like materials in which the
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fluorescence depends on the medium viscosity represents a topic of study with numerous

applications in different fields.[148-149]
1.3.2. Diindolocarbazole derivatives

Thermal and photophysical properties

The thermal characterization and the photophysical properties in dichloromethane and in
the solid state of derivatives 1a-f and are presented in Table 1.2. The properties of N-
trihexyltriindole (THT) are also compiled for comparison between the star-shaped and the

ladder-type structures of the two constitutional isomers.

Table 1.2. Thermal and photophysical characteristics of the diindolocarbazole derivatives 1a—f and
N-trihexyl triindole (THT).

Thermal properties Photophysical properties
Solution Solid state
m [a] Aa s,max Aem,max Aa s,max Aem,max

T° T4 ™ (°C) ° (0F °

(°c) (nm) (nm) (nm) (nm)
THTI22 (1) 42419 318 395 0.19
1a 268 329 378 473,505 0.16 353, 480 494
1b 258 362 378 474,506in  0.15 357,478 492
1c 170 412 378 474,506in 0.14 358,477 496
1d 163 416 378 474,506in 0.14 357,481 468, 500
le 111 386 378  473,506( 0.16
1f 170 383 383 468,501 0.18

[a] Melting point (Tm) obtained from DSC at a scan rate of 10 °C min~L. [b] Decomposition temperature (Tq)
obtained from TGA (5% weight loss) at a heating rate of 10 °Cmin~2. [c] Not available. [d] Onset decomposition
temperature obtained from TGA at a heating rate of 20 °C min~! from reference 122. [e] Wavelengths of
maximum absorption (Aabsmax) and emission (Aem,max), with the shoulder peaks indicated as (sh). The emission
spectra in dichloromethane were recorded after excitation at 300 nm. The spectra in the solid state were
measured after excitation at 350 nm in vacuum-evaporated thin-films of 75 nm deposited over quartz.
Fluorescence quantum yields (®r) were determined using POPOP as standard.

As observed, the characteristics of the diindolo[3,2-b:2’,3’-h]carbazole core govern the
photophysical properties of derivatives 1a—e in solution, whereas the impact of the N-alkyl
chains is not relevant. The attachment of two additional peripheral hexyl chains in
derivative 1f, on the contrary, induces slight shifts in the wavelengths of both the
absorption and emission spectra with respect to 1a-e. For instance, the emission of 1f
peaks at 468 and 501 nm, whereas those of 1a-e peak at 473 and 506 nm. Therefore, the
emission of the diindolocarbazole core is placed into the blue-green region of the visible
spectrum, which contrasts with the UV-blue emission of triindole. The fluorescence

guantum yields of 1-based derivatives display similar values to THT, ranging from 0.14 to
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0.16 and a slightly higher value of 0.18 in the case of 1f. On the other hand, the effect of
the N-alkyl chains becomes substantial in the solid state. The absorption and emission
spectra in solution and in the solid state are shown in Figure 1.6. The measurements were
performed on vacuum-deposited thin-films of 75 nm over quartz. Whereas the absorption
spectra are very similar, the length of the N-alkyl chains determines the emission profiles.
The longer N-alkyl chains, the more similar becomes the emission spectrum in the solid
state with respect to that in solution. The broadening of the emission band to the red region
due to the formation of aggregates in the solid state is especially notable in the case of 1a,
i.e. the derivative featuring the overall shortest N-alkyl chains. Even though the
fluorescence quantum yields in the solid state could not be quantified, the intensity was
seemingly higher for derivatives featuring longer alkyl chains. A more aliphatic contribution
seemingly mitigates the aggregation and subsequent quenching of the fluorescence in the

solid state generally seen in organic materials.
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Figure 1.6. Absorption (dotted lines) and emission (solid lines) spectra of the diindolocarbazole
derivatives: a) 1a—e and b) 1c and 1f in solution; ¢) 1a-b and d) 1c-d in the solid state.

Regarding the thermal properties, all derivatives presented good thermal stability with
decomposition temperatures (Tq) higher than 320 °C, which are convenient for their

vacuum-deposition. The TGA scans of all derivatives are represented in Figure Al.1 of the
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Appendix. As expected, their melting points (Tm) seem to decrease with the elongation of
the N-alkyl chains, with values from 268 °C to 111 °C corresponding to derivatives 1a and
1e, respectively. Curiously, the inclusion of two additional hexyl chains in 1f does not imply

a decrease of the T in regard to 1c, which corresponds to 170 °C in both cases.

Electrochemical properties

The electrochemical characterization of derivatives 1a-f is compiled in Table 1.3. The
properties of the constitutional isomer THT are also listed for comparison.

Table 1.3. Electrochemical characterization of the diindolocarbazole derivatives 1a-f.

Compound  Aabsonset (NM) 71 E2P7 (eV) B Egnee: (V)™ 1P (eV) @ EA (eV)
THT22] 352 3.52 +0.21 5.60 2.07
la 479 2.59 -0.004 5.39 2.80
1b 478 2.59 -0.002 5.39 2.80
1c 479 2.59 -0.014 5.38 2.79
1d 479 2.59 +0.001 5.39 2.80
le 478 2.59 -0.010 5.38 2.79
1f 474 2.62 -0.046 5.34 2.72

[a] Optical energy gap (Egg’;) estimated from the absorption spectrum (Aabsonset). [b] Onset

oxidation potential (Eret) Vvs. Fc*/Fc determined from CV in 1 mM solutions in

dichloromethane. [c] lonization potential (IP) estimated as IP = £2* +5.39. [d] Electron

onset vs. Fc* /Fc
affinity (EA) estimated as EA = IP - Eg5t.

Again, the electrochemical characterization of derivatives 1a—e provides analogous results
due to the low impact of the alkyl chains in solution. The cyclic voltammetries of derivatives
1cand 1f are collected in Figure 1.7 as representatives. As shown, compounds 1a-f undergo
two reversible oxidation processes. Interestingly, all possess rather low onset oxidation
potentials, with resulting HOMO energy levels around -5.39 eV that accurately fit the Au
electrode work function (-5.1 eV). The linear extension of the n-system of diindolo[3,2-
b:2’,3’-h]carbazole results into a drastic reduction of the optical band gaps (Egg’;,) with
respect to the carbazole ring, i.e. 4.1 eV.['?4 The achieved values around 2.59 eV for
derivatives 1a—e and 2.62 eV for 1f are even lower than that of the triindole core and, at
the same time, still ameliorate the exceedingly low value of pentacene (1.85 eV)[**%, As a
result, the balanced energy levels of this set of derivatives are well-suited for their
application in optoelectronic devices. In particular, the HOMO energy levels are close to
that of Au, making them ideal for hole injection and transport, while also being sufficiently

low-lying to grant a substantially long-term stability.[18133]
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Figure 1.7. Electrochemical characterization: a) cyclic voltammetries of derivatives 1c and 1f in
dichloromethane, referred to the Fc*/Fc redox couple (the inset shows only the first oxidation
steps); b) schematic representation of the energy levels of N-trihexyltriindole (THT), 1c and 1f with
respect to the gold work function.

1.4. Organic thin-film transistors

The diindolo[3,2-b:2’,3’-h]carbazole derivatives 1a-f were investigated and characterized
as p-type semiconductors in OTFTs. They were tested as vacuum-deposited active layers of
75 nm of thickness in standard bottom gate-top contact devices, using gold as the source
and drain electrodes. The effect of two distinct organic dielectric layers recovering the SiO;
surface was also investigated, namely octadecyltrichlorosilane (OTS) and polystyrene (PS).
OTS was chosen as an aliphatic Self-Assembled Monolayer (SAM), whereas PS portrays as
an aromatic dielectric polymer. As abovementioned, the evaluation of the stability of the
devices also represents a crucial part of this work. Thus, the OTFT characteristics of each
set of devices have been measured periodically not only to determine the lifetime of the
devices, but also to describe the evolution of the average mobility over time. Table 1.4
collects the data of OTFTs based on compounds 1a-f in OTS- and PS-treated devices.
Specifically, it contains the maximum mobility obtained for a specific device (unmax) and the
maximum average mobility (un,avg) registered for a set of analogous devices. Additionally,
the average mobility of the set after approximately a year is also collected to evaluate the
air and temporal stability. Globally, the obtained hole mobility values cover three orders of
magnitude, from 10°to 1073 cm? V! s, depending on the alkylation patterning and the
nature of the interfacial dielectric. In particular, the highest mobility values were extracted
with the tributylated 1b and the trihexylated 1c, both featuring short-to-medium
homogeneous N-alkyl chains. In fact, 1b provided the highest mobility of all OTS-treated
devices with a value of 1.1 x 1073 cm? V™! s71, whereas it was slightly lower over PS, i.e.

6.7 x 10™* cm? V-1 s71. The OTFT characteristics of the former are represented in Figure 1.8.
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Table 1.4. OTFT hole mobilities of a set of representative devices based on compounds 1a-fin OTS-
and PS-treated substrates, corresponding to the maximum value obtained for a single device and
the average mobility of a batch up to 8 devices.

Si0,/0TS SiO,/PS
Compd. Hn,max 2! Hn,avg ! Mh,max ! Hh,avg ™!

(em?2vis?) (em?2vis?) (em?2v1is?) (em?2v1is?)
la 7.8x107 6x107° (6 x 107) 1.5x10™ 1x10% (8% 107)
1b 1.1x 1073 8x10™ (4 x10™) 6.7x10™ 5x 107 (3 x 107
1c 1.7x10™* 1x10% (9% 107) 1.1x1073 8x10™(3x10™)
1d 6.3x107 6x107° (2 x107) 2.1x10™" 2x10(1x 107
le 6.3x10° 5x 107 (<) 4,9 %107 4 %107 ()
1f 2.1x10™ 2x10™ (1% 107) 7.2x107 7 x 107 (8 x 107%)1

[a] Maximum hole mobility value for a single device. [b] Maximum average hole mobility value of a set of
representative devices collected on the same day. The values in parenthesis correspond to the average
mobility registered a year after their fabrication. [c] Not measured. [d] Value after 600 days.
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Figure 1.8. OTFT characteristics of a device fabricated with compound 1b over an OTS-treated
substrate, obtained on the day of its fabrication: a) transfer (Vbs = —-40 V) and saturation
characteristics; b) output plot at different gate voltages. The colored line in the saturation plot
indicates the slope that was used to extract the pn max.

Derivative 1c also outstands with an analogous pnmax of 1.1 x 1073 cm? V-1 571, which in this
case was registered over PS. The further elongation of the N-alkyl chains to the octylated
1d translates into a descend of the hole mobility, especially over OTS. Indeed, the aliphatic
nature of OTS becomes generally unfavorable for this core, since the best results are
extracted over PS. Apart from the case of 1b, this trend is only reversed by accentuating
the aliphatic character in the peripheral sides (1f).

The heterogeneous alkylation patterning of compounds 1a and 1e clearly derives into a
decrease of the performance with respect to the homogeneous 1c, which also features a

central N-hexyl chain. The shortening of the outer N-chains to ethyl in 1a causes a
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substantial downfall of the tnhmax Up to an order of magnitude. The underperformance
becomes even more evident with their elongation to dodecyl in 1e, inducing a 20-fold drop

in both dielectrics.

The most noteworthy feature of this core resides in the outstanding temporal and air
stability featured by the devices, with a shelf lifetime up to years maintaining a considerably
uniform pnawe over time. This prominent asset represents a permanently sought-after
characteristic in OTFTs. Indeed, top organic semiconductors like pentacene or TIPS-
pentacene fall behind in terms of stability, even when protecting strategies like
encapsulation are considered.l® Notably, the N-alkylation patterning and the organic
dielectric modulate the performance of the devices without discrediting their shelf lifetime.
Figure 1.9 represents the evolution of the unayg of the homogeneously substituted
derivatives 1b-1d throughout 900 days. The evolution of derivatives 1a and 1le can be
found in Figure Al1.2 of the Appendix. As observed, OTS-treated devices show their tnhmax
and very consistent un avg values during the first months after fabrication, with a moderate
decline over longer periods of time. On the other hand, the charge mobility values on their
PS counterparts tend to reach their maximum several days after their fabrication,
stabilizing thereafter in a plateau. Also, the choice of PS implies a superior long-term

uniformity of the un,avg and more robustness in front of the N-alkylation patterning.
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Figure 1.9. Evolution profile of the average hole mobility (unave) Of a set of devices fabricated from
compounds 1b, 1c and 1d over: a) OTS and b) PS. The displayed period comprises 900 days starting
from the fabrication day.

In fact, the shelf lifetime of this core was demonstrated to be higher than four years with
the examples of derivatives 1a and 1c, which were the first ones to be tested. A study of
such extend has been seldom reported in the literature, proving the potential of these
materials. Contrarily, the addition of peripheral chains in 1f certainly results into a loss of

stability. Particularly, the un,avg of 1f suffers a severe decrease during the first year with both
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dielectrics as collected in Table 1.4, whereas the shelf lifetime of the devices does not
extend further than two years. A more in-depth discussion of the effect of the peripheral

chains in several carbazole-based cores is held in Chapter 3.

All devices tend to exhibit a slight sublinear behavior, i.e. the slope of the extracted un is
lower than that of an electrically-equivalent ideal device. In some cases this sublinear
behavior accentuates into a hump-like nonlinearity over time. The origin of this particular
phenomenon was suggested to be caused from gated Schottky contacts.'° Another
feature of the studied devices that should be pointed out is the relatively low lon/losf ratios
they display. Seemingly, the derivatives that feature longer N-alkyl chains (1d and 1e) show
the highest lon/lof ratios with values up to 103. This trend was already observed on similar
studies regarding different aromatic cores.l'?>151] A more detailed representation of the

OTFT characteristics of devices containing derivatives 1a-f is shown in the Appendix.

The comparison between the diindolocarbazole and triindole cores also comprised a
valuable aspect of this study. Overall, the triindole core still outperforms diindolocarbazole
to some degree, claiming a tnmax of 1 x 1072 cm? V=1 s and an lon/loff ratio of ~10° in the
case of the trihexylated derivative over PS-treated devices. Nevertheless, the studied
diindolocarbazole derivatives 1a—f present interestingly high air-stability and early switch-
on voltages (as shown in Figure 1.9a). Also, the results in relation to the different alkylation
patternings augur certain room of improvement and optimization of the performance of

this core.

1.5. Molecular order and disposition in the thin-films

The next stage of this study involves the correlation of the charge transport properties of
the diindolocarbazole derivatives with their structural design. As observed, the
characterization of the devices has made plain the huge impact of the length of the alkyl
chains on the performance of the diindolocarbazole nucleus. In order to shed light on this
topic, the analysis of the arrangement of the materials within the films represents an

essential information.

1.5.1. Crystallographic study

The elucidation of the single crystal structure of a material grants an insight into its
intermolecular arrangement, so it represents a valuable information in organic electronics.
Even after considerable attempts regarding all derivatives, however, we could not produce
single crystals with the required resolution to define their intermolecular disposition via

conventional methods. In view of this, we attempted the elucidation of their crystal
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structures from Powder X-Ray Diffraction (PXRD). Structure determination from powder
diffraction, while by no means routine, has emerged as an alternative option to access
crystal structures.'¥] This approach was successful in deciphering the crystal structure of
the tributylated derivative 1b, pioneering as the first reported N,N',N’-

trialkyldiindolocarbazole construction. 1b crystallizes in space group R-3 of the trigonal

system, featuring a high volume unit cell of 12987 A3 that fits 18 molecules, and dimensions
of a=52.8790 A, b=52.8790 A, c = 5.36308 A, a = 90°, § = 90°, = 120° (Figure 1.10).

Figure 1.10. Single crystal structures of derivative 1b, with the cell axes delimiting the unit cells and
an amplified region indicating the m-m stacking distance of 3.29 A through the c axis (in green) and
the edge-to-face distance of 3.77 A between stacked columns (in blue).

As observed, 1b mainly establishes m-mt interactions between the aromatic systems of
contiguous molecules along the c axis, assembling in a slipped parallel fashion. The butyl
chains also assist the stacking in this direction with C-H---1t interactions. As a result, the
shortest m-1t stacking distance found corresponds to 3.29 A, which ensures an adequate
overlap and charge transport along the material layers on the basis of the hopping model.
Finally, additional C-H---imt and aliphatic interactions reinforce the packing of molecules
along the plane of the unit cell. Specifically, the edge-to-face C-H---rt interactions between
molecules belonging to different m-stacked columns feature distances as close as 3.77 A,
which endows the material with a potential alternative mechanism for the hopping of

charges.

Apart from 1b, we could also unravel the crystal structures of derivatives 1a and 1d

following the same procedure. Their crystal structures are illustrated in Figure 1.11.
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Figure 1.11. Single crystal structures of derivatives: a) 1a and b) 1d, with the cell axes delimiting the
unit cells and an amplified regions indicating the m-it stacking distances in green (3.29 A through
the c axis in 1a and 3.70 A through the b axis in 1d) and the edge-to-face distances between stacked
columns in blue (3.82 A in 1a and 3.67 A in 1d).

1a crystallizes in space group Fdd2 of the orthorhombic system, displaying an also high
volume unit cell of 10885 A% and dimensions of a = 48.565 A, b = 42.882 A, ¢ = 5.22695 A,
a =90° f =90°, y=90° (Figure 1.11a). In general, the disposition of 1a assimilates to that
of 1b. The arrangement through the shortest c axis also shows a slipped parallel stacking
with analogous n-t distances as low as 3.29 A. In this case, the arrangement along the plane
is conditioned by the heterogeneous alkylation of 1a, with the bulkier hexyl chains
intercalated among the mn-stacked columns. The edge-to-face distances are slightly higher
than in 1b, i.e. 3.82 A. 1d crystallizes in space group P21/c of the orthorhombic system,
possessing a considerably lower volume unit cell of 4050 A3 (a = 45.0352 A, b = 4.84267 A,
c=34.8647 A, @ =90°, [ =32.2°, y=90°, Figure 1.11b). Despite the similitudes with 1a and
1b in regard to the packing through the shortest axis (i.e. the b axis in this case), derivative
1d possesses greater and less favorable m-nt distances of 3.70 A. Contrarily, the edge-to-
face distances are reduced to 3.67 A. The superior length of the octyl chains emphasizes
the presence of aliphatic-predominating regions in the disposition found in the main plane,

which could explain the higher lon/loff ratios found in the corresponding devices.[5!]

Overall, the elucidated structures demonstrate the planarity of the diindolocarbazole

system, which facilitates the intermolecular overlapping that is sought in organic
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electronics. Considering the packing motifs typically seen in polycyclic aromatic
hydrocarbons,!120-121 the arrangement of all three compounds can be associated to a y
type. Ay packing is mainly governed by face-to-face C---C (and C---N in this case) interactions
between parallel translated molecules with the support of edge-to-face C-H--m
interactions. Contrarily, materials such as pentacenel® or indolo[3,2-b]carbazole!24
arrange in a herringbone packing characterized solely by edge-to-face C-H---m interactions.
Even though their excellence in organic electronics, the herringbone motif is considered as
non-optimal for charge transport because of the generally smaller direct m-nt orbital
overlap.l*21153 The elongation of the aromatic system from indolo[3,2-b]carbazole to 1
therefore translates into a favorable, more flattened, y disposition.

1.5.2. GIXRD measurements

The solid-state characterization of the semiconductor layers was achieved by means of
Grazing Incidence X-Ray Diffraction (GIXRD). The measurements were performed on
vacuum-evaporated films (75 nm of thickness) over OTS- and PS-treated Si/SiO; substrates,
equivalent to the active layers of the devices. The GIXRD patterns of derivatives 1a-d and
1f are shown in Figure 1.12. Compound 1e has been excluded from this analysis due to its

remarkable underperformance in OTFTs.

Compounds 1la-d exhibit matching profiles in OTS- and PS-treated substrates that only
differ in terms of intensity, suggesting that the organic dielectric influences the degree of
order within the active layer but not the preferred orientation. All films deposited over OTS
exhibit higher intensities, i.e. possess a higher degree of order. This fact is rather
unexpected because of the general outperformance of the diindolocarbazole core over PS-
treated devices. One plausible explanation could be that the nature of the dielectric alters
the charge transport beyond the solid-state organization, implying electronic or structural
issues in the interface rather than in the bulk.[*2>154 Once again, these results highlight the
special care needed at designing the structure of both the semiconductor material and the

device.

The availability of the single crystal structures of 1a, 1b and 1d enabled the indexation of
their GIXRD patterns. The diffraction peaks at 260 = 7.0 and 13.9° observed in 1a films were
suggested as the reflection 400 and the complementary 800, respectively, on the basis of
the PXRD and the resolved crystal structure. In the case of 1b, the principal diffraction signal
peaking at 20 = 7.2° was proposed to belong to the reflection 4-20, whereas the peaks of
1d at 20 = 5.1, 12.8 and 18.2° were assigned to the complementary reflections 202, 505
and 707, respectively.
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Figure 1.12. Analysis of the solid-state organization: GIXRD patterns corresponding to thin-films (75
nm of thickness) of compounds 1a-d and 1f deposited under vacuum over OTS- (left) and PS-
treated substrates (right).

This indicates that the planes (400), (4-20) and (202) in 1a, 1b and 1d, respectively, are
arranged parallel to the substrate as schematized in Figure 1.13. The m-m stacking
directions, which coincide with the c axis in structures 1la-b and the b axis in 1d, are
conveniently parallel to the substrate. The proposed dispositions in the thin-films of all
three derivatives admit a proper charge transport throughout the semiconductor layers.
Nevertheless, the GIXRD of 1a films stand out due to their exceedingly low degree of order.
The underperformance of the heterogeneous 1la could be associated to the highly
disordered or amorphous arrangement within the film. On the other hand, the trioctylated
1d displays similar pna to 1a despite 1d features more ordered films. This could be
attributed to a poorer -t overlapping derived from the higher n-it stacking distances (i.e.
3.70 A) found in the single crystal of 1d, hampering the transport of charges through the
hopping model.
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Figure 1.13. Proposed disposition of 1a (a), 1b (d) and 1d (c) within the film from two different
perspectives, in accordance to the reflections observed in the GIXRD pattern. The planes (400),
(4-20) and (202) are placed parallel to the substrate for 1a, 1b and 1d, respectively. The n-rt stacking
directions, which are parallel to the substrate, are also indicated. The molecular dispositions
depicted for 1a and 1b correspond to representative fragments of the unit cells. Hydrogen atoms
have been omitted for clarity.

Finally, compound 1f displays sharper and more intense diffraction peaks with relative
intensities that diverge between substrates. In particular, the peak at 260 = 5.7° has a higher
intensity over OTS with respect to the other peaks, something that does not happen over
PS. This hints that the outperformance of this derivative over OTS could result from the
predominance of a more convenient disposition in it. It is also remarkable that the films of
1f show several peaks, which could imply the presence of various preferred orientations of
the material, justifying the lower performance of 1f in OTFTs. Unfortunately, the lack of its
crystal structure does not permit a more in-depth analysis at this point.

1.6. Conclusions

The microwave-assisted Cadogan reaction permitted the synthesis of five diindolo[3,2-
b:2’,3’-h]carbazole derivatives (1a-e) featuring alkyl chains with various lengths and
patterns. The addition of peripheral hexyl chains was feasible as well, conferring the
pentahexylated derivative 1f. However, the access to derivatives featuring short alkyl

chains like ethyl in the central nitrogen is still limited via this procedure. Alternatively, the
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synthetic investigations of the oxidative cyclisation approach have opened the door to
subsequent advances to an even more straightforward route towards this core.
Compounds l1a-f presented adequate photophysical and electrochemical properties for
their application as p-type semiconductors, with low IP values that closely match the gold
work function. The reported charge mobility values, ranging from 107 to 103 cm? V-1 s71,
are highly dependent on the alkylation design and the organic dielectric applied in the
SiO2/semiconductor interface. Remarkably, a hole mobility as high as 1.1 x 1073 cm? V-1 s
was achieved with the tributylated 1b over OTS as the organic dielectric and the
trihexylated 1c over PS. The crystal structures, elucidated via PXRD, revealed a convenient
Y packing that is accordant with the favorable device performances. In fact, the
crystallographic study in conjunction with the GIXRD measures of the thin-films acquainted
with the role of the structural design in modulating the device performance. The
relationship between the alkylation patterning and the charge mobilities also reveals an
appealing outperformance of derivatives possessing short-to-medium and homogeneous
N-alkyl chains. Overall, the diindolocarbazole core claims a great potential as a hole-
transporting semiconductor, supported by its noteworthy air stability and shelf lifetime in
OTFT devices, which extends to periods up to several years. This study should therefore

usher in the optimization and implementation of this core in organic electronics.
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CHAPTER 2. Extending the carbazole heterocycle (ll): the
bisbenzothienocarbazole core

2.1. Introduction

The potential of novel ladder-type constructions has been exemplified in the previous
chapter with the study of the diindolocarbazole core. Chapter 2 resumes the investigation
of extended structures based on the carbazole heterocycle from a similar approach.
Specifically, the fused indole extensions that configure the diindolocarbazole architecture
have been replaced with benzothiophene scaffolds. The resulting core, namely 14H-
bis[1]benzothieno[3,2-b:2’,3’-h]carbazole, substitutes the peripheral nitrogens of

diindolocarbazole for sulfurs.

Sulfur-containing heterocycles are well-known building blocks in the search of novel
materials within organic electronics. In fact, the suitability of this strategy has been
extensively certified with a myriad of examples.[?>>-158] Cores such as benzothieno[3,2-
b][1]benzothiophene  (BTBT)[2>42744159-1601  or  dinaphtho[2,3-b:2’,3'-f]thieno[3,2-
b]thiophene (DNTT)[45-46,161-163] 3re just a few of the sulfurated aromatic systems currently
settled amongst the top performing organic semiconductors. Indeed, they do not only excel
in terms of charge mobility transport, but also for their remarkable air-stability.[16%.164] |n
spite of the potential displayed by similar constructions and the endeavor invested in
developing a suitable synthetic routel'®°-166] there is no reported data of devices
integrating the bisbenzothienocarbazole core to date. Thus, an in-depth study of this core

emerged as a prime objective to answer the current absence of information.

Taking into account the conclusions extracted from the previous chapter, a special
attention has been put in the design of the alkylation patterning. Contrarily to structure 1,
the bisbenzothienocarbazole nucleus does not concede the opportunity to attach alkyl
chains to the peripheral heteroatoms. Figure 2.1 depicts two feasible derivatives of the
bisbenzothienocarbazole core 30 resulting from model diindolocarbazole structures
analyzed in Chapter 1. A possible analog of the hexylated compound 1c would be derivative
30a, featuring a lateral configuration with a single N-hexyl chain. On the other hand, this
core also permits a more head-tail orientated design, emphasizing the elongation through
the long axis with peripheral alkyl chains and minimizing the impact of the N-alkyl chain.
Therefore, the structure of derivative 30b, possessing two peripheral hexyl chains and the
shortest possible N-methyl, redesigns the concept of derivative 1f.
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Figure 2.1. Molecular structures of the proposed target derivatives of the bis[1]benzothieno[3,2-
b:2’,3’-h]carbazole 30a and 30b and their respective diindolocarbazole similes 1c and 1f.

2.2. Sulfurated carbazole precursors

The synthesis of derivatives 30a and 30b has been carried out according to a reported
procedure, which is based on the annulation of the sulfoxide-containing precursors shown
in Scheme 2.1.11%%] These precursors are obtained by oxidizing their respective sulfide-
containing counterparts. During the early stages of the synthetic process, an intriguing
aspect related to these intermediates piqued our attention. As detected, the two pairs of
precursors possessed divergent optical properties regarding the emission intensity,
depending on the oxidation state of the sulfur. It should be noted that the oxidation of the
methylthio unit implies the transformation of an electron-donating into an electron-
withdrawing group. The associated electrochemical modulation is therefore prone to
affecting the photoluminescence, as evidenced by some published examples.[167-169]
Indeed, the switch from methylsulfinyl to methylthio groups in various fluorophores has
been recently reported as a tool for biological imaging probes.[*68-16% Keeping in mind that
9H-carbazole also outstands as a building block for its excellent photophysical properties,

the analysis of the herein synthesized precursors could derive into attractive findings.

Overall, this section deals with the synthesis of the abovementioned sulfurated carbazole
precursors as well as analog structures, in order to analyze the role of the position and the

oxidation state of the sulfur moieties in the properties of carbazole-based fluorophores.
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Scheme 2.1. Schematic representation of the retrosynthetic approach towards compounds 30a and
30b, involving various sulfurated carbazole precursors.

2.2.1. Synthesis

The synthesis of the meta-substituted intermediates 31a-b is represented in Scheme 2.2.
It should be clarified that the nomenclature of the sulfurated precursors synthesized in this

section includes a letter that denotes the oxidation degree of the sulfur.

N
CgHia
5
/SD Pd(PPh3);, K;CO3
(HO),B THF:H,0, A
80%
S— s
OOF e O
(O oo Q Q
65H13 94% C5H13
31a 31b

Scheme 2.2. Synthesis of the meta-substituted intermediates 31a-b, precursors of the final
compound 30a.

Compound 31a was obtained from 5 in a yield of 80% through the Suzuki-Miyaura cross-
coupling reaction, using 2-methylthiophenylboronic acid, Pd(PPhs)s and K,COsz in a mixture
of THF and water under reflux. The subsequent oxidation with H,0; in glacial acetic acid at

room temperature led to 31b in an excellent yield of 94%. Additionally, the synthesis of the
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para-substituted analogs 32a-b was projected with the only purpose of comparing their
optical properties with respect to the meta-substituted structure 31. Their synthesis,
shown in Scheme 2.3, was performed likewise from 18 as starting material. The formation

of the para-substituted derivatives 32a-b was accomplished in similarly high yields of 85
and 95%, respectively.

©:B(0H);

PA(PPhs) KoCO3 H,0,
P —— .
THFH,0, A N CH3COOH, RT N
cﬁHﬁ, 85% CeHig 95% CeHis
18 32a 32b

Scheme 2.3. Synthesis of the para-substituted analogs 32a-b.

The synthesis of precursors 36a-b, it was achieved from 2,7-dibromo-9H-carbazole (3)

adapting a reported procedure.['%%! The route is depicted in Scheme 2.4.

B(OH),
PA(PPhs); KCO3
Br Br > O O
N THF'H,0, A CeHis N CeHrs
|
CH,

CH; 65%
33 34
NBS
MNaH, CHal
? 89% 86% CH3COOQH:CHCI3, RT
DMF, RT
Br Br
AL D QS50
H CgHi3 N CgH13
3 (IZH3
35
1) BuLi, THF, -78 °C
62%
2) CH3SSCH3, RT
O 0
Q O O O CH3COOH:CHCI3,RT D O O O
CegHi3 CgHy3 86% CgHi3 N CgHy3
CH
36b 36a

Scheme 2.4. Synthetic route towards intermediates 36a-b, precursors of the final compound 30b.
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3 was methylated under standard conditions with iodomethane to afford 33 in a yield of
89%. The Suzuki-Miyaura reaction permitted the attachment of the 4-hexylphenyl scaffold
to 33 to provide 34 in a yield of 65%. It was followed by the bromination of positions 3 and
6 of the carbazole ring with N-bromosuccinimide (NBS) in a mixture of glacial acetic acid
and chloroform at room temperature, providing 35 in a yield of 86%. The substitution of
the bromines was performed with n-butyllithium in THF at -78 °C and the subsequent
guenching with dimethyl disulfide, which led to compound 36a in a yield of 62%. Finally,
the oxidation to the sulfinylated 36b with hydrogen peroxide was carried out in a mixture

of acetic acid and chloroform in this case, in a yield of 86%.

2.2.2. Synthetic study towards the sulfonylated analogs

The premise that the optical properties of structures 31, 32 and 36 are strongly conditioned
by the oxidation degree of the sulfur moieties delineated a completely new objective: the
conversion of sulfide to sulfone as the subsequent oxidation state. Thus, the formation of
their sulfonyl-containing analogs aroused as an engaging synthetic target to conclude this
family of compounds. The presence of sulfone groups in highly performing fluorophores
only reinforced the interest in these synthetic targets. Indeed, the integration of sulfones
as acceptor bridges or moieties is particularly useful in the search of donor-acceptor

molecules for efficient Thermally Activated Delayed Fluorescence (TADF) materials.[170-174]

In order to accomplish so, the conditions of the oxidation reaction were surveyed in the
literature. As observed, standard oxidizing agents such as hydrogen peroxidel*’>-1771 and
m-CPBAI[178-180] were the most common choices in this case. Taking into account the success
of hydrogen peroxide to convert compounds 31-32a and 36a into 31-32b and 36b, it was
the one employed for the first synthetic approaches towards the meta-substituted 31c. The
oxidation to the methylsulfonyl group was directly performed from the methylthio
precursor 31a. Scheme 2.5 depicts the reaction towards 31c alongside the three in-
between intermediates, which includes the methylsulfinyl derivative 31b.

The initial conditions tested implied analog conditions to the ones employed in the
synthesis of 31b, but using an excess of H,O, instead. Specifically, the original 2.1
equivalents were increased to 15 and 30 with respect to the starting material.
Nevertheless, these conditions still provided 31b regardless of the equivalents of H,0; and
the reaction time. Thus, the next step involved the increment of the reaction temperature.
In order to evaluate the effect of the temperature and the reaction time in this molecule,
several reaction probes were programmed at different temperatures. Each reaction was

periodically monitored by UV-Vis/HPLC. The optimal conditions to furnish 31c were
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established at a temperature of 50 °C. The corresponding experimental data is shown in
Figure 2.2.

N
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Scheme 2.5. Oxidation reaction from 31a to 31c, displaying all the in-between intermediates.
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Figure 2.2. Evolution of the different species present in the oxidation process from the meta-
substituted 31a to 31c in front of the reaction time: a) profiles collected by UV-Vis/HPLC, displaying
the composition of the crude from seven samples; b) progression of the molar percentage of each
specie during the reaction time. The relative intensity areas obtained from UV-Vis/HPLC have been
corrected to the actual molar percentage by means of 'H-NMR spectroscopy. The employed HPLC
conditions are detailed in the experimental part.

The conversion from the starting material 31a to the dimethylsulfinyl derivative 31b was
fast, since neither the starting material 31a nor the intermediate 31a’ could be detected in
the first sample. Thereafter, the reaction species converged progressively to the desired
product 31c, with a conversion higher than 90% after 280 min. It should be mentioned that
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the formation of a sixth specie, namely 31c¢’, was detected during the final stages of the
reaction. This specie eluted simultaneously with 31b in the employed HPLC conditions
(tr= 4.6 min) and possessed a molecular mass of 590.3 g mol, implying an increment of 30
g mol! with respect to 31c. This suggests the incorporation of two additional oxygen atoms,
so it was proposed as a further oxidized by-product. In order to maximize the conversion
to 31c and avoid the raise of by-product 31c’, the time reaction was set at 4.5 hours. It
should be mentioned that the increase of the temperature to 60 °C implied a much faster
conversion rate, providing the sought 31c in approximately 60 min. However, these
conditions were discarded because the conversion between species was exceedingly
sensitive within very short periods of time. Finally, a temperature of 80 °C rapidly derived

into the formation of 31¢’ and the consequent degradation of the product.

Regarding the para-substituted 32c, the chosen conditions provided a similar reaction
profile. Overall, the synthesis of the methylsulfonyl derivatives 31c and 32c was
accomplished in high yields of 80 and 85%, respectively. Even though the sulfonylated
counterpart of structure 36 could not be included in this preliminary study, it is likely to be

investigated in the future.

2.2.3. Crystal structure

The crystal structure of compound 31a could be elucidated via single-crystal X-ray analysis.
Specifically, it crystallized in space group P121/c1 of the monoclinic system. The molecule
does not feature a planar configuration, since the central carbazole and the two meta-
substituted phenyls adopt high twist angles of 55.99 and 71.77°. The configuration of the
molecule and the disposition in the single crystal are represented in Figure 2.3.

......... C-H---1t distance 0
rrrrrrrrr Edge-to-face C-H---t distance a

Figure 2.3. X-ray crystal structure 31a, showing the ORTEP projection (left) and the unit cell (right).
The twist angles and representative distances are also indicated.

The intermolecular arrangement is mainly governed by aliphatic C-H---1t interactions along

with edge-to-face aromatic C-H---mt interactions. However, the structure lacks the effective

Chapter2 | 83



intermolecular n-minteractions that could be interesting in charge transport. The high twist
angles between the carbazole nucleus and the phenyl scaffolds, which induce a

considerable intermolecular steric hindrance, possibly represent the main obstacle to this.

2.2.4. Optical properties

The photoluminescence data of all the sulfurated carbazole derivatives synthesized so far
is compiled in Table 2.1. All derivatives were examined in three different solvents, namely
cyclohexane, dichloromethane and acetonitrile, which feature an increasing range of
polarities. Apart from the sulfonylated compound 32c, which will be discussed
independently, the optical properties in the tested solvents provided similar results in
terms of quantum yields and a slight bathochromic shift from cyclohexane to the two more
polar solvents (the corresponding spectra can be found in Figure A2.1 of the Appendix).
Taking this into account, the subsequent analysis is centered on the results obtained in
dichloromethane as representatives. The absorption and emission spectra in

dichloromethane are represented in Figure 2.4.

Table 2.1. Photoluminescence data of the sulfurated carbazole structures featuring sulfide
(31-32,36a), sulfoxide (31-32,36b) and sulfone (31-32c) groups in cyclohexane (CH),
dichloromethane (DCM) and acetonitrile (ACN).

i Py
‘z;S‘CH3 ‘?.,’g\CH3 "Z;S\CH?,
Structure  Solvent  Aem(nm)@ @[ Aer® (nm) @™ Aem® (nm) @; 1!
CH 384 0.07 377 0.33 381, 396 0.32
31 DCM 394 0.03 400 0.34 402 0.32
ACN 393 0.04 400 0.35 405 0.27
CH 360, 379 0.05 363, 382 0.15 355,374 0.25
32 DCM 366, 384 0.05 367, 386 0.12 360, 380,412 0.38
ACN 366, 383 0.05 367, 386 0.13 362,382,435 0.33
CH 406 0.02 384 0.17
36 DCM 424 0.01 387 0.16
ACN 431 0.01 390 0.15

[a] Wavelength of maximum emission (Aem,max). The emission spectra were recorded after excitation at 300
nm. [b] Fluorescence quantum yields (®s), determined using POPOP as standard.

Both the emission wavelength and the quantum vyield of the studied fluorophores proved
to be strongly conditioned by the oxidation degree of the sulfur moieties and their bonding
positions with respect to the carbazole ring. Derivatives 31-32a, which contain the 2-
methylthiophenyl moiety, display similar emission spectra with respect to their oxidized
counterparts 31-32b. In the case of 31a and 31b, the former peaks at 394 nm, while the
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latter shows a very slight bathochromic shift, peaking at 400 nm. The shift found in the
para-substituted compounds 32a and 32b is even smaller. Regarding the oxidation to
methylsulfonyl groups, the meta-substituted 31c follows the same tendency, displaying a
minor bathochromic shift of 2 nm with regard to 31b. The para-substituted 32c, however,
reveals a new emission band peaking at 412 nm that endows it with a distinct emission
profile. As a consequence, it displays a greater contribution to the visible spectrum than
their less oxidized analogs 32a-b. Structure 36 also stresses out the key role of the
oxidation state of the sulfur in the fluorescence, since in this case is directly attached to
carbazole. Contrary to structures 31 and 32, the oxidation to methylsulfinyl causes a
remarkable hypsochromic shift of 37 nm, from 424 to 387 nm for 36a and 36b, respectively.
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Figure 2.4. Photophysical characterization of the different sulfurated carbazole structures in

dichloromethane: absorption (dotted) and emission (solid) spectra of derivatives 31a-c (a), 32a-c
(b) and 36a-b (c) at Aex = 300 nm, with their corresponding @x (d).

On the other hand, the fluorescence quantum yields of both sulfide and sulfoxide
derivatives provided unexpected results. Several reported methylsulfinyl-containing
fluorophores display a much lower quantum vyield than their methylthio analogues,!'8!
impelling their application in fields such as biological imaging and detection probes.[168-16°]

Nevertheless, in our case we found the opposite trend, i.e. the oxidation to sulfoxide leads
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to a noteworthy enhancement of the quantum yield with respect to the almost non-
emitting sulfide derivatives. Even though there are some examples that follow this
tendency,[167.1821 the difference between the quantum yields of both counterparts is
seldom as significant as the ones herein reported (Figure 2.5d). Specifically, compounds
31a and 323, featuring the 2-methylthiophenyl unit, display low quantum yields of 0.03 and
0.05, respectively, whereas those of their oxidized analogues 31b and 32b increase to 0.34
and 0.12, respectively. The increase observed in the meta-substituted carbazole 31 is
considerably higher than in the para-substituted structure 32. Besides, the former possess
a greater contribution in the blue region of the visible spectrum. In the case of compounds
36a-b, the difference is even more remarkable, with a 16-fold enhancement between
analogues. The fact that the methylthio group is directly bounded to the carbazole
heterocycle in structure 36 seemingly makes it more susceptible to the changes in the

oxidation state of the sulfur.

The conversion from sulfoxide to sulfone has little effect in the @ of the meta-substituted
31 (from 0.34 to 0.32), but implies a 3-fold enhancement in the para-substituted 32 (from
0.12 to 0.38). As stated, the sulfonylated 32c also astounded with the appearance of an
additional emission band. This characteristic was suggested to origin through the Twisted
Intramolecular Charge Transfer (TICT) mechanism, which manifests in some molecules
constructed from donor and acceptor moieties linked by a single bond. This phenomenon
implies the coexistence of two different minima in the potential energy surface of the first
excited singlet state (S1): the locally excited (LE) state and the TICT state.[8>183-184] Thege
two states are correlated with the twist angle of the single bond that connects the D-A
system. As schematized in Figure 2.5a, the system first enters the locally excited (LE) state
upon photoexcitation, which features a planar configuration. The twist towards a
perpendicular geometry promotes the transference of an electron from the donor to the
acceptor moiety, which derives into the highly polarized TICT state. Hence, it becomes
particularly stable in the presence of polar solvents. As a result, materials featuring TICT
exhibit solvatochromism, i.e. solvent-dependent emission. The data collected from
different solvents seemingly confirms the occurrence of this phenomenon. Indeed, the
combination of the sulfonyl moieties, which are highly electron-withdrawing, with an
electro-donating core such as 9H-carbazole through a phenyl spacer certainly ushers in a
potential TICT process. Figure 2.5b shows the emission spectra of 32c in the three stated
solvents plus DMSO as an even more polar example. As observed, the spectrum registered
in the least polar solvent, i.e. cyclohexane, is quite analogous to those of 32a and 32b. The
subsequent increase of polarity in the rest of solvents accentuates the TICT band in
detriment of the normal LE band. In DMSO, which is the most polar solvent tested, the red-

shifted TICT band almost dominates the profile of the spectrum. Consequently, the nature
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of the solvent also affects the @r of 32c, with a value that ranges from 0.25 to 0.38 in
cyclohexane and dichloromethane, respectively. Thus, the photophysical properties of 32¢
can be uniquely altered not only by switching the oxidation state of the sulfur, but also
through the polarity of the solvent. This makes the emission characteristics of 32c

abysmally divergent with respect to their less oxidized counterparts 32a-b in highly polar

solvents.
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Figure 2.5. a) Schematic representation of the TICT mechanism and b) emission spectra of
derivative 32c in different solvents (Aex = 300 nm).

2.3. Bisbenzothienocarbazole derivatives

2.3.1. Synthesis

Scheme 2.6 represents the cyclization of the sulfinylated compounds 31b and 36b to obtain
the bisbenzothienocarbazole derivatives 30a and 30b, respectively. The activation of the
methylsulfinyl group,[®® required for the intramolecular ring closure step, was
accomplished using an excess of the strong triflic acid at room temperature for 72 h.[1¢% |n
the cyclisation of 36b, a small amount of phosphorous pentoxide was also added. This acid-
induced condensation led to the cyclized methylsulfonium salt intermediate. Thereafter,
the demethylation of the intermediate salts was performed by refluxing them in pyridine
for 12 h. The bisbenzothienocarbazole derivatives 30a and 30b were obtained in high yields
of 95 and 66%, respectively. Despite the considerable length of the synthetic pathways, the
corresponding global yields are also remarkable. 30a was furnished from 2,7-dibromo-9H-
carbazole (3) in an outstanding global yield of 67% after four steps. Also from 3, the
synthesis of 30b was achieved in a global yield of 19%, which is equally notable considering

that the procedure involves six synthetic steps.
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Scheme 2.6. Final cyclization step towards the bisbenzothienocarbazole derivatives 30a and 30b.

2.3.2. Characterization of the organic semiconductors
Thermal and photophysical properties

The thermal and optical properties of the bisbenzothienocarbazole derivatives 30a and 30b

are compiled in Table 2.2.

Table 2.2. Thermal and photoluminescence data in solution and in the solid state of the final
compounds 30a and 30b.

Thermal properties Photophysical properties
Solution Solid state
compnd_ T [a] Ty [b] /\abs,max [e] /\em,max [c] o il /\abs,max [e] ,\em’max [e]
(°C) (°C) (nm) (nm) (nm) (nm)
30a 197 351 344,361 438,466(n 0.04 284,370 458
30b 217 408 347,365 432,458 0.05 267, 363 474

[a] Melting point (Tm) obtained from DSC at a scan rate of 10 °C min~L. [b] Decomposition temperature (Tq)
obtained from TGA (5% weight loss) at a heating rate of 10 °C min™'. [c] Wavelengths of maximum absorption
(Aabs,max) and emission (Aem,max) in dichloromethane, with the shoulder peaks indicated as (sh). The emission
spectra were recorded after excitation at 300 nm. [d] Fluorescence quantum yields (@), determined using
POPOP as standard. [e] The spectra in the solid state were measured in vacuum-evaporated thin films of 75
nm deposited over quartz (Aex = 350 nm).

The emission of the bisbenzothienocarbazole derivatives, measured in dichloromethane,
has an expected bathochromic shift in comparison with their precursors derived from the
extension of the aromatic core (e.g. 38 nm from 31b to 30a, peaking at 400 and 438 nm,
respectively). Accordingly, the fluorescence quantum yields diminish with respect to their

methylsulfinyl precursors, with values of 0.04-0.05. The absorption and emission spectra
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of both derivatives in dichloromethane and in the solid state are represented in Figure 2.6.
Both derivatives exhibit a bathochromic shift in the solid state, which is generally caused
by the aggregation of the material. Nevertheless, the photoluminescence of 30a still
preserves a substantial contribution in the blue region of the visible spectrum, peaking at
458 nm. Overall, the Aemmax is 20 and 42 nm red-shifted with respect to the value in

dichloromethane for 30a and 30b, respectively.
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Figure 2.6. Absorption (dotted lines) and emission (solid lines) spectra of derivatives 30a and 30b
in dichloromethane (a) and in the solid state (b). The emission spectra were registered after
excitation at Aex = 300 nm in solution and A« = 350 nm in the solid state. The optical properties in
the solid state were registered in thin films of 75 nm deposited over quartz plates.

Concerning the thermal properties, both derivatives feature T4 values above 350 °C, which
are adequate for the vacuum-deposition process. Remarkably, the peripheral hexyl chains
endow derivative 30b with a higher T4 up to 408 °C on the basis of the 5% weight loss. The
TGA measurements are depicted in Figure A2.2. of the Appendix.

Electrochemical properties

The electrochemical characterization of compounds 30a and 30b, which is mainly focused
on determining whether these compounds possess suitable properties to be applied in
OTFTs, is detailed in Table 2.3.

Table 2.3. Electrochemical data of compounds 30a and 30b.

Compound  Aabs,onset (nm) [ E;’g; (eV) ]l Egnset (V)™ IP(eV)[d  EA (ev)™
30a 442 2.81 0.38 5.77 2.96

30b 437 2.84 0.42 5.81 2.97

[a] Optical energy gap (Eg;’;) estimated from the absorption spectrum (Aabsonset). [b] Onset

oxidation potential (Eoret) Vvs. Fc'/Fc determined from CV in 1 mM solutions in
dichloromethane. [c] lonization potential (IP) estimated as IP = £2* +5.39. [d] Electron

onset vs. Fc* /Fc
affinity (EA) estimated as EA = IP - Egbt.
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Compounds 30a and 30b undergo an oxidation process, which is represented in Figure 2.7a.
Both compounds exhibit similar ionization potential (IP) values, calculated from the first
oxidation onset potential, and optical gap energy values, estimated from their absorption
spectra. The resulting energy levels, represented in Figure 2.7b, have estimated values
around -5.80 and -2.97 eV for their HOMO and LUMO energy levels, respectively. Their
low-lying HOMO energy levels, which confer more stability against oxidation by
atmospheric oxygen,*8 also befit the gold work function (i.e. 5.1 eV). Therefore, this family
of bisbenzothienocarbazole derivatives are perfectly suitable for their application in hole

transporting OTFTs.
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Figure 2.7. Cyclic voltammograms (a), recorded in dichloromethane (1 mM), and estimated energy
levels (b) of derivatives 30a and 30b.
2.3.3. Organic Thin-Film Transistors

The bisbenzothienocarbazole derivatives 30a and 30b have been tested as p-type
semiconductors in OTS- and PS-treated devices. The most relevant OTFT characteristics are

collected in Table 2.4.

Table 2.4. OTFT characteristics of the devices fabricated from derivatives 30a and 30b.

Compound Dielectric  pnmax(cm2V2s?) B py e (em2 Vs L g loe (A/A) 1)
30 oTS 7.1x 1075 7x10°(1x10°%)  ~10°
a
PS 4.4 x 10 4x10%(2x10%)  ~10%
oTS 6.5x10™ 6 x 107 () ~103
30b
PS 1.1x 1073 1x 1073 (-) ~10*

[a] Maximum hole mobility value for a single device. [b] Maximum average hole mobility value of
a set of representative devices collected on the same day. The values in parenthesis correspond to
the average mobility registered ca. 7 months after their fabrication. [c] Not operative. [d] lon/loff
ratio.
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The best performance was found in PS-treated devices integrating compound 30b, with
mobility values up to 1.1 x 103 cm? V™! s7. In the case of compound 30a, the highest
mobility was also found in PS-treated devices, with a value up to 4.4 x 10* cm? V! 7%,
whereas the mobility dropped to 7.1 x 10™ cm? V™! s7! in devices containing OTS. As
observed, the inclusion of the peripheral hexyl chains in 30b endows the core with more
adaptability regarding the nature of the interfacial organic dielectric. Notably, all devices
showed noteworthy lon/loff ratios ranging from 103 to 10% being generally superior in
devices based on PS as dielectric. This fact correlates with the outperformance of both
bisbenzothienocarbazole derivatives over PS. Figure 2.8 displays the transfer and
saturation characteristics of representative OTS- and PS-treated devices.
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Figure 2.8. Transfer (Vpos = -40 V) and saturation characteristics of OTFT devices integrating
derivative 30a (a) and 30b (b) over OTS- (above) and PS-treated substrates (below). The mobility
was extracted from the slope denoted by the colored line.

Another feature that deserves attention is that all devices fabricated from derivatives 30a
and 30b tend to exhibit a non-ideal behavior, as observed by the different nonlinearities
present in the OTFT saturation characteristics. Devices based on derivative 30a generally
reveal a kink in the saturation characteristics (Figure 2.8a), in which the slope at high Vs is
lower and higher at low Vs. The mobility values were extracted from the high Vs region,

Chapter2 | 91



according to what is suggested in the literature.[194-195! Concerning the devices based on
30b, they show more linear characteristics but still with a significant threshold voltage
(Figure 2.8b). These type of nonlinearities diverge from those found for the

diindolocarbazole core, which showed a generally sublinear behavior.

All devices, stored under ambient conditions in the dark, were measured periodically to
analyze their air-stability. The evolution of the average hole mobility over time is
represented in Figure 2.9.
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Figure 2.9. Evolution of the uhavg through time of devices fabricated from derivatives 30a and 30b
over OTS- (a) and PS-treated substrates (b). The dotted lines in grey indicate the period when the
devices lost their semiconducting properties and resulted inoperative.

Devices based on compound 30a featured the longest shelf lifetime and a considerable air-
stability. Remarkably, the mobility underwent an abrupt increase from the day of the
device manufacturing to some days after, regardless of the chosen organic dielectric. This
improvement, which goes up to two orders of magnitude, is generally attributed to the
doping of the semiconductor layer as a result of its exposure to air. In fact, this
phenomenon was suggested in some examples of sulfurated materials displaying
comparable behavior.[18-187] Thereafter, the unavg in PS-treated devices barely fluctuates,
exhibiting a value up to 2 x 107 cm? V! s7! after seven months. The OTFT characteristics
after seven months are shown in Figure A2.3 of the Appendix. On the other hand, their
OTS-treated analogs experimented a persistent decrease of the pnag up to an order of
magnitude in the course of a year. Even though the considerable stability of 30a-based
devices, their lifetime did not extend more than 500 days. In the case of devices integrating
derivative 30b, they display a much shorter shelf lifetime with respect to 30a despite the
similarity of their energy levels. Their unavg also increased during the first days after the
manufacturing over both dielectrics, stabilizing in a plateau. However, the devices
collapsed after that, causing the loss of the semiconductor properties. The functioning

period of the devices integrating 30b was determined to be around three weeks over OTS-
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treated substrates and a little less over PS-treated ones. Overall, the
bisbenzothienocarbazole core claims a great potential as a p-type semiconductor. Even
though it could not outpace the unyielding air-stability and shelf lifetime displayed by the
diindolocarbazole core 1, the maximum hole mobility values extracted from both cores are
comparable. A more in-depth comparison of the properties and assets of both cores will be
held in Chapter 3.

After considering the dependence of the device performance with the alkylation patterning
of the bisbenzothienocarbazole core, we decided to further investigate its role in the
molecular arrangement and degree of order of the deposited films. With this aim, the single
crystal structures and the GIXRD patterns of the films of compounds 30a and 30b were

analyzed.

2.3.4. Crystal structures

Compound 30b crystallized in space group P-1 of the triclinic system, as illustrated in Figure
2.10.

Figure 2.10. Single crystal structure of derivative 30b, highlighting the corresponding interplanar
angle. The amplified region indicates the m-mt stacking distance that constitutes the dimer (3.45 A),
the N--N distance between dimers (3.90 A) and the edge-to-face S--m interaction (3.47 A).
Hydrogen atoms have been omitted for clarity.

Its crystal structure reveals discerned dimers of co-facial molecules disposed in a sandwich
herringbone packing. The pair of molecules forming the dimer are separated by 3.45 A
through mn-m stacking interactions, affording a significant m-orbital overlap. The
intermolecular packing between dimers exhibits a slightly slipped disposition, with the
shortest m-nt distance corresponding to the separation between nitrogens, i.e. 3.90 A. This

slipped disposition is mostly assisted by tilted edge-to-face C-H---t and S---1t interactions,
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as well as additional interactions from the peripheral alkyl chains. As a result, the
interplanar angle (99.8°) is almost perpendicular, which along the slipped disposition

associated with the packing could be a disadvantage for an efficient r-it charge hopping.*?!l

The case of derivative 30a resulted slightly more intricate. It crystallized in space group
Pna2i of the orthorhombic system in the presence of chloroform, a structure that goes in
accordance with the one reported by Gao et al.l'%°! Additionally, an alternative crystal
structure was obtained in different conditions, which crystallized in space group P21/n of
the orthorhombic system and incorporated an unknown solvent. The two alternative
packing motifs found for derivative 30a, referred as dispositions A and B, respectively, are
depicted in Figure 2.11. Despite the efforts invested in producing adequate solvent-free
crystals, it was not possible in any of the numerous conditions tested. Thus, these results
are not applicable in the correlation of the crystal structure to the arrangement of the
material within the device. Nevertheless, they can still provide useful information regarding

the molecular structure and the prevalent intermolecular interactions.
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Figure 2.11. Unit cells (above) and amplified regions from a different point of view (below) of the
single crystal structures found for derivative 30a: disposition A, incorporating CHCl; molecules in
the packing (a) and disposition B, in the presence of an unknown solvent (b). The most relevant -
1t stacking, S:--t and C---mu distances are indicated in green, orange and purple, respectively. The red
areas highlight the void regions occupied by solvent molecules in the unit cell. The solvent
molecules have been omitted in the amplified regions for clarity. Hydrogen atoms have been also
omitted.
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30a arranges in a convenient y-like packing in both dispositions, forming columns of m-
stacked molecules separated by 3.33 and 3.52 A in dispositions A and B, respectively. The
columns organize in antiparallel pairs through S---t and C-H---t edge-to-face interactions,
with S+t distances of 3.42 and 3.55 A in structure A and B, respectively. The steric effect
exerted by the central N-hexyl chains could be the source of this arrangement. Even though
the stacking distances are slightly shorter in disposition A, the co-facial molecules forming
the columns are only partially overlapped due to their slipped disposition (detailed in the
amplified region of Figure 2.11a). It can be also appreciated that the n-stacking direction of
the two pairs of columns within the unit cell is not completely parallel. This derives from
the aromatic and aliphatic C-H---1t interactions that govern the arrangement between
columns. On the other hand, the overlap in disposition B is superior, with a uniform -
stacking direction. Not only that, but there are also effective m-nt stacking interactions

between different pairs of columns, with a distance of 3.31 A (highlighted in Figure 2.11b).

Overall, both dispositions display two distinct regions: one comprising the aromatic cores,
which would assist in the transport of charges, and the other aliphatic. Contrarily to 30b,
which features a more compact packing due to the head-tail alkylation patterning, the
presence of a central N-hexyl chain in 30a seems unable to grant so. In order to stabilize
the packing, compound 30a strongly depends upon small solvent molecules to fill the voids
of the aliphatic region (highlighted in red in Figure 2.11). Specifically, disposition A
possesses two voids of 250 A3 (occupied by chloroform molecules), whereas disposition B
features a larger void of 351 A3, implying that the unknown solvent must be bulkier than
chloroform. Considering that the employed vacuum-deposition process is exempt of
solvent, the intermolecular organization within the semiconductor layer of the devices
could be certainly altered with respect to the available crystallized structures. Thus, the

degree of order and morphology of the thin-films will be analyzed.

2.3.5. Molecular order in the thin films

The GIXRD patterns of vacuum-deposited thin-films of derivatives 30a and 30b over Si/SiO;
substrates are shown in Figure 2.12. As predicted, the GIXRD measurements of 30a
vacuum-deposited films reveal generally amorphous layers, with very small diffraction
peaks at 20 = 4.9 and 14.5°. Considering the literature, however, the XRD pattern of a drop-
casted thin-film of compound 30a provides sharp and intense diffraction peaks typical of
crystalline layers with a high degree of order.[*%> Consequently, the degree of order and
the intermolecular disposition of 30a are greatly conditioned by the deposition conditions.
These results support the theory that the presence of small solvent units are necessary to
stabilize the intermolecular arrangement and achieve highly ordered films, preventing a
superior performance in vacuum-deposited OTFTs. On the other hand, GIXRD
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measurements of 30b films exhibit an exceedingly higher degree of order than those based
on 30a over both dielectrics. Thanks to the availability of the crystal structure of 30b, we
could shed light on its intermolecular disposition within the device. The strong diffraction
peak at 20 = 3.9° was proposed to belong to the reflection 001 in regard to the powder
pattern diffractogram and the one simulated from the single crystal structure. This implies
that the m-m stacking direction lies parallel to the substrate, facilitating the charge
transport. Figure 2.12c schematizes the organization proposed for 30b over the Si/SiO;
wafer. The outstanding degree of order and the orientation present in the semiconductor

layer could explain the overall better performance of 30b-based devices.
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Figure 2.12. GIXRD patterns of vacuum-deposited films of compounds 30a and 30b on: (a) OTS- and
(b) PS-treated Si/SiO; substrates; (c) proposed molecular disposition of 30b in the film based on the
reflections observed in the GIXRD patterns, with the (001) plane placed parallel to the substrate
and the arrow indicating the corresponding m-mt stacking direction. Hydrogen atoms have been
excluded for clarity.

2.4. Conclusions

The two bisbenzothienocarbazole-based derivatives 30a-b, displaying high thermal
stability and appropriate energy levels, have demonstrated great potential as p-type
semiconductors. The customized alkylation patternings in combination with the chosen
dielectric permitted the modulation and enhancement of the performance of this core in
OTFTs. Specifically, the elongated architecture of derivative 30b afforded a balanced
performance both in OTS- and PS-treated devices, with the latter reaching the highest
charge mobility value, i.e. 1.1 x 103 cm? V! s71. As corroborated by means of X-ray
diffraction, 30b provides thin-films with a high degree of order and an intermolecular

arrangement suitable for the charge transport. On the other hand, the design of 30a falls
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behind in terms of charge mobility, but alternatively grants a superior shelf lifetime that

extends to 500 days.

The analysis of the synthetic precursors also triggered interesting findings related to their
optical properties. The successful approach to the sulfonyl-containing counterparts
provided an additional perspective. Interestingly, the oxidation state and position of the
sulfurated moieties played a key role in tuning the fluorescence of each structure. These
results certainly encourage further studies in several applications. Overall, the synthesis of
the bisbenzothienocarbazole core furnished a set of compounds with assorted properties

and potential within diverse fields.
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CHAPTER 3. Extending the carbazole heterocycle (lll): the

diphenanthrocarbazole core

3.1. Introduction

Chapter 1 and 2 dealt with the study of ladder-type constructions derived from the fusion
of indole and benzothiophene extensions to 9H-carbazole, respectively. Considering the
promising results that were collected, we decided to exploit this strategy once more. The
inclusion of phenanthrene aroused as an interesting alternative, implying an easily
accessible choice to expand the 9H-carbazole nucleus. In fact, phenanthrene represents a
promising scaffold alongside its structural isomer anthracene in the search of
fluorophores.[188-1901 Both moieties have been also object of study integrated in different
semiconductor molecules and polymers, with great success in performance and
stability.[*°1-194 The resulting core, namely diphenanthro[9,10-b:9',10’-h]carbazole,
contrasts with the ones previously studied in this work due to the ramified aromatic
extensions and the absence of heteroatoms on them. These singular structural features are
likely to modify the electronic properties of the core with respect to the hitherto analyzed
structures and, consequently, the performance as semiconductor. Figure 3.1 summarizes

its structural characteristics in comparison with structures 1 and 30.

b

m-extension n-extension

/@ﬂ %
OOOQ QOOO

1 30

Figure 3.1. Proposed extensions of the 9H-carbazole core through the inclusion of different
scaffolds: indole (1) and benzothiophene (30), presented in chapters 1 and 2, respectively; the
extension via phenanthrene (37) conforms the study presented in this chapter.

At the end of this chapter, the properties and performance as semiconductors of the three
constructions presented so far will be surveyed and compared to emphasize the

advantages and drawbacks of each one.
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3.2. Synthesis and design

The synthesis of diphenanthrocarbazole has been envisioned through the Scholl reaction,
which can be defined as an acid-catalyzed oxidative condensation of aromatic systems via
the formation of a carbon-carbon bond.[*® In fact, the Scholl reaction represents a
frequently resorted way to access large polyaromatic constructions through intramolecular
couplings.[19°-200 |ts application and optimization towards the diphenanthrocarbazole core
has been recently surveyed by Kumar et al.l?°!l but, once again, its semiconductor
properties have not been analyzed yet. Thus, this chapter is mostly dedicated to unveil the
potential of this core in terms of charge transport in OTFTs. Scheme 3.1 depicts the
proposed retrosynthetic approach on the basis of the literature reports, which starts from
2,3,6,7-tetrabromo-9H-carbazole.

% 9 ( () . .
OG-0 L oA :"str

Scholl

reaction R = H or alkyl chain

Scheme 3.1. Retrosynthetic approach towards the diphenanthrocarbazole core.

The results obtained in the two previous chapters only reinforce the premise that the
inclusion of alkyl chains is a key feature to consider in organic electronics. Therefore, the
design of the alkylation patterning conferred to this core has been carefully addressed. As
stated, the phenanthrene scaffolds endow the diphenanthrocarbazole core with a ramified
aromatic system, which permits the addition of differently placed peripheral alkyl chains.
The proposed target derivatives are shown in Figure 3.2. Similarly to the strategy employed
with the bisbenzothienocarbazole core (30, Chapter 2), in this case we opted for a lateral
N-hexylated derivative (37a, analogous to 30a) and a head-tail fashioned derivative with a
short N-methyl chain and two peripheral hexyl chains (37b, analogous to 30b). The addition
of two supplementary peripheral hexyl chains in 37c conceived an alternative target

derivative that took advantage of the ramified phenanthrene extensions.
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Figure 3.2. Envisioned derivatives of the diphenanthrocarbazole core, inspired by the
bisbenzothienocarbazole counterparts 30a-b: 37a, featuring an N-hexyl chain, 37b with a shorter
N-methyl and a pair of peripheral hexyl chains and 37c, which incorporates an additional pair of
peripheral hexyl chains.

3.2.1. Synthesis of the unbounded precursors

Since meta positions (2 and 7) of 9H-carbazole are less reactive to electrophilic aromatic
substitutions, a direct tetrabromination of 9H-carbazole would not lead to the required
starting material 2,3,6,7-tetrabromo-9H-carbazole. Therefore, its synthesis was achieved
from 2,7-dibromo-9H-carbazole (3). Positions 2 and 7 of 3 are already brominated, so the
bromination of the most reactive positions 3 and 6 represents a simpler procedure. The
two alternative synthetic routes tested are depicted in Scheme 3.2. Route A initiated with
the alkylation of 3, which was performed under standard conditions using whether 1-
bromohexane or methyl iodide to yield 5 and 33, respectively. Subsequently, the
bromination of positions 3 and 6 was achieved with N-bromosuccinimide (NBS) in a mixture
of acetic acid and chloroform at room temperature. Intermediates 38 and 39 were obtained
in a global yield of 55 and 59% from 3, respectively. It should be mentioned that the
equivalents of NBS were carefully adjusted to avoid polybromination at positions 1 and 8
as well. However, the low excess of reagent was translated into a significant presence of
the tribrominated by-product, which hampered the yield regardless of the alkyl chain. Also,

the separation of the two formed species was complex due to their similar polarities.
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Scheme 3.2. Alternative synthetic pathways towards the tetrabrominated intermediates 38 and 39.

Thus, the two synthetic steps were reversed in an attempt to improve the procedure (route
B). The bromination of the non-alkylated 3 led to a slightly higher conversion to the
tetrabrominated derivative 40 and implied an easier purification process. The alkylation
with 1-bromohexane or methyl iodide provided 38 and 39 in higher global yields of 67 and
68%, respectively. An additional advantage of this route is the convenience to produce
derivatives with different alkyl chains, since they are added in the last step.

The next stage consisted in the coupling of the phenyl moieties that would eventually
configure the phenanthrene extensions. The attachment of the phenyl groups via the
Suzuki-Miyaura cross-coupling reaction was achieved using

Specifically, the choice of Pd(PPhs),Cl, and PPhs as catalysts, K;COs as base, the

reported conditions.

corresponding boronic acid and a mixture of DMF and water as solvent were successful in
the synthesis of tetra- (and even hexa-) phenylated carbazoles.[?!) The choice of DMF as
solvent also permits reaching higher reaction temperatures (110 °C in this case) than the
hitherto employed THF-based conditions. The synthesis of precursors 41 and 42 from 38
and 39, respectively, is shown in Scheme 3.3. Compound 41, precursor of the N-hexylated
37a, was obtained from 2,3,6,7-tetrabromo-9-hexyl-9H-carbazole (38) and phenylboronic
acid in a yield of 81%. 42, precursor of the tetrahexylated 37¢c, was prepared from 2,3,6,7-
tetrabromo-9-methyl-9H-carbazole (39) and 4-hexylphenylboronic acid in an equivalent
yield of 81%. The notoriously high yields obtained, considering that it corresponds to a

direct fourfold coupling, prove the suitability of these conditions.
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Scheme 3.3. Suzuki-Miyaura cross-coupling reaction towards 41 and 42, precursors of 37a and 37c,
respectively.

The construction of the diphenanthrocarbazole derivative 37b, which only features
peripheral chains in the two meta-substituted phenyls, was achieved from a different
approach. Specifically, it was conceived from compound 35, i.e. an intermediate present in
the synthesis of compound 30b as detailed in the previous chapter. In this case, the twofold
coupling was performed under the hitherto employed conditions of the Suzuki-Miyaura
reaction (Scheme 3.4). The non-cyclized precursor 43 was obtained in an excellent yield of
91%.

G, (O

Br Br
O O Pd(PPh3)4, K2CO3
THF :H-0, A N O Q
CgHy3 Q N O CgHiy 2505 CgHyg O N D CgHy3

CHs 91% CHs
35 43

Scheme 3.4. Suzuki-Miyaura cross-coupling reaction towards 43, precursor of 37b.

3.2.2. Synthesis of the diphenanthrocarbazole derivatives through the Scholl

reaction

Scheme 3.5 summarizes the conditions tested for the synthesis of the three derivatives of
diphenanthrocarbazole 37. The intramolecular cyclization via the Scholl reaction was
carried out with anhydrous FeCls, which acts as both Lewis acid and oxidant,*°®! in a mixture
of dichloromethane and nitromethane at room temperature. Compound 37a was
successfully synthesized in a yield of 80%. Nevertheless, the cyclization of precursors
possessing peripheral hexyl chains (42-43) presumably led to polymerization and other
side reactions in these conditions.
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Scheme 3.5. Cyclization of intermediates 41-43 towards the final compounds 37a—c via the Scholl
reaction, which was only successful in the case of 37a.

As reported, the synthesis of a peripherally alkylated oligothiophene nucleus was
accomplished via the Scholl reaction under milder conditions.[292! Specifically, the reaction
was carried out at 0 °C within a short period of time. The new conditions were adapted as
specified in Scheme 3.6.

R R R R
O Q FeCly O Q
S O.O QQO
CeH1s N CgHiz CgHi3 N CgHis

CHs CHs
43 R=H 37b R=H (71%)
42 R=CgH,, 37¢ R =CyHys (33%)

Scheme 3.6. Synthesis of derivatives 37b and 37c through the Scholl reaction at 0 °C.

The convenient decrease of both the reaction time from the hour-scale to 15 minutes and
the temperature from room temperature to 0 °C enabled the formation of the desired

products 37b and 37c in yields of 71 and 33%, respectively.

3.3. Optoelectronic characterization

In order to evaluate the impact of the extension of the n-system in diphenanthrocarbazole
derivatives 37a-c, their photophysical and electrochemical properties have been compared

to those of their uncyclized precursors 41-43.

3.3.1. Photophysical and thermal properties

The photophysical properties of the non-cyclized precursors 41-43 and the
diphenanthrocarbazole derivatives 37a-c in dichloromethane are collected in Table 3.1 and
represented in Figure 3.3a-b.
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Table 3.1. Photophysical properties of compounds 41-43 and 37a-c in dichloromethane.

Uncyclized precursors Cyclized products

Aabs,max fal Aem,max fal <Df [l Aabs,max fal Aem,max fal wf (bl
Compnd. Compnd.

(nm) (nm) (nm) (nm)
41 289, 323 402 0.32 37a 334,369 432,460 0.19
43 286, 325 402 0.34 37b 336,373 428,456 0.19
42 287, 326 404 0.34 37c 338,375 434,462 0.17

[a] Wavelength of maximum absorption (Aabsmax) and emission (Aemmax). The emission spectra were

recorded after excitation at 300 nm. [b] Fluorescence quantum yields (®x), determined using POPOP as
standard.
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Figure 3.3. Normalized absorption and emission spectra of compounds: a) 41-43 and b) 37a-c in
dichloromethane; c) 37a—c in the solid state.

All compounds display their maximum absorbance peaks into the UV zone, albeit those of
the final compounds 37a-c are situated at longer wavelengths than those of 41-43. The
same effect applies to their emission, which is centered into the UV-blue zone in 41-43 and
displaced into the blue-green region in 37a-c. The bathochromic shift observed in the final

compounds 37a-c with respect to their uncyclized precursors 41-43 in both the absorption
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and emission spectra agrees with the extension of the conjugation of the m-system. The
effect of the different alkylation patternings in the absorption and emission spectra is
moderate for compounds 37a-c, with a global wavelength shift that does not exceed 6 nm.
In the case of their precursors 41-43, it is even less significant. Concerning the fluorescence
guantum vyields, compounds 41-43 display very similar values as high as 0.34, which
surpass that of the main 9H-carbazole heterocycle, i.e. 0.20.[*2?1 The addition of the phenyl
moieties therefore translates into a direct enhancement of the fluorescence and a more
blue-centered emission. The expansion of the mt-system in 37a-c causes an expected slight
decrease of the @ (c.a. 0.19), which still equals those of other extended carbazole-based
systems such as triindole. In regard to the photophysical results of the cyclized derivatives
in the solid state, they are represented in Fig. 3.3c and collected in Table 3.2 alongside their
thermal properties. As observed, all derivatives still emit into blue-green region and are

slightly conditioned by their alkylation patterning.

Table 3.2. Thermal and photophysical properties in the solid state of the
diphenanthrocarbazole derivatives 37a-c.

Thermal properties Photophysical properties
Compound T (°C) B Ty (°C) ™! Aabs,max (M) 1 Aem, max (nm) 1)
37a 294 451 254,331 494
37b 296 445 254,291 478
37c 217 446 257,311 480

[a] Melting point (Tm) obtained from DSC at a scan rate of 10 °C min~2. [b] Decomposition
temperature (Tq) obtained from TGA (5% weight loss) at a heating rate of 10 °C min™..
[c] Wavelengths of maximum absorption (Aabsmax) and emission (Aem,max) in the solid
state, measured in vacuum-evaporated thin-films of 75 nm deposited over quartz. The
emission spectra were recorded after excitation at 300 nm.

In terms of thermal properties, compounds 37a-c suit the requisites for an adequate
fabrication of the OTFTs. All three derivatives possess similarly high thermal stability, with
decomposition temperatures that surpass the 440 °C (the TGA scans are represented in
Figure A3.1 of the Appendix). Their melting points are also high, with the tetrahexylated
derivative 37c displaying the lowest value of 217 °C and the other two comparable values
around 295 °C.

3.3.2. Electrochemical properties

Compounds 41-43 and 37a-c underwent an oxidation process, whereas no reduction was
observed for any of them. Figure 3.4 illustrates the cyclic voltammograms of all compounds

in dichloromethane solutions.
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Figure 3.4. Cyclic voltammograms of compounds 41-43 (a) and their cyclized counterparts 37a—c
(b) recorded at a scan rate of 100 mV s7* in 1 mM dichloromethane solutions.

The electrochemical characterization of the uncyclized precursors 41-43 and the final
compounds 37a-cis summarized in Table 3.3, and their energy levels, represented in Figure
3.5.

Table 3.3. Electrochemical characterization of compounds 41-43 and 37a-c.

Compound  Aabsonset (nm) [ Egg; (eV) ™ Egnser (V)™ 1P (eV)!d  EA (ev) ™
41 348 3.56 0.678 6.07 2.51
43 352 3.52 0.729 6.12 2.60
42 354 3.50 0.669 6.06 2.56
37a 427 2.90 0.549 5.94 3.04
37b 422 2.94 0.403 5.79 2.85
37c 429 2.89 0.344 5.73 2.84

[a] Optical energy gap (Eg.f;) estimated from the absorption spectrum (Aabsonset). [b] Onset

oxidation potential (Ere:) Vvs. Fc*/Fc determined from CV in 1 mM solutions in

dichloromethane. [c] lonization potential (IP) estimated as IP = E2* +5.39. [d] Electron

onset vs. Fc* /Fc
affinity (EA) estimated as EA = IP - Egbt.

As anticipated from their optical characterization, the extension of the m-conjugated
system in structure 37 in comparison to their precursors 41-43 is manifested by the
decrease of both the energy band gaps and the ionization potentials. Due to the slightly
electron-donating character of the hexyl chains, the two compounds featuring peripheral
alkyl chains (37b-c) display lower IP values than the bare N-hexylated 37a. This effect is
notable only between the cyclized structures. Even though the relatively high IP with
respect to the gold work function, compounds 37a-c are perfectly suitable for their
integration in OTFTs. Overall, the diphenanthrocarbazole core possess the potential to

perform as p-type semiconductor.
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Figure 3.5. Energy levels of compounds 41-43 (left) and their cyclized counterparts 37a—c (right),
with respect to the gold work function.

3.4. Application in final devices and characterization

3.4.1. Organic Thin-Film Transistors

The hole-transporting properties of compounds 37a-c were analyzed in bottom-gate top-
contact OTFTs over c-Si/SiO, gate/dielectric substrates treated with either
octadecyltrichlorosilane (OTS) or polystyrene (PS) and gold as both the source and drain
electrodes. Table 3.4 compiles the most relevant characteristics of devices based on
compounds 37a-c.

Table 3.4. OTFT characteristics of the devices fabricated from derivatives 37a-c.

Compound  Dielectric  fnmax(cm2V2s™) B py e (em2 Vs Bl 1o/l (A/A)
372 oTS 4.4 %10 3x10™(2x 10 ~10°
PS 9.7x10°® 8x 107 (6 x 107°) ~10?
37b oTS 1.5x 1073 1x1073(1x1073) ~10%
PS 1.5x10™ 1x10%(1x10™%) ~10?
37¢ oTS 3.0x 1073 3x1073%(4x10% ~10°
PS 1.2x1073 9x 107 (5 x 107°) ~10°

[a] Maximum hole mobility value for a single device. [b] Maximum average hole mobility value of
a set up to 8 representative devices collected on the same day. The values in parenthesis
correspond to the average mobility registered ca. one year after their fabrication. [c] Maximum
lon/loff ratio.

Once again, the results collected for this core highlight the relevance of the structural
design of the material and the device. The choice of OTS as the interfacial organic dielectric
implies a clear outperformance with respect to PS, as observed in all three derivatives. This
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applies to all the analyzed parameters, i.e. higher mobility values and /on/loff ratios. In this
sense, the diphenanthrocarbazole nucleus diverges from the two previously studied cores.
Derivative 37c, with a pronounced head-tail design featuring four peripheral hexyl chains,
displayed the best OTFT performance from all the semiconductors studied in this work.
Specifically, a hole mobility up to 3.0 x 103 cm? V! s7! was registered over OTS-treated
devices, whereas their PS-treated analogs provided similarly outstanding values up to
1.2 x 1073 cm? V7! s7L. The OTFT characteristics of representative OTS- and PS-treated

devices based on 37c are represented in Figure 3.6.
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Figure 3.6. OTFT characteristics of 37c over OTS- (a) and PS-treated (b) substrates: transfer (Vps =
-40 V) and saturation (left) and output (right) characteristics.

As observed, the devices fabricated from 37c display highly linear characteristics, but with
a still significant threshold voltage around -20 V. This feature applies to all three
derivatives. The outperformance of 37c also relies on the excellent /on//of ratios, estimated
to be as high as 10° and 10° over OTS- and PS-treated devices, respectively. Indeed, the
presence of peripheral alkyl chains proves as an effective way to improve the lon/loff ratio.
The values obtained for this specific derivative are close to those found for the well-known

triindole core.[123]
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All the devices were operative up to a year after their fabrication. The detailed evolution

of each set of devices is depicted in Figure 3.7.
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Figure 3.7. Evolution of the charge mobility of devices fabricated from derivatives 37a-c over OTS-
(left) and PS-treated (right) substrates.

Considering the fluctuation of the unavg values over time, some interesting appreciations
can be highlighted. Compound 37a featured the most uniform performance along its shelf
lifetime, which actually extends to an ongoing period of almost two years. The low
fluctuation of the mobility as well as its impressive air-stability applies to both OTS- and PS-
treated devices. As stated, derivative 37c¢ displayed outstanding mobility values up to the
order of 102 cm? V=1 s over both dielectrics, which were preserved during a considerable
period of c.a. 100 days. Subsequently, the un g progressively decreased in both OTS- and
PS-treated devices, particularly in the latter.

On the other hand, the trend observed in the case of 37b is certainly anomalous. In fact,
the highest mobility obtained for this core was registered more than one year after the
fabrication of the devices, regardless of the selected organic dielectric. The evolution from
the fabrication day to 15 months after implied an improvement of the charge mobility of
more than an order of magnitude (ca. a 20-fold increase). As commented in the previous
chapter, p-type organic semiconductors are prone to improve their performances with
respect to the fabrication phase due to in-situ oxidation processes. Thus, it is relatively
common that devices undergo moderate to abrupt improvements during the first days
after fabrication as observed in structure 30. However, this case highly stands out because
of the steadily enhancement of the performance occurred through the course of 15
months. This phenomenon was compared with other reported cases, but studies
comprising such extended periods are seldom described. After surveying the literature, a
comparable trend was found in DNTT-based devices only when they were exposed to both

light and air conditions during their storage.?°3! To explain it, Ding et al. suggested that the
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gradual twofold increment of the un over 300 days could be due to light-assisted doping by
oxygen molecules diffusing into the semiconductor. This case differs from the one herein
presented regarding the light exposure during the storage and a more moderate
enhancement. Another example was reported by Chiarella et al. while describing the
stability of an n-type semiconductor based on the perylene diimide nucleus.?°4! |n it, the
deposited layer suffered morphological transitions due to a spontaneous wetting process,
which converted the initially not-compacted film into a continuous one. This process, which
was described to happen in a large time-scale up to months, involved a subsequent
increase of the charge mobility of several orders of magnitude. However, this second
example refers to a distinct deposition technique, namely supersonic molecular beam
deposition. Figure 3.8 illustrates the improvement of the OTFT characteristics of 37b over

time on the basis of a representative OTS-treated device.
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Figure 3.8. Evolution of the OTFT characteristics of a representative OTS-treated device based on
37b throughout 447 days (ca. 15 months): a) transfer (Vs = —40 V) and b) saturation characteristics;
c) individual hole mobility values and /on//off ratios calculated from the corresponding saturation and
transfer characteristics, respectively.

As represented, the improvement of the performance occurred over one year extends to
all aspects. In fact, the lon/loff ratio increased three orders of magnitude, approximately
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from 10! to 10 Future measurements will confirm whether this ascending tendency
settles 37b as the best performing semiconductor studied in this work or, to the contrary,
finally stabilizes or even starts to decrease. Also, the search of the cause of this anomalous
behavior is likely to engage subsequent analyses and studies both from an experimental

and theoretical point of view.

3.4.2. Molecular order and morphology

Similarly to the previous chapters, an analysis of the arrangement in the solid state has
been carried out. Unfortunately, the information regarding the single crystal structures
based on 37 is still limited. The structure of 37a could be approached by means of single
crystal X-ray diffraction, but the presence of an unknown component within the unit cell
impeded an in-depth analysis. Investigation towards the elucidation of the single crystal of

all three derivatives via powder X-ray diffraction is currently ongoing as well.

Single crystal

37a crystallized in space group P2i/c of the monoclinic system in the presence of an
unknown compound. Albeit the inaccuracy of this information with regard to the actual
arrangement of the material within the device, it still sheds light on the planarity and main

intermolecular interactions. The elucidated structure is depicted in Figure 3.9.

Figure 3.9. Crystal structure of 37a, with the torsion angle of the aromatic system and the n-nt
stacking distances highlighted in the amplified region. The unknown compound present in the unit
cell and hydrogen atoms have been omitted for clarity.

Contrarily to the other two analyzed nuclei, the aromatic system of the
diphenanthrocarbazole core is not entirely planar, or at least the N-hexylated variant.
Specifically, the phenanthrene extensions deviate approximately 10° with respect to the

central ring. Despite the differences, the arrangement of 37a could be assimilated to a
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favorable y-type packing like that of structure 1. As highlighted in the amplified region of
Figure 3.9, the symmetry within the columns is dimeric with intermolecular t-it distances
as short as 3.38 and 3.49 A. Thus, the -1t stacking found in the packing is advantageous for
an effective charge transport throughout the film. The void associated to the unknown
impurity corresponds to a moderate volume of 246 A3. Because of that, this disposition

could diverge from the actual arrangement within the device.

It should be mentioned that the single crystal of a different diphenanthrocarbazole
derivative is reported in the literature. Specifically, it corresponds to 3,6,14,17-tetrafluoro-
10-methyl-10H-diphenanthrocarbazole,?°Y) an analog structure of 37c¢ possessing
peripheral fluorine moieties instead of hexyl chains. Interestingly, its structure disposes in
a very favorable B-type (or sheet) arrangement with promisingly short m-m stacking
distances. This precedent gives rise to the premise that the outstanding performance of
37c could originate due to a similar arrangement, which entices further investigation. The
design and study of similar derivatives also represent an engaging project considering the

novelty of this core.

Characterization of the thin films

The relationship between the performance of the devices and the role of the molecular
order within the thin films has been investigated by means of GIXRD. As shown in Fig. 3.10,

the alkylation patterning again exerts certain effects to the degree of order and GIXRD

profiles.
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Figure 3.10. GIXRD patterns of derivatives 37a-c over OTS- (left) and PS-treated (right) substrates.
The inset shows an amplification of the secondary peaks observed in the case of 37b.
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All three compounds present GIXRD patterns with discerned diffraction peaks, which
correlate with their powder X-ray diffraction. Derivative 37a displays a main diffraction
signal at 26 = 7.1°; derivative 37b peaks at 26 = 3.3°, with two minor diffractions at 6.4 and
15.7°%; in the case of 37c, the main signal corresponds to a 26 = 4.0°. Since the crystal
structure 37a is not appropriate for comparison due to the embedded impurity and those
of 37b-c are still unavailable, we could not extract further conclusions regarding the
intermolecular packing within the device. However, the degree of order of the thin films is
equally enlightening.

The choice of the organic dielectric covering the substrate only modulates the degree of
order but not the preferred orientation or the intermolecular arrangement. Compounds
37b and 37c, featuring peripheral hexyl chains, outstand because of the high degree of
order in the thin-films. The secondary diffraction peaks at 26 = 6.4 and 15.7° from the
former could be related to complementary planes detected due to the high degree of order
of the films. These measurements were performed in analog substrates right after the
fabrication of the devices. Thus, the high degree of order found in the 37b-based films
relates to the initial performance of the devices, i.e. the lowest charge mobility values
collected. Not only that, but the degree of order detected over the PS-treated substrate is
the highest even though the remarkably underperformance of the corresponding devices.
In order to evaluate the potential changes in the disposition of the material in the thin films,
the GIXRD measurements were repeated after four and twelve months. Overall, the
subsequent GIXRD profiles were very similar to the initial ones, with a slight decrease in
intensity over OTS and increase over PS (as represented in Figure A3.2 of the Appendix).
Hence, these facts prompt the theory that the origin of the improvement observed in the
37b-based devices is not associated to morphological or structural issues but electronic
ones instead. Similarly to the example of DNTT introduced in the previous section, the

gradual enhancement might be induced via doping by oxygen.

3.5. Overview: influence of the studied extensions on 9H-carbazole

In this section, the photophysical, electrochemical and semiconductor properties of the
three heretofore studied cores will be briefly surveyed. The bare N-hexylated derivatives

as well as the derivatives featuring peripheral hexyl chains will be also compared.

Optically, a few remarks can be pointed out. The absorption spectra of all structures show
low-energy bands that are associated to the So — S; transition,!133165201 35 shown in
Figure 3.11. These transitions occur in the 400-430 nm region in structures 30 and 37,

whereas they require less energy in the case of 1 (found at 440-460 nm), conditioning the
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energy of the optical band gap. The stronger absorption band (378 nm in 1, 361 nm in 30
and 369 nm in 37), which is assigned to the So — S, transition,!*33 also follows the same
tendency. This also translates into the fluorescence, in which the emission of structure 1
features a higher contribution to the green region than the other cores. Thus, the indole
extensions confer a considerably higher bathochromic shift to the carbazole nucleus than
the benzothiophene and phenathrene ones. Structure 37 features the highest fluorescence

guantum yield, with values up to 0.19, which contrasts with the 0.05 of 30.
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Figure 3.11. Absorption (dotted) and emission (solid) spectra of the N-hexylated derivatives 1c, 30a
and 37a in dichloromethane solutions.

Another comparison that should be highlighted implies the energy levels of the three

structures, which are represented in Figure 3.12.
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Figure 3.12. Energy levels with respect to the gold work function of derivatives 1c,f, 30a-b and
37a-c.

As observed, the diindolocarbazole core 1 features the lowest ionization potentials. This
suggests that the HOMO energy levels are less stabilized, but at the same time confer a
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more suitable fit to the gold work function. Electrochemically, cores 30 and 37 display quite
analogous characteristics typically found in p-type semiconductors. The impact of adding
peripheral hexyl chains is more significant in the case of 37, with a slight, gradual

destabilization of the energy levels from 37a to 37c.

Finally, the analysis of the performance of all three carbazole-based cores in OTFTs is the
most enlightening, considering the objectives of this Thesis. Since the charge transport
properties of the devices have been extensively examined in each chapter, this section will
be centered on a global comparison of the extensions applied to the carbazole heterocycle.
Figure 3.13 illustrates the evolution of the unavg Over time of devices integrating the three
cores. For a rapid analysis, the graphics compare the N-hexylated derivatives (1c, 30a and
37a) with compounds possessing peripheral hexyl chains (1f, 30b and 37b-c) over both

organic dielectrics.
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Figure 3.13. Evolution of the charge mobility of devices fabricated from the N-hexylated derivatives
1c, 30a and 37a (a) and their analogs displaying peripheral hexyl chains 1f, 30b and 37b-c (b) over
OTS- (above) and PS-treated (below) substrates. The dotted lines in grey indicate the estimated
period of time in which the active layer of some devices lost their semiconductor properties.

Overall, the addition of peripheral hexyl chains endows all cores with higher charge
mobility values. As explained in the corresponding sections, derivatives featuring

118 | Results and discussion



peripheral hexyl chains exhibit remarkably higher intensities in their GIXRD profiles, which
can be attributed to a higher degree of order within the films. The upgrade in the pn,avg is
especially notorious in OTS-based devices. The only exceptions to that are the
pentahexylated derivative 1f, featuring a surrounding alkylation patterning, when
deposited over PS and the early measurements of 37b. Omitting the anomalous behavior
of 37b, however, derivatives featuring peripheral hexyl chains cannot keep up their parent
constructions in terms of stability, i.e. prolonged shelf lifetime and low variability of the

Hh,avg-

The sulfurated structure 30 clearly falls behind from a stability point of view, with a shelf
lifetime below 500 days in the case of 30a and 3 weeks in 30b. Contrarily, the
diindolocarbazole (1) and diphenanthrocarbazole (37) cores outstand with extended shelf
lifetimes and relatively low fluctuation of the un,avg Over time. The promising packing in a y-
like motif displayed by all the elucidated crystal structures of 1 (1a, 1b and 1d) and 37 (37a)
also augur further optimization of the devices. Additionally, the synthetic routes towards 1
and 37 are quite versatile, especially the straightforward synthesis of the latter. The facile
attachment of diverse peripheral alkyl chains to it, which greatly modulate its performance,
is indeed convenient. With all these factors in mind, the diphenanthrocarbazole core

presents the highest potential with regard to subsequent studies.

3.6. Conclusions

The benefits of the Scholl reaction in the search of new organic semiconductors have been
evidenced in the successful formation of diphenanthrocarbazole derivatives. The
cyclization towards diphenanthrocarbazole furnishes the required m-conjugation extent,
which is translated into adequate optoelectronic characteristics. Therefore, the study of
this promising core concludes the trilogy of ladder-type carbazole-based systems
envisioned in this work. Even when compared with the two heretofore studied cores, the
diphenanthrocarbazole core stands out for the excellent semiconductor properties, air-
stability and robustness. Not only that, but the facile access to differently substituted
derivatives, such as the addition of peripheral hexyl chains surveyed in this chapter,
anticipate a great potential in the field. This core, which is clearly favored by the
functionalization of the SiO; surface with OTS, has displayed the highest charge mobility
registered so far. Specifically, the strongly head-tail orientated design of 37c, featuring four
peripheral hexyl chains, grants the core with a thmax up t0 3.0 x 103 cm? V-1 s71 in OTS- and
1.2 x 103 cm? V1 s71in PS-treated devices. On the other hand, the doubly alkylated analog
37b displays an anomalous and periodic enhancement regardless of the organic dielectric,
implying an approximate 20-fold increase of the un,avg and three orders of magnitude in the
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lon/lofs ratio through the course of 15 months. Consequently, the results over OTS culminate
to an also notorious tnmax Up to 1.5 x 103 cm? V-1 s, All derivatives claim an ongoing shelf
lifetime up to years. The first results regarding the intermolecular arrangement suggest an
appealing y packing and an outstanding degree of order within the films, confirming the

suitability of this construction and motivating further research.

120 | Results and discussion



CHAPTER

Beyond 9H-carbazole: the potential
of the dibenzothiophene nucleus







CHAPTER 4. Beyond 9H-carbazole: the potential of the
dibenzothiophene nucleus

4.1. Introduction

The enticing performance of the diphenanthrocarbazole core, outpacing the rest of the
studied carbazole-extended systems in terms of charge mobility, promoted our interest on
structures with ramified rt-systems rather than entirely linear. In this context, the potential
of the Scholl reaction in the design of new semiconductors was reinforced. Indeed, this
reaction provides an easy and versatile synthetic approach towards not only variants of
specific cores but also a vast range of completely new and unique constructions. Taking this
into account, the perspective over alternative building blocks beyond 9H-carbazole
appeared as a coherent next step to continue the search of novel materials. Specifically,
the application of the Scholl reaction in extending the dibenzo[b,d]thiophene heterocycle,
i.e. the sulfurated equivalent of 9H-carbazole, seemed particularly appealing. As discussed
in Chapter 2, the inclusion of sulfur as heteroatom is currently a well-known resource in

the search of improved semiconductors.

Hence, tetrabromothiophene (TBT) assumes the role of synthetic starting material in this
chapter. Figure 4.1 illustrates the synthetic strategy envisioned for the extension of
dibenzothiophene from tetrabromothiophene, which is analogous to the procedure
employed in the synthesis of 37 in the previous chapter. The resulting system is known as
diphenanthro[9,10-b:9',10'-d]thiophene.

Suzukl Miyaura Scholl
reactlon reactlon

0o O
Br%gf\m / \ OODQ

Figure 4.1. Synthetic strategy towards ramified m-extended system diphenanthro[9,10-5:9',10'-
d]thiophene derived from the dibenzo[b,d]thiophene core (highlighted in orange), which starts
from the commercially available tetrabromothiophene (TBT).

In fact, the easy availability of tetrabromothiophene as starting material and the immense
library of commercially-available aromatic boronic acids provide an open field of
investigation. So far, several reported polycyclic structures derived from dibenzothiophene
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have been synthesized using this approach, proving its adequacy.[29°-297! Contrarily to the
hitherto studied compounds, the final structure 45 does not feature a planar n-system due
to the steric hindrance between the upper phenyl scaffolds. Nevertheless, the integration
of derived structures as hole transporting semiconductors in devices such as single crystal
FETs[2%] and perovskite solar cells2°®! demonstrates the potential of this architecture

regardless of its non-planarity.

One of the main objectives of this chapter is therefore the evaluation of the synthetic scope
of the Scholl reaction in the design of new structures along with their optoelectronic
characterization. The incorporation of scaffolds of different nature to the parent structure
453, such as aliphatic, aromatic, electron-donating or electron-withdrawing groups, are
interesting both for modulating the optoelectronic properties of the core and from a
synthetic point of view. Also, the integration of larger aromatic scaffolds would provide an
even larger extension of the m-system, giving access to completely new constructions. It
should be noted that the interest of this synthetic approach resides not only in the final
cyclized compounds but also in the unbounded intermediates, especially regarding their

photophysical properties.

4.2. Precedents of AIE studies on propeller-shaped materials

Many studies acknowledge several analogue structures of 44, often called propeller-
shaped molecules, as well-known models of the unique aggregation-induced emission (AIE)
phenomenon.[298-299 Equivalent structures incorporating nitrogen, silicon, phosphorus or
even 1,2,3,4-tetraphenyl-1,3-cyclopentadiene, which does not include heteroatoms, are
some of the representative examples featuring AIE that collects Figure 4.2. Apart from
tetraphenylfuran (TPF), which displays the opposite phenomenon of aggregation-caused
quenching (ACQ), the AIE effect observed for tetraphenylthiophene is by far the weakest
from the ones compiled in Figure 4.2.12%) The anomalous behavior of 44a with respect to
its counterparts has been object of several recent studies. As revealed by the single crystal
of 44a, the main reason of this behavior seemingly resides into the weak intermolecular
interactions present in the packing.[29°-211 Typically, the lack of emission in solution of this
type of constructions is attributed to the free rotation of phenyls, which promotes a non-
radiative decay rather than emissive. Alternatively, calculations over 1,1-dimethyl-2,3,4,5-
tetraphenylsilole (TPS)[?'2 and 1,2,3,4-tetraphenyl-1,3-cyclopentadiene (TPC)!?'3! suggest
that the main deactivating mechanism of the emission in propeller-shaped molecules could
be through a ring puckering pathway occurred in the central heterocycle. In either way,
both mechanisms are suppressed with the formation of aggregates due to the additional
restrictions established.
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Figure 4.2. Analogue structures of the herein studied tetraphenylthiophene (44a) that display AIE:
1,2,3,4-tetraphenyl-1,3-cyclopentadiene (TPC)*, 1,2,3,4,5-pentaphenylpyrrole (PPP)?%, 1,1-
dimethyl-2,3,4,5-tetraphenylsilole (TPS)!?'®! and 1,2,3,4,5-pentaphenylphosphole oxide (PPPO)!217),
Contrarily, tetraphenylfuran (TPF) displays the opposite effect ACQ. Adapted from ref. 209.

Since the AlEgens shown in Figure 4.2 also lack effective m-mt interactions, this translates
into an enhancement of the fluorescence in the solid state. Unfortunately, this does not
apply in the case of 44a. Stojanovi¢ et al. shed light on the role of the triplet states on the
relaxation mechanisms and proposed a non-radiative pathway exclusive for 44a, involving
the stretching between carbon and sulfur.[21 |n this case, the loose packing found for 44a
still permits such mechanism in the solid state, justifying the anomalously weak AIE it
exhibits. Most of these studies coincide on the need to impose additional constraints to 44
to achieve effective AIE. Indeed, Gu et al. demonstrated the enhancement of emission of
44a under high pressure, as a result of the inhibition of the non-radiative vibrational
process.[?12l Also, Guo et al. described several mesogens based on the 44 nucleus for
luminescent liquid crystals displaying AIE, proving the effectiveness of the rational addition
of scaffolds.[218!

Hence, the synthesis of different derivatives of 44 brings the opportunity to further extend
this study and get insight into the topic. The aimed inclusion of different groups to
tetraphenylthiophene or the substitution of phenyls with larger and more hindering
scaffolds could be a proper feature to restrict the structure in the solid state, unlocking the

AIE phenomenon.

4.3. Homogeneously substituted compounds

As stated, this Chapter deals with the search of new materials with potential interest in
diverse topics within organic optoelectronics using an alternative strategy. In the first
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stages of this study, the design and choice of scaffolds will not be entirely rational but
conducted in an untargeted way. Starting from a wide and assorted collection of
arylboronic acids, this strategy permits a rapid evaluation of the scope and limitations of
the envisioned synthesis and the structural features that yield the sought properties. From
this information, the design can be modulated accordingly in future studies. In an initial
approach, the study will focus on homogeneously substituted compounds, that is, products
derived form a simultaneous tetra-substitution of the corresponding scaffold.

4.3.1. Synthesis
Step I: Suzuki-Miyaura cross-coupling reaction

The first step concerning the fourfold Suzuki-Miyaura cross-coupling reaction was
attempted using the same conditions that afforded the analogous compounds 37a-c in
Chapter 3, namely the use of the corresponding boronic acid, catalytic Pd(PPhs).Cl, and
PPhs, K2COs as base and a mixture of DMF and water as solvent at 110 °C. Scheme 4.1
illustrates the employed conditions as well as the assortment of arylboronic acids tested

along with the resultant products.

Br Br R-B(OH),, Pd(PPh;),Cly, PPh; RO R

K,CO3, DMF:H,0, 110 °C

=3
R
v
=
@
y
A
—
v
—
pel

44
R=
H4C CH, __-SCH; O
: ~S : $ HC” : 55 AN l ¢
Phenyl 4-Methylphenyl ~ 2,5-Dimethylphenyl  2-Methylthiophenyl Biphenyl
44a (62%) 44b (87%) 44c (69%) 44d (81%)
0, T &
3 FONAS &”/’/L‘fs
4-Fluorophenyl 2 ,5-Difluorophenyl 2-Thienyl
44e (66%)
OCH;
= f CgH130 H3CO (’\:\,\,»-__.\.
ji QL . VO, Qg
-Phenanthrenyl 4-Hexyloxyphenyl 3,4-Dimethoxyphenyl 2-Benzothienyl 4-(Diphenylamino)phenyl
441 (82%) 449 (65%) 44h (73%)

Scheme 4.1. Synthesis of several derivatives of the intermediate structure 44 through a fourfold
Suzuki-Miyaura cross-coupling reaction using TBT (1 mmol), the arylboronic acids specified below
(4.5 mmol), Pd(PPhs),Cl; (0.05 mmol), PPh; (0.1 mmol) and K,COs3 (20 mmol) in DMF:H,0 (22.5 mL,
6:1 v/v). The colored intermediates 44a-g represent the ones successfully prepared employing
these conditions.
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As stated, the synthesized structures based on the non-substituted 44a were obtained from
a diverse selection of boronic acids, which comprises several phenyl scaffolds substituted
with a variety of groups in different positions, sulfurated heterocycles and the bulky 9-
phenanthrenyl system. Additionally, the incorporation of the 4-(diphenylamino)phenyl
moiety was projected since it represents a well-known building block in the search of
AlEgens.[88219-221] The reported conditions were successful in the coupling of eight out of
the thirteen proposed boronic acids, with promising yields from 62 to 82%. These results

are quite notable considering that the synthesis implies a simultaneous tetra-substitution.

Regarding the unsuccessful couplings, several aspects should be mentioned. The reaction
with 9-phenanthrenylboronic acid afforded some compounds that could not be identified
nor characterized as the sought tetra-substituted product due to their severe insolubility
and difficulty to ionize via mass-spectrometry. On the other hand, none of the reactions
comprising sulfurated boronic acids afforded the desired products. Specifically, reactions
with 2-methylthiophenyl and 2-thienylboronic acids only led to di-substituted products in
positions 2 and 5, which in the case of 2-thiophene also implied the loss of one or both of
the remaining bromines. In the case of 2-benzothiophenylboronic acid, however, the
reactants were consumed through undesired polymerization or degradation side reactions.
This was similarly observed for 2,5-difluorophenylboronic acid, despite their different

structural and electrochemical compositions.

The precedents of fourfold couplings of sulfurated heterocycles to tetrabromothiophene
employing the Suzuki-Miyaura reaction are scarce, hinting the limitations of the procedure
on this substrate.[22Z] Alternatively, the few successful examples did not imply the coupling
of the corresponding boronic acid, but substitutes such as the respective pinacol ester(??3]
or the trihydroxyboronate salt!??l were used instead. Seemingly, the Stille??® and
Kumadal?26-2271 cross-coupling reactions are also plausible choices in this case. Considering
that the extension of dibenzothiophene with four sulfurated heterocycles already appears

in a few reported examples, further research in this direction was discarded.

With respect to the dehalogenation side reaction, some examples revealed that it is prone
to happen in cross-coupling reactions depending on factors such as the substrate and the
solvent.[228-229] After surveying the literature, this undesired process was found to hamper
the Suzuki-Miyaura reaction in analogue heterocycles containing N-H, such as pyrrolel?3%
and pyrazole[?31, |n the case of thiophene, the dehalogenation of 4,5-dibromothiophene-
2-carboxaldehyde was also reported.[?32) Remarkably, all these examples suffered from
dehalogenation only on meta (B) positions with respect to the heteroatom.
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Step II: Scholl reaction

The Scholl reaction was carried out with an excess of anhydrous FeClz in a mixture of
dichloromethane and nitromethane at room temperature. Scheme 4.2 shows the

cyclization conditions towards some derivatives of 45.
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Scheme 4.2. Synthesis of the cyclized compounds derived from structure 45 through the Scholl
reaction. The cyclisation towards 45g is shown apart to specify the resulting regioisomer.

The synthesis of the parent compound 45a was hampered with the formation of a complex
mixture of by-products, which prevented its proper purification and characterization. As
stated in the literature, the Scholl reaction occasionally fails in the cyclisation of small and
non-substituted compounds, leading instead to different by-products.[233 Ortho- and para-
positions are prone to undergoing undesired couplings, making the unprotected position 4
of 45a particularly vulnerable to oligomerization. The new synthetic strategy reported
recently by Maddala et al. could be addressed to circumvent this inconvenience in
subsequent designs.[234 Contrarily, compounds 45b and 45d, which possess a methyl and
phenyl substituent in position 4, respectively, were obtained in very good yields. The
synthesis of 45g also proved the efficacy of suitably placed directing groups, resulting in an
even higher yield of 92% with excellent regioselectivity. Concerning the incorporation of
fluorine as an electron-withdrawing group in 45e, the synthesis proceeded substantially
slower and provided a lower yield of 33%, but it was still successful. Unexpectedly, the

cyclization of 44f, which is a priori similar to the ones stated in Scheme 4.2, only led to the
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monocyclized intermediate instead of the envisioned product 45f. As observed, the first
cyclization already progressed at a slow rate, whereas the second one could not be

detected even after 24 hours (Scheme 4.3).

anh. FeCl3
OC[;H13 CHQC|2, CHgNOZ‘ RT o6 L - — S .lI:\____h/\__'(,‘f.;:'J |1 3
44f
OCgHy3
—_—

OCgHq3

Scheme 4.3. Cyclization reaction of 44f under the studied Scholl conditions, in which only the
monocyclized intermediate 45f" was formed.

The cyclization of 44c was a particularly interesting case. The strategy of incorporating
methyl groups at positions 2 and 5 was intended as an additional obstacle to test the
robustness of the Scholl reaction. In fact, the envisioned product would feature an even
more twisted structure derived from the steric hindrance between the methyl groups. Even
though the consumption of 44c was complete, the crude was composed by traces of
multiple by-products and the expected 45c could not be detected. Despite the efforts, the
purification process did not permit a proper separation and characterization of individual
by-products. Nevertheless, one of them successfully crystallized during the purification
step, which enabled its structural characterization via single crystal resolution. The
synthetic procedure as well as the elucidated crystal structure are shown in Scheme 4.4. As
observed, the elucidated crystal structure demonstrates the migration of two methyl
groups into adjacent and less hindered positions. It also suggests an additional cyclization
between the phenyls bounded to positions 3 and 4 of thiophene, which could be driven by
the migration of the methyl groups. The unexpected introduction of sulfur moieties
suggested by the crystal structure highlights the reactivity of unprotected para positions.
The availability of sulfur in the reaction could only be explained by the occasional cleavage
of the thiophene ring in alternative side reactions. Albeit the very low yield, the occurrence
of this by-product proves the viability of numerous side reactions under the Scholl
conditions that hampered the formation of 45c. According to the literature, these unusual

rearrangements have been demonstrated in different substrates,23%! especially in highly
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hindered or twisted cores.[236-238] Unfortunately, none of the side reactions was
predominant enough to furnish a major by-product in a reasonable yield to enable a further

analysis.
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Scheme 4.4. Cyclization reaction of 44c under the Scholl conditions and the proposed structure of
one of the by-products on the basis of the crystal structure elucidation.

4.3.2. Crystal structures

The structures of 44b and 44e could be elucidated by means of single crystal X-ray
diffraction and were compared with that of 44a reported from the literature.[?%®) Their
structures are represented in Figure 4.3. 44a was described to crystallize in space group 12
of the monoclinic system. 44b also crystallized in the monoclinic system but in space group
P21/n. Their crystal structures dispose differently but present several similarities. 44a
arranges in a displaced parallel way, with certainly high distances of 4.75 A between
aromatic systems and 6.05 A between sulfur atoms. As described in the introduction, these
large distances impede aggregation but still permit the free rotation of the phenyl moieties
and other processes, so the AIE phenomenon is not unlocked. The disposition of 44b
changes to a displaced antiparallel packing, with distances between sulfurs of 4.73 and 6.54
A. The presence of methyl groups apparently tightens the packing but it still conserves
relatively high distances between aromatics, which could be beneficial for the sought
effect.
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Figure 4.3. Single crystal structures of derivatives: a) 44a'? CCDC number: 1494294; b) 44b and c)
44e.

On the other hand, 44e crystallized in space group P-1 of the triclinic system. Contrarily to
44a and 44b, the packing of 44e is also conditioned by the interactions between fluorine
moieties. The distance between lateral fluorine atoms is 2.93 A, which contributes to a
more compact distribution. As a result, the material adopts a cofacial packing that can be
associated to a B or displaced lamellar motif. In this case, the sulfur heteroatoms are not
aligned and display even higher distances of 6.14 and 7.37 A. Despite the still relatively long
intermolecular m-it distances of ca. 4.23 A, this type of arrangement seems a priori more
prone to aggregation. It should be noticed that the phenyl moieties are not planar with

respect to the thiophene nucleus in any of the three derivatives.

4.3.3. Photophysical properties

The optical properties of derivatives 44a-h and their cyclized counterparts 45 in
dichloromethane solutions are collected in Table 4.1. All derivatives emit into the UV-blue
region of the spectrum. The addition of electron-donating groups to 44a causes a slight
bathochromic shift on both the Aabsonset Of the absorbance spectrum and the maximum
Aemmax. The magnitude of the shift in the emission spectrum depends on the substituent,
which gradually increases from 6 to 28 nm for the p-methylated 44b and the biphenylated
44d, respectively. Notably, the emission of 44d also displays two secondary peaks in the
UV region at 352 and 368 nm. The addition of the 4-(diphenylamino)phenyl moieties in 44h
results into an even larger bathochromic shift of 57 nm that places its emission into the

blue-green region. On the other side, the addition of fluorine in 44e derives into a small
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hypsochromic shift of 4 nm with respect to 44a. It is also significant the hypsochromic shift
of 19 nm displayed by 44c. The absorption and emission spectra of all derivatives are

represented in Figure 4.4.

Table 4.1. Optical properties of the non-cyclized derivatives 44a-h and their cyclized
counterparts in dichloromethane.

Unbounded compounds Cyclized compounds
Acvs,onset ™1 Aem,max ™! O Acvsonset 1 Aemmax ™ @
(nm) (nm) (nm) (nm)
44a 358 400 0.02 4539 380 394 0.05
44b 363 406 0.02 45b 383 384,400 0.04
44c 318 381 <0.01
44d 392 352,368,428 0.09 45d 408 409,429 0.21
44e 354 396 0.02 45e 379 403 0.04
a4f 373 416 0.02
44g 382 424 0.02 45g 395 393,412 0.04
44h 430 457 0.14

[a] Absorption onset wavelength (Aabs,onset). [b] Wavelength of maximum emission (Aem,max), recorded
after excitation at 300 nm. [c] Fluorescence quantum yields (®r), determined using POPOP as standard.
[d] Results from reference 234.

The study of the @r of the open intermediates 44 was equally interesting as a prelude to
the AIE analysis. As observed, most of them displayed values similar to that of the parent
44a (®Or=0.02 in solution). Comparatively, the analogue 41 studied in the previous chapter,
which possesses 9H-carbazole as the central heterocycle instead of thiophene, displays a
much higher quantum vyield value of 0.33 in solution. On the other hand, 44d and 44h
outstand with higher values of 0.09 and 0.14, respectively, whereas 44c is almost non-
emitting. Hence, the inclusion of methyl groups in positions 2 and 5, intended as a further
restriction to the free rotation of the phenyl moieties, resulted into the loss of fluorescence.
In fact, the photophysical properties of 44¢ are more similar to those of the bare thiophene
nucleus!?3? than those of the rest of derivatives. Seemingly, the restriction caused by the
2,5-dimethyl substituents in the phenyl moieties derives into a loss of conjugation with the
thiophene nucleus, explaining the anomalous hypsochromic shift.

Unexpectedly, the cyclisation process also induced a hypsochromic shift of the emission
spectrum with respect to the open intermediates. Typically, the expansion of the m-system
is translated into an augment of the emission wavelength due to the higher conjugation. In
this case, however, the non-planarity of the molecule prevents an extended m-conjugation

thorough the system. Again, the fluorinated derivative 45e displays the opposite trend,
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which in this case implies an increase of the maximum emission wavelength from 396 to
403 nm. Concerning the @x of the cyclized compounds, the phenylated 45d stands out again
with a divergent value of 0.21, outpacing by far the ca. 0.04 displayed by the rest of

analogues.
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Figure 4.4. Photophysical characterization of the open intermediates 44 and their cyclized
counterparts 45: normalized absorbance (a) and emission (b) of 44-based derivatives; normalized
absorbance (c) and emission (d) of 45-based derivatives. The emission spectra were recorded in
dichloromethane after excitation at 300 nm.

As a first approach to analyze the fluorescent behavior in the aggregate state, a selection
of the open derivatives were measured in THF solutions with an increasing percentage of
water. Specifically, the emission spectra of derivatives 44b, 44d, 44e and 44h were
recorded in 10 M solutions of THF and THF:H,0 mixtures of 75:25, 50:50, 25:75 and 5:95
v/v. The addition of higher proportions of water promotes the formation of aggregates due
to the loss of solubility of the organic compounds. Nevertheless, none of the analyzed
derivatives exhibited conclusive signs of AIE. Compounds 44b and 44e displayed similar
profiles to that reported for 44a.2%°! The first impressions suggest that the differences
found in their packing motifs are not enough or suitable to unlock the AIE. On the other

hand, the higher @ values in solution of derivatives 44d and 44h hinted alternative
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emissive pathways and, seemingly, these were not increased in the aggregate state. The
emission spectra of all compounds and the evolution of the emission intensity in different
aqueous percentages can be found in the Appendix (Figure A4.3).

4.3.4. Electrochemical properties

The electrochemical properties of the cyclized derivatives are compiled in Table 4.2 and
their cyclic voltammograms and energy levels, represented in Figure 4.5.

Table 4.2. Electrochemical characterization of the cyclized compounds 45.

Compound E;g; (eV) ]l Egnset (V)™ IP(eV)!d  EA (ev)™
45b 3.24 0.58 5.97 2.73
45d 3.04 0.57 5.96 2.92
45e 3.27 0.88 6.27 3.00
45g 3.14 0.40 5.79 2.65

[a] Optical energy gap (E2*) estimated from the absorption spectrum (Aabs,onset).

gap
[b] Onset oxidation potential (Egn.t) vs. Fc*/Fc determined from CV in 1 mM
solutions in dichloromethane. [c] lonization potential (IP) estimated as
IP=E> +5.39. [d] Electron affinity (EA) estimated as EA = IP — E9%

onset vs. Fct/Fc gap*
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Figure 4.5. Electrochemical characterization of the synthesized derivatives of cyclized structure 45:
a) cyclic voltammograms recorded at a scan rate of 100 mV s™* in 1 mM dichloromethane solutions;
b) estimated energy levels.

All derivatives underwent an oxidation process, so the ionization potentials were estimated
accordingly. The analyzed 45-based compounds display rather high ionization potentials
close to 6 eV, which could be disadvantageous due to the misalignment with regard to the
gold work function (ca. 5.1 eV). As expected, the addition of electro-donating moieties in
45b, 45d and 45g provides lower IP, i.e. a destabilization of the HOMO energy level. The
progression of their values goes from 5.97 to a more convenient 5.79 eV in the case of
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octamethoxylated 45g. Contrarily, the addition of fluorine as an electro-withdrawing group

in 45e results in the opposite effect, with an exceedingly high IP value of 6.27 eV.

Globally, structure 45 possesses interesting characteristics that can be modulated with the
easy incorporation of diverse substituents. As a result, the evaluation of their potential in

optoelectronic applications can be surveyed in subsequent studies.

4.4. Heterogeneously substituted compounds

Given the success of the synthetic approach towards the extended dibenzothiophene
derivatives based on 45, the access to more complex and diverse structures seemed
especially interesting. However, the attachment of bulky n-extended scaffolds could easily
derive into major solubility problems as observed on the tetra-substitution of 9-
phenanthrenyl groups. With this in mind, the combination of bulky aromatic moieties with
alkylated ones appeared as a plausible solution. That is, a heterogeneous substitution of
tetrabromothiophene concerning positions a and B, which implies two consecutive two-
fold substitutions rather than a homogeneous tetrasubstitution. This strategy could also
enable the synthesis of derivatives possessing sulfurated heterocycles in positions 3 and 4,
mitigating the steric hindrance of phenyls to furnish a more planar structure as
demonstrated by some crystal structures.!??4l As discussed, the Suzuki-Miyaura conditions
applied for the tetrasubstitution of thiophenyl and benzothiophenyl moieties failed in

achieving so, but proved adequate for the formation of disubstituted derivatives.

4.4.1. Design and synthesis

The projected heterogeneous approach aims at structures combining diverse extended
scaffolds with 4-hexylphenyl to preserve some solubility. Specifically, 9-phenanthrenyl and
4-dibenzothienyl were considered as substituents in a positions, whereas 2-benzothienyl

was projected in B positions to attenuate the steric hindrance (Figure 4.6).

Small steric
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Figure 4.6. Examples of generic structures derived from 45a displaying a heterogeneous
substitution in a (blue) and B (yellow) positions with respect to the central thiophene.
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Step I: Suzuki-Miyaura cross-coupling reaction

Even though the initial study was more focused on the scope and robustness of the Scholl
reaction in differently substituted intermediates, this first step emerged again as the
bottleneck towards the final cyclized compounds. Since the inclusion of sulfurated scaffolds
led to a partial debromination process using DMF as solvent, the search of milder analogue
conditions was a requisite. The standard conditions employed in Chapters 1 and 2, involving
a mixture of THF and water (6:1 v/v) and Pd(PPhs)s as catalyst were an appropriate option
in the case of a disubstitution. After surveying the literature, a third procedure implying
toluene and water (10:3 v/v) as solvent and Pd(PPhs),Cl; as catalyst was also promising to
overcome the debromination problems.[?*0) Table 4.3 compiles the synthetic scheme to

furnish intermediates 46 and 48 and the respective yields under the specific conditions.

Table 4.3. Specific conditions and yields obtained on the consecutive couplings necessary to obtain
the di-substituted 46 and tetra-substituted 48 heterogeneous intermediates.

H RyB(OH),, Pd catalyst Bf Br R,-B(OH),, Pd catalyst Ra R
B - I - ﬂ
Br s Br KoCOj3, solvent:H,O |, A R, S R, KoCO3, solventH,O |, A S R,
TBT 46 48
M
IL (6 0s) !
By-products Debrommanon By-products 2
1) (R{+B(OH),, Pd catalyst R‘ 8 Ri
One-pot K5COs4, solvent:H,0 , A 49
2) R,-B(OH),, Pd catalyst, K,CO3, A
Yield Yield Yield Yield 2 steps One-pot
R Solvent R
1 OVeNt 26(%) 47 (%) 2 48(%) 49 (%) | 48(%) [ | 48 (%)
THF 26 23
& CeHi3
Toluene 12 6 \©\55
a
DMF 56 () 55 430l 31 70

2,
O THF 46 (-)tal 76 () 35 53

O DMF Debromination

THF 45 (-)al 52 () 23 34

c 2,
Toluene 19 71 S
CeH130 FNS

DMF Debromination

[a] Not detected. [b] Corresponding to the by-product 49a’. [c] Global synthetic yield from TBT, considering
the two separate Suzuki-Miyaura reactions. [d] Synthetic yield from TBT employing the one-pot procedure.
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As shown, the choice between solvents resulted critical depending on the boronic acid. As
a result, each coupling required a customized synthetic procedure. The presence of the
mono-substituted counterparts 47 and 49, which in some cases hampered the formation
of the desired intermediates 46 and 48 in good vyields, is also detailed. The use of toluene
was clearly disadvantageous in cases 46a and 46c¢, so it was not tested in the synthesis of
46b. The former provided very low yields of both 46a and 47a (12 and 6%, respectively)
along with the formation of a major by-product with unknown structure, whereas the latter
provided the undesired 47c in a much higher yield than the targeted 46¢ (71 and 19%,
respectively). Concerning the use of THF, it was the preferred option in the synthesis of
derivatives 46b and 46c, providing moderate yields of 46 and 45%, respectively, with no
appreciative formation of the monosubstituted by-product. In both cases, the use of DMF

derived into dehalogenation of B positions.

Contrarily, the coupling of 9-phenanthrenyl in THF furnished the mono- and di-substituted
products in similar yields (23 and 26%, respectively), whereas in DMF the intermediate 46a
was obtained in a yield of 56%. Hence, the reaction with 9-phenanthrenylboronic acid
required the harsher conditions provided by the DMF procedure to result into an
acceptable yield, whereas the dehalogenation side reaction was not detected. These
results point again that the presence of heteroatoms in the arylboronic acid makes
tetrabromothiophene more prone to dehalogenation. The subsequent couplings were
carried out employing the conditions that provided the best results for the first ones,
namely the use of DMF to obtain 48a and THF for 48b and 48c. 48a was obtained in a yield
of 55%, whereas 48b and 48c were obtained in yields of 76 and 52%, respectively. The
problem with the mono-substitution was only detected in the case of 48a, which derived
into a 43% of the mono-substituted and mono-debrominated by-product 49a’ instead of
49a. Overall, the global yields considering both couplings had values around 30%.

The synthesis of the tetra-substituted intermediates was also tested one-pot, which
performs both couplings subsequently in the same system without any in-between work-
up. Notably, this procedure not only favored a more straightforward synthetic way towards
precursors 48a-c, but also provided them in remarkably higher yields. For instance, the
one-pot procedure yielded 48a in a 70%, which outstandingly surpasses the overall yield of
31% obtained with the two separate couplings. The success of the one-pot procedure
makes the heterogeneous extension of dibenzothiophene even more accessible. As
observed, the twofold coupling of sulfurated scaffolds was possible both in positions a and
B, as demonstrated in the formation of 46b and 48c, respectively. Hence, the search of

alternative cross-coupling conditions was not necessary.
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Step ll: Scholl reaction

The cyclization employing the Scholl reaction was achieved for all three compounds,

affording the expected structures (illustrated in Scheme 4.5).
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Scheme 4.5. Synthesis of the cyclized products 50a-c using the Scholl reaction. The cyclization of
50b required a temperature of 0 °C to be successful.

It should be noted that the cyclization of compound 50b under standard conditions derived
into polymerization and other side reactions, similarly to the results described in the
previous chapter for 37b and 37c. Again, the reduction of both the time and the

temperature of the reaction (0 °C for 20 minutes) was appropriate, resulting in an excellent
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yield of 91%. Compounds 50a and 50c were also obtained in high yields of 81 and 74%,
respectively.

The herein analyzed synthetic approach opens the door towards new and diverse
molecular constructions based on extended dibenzothiophene cores. The heterogeneous
substitution, which permits more versatility and tunability, can be easily carried out with

diverse scaffolds in two synthetic steps due to the success of the one-pot procedure.
4.4.2. Optoelectronic characterization

Photophysical properties

The optical properties of the heterogeneously substituted compounds 48a-c and their

cyclized counterparts 50a-c are collected in Table 4.4.

Table 4.4. Optical properties of the non-cyclized derivatives 48a-c and their cyclized
counterparts 50a-c.

Unbounded compounds Cyclized compounds
Aabsmax 1 Aemmax ! o: Asbs,max @ Aem,max o
(nm) (nm) (nm) (nm)
48a 256,304 418 0.02 50a 255,432 454,475 0.10
48b 241,333 412 0.01 50b 318,398 402, 424 0.05
48c 291 420 <0.01 50c 255,326 396, 414 0.03

[a] Wavelengths of maximum absorption (Aabsmax) and emission (Aemmax), with the shoulder peaks
indicated as (sh). The emission spectra were recorded after excitation at 300 nm. [b] Fluorescence
quantum yields (®s), determined using POPOP as standard.

The non-cyclized derivatives display similar Aem max Values around 415 nm, which place their
emission in the UV-blue region. All three compounds exhibit low fluorescence quantum
yields, even lower than those of their homogeneously substituted counterparts in the
instances of 48b-c. As observed in the homogeneous structure, the cyclisation to
derivatives 50b-c implies a hypsochromic shift of the Aem max despite the augment of the
absorption wavelengths. This also occurs regardless of the presumably planar structure of
50c, which would imply an effective extension of the conjugation. Oppositely, 50a
experiences a considerable bathochromic shift with respect to its non-cyclized counterpart
of 36 nm. The cyclization of all structures also derives into an increment of the @x, with a
maximum value of 0.10 in the case of 50a. The absorption and emission spectra of all
materials are shown in Figure 4.7.
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Figure 4.7. Normalized absorbance (dotted) and emission (solid) spectra of the open intermediates
48a-c (left) and their cyclized counterparts 50a—c (right).

Derivative 48a was also surveyed in terms of AIE in an equivalent procedure to that applied
to the homogeneously substituted compounds. In this material, the increment of the water
percentage up to a 50% caused an increase of the emission intensity followed by a slight
bathochromic shift. Beyond this percentage the intensity decreased and, surprisingly, so
did the emission wavelength. Although these early findings are not pertinent to qualify this
material as an AlEgen, justify further investigation in this direction. The emission spectra
and evolution of the maximum intensity and wavelength with respect to the percentage of
water are represented in Figure 4.8.
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Figure 4.8. Emission properties of derivative 48a (10> M) dissolved in THF solutions featuring
different water percentages: a) emission spectra; b) plot of the emission maximum intensity (or
relative emission intensity (//lo)) and wavelength versus the composition of the aqueous mixture.

Thermal and electrochemical properties

The thermal and electrochemical characterization of the final compounds 50a-c is
collected in Table 4.5.
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Table 4.5. Thermal and electrochemical data of the cyclized compounds 50a-c.

Compound T Tyl Aupgonser®  gQRC [ ox [ |pll  EAlf

(o (A (nm) (eV) (V) (ev)  (eV)
50a - 425 452 2.74 0.50 5.89 3.15
50b 271 468 410 3.03 0.50 5.89 2.86
50c 246 415 374 3.32 0.54 5.93 2.61

[a] Melting point (Tm) obtained from DSC at a scan rate of 10 °C min™. [b] Decomposition
temperature (Tq) obtained from the 5% weight loss in TGA at a heating rate of 10 °C min™.

[c] Optical energy gap (Egg’;) estimated from the absorption spectrum (Aabsonset). [d] Onset

oxidation potential (Eoret) Vvs. Fc'/Fc determined from CV in 1 mM solutions in
dichloromethane. [e] lonization potential (IP) estimated as IP = E2* +5.39. [f] Electron

onset vs. Fc* /Fc
affinity (EA) estimated as EA = IP - Egbt.

All three derivatives possess high thermal stability, with T4 values that surpass the 415 °C
on the basis of the 5% weight loss (the TGA scans are represented in Figure A4.1 of the
Appendix). Thus, they are suitable to be vacuum deposited. Their melting points (Tm) are
also found at high temperatures, namely 271 and 246 °C for 50b and 50c, respectively. In
the case of 50a, if any, it was not detected below 300 °C. All compounds undergo an
oxidation process, which seems reversible only in the case of 50a. The cyclic
voltammograms and energy levels of compounds 50a-c are depicted in Figure 4.9. The
intensity displayed by derivatives 50b—c is lower due to solubility issues. The resulting IP
values are very similar, but slightly lower than that of the parent structure 44a (6.01 eV).
This makes them more suitable with regard to the gold work function. Contrarily, their
optical band gaps are highly divergent. Unexpectedly, the derivative that should feature
the most planar ni-system on the basis of its structural design and the reported precedents,

namely 50c, presents the highest optical band gap (3.32 eV).
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Figure 4.9. Electrochemical characterization of the cyclized derivatives 50a-c: a) cyclic
voltammograms recorded at a scan rate of 100 mV s* in 1 mM dichloromethane solutions; b)
estimated energy levels with respect to the gold work function.
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Globally, all three compounds feature appropriate characteristics for their integration as p-

type semiconductors in OTFT devices.

4.4.3. Organic Thin-Film Transistors

Compounds 50a-c were tested as p-type semiconductors in standard bottom gate-top
contact OTFTs. As a proof of concept, they were integrated in PS-treated devices. The OTFT
characteristics are collected in Table 4.6.

Table 4.6. OTFT characteristics of devices fabricated from derivatives 50a-c over PS-
treated substrates.

Compound Dielectric  pnmax (€m? Vs B pp oo (em? Vi)l f /Iy (A/A) 1
50a PS 6.9 x 10° 6.3x105(5.8x 10°)  10°
50b PS 5.1x10° 4.6 x 10 (-)™ 102
50c PS 8.0x10° 5.9 x 10° ()@ 103

[a] Maximum hole mobility value for a single device. [b] Maximum average hole mobility value of
a set of representative devices collected on the same day. The values in parenthesis correspond to
the average mobility registered ca. one year after their fabrication. [c] Maximum /on/loff ratio.
[d] Not operative.

The first results suggest a great potential of this type of constructions regardless of the
degree of planarity of the aromatic system. Specifically, the non-planar compound 50a
displayed a maximum pn avg of 6.3 x 10 cm? V1 s2, slightly outpacing the 5.9 x 10 cm? V!
s! of 50c. The OTFT characteristics of the former are represented in Figure 4.10. Even
considering that the extracted charge mobility values fall short with respect to those of the
carbazole-based cores, they are still engaging due to their unique and diverse structural
features. On the other hand, compound 50b clearly underperformed with an average hole
mobility of 4.6 x 10® cm? V! s, i.e. one order of magnitude below the other two
compounds. In terms of stability, 50a outstands with a shelf lifetime up to a year, which
grants it a potential comparable to the hitherto studied cores based on 9H-carbazole. Its
charge mobility reveals again a gradual increase over time, which culminates several
months after the fabrication. Thereafter, it stabilizes in a plateau. Even though the variation
is less substantial than the one observed in compound 37b (Chapter 3), it still represents
an overall 6-fold improvement. Contrarily, compounds 50b and 50c displayed poorer air-
stability, with a functional period that do not extend further than a few weeks. Therefore,
the structures possessing sulfurated scaffolds apart from the central thiophene suffer from
early degradation, similarly to the case of structure 30. The evolution of the charge mobility
of all three cores is represented in the Appendix (Figure A4.2).
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Figure 4.10. OTFT characteristics of a device fabricated from 50a over a PS-treated substrate: a)
transfer (Vps = -40 V), saturation and b) output characteristics. The shown data corresponds to the
maximum charge mobility obtained, which was registered 230 days after the fabrication.

4.5. Conclusions

The synthesis of differently substituted and derived structures of diphenanthro[9,10-
b:9',10'-d]thiophene, an extended system based on the dibenzothiophene heterocycle, has
been accomplished through sequential Suzuki-Miyaura and Scholl reactions. Synthetically,
the fourfold Suzuki-Miyaura coupling was successful in a wide array of arylboronic acids in
yields exceeding 60%, except for, basically, the sulfurated ones. Once again, the Scholl
reaction has settled as an excellent way to construct novel materials with potential in
optoelectronics, especially when the para-positions are protected or in the presence of
suitably placed directing groups. The first approach towards homogeneously substituted
derivatives has permitted the coupling of scaffolds of diverse nature, fine-tuning the
photophysical and electrochemical properties of both the open and the cyclized nuclei (44

and 45, respectively).

On this basis, we could also envision alternative and novel designs based on a
heterogeneous substitution. The research of alternative conditions in the Suzuki-Miyaura
coupling was key to avoid the incompatibility of certain substrates. As a result, we could
not only adapt and meliorate the protocol for each specific case, but also pave the way to
new architectures. Besides, the access to heterogeneously substituted thiophenes has
been facilitated by means of the one-pot procedure, implying a straightforward synthesis
to the cyclized structures 50a—c in just two steps with excellent yields. The integration of
the 50-based derivatives in OTFT devices shed light on the role of the chosen scaffolds,
ushering in subsequent tailored modifications. Remarkably, derivative 50a afforded the
best performance for this set of products, with a pnavg of 6.3 x 10° cm? V! s deposited

over PS and a shelf lifetime that extends beyond one year. Additionally, its non-cyclized
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counterpart 48a hinted potential AIE characteristics. The results extracted from this study

therefore encourage new perspectives and further investigation in different directions.
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CHAPTER 5. Back to the start: remodeling the triindole core

5.1. Introduction

The research of new organic semiconductors presented throughout the previous chapters
has provided numerous structures with interesting applications, especially as active layers
in OTFTs. Even considering the particular advantages of each material, the triindole core
still reigns as the material possessing the highest charge mobility value developed in our
research group. Indeed, the hole mobility of the trimethylated triindole (TMT) reached
values up to 9 x 103 cm? V-1 st over OTS-treated devices, whereas its trihexylated analogue
(THT) displayed slightly higher values up to 1 x 102 cm? V! s over PS as the organic
dielectric.'? These promising results, in conjunction with the knowledge derived from the
previous chapters, can be translated into interesting modifications in order to further

enhance the triindole core.

Figure 5.1 compiles feasible structural derivatives based on the triindole nucleus. The first
projected modification consists on the extension of triindole with o-bonded aromatic
heterocycles. In fact, the attachment of different aromatic moieties in various positions of
triindole has been already demonstrated in our group as a valid strategy to modulate the
properties of the main triindole core.[123126] The effect over the physical properties,
intermolecular arrangement and OTFT performance has been analyzed applying moieties
such as benzene, naphthalene, thiophene and benzothiophene. Considering the self-
evident potential of 9H-carbazole, its choice as the added scaffold appeared as an
interesting design. On the other hand, the conversion of triindole to trioxatruxene and
trithiatruxene, namely its oxygen and sulfur-containing counterparts, implies the same
synthetic strategy applied to diindolocarbazole in Chapter 2. As stated thorough the thesis,
sulfurated heterocycles are especially appealing in organic electronics. Given that triindole
already exhibits impressive properties, the integration of sulfur could represent a key
innovation. Regarding the oxygenated analogue, it not only involves unique properties but
also emerged as a more accessible derivative to study in the development of a suitable
synthetic procedure for trithiatruxene. In fact, computational studies also predict the
engaging properties of these cores.[?417242] Finally, the importance of the alkylation
patterning has been amply demonstrated with several examples. Thus, this aspect appears

again as a convenient structural modification to consider.
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R, = Alkyl chain O '1L,
R,and R;=H or N O

x  R=Alkyl chain

Figure 5.1. Envisioned modifications of the triindole core: attachment of additional aromatic
moieties at positions 3, 8 and 13 (blue) or 2, 7 and 12 (purple) (A), substitution of nitrogen by oxygen
(B) or sulfur (C) and inclusion of alkyl chains to positions 3, 8 and 13 of the aforementioned cores
(D).

Therefore, this chapter aims the synthesis of different triindole-based cores and derivatives
with great potential in organic optoelectronics, as well as their optoelectronic
characterization, in order to smooth the path towards their application in final devices.

5.2. Design and synthesis

5.2.1. Triindole derivatives

The synthetic procedure utilized for the formation of the triindole derivatives 54a-b,
incorporating the 9-ethyl-9H-carbazol-3-yl moiety, is described in Scheme 5.1.
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Scheme 5.1. Synthetic route towards derivatives 54a and 54b from 5-bromoisatin and 6-
bromoisatin, respectively.

This procedure, optimized in our research group,12312%] started with the N-hexylation of
the respective brominated isatin under standard conditions to obtain compounds 51a and
51b almost quantitatively. The following step involved the reduction of isatin to oxindole
with hydrazine, forming 52a and 52b in excellent yields of 90 and 93%, respectively. The
cyclocondensation with POCIs furnished the tribrominated triindoles 53a and 53b in good
yields of 47 and 35%. Finally, the introduction of the carbazole moieties was achieved
through the Suzuki-Miyaura reaction under standard conditions, providing the final
compounds 54a and 54b in yields of 41 and 33%.

5.2.2. Trioxatruxene core

Contrarily to the case of triindole, oxygen does not permit the attachment of alkyl chains
in the trioxatruxene core. Hence, the synthesis of an additional derivative possessing
peripheral alkyl chains apart from the main core was planned. It should be mentioned that
the synthesis of the main trioxatruxene core 59 has been already reported by means of two
different approaches.[243-244] The reported studies specially highlight the interesting long-
life phosphorescence of this core. However, the information regarding its optoelectronic
properties, especially concerning the application in devices, is still scarce. The synthetic
route employed to obtain the main core 59a and the alkylated derivative 59b is depicted in
Scheme 5.2.
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Scheme 5.2. Synthetic route towards the trioxatruxene core 59a and its tripentylated derivative
59b from 1,3,5-tribromobenzene (TBB).

The coupling between phenol and 1,3,5-tribromobenzene to furnish the triether
intermediates 55 and 56 was achieved through the Ullmann condensation, using Cul as
catalyst, Na,COs as base and a mixture of DMA and toluene as solvent.[?**) The addition of
toluene is required to eliminate the formed water by means of azeotropic distillation in a
Dean-Stark apparatus. The threefold coupling was not complete in the case of 4-
pentylphenol, so the intermediate 56 was obtained in a yield of 6% regardless of the
reaction time (up to a week) and equivalents added, which is notably lower than the 73%
obtained for 55. The preferred product seemed to be the di-substituted 58 in this case,
which was isolated in a yield of 54%.

The subsequent triple cyclization reaction was conducted with Pd(tfa); as catalyst and silver
acetate as oxidant in pivalic acid, following a reported method.?*3! The obtained yield for
59a (50%) was comparable to the one described in the literature. Concerning 59b, it was
furnished in a more moderate yield of 26%. As expected, the non-alkylated 59a suffers from

high insolubility, which hampers its applicability in certain topics.
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5.2.3. Trithiatruxene core

The introduction of sulfurs in the triindole structure to form the trithiatruxene core
represents a highly promising project. Surprisingly, though, the synthesis of trithiatruxene
still remains seldom reported. After surveying the literature, only one case had been
described during the first stages of this study, which corresponded to an early synthetic
research by Bergman et al. in 1986.[246! This reported synthesis was carried out following a
strategy similar to the cyclocondensation of oxindole to triindole seen in section 5.2.1. In
this case, it involved the cyclocondensation of benzo[b]thiophen-3(2H)-one under acidic
conditions, in which the use of dichloroacetic acid afforded the best results. However, this
procedure seemingly implied a tedious purification process due to the appearance of
diverse by-products, the availability of the starting material was limited and was quite
inflexible in incorporating additional moieties to the final core. Thus, alternative
methodologies to form the dibenzothiophene heterocycle were examined as models to
apply in the construction of trithiatruxene.[247-248] The most relevant and promising ones

are collected in Figure 5.2.

Figure 5.2. Alternative synthetic strategies towards the formation of the trithiatruxene core: the
cyclocondensation described by Bergman et al.?*®! under acidic conditions (route A, highlighted in
orange), cyclisation via C-S coupling (route B, highlighted in purple) and cyclisation via C-C coupling
(route C, highlighted in blue). The bonds formed in each approach towards trithiatruxene are
highlighted accordingly.

Two alternative synthetic routes were examined apart from the cyclocondesation reported
in the literature (route A). Route B was tested it in this case due to the great success in the
C-S coupling with triflic acid concerning the synthesis of compounds 30a-b in Chapter 2.
On the other hand, route C implies the cyclization through the formation of the C-C bonds.
The application in this case was contemplated as an analogous procedure of the one

described in the synthesis of trioxatruxenes 59a-b. A few examples hinted the viability of
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such conditions regarding sulfurated compounds in place of their oxygenated
counterparts.?#7.249 Even though the most part of the reported results implied the
formation of dibenzothiophene derivatives, the synthesis of benzo[1,2-b;4,5-
b’']bis[b]benzothiophene also proved the efficacy in the formation of two cycles

simultaneously.24]

Route B: Cyclisation through the carbon-sulfur coupling

This approach is based on the coupling between carbon and sulfur via the condensation of
the methylsulfinyl groups. As stated in Chapter 2, the application in twofold couplings was
advantageous to furnish several sulfurated structures. Regarding a threefold coupling, an
example of another sulfurated star-shaped molecule was reported by Zou et al.,[?>0
reinforcing its potential in this case. As observed in Scheme 5.3, this synthetic approach is

quite straightforward from the commercially available 1,3,5-tribromobenzene (TBB).

Br Br pd(PPhs)s, KyCO5
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1. CF53S03H, P,05
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Scheme 5.3. Synthetic approach towards 62a based on the cyclisation through the carbon-sulfur
bonds, starting from TBB.

The precursor 60 was obtained from TBB through the Suzuki-Miyaura cross-coupling
reaction in a yield of 72%. The oxidation of the methylthio groups to 61 was achieved with
hydrogen peroxide in acetic acid at room temperature in a yield of 70%. The final
condensation was carried out with triflic acid and P,0s and the subsequent demethylation,
with a mixture of pyridine and water. Unfortunately, it was not successful. After several

attempts, only the mono-cyclized compound could be detected by mass-spectrometry.
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One plausible explanation could be related to the ionized intermediate involved in the
condensation process, which proceeds previously to the demethylation reaction. It
requires the accumulation of three positive charges in close positions, which probably
impedes the formation of the completely cyclized intermediate. The subsequent
condensation of the mono-cyclized compound was equally fruitless. Hence, further studies

in this direction were discarded.

Route C: Cyclisation through the carbon-carbon coupling

As aforementioned, this synthetic approach was conceived as an analogous procedure to
the one tested for the synthesis of trioxatruxene. Equivalent cyclisation conditions, i.e. the
use of Pd(tfa), as catalyst, AgOAc as oxidant in pivalic acid as solvent, had been appropriate
to form diverse dibenzothiophene-based molecules.[?47:24% Thus, all the references pointed
to the suitability of this approach to synthesize the targeted nucleus. In a parallel way to
the development of this study, however, similar conditions were described by Nakamura
et al.[?>1) as an appropriate method for the synthesis of derivatives of 62 featuring tert-
butyl chains. Thereafter, the published procedure was the one employed in this study. In
view of the reported structures, the design of the new addressed derivatives of 62 was
focused on the incorporation of linear alkyl chains of different length. Apart from improving
the solubility, which was anticipated to be as low as that of 59a, the alkylation patterning

greatly modulates the core performance.

The envisioned derivatives 62b and 62c, featuring pentyl and octyl chains, respectively, are
depicted in Scheme 5.4 along with the followed synthetic routes. As shown, the targeted
compounds require the corresponding alkylated thiophenols as starting materials.
However, the commercial availability of such thiophenols is limited only to derivatives
featuring the shortest of the alkyl chains, whereas their oxidized counterparts, such as the
sulfonyl chloride or the sulfonate salt, are more commonly found. For that reason, two
alternative reduction procedures were tested depending on the starting material. In the
case of 63, the reduction was conducted from 4-pentylbenzenesulfonyl chloride using
LiAlHz in THF as solvent.[22-253] Regarding 64, the starting material was the sodium 4-
octylbenzenesulfonate, so the reduction was carried out with PPhs as reducing agent,
iodine and benzo-18-crown-6 in benzene.[?>*-2%] The subsequent addition of water is
required in order to cleave the sulfur bonds of the dimeric species. The excellent yields of
79 and 90% for 63 and 64, respectively, demonstrate the viability of both procedures
depending on the available starting material. It should be mentioned that the incorporation
of alternative alkyl chains is feasible through the sulfonation of the corresponding
alkylbenzene and its subsequent reduction employing the aforementioned conditions. The

next step corresponded to the nucleophilic substitution of the thiophenols to 1,3,5-

Chapter 5 | 153



tribromobenzene to form the respective trithioethers (65-66).12° Contrarily to phenol, the
attachment of thiophenols 63 and 64 was achieved without the presence of metals as
catalysts due to the stronger nucleophilic character of sulfur. Specifically, it was carried out
using NaH as base and DMF as solvent, resulting in analogous vyields of 93%. The final

cyclization was achieved with rather low yields of 13% for both 62b and 62c.
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Scheme 5.4. Synthetic route towards the trithiatruxene derivatives 62b and 62c from 4-
pentylbenzenesulfonyl chloride and sodium 4-octylbenzenesulfonate, respectively.

5.3. Physical characterization

5.3.1. Thermal and photophysical properties

The thermal and photophysical characterization of the synthesized derivatives based on
the triindole core is compiled in Table 5.1. The properties of the parent N-trihexylated
triindole are also described for comparison.

The tendency observed in terms of the Ty indicates that the materials possess a
considerable air-stability, with values surpassing the 370 °C considering the onset. Cores 59
and 62 feature similar Tq values that increment with the attachment of longer alkyl chains.
On the other hand, the T, of the trialkylated derivatives of 59 are lower than those of 62,
on the basis of the values found for the tripentylated 59b and 62b (98 and 144 °C,
respectively). In fact, the T of derivatives 59b and 62c are alarmingly low, which could

originate malformations in the semiconductor layers during an occasional vacuum-
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deposition process. On the other hand, the triindole derivatives 54a-b and the bare

trioxatruxene 59a do not display Tm below 300 °C.

Table 5.1. Thermal and optical properties of the triindole-derived structures 54a-b,
59a-b and 62b-c. The information regarding the parent N-trihexylated triindole
(THT) is also listed.

Compound Tn(°C)E®  Ty(°C)™  Awbsmax (NM)T Aemmax (nmM) 1 @; 11
THT!25) (<) 4240¢) 318 395 0.19
54a () 420 336 396(sh), 411 0.17
54b () 430 346 422 0.27
59a - 371 268 346, 360 0.17
59b 98 418 271 350, 364 0.19
62b 144 436 293 372,390, 410 0.01
62c 68 458 293 372,390, 410 0.01

[a] Melting point (Tm) obtained from DSC at a scan rate of 10 °C min~ . [b] Not reported.
[c] Only processes involving low AH were detected. [d] Onset decomposition temperature
(Td) obtained from TGA at a heating rate of 10 °C min™. [e] Onset decomposition
temperature obtained from TGA at a heating rate of 20 °C min™ from reference 125.
[f] Wavelengths of maximum absorption (Aabsmax) and emission (Aem,max) in dichloromethane.
The emission spectra were recorded after excitation at 300 nm. Fluorescence quantum
yields (@s) were determined using POPOP as standard.

The absorption and emission spectra of all compounds are represented in Figure 5.3. The
addition of carbazole moieties in THT derives into a red-shift in both the absorption and
emission. The bathochromic shift is larger in the meta-substituted 54b than in the para-
substituted 54a, which could indicate a higher n-conjugation between the triindole nucleus

and the carbazole scaffolds in the former.
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Figure 5.3. Absorption and emission spectra in dichloromethane of the triindole-based materials
(Aex = 300 nm): a) substituted triindoles 54a—b with respect to the parent THT; b) trioxatruxenes
59a-b and trithiatruxenes 62b-c.
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The @x is also higher in 54b, whereas the value corresponding to 54a assimilates to that of
the parent THT. The inclusion of oxygen and sulfur, however, causes a hypsochromic shift
with respect to THT, especially in the oxygenated structure 59. Whereas compounds 59a-b
maintain similar @: values to the triindole core, the substitution with sulfur causes
derivatives 62b-c to be almost non-emitting. Likewise, a comparable drop in the @: has

been reported from the diindolocarbazole core 1 to the sulfurated analog 30.

5.3.2. Electrochemical properties

The electrochemical characterization of the materials synthesized in this chapter is
summarized in Table 5.2 (the corresponding CV are compiled in Figure A5.1 of the
Appendix). This data can shed light on the potential of these structures as semiconductors

and assist in future applications.

Table 5.2. Electrochemical properties of the triindole-derived structures 54a-b, 59a-b
and 62b-c. The information regarding the parent N-trihexylated triindole (THT) is also

listed.
Compound  Absonset (NM) * - E2P7 (eV) B Egieet (V)™ 1P (eV) & EA (ev)
THT!2] 352 3.52 0.21 5.60 2.07
54a 382 3.25 0.14 5.53 2.28
54b 396 3.13 0.06 5.45 2.32
59a 300 4.14 1.01 6.40 2.26
59b 310 4.00 0.94 6.33 2.33
62b 333 3.73 0.74 6.13 2.40
62c 332 3.74 0.73 6.12 2.38

[a] Optical energy gap (Egg’;) estimated from the absorption spectrum (Aabsonset). [b] Onset

oxidation potential (Eoret) Vvs. Fc'/Fc determined from CV in 1 mM solutions in

dichloromethane. [c] lonization potential (IP) estimated as IP = £2* +5.39. [d] Electron

onset vs. Fc* /Fc
affinity (EA) estimated as EA = IP - Fgbt.

According to the effects observed in the optical properties, the attachment of carbazole
scaffolds into the THT structure prompts a reduction of the Egg; especially in 54b, granting
values similar to the studied ladder-type cores. The resulting energy levels, depicted in
Figure 5.4, also provide a better fit to the gold work function than the parent THT. On the
other hand, the blue shift described for structures 59 and 62 with respect to THT translates
in this case into very high Egg’;, values. It is indeed prominent with the inclusion of oxygen,
which provides exceedingly high values above 4.00 eV that are analogous to that of the
carbazole heterocycle (4.14 eV)[*?4, In combination with their also high Eox.;, structures 59
and 62 feature low-lying HOMO energy levels that, in the case of the oxygen-containing

59a-b, are especially misaligned with the gold work function (Figure 5.4). These
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characteristics may difficult their implementation as p-type semiconductors. The

substitution with sulfur (62b-c) slightly corrects it, but the IP values still exceed the 6 eV.

20 228 232 <226 233 40 238
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Figure 5.4. Energy levels of the triindole-based materials with respect to the gold work function and
the parent structure THT.

5.4. Conclusions

The synthetic modifications projected for the triindole core, namely the inclusion of
carbazole moieties and the substitution of nitrogen for oxygen or sulfur, have been
successfully carried out. The extension via the attachment of carbazole scaffolds in
compounds 54a and 54b afforded interesting modulations of the main core, such as the
red-shift of both the absorption and emission spectra and the reduction of the optical
energy gap and the ionization potential. As a consequence, their HOMO energy levels
better fit the gold work function. All these variations are more acute in 54b, which is
substituted in the meta-positions with respect to the nitrogens, and also features a higher
®r of 0.27. The oxygen-containing trioxatruxene nucleus 59a could also be prepared, as
well as its pentylated derivative 59b as a more soluble variant. However, the exceedingly
high optical energy gaps and low-lying HOMO energy levels could hamper the viability or
applicability of this core as semiconductor. On the other hand, the first attempt towards
the trithiatruxene core, involving the route through the carbon-sulfur coupling, was
fruitless. However, it was achieved making use of the carbon-carbon coupling route. The
reduction of the commercially-available sulfonyl chloride and sulfonate salt precursors to
sulfur led to the synthesis of derivatives with peripheral pentyl and octyl chains (62b and
62c, respectively). Albeit displaying more promising electrochemical characteristics than
the trioxatruxene, the ionization potential of trithiatruxene is still quite low-lying. Overall,
this chapter settles the bases for the subsequent integration of triindole-based nuclei in

organic devices.
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CHAPTER 6. Shedding light on the performance of the 3-
(phenylethynyl)-9H-carbazole unit in OLED devices

6.1. Introduction

Throughout the previous chapters, most of the efforts have been focused on studying and
implementing materials with regard to their charge transport properties. Even though the
extensive reports and analyses of their optical properties, the functional study of potential
applications arising from them have been rather overshadowed. The current importance
and spread of the OLED technology makes self-evident the relevance of this field within
organic electronics. Nevertheless, the still limited availability of efficient and stable
fluorophores and the high production cost of the manufacturing techniques enact as the
bottleneck for a conclusive settlement in the industry.l%8-%°1 In particular, the key towards
full operational OLEDs resides in the improvement of blue emitters, necessary in both full-
color displays and WOLEDs.76771 On the other hand, the introduction of the solution
processing strategy represents an alternative for the low-cost production of flat displays
and lighting.[6%.256-258] Taking into account the importance of this still advancing technology,
further investigation is required to pave the way towards an economical and versatile

source of lighting.

Therefore, this final chapter pretends to exploit the well-known optical attributes of the
9H-carbazole heterocycle in this direction. Additionally, the carbazole core acts as a
relatively weak m-donor moiety, which is of interest to the research on deep-blue
dyes.[82259-2611 According to the Commission Internationale de I’Eclairage, the deep-blue
emission is defined with a y-axis value not higher than 0.1. The structures of the envisioned
carbazole derivatives consist in the attachment of additional aromatic moieties to the
carbazole core through a triple bond spacer. This spacer provides rigidity and planarity,
favoring conjugation and a reasonable m-electron delocalization.[?62-264 The 3-
(phenylethynyl)-9H-carbazole unit, depicted in Figure 6.1, is indeed an appealing building
block towards deep-blue fluorophores. The potential of this scaffold has been

demonstrated in our research group with a variety of derived structures.[265-266]

This study presents the development and characterization of new blue-emitting
compounds and their integration in solution-processed OLED devices. Specifically, these
compounds have been investigated as blue emitters in non-doped OLEDs and in
combination with commercially available iridium (Ill) complexes in WOLEDs (Figure 6.1).
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The optimization and fine-tuning of the composition of the device also represents an
important part of this chapter. The resulting emissive layer, which consists of a bulk

heterojunction, is designed to display tunable white light.
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3-(Phenylethynyl)-9H-carbazole ZNg /O-'\‘
Iry ./
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Figure 6.1. Molecular structures of the 3-(phenylethynyl)-9H-carbazole unit and the commercially
available iridium complexes tris(2-phenylpyridine)iridium  (lll)  (Ir(ppy)s) and bis(2-
methyldibenzo[f,h]quinoxaline)(acetylacetonate) iridium (lll) (Ir(MDQ);acac), displaying green and
red emission, respectively.

6.2. Design and synthesis

As stated, the structural design of new fluorophores in this chapter was envisioned from
the 3-(phenylethynyl)-9H-carbazole unit as building block. With this in mind, two new
molecular constructions have been considered, namely 6,6'-bis(phenylethynyl)-9H,9'H-
3,3'-bicarbazole (67) and 1,3,5-tris((9H-carbazol-3-yl)ethynyl)benzene (68). As shown in
Figure 6.2, two 3-(phenylethynyl)-9H-carbazole units are bonded through positions 3 and
3’ of the carbazole heterocycles in the former, whereas three carbazole moieties are
attached to a central benzene ring in the latter. Again, the incorporation of N-alkyl chains
of different lengths has been analyzed. Apart from being a crucial factor in conferring an
adequate intermolecular disposition, in this case they can provide the solubility that
requires the solution processing. It should be also mentioned that materials capable of
forming continuous and morphologically stable films are particularly sought for the
successful operation of the devices.[267] Thus, amorphous molecular materials possessing
glass transition temperatures (T) above room temperature appear as the most appropriate
candidates. In this way, the inclusion of longer alkyl chains like n-hexyl or the ramified 2-

ethylhexyl can promote the desired morphology.
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Figure 6.2. Structural design of the 6,6'-bis(phenylethynyl)-9H,9'H-3,3'-bicarbazole derivatives
67a-b and the 1,3,5-tris((9H-carbazol-3-yl)ethynyl)benzene derivatives 68a-b. A 3-(phenylethynyl)-
9H-carbazole fragment is highlighted in blue in each construction.

6.2.1. 6,6’-bis(phenylethynyl)-9H,9'H-3,3'-bicarbazole derivatives

The synthetic route followed to furnish the 6,6"-bis(phenylethynyl)-9H,9'H-3,3'-bicarbazole
derivatives 67a-b is depicted in Scheme 6.1.
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KI, KIO3
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R P Fi{
- o :
S, .
Pd(PPh3),Cly, Cul, ElN | O O
THF, RT N
67a R=C,H: (47%) 71a R=C,H; (33%)
67b R=CiH; (57%) 71b R=CgH; (36%)

Scheme 6.1. Synthetic route towards structures 67a and 67b.
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The alkylation of 9H-carbazole under standard conditions provided the hexylated
compound 69b in an excellent yield of 96%, whereas the ethylated counterpart 69a is
commercially available. The bicarbazole backbone was prepared by oxidative dimerization
of the corresponding alkylated 9H-carbazoles using FeCls in anhydrous chloroform for 30
min at room temperature.[2%8] Notably, the reaction towards the ethylated 70a provided a
much higher yield of 89% in comparison with the hexylated 70b, i.e. 58%. The iodination in
positions 6 and 6’ using KI and KIOs in acetic acid?%®! afforded intermediates 71a-b in
similar yields of 33 and 36%, respectively. Finally, the Sonogashira coupling reaction(270
between 71a-b and phenylacetylene, using Pd(PPhs),Cl; as catalyst, copper (I) iodide as co-
catalyst and triethylamine as base in anhydrous THF at room temperature yielded the final
compounds 67a-b in a 47 and 57%, respectively.

6.2.2. 1,3,5-tris((9H-carbazol-3-yl)ethynyl)benzene derivatives

Compounds 68a-b were synthesized as described in Scheme 6.2. The commercially
available 3-iodo-9H-carbazole was alkylated under standard conditions to afford
compounds 72a-b in yields of 73 and 84%, respectively. Compounds 68a-b were also
obtained through analogous conditions of the Sonogashira coupling reaction, but in this
case employing 1,3,5-triethynylbenzene and 72a-b as reactants. Albeit the rather low
yields obtained, i.e. up to 13%, the synthesis of compounds 68a-b was accomplished in a
simple, two-step strategy. It should be mentioned that an alternative synthetic approach
for 68a-b had been previously investigated, implying the attachment of the triple bond to
the corresponding alkylated 3-iodo-9H-carbazole and the subsequent attachment of three
3-ethynyl-9H-carbazole units to 1,3,5-tribromobenzene through Sonogashira coupling
reactions. This second approach, however, proved to be inappropriate.!*?3

O

| x
NaH, R Br O O Pd(PPhs),Cly, Cul, Et;N
N DMF RT THF, RT R
72a R=C.H: (73%)
72b R = 2-ethylhexyl (84%) N

& 68a R=C,H. (13%)
68b R = 2-ethylhexyl (10%)

Scheme 6.2. Synthetic route towards derivatives 68a and 68b from 3-iodo-9H-carbazole.

164 | Results and discussion



6.3. Characterization of the fluorophores

6.3.1. Thermal and photophysical properties

The thermal and photophysical properties of compounds 67a-b and 68a-b are summarized
in Table 6.1. All compounds possess an extraordinary thermal stability, with onset
decomposition temperatures higher than 430 °C. The highest values correspond to the
ethylated derivatives 67a and 68a. Also, compounds 67b and 68a-b display adequate glass
transitions above room temperature, which is mandatory for the morphological stability of
the film. In the case of derivatives 67b and 68b, featuring longer alkyl chains, this transition

occurs at lower temperatures of 59 and 52 °C, respectively.

Table 6.1. Thermal and photophysical characterization of derivatives 67a—b and 68a-b.

prlgz::?:s! fa] Photophysical properties
Solution Solid state

T, T, Tm Acvs,max™  Aammax™! Acn,max ]
Comp. (°é) (oé) 0) - - ;9 - @, CIE If
67a 474 - - 313,337 416 0.11 428 0.07 (0.20,0.20)
67b 440 59 132 313, 337 416 0.11 428 0.21 (0.17,0.10)
68a 515 132 250 304,332 369,380 0.82 410 0.08 (0.17,0.11)
68b 433 52 126 304,332 369,380 0.80 400 0.07 (0.17,0.12)

[a] The decomposition temperatures (Td), corresponding to the 5% weight loss, were obtained from TGA
performed at a heating rate of 20 °C min~L. The glass transition temperatures (Tz) and melting points (7Tm)
were obtained from DSC performed at a scan rate of 10 °C min~2. [b] Wavelengths of maximum absorption
(Aabs,max) and emission (Aemmax) in THF solutions (107> M). The emission spectra were recorded at Aex = Aabs,max.
[c] Fluorescence quantum yields (®s), determined using POPOP as standard (Aex =300 nm). [d] The spectra in
the solid state were measured films deposited over quartz (Aex = 320 and 330 nm in 67a-b and 68a-b,
respectively). [e] Fluorescence quantum yields (@) in the solid state, determined using an integrating sphere.
[f] CIE coordinates calculated from the emission spectra.

The fluorescence measurements in THF show a maximum at 416 nm for compounds 67a-b
and a double peak at 369 and 380 nm for compounds 68a-b. The structural disposition of
the aromatic system influences considerably, since the bicarbazole derivatives 67a-b emit
at higher wavelengths than the triethynylbenzene-centered 68a-b. The corresponding
spectra are represented in Figure 6.3. Concerning the alkylation patterning, it does not
influence the optical properties of neither of the two cores in solution but it is decisive in
determining the emission in the solid state. The narrow difference between 68a and 68b in
the solid state (68a, with shorter ethyl chains, is 10 nm red-shifted with respect to 68b)
contrasts with the change of the emitted color between 67a and 67b. Specifically, the
hexylated 67b, with a sharp band peaking at 428 nm, is the only one strictly showing deep-
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blue coordinates. Although 67a peaks at the same wavelength, it displays a much broader
band that results into blue-green emission.
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Figure 6.3. Absorption (dotted lines) and emission (solid lines) spectra of compounds: a) 67a-b in
THF (Aex = Aabs,max); b) Gsa_b in THF (Aex = Aabslmax); C) 67a_b in the SO“d State (Aex = 320 nm); b) Gsa_b
in the solid state (Aex = 330 nm). The inset graphs depict their CIE coordinates in the solid state.

The divergent behavior of 67a and 67b in the solid state extends likewise to their respective
fluorescence quantum yields. Both derivatives display an equivalent @s of 0.11 in solution,
which in the solid state drops to 0.07 in 67a and increases to a notable value of 0.21in 67b.
Therefore, the optical properties of the bicarbazole-based system 67 in the solid state are
highly dependent on the alkyl chain nature. Regarding compounds 68a-b, they provide
outstanding @s values in solution up to 0.82 and 0.80, respectively. However, the values in
the solid state diminish in both derivatives, resulting in values of 0.08 and 0.07 for 68a and

68b, respectively. An in-depth analysis of this phenomenon from a structural point of view
is held in the following section.
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6.3.2. Single crystals

In order to further investigate the divergent optical properties found for derivatives 67a-b
in the solid state, their single crystal structures were investigated by means of single crystal

X-ray diffraction (Figure 6.4).

Figure 6.4. Single crystal structures of compounds a) 67a and b) 67b. The blue regions of the crystal
structures have been magnified to detail a representative set of m-n distances for 67a and the
dihedral angles for 67b from a different point of view. The structure of 67a also highlights an
example of a bicarbazole system arranged in the trans form (green) and in the cis form (orange).
Hydrogen atoms have been omitted for clarity.

The ethylated derivative 67a crystallized in space group P.1 of the triclinic system. The
disposition of 67a suggests aggregation of the n-system between adjacent molecules, with
ni-1t stacking distances as short as 3.35 A. In fact, the distribution of the aromatic moieties
is defined by the overall high planarity of the molecules, with torsion angles between the
carbazole rings that go from 2 to 36°. The triple bond spacers also grant a minimum
deviation of the planarity within the 3-(phenylethynyl)-9H-carbazole units. Therefore, the
broadening of the emission band found in the solid state is likely originated by aggregation.
The slight decrease of the quantum yield (from 0.11 in solution to 0.07 in the solid state)
also agrees with the presence of m-m stacking interactions, as described by the aggregation-
caused quenching phenomenon. Peculiarly, the unit cell contains molecules displaying the

bicarbazole system in two different arrangements, namely cis and trans dispositions.
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Regarding compound 67b, it crystallized in space group P21/c of the monoclinic system. As
anticipated from the sharp peak with a minimum red-shift in the solid-state emission, the
disposition of 67b within the unit cell does not show any appreciative m-mt stacking
interaction. Indeed, the shortest intermolecular m-nt stacking distances found possess
exceedingly high values of 4.83 A. On the contrary, edge-to-face and aliphatic C—H--it
interactions are predominant and determine the intermolecular packing motif. Regarding
the intramolecular disposition, neither the phenyl nor the carbazole rings are coplanar with
each other, with a deviation of planarity that disfavor aggregation. As stated, compound
67b provides enhanced emission in the solid state, featuring quantum yield values of 0.11
and 0.21 in solution and in the solid state, respectively. These results also agree with the
reported crystallographic data, pointing out once again that the choice of the alkyl chain

length requires special care in certain cores.

Even though the crystal structures of the triethynylbenzene derivatives 68a-b could not be
elucidated, some considerations can be made. Contrarily to structure 67, which possesses
a sigma bond between the two carbazole rings with a certain dihedral angle, structure 68
only features triple bond spacers to connect the different aromatic rings. The considerable
decay of their quantum yield could be correlated to a higher planarity conferred by the
rigidity of the triple bond spacers, making this structure more prone to aggregation-caused
guenching. Overall, these results highlight the special interest in the structural design of

67b, displaying enhanced deep-blue emission in the solid state.

6.3.3. Electrochemical properties

The electrochemical properties of compounds 67a-b and 68a-b are detailed in Table 6.2.
The definition of the energy levels of the synthesized materials is indispensable in this case,

since the architecture of the device needs to be designed accordingly.

Table 6.2. Electrochemical data of compounds 67a-b and 68a-b.

Compound  Aabsonset (nm) [ Eg;’; (eV) 'l Egnser (V)™ 1P (eV) D EA (ev)
67a 370 3.35 0.41 5.80 2.45
67b 370 3.35 041 5.80 2.45
68a 371 3.34 0.57 5.96 2.62
68b 371 3.34 0.61 6.00 2.66

[a] Optical energy gap (Egg’;) estimated from the absorption spectrum (Aabsonset). [b] Onset
oxidation potential (Eoret) Vvs. Fc'/Fc determined from CV in 1 mM solutions in

dichloromethane. [c] lonization potential (IP) estimated as IP = £2* +5.39. [d] Electron

onset vs. Fc* /Fc
affinity (EA) estimated as EA = IP - Egbt.
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All compounds undergo an oxidation process, which is reversible for compounds 67a-b and
irreversible for compounds 68a-b (Figure 6.5). A second irreversible oxidation process was
also observed in derivatives 67a-b. As opposed to the first oxidation step, the second one
displays a different profile depending on the length of the alkyl chains. No reduction
processes were detected for any of them. Taking into account their energy levels, all of
them display the characteristics typically found in p-type semiconductors. It should be
noticed that the IP values obtained for the bicarbazole derivatives are lower than those of
the triethynylbenzene derivatives, whereas their optical band gaps are almost equivalent
(ca. 3.35 eV). On the basis of the estimated energy level values, the most convenient
electrodes and interlayers will be selected.
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Figure 6.5. Cyclic voltammetries in dichloromethane referred to the Fc*/Fc redox couple of
derivatives: a) 67a-b, with their first oxidation steps represented in the inset; b) 68a-b.

6.4. Organic Light-Emitting Diodes

In view of the resulting photophysical and electrochemical characterization, compounds
67a-b and 68a-b are good candidates to be explored within the OLED technology. Apart
from their strong emission within the blue region of the visible spectrum, all compounds
display p-type semiconducting properties. This fact was corroborated by means of the Time
of Flight (TOF) technique, which stands as an alternative method for determining the
charge mobility of a material. Both structures exhibited similar hole-transporting
properties, with mobility values around 103 cm? V! st at high electric fields up to
9 x 10° V cmL.[1227123] A5 3 proof of concept, they have been tested as emissive layer
components alone in non-doped OLEDs and in combination with iridium (lll) complexes in

the search of white-emitting OLEDs.

The chosen device architecture, which features a simple multilayer design compatible with
the solution processing, is depicted in Figure 6.6 alongside the energy levels of all the
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components. Specifically, it consists of ITO/PEDOT:PSS (25 nm)/a mixture of
compound:Ir(ppy)s:Ir(MDQ).acac/TPBi (20 nm)/Ca (14 nm)/Al (100 nm). The composition
and thickness of the emissive layer depend on the type of device. The fabrication of the
devices was performed by the subsequent deposition of the components over pretreated
commercial glass substrates coated with an ITO film. A requisite for the solution deposition
of multilayered devices is the choice of orthogonal solvents, that is, solvents that dissolve
the component to deposit but do not solubilize or damage the underlaid films. In our case,
the hole-transporting layer (PEDOT:PSS) and the emissive layer were solution-processed
and the electron-transporting layer (TPBi) and the cathode bilayer (calcium and aluminum)
were vacuum-deposited. The appropriate pick of PEDOT:PSS, which is deposited in water,
permits the use of a wide selection of non-polar organic solvents to solubilize and process

the synthesized derivatives and the iridium (lll) complexes.
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Figure 6.6. Schematic representation of the OLED architecture along with the energy levels of all
the components: ITO (Indium Tin Oxide) as anode, PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate) as HTL (Hole-Transporting Layer), the emissive layer (which contains only
one of the synthesized fluorophores in the non-doped devices and incorporates the iridium
complexes Ir(ppy):'?*® and Ir(MDQ),acac?’* in WOLEDs), TPBi (2,2',2"-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole)) as ETL (Electron-Transporting Layer) and a bilayer of calcium and
aluminum as the cathode.

6.4.1. Non-doped devices

As a first approach, we fabricated non-doped OLEDs to evaluate the effectiveness of the
synthesized compounds as blue emitters. It was also important to test and define the best
conditions to prepare the devices. The deposition of the emissive layer via solution-
processing was examined with commonly used solvents. All compounds were deposited
using tetrahydrofuran (THF) and chlorobenzene (CB), as collected in Table 6.3. The use of
cyclohexanone (CHO) was discarded because of the poor performance of the
corresponding device (67b in device 4). Essentially, devices fabricated from THF solutions

underperformed in front of the ones fabricated using CB, in terms of both luminance and
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current efficiency. The resulting turn-on voltage and thickness of the films were also
considerably higher for those prepared from THF. Hence, CB was selected for the

fabrication of all the subsequent devices.

Table 6.3. Characteristics of OLED devices fabricated from compounds 67a-b and 68a-b.

Device Solvent® d(nm) Voo (V) Lyax(cdm?) [  CE(cdA?)
67a 1 THF 51+2 5.2 38 0.05
2 CB 33+2 3.8 108 0.26
3 - [b] 35%1 4.3 217 0.22
67b 4 CHO 33+2 5.7 9 0.04
5 THF 49+ 8 7.8 15 0.02
6 CB 37t4 5.0 43 0.05
7 - [b] 3412 3.5 121 0.34
68a 8 THF 7716 6.4 19 0.04
9 CB 43+ 4 4.9 38 0.09
68b 10 THF 7912 8.2 44 0.12
11 CB 44 +4 4.5 96 0.47

[a] Solvent used to prepare the spin-coated emissive layer, namely tetrahydrofuran (THF),
chlorobenzene (CB) and cyclohexanone (CHO). [b] The emissive layer was vacuum-evaporated.
[c] Average thickness of the emitting layer, determined with a profilometer. [d] Turn-on voltage,
defined as the voltage necessary to provide a luminance of 1 cd m™. [e] Maximum luminance.
[f] Maximum current efficiency.

All bicarbazole-based (67a-b) and triethynylbenzene-based (68a-b) compounds displayed
luminance values from 10! to 10%> cd m2. Remarkably, the best luminance and current
efficiency values were achieved with derivatives 67a and 68b, which correspond to the
ethylated derivative for the former structure and the 2-ethylhexylated derivative for the
latter, respectively. Figure 6.7 represents the OLED characteristics of the devices fabricated
using chlorobenzene as solvent. Regarding the electroluminescence of the devices, none of
the compounds 67a-b and 68a-b achieved strict deep-blue coordinates. Similarly to their
photoluminescence in the solid state, all devices showed blue emission with the exception

of those fabricated from derivative 67a, which displayed blue-green emission.

Additionally, analogue devices featuring vacuum-evaporated derivatives 67a-b as active
layers were prepared for comparison (devices 3 and 7). Unfortunately, compounds 68a-b
resulted inappropriate for this technique even though their extraordinarily high thermal
stability. As expected, the vacuum-deposited devices outdid all their solution-processed
counterparts. The ethylated 67a exhibited a maximum luminance of 217 cd m, whereas
the hexylated 67b displayed a high current efficiency of 0.34 cd A2. It should be mentioned
that the substitution of PEDOT:PSS for MoOs as an alternative HTL was considered in
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vacuum-deposited devices, since its application is incompatible with the solution-
processing. However, both derivatives underperformed in this case despite the closer work
function value of MoOs (5.6 eV) to the HOMO energy level of structure 67. Overall, the
relatively small difference between both deposition techniques does not discredit the

advantages of the solution-processing.
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Figure 6.7. Characterization of devices featuring derivatives 67a-b and 68a-b deposited using
chlorobenzene as solvent: a) current density and luminance; b) current efficiency.

6.4.2. Iridium-containing devices

Going one step further, we evaluated the synthesized compounds in the preparation of
WOLEDs. It should be pointed out that, even if pure white is denoted with the CIE
coordinates (0.33, 0.33), the definition of white light in terms of illumination extends to a
wide range of color coordinates that can be described by the Planckian locus. The color
temperature represents a well-known way to classify the assortment of white light shades,

so the analysis of this parameter is also discussed.

Each blue-emitting material was combined with the commercially available Ir(ppy)s and
Ir(MDQ);acac complexes in different ratios using chlorobenzene as solvent. The first
attempts, however, proved that the ethylated derivative 68a was not suitable for this study
due to the low quality of the solution-deposited layers incorporating iridium complexes.
Despite the great potential in non-doped devices, its analog 68b also underperformed in
this assembly. The decrease of both the luminance and the current efficiency was especially
evident with the low ratios of iridium needed to emit pure white light. A similar trend was
observed in the case of derivative 67a, which in addition deviated slightly from the sought
white light due to its blue-green emission in the solid state. Thus, 67a and 68b were not
optimal for this study and were not considered for further experiments (the optoelectronic
characterization of devices incorporating derivatives 67a and 68b with different ratios of
iridium is summarized in Table A6.1 and Figure A6.1 of the Appendix).
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On the contrary, devices composed of derivative 67b revealed it as the best candidate to
perform as both host and blue emitter in WOLEDs. The phosphorescence spectra of
compounds 67b and 68b (Figure A6.2 of the Appendix) indicate that compound 67b
possesses a higher triplet energy than 68b, with values of 2.66 and 2.56 eV, respectively.
This is associated to a more effective host-to-guest energy transfer,[272-273l which correlates
to the better results obtained with 67b than with 68b in doped devices. Table 6.4 highlights
the optoelectronic properties of a set of some fabricated devices featuring a selection of

representative ratios.

Table 6.4. Characteristics of iridium-containing OLED devices fabricated from compound 67b.

b C d

Dev. 67b Ir(ppy):®® Ir(MDQ),acac® V(o\"I; | (’c-:a;:.i) (cch :\]1) CIE el C((:;’)m
12 100 1.00 - 3.7 186 1.73 (0.28,0.57) -

13 100 - 1.00 4.8 142 0.39 (0.52,0.40) 1974
14 100 0.12 0.12 4.2 58 0.03 (0.35,0.33) 4852
15 100 0.25 0.25 3.8 66 0.22 (0.42,0.40) 3276
16 100 0.50 0.25 3.2 199 0.44 (0.40,0.43) 3782
17 100 0.25 0.50 3.9 98 0.21 (0.47,0.40) 2457
18 100 0.50 0.50 34 204 0.66 (0.45,0.44) 3012
19 100 1.00 1.00 3.7 288 1.57 (0.47,0.45) 2821

[a] Proportion (w/w) of the iridium complexes in front of 67b (ratio of 67b:Ir(ppy)s:Ir(MDQ).acac. [b] Turn-on
voltage, defined as the voltage necessary to provide a luminance of 1 cd m™2. [c] Maximum luminance. [d]
Maximum current efficiency, calculated at an operating voltage higher than the Von. [e] CIE coordinates
calculated from the corresponding electroluminescence spectrum at 10 V in devices 12-13 and at 8 V in
devices 14-19. [f] Correlated color temperature (CCT) calculated from the corresponding CIE coordinates
using the McCamy’s approximation (ref. 112).

The first tests (devices 12—13) were performed in combination with a single iridium emitter
as references. Notably, the combination with the green-emitting Ir(ppy)s (device 12), which
features a triplet energy level closer to that of the blue emitter, outperforms that with the
red one Ir(MDQ),acac (device 13). This applies to both the luminance and the current
efficiency. In fact, the former outdoes with a maximum current efficiency value of
1.73 cd Alin front of 0.39 cd A of the latter, pointing out the relevance of balanced triplet
energy levels. It has to be mentioned that the results on this part refer to devices with
different chromaticity, so the comparison of their parameters should be taken with
prudence. Nevertheless, this tendency is also observed by comparing devices 16 and 17,
which display similar CIE coordinates. The former, with a higher amount of green-emitting
Ir(ppy)s, doubles both the maximum luminance and current efficiency of the latter, in which
the red-emitting Ir(MDQ);acac predominates. The overlap between the absorption and

emission spectra of the synthesized compounds and the ones reported for both iridium
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complexes[?74-275] 3lso assists the feasibility of host-to-guest energy transfer. Accordingly,
devices incorporating both iridium complexes in higher ratios tend to display higher
luminance and current efficiency values. Figure 6.8 represents the OLED characteristics of
devices featuring a single iridium complex (12-13) and those with an equal amount of them
(14-15, 17-19). Notably, all devices possess turn-on voltages below 5 V, which
conveniently decrease in the presence of Ir(ppy)s. This fact also agrees with a favorable
adjustment of the triplet energy levels.

a) b)
T 14
— 100 T
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Ee]
oA —eo—Dev. 12 %
8 —Dev. 13 S 0.1-
g 10 ——Dev. 14 S
€ e Dev. 15 €
S Q
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Figure 6.8. Characteristics of some of the devices featuring 67b in combination with Ir(ppy)s and
Ir(MDQ),acac: a) luminance and b) current efficiency.

The chromaticity of the devices provided encouraging results as well. Figure 6.9 depicts the
electroluminescent properties of the abovementioned devices. It should be noted that the
combination of both complexes is necessary to produce light with pure white coordinates
(0.33, 0.33). Specifically, it was achieved in a ratio of 100:0.12:0.12 of
67b:Ir(MDQ);acac:Ir(ppy)s (device 14) applying a voltage of 6 V, with a correlated color
temperature of 5617 K. This derives from the perfectly balanced emission of all three
components, as observed in Figure 6.10a. Nevertheless, the equivalent emission of
Ir(MDQ);acac and Ir(ppy)s is lost at higher proportions of iridium than the aforementioned
(devices 15, 18 and 19). The red emission corresponding to Ir(MDQ);acac then surpasses
the green one from Ir(ppy)s. This phenomenon was observed even in devices incorporating
higher proportions of the latter. Device 16, regardless of the outweigh of Ir(ppy)s, provides
an electroluminescent spectrum clearly dominated by the red emission of Ir(MDQ)acac
(Figure 6.10b). The chromaticity data seems to further support the thesis of an energy
transfer from host to guest towards Ir(MDQ).acac. As a result, the emission acquires color
coordinates that favorably approximate the Planckian locus (represented in Figure 6.9¢). In
fact, the color temperature tends to lower values at higher percentages of iridium, i.e.
warmer white in terms of illumination. Therefore, the produced white light can be fine-

tuned with small variations of the emissive layer composition.
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Figure 6.9. Optical characterization of devices featuring 67b in combination of Ir(ppy)s and
Ir(MDQ),acac: a) devices containing a single iridium complex (12 and 13) alongside the
photoluminescence in the solid state of 67b; b) devices containing different 1:1 iridium ratios (14—
15 and 18-19); c) correlated color coordinates represented in the CIE 1931 color space chromaticity
diagram with the Planckian locus (the transversal lines indicate the color temperatures in K).

It is also significant the influence of the applied voltage as modulator of the emitted white
color. Figure 6.10 shows the electroluminescent spectra of devices 14, 16 and 18 and their
resulting CIE coordinates at different voltages to exemplify this effect (the CIE and CCT
values of devices 12-19 at different voltages are compiled in Table A6.2 of the Appendix).
Considering the studied devices, the contribution to the blue emission of the host 67b and
the green Ir(ppy)s are generally maximized at lower voltages, whereas more transference
to the red Ir(MDQ),acac is observed at higher voltages. This points to an additional voltage-
dependent energy transfer towards the red-emitting Ir(MDQ),acac, so the color

temperature can be controlled working with the voltage as a modulating factor.
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Figure 6.10. Electroluminescence spectra and the corresponding CIE coordinates at different
applied voltages (the lower represented in black and the higher in pale grey) of: a) Device 12
(100:0.12:0.12), b) device 16 (100:0.50:0.25) and c) device 18 (100:0.50:0.50).

6.5. Conclusions

Two new carbazole-based structures featuring two different N-alkyl chain lengths have
been developed for their application as blue fluorophores. All the synthesized compounds
display interesting optoelectronic properties that are influenced by their structural
features. Indeed, the length of the N-alkyl chains is crucial in the bicarbazole-based
derivatives 67a-b, determining the intermolecular arrangement and, therefore, their
optical properties in the solid state. In particular, the N-hexylated derivative 67b is the only
one that displays enhanced emission in the solid state and in the deep-blue region.
Contrarily, the triethynylbenzene derivatives 68a-b display very high @: in solution (ca.
0.80) within the UV-blue region, whereas the values in the solid state diminish to 0.07.
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The integration of all compounds in non-doped blue OLEDs via solution-processing
highlighted chlorobenzene as the most appropriate solvent for the deposition. The best
results were collected with derivative 67a, with a maximum luminance up to 108 cd m™
that is comparative to that of the vacuum-deposited counterpart. On the other hand, 67b
also stands out as the most appropriate derivative to perform as host for iridium complexes
in solution-processed WOLEDs. The emission of the resulting devices, which depends on
the ratio of the iridium complexes and the applied voltage, covers a vast range of correlated
color temperatures. In fact, the combination of 67b with a 0.12% of each iridium complex
provided pure white coordinates at 6 V. An increase to 1% of each complex implied the
best performance, with a luminance up to 288 cd m™2 and a CE of 1.57 cd A! and a warm
white emission of 2821 K at 8V.

These first results, far from being competitive with the current state-of-the-art OLED
technology, still demonstrate the flexibility and potential of 67b in the manufacture of
WOLEDs. Also, it proves the feasibility to emit white light in a vast range of temperatures

by fine-tuning the ternary composition of the emissive layer and the applied voltage.
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CONCLUSIONS

The main results and conclusions extracted from the carbazole-based materials surveyed

in this work, from their synthesis to their application in final devices, are compiled herein.

The m-extension of the carbazole nucleus towards different ladder-type cores has been
confirmed as an effective approach to furnish air-stable p-type semiconductors for OTFTs.
Indeed, the diindolocarbazole (1), the bisbenzothienocarbazole (30) and the
diphenanthrocarbazole (37) systems have exhibited outstanding hole mobility values up to
1073 cm? V1 st with shelf lifetimes that in some instances could even surpass the milestone
of 1000 days. Specifically, the synthesis of several diindolocarbazole derivatives through
the microwave-assisted Cadogan reaction has revealed that a homogeneous N-alkylation
pattern with short-to-medium chains provides the best performance in this core.
Concerning the bisbenzothienocarbazole and the diphenanthrocarbazole cores, the
addition of peripheral alkyl chains to confer a head-tail fashion derives into overall
enhanced charge mobility values. However, it is accomplished in most cases with a
consequent destabilization of the charge mobility over time or a detriment of the shelf
lifetime of the devices. The choice between OTS and PS as the interfacial organic dielectrics
prompt an alternative way to improve the device performance, being PS more favorable
for cores 1 and 30 and OTS for 37. Comparatively, the diindolocarbazole and
diphenanthrocarbazole structures emerge as the most promising building blocks, especially
the latter. The y-type packing detected on their crystal structures, their preeminent air and
temporal stability and their easier functionalization and more accessible synthetic

processes augur a huge impact into the electronic field.

Alternatively, the m-extension of the dibenzothiophene nucleus accomplished via the Scholl
reaction has provided a new perspective towards diverse structures. Synthetically, the
coupling and subsequent cyclization succeeded in a wide array of arylboronic acids with
excellent yields. The first approach to homogeneously substituted derivatives, featuring
scaffolds of diverse nature, has permitted the fine-tuning of the physical properties of both
the open and the cyclized structures (2,3,4,5-tetraphenylthiophene 44 and
diphenanthro[9,10-b:9',10'-d]thiophene 45, respectively). In a second stage, we could also
envision alternative and novel designs based on a heterogeneous substitution of thiophene
(50a-c), which was facilitated by means of a one-pot procedure. Their integration in OTFT
devices shed light on the role of the chosen scaffolds, ushering in subsequent tailored

modifications. Derivative 50a, which incorporates two phenanthrene extensions, afforded
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the best performance with a pnavg of 6.3 x 10° cm? V! s deposited over PS and a shelf

lifetime that extends beyond one year.

The synthetic modifications projected for the triindole core have been also successful. The
inclusion of carbazole moieties to different positions of triindole afforded a modulation of
its physical properties, such as the reduction of both the optical energy gap and the
ionization potential to move closer to the gold work function. Besides, the synthesis of the
analog nuclei trioxatruxene and trithiatruxene and the attachment of peripheral alkyl
chains has been successfully accomplished. Even though their high ionization potentials
anticipate a challenging integration in OTFTs, these systems will be exploited in ongoing
studies.

Finally, the potential of 9H-carbazole in the optoelectronic field has been reaffirmed with
the synthesis of two blue-emitting structures based on the 3-phenylethynylcarbazole unit:
6,6'-bis(phenylethynyl)-9H,9'H-3,3'-bicarbazole  (67) and 1,3,5-tris((9H-carbazol-3-
yl)ethynyl)benzene (68). The integration in non-doped blue OLEDs via solution-processing
highlighted chlorobenzene as the most appropriate solvent for the deposition step. The
best results were collected with the N-ethylated 67a, with a maximum luminance up to
108 cd m~2 that is comparative to that of the vacuum-deposited counterpart. On the other
hand, the N-hexylated 67b not only stands out for displaying enhanced emission in the solid
state within the deep-blue region, but also to effectively perform as host for iridium
complexes in WOLEDs. The resultant emission, which depends on the ternary composition

and the applied voltage, covers a vast range of correlated color temperatures.

Overall, the wide array of materials analyzed so far prove the potential of the 9H-carbazole
nucleus as building block to furnish air-stable organic semiconductors for different
applications. The results collected and presented throughout this Thesis, far from
concluding the research over these materials, are likely to open the door to subsequent

investigations.
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EXPERIMENTAL PART

1. Materials, solvents and reagents

All chemicals were of commercial grade and used as received. All solvents were dried and
degassed by standard methods. Tetrahydrofuran was distilled from sodium/benzophenone
whereas dichloromethane and acetonitrile were distilled from CaH,. Anhydrous
commercially available DMF was stored over activated 4 A molecular sieves under nitrogen
atmosphere. Anhydrous CHCls was purchased from Sigma-Aldrich and stored under
nitrogen atmosphere. Reactions were monitored by thin layer chromatography (TLC) using
aluminium sheets coated with silica gel or neutral alumina (Merck, 60 F254). Visualization
of TLC plates was achieved using ultraviolet light (254 nm and also 365 nm in the case of
fluorophores). Flash chromatography was carried out over commercial silica gel (VWR, 40-
63 um) or neutral alumina (Sigma-Aldrich; activated, neutral, Brockmann Activity I). As
specified, the use of neutralized silica gel was necessary in some cases. It was prepared by
mixing commercial silica gel (200 mg) with triethylamine (5 mL) in dichloromethane (500

mL), followed by the removal of the solvents under reduced pressure.

2. Instrumentation and methods

2.1. Characterization of organic compounds

e NMR spectroscopy. *H NMR and '3C NMR spectra were collected on a Varian Mercury
400 MHz, a Bruker 400 MHz Avance Il or a Bruker Avance Neo 500 MHz instrument.
NMR spectra were processed using the MestRec Nova software (version 14.2.0) and

referenced with the solvent signal.

e Mass spectrometry. MALDI-TOF was performed on an Applied Biosystems MDS SCIEX
4800 equipment in the Reflector mode. High resolution mass spectrometry (HRMS) was
performed on a LC/MSD-TOF Agilent Technologies instrument by the electrospray (ESI-
MS) technique.

e UV-Vis spectroscopy. UV-Vis spectra were registered using a Varian Cary UV-Vis-NIR
500E.

e Fluorescence spectroscopy. Emission spectra were recorded with a PTI fluorimeter
equipped with a 220B lamp power supply, an 815 photomultiplier detection system and

Experimental part | 205



a Felix 32 software. The estimation of the fluorescence quantum yields (®s) in solution
was achieved using optically-matched solutions of a standard following a literature
protocol, as described by eqn. (3) in the General part.®® The employed standard was
1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP) dissolved in cyclohexane, which exhibits
a fluorescence quantum yield of 0.93 after excitation at 300 nm. The measurements of
the quantum yields in the solid state were determined by means of an integrating
sphere. The AIE analyses were performed with THF:H,O mixtures of different
proportion prepared in-situ into the quartz cuvette under continuous stirring. The
solutions were prepared by adding with a micropipette 60 pL of a solution containing
the compound in THF (0.5 mM) and the corresponding volume of THF and H,0 up to
3 mL to dilute the compound to 10 uM.

e Cyclic voltammetry (CV). Cyclic voltammograms were collected in cylindrical three-
electrode cell using a microcomputer-controlled potentiostat/galvanostat Autolab with
PGSTAT30 equipment and GPES software. The reference electrode was an Ag/Ag*
electrode (1 mM AgNOs in acetonitrile), whereas the counter and working electrodes
consisted of a platinum wire and a glassy-carbon electrode, respectively. All
voltammetric curves were recorded under quiescent conditions, at a scan rate of
100 mV s and under argon atmosphere. All solutions were prepared in distilled
dichloromethane (1 mM). Tetrabutylammonium hexafluorophosphate (TBAP) was used
as the supporting electrolyte (0.1 M). All potentials were referred to the Fc*/Fc redox
couple employing the E°(Fc*/Fc), which was experimentally determined before
recording the cyclic voltammograms of the samples. The ionization potential values (IP)
were estimated from the onset of the first oxidation peak as IP = Egr. + 5.39, where
5.39 eV corresponds to the formal potential of the Fc*/Fc couple in the Fermi scale.[®?]
The electron affinity values (EA) were calculated as EA = IP - Eg,p. The optical gap energy

values (Egap) Were estimated from Aonset Of the absorption spectra.

e Thermogravimetric analyses (TGA). TGA were performed using a TA Instruments Q50

instrument at a heating rate of 10 °C min~! under nitrogen atmosphere.

e Differential scanning calorimetry (DSC). DSC analyses were performed on a TA
Instruments Q2000 calorimeter at a scan rate of 10 °C min™ under nitrogen

atmosphere.

e High-performance liquid chromatography (HPLC). HPLC analyses were performed in a
Waters Alliance 2795 instrument equipped with a PDA detector (Waters 2996) and a
MS detector (Waters ZQ 2000). The separation was carried out with an X-Terra MS Cig
column (Waters, 3.5 um, 4.6x50 mm). The applied eluent was composed of a mixture

of water and acetonitrile (90:10 v/v) containing a 0.1% of formic acid.
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2.2. Fabrication and characterization of OTFTs

Both the fabrication and characterization of OTFT devices were performed in the facilities
of the Universitat Politecnica de Catalunya (Departament d’Enginyeria Electronica), under

the supervision of Prof. Joaquim Puigdollers.

e Materials. The fabrication of the OTFT devices was based on the bottom-gate top-
contact geometry. The substrates were composed of thermally oxidized crystalline
silicon wafers (p-type). Each substrate possessed a specific and known SiO; thickness
that was used in the extraction of the mobility. The SiO, thickness of the substrates

employed throughout this work went from 100 to 135 nm.

e Pretreatment of the substrates. Part of the SiO, coating of the gate side of the
substrates was removed by applying a drop of an ammonium fluoride solution onto the
surface. Then, the excess of solution was removed and the wafers were cleaned by
subsequent ultrasonic treatments in acetone, isopropyl alcohol and Milli-Q water (10
min each). Finally, the substrates were dried with a nitrogen blow and heated at 100 °C

for 5 min.

¢ Modification of the dielectric surface. The SiO, surface was treated with either
octadecyltrichlorosilane (OTS) as a self-assembled monolayer (SAM) or a layer of

polystyrene (PS) to modulate the device performance:

o For the formation of the OTS SAM onto the SiO; surface, the substrates were
immersed in a solution of OTS in toluene (2 mM) at room temperature for 24
hours.[276-277] After, the substrates were cleaned by subsequent ultrasonic
treatments in toluene (5 min), acetone (10 min) and isopropyl alcohol (10 min),

and dried with a nitrogen blow and heated at 100 °C for 5 minutes.

o The deposition of PS was carried out through the spin coating technique. For
this purpose, 0.1 mL of a solution of PS in toluene (4 mg mL™) was cast onto the
substrate in order to entirely cover the surface. The substrate was spun at
1500 rpm for 5 s and 2500 rpm for 30 s with a P6700 spin coater and
subsequently heated at 120 °C for 1 hour.

As characterized in previous investigations of our research group,*2? the contact angles
for bare SiO;, PS- and OTS-treated SiO; surfaces possess values of 14°, 74° and 92°,
respectively (Figure 1).
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Figure 1. Measurement of the contact angle with a water drop on: a) a bare SiO; substrate; b)
an OTS-treated substrate; c) a PS-treated substrate. From ref. 122.

Vacuum deposition process. The organic compounds were deposited by thermal
evaporation under vacuum in a chamber with a pressure below 10® mbar. The
sublimation temperature for each compound was controlled manually to maintain the
deposition at a stable rate of 0.2-0.3 A s~ until a thickness of 75 nm was obtained. The
wafers were subsequently transferred to another vacuum system to deposit the golden
contacts. The drain and source electrodes as well as the organic layers were defined by

a metallic mask, providing a channel length and width of 80 um and 2 mm, respectively.

Measurements. The resultant OTFTs were characterized under ambient conditions in
the dark. The electrical characteristics were recorded employing a Keithley 2636A

source meter. The devices were stored under ambient conditions in the dark.

2.3. Fabrication and characterization of OLEDs

Both the fabrication and characterization of OLED devices were carried out in the facilities

of the Technological Center of Catalonia Eurecat (Printed Electronics & Embedded Devices

Unit), under the supervision of Dr. Eugenia Martinez and Dr. Nikola Pefinka.

OLED fabrication. The glass substrates coated with ITO (10 Q/sq, Psiotec Ltd.) were
cleaned by subsequent ultrasonic treatments in acetone, isopropanol and ethanol (15
minutes each) and finally dried with a nitrogen blow. After, the substrates were treated
with plasma/02 (10 sccm, 120 W, 60's). The PEDOT:PSS (Clevios P VP Al4083, H. C. Starck
GmbH) layer was deposited over the plasma treated ITO via spin-coating
(4000 rpm/60s) and then annealed at 120 °C for 3h, resulting in homogeneous layers of
30 nm. The active layer was also deposited through spin-coating using solutions
containing the corresponding blue emitter (57-58) in a concentration of 10 mg mL™
(the specific solvents are detailed in Table 6.3 of Chapter 6). In the case of iridium
containing solutions, they were prepared in chlorobenzene in a concentration of 10 mg

mL™ of blue emitter with different iridium ratio, in a proportion (w/w) of
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compound:Ir(MDQ)z(acac):Ir(ppy)s expressed as 100:x:y (x and y are detailed in Table
6.4. of Chapter 6). The active layers were spin-coated under ambient conditions
(1000 rpm/60 s) and dried under vacuum for 1 h. All the subsequent steps were carried
out under nitrogen ambience inside a Glovebox. The TPBi (20 nm), Ca (14 nm) and Al
(100 nm, Kurt & Lesker) were deposited by thermal evaporation under high vacuum
(1 x 10”7 mbar), using shadow masks defining 9 devices per substrate with an active
device area of 5 mm?2. The devices were encapsulated with epoxy resin (Ossila E132),
then covered by cover glass 20x20 mm (Deltalab, D102020), and subsequently cured in
an UV oven Dymax 2000-PC for 60 s.

Profilometry. The thicknesses of the layers were determined with a Dektak XT, Veeco

profilometer.

OLED characterization. The optoelectronic characterization of the devices was
performed under ambient conditions with a Keithley 2604B SourceMeter and a
photodiode (Thorlabs, SM1PD2A) governed by an ir house software. The
electroluminescence spectra were recorded with a spectrophotometer Ocean Optics
USB2000+ and using SpectraSuite software.

2.4. X-ray diffraction measurements

The X-ray diffraction measurements and analyses were performed by the researchers
integrating the X-Ray Diffraction Unit of the CCiTUB. Specifically, the X-ray diffraction and

elucidation of the crystal structures of monocrystalline materials were performed by

Dr. Merce Font; the powder X-ray diffraction and the subsequent elucidation of the crystal

structures was accomplished by Dr. Cristina Puigjaner, Dr. Xavier Alcobé and Anna Vilche;

the GIXRD of thin films was carried out by Dr. Josep Maria Bassas.

X-Ray diffraction of monocrystalline materials. The single-crystal elucidation was
achieved on a D8 Venture System equipped with a multilayer monochromator and a
Mo microfocus (A = 0.71073 A) or Cu (A = 1.54178 A). The frames were integrated using
the Bruker SAINT Software package (version SAINT V8.38A) with a narrow-frame
algorithm. The structure resolution and refinement were performed using the Bruker
SHELXTL Software package (version APEX v2018 7-2).

Powder X-Ray diffraction. PXRD patterns were obtained on a PANalytical X’"Pert PRO
MPD diffractometer of 240 mm of radius in a transmission configuration with a spinner
glass capillary sample holder, using Cu Ka radiation (A = 1.5418 A°) with a focalizing
elliptic mirror and a PIXcel detector working at a maximum detector active length of

3.347 A°. The sample was placed in a Hilgenberg glass capillary (0.5 mm of diameter).
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Incident and diffracted beam 0.01 radians soller slits and incident beam slits defining a
beam height of 0.4 mm. 22 consecutive 26 scans were measured and added from 2 to
70°in 260, with a step size of 0.013° and a measuring time of 700 s per step. The indexing
process was achieved by means of the dichotomy algorithm implemented in the
program DICVOLO04[?78, The pattern matching was carried out through the Pawley
(1981) refinement by means of the TOPAS Software (Version 6)[272-2801 The starting
model for the crystal structure determination was previously optimized with the
program SPARTANI281, The crystal structure was solved using the Global Optimization
Simulated Annealing approach integrated in TOPAS. The crystal structure was
subsequently refined by the Rietveld (1969) method, also by means of TOPAS Software.

e Grazing Incidence X-Ray Diffraction (GIXRD) of thin films. The analyzed thin-films
(75 nm thickness) were vacuum-deposited over either OTS- or PS-treated Si/SiO2
substrates. Out-of-plane GIXRD measurements of thin films were collected in a
PANalytical X’Pert PRO MRD diffractometer. It possesses a PIXcel detector, a parabolic
Gobel mirror at the incident beam and a parallel plate collimator at the diffracted beam,
with Cu Ka radiation (A = 1.5418 A) and a work power of 45 kV x 40 mA. An optimized

angle of incidence around 0.17° was used for the measurements.

3. Synthetic procedures and characterization data

3.1. 4,4'-Dibromo-2-nitro-1,1'-biphenyl (2)

gr 4,4’-dibromobiphenyl (21.5 g, 69.0 mmol) was dissolved in glacial acetic

acid (320 mL) at 100 °C. After, fuming nitric acid (108 mL) was slowly

. O NO, added with a dropping funnel. Thereafter, the reaction mixture was

2 stirred for 60 min at 100 °C and then, cooled to room temperature. The

product was precipitated by adding water to the mixture, filtered, washed thoroughly with

a solution of NaHCOs and dried. Compound 2 was obtained as a pale yellow solid in a yield

of 84% (20.6 g, 57.7 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.03 (d, /= 2.0 Hz, 1H), 7.76

(dd, J = 8.3, 2.0 Hz, 1H), 7.56 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.3 Hz, 1H), 7.16 (d, J = 8.4 Hz,
2H).

3.2. 2,7-Dibromo-9H-carbazole (3)
Method 1: 2 (2.18 g, 6.10 mmol) was dissolved in P(OEt)s (10 mL,
Bfo 58 mmol) and the mixture was stirred for 20 h under reflux. After
H

cooling down to room temperature, the excess of P(OEt)s was slowly

3 . . L
removed with an air stream. The crude was purified by flash column
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chromatography using a mixture of hexane and ethyl acetate (20:1 v/v) as eluent.

Compound 3 was obtained as a white solid in a yield of 49% (0.964 g, 2.97 mmol).

Method 2: 2 (4.77 g, 13.4 mmol) and PPhsz (8.89 g, 33.9 mmol) were dissolved in o-
dichlorobenzene (27 mL) under nitrogen and the mixture was stirred for 6 h under reflux.
Then, the system was cooled down to room temperature and the solvent was slowly
removed with an air stream. The crude was purified by flash column chromatography using
a mixture of hexane and ethyl acetate (20:1 v/v) as eluent. Compound 3 was obtained as a
white solid in a yield of 74% (3.21 g, 9.89 mmol).

1H NMR (400 MHz, CDCl3) & (ppm): 8.06 (s, 1H), 7.88 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 1.7 Hz,
2H), 7.36 (dd, J = 8.3, 1.7 Hz, 2H).

3.3. 2,7-Dibromo-9-butyl-9H-carbazole (4)

3(1.50 g, 4.62 mmol) was dissolved in anhydrous DMF (5 mL) under
Br Br
N

nitrogen. NaH (0.277 g, 60% in mineral oil, 6.92 mmol) was added

H\ and the solution was stirred for 30 min at room temperature. Then,

4 1-bromobutane (1.0 mL, 9.2 mmol) was added and the reaction was

stirred overnight. After, it was diluted with water and the product was extracted with

dichloromethane. The organic layers were dried over anhydrous MgSQ,, filtered and the

solvent was removed under reduced pressure. The crude was purified by flash column

chromatography using hexane as eluent. Compound 4 was obtained as a white solid in a

yield of 94% (1.65 g, 4.32 mmol). *H NMR (400 MHz, CDCls3) & (ppm): 7.89 (d, J = 8.2 Hz, 2H),

7.53 (d, J = 1.7 Hz, 2H), 7.34 (dd, J = 8.2, 1.7 Hz, 2H), 4.21 (t, J = 7.3 Hz, 2H), 1.83 (m, 2H),
1.40 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H).

3.4. 2,7-Dibromo-9-hexyl-9H-carbazole (5)

Analogously to the procedure described in section 3.3, this synthesis
BrB" was carried out with 3 (3.05 g, 9.39 mmol), NaH (0.563 g, 60% in
mineral oil, 14.1 mmol) and 1-bromohexane (2.6 mL, 19 mmol) in
anhydrous DMF (10 mL). Compound 5 was obtained as a white solid
in a yield of 87% (3.32 g, 8.12 mmol). *H NMR (400 MHz, CDCls) &
(ppm): 7.89 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 1.5 Hz, 2H), 7.34 (dd, J = 8.3, 1.5 Hz, 2H), 4.20 (t,
J=7.4Hz, 2H), 1.84 (m, 2H), 1.43-1.26 (m, 6H), 0.88 (t, J = 7.0 Hz, 3H).
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3.5. 2,7-Dibromo-9-octyl-9H-carbazole (6)

Analogously to the procedure described in section 3.3, this synthesis
BrBr was carried out with 3 (1.50 g, 4.62 mmol), NaH (0.277 g, 60% in
mineral oil, 6.92 mmol) and 1-bromooctane (1.6 mL, 9.2 mmol) in
anhydrous DMF (5 mL). Compound 6 was obtained as a white solid in
avyield of 98% (1.98 g, 4.52 mmol). *H NMR (400 MHz, CDCl3) & (ppm):
7.89 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 1.7 Hz, 2H), 7.34 (dd, J = 8.3,
1.7 Hz, 2H), 4.19 (t, J = 7.4 Hz, 2H), 1.84 (m, 2H), 1.42-1.18 (m, 10H), 0.87 (t, J = 6.9 Hz, 3H).

3.6. 2,7-Dibromo-9-butyl-3,6-dinitro-9H-carbazole (7)

O,N no, 4 (1.65 g, 4.32 mmol) was dissolved in glacial acetic acid (16 mL) at
BrBr 80 °C. Thereafter, the temperature was raised to 100 °C and fuming

N nitric acid (2 mL) was slowly added with a dropping funnel. The

H\ reaction was stirred for 90 min at 100 °C and then, cooled to room

7 temperature. The product was precipitated by adding water to the
mixture, filtered and dried. Further purification was carried out by subsequent
recrystallizations from a mixture of dichloromethane and ethanol. Compound 7 was
obtained as a pale yellow solid in a yield of 79% (1.61 g, 3.41 mmol). *H NMR (400 MHz,
CDCls) & (ppm): 8.74 (s, 2H), 7.77 (s, 2H), 4.32 (t, J = 7.3 Hz, 2H), 1.90 (m, 2H), 1.42 (m, 2H),
1.01 (t, J = 7.3 Hz, 3H).

3.7. 2,7-Dibromo-9-hexyl-3,6-dinitro-9H-carbazole (8)
ON NO2  Analogously to the procedure described in section 3.6, this synthesis
BrBr was carried out with 5 (6.08 g, 14.9 mmol) and fuming nitric acid
N (5.9 mL) in glacial acetic acid (43 mL). Further purification was carried
out by dissolving the product in the minimum amount of
dichloromethane and precipitating it by the slow addition of hexane.
Compound 8 was obtained as a pale yellow solid in a yield of 88%
(6.54 g, 13.1 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 8.74 (s, 2H), 7.76 (s, 2H), 4.31 (t,
J=7.3Hz, 2H), 1.89 (m, 2H), 1.44-1.26 (m, 6H), 0.89 (t, J = 7.0 Hz, 3H).
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3.8. 2,7-Dibromo-3,6-dinitro-9-octyl-9H-carbazole (9)

O,N No, Analogously to the procedure described in section 3.6, this synthesis
BrBr was carried out with 6 (1.98 g, 4.52 mmol) and fuming nitric acid
N (2 mL) in glacial acetic acid (17 mL). Further purification was carried
out by subsequent recrystallizations from a mixture of
9 dichloromethane and ethanol. Compound 9 was obtained as a pale
yellow solid in a yield of 71% (1.69 g, 3.21 mmol). *H NMR (400 MHz,
CDCl3) & (ppm): 8.74 (s, 2H), 7.76 (s, 2H), 4.31 (t, J = 7.3 Hz, 2H), 1.90
(m, 2H), 1.42-1.21 (m, 10H), 0.87 (t, J = 6.9 Hz, 3H).

3.9. 9-Butyl-3,6-dinitro-2,7-diphenyl-9H-carbazole (10)

O,N NO, 7 (620 mg, 1.32 mmol), phenylboronic acid (417 mg,
3.42 mmol), Pd(PPhs3)s (76 mg, 0.066 mmol) and K;COs
O N Q (1090 mg, 7.90 mmol) were dissolved in a previously purged

mixture of THF and H;0 (28 mL, 6:1 v/v). The system was

10 further purged with nitrogen and the solution was stirred

under reflux overnight. Then, the product was extracted with dichloromethane. The

combined organic extract was dried over anhydrous MgSQs, filtered and the solvent was

removed under reduced pressure. The crude was purified by flash column chromatography

using a mixture of hexane and ethyl acetate (10:1 v/v) as eluent. Compound 10 was

obtained as a yellow solid in a yield of 83% (506 mg, 1.09 mmol). *H NMR (400 MHz, CDCls)

& (ppm): 8.81 (s, 2H), 7.53-7.41 (m, 10H), 7.40 (s, 2H), 4.37 (t, J = 7.3 Hz, 2H), 1.88 (m, 2H),
1.40 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H).

3.10. 9-Hexyl-3,6-dinitro-2,7-diphenyl-9H-carbazole (11)

o,N NO, Analogously to the procedure described in section 3.9, this

synthesis was carried out with 8 (600 mg, 1.20 mmol),

O N O phenylboronic acid (381 mg, 3.13 mmol), Pd(PPhs)s (60 mg,

0.060 mmol) and K2CO3 (995 mg, 7.21 mmol) in THF:H,0 (25.2

11 mL, 6:1 v/v). The crude was purified using a mixture of hexane

and ethyl acetate (20:1 v/v) as eluent. Compound 11 was

obtained as a yellow solid in a yield of 69% (407 mg, 0.825 mmol). *H NMR (400 MHz, CDCl3)

& (ppm): 8.81 (s, 2H), 7.52-7.41 (m, 10H), 7.39 (s, 2H), 4.35 (t, J = 7.4 Hz, 2H), 1.94-1.85 (m,
2H), 1.42-1.20 (m, 6H), 0.85 (t, J = 7.1 Hz, 3H).
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3.11. 3,6-Dinitro-9-octyl-2,7-diphenyl-9H-carbazole (12)

ON NO, Analogously to the procedure described in section 3.9, this
O Q synthesis was carried out with 9 (701 mg, 1.33 mmol),
phenylboronic acid (429 mg, 3.45 mmol), Pd(PPhs)s (77 mg,
0.066 mmol) and K,COs (1102 mg, 7.97 mmol) in THF:H,0

12 (28 mL, 6:1 v/v). The crude was purified using a mixture of

hexane and ethyl acetate (20:1 v/v) as eluent. Compound 12

was obtained as a yellow solid in a yield of 77% (530 mg,

1.02 mmol). H NMR (400 MHz, CDCls) & (ppm): 8.81 (s, 2H), 7.52-7.41 (m, 10H), 7.39 (s,
2H), 4.35 (t, J = 7.3 Hz, 2H), 1.89 (m, 2H), 1.40-1.15 (m, 10H), 0.84 (t, J = 6.9 Hz, 3H).

3.12. 5,8-Diethyl-14-hexyl-8,14-dihydro-5H-diindolo[3,2-b:2’,3’-h]carbazole (1a)

\N ﬁN 11 (200 mg, 0.405 mmol) was dissolved in o-dichlorobenzene
(6 mL) in a microwave vial and purged with nitrogen. Then,
Q O N Q O P(OEt)s (0.83 mL, 4.8 mmol) was added and the sealed tube
was heated under microwave irradiation at 230 °C for 2 h.
1a After cooling to room temperature, hexane was added to the
mixture to precipitate the cyclized intermediate, which was
filtered and dried. Without further purification, the solid and NaH (25 mg, 60% in mineral
oil, 0.63 mmol) were dissolved in anhydrous DMF (4 mL) under nitrogen. The solution was
stirred for 30 min at room temperature and then, bromoethane (0.14 mL, 1.3 mmol) was
added and stirred overnight. After, the solution was diluted with water and the product
was extracted with dichloromethane. The combined organic extract was dried over
anhydrous MgSQs, filtered and the solvent was removed under reduced pressure. The
crude was purified by flash column chromatography using a mixture of hexane and ethyl
acetate (250:1 v/v) as eluent. Compound 1a was obtained as a bright yellow solid in a yield
of 10% (20 mg, 0.041 mmol). *H NMR (500 MHz, CsDs) 6 (ppm): 8.31 (d, J= 7.7 Hz, 2H), 8.21
(s, 2H), 8.17 (s, 2H), 7.51 (ddd, J = 8.3, 7.1, 1.2 Hz, 2H), 7.33 (ddd, J = 7.4, 7.4, 0.9 Hz, 2H),
7.22 (d, J = 8.1 Hz, 2H), 4.24 (t, J = 7.3 Hz, 2H), 4.05 (q, J = 7.2 Hz, 4H), 1.87-1.79 (m, 2H),
1.33-1.25 (m, 2H), 1.17-1.11 (m, 4H), 1.14 (t, J = 7.2 Hz, 6H), 0.79 (t, J = 7.1 Hz, 3H).
13C NMR (125 MHz, Ce¢Ds) 6 (ppm): 141.8, 138.2, 135.8, 126.0, 124.0, 123.8, 123.8, 120.8,
118.6,108.6,99.2,99.1, 43.7,37.7,31.9, 28.9, 27.4, 22.9, 14.2, 13.6. HRMS (ESI-MS) (m/z):
calculated for C3sH3sN3 M**, 485.2825; found 485.2822.
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3.13. 5,8,14-Tributyl-8,14-dihydro-5H-diindolo[3,2-b:2’,3’-h]carbazole (1b)
synthesis was carried out with 10 (192 mg, 0.412 mmol) and

N N P(OEt); (0.83 mL, 4.8 mmol) in o-dichlorobenzene (6 mL).
Q O O O Then, NaH (26 mg, 60% in mineral oil, 0.65 mmol) and 1-
N

H\ bromobutane (0.13 mL, 1.21 mmol) in anhydrous DMF (5 mL).
1b

\ \ Analogously to the procedure described in section 3.12, this

The crude was purified using a mixture of hexane and

dichloromethane (20:1 v/v) as eluent. Compound 1b was
obtained as a bright yellow solid in a yield of 8% (17 mg, 0.033 mmol). *H NMR (400 MHz,
CeDé¢) 6 (ppm): 8.32 (d, J = 7.8 Hz, 2H), 8.31 (s, 2H), 8.17 (s, 2H), 7.53 (ddd, J=8.2, 7.1, 1.2
Hz, 2H), 7.34 (m, 2H), 7.30 (d, J = 8.1 Hz, 2H), 4.21 (t, J = 7.1 Hz, 2H), 4.07 (t, J = 7.1 Hz, 4H),
1.78 (m, 2H), 1.66 (m, 4H), 1.34-1.10 (m, 6H), 0.76 (t, J = 7.4 Hz, 3H), 0.70 (t, J = 7.3 Hz, 6H).
13C NMR (100 MHz, CeDs) 6 (ppm): 142.4, 138.2, 136.3, 126.0, 123.8, 123.8, 123.7, 120.8,
118.5,108.9,99.3,99.2,43.5,43.2,31.3,31.1, 21.0, 20.9, 14.1, 14.0. HRMS (ESI-MS) (m/z):
calculated for C3gH3sN3s M**, 513.3138; found 513.3139.

3.14. 5,8,14-Trihexyl-8,14-dihydro-5H-diindolo[3,2-b:2’,3’-h]carbazole (1c)

Analogously to the procedure described in section 3.12, this

synthesis was carried out with 11 (200 mg, 0.405 mmol) and

P(OEt)s (0.83 mL, 4.8 mmol) in o-dichlorobenzene (6 mL).

Q § O Q § O Then, NaH (25 mg, 60% in mineral oil, 0.63 mmol) and
N 1-bromohexane (0.18 mL, 1.3 mmol) in anhydrous DMF

(3 mL). The crude was purified using a mixture of hexane and

1c ethyl acetate (250:1 v/v) as eluent. Compound 1c was

obtained as a bright yellow solid in a yield of 11% (27 mg,

0.046 mmol). *H NMR (500 MHz, CsDe) & (ppm): 8.33 (s, 2H), 8.32 (d, J = 7.8 Hz, 2H), 8.19
(s, 2H), 7.52 (ddd, J = 8.2, 7.1, 1.2 Hz, 2H), 7.35-7.31 (m, 2H), 7.32 (d, J = 8.2, 2H), 4.23 (t,
J=7.3Hz, 2H), 4.09 (t,J = 7.3 Hz, 4H), 1.83 (m, 2H), 1.71 (m, 4H), 1.30 (m, 2H), 1.19 (m, 4H),
1.16-1.03 (m, 12H), 0.80 (t, J = 7.1 Hz, 6H), 0.80 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CsD¢)
6 (ppm): 142.4, 138.2, 136.3, 126.0, 123.8, 123.8, 123.7, 120.8, 118.5, 108.9, 99.3, 99.1,

43.7,43.4,31.9, 31.9, 29.1, 28.9, 27.4, 27.3, 22.9, 22.9, 14.2, 14.2. HRMS (ESI-MS) (m/z):
calculated for Ca;Hs1N3 M**, 597.4078; found 597.4082.

Experimental part | 215



3.15. 5,8,14-Trioctyl-8,14-dihydro-5H-diindolo[3,2-b:2’,3’-h]carbazole (1d)

Analogously to the procedure described in section 3.12, this

synthesis was carried out with 12 (214 mg, 0.410 mmol) and

P(OEt)s (0.83 mL, 4.8 mmol) in o-dichlorobenzene (6 mL).

\ | Then, NaH (26 mg, 60% in mineral oil, 0.66 mmol) and 1-

Q O O O bromooctane (0.23 mL, 1.3 mmol) in anhydrous DMF

N (5 mL). The crude was purified using hexane as eluent.

Compound 1d was obtained as a bright yellow solid in a

1d yield of 12% (33 mg, 0.048 mmol). *H NMR (400 MHz, CsDs)

6 (ppm): 8.35 (s, 2H), 8.32 (d, J = 8.1 Hz, 2H), 8.20 (s, 2H),

7.53 (ddd, J = 8.3, 7.2, 1.2 Hz, 2H), 7.35-7.31 (m, 4H), 4.26

(t, J = 7.1 Hz, 2H), 4.12 (t, J = 7.2 Hz, 4H), 1.86 (m, 2H), 1.75 (m, 4H), 1.38-1.07 (m, 30H),

0.87 (t, J = 7.1 Hz, 6H), 0.84 (t, J = 7.0 Hz, 3H). 13C NMR (125 MHz, CsD¢) & (ppm): 142.4,

138.2, 136.3, 126.0, 123.8, 123.8, 123.8, 120.8, 118.5, 108.9, 99.3, 99.2, 43.7, 43.4, 32.2,

32.2, 29.8, 29.8, 29.6, 29.5, 29.1, 28.9, 27.7, 27.7, 23.0, 23.0, 14.3, 14.3. HRMS (ESI-MS)
(m/z): calculated for CsgsHg3sN3 M**, 681.5017; found 681.5007.

3.16. 5,8-Didodecyl-14-hexyl-8,14-dihydro-5H-diindolo[3,2-b:2’,3’-h]carbazole
(1e)

Analogously to the procedure described in section 3.12,
this synthesis was carried out with 11 (200 mg,
0.405 mmol) and P(OEt); (0.83 mL, 4.8 mmol) in o-
dichlorobenzene (6 mL). Then, NaH 25 mg, 60% in
mineral oil, 0.63 mmol) and 1-bromododecane
(0.30 mL, 1.3 mmol) in anhydrous DMF (6 mL). The
crude was purified using hexane as eluent. Compound
Q O O O le was obtained as a bright yellow solid in a yield of
11% (34 mg, 0.044 mmol). *H NMR (500 MHz, C¢Ds) &
(ppm): 8.35 (s, 2H), 8.32 (d, /= 7.6 Hz, 2H), 8.18 (s, 2H),
7.55-7.51 (m, 2H), 7.35-7.31 (m, 2H), 7.34 (d, J = 7.7
Hz, 2H), 4.26 (t, J = 7.2 Hz, 4H), 4.14 (t, J = 7.3 Hz, H), 1.87-1.80 (m, 2H), 1.80-1.73 (m, 4H),
1.37-1.10 (m, 42H), 0.91 (t, J = 6.9 Hz, 6H), 0.80 (t, J = 7.0 Hz, 3H). 13C NMR (125 MHz, CgDs)
6 (ppm): 142.4, 138.2, 136.3, 126.0, 123.8, 123.8, 123.7, 120.8, 118.6, 108.9, 99.3, 99.2,
43.7,43.4, 32.4, 31.9, 30.2, 30.1, 30.0, 30.0, 29.9, 29.8, 27.7, 27.4, 26.9, 23.1, 22.9, 14.4,
14.3. HRMS (ESI-MS) (m/z): calculated for CssH7sN3 M*®, 765.5956; found 765.5962.

1e
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3.17. 2,7-Dibromo-9-ethyl-9H-carbazole (13)

3 (1.50 g, 4.61 mmol) was dissolved in anhydrous DMF (5 mL) under

BrBr nitrogen. NaH (0.282 g, 60% in mineral oil, 7.05 mmol) was added and

§ the solution was stirred for 30 min at room temperature. Then,

13 bromoethane (0.69 mL, 9.2 mmol) was added and the reaction was

stirred overnight. After, it was diluted with water to favor the precipitation of the product,

which was filtered off, washed thoroughly with water and dried. The solid was purified by

flash column chromatography using hexane as eluent. Compound 13 was obtained as a

white solid in a yield of 86% (1.40 g, 3.95 mmol). *H NMR (400 MHz, CDCls3) 6 (ppm): 7.90

(d, J = 8.2 Hz, 2H), 7.55 (d, J = 1.6 Hz, 2H), 7.34 (dd, J = 8.2, 1.6 Hz, 2H), 4.29 (g, J = 7.2 Hz,
2H), 1.43 (t, J = 7.2 Hz, 3H).

3.18. 2,7-Dibromo-9-ethyl-3,6-dinitro-9H-carbazole (14)
O2N NO2 13 (1.385 g, 3.923 mmol) was dissolved in glacial acetic acid (10 mL)
BrBr at 80 °C. Thereafter, the temperature was raised to 100 °C and fuming

NK nitric acid (1.34 mL) was slowly added with a dropping funnel. The

14 reaction was stirred for 90 min at 100 °C and then, cooled to room
temperature. The product was precipitated by adding water to the mixture and then it was
filtered and dried. Further purification was carried out by dissolving the product in the
minimum amount of dichloromethane and precipitating it by the slow addition of hexane.
Compound 14 was obtained as a pale yellow solid in a yield of 75% (1.295 g, 2.923 mmol).
IH NMR (400 MHz, CDCl3) & (ppm): 8.75 (s, 2H), 7.79 (s, 2H), 4.40 (g, J = 7.3 Hz, 2H), 1.52 (t,
J=7.3 Hz, 3H).

3.19. 9-Hexyl-2,7-bis(4-hexylphenyl)-3,6-dinitro-9H-carbazole (15)

8 (500 mg, 1.00 mmol), 4-hexylphenylboronic acid (537 mg, 2.60 mmol), Pd(PPhs)s (58 mg,
N NO, 0.050 mmol) and K,COs3 (830 mg, 6.01

O Q mmol) were dissolved in a previously

purged mixture of THF and H.0
(17.5 mL, 6:1 v/v). The system was

15 further purged with nitrogen and the

solution was stirred under reflux

overnight. Then, the product was extracted with dichloromethane. The combined organic
extract was dried over anhydrous MgSO., filtered and the solvent was removed under
reduced pressure. The crude was purified by flash column chromatography using a mixture

of hexane and ethyl acetate (10:1 v/v) as eluent. Compound 15 was obtained as a yellow
solid in a yield of 86% (568 mg, 0.859 mmol). *H NMR (400 MHz, CDCls) & (ppm): 8.76 (s,

Experimental part | 217



2H), 7.38 (s, 2H), 7.34 (d, J = 8.1 Hz, 4H), 7.29 (d, J = 8.1 Hz, 4H), 4.34 (t, J = 7.3 Hz, 2H), 2.69
(t,J = 7.8 Hz, 4H), 1.93-1.83 (m, 2H), 1.73-1.63 (m, 4H), 1.45-1.25 (m, 18H), 0.92 (t, J = 7.0
Hz, 6H), 0.85 (t, J = 6.9 Hz, 3H).

3.20. 9-Ethyl-2,7-bis(4-hexylphenyl)-3,6-dinitro-9H-carbazole (16)

Analogously to the procedure described in section 3.19, this synthesis was carried out with

14 (500 mg, 1.13 mmol), 4-hexylphenylboronic acid (605 mg, 2.93 mmol), Pd(PPhs)4 (65 mg,

0.056 mmol) and K,CO3 (934 mg, 6.77 mmol) in a mixture of THF and H,0 (23.7 mL, 6:1 v/v).

ON NO, The crude was purified using a

O O O Q mixture of hexane and ethyl acetate

’\L (20:1 v/v) as eluent. Compound 16

16 was obtained as a yellow solid in a

yield of 58% (397 mg, 0.655 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.77 (s, 2H), 7.39 (s,

2H), 7.34 (d, J = 8.1 Hz, 4H), 7.29 (d, J = 8.1 Hz, 4H), 4.42 (q, J = 7.2 Hz, 2H), 2.69 (t, J = 7.8

Hz, 4H), 1.73-1.63 (m, 4H), 1.48 (t, J = 7.2 Hz, 3H), 1.43-1.27 (m, 12H), 0.92 (t, J = 7.0 Hz,
6H).

3.21. 3,5,8,10,14-Pentahexyl-8,14-dihydro-5H-diindolo[3,2-b:2’,3’-h]carbazole (1f)

15 (271 mg, 0.410 mmol) was dissolved in o-dichlorobenzene (6 mL) in a microwave vial
and purged with nitrogen. Then, P(OEt)s (0.83 mL, 4.8 mmol) was added and the sealed
tube was heated under microwave irradiation at 230 °C for 2 h. After cooling to room
temperature, hexane was added to
the mixture to precipitate the cyclized

intermediate, which was filtered and

Q N N O dried. Without further purification,
/\/\/\m_‘/\/\/\ the solid and NaH (15 mg, 60% in
mineral oil, 0.38 mmol) were

1ik dissolved in anhydrous DMF (5 mL)
under nitrogen. The solution was

stirred for 30 min at room temperature and then, 1-bromohexane (0.20 mL, 1.4 mmol) was
added and stirred for 3 h. After, the solution was diluted with water and the product was
extracted with dichloromethane. The combined organic extract was dried over anhydrous
MgSO,, filtered and the solvent was removed under reduced pressure. The crude was
purified by flash column chromatography using a mixture of hexane and ethyl acetate
(500:1 v/v) as eluent. Compound 1f was obtained as a bright yellow solid in a yield of 11%

(34 mg, 0.044 mmol). *H NMR (500 MHz, CsDe) & (ppm): 8.42 (s, 2H), 8.36 (d, J = 7.9 Hz, 2H),
8.27 (s, 2H), 7.39 (d, J = 1.3 Hz, 2H), 7.30 (dd, J = 7.9, 1.3 Hz, 2H), 4.33 (t, J = 7.3 Hz, 2H),
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4.23 (t,J=7.2 Hz, 4H),2.99 (t, J = 7.7 Hz, 4H), 1.97-1.80 (m, 10H), 1.58-1.13 (m, 30H), 1.03—
0.97 (m, 6H), 0.93-0.80 (m, 9H). 3C NMR (125 MHz, CsDs) & (ppm): 142.9, 141.2, 138.2,
136.5,123.8, 123.5,122.0,120.7,119.5, 108.5, 99.2, 98.9, 43.7,43.4,37.5, 32.8, 32.3, 31.9,
29.6, 29.1, 28.9, 27.4, 27.4, 23.1, 22.9, 14.4, 14.3. HRMS (ESI-MS) (m/z): calculated for
Cs4H7sN3 M**, 765.5956; found 765.5954.

3.22. 3,6-Dibromo-9-ethyl-9H-carbazole (17)

a Br3,6-Dibromo-9H-carbazole (0.508 g, 1.56 mmol) was dissolved in

anhydrous DMF (2 mL) under nitrogen. NaH (0.092 g, 60% in mineral oil,

NK 2.3 mmol) was added and the solution was stirred for 30 min at room

17 temperature. Then, bromoethane (0.23 mL, 3.1 mmol) was added and

the reaction was stirred overnight. After, it was diluted with water and the resultant

precipitate was filtered and dried. The solid was purified by flash column chromatography

using hexane as eluent. Compound 17 was obtained as a white solid in a yield of 97% (0.534

g, 1.51 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.14 (d, J = 1.9 Hz, 2H), 7.51 (dd, J = 8.5,
1.9 Hz, 2H), 7.19 (d, J = 8.5 Hz, 2H), 4.20 (g, J = 7.2 Hz, 2H), 1.35 (t, J = 7.2 Hz, 3H).

3.23. 3,6-Dibromo-9-hexyl-9H-carbazole (18)

Br sr Analogously to the procedure described in section 3.22, this synthesis

was carried out with 3,6-dibromo-9H-carbazole (0.500 g, 1.54 mmol),

N NaH (0.092 g, 60% in mineral oil, 2.3 mmol) and 1-bromohexane

(0.432 mL, 3.08 mmol) in anhydrous DMF (2 mL). Compound 18 was

18 obtained as a white solid in a yield of 98% (0.615 g, 1.50 mmol). *H NMR

(400 MHz, CDCl3) & (ppm): 8.14 (d, J = 2.0 Hz, 2H), 7.55 (dd, J = 8.7, 2.0

Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 4.23 (t, J = 7.2 Hz, 2H), 1.87-1.76 (m, 2H), 1.39-1.20 (m,
6H), 0.86 (t, /= 7.1 Hz, 3H).

3.24. 9-Ethyl-3,6-bis[N-phenylamino]-9H-carbazole (19)

H H 17 (520 mg, 1.47 mmol), tBuOK (364 mg, 3.24 mmol),
®/N N\© Pd(AcO), (33 mg, 0.15 mmol) and JohnPhos (132 mg,
0.441 mmol) were dissolved in toluene (6 mL) under

K nitrogen in a previously dried reaction tube. The system was

19 heated at 100 °C for 5 min. Then, aniline (325 uL, 3.54 mmol)

was added and the mixture was stirred at 110 °C overnight. After, the mixture was diluted
with water and the product was extracted with AcOEt. The combined organic extract was
dried over NaySO,, filtered and the solvent was removed under reduced pressure. The

crude was purified by flash column chromatography in neutralized silica using a mixture of
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hexane and AcOEt (20:1 v/v) as eluent. Compound 19 was obtained as a white solid in a
yield of 92% (0.513 g, 1.36 mmol). *H NMR (400 MHz, DMSO-ds) 6 (ppm):7.91 (s, 2H), 7.79
(d, J=2.1Hz 2H), 7.50 (d, J = 8.7 Hz, 2H), 7.24 (dd, J = 8.7, 2.2 Hz, 2H), 7.15 (m, 4H), 6.96
(m, 4H), 6.68 (t, J = 7.2, Hz, 2H), 4.38 (g, J = 7.0 Hz, 2H), 1.32 (t, J = 7.0 Hz, 3H).

3.25. 9-Hexyl-3,6-bis[N-phenylamino]-9H-carbazole (20)

H H Method 1: 18 (150 mg, 0.367 mmol), tBuOK (91 mg,
ON N@ 0.81 mmol), Pd(AcO); (7 mg, 0.03 mmol) and JohnPhos
(26 mg, 0.088 mmol) were dissolved in toluene (2 mL) under
nitrogen in a previously dried reaction tube. Then, aniline

20 (80 pL, 0.88 mmol) was added and the mixture was stirred

at 130 °C under microwave irradiation for 1 h. After, the
mixture was diluted with water and the product was extracted with AcOEt. The combined
organic extract was dried over Na;SO, filtered and the solvent was removed under reduced
pressure. The crude was purified by flash column chromatography in neutral alumina using
a mixture of hexane and AcOEt (20:1 v/v) as eluent. Compound 20 was obtained as a white

solid in a yield of 69% (0.109 g, 0.251 mmol).

Method 2: Analogously to the procedure described in section 3.24, this synthesis was
carried out with 18 (400 mg, 0.978 mmol), tBuOK (241 mg, 2.15 mmol), Pd(AcO), (22 mg,
0.098 mmol) and JohnPhos (88 mg, 0.29 mmol) in toluene (6 mL). The crude was purified
in neutralized silica using a mixture of hexane and AcOEt (15:1 v/v) as eluent. Compound
20 was obtained as a white solid in a yield of 74% (0.313 g, 0.721 mmol).

1H NMR (400 MHz, DMSO-ds) & (ppm): 7.91 (s, 2H), 7.79 (d, J = 2.1 Hz, 2H), 7.48 (d, J = 8.7
Hz, 2H), 7.23 (dd, J = 8.7, 2.1 Hz, 2H), 7.15 (m, 4H), 6.96 (m, 4H), 6.68 (t, J = 7.2 Hz, 2H), 4.32
(t, J = 7.0 Hz, 2H), 1.75 (m, 2H), 1.33-1.19 (m, 6H), 0.83 (t, J = 7.0 Hz, 3H).

3.26. 3-Bromo-9-hexyl-9H-carbazole (21)

Br  Analogously to the procedure described for the formation of 17, this

synthesis was carried out with 3-bromo-9H-carbazole (1.00 g, 4.06 mmol),

NK NaH (0.243 g, 60% in mineral oil, 6.09 mmol) and bromoethane (0.60 mL,

21 8.1 mmol) in anhydrous DMF (5 mL). Compound 21 was obtained as a

white solid in a yield of 97% (1.08 g, 3.95 mmol). *H NMR (400 MHz, CDCls) & (ppm): 8.19

(d, J = 2.2 Hz, 1H), 8.02 (d, J = 7.8 Hz, 1H), 7.52 (dd, J = 8.6, 2.2 Hz, 1H), 7.47 (ddd, J = 8.2,

7.2, 1.0 Hz, 1H), 7.38 (dd, J = 8.2, 1.0 Hz, 1H), 7.25-7.19 (m, 2H), 4.31 (q, J = 7.2 Hz, 2H),
1.39 (t, J = 7.2 Hz, 3H).
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3.27. 3-Bromo-9-ethyl-9H-carbazole (22)

gr Analogously to the procedure described in section 3.26, this synthesis was

carried out with 3-bromo-9H-carbazole (1.00 g, 4.06 mmol), NaH (0.243 g,

N 60% in mineral oil, 6.10 mmol) and 1-bromohexane (1.2 mL, 8.1 mmol) in

anhydrous DMF (5 mL). Compound 22 was obtained as a white solid in a

22 yield of 93% (1.26 g, 3.82 mmol). *H NMR (400 MHz, CDCls) 6 (ppm): 8.20

(d, J = 2.0 Hz, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.53 (dd, J = 8.5, 2.0 Hz, 1H),

7.51-7.45 (m, 1H), 7.40 (d, / = 8.2 Hz, 1H), 7.28 (d, J = 8.5 Hz, 1H), 7.26-7.21 (m, 1H), 4.27
(t,/=7.3 Hz, 2H), 1.90-1.80 (m, 2H), 1.42-1.21 (m, 6H), 0.86 (t, J = 7.0 Hz, 3H).

3.28. 9-Ethyl-3-[N-phenylamino]-9H-carbazole (23)

H Analogously to the procedure described in section 3.24, this

\© synthesis was carried out with 21 (500 mg, 1.82 mmol), tBuOK

N (225 mg, 2.01 mmol), Pd(AcO)2 (20 mg, 0.091 mmol) and JohnPhos

K 23 (82 mg, 0.27 mmol) in toluene (9 mL) and aniline (200 uL,

2.19 mmol). The crude was purified in neutralized silica using a mixture of hexane and

AcOEt (100:1 v/v) as eluent. Compound 23 was obtained as a white solid in a yield of 83%

(432 mg, 1.51 mmol). H NMR (400 MHz, DMSO-ds) & (ppm): 8.08 (d, J = 7.8 Hz, 1H), 7.94

(s, 1H), 7.88 (d, J = 2.1 Hz, 1H), 7.55 (dd, J = 8.4, 6.8 Hz, 2H), 7.42 (ddd, J = 8.3, 7.0, 1.2 Hz,

1H), 7.26 (dd, J = 8.7, 2.1 Hz, 1H), 7.22-7.09 (m, 3H), 6.97 (d, J = 7.6 Hz, 2H), 6.70 (t, J = 7.2,
Hz, 1H), 4.41 (q,J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H).

3.29. 9-Hexyl-3-[N-phenylamino]-9H-carbazole (24)

H Analogously to the procedure described in section 3.24, this

N@ synthesis was carried out with 22 (324 mg, 0.981 mmol), tBuOK

(121 mg, 1.08 mmol), Pd(AcO), (17 mg, 0.075 mmol) and JohnPhos

04 (44 mg, 0.15 mmol) in toluene (9 mL) and aniline (107 uL,

1.18 mmol). The crude was purified by flash column

chromatography in neutralized silica using hexane as eluent.

Compound 24 was obtained as a white solid in a yield of 65% (220 mg, 0.642 mmol).

IH NMR (400 MHz, DMSO-ds) & (ppm): 8.08 (d, J = 7.8 Hz, 1H), 7.94 (s, 1H), 7.87 (d, J = 2.1

Hz, 1H), 7.54 (dd, J = 8.4, 6.8 Hz, 2H), 7.42 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 7.25 (dd, J = 8.7,

2.1 Hz, 1H), 7.22-7.09 (m, 3H), 6.97 (d, J = 7.6 Hz, 2H), 6.70 (t, J = 7.2 Hz, 1H), 4.35 (t, J = 7.0
Hz, 2H), 1.75 (m, 2H), 1.33-1.19 (m, 6H), 0.83 (t, J = 7.0 Hz, 3H).
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3.30. 5-Ethyl-5,11-dihydro-indolo[3,2-b]carbazole (25)

H Method 1:23 (150 mg, 0.524 mmol), K2CO3 (7.2 mg, 0.052 mmol) and

Pd(AcO)2 (5.9 mg, 0.026 mmol) were dissolved in pivalic acid (0.95 g)

in a reaction tube and the mixture was stirred at 110 °C for 17 h under

K 25 air. After, the mixture was cooled to room temperature, diluted with

dichloromethane and washed with a solution of NaHCOs. The organic extract was dried

over anhydrous MgSQg, filtered and the solvent was removed under reduced pressure. The

crude was purified by flash column chromatography in neutralized silica using a mixture of

hexane and AcOEt (20:1 v/v) as eluent. Compound 25 was obtained as a pale brown solid
in a yield of 44% (66 mg, 0.23 mmol).

Method 2: 23 (100 mg, 0.349 mmol), Cu(AcO)2 (127 mg, 0.70 mmol) and Pd(AcO); (31 mg,
0.14 mmol) were dissolved in anhydrous DMF (250 L) in a reaction tube under nitrogen
and the mixture was stirred for 1 h at 130 °C under microwave irradiation. After, the
mixture was cooled to room temperature, diluted with dichloromethane and washed with
a solution of NaHCOs. The organic extract was dried over anhydrous MgSQO, filtered and
the solvent was removed under reduced pressure. The crude was purified by flash column
chromatography in neutralized silica using a mixture of hexane and AcOEt (20:1 v/v) as
eluent. Compound 25 was obtained as a pale brown solid in a yield of 13% (13 mg, 0.046

mmol).

1H NMR (400 MHz, DMSO-ds) & (ppm): 11.06 (s, 1H), 8.28 (s, 1H), 8.24 (d, J = 7.7 Hz, 2H),
8.16 (s, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.49-7.42 (m, 2H), 7.38 (dd, J = 7.5, 7.5 Hz, 1H),
7.20-7.11 (m, 2H), 4.53 (q, J = 7.0 Hz, 2H), 1.39 (t, J = 7.0 Hz, 3H).

3.31. 5,11-Diethyl-5,11-dihydro-indolo[3,2-b]carbazole (26)

25 (50 mg, 0.18 mmol) was dissolved in anhydrous DMF (2 mL) under

nitrogen. NaH (11 mg, 60% in mineral oil, 0.26 mmol) was added and

the solution was stirred for 30 min at room temperature. Then,

bromoethane (30 pL, 0.35 mmol) was added and the reaction was

26 stirred overnight. After, it was diluted with water and the product

was extracted with dichloromethane. The combined organic extract was dried with MgSQg,

filtered and the solvent was removed under reduced pressure. The crude was purified by

flash column chromatography using hexane and dichloromethane (5:1 v/v) as eluent.

Compound 26 was obtained as a pale brown solid in a yield of 91% (50 mg, 0.16 mmol).

IH NMR (400 MHz, DMSO-ds) & (ppm): 8.34 (s, 2H), 8.28 (d, J = 7.7 Hz, 2H), 7.58 (d, J = 8.2

Hz, 2H), 7.46 (dd, J = 8.1, 7.4 Hz, 2H), 7.19 (dd, J = 7.4, 7.4 Hz, 2H), 4.54 (g, J = 7.1 Hz, 4H),
1.38 (t, J = 7.1 Hz, 6H).
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3.32. 5-Hexyl-5,11-dihydro-indolo[3,2-b]carbazole (27)

H Analogously to the procedure described in method 1 of section 3.30,

this synthesis was carried out with 24 (198 mg, 0.578 mmol), K2COs
N (8.0 mg, 0.058 mmol) and Pd(AcO): (7.5 mg, 0.033 mmol) in pivalic

27 acid (1.05 g). The crude was purified by flash column
chromatography in neutral alumina using a mixture of hexane and

dichloromethane (5:1 v/v) as eluent. Nevertheless, compound 27

could not be detected.

3.33. 11-Hexyl-5,11-dihydro-indolo[3,2-b]carbazol-6-yl pivalate (28)

Compound 28 was obtained in a yield of 20% (51 mg, 0.12 mmol) as

jo H a by-product of the cyclization conditions described in section 3.32.

" 'H NMR (400 MHz, DMSO-ds) 6 (ppm): 10.63 (s, 1H), 8.28 (d, J = 7.6

O N Q O Hz, 1H), 8.24 (s, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 8.3 Hz, 1H),

7.56 (d, J = 8.1 Hz, 1H), 7.50-7.41 (m, 2H), 7.20 (dd, J = 7.4, 7.3 Hz,
1H), 7.19 (dd, J = 7.5, 7.4 Hz, 1H), 4.49 (t, J = 7.0 Hz, 2H), 1.85 (m, 2H),
1.62 (s, 9H), 1.49-1.19 (m, 6H), 0.82 (t, J = 7.2 Hz, 3H). HRMS (ESI-MS)
(m/z): calculated for Ca9H33N202 (M+H)*, 441.2537; found 441.2551.

28

A

3.34. 11,11'-Dihexyl-5,11-dihydro-11H-5,6'-biindolo[3,2-b]carbazole (29)

Compound 29 was obtained in a yield of 14% (28 mg, 0.041 mmol) as a by-product of the

cyclization conditions described in section 3.32. 'H NMR (400 MHz,

DMSO-de) 6 (ppm): 6 10.84 (s, 1H), 8.64 (s, 1H), 8.61 (s, 1H), 8.55 (d,

J=7.5Hz, 1H), 8.41 (d, J = 7.9 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.54

(d, J=7.9 Hz, 2H), 7.54 (s, 1H), 7.39-7.19 (m, 7H), 6.93 (dd, J = 7.5,

O 7.5 Hz, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.52 (dd, J = 7.5, 7.5 Hz, 1H), 6.10
(d, J = 7.9 Hz, 1H), 4.68-4.51 (m, 4H), 1.95 (m, 4H), 1.55-1.21 (m,
12H), 0.88 (t, J = 8.4 Hz, 3H), 0.87 (t, J = 8.4 Hz, 3H). MS (ESI-MS)
(m/z): calculated for CagHasNs M**, 678.4; found 678.5.

\

DO
Qe

2

o

3.35. 9-Hexyl-2,7-bis(2-methylthiophenyl)-9H-carbazole (31a)
S— =S 5 (1.15 g, 2.80 mmol), 2-methylthiophenylboronic acid
O O " O O (1.22 g, 7.28 mmol), Pd(PPhs)4 (0.16 g, 0.14 mmol) and K,CO3
(2.33 g, 16.8 mmol) were placed in a round-bottom flask.
3a Then, the system was purged with nitrogen. A previously
purged mixture of THF and water (6:1 v/v, 58 mL) was added

to the flask and stirred under reflux overnight. The reaction mixture was extracted with
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CHyCly. Then, the combined organic extract was dried over anhydrous MgSQg, filtered and
the solvent was removed under reduced pressure. The crude was purified by flash column
chromatography using a mixture of hexane and dichloromethane (20:1 v/v) as eluent.
Compound 31a was obtained as a white solid in a yield of 80% (1.11 g, 2.25 mmol). *H NMR
(400 MHz, CDCl3) & (ppm): 8.14 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.40-7.31 (m,
6H), 7.29-7.23 (m, 4H), 4.30 (t, J = 7.3 Hz, 2H), 2.37 (s, 6H), 1.94-1.83 (m, 2H), 1.45-1.20
(m, 6H), 0.84 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCls) & (ppm): 141.9, 140.8, 138.2,
137.7, 130.5, 127.9, 125.3, 124.8, 122.2, 120.5, 120.2, 109.9, 43.4, 31.8, 29.3, 27.2, 22.7,
16.1, 14.2. HRMS (ESI-MS) (m/z): calculated for Cs;H3aNS, (M+H)*, 496.2127; found
496.2131.

3.36. 9-Hexyl-2,7-bis(2-methylsulfinylphenyl)-9H-carbazole (31b)

o o 31a (602 mg, 1.21 mmol) was dissolved in glacial acetic acid
> S (40 mL) and cooled at 0 °C. Hydrogen peroxide (35%, 218 uL,
O O N O O 2.55 mmol) was added carefully and the mixture was stirred
overnight at room temperature. After, the solvents were
31b removed under reduced pressure. The crude was purified by
flash column chromatography using a mixture of hexane and
ethyl acetate (1:1 v/v) as eluent. Compound 31b, corresponding to a diastereomeric
mixture, was obtained as a pale yellow solid in a yield of 94% (600 mg, 1.14 mmol). *H NMR
(400 MHz, CDCl3) 6 (ppm): 8.19(d, J=7.9, 2H), 8.17 (s+s’,d,/=7.9, 2H), 7.67 (s + 5/, dd,
J=7.6,7.4Hz,2H), 7.60 (s +s’,dd, J = 7.4, 7.4 Hz, 2H), 7.25 (s + &', d, J = 7.4 Hz, 2H), 7.46 (s,
2H), 7.25 (dd, J = 7.9, 1.4 Hz, 2H), 4.32 (t, J = 7.2 Hz, 2H), 2.34 (s, 6H), 1.87 (m, 2H), 1.45—
1.20 (m, 6H), 0.83 (t,J=7.1 Hz, 3H). 13C NMR (100 MHz, CDCl5) & (ppm): 144.2, 141.1, 140.3,
136.0, 130.8, 130.8, 128.8, 123.6, 122.4, 121.2, 120.5, 109.7, 43.6, 41.6, 31.7, 29.3, 27.3,
22.7, 14.1. HRMS (ESI-MS) (m/z): calculated for C3;H3aNO2S; (M+H)*, 528.2025; found
528.2023.

3.37. 9-Hexyl-2,7-bis(2-methylsulfonylphenyl)-9H-carbazole (31c)

o 31a (105 mg, 0.212 mmol) was dissolved in glacial acetic acid

\\S/ ~8=0 (3.5 mL) at 50 °C. Hydrogen peroxide (35%, 516 pL, 6.00 mmol)
O O O Q was added carefully and the mixture was stirred at 50 °C for
4.5 h. After, the mixture was poured into a solution of NaHCO3

31e and was extracted with dichloromethane. The combined

organic extract was dried over anhydrous MgSOs and the

solvent was removed under reduced pressure. The crude was purified by flash column

chromatography using a mixture of hexane and ethyl acetate (2:1 v/v) as eluent. Compound
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31c was obtained as a white solid in a yield of 80% (95 mg, 0.17 mmol). *H NMR (400 MHz,
CDCls) & (ppm): 8.30 (dd, J = 8.0, 1.4 Hz, 2H), 8.18 (d, J = 8.0 Hz, 2H), 7.72-7.67 (m, 4H),
7.63-7.57 (m, 2H), 7.53 (dd, J = 7.5, 1.4 Hz, 2H), 7.30 (dd, /= 8.0, 1.5 Hz, 2H), 4.33 (t,/=7.3
Hz, 2H), 2.57 (s, 6H), 1.94-1.85 (m, 2H), 1.39-1.19 (m, 6H), 0.81 (t, J = 7.0 Hz, 3H). HRMS
(ESI-MS) (m/z): calculated for C32H3aNO4S; (M+NH.4)*, 577.2189; found 577.2178.

3.38. 9-Hexyl-3,6-bis(2-methylthiophenyl)-9H-carbazole (32a)

Analogously to the procedure described in section 3.35, this
synthesis was carried out with 18 (1.15 g, 2.81 mmol), 2-
methylthiophenylboronic acid (1.23 g, 7.31 mmol), Pd(PPhs)s
(0.16 g, 0.14 mmol) and K,COs3 (2.33 g, 16.9 mmol) in a mixture of
THF and water (6:1 v/v, 58 mL). Compound 32a was obtained as a
white solid in a yield of 85% (1.19 g, 2.40 mmol). *H NMR (400 MHz,
CDCl3) & (ppm): 8.12 (d, J = 1.7 Hz, 2H), 7.54 (dd, J = 8.1, 1.7 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H),
7.38-7.28 (m, 4H), 7.33 (d, J = 8.1 Hz, 2H), 7.25-7.20 (m, 2H), 4.34 (t, J = 7.4 Hz, 2H), 1.99—
1.89 (m, 2H), 1.53—-1.28 (m, 6H), 0.90 (t, J = 7.0 Hz, 3H). 133C NMR (100 MHz, CDCl3) & (ppm):
141.8,140.4,137.7,131.4,130.7,127.6,127.4,125.1,124.8,123.0,121.4,108.4,43.6, 31.8,
29.2, 27.2, 22.7, 16.1, 14.2. HRMS (ESI-MS) (m/z): calculated for Cs;H34NS; (M+H)*,
496.2127; found 496.2122.

32a

3.39. 9-Hexyl-3,6-bis(2-methylsulfinylphenyl)-9H-carbazole (32b)

o) o Analogously to the procedure described in section 3.36, this
synthesis was carried out with 32a (0.250 g, 0.504 mmol) and
hydrogen peroxide (35%, 93 pL, 1.1 mmol) in glacial acetic acid

(17 mL). Compound 32b, corresponding to a diastereomeric

mixture, was obtained as a pale yellow solid in a yield of 95%

32b (0.254 g, 0.481 mmol). H NMR (400 MHz, CDCls) & (ppm): 8.17—-

8.13 (m, 2H), 8.11-8.07 (m, 2H), 7.65—7.55 (m, 4H), 7.55-7.48 (m,

4H), 7.45 and 7.42 (dd + dd’, /= 7.4, 1.3 Hz, 2H), 4.38 (t, / = 7.4 Hz, 2H), 2.37 and 2.35 (s +

s’, 6H), 2.00-1.91 (m, 2H), 1.53-1.29 (m, 6H), 0.90 (t, J = 7.1 Hz, 3H). 3C NMR (100 MHz,

CDCl3) 6 (ppm): 144.3, 140.7, 140.2, 131.1, 131.0, 130.9, 130.8, 129.2, 128.5, 127.5, 123.6,

123.0, 121.3, 121.3, 109.3, 43.7, 41.7, 41.7, 31.7, 29.2, 27.2, 22.72, 14.1. HRMS (ESI-MS)
(m/z): calculated for C32H34NO2S; (M+H)*, 528.2025; found 528.2024.
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3.40. 9-Hexyl-3,6-Bis(2-methylsulfonylphenyl)-9H-carbazole (32c)

0 Analogously to the procedure described in section 3.37, this
synthesis was carried out with 32a (62 mg, 0.13 mmol) and

hydrogen peroxide (35%, 321 ulL, 3.75 mmol) in glacial acetic acid

(2.5 mL). Compound 32c was obtained as a white solid in a yield of
86% (60 mg, 0.11 mmol). *H NMR (400 MHz, CDCls) & (ppm): 8.27
(dd, J=8.2, 1.5 Hz, 2H), 8.18 (dd, J = 1.5, 0.6 Hz, 2H), 7.69-7.63 (m,
4H), 7.59-7.54 (m, 2H), 7.51 (dd, J = 8.2, 0.6 Hz, 2H), 7.48 (dd,
J=7.5,1.4 Hz, 2H), 4.38 (t, J = 7.4 Hz, 2H), 2.60 (s, 6H), 2.00-1.91 (m, 2H), 1.54-1.28 (m,
6H), 0.91 (t, J = 7.0 Hz, 3H). HRMS (ESI-MS) (m/z): calculated for C3;H3aNO4S; (M+NH4)*,
577.2189; found 577.2185.

32c

3.41. 2,7-Dibromo-9-methyl-9H-carbazole (33)

3(0.749 g, 2.31 mmol) was dissolved in anhydrous DMF (5 mL) under

BrBr nitrogen. NaH (0.138 g, 60% in mineral oil, 3.46 mmol) was added and

EH, the solution was stirred for 30 min at room temperature. Then,

33 iodomethane (0.29 mL, 4.6 mmol) was added and the reaction was

stirred overnight. After, it was diluted with water and the resultant precipitate was filtered

and dried. The crude was purified by flash column chromatography using hexane as eluent.

Compound 33 was obtained as a white solid in a yield of 89% (0.693 g, 2.04 mmol). H NMR

(400 MHz, CDCl3) 6 (ppm): 7.89 (d, J = 8.3 Hz, 2H), 7.55 (d, J = 1.7 Hz, 2H), 7.35 (dd, / = 8.3,
1.7 Hz, 2H), 3.79 (s, 3H).

3.42. 2,7-Bis(4-hexylphenyl)-9-methyl-9H-carbazole (34)

33 (1.00 g, 2.95 mmol), 4-hexylphenylboronic acid (1.58 g, 7.67 mmol), Pd(PPhs)s (0.17 g,

0.15 mmol) and K>COs3 (2.44 g, 17.7 mmol) were dissolved in a mixture of THF and water

(6:1 v/v, 62 mL) under nitrogen and

O O N Q stirred under reflux overnight. The

EH, reaction mixture was extracted with

34 CH.Cl,. The combined organic extract

was dried over anhydrous MgSQy, filtered and the solvent was removed under reduced

pressure. The crude was purified by flash column chromatography using a mixture of

hexane and ethyl acetate (100:1 v/v) as eluent. Compound 34 was obtained as a white solid

in a yield of 65% (0.970 g, 1.93 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 8.12 (d, J = 8.1

Hz, 2H), 7.66 (d, J = 7.9 Hz, 4H), 7.58 (d, J = 1.5 Hz, 2H), 7.48 (dd, J = 8.1, 1.5 Hz, 2H), 7.30

(d, J=7.9 Hz, 4H), 3.93 (s, 3H), 2.68 (t, J = 7.9 Hz, 4H), 1.68 (m, 4H), 1.43-1.29 (m, 12H),
0.91 (t, J = 7.0 Hz, 6H).
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3.43. 3,6-Dibromo-2,7-bis(4-hexylphenyl)-9-methyl-9H-carbazole (35)

34 (0.968 g, 1.93 mmol) was dissolved in a mixture of glacial acid acetic and chloroform (1:1

v/v, 70 mL) at 0 °C. N-bromosuccinimide (0.704 g, 3.96 mmol) was added in portions and

Br Br the mixture was stirred overnight at

O O O O room temperature in the dark. After,

dN:H3 the reaction was quenched with

35 water and the product was extracted

with CH2Cl,. The combined organic extract was dried over anhydrous MgS0, filtered and

the solvent was removed under reduced pressure. The crude was purified by flash column

chromatography using hexane as eluent. Compound 35 was obtained as a white solid in a

yield of 86% (1.09 g, 1.65 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.32 (s, 2H), 7.43 (d,

J=8.1Hz, 4H), 7.34 (s, 2H), 7.29 (d, J = 8.1 Hz, 4H), 3.78 (s, 3H), 2.69 (t, J = 7.8 Hz, 4H), 1.69
(m, 4H), 1.45-1.29 (m, 12H), 0.91 (t, J = 7.0 Hz, 6H).

3.44. 2,7-Bis(4-hexylphenyl)-9-methyl-3,6-bis(methylthio)-9H-carbazole (36a)

35 (510 mg, 0.776 mmol) was dissolved in anhydrous THF (30 mL) under nitrogen and

cooled to -78 °C. n-Butyllithium (2.5 M in hexane, 0.78 mL, 1.9 mmol) was carefully added

=S S— and stirred for 1 h. Then, dimethyl

O O O Q disulfide (0.17 mL, 1.9 mmol) was

EHS added dropwise, and the mixture was

36a stirred at room temperature

overnight. The mixture was slowly poured into water under continuous agitation and after,

the product was extracted with CH,Cl,. The combined organic extract was dried over

anhydrous MgSQs, filtered and the solvent was removed under reduced pressure. The

crude was purified by flash column chromatography using a mixture of hexane and

dichloromethane (10:1 v/v) as eluent. Compound 36a was obtained as a white solid in a

yield of 62% (287 mg, 0.484 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.08 (s, 2H), 7.45

(d, J = 7.9 Hz, 4H), 7.28 (d, J = 7.9 Hz, 4H), 7.28 (s, 2H), 3.79 (s, 3H), 2.69 (t, J = 7.8 Hz, 4H),

2.41 (s, 6H), 1.69 (m, 4H), 1.45-1.29 (m, 12H), 0.91 (t, J = 6.9 Hz, 6H). 13C NMR (100 MHz,

CDCl3) 6 (ppm): 142.3, 140.9, 140.2, 139.0, 129.7, 128.2, 126.9, 122.0, 120.2, 110.7, 36.0,
31.9,31.6,29.4,29.3,22.8,18.4, 14.3.
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3.45. 2,7-Bis(4-hexylphenyl)-9-methyl-3,6-bis(methylsulfinyl)-9H-carbazole (36b)

36a (200 mg, 0.337 mmol) was dissolved in a mixture of glacial acetic acid and chloroform
(1:1 v/v, 24 mL). Hydrogen peroxide (35%, 61 pL, 0.72 mmol) was subsequently added and

o the mixture was stirred overnight at
_s

0
S~ room temperature. The solvents
O O N O O were removed under reduced
EH, pressure and the crude was purified
36b by flash column chromatography
using a mixture of hexane and ethyl acetate (1:1 v/v) as eluent. Compound 36b,
corresponding to a diastereomeric mixture, was obtained as a pale yellow solid in a yield
of 86% (182 mg, 0.291 mmol). *H NMR (400 MHz, CDCls) 6 (ppm): 8.96 and 8.95 (s and s’,
2H), 7.41 and 7.40 (d and d*, /= 8.0 Hz, 4H), 7.36 (s and s‘, 2H), 7.31 (d, / = 8.0 Hz, 4H), 3.91
(s,3H), 2.70 (t,J=7.8 Hz, 4H), 2.48 and 2.44 (s and s, 6H), 1.69 (m, 4H), 1.45-1.30 (m, 12H),
0.91 (t,J = 7.0 Hz, 6H). 3C NMR (100 MHz, CDCl3) & (ppm): 143.4, 143.4, 143.0, 142.9, 138.4,
138.2, 136.0, 135.5, 135.5, 129.6, 129.5, 129.0, 128.9, 128.9, 122.5, 122.4, 117.3, 117.2,

110.7,110.7,42.7, 42.5, 35.8, 31.8, 31.5, 29.8, 29.1, 22.7, 14.2.

3.46. 14-Hexyl-14H-bis[1]benzothieno[3,2-b:2’,3’-h]carbazole (30a)

S S 31b (200 mg, 0.379 mmol) and phosphorus pentoxide (27 mg,

Q O O O 0.19 mmol) were dissolved in trifluoromethanesulfonic acid

\ (5.7 mL) in a round-bottom flask equipped with a drying tube,

308 and the mixture was stirred at room temperature for 72 h. The

crude was poured into a mixture of ice-water (50 mL) and the

resulting yellow precipitate was filtered. The precipitate was then dissolved in pyridine

(30 mL) and refluxed overnight. The product was precipitated by adding water to the

mixture, filtered and purified by flash column chromatography using a mixture of hexane

and dichloromethane (10:1 v/v) as eluent. Compound 30a was obtained as a bright yellow

solid in a yield of 95% (166 mg, 0.358 mmol). *H NMR (400 MHz, CDCls3) 6 (ppm): 8.49 (s,

2H), 8.24-8.20 (m, 2H), 8.04 (s, 2H), 7.84-7.79 (m, 2H), 7.46-7.39 (m, 4H), 4.45 (t, J =7.3

Hz, 2H), 2.01-1.92 (m, 2H), 1.44-1.19 (m, 6H), 0.82 (t, J = 7.2 Hz, 3H). 23C NMR (100 MHz,

CDCls) & (ppm): 140.6, 140.5, 135.8, 134.7, 130.5, 126.8, 124.2, 123.4, 123.1, 121.5, 114.2,
100.5,43.6, 31.8, 28.7,27.2,22.7, 14.2.

228 | Experimental part



3.47. 3,10-Dihexyl-14-methyl-14H-bis[1]benzothieno[3,2-b:2’,3’-h]carbazole (30b)

36b (182 mg, 0.291 mmol) and phosphorus pentoxide (21 mg, 0.15 mmol) were dissolved

in trifluoromethanesulfonic acid (4.4 mL) and stirred at room temperature for 72 h. The

S S crude was poured into a mixture of

Q O O O ice-water (50 mL) and the resulting

ZH yellow precipitate was filtered. The

30b precipitate was then dissolved in

pyridine (25 mL) and refluxed overnight. The product was precipitated by adding water to

the mixture, filtered and purified by flash column chromatography using a mixture of

hexane and dichloromethane (10:1 v/v) as eluent. Compound 30b was obtained as a dark

yellow solid in a yield of 66% (107 mg, 0.190 mmol). *H NMR (400 MHz, CDCl3) & (ppm):

8.50 (s, 2H), 8.16 (d, J = 8.1 Hz, 2H), 8.04 (s, 2H), 7.68 (s, 2H), 7.31 (dd, J = 8.1, J = 1.5 Hz,

2H), 4.03 (s, 3H), 2.78 (t, J = 7.8 Hz, 4H), 1.73 (m, 4H), 1.45-1.27 (m, 12H), 0.90 (t, J = 7.1

Hz, 6H). 13C NMR (125 MHz, CDCl3) & (ppm): 142.1, 141.2, 140.6, 134.8, 133.7, 130.5, 125.2,
122.9,122.5,121.2,114.0, 100.0, 36.7, 31.9, 31.8, 29.2, 22.8, 14.3.

3.48. 2,3,6,7-Tetrabromo-9H-carbazole (40)

Br Br  3(0.750g, 2.31 mmol) was dissolved in a mixture of glacial acid acetic
Br and chloroform (1:1 v/v, 70 mL) at 0 °C. N-bromosuccinimide
N (0.842 g, 4.73 mmol) was added in portions and the mixture was
40 stirred overnight at room temperature in the dark. Then, the reaction

was quenched with water and the product was extracted with CH>Cl,. The organic layers
were washed with a saturated solution of NaHCOs3, dried over anhydrous MgSQOs, filtered
and the solvent was removed under reduced pressure. The crude was purified by flash
column chromatography using a mixture of hexane and ethyl acetate (10:1 v/v) as eluent.
Compound 40 was obtained as a white solid in a yield of 71% (0.795 g, 1.65 mmol). *H NMR
(400 MHz, CDCl3) &6 (ppm): 8.25 (s, 2H), 8.10 (s, 1H), 7.74 (s, 2H).

3.49. 2,3,6,7-Tetrabromo-9-hexyl-9H-carbazole (38)

Method 1 (from 5): Analogously to the procedure described in section

O O o 3.48, this synthesis was carried out with 5 (0.792 g, 1.94 mmol) and
N-bromosuccinimide (0.706 g, 3.97 mmol) in a mixture of glacial acid

acetic and chloroform (1:1 v/v, 50 mL). The crude was purified by

38 flash column chromatography using hexane as eluent. Compound 38

was obtained as a white solid in a yield of 65% (0.713 g, 1.26 mmol).
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Method 2 (from 40): 40 (0.200 g, 0.414 mmol) was dissolved in anhydrous DMF (3 mL) under
nitrogen. NaH (0.024 g, 60% in mineral oil, 0.62 mmol) was added and the solution was
stirred for 30 min at room temperature. Then, 1-bromohexane (0.12 mL, 0.82 mmol) was
added and the reaction was stirred overnight. After, it was diluted with water and the
product was extracted with CH,Cl,. The organic layers were dried over anhydrous MgSQa,
filtered and the solvent was removed under reduced pressure. The crude was purified by
flash column chromatography using hexane as eluent. Compound 38 was obtained as a
white solid in a yield of 91% (0.210 g, 0.370 mmol).

1H NMR (400 MHz, CDCls) & (ppm): 8.24 (s, 2H), 7.66 (s, 2H), 4.16 (t, J = 7.3 Hz, 2H), 1.87—
1.77 (m, 2H), 1.38-1.24 (m, 6H), 0.88 (t, J = 7.0 Hz, 3H).

3.50. 2,3,6,7-Tetrabromo-9-methyl-9H-carbazole (39)

Analogously to the procedures described in section 3.49, this

Br Br
BrBr synthesis was carried out as follows:
N

CH, Method 1 (from 33). 33 (0.670 g, 198 mmol) and N-
39 bromosuccinimide (0.726 g, 4.08 mmol) in a mixture of glacial acid
acetic and chloroform (1:1 v/v, 70 mL). The crude was purified by flash column
chromatography using a mixture of hexane and ethyl acetate (100:1 v/v) as eluent.

Compound 39 was obtained as a white solid in a yield of 66% (0.650 g, 1.31 mmol).

Method 2 (from 40): 40 (0.456 g, 0.944 mmol) and NaH (0.057 g, 60% in mineral oil,
1.4 mmol) in anhydrous DMF (3 mL). Then, iodomethane (0.117 mL, 1.888 mmol). The
crude was purified by flash column chromatography using hexane as eluent. Compound 39
was obtained as a white solid in a yield of 96% (0.449 g, 0.904 mmol).

1H NMR (400 MHz, CDCls) & (ppm): 8.24 (s, 2H), 7.68 (s, 2H), 3.77 (s, 3H).

3.51. 9-Hexyl-2,3,6,7-tetraphenyl-9H-carbazole (41)

38 (0.593 g, 1.05 mmol), phenylboronic acid (0.583 g,

O Q 4.78 mmol), Pd(PPhs),Cl, (0.037 g, 0.053 mmol), PPhs
O Q (0.027 g, 0.10 mmol) and K,COs3 (2.93 g, 21.2 mmol) were

O N Q dissolved in a mixture of DMF and H;0 (27.9 mL, 9:1 v/v)
under nitrogen and stirred at 110 °C overnight. After cooling

41 to room temperature, the mixture was poured into water and

the resultant precipitate was filtered off and dried. The solid
was purified by flash column chromatography using a mixture of hexane and

dichloromethane (from 100:1 to 25:1 v/v) as eluent. Compound 41 was obtained as a white
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solid in a yield of 81% (0.477 g, 0.858 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 8.15 (s,
2H), 7.44 (s, 2H), 7.32-7.15 (m, 12H), 4.36 (t, J = 7.3 Hz, 2H), 1.98-1.88 (m, 2H), 1.50-1.23
(m, 6H), 0.87 (t, J = 6.9 Hz, 3H).

3.52. 2,3,6,7-Tetrakis(4-hexylphenyl)-9-methyl-9H-carbazole (42)

Analogously to the procedure described in section 3.51, this synthesis was carried out with
39 (0.450 g, 0.906 mmol), 4-hexylphenylboronic acid (0.840 g, 4.08 mmol), Pd(PPhs),Cl,
(0.034 g, 0.048 mmol), PPhs (0.024 g, 0.091 mmol) and K,COs3 (2.51 g, 18.1 mmol) in a
mixture of DMF and H,O (25 mL, 9:1
v/v). Then, the product was extracted

O Q with CH2Cl,. The organic layers were

O O dried over anhydrous MgSO0, filtered
O N O and the solvent was removed under
EH,

reduced pressure. The crude was

42 purified by flash column

chromatography using a mixture of hexane and dichloromethane (20: v/v) as eluent.
Compound 42 was obtained as a white solid in a yield of 81% (0.606 g, 0.737 mmol). H
NMR (400 MHz, CDCl3) 6 (ppm): 8.11 (s, 2H), 7.42 (s, 2H), 7.17 (d, J = 8.1 Hz, 4H), 7.13 (d,
J=8.1Hz, 4H), 7.06 (d, J = 8.1 Hz, 4H), 7.03 (d, J = 8.1 Hz, 4H), 3.90 (s, 3H), 2.59 (t, /= 6.9

Hz, 4H), 2.57 (t, J = 6.9 Hz, 4H), 1.66-1.55 (m, 8H), 1.36-1.25 (m, 24H), 0.92-0.86 (m, 12H).

3.53. 3,6-Bis(4-hexylphenyl)-2,7-diphenyl-9-methyl-9H-carbazole (43)

35 (0.501 g, 0.760 mmol), phenylboronic acid (0.252 g, 2.07 mmol), Pd(PPhs)s (0.045 g,
0.039 mmol) and K2COs (0.630 g, 4.56 mmol) were dissolved in a mixture of THF and H;0
(16.3 mL, 6:1 v/v) under nitrogen. The solution was stirred under reflux overnight. Then,

O Q the product was extracted with

CHyCl,. The organic layers were dried

O O O O over anhydrous MgSQ, filtered and

EHS the solvent was removed under

43 reduced pressure. The crude was

purified by flash column chromatography using a mixture of hexane and dichloromethane

(20:1 v/v) as eluent. Compound 43 was obtained as a white solid in a yield of 91% (0.452 g,

0.691 mmol). *H NMR (400 MHz, CDCls) & (ppm): 8.13 (s, 2H), 7.44 (s, 2H), 7.25-7.19 (m,

10H), 7.18 (d, J = 8.0 Hz, 4H), 7.07 (d, J = 8.0 Hz, 4H), 3.91 (s, 3H), 2.59 (t, J = 7.7 Hz, 4H),
1.65-1.57 (m, 4H), 1.35-1.27 (m, 12H), 0.89 (t, J = 6.7 Hz, 6H).
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3.54. 10-hexyl-10H-diphenanthro[9,10-b:9',10'-h]carbazole (37a)

41 (0.278 g, 0.500 mmol) was dissolved in anhydrous

O Q dichloromethane (15 mL) under nitrogen atmosphere. Then,

.O O. a previously purged solution of anhydrous FeCl; (1.62 g,

O N O 10.0 mmol) in nitromethane (5 mL) was added and the

mixture was stirred for 3 h at room temperature. After, the

37a reaction was diluted with methanol and the resultant

precipitate was filtered off and thoroughly washed with the

same solvent. The precipitate was dried and purified by flash column chromatography

using a mixture of hexane and dichloromethane (20:1 v/v) as eluent. Compound 37a was

obtained as a yellow solid in a yield of 80% (0.221 g, 0.401 mmol). *H NMR (400 MHz, CDCls)

& (ppm): 9.60 (s, 2H), 8.96 (d, J = 8.2 Hz, 2H), 8.82 (d, J = 8.1 Hz, 2H), 8.71 (dd, J = 8.4, 8.4

Hz, 4H), 8.59 (s, 2H), 7.81-7.61 (m, 8H), 4.65 (t, J = 7.2 Hz, 2H), 2.25-2.04 (m, 2H), 1.65—

1.25 (m, 6H), 0.91 (t, J = 7.2 Hz, 3H). 33C NMR (125 MHz, CDCls) & (ppm): 142.5,131.1, 130.5,

130.2, 129.6, 128.8, 127.5, 127.3, 127.2, 126.3, 124.0, 123.7, 123.6, 123.5, 123.2, 123.2,

115.4, 101.3, 43.4, 31.8, 29.9, 28.9, 27.3, 22.8, 14.2. HRMS (ESI-MS) (m/z): calculated for
CazH33N M**, 551.2608; found 551.2611.

3.55. 6,14-Dihexyl-10-methyl-10H-diphenanthro[9,10-b:9',10'-h]carbazole (37b)

43 (0.220 g, 0.336 mmol) was dissolved in anhydrous dichloromethane (10.2 mL) under

nitrogen atmosphere. Then, a previously purged solution of anhydrous FeClz (1.09 g,
O Q 6.72 mmol) in nitromethane (3.4 mL)

was added and the mixture was

0.0 Q'O stirred for 15 min at 0 °C. After, the

EH3 reaction was diluted with methanol

37b and the resultant precipitate was

filtered off and thoroughly washed with the same solvent. The precipitate was dried and
purified by flash column chromatography in neutral alumina using a mixture of hexane and
ethyl acetate (20:1 v/v) as eluent. Compound 37b was obtained as a bright yellow solid in
avyield of 71% (0.154 g, 0.237 mmol). *H NMR (400 MHz, CDCls) & (ppm): 9.29 (s, 2H), 8.80
(d, J=8.1Hz, 2H), 8.63 (d, J = 7.8 Hz, 2H), 8.59 (d, J = 8.5 Hz, 2H), 8.42 (s, 2H), 8.26 (s, 2H),
7.70-7.64 (m, 2H), 7.63-7.58 (m, 2H), 7.49 (dd, /= 8.3, 1.7 Hz, 2H), 3.87 (s, 3H), 2.87 (t, J =
7.7 Hz, 4H), 1.86-1.75 (m, 4H), 1.52-1.32 (m, 12H), 0.93 (t, J/ = 7.1 Hz, 6H). 3C NMR
(100 MHz, CDCl3) 6 (ppm): 142.7, 141.9, 131.2, 130.0, 129.6, 128.8, 128.4, 127.9, 127.3,

126.0, 123.5, 123.5, 123.4, 123.2, 123.0, 122.8, 115.0, 100.6, 36.5, 32.0, 31.8, 29.3, 29.3,
22.8,14.3.
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3.56. 3,6,14,17-Tetrahexyl-10-methyl-10H-diphenanthro[9,10-b:9',10'-h]-

carbazole (37c)

Analogously to the procedure

described in section 3.55, this

O Q synthesis was carried out with 42

.O Q. (0.411 g, 0.500 mmol) and anhydrous

O N O FeClz (1.62 g, 10.0 mmol) in

CH; anhydrous dichloromethane (15 mL)

37e and nitromethane (5 mL). The

precipitate was dried and purified by flash column chromatography in neutral alumina

using a mixture of hexane and ethyl acetate (50:1 v/v) as eluent. Further purification was

carried out by precipitating the product in the eluent mixture and removing the solvent.

Compound 37c was obtained as a bright yellow solid in a yield of 33% (0.135 g, 0.165 mmol).

'H NMR (400 MHz, CDCls) & (ppm): 9.50 (s, 2H), 8.84 (d, J = 8.4 Hz, 2H), 8.72 (d, J = 8.5 Hz,

2H), 8.50 (s, 2H), 8.48 (s, 2H), 8.46 (s, 2H), 7.57 (dd, /= 8.5, 1.0 Hz, 2H), 7.53 (dd, /= 8.4, 1.0

Hz, 2H), 4.14 (s, 3H), 2.91 (t, J = 7.8 Hz, 8H), 1.87—1.77 (m, 8H), 1.52—1.33 (m, 24H), 0.93 (t,

J=7.0 Hz, 6H), 0.92 (t, J = 7.0 Hz, 6H). 133C NMR (100 MHz, CDCls) & (ppm): 142.4, 141.6,

140.5, 130.0, 129.2, 129.1, 128.7, 128.5, 128.0, 127.6, 123.5, 123.4, 123.2, 123.0, 122.8,

122.8,114.64, 100.45, 36.5, 32.1, 32.0, 31.9, 29.4, 29.4, 31.9, 29.4, 29.4, 22.9, 22.9, 14.3,
14.3.

3.57. 2,3,4,5-Tetraphenylthiophene (44a)

General procedure: Tetrabromothiophene (0.402 g, 1.01 mmol),

O O phenylboronic acid (0.554 g, 4.54 mmol), Pd(PPhs),Cl, (0.035 g,
7 0.050 mmol), PPh3 (0.028 g, 0.11 mmol) and K,CO3 (2.76 g, 20.0 mmol)

O S O were dissolved in a mixture of DMF and H,0 (22.5 mL, 8:1 v/v) under
44a nitrogen and stirred at 110 °C overnight. After cooling to room

temperature, the reaction mixture was diluted with water and the resulting precipitate was
filtered off and dried. The solid was purified by flash column chromatography using hexane

as eluent.

Compound 44a was obtained as a white solid in a yield of 62% (0.241 g, 0.620 mmol).
'H NMR (400 MHz, CDCl3) 6 (ppm): 7.25-7.18 (m, 10H), 7.15-7.08 (m, 6H), 6.99-6.94 (m,
4H).
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3.58. 2,3,4,5-Tetra-p-tolylthiophene (44b)

H,C CH, As described in section 3.57, this synthesis was carried out

O Q with tetrabromothiophene (0.400 g, 1.00 mmol), p-

tolylboronic acid (0.633 g, 4.66 mmol), Pd(PPh3),Cl, (0.037 g,

O /s\ O 0.053 mmol), PPhs (0.027 g, 0.10 mmol) and K,COs (2.80 g,

e 44b ot 20.3 mmol) in a mixture of DMF and H,0 (22.5 mL, 8:1 v/v).

The precipitate was purified using hexane as eluent. Compound 44b was obtained as a

white solid in a yield of 67% (0.296 g, 0.666 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 7.11

(d, J = 8.1 Hz, 4H), 7.02 (d, J = 8.1 Hz, 4H), 6.92 (d, J = 8.0 Hz, 4H), 6.84 (d, J = 8.0 Hz, 4H),
2.30 (s, 6H), 2.26 (s, 6H).

3.59. 2,3,4,5-Tetrakis(2,5-dimethylphenyl)thiophene (44c)

As described in section 3.57, this synthesis was carried out with

O O tetrabromothiophene (0.400 g, 1.00 mmol), 2,5-

T dimethylphenylboronic acid (0.670 g, 4.47 mmol), Pd(PPhs).Cl,

O S o (0.036 g, 0.051 mmol), PPhs (0.028 g, 0.11 mmol) and KCOs

44c (2.76 g, 20.0 mmol) in a mixture of DMF and H,0 (22.5 mL, 8:1 v/v).

After diluting with water, the product was extracted with dichloromethane. The combined

organic extract was dried over anhydrous MgSQ, filtered and the solvent was removed

under reduced pressure. The crude was purified using hexane as eluent. Compound 44c

was obtained as a white solid in a yield of 69% (0.343 g, 0.685 mmol). *H NMR (400 MHz,

CDCl3) & (ppm): 7.10-7.04 (m, 2H), 7.00-6.91 (m, 4H), 6.82—6.66 (m, 6H), 2.22 (s, 3H), 2.21
(s, 3H), 2.16 (s, 3H), 2.14 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 1.93 (s, 3H), 1.79 (s, 3H).

3.60. 2,3,4,5-Tetrakis([1,1'-biphenyl]-4-yl)thiophene (44d)

As described in section 3.57, this synthesis was carried
out with tetrabromothiophene (0.400 g, 1.00 mmol), 4-
biphenylboronic acid (0.930 g, 4.70 mmol), Pd(PPhs).Cl,
(0.036 g, 0.051 mmol), PPhs (0.026 g, 0.099 mmol) and
K2COs (2.75 g, 20.0 mmol) in a mixture of DMF and H,0
(22.5 mL, 8:1 v/v). The precipitate was purified using a

mixture of hexane and dichloromethane (3:1 v/v) as eluent. Compound 44d was obtained
as a pale yellow solid in a yield of 81% (0.563 g, 0.813 mmol). *H NMR (400 MHz, CDCls) &
(ppm): 7.62=7.56 (m, 8H), 7.50 (d, J = 8.4 Hz, 4H), 7.46—7.41 (m, 8H), 7.41-7.35 (m, 8H),
7.35-7.27 (m, 4H), 7.12 (d, J = 8.4 Hz, 4H).
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3.61. 2,3,4,5-Tetrakis(4-fluorophenyl)thiophene (44e)

F F As described in section 3.57, this synthesis was carried out with
O O tetrabromothiophene (0.402 g, 1.01 mmol), 4-
fluorophenylboronic acid (0.711 g, 5.08 mmol), Pd(PPhs),Cl;
i O /s\ O _ (0.036 g, 0.051 mmol), PPhs (0.026 g, 0.099 mmol) and K:COs
44e (2.73 g, 19.8 mmol) in a mixture of DMF and H,0 (22.5 mL, 8:1
v/v). After diluting with water, the product was extracted with dichloromethane. The
combined organic extract was dried over anhydrous MgSQs, filtered and the solvent was
removed under reduced pressure. The crude was purified using hexane as eluent.
Compound 44e was obtained as a white solid in a yield of 66% (0.306 g, 0.664 mmol).
IH NMR (400 MHz, CDCl3) & (ppm): 7.17 (dd, J = 8.8, 5.3 Hz, 4H), 6.94 (dd, J = 8.8, 8.5 Hz,
4H), 6.91-6.81 (m, 8H).

3.62. 2,3,4,5-Tetrakis(4-hexyloxyphenyl)thiophene (44f)

As described in section 3.57, this synthesis was carried out with tetrabromothiophene
(0.401 g, 1.00 mmol), 4-hexyloxyphenylboronic acid (1.00 g, 4.50 mmol), Pd(PPhs),Cl,
(0.035 g, 0.050 mmol), PPh3 (0.026 g, 0.099 mmol) and K,COs3 (2.76 g, 20.0 mmol) in a
mixture of DMF and H,O (22.5 mL, 8:1 v/v). After diluting with water, the product was

\,\’\( \/\/\/ extracted with dichloromethane. The
o) o] combined organic extract was dried
O O over anhydrous MgSQy, filtered and the

solvent was removed under reduced

/\/\/\o O /s\ O O/\/\/\ pressure. The crude was purified in

44f neutralized silica using a mixture of
hexane and dichloromethane (10:1 v/v) as eluent. Compound 44f was obtained as a white
solid in a yield of 82% (0.649 g, 0.822 mmol). *H NMR (400 MHz, CDCls) & (ppm): 7.13 (d,
J=8.6 Hz, 4H), 6.84 (d, J = 8.5 Hz, 4H), 6.74 (d, J = 8.6 Hz, 4H), 6.65 (d, J = 8.5 Hz, 4H), 3.91
(t, J = 6.6 Hz, 4H), 3.87 (t, J = 6.6 Hz, 4H), 1.79-1.70 (m, 8H), 1.48-1.38 (m, 8H), 1.37-1.27
(m, 16H), 0.91 (t, J = 6.8 Hz, 12H).

3.63. 2,3,4,5-Tetrakis(3,4-dimethoxyphenyl)thiophene (44g)

o/ v o) As described in section 3.57, this synthesis was carried out with
0

tetrabromothiophene  (0.605 g 1.51 mmol), 3,4-

O Q dimethoxyphenylboronic acid (1.23 g, 6.76 mmol), Pd(PPhs).Cl»

7\ (0.056 g, 0.080 mmol), PPhs (0.040 g, 0.15 mmol) and K>COs3
o O S O o (4.16 g, 30.15 mmol) in a mixture of DMF and H,0 (22.5 mL, 8:1
/ 449 \
/ \

v/v). The precipitate was purified using dichloromethane as
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eluent. Compound 44g was obtained as a pale brown solid in a yield of 65% (0.613 g, 0.975
mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 6.92 (dd, J = 8.4, 2.0 Hz, 2H), 6.77 (d, J = 8.4 Hz,
2H), 6.73 (d, J = 2.0 Hz, 2H), 6.68 (d, J = 8.2 Hz, 2H), 6.58 (dd, J = 8.2, 1.9 Hz, 2H), 6.52 (d,
J=1.9 Hz, 2H), 3.87 (s, 6H), 3.82 (s, 6H), 3.59 (s, 6H), 3.52 (s, 6H).

3.64. 2,3,4,5-Tetrakis(4-(diphenylamino)phenyl)thiophene (44h)

As described in section 3.57, this synthesis was
carried out with tetrabromothiophene (0.397 g,

Q I ! @ 0.993 mmol), 4-(diphenylamino)phenyl boronic acid

(1.28 g, 4.44 mmol), Pd(PPhs3),Cl> (0.042 g,

Q / Q 0.060 mmol), PPhs (0.027 g, 0.10 mmol) and K>COs
N O S O N (2.76 g, 20.0 mmol) in a mixture of DMF and H,0

44h (22.5 mL, 8:1 v/v). The precipitate was purified in

neutralized silica using a mixture of hexane and

dichloromethane (10:1 v/v) as eluent. Compound 44h was obtained as a bright yellow solid
in a yield of 73% (0.772 g, 0.730 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 7.22-7.15 (m,

6H), 7.15-7.07 (m, 12H), 7.06-7.01 (m, 8H), 6.99-6.88 (m, 18H), 6.88—6.80 (m, 12H). MS
(MALDI-TOF) (m/z): calculated for C76HseN4S M**, 1056.4; found 1056.5.

3.65. Diphenanthro[9,10-b:9',10'-d]thiophene (45a)

O Q General procedure: 44a (0.194 g, 0.500 mmol) was dissolved in
Q ' anhydrous dichloromethane (15 mL) under nitrogen atmosphere.
O s O Then, a previously purged solution of anhydrous FeCls (1.46 g,
45a 9.00 mmol) in nitromethane (5 mL) was added and the mixture was

stirred for 1.5 h at room temperature. After, the reaction was diluted with methanol and
the resultant precipitate was filtered off and thoroughly washed with the same solvent.
The precipitate was dried and purified by flash column chromatography using a mixture of

hexane and ethyl acetate (10:1 v/v) as eluent.

Compound 45a, however, could not be completely isolated from the different by-products.
MS (MALDI-TOF) (m/z): calculated for CasH16S M**, 384.1; found 384.1.

3.66. 3,6,12,15-Tetramethyldiphenanthro[9,10-b:9',10'-d]thiophene (45b)

HiC CHs As described in section 3.65, this synthesis was carried out

O Q with 44b (0.223 g, 0.502 mmol) and anhydrous FeCls

U ' (1.46 g, 9.00 mmol) in anhydrous dichloromethane (15 mL)
H3C O S O CHs
45b

and nitromethane (5 mL) for 5 h. The precipitate was
thoroughly washed with methanol and dried. Compound
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45b was obtained as a pale yellow solid in a yield of 90% (0.199 g, 0.452 mmol). *H NMR
(400 MHz, CDCl3) & (ppm): 8.65 (d, J = 8.4 Hz, 2H), 8.51 (s, 4H), 8.12 (d, J = 8.2 Hz, 2H), 7.50
(dd, J=8.4, 1.2 Hz, 2H), 7.36 (dd, J = 8.2, 1.5 Hz, 2H), 2.66 (s, 6H), 2.65 (s, 6H).

3.67. 1,4,5,8,10,13,14,17-Octamethyldiphenanthro[9,10-b:9',10'-d]thiophene
(45c)

O O As described in section 3.65, this synthesis was carried out with 44c
U ' (0.250 g, 0.500 mmol) and anhydrous FeCls; (1.46 g, 9.00 mmol) in
O s\ O anhydrous dichloromethane (15 mL) and nitromethane (5 mL) for
45¢ 1.5 h. The precipitate was dried and purified using hexane as eluent.

Nevertheless, compound 45c was not detected among the several by-products.

3.68. 3,6,12,15-Tetraphenyldiphenanthro[9,10-b:9',10'-d]thiophene (45d)

As described in section 3.65, this synthesis was carried
out with 44d (0.348 g, 0.502 mmol) and anhydrous
FeCls (1.46 g 9.00 mmol) in anhydrous
dichloromethane (15 mL) and nitromethane (5 mL) for

3.5 h. The precipitate was thoroughly washed with

methanol and dried. Compound 45d was obtained as a
pale yellow solid in a yield of 77% (0.267 g, 0.388 mmol). *H NMR (400 MHz, CDCls) 6 (ppm):
8.90 (d, J = 1.7 Hz, 2H), 8.88 (d, J = 1.7 Hz, 2H), 8.78 (d, J = 8.5 Hz, 2H), 8.22 (d, J = 8.2 Hz,
2H), 7.88 (dd, J = 8.2, 1.7 Hz, 2H), 7.85-7.77 (m, 8H), 7.76 (dd, J = 8.5, 1.7 Hz, 2H), 7.58-7.52
(m, 8H), 7.49-7.42 (m, 4H).

3.69. 3,6,12,15-Tetrafluorodiphenanthro[9,10-b:9',10'-d]thiophene (45e)

F F As described in section 3.65, this synthesis was carried out with

O Q 44e (0.230 g, 0.500 mmol) and anhydrous FeCl; (1.46 g,
9.00 mmol) in anhydrous dichloromethane (15 mL) and

F OU s 'Q ¢ hitromethane (5 mL) for 72 h. The precipitate was thoroughly

45e washed with methanol and dried. Compound 45e was obtained
as a white solid in a yield of 33% (0.076 g, 0.17 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm):
8.68 (dd, J=9.1, 5.8 Hz, 2H), 8.27-8.19 (m, 5H), 7.52-7.46 (d, / = 2.4 Hz, 2H), 7.39-7.31 (m,
2H).
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3.70. 3,6,12,15-Tetrahexyloxydiphenanthro[9,10-b:9',10'-d]thiophene (45f)
As described in section 3.65, this
\/\/\/O O\/\/\/ synthesis was carried out with 44f
O Q (0.200 g, 0.253 mmol) and anhydrous
U ' FeCl3(0.739 g, 4.55 mmol) in anhydrous
/\/\/\O O ] Q O/\/\/\
45f

dichloromethane (7.6 mL) and

nitromethane (2.5 mL) for 24 h. The
precipitate was thoroughly washed with methanol and dried. Nevertheless, compound 45f
was not formed and only the monocyclized compound 45f was detected.

3.71. 2,3,6,7,11,12,15,16-Octamethoxydiphenanthro[9,10-b:9',10'-d]thiophene
(45g)

As described in section 3.65, this synthesis was carried out with

DS
44g (0.459 g, 0.730 mmol) and anhydrous FeCls (2.13 g,
O Q 13.1 mmol) in anhydrous dichloromethane (22 mL) and
U ' nitromethane (7.5 mL) for 7 h. The precipitate was thoroughly
/O O 429 O O\ washed with methanol and dried. Compound 45g was obtained
—0 0

—~ asawhite solid in ayield of 92% (0.491 g, 0.671 mmol). 'H NMR
(400 MHz, CDCl3) & (ppm): 8.12 (s, 2H), 7.91 (s, 2H), 7.90 (s, 2H), 7.54 (s, 2H), 4.18 (s, 12H),
4.16 (s, 6H), 3.85 (s, 6H).

3.72. 3,4-Dibromo-2,5-di(phenanthren-9-yl)thiophene (46a)

Br Br Method 1 (THF): Tetrabromothiophene (0.600 g, 1.50 mmol),
CO /s\ OO phenanthren-9-ylboronic acid (0.700 g, 3.15 mmol), Pd(PPhs)a
Q ' (0.087 g, 0.075 mmol) and K,COs (2.08 g, 15.1 mmol) were

46a dissolved in a mixture of THF and H,0 (52.5 mL, 6:1 v/v) under

nitrogen and stirred under reflux overnight. After cooling to room temperature, the

reaction mixture was diluted with water and the product was extracted with
dichloromethane. The organic layers were dried over anhydrous MgSQ,, filtered and the
solvent was removed under reduced pressure. The crude was purified by flash column
chromatography using a mixture of hexane and dichloromethane (20:1 v/v) as eluent.
Compound 46a was obtained as a pale yellow solid in a yield of 26% (0.235 g, 0.395 mmol).

Method 2 (toluene): Tetrabromothiophene (0.398 g, 0.996 mmol), phenanthren-9-
ylboronic acid (0.466 g, 2.10 mmol), Pd(PPhs),Cl, (0.037 g, 0.053 mmol), PPh; (0.027 g,

0.10 mmol) and K>CO3 (1.39 g, 10.0 mmol) were dissolved in a mixture of toluene and H;0

(65 mL, 10:3 v/v) under nitrogen and stirred at 110 °C for 24 h. After cooling to room
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temperature, the reaction mixture was diluted with water and the product was extracted
with dichloromethane. The organic layers were dried over anhydrous MgSQy, filtered and
the solvent was removed under reduced pressure. The crude was purified by flash column
chromatography using hexane as eluent. Compound 46a was obtained as a pale yellow
solid in a yield of 12% (0.074 g, 0.12 mmol).

Method 3 (DMF): Tetrabromothiophene (0.404 g, 1.01 mmol), phenanthren-9-ylboronic
acid (0.466 g, 2.10 mmol), Pd(PPhs),Cl, (0.036 g, 0.051 mmol), PPhs (0.027 g, 0.10 mmol)
and K,COs3 (1.38 g, 10.0 mmol) were dissolved in a mixture of DMF and H;0 (22.5 mL, 9:1
v/v) under nitrogen and stirred at 110 °C overnight. After cooling to room temperature, the

reaction mixture was diluted with water and the product was extracted with
dichloromethane. The organic layers were dried over anhydrous MgSOQ,, filtered and the
solvent was removed under reduced pressure. The crude was purified by flash column
chromatography using hexane as eluent. Compound 46a was obtained as a pale yellow
solid in a yield of 56% (0.335 g, 0.564 mmol).

1H NMR (400 MHz, CDCl3) & (ppm): 8.81 (d, J = 8.1 Hz, 2H), 8.77 (d, J = 8.2 Hz, 2H), 7.98 (dd,
J=8.0,1.3 Hz, 2H), 7.97 (dd, J = 8.0, 1.1 Hz, 2H), 7.96 (s, 2H), 7.78-7.65 (m, 8H).

3.73. 2,3,4-Tribromo-5-(phenanthren-9-yl)thiophene (47a)

" Compound 47a was obtained as a pale yellow by-product in the

Br B
CO /s\ Br synthesis of 46a (section 3.72) in a yield of 23% (0.169 g, 0.340 mmol)
O in method 1 and 6% (0.030 g, 0.060 mmol) in method 2. 'H NMR
47a (400 MHz, CDCl3) & (ppm): 8.83 (d, J = 8.0 Hz, 1H), 8.81 (d, J = 8.1 Hz,
1H), 7.93 (dd, J = 7.9, 1.4 Hz, 1H), 7.86 (s, 1H), 7.77-7.71 (m, 1H), 7.69-7.62 (m, 2H), 7.51
(dd, J = 8.2, 1.3 Hz, 1H), 7.41-7.35 (m, 1H).

3.74. 2,5-Bis(dibenzo[b,d]thiophen-4-yl)-3,4-dibromothiophene (46b)

Br Br Method 1 (THF): As described in section 3.72 (method 1), this synthesis
O /s\ O was carried out with tetrabromothiophene (0.603 g, 1.51 mmol), 4-
S S

dibenzothienylboronic acid (0.820 g, 3.60 mmol), Pd(PPhs)s (0.087 g,

0.075 mmol) and K,CO3 (2.07 g, 15.0 mmol in a mixture of THF and
O 46b O H>0 (52.5 mL, 6:1 v/v). The crude was dissolved in a small volume of
dichloromethane and was precipitated by the slow addition of hexane. The resultant solid
was collected by filtration. Compound 46b was obtained as a yellow solid in a yield of 46%
(0.419 g, 0.691 mmol).

Experimental part | 239



Method 3 (DMF): As described in section 3.72 (method 3), this synthesis was carried out
with tetrabromothiophene (0.400 g, 1.00 mmol), 4-dibenzothienylboronic acid (0.479 g,
2.10 mmol), Pd(PPhs)2Cl; (0.035 g, 0.050 mmol), PPhs (0.026 g, 0.10 mmol) and K,COs3
(1.38 g, 10.0 mmol) in a mixture of DMF and H,0 (22.5 mL, 9:1 v/v). Compound 46b could
not be obtained with this method.

1H NMR (500 MHz, CDCls) & (ppm): 8.26 (dd, J = 7.8, 1.2 Hz, 2H), 8.24-8.19 (m, 2H), 7.90—
7.85 (m, 2H), 7.67 (dd, J = 7.4, 1.2 Hz, 2H), 7.61 (dd, J = 7.8, 7.4 Hz, 2H), 7.54-7.47 (m, 4H).

3.75. 3,4-Dibromo-2,5-bis(4-(hexyloxy)phenyl)thiophene (46c)

Br Br Method 1 (THF): As described in section 3.72 (method 1), this
O /s\ O synthesis was carried out with tetrabromothiophene (0.402 g,
© 46¢ C 10m mmol), 4-hexyloxyphenylboronic acid (0.468 g, 2.11 mmol),

Pd(PPhs)s (0.060 g, 0.052 mmol) and K,COs (1.38 g, 10.0 mmol)

in @ mixture of THF and H,O (35 mL, 6:1 v/v). The crude was

purified by flash column chromatography using a mixture of
hexane and dichloromethane (20:1 v/v) as eluent. Compound 46¢ was obtained as a pale
brown solid in a yield of 45% (0.269 g, 0.453 mmol).

Method 2 (toluene): As described in section 3.72 (method 2), this synthesis was carried out

with tetrabromothiophene (0.399 g, 0.998 mmol), 4-hexyloxyphenylboronic acid (0.466 g,
2.10 mmol), Pd(PPhs)2Cl; (0.037 g, 0.053 mmol), PPhs (0.026 g, 0.099 mmol) and K>CO3
(1.50 g, 10.9 mmol) in a mixture of toluene and H,O (65 mL, 10:3 v/v). The crude was
purified by flash column chromatography using hexane as eluent. Compound 46¢ was

obtained as a pale brown solid in a yield of 19% (0.114 g, 0.191 mmol).

Method 3 (DMF): As described in section 3.72 (method 3), this synthesis was carried out
with tetrabromothiophene (0.400 g, 1.00 mmol), 4-hexyloxyphenylboronic acid (0.467 g,
2.10 mmol), Pd(PPhs)2Cl; (0.035 g, 0.050 mmol), PPhs (0.028 g, 0.11 mmol) and K,COs
(1.40 g, 10.2 mmol) in a mixture of DMF and H20 (22.5 mL, 9:1 v/v). Compound 46c could
not be obtained with this method.

1H NMR (400 MHz, CDCl3) & (ppm): 7.56 (d, J = 8.8 Hz, 4H), 6.96 (d, J = 8.8 Hz, 4H), 4.00 (t,
J=6.5Hz, 4H), 1.84-1.77 (m, 4H), 1.54-1.30 (m, 12H), 0.92 (t, J = 7.0 Hz, 6H).
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3.76. 2,3,4-Tribromo-5-(4-(hexyloxy)phenyl)thiophene (47c)

Br gr Compound 47c was obtained as a white by-product in the
7\ synthesis of 46¢c employing method 2 (section 3.75) in a
/\/\/\o ST ield of 71% (0.352 g, 0.708 mmol). 'H NMR (400 MHz,
4re CDCl3) & (ppm): 7.47 (d, J = 8.8 Hz, 2H), 6.95 (d, J = 8.8 Hz,
2H), 3.99 (t, /= 6.5 Hz, 2H), 1.83-1.76 (m, 2H), 1.52-1.30 (m, 6H), 0.91 (t, / = 7.0 Hz, 3H).

3.77. 3,4-Bis(4-hexylphenyl)-2,5-di(phenanthren-9-yl)thiophene (48a)

From 46a: 46a (0.313 g, 0.527 mmol), 4-hexylphenylboronic
acid (0.230 g, 1.11 mmol), Pd(PPhs),Cl> (0.020 g, 0.028 mmol),
PPhs (0.014 g, 0.053 mmol) and K>COs (0.722 g, 5.23 mmol)
were dissolved in a mixture of DMF and H,0 (11.3 mL, 8:1 v/v)
under nitrogen and stirred at 110 °C overnight. After cooling
to room temperature, the reaction mixture was diluted with
water and the product was extracted with dichloromethane.

The organic layers were dried over anhydrous MgSQg, filtered

off and the solvent was removed under reduced pressure. The
crude was purified by flash column chromatography using hexane as eluent. Compound
48a was obtained as a colorless oil in a yield of 55% (0.218 g, 0.288 mmol).

From TBT (one-pot procedure): Tetrabromothiophene (0.604 g, 1.51 mmol), phenanthren-
9-ylboronic acid (0.713 g, 3.21 mmol), Pd(PPhs),Cl, (0.055 g, 0.078 mmol), PPh3 (0.039 g,
0.15 mmol) and K,COs (2.16 g, 15.7 mmol) were dissolved in a mixture of DMF:H,0
(33.8 mL, 8:1 v/v) under nitrogen and stirred at 85 °C overnight. After cooling to room
temperature, 4-hexylphenylboronic acid (0.742 g, 3.60 mmol), Pd(PPhs3),Cl, (0.053 g,
0.076 mmol), PPh3 (0.039 g, 0.15 mmol) and K,COs (2.07 g, 15.0 mmol) were also added to

the reaction mixture and the system was purged again with nitrogen. The reaction was

further stirred at 85 °C reflux overnight. Then, the reaction mixture was diluted with water
and the resultant precipitate was filtered. The precipitate was purified by flash column
chromatography using hexane as eluent. Compound 48a was obtained as a pale yellow
solid in a yield of 70% (0.795 g, 1.05 mmol).

IH NMR (400 MHz, CDCls) & (ppm): 8.68 (d, J = 8.3 Hz, 4H), 8.06 (d, J = 8.3 Hz, 2H), 7.90 (s,
2H), 7.85 (dd, J = 7.9, 1.1 Hz, 2H), 7.69-7.63 (m, 2H), 7.62=7.56 (m, 4H), 7.51-7.45 (m, 2H),
6.87 (d, J = 8.0 Hz, 4H), 6.68 (d, J = 8.0 Hz, 4H), 2.33 (t, J = 7.6 Hz, 4H), 1.42-1.33 (m, 4H),
1.24-1.03 (m, 12H), 0.82 (t, J = 6.9 Hz, 6H).
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3.78. 3-(4-Hexylphenyl)-2,5-di(phenanthren-9-yl)thiophene (49a’)

Compound 49a’ was obtained as a by-product in the
synthesis of 48a from 46a (section 3.77) in a yield of 43%
(0.135g,0.226 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm):
8.81 (d, J = 8.1 Hz, 1H), 8.74 (d, J = 8.2 Hz, 3H), 8.58 (dd,
J=7.8,1.7 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 8.02 (s, 1H),
7.97 (s, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.90 (d, J = 7.9 Hz, 1H),
7.77-7.60 (m, 8H), 7.52-7.47 (m, 1H), 7.25 (d, J = 8.2 Hz,
2H), 6.90 (d, J = 8.2 Hz, 2H), 2.44 (t, J = 7.6 Hz, 2H), 1.47 (m, 2H), 1.28-1.16 (m, 6H), 0.83 (t,
J=6.7 Hz, 3H). MS (MALDI-TOF) (m/z): calculated for C44H34S (M-2H)**, 594.2; found 594.3.

3.79. 2,5-Bis(dibenzo[b,d]thiophen-4-yl)-3,4-bis(4-hexylphenyl)thiophene (48b)

From 46b: 46b (0.398 g, 0.656 mmol), 4-hexylphenylboronic acid
(0.351 g, 1.71 mmol), Pd(PPhs)s (0.039 g, 0.034 mmol) and K;COs3
(0.945 g, 6.85 mmol) were dissolved in a mixture of THF and H;0
(23.3 mL, 6:1 v/v) under nitrogen and stirred under reflux overnight.
After cooling to room temperature, the reaction mixture was diluted
with water and the product was extracted with dichloromethane. The
organic layers were dried over anhydrous MgSOs, filtered and the

solvent was removed under reduced pressure. The crude was purified

by flash column chromatography using a mixture of hexane and
dichloromethane (20:1 v/v) as eluent. Compound 48b was obtained as a yellow solid in a
yield of 76% (0.381 g, 0.495 mmol).

From TBT (one-pot procedure). Tetrabromothiophene (0.602 g, 1.51 mmol), 4-
dibenzothienylboronic acid (0.850 g, 3.72 mmol), Pd(PPhs)s (0.090 g, 0.078 mmol) and
K2COs3 (2.11 g, 15.3 mmol) were dissolved in a mixture of THF and H,0 (52.5 mL, 6:1 v/v)
under nitrogen and stirred under reflux overnight. After cooling to room temperature, 4-
hexylphenylboronic acid (0.745 g, 3.62 mmol), Pd(PPhs)4 (0.087 g, 0.075 mmol) and K,CO3
(2.10 g, 15.2 mmol) were also added to the reaction mixture and the system was purged

again with nitrogen. The reaction was further stirred under reflux overnight. Then, the
reaction mixture was diluted with water and the product was extracted with
dichloromethane. The organic layers were dried over anhydrous MgSQO, filtered and the
solvent was removed under reduced pressure. The crude was purified by flash column
chromatography using a mixture of hexane and dichloromethane (25:1 v/v) as eluent.
Compound 48b was obtained as a white solid in a yield of 53% (0.608 g, 0.790 mmol).
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IH NMR (400 MHz, CDCl3) & (ppm): 8.18-8.12 (m, 2H), 8.07 (dd, J = 7.7, 1.3 Hz, 2H), 7.84—
7.78 (m, 2H), 7.50-7.39 (m, 4H), 7.33 (dd, J = 7.7, 7.6 Hz, 2H), 7.27 (dd, J = 7.6, 1.2 Hz, 2H),
6.85 (d, J = 8.0 Hz, 4H), 6.80 (d, J = 8.0 Hz, 4H), 2.44 (t, J = 7.6 Hz, 4H), 1.48 (m, 4H), 1.34—
1.12 (m, 12H), 0.85 (t, J = 6.8 Hz, 6H).

3.80. 3,4-Bis(benzo[b]thiophen-2-yl)-2,5-bis(4-hexyloxyphenyl)thiophene (48c)

From 46c: 46¢ (0.360 g, 0.606 mmol), 2-benzothienylboronic
acid (0.280 g, 1.58 mmol), Pd(PPhs)4 (0.038 g, 0.033 mmol) and
K2COs (0.851 g, 6.17 mmol) were dissolved in a mixture of THF
and Hx0 (23.3 mL, 6:1 v/v) under nitrogen and stirred under

reflux overnight. After cooling to room temperature, the
reaction mixture was diluted with water and the product was
extracted with dichloromethane. The organic layers were dried
over anhydrous MgSO0,, filtered and the solvent was removed
under reduced pressure. The crude was purified by flash column chromatography using a
mixture of hexane and dichloromethane (10:1 v/v) as eluent. Compound 48c was obtained
as a white solid in a yield of 52% (0.221 g, 0.315 mmol).

From TBT (one-pot procedure). Tetrabromothiophene (0.600 g, 1.50 mmol), 4-
hexyloxyphenylboronic acid (0.802 g, 3.61 mmol), Pd(PPhs)s (0.092 g, 0.080 mmol) and
K2COs3 (2.10 g, 15.2 mmol) were dissolved in a mixture of THF and H,0 (52.5 mL, 6:1 v/v)
under nitrogen and stirred under reflux overnight. After cooling to room temperature, 2-
benzothienylboronic acid (0.641 g, 3.60 mmol), Pd(PPhs)4 (0.087 g, 0.075 mmol) and K,CO3
(2.07 g, 15.0 mmol) were also added to the reaction mixture and the system was purged

again with nitrogen. The reaction was further stirred under reflux overnight. Then, the
reaction mixture was diluted with water and the product was extracted with
dichloromethane. The organic layers were dried over anhydrous MgSQO, filtered and the
solvent was removed under reduced pressure. The crude was purified by flash column
chromatography using a mixture of hexane and dichloromethane (20:1 v/v) as eluent.

Compound 48c was obtained as a white solid in a yield of 34% (0.353 g, 0.503 mmol).

1H NMR (400 MHz, CDCls) & (ppm): 7.64 (m, 2H), 7.58 (m, 2H), 7.28 (d, J = 8.5 Hz, 4H), 7.26—
7.18 (m, 4H), 7.01 (s, 2H), 6.77 (d, J = 8.5 Hz, 4H), 3.90 (t, J = 6.5 Hz, 4H), 1.74 (m, 4H), 1.47—
1.26 (m, 12H), 0.90 (t, J = 6.8 Hz, 6H).
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3.81. 10,15-Dihexylbenzo[11,12]chryseno[5,6-b]benzo[11,12]chryseno|6,5-
d]thiophene (50a)

48a (218 mg, 0.288 mmol) was dissolved in anhydrous
dichloromethane (8.6 mL) under nitrogen atmosphere. Then,
a purged solution of anhydrous FeCls (841 mg, 5.18 mmol) in
nitromethane (2.9 mL) was added and stirred for 3.5 h. The
reaction was then diluted with methanol. The resultant
precipitate was filtered and thoroughly washed with

methanol. The product was purified by flash column

chromatography using hexane as eluent. Compound 50a was
obtained as a bright yellow solid in a yield of 81% (175 mg, 0.232 mmol). *H NMR (400 MHz,
CDCl3) & (ppm): 9.42 (d, J = 8.2 Hz, 2H), 8.97-8.90 (m, 2H), 8.87-8.76 (m, 6H), 8.63 (s, 2H),
7.89(dd,J=7.6,7.5Hz, 2H), 7.82 (dd, J = 7.6, 7.5 Hz, 2H), 7.78-7.71 (m, 4H), 7.41 (d, /= 8.5
Hz, 2H), 2.86 (t, J/ = 7.8 Hz, 4H), 1.82-1.71 (m, 4H), 1.49-1.39 (m, 4H), 1.38-1.27 (m, 8H),
0.90 (t, J = 6.8 Hz, 6H).

3.82. Compound 50b

48b (351 mg, 0.456 mmol) was dissolved in anhydrous
dichloromethane (13.7 mL) under nitrogen atmosphere at 0 °C.
Then, a purged solution of anhydrous FeCls (1.33 g, 8.21 mmol) in
nitromethane (4.2 mL) was added and stirred for 20 min at 0 °C. The
reaction was then diluted with methanol. The resultant precipitate
was filtered and thoroughly washed with methanol. The product was
further  purified by  subsequent  crystallizations  from
hexane/dichloromethane mixtures. Compound 50b was obtained as
a pale yellow solid in a yield of 93% (323 mg, 0.422 mmol). *H NMR
(400 MHz, CDCl3) 6 (ppm): 8.94 (d, J= 8.7 Hz, 2H), 8.80 (d, /= 8.5 Hz, 2H), 8.65 (s, 2H), 8.56—
8.48 (d, J = 8.5 Hz, 2H), 8.43-8.36 (m, 2H), 8.26-8.19 (m, 2H), 7.65-7.59 (m, 4H), 7.43 (d, J
= 8.4 Hz, 2H), 2.95 (t, J = 8.0 Hz, 4H), 1.91-1.81 (m, 4H), 1.54-1.32 (m, 12H), 0.94 (t, J = 6.8
Hz, 6H).
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3.83. Compound 50c

48c (221 mg, 0.315 mmol) was dissolved in anhydrous dichloromethane (9.5 mL) under
nitrogen atmosphere. Then, a purged

O S S O solution of anhydrous FeCls (1.06 g,

/\/\/\ O O /\/\/\ 6.52 mmol) in nitromethane (3.2 mL)
o O S O o was added and stirred for 1 h. The

50c reaction was then diluted with

methanol. The resultant precipitate was filtered and thoroughly washed with methanol.
The product was further purified by subsequent crystallizations from
hexane/dichloromethane mixtures. Compound 50c was obtained as a pale yellow solid in
ayield of 74% (163 mg, 0.234 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 8.84 (d, J = 8.2 Hz,
2H), 8.47 (s, 2H), 8.31 (d, J = 8.4 Hz, 2H), 8.16 (d, J = 7.3 Hz, 2H), 7.67-7.62 (m, 2H), 7.59—

7.53 (m, 2H), 7.35 (d, J = 8.4 Hz, 2H), 4.29 (t, J = 6.5 Hz, 4H), 2.02-1.93 (m, 4H), 1.67-1.57
(m, 4H), 1.48-1.38 (m, 8H), 0.97 (t, J = 6.8 Hz, 6H).

3.84. 5-bromo-1-hexylisatin (51a)

Br o 5-Bromoisatin (7.47 g, 33.2 mmol), K,COs3 (13.7 g, 99.5 mmol) and 1-

m bromohexane (7 mL, 50 mmol) were dissolved in anhydrous DMF (35 mL)
under nitrogen. Then, the mixture was stirred overnight at room
temperature. After, the product was precipitated by the addition of water
51a and filtered off. Compound 51a was obtained as a red solid in a yield of
94% (9.64 g, 31.2 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 7.70-7.68
(m, 2H), 6.80 (d, J = 9 Hz, 1H), 3.70 (t, J = 7 Hz, 2H), 1.71-1.63 (m, 2H), 1.36-1.28 (m, 6H),
0.88 (t,J =7 Hz, 3H).

3.85. 6-bromo-1-hexylisatin (51b)

0 Analogously to the procedure described in section 3.84, this synthesis
oS

S0 was carried out with 6-bromoisatin (3.00 g, 13.3 mmol), K,COs (5.49 g,
39.8 mmol) and 1-bromohexane (2.2 mL, 16 mmol) in anhydrous DMF
(20 mL). Compound 51b was obtained as a red solid in a yield of 90%
(3.72 g, 12.0 mmol). *H NMR (400 MHz, CDCls3) 6 (ppm): 7.46 (d, J = 8 Hz,
1H), 7.27 (dd, J = 8, 2 Hz, 1H), 7.06 (d, J = 2 Hz, 1H), 3.69 (t, J = 7 Hz, 2H), 1.72-1.64 (m, 2H),

1.42-1.25 (m, 6H), 0.89 (t, J = 7 Hz, 3H).

51b
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3.86. 5-bromo-1-hexyloxindole (52a)

Br 51a (3.49 g, 11.3 mmol) was dissolved in a NH;NH, hydrate solution
Ql (30 mL, 80%) and was stirred overnight under reflux. After cooling to room
N“~O  temperature, the solution was diluted with aqueous HCl (4 M). The
product was extracted with dichloromethane. The combined organic
52a extract was dried over anhydrous MgSOs, filtered and the solvent was
removed under reduced pressure. The crude was purified by flash column
chromatography using a mixture of hexane and dichloromethane (1:1 v/v) as eluent.
Compound 52a was obtained as a white solid in a yield of 90% (2.98 g, 10.1 mmol). *H NMR
(400 MHz, CDCl3) & (ppm): 7.40-7.39 (m, 2H), 6.70 (d, J = 8 Hz, 1H), 3.67 (t, J = 7 Hz, 2H),
3.51 (s, 2H), 1.60-1.67 (m, 2H), 1.25-1.37 (m, 6H), 0.88 (t, J = 7 Hz, 3H).

3.87. 6-bromo-1-hexyloxindole (52b)

Analogously to the procedure described in section 3.86, this synthesis
Br’mo was carried out with 51b (3.49 g, 11.3 mmol) in a NH;NH; hydrate

solution (30 mL, 80%). Compound 52b was obtained as a white solid in a
yield 0f 93% (3.10 g, 10.5 mmol). *H NMR (400 MHz, CDCl5) 6 (ppm): 7.15
(dd,J=8,2Hz, 1H), 7.09 (d, J = 8 Hz, 1H), 6.95 (d, / = 2 Hz, 1H), 3.66 (t, J
=8 Hz, 2H), 3.45 (s, 2H), 1.68-1.61 (m, 2H), 1.40-1.28 (m, 6H), 0.89 (t, / = 7 Hz, 3H).

52b

3.88. 3,8,13-Tribromo-5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-

c]carbazole (53a)

52a (2.07 g, 7.00 mmol) was dissolved in POCl3 (5.8 mL)
and stirred under reflux for 7 h. After, the crude was slowly
and carefully poured into a beaker containing water under
stirring and the formation of a green precipitate was
observed. The solution was neutralized with sodium
hydroxide and the precipitate was filtered off and
thoroughly washed with water. The precipitate was

dissolved in ethyl acetate and precipitated by the addition

of hexane and the resultant solid was filtered off.
Compound 53a was obtained as a pale grey solid in a yield of 47% (0.912 g, 1.09 mmol).
IH NMR (400 MHz, CDCls) & (ppm): 8.27 (d, J = 2 Hz, 3H), 7.53 (dd, J = 9, 2 Hz, 3H), 7.45 (d,
J=9Hz, 3H), 4.68 (t, J = 8 Hz, 6H), 2.03-1.95 (m, 6H), 1.42-1.23 (m, 18H), 0.84 (t, J = 7 Hz,
9H).
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3.89. 2,7,12-Tribromo-5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-
c]carbazole (53b)

Analogously to the procedure described in section 3.88,
this synthesis was carried out with 52b (3.0 g, 10 mmol) in
POCI3 (10 mL). Compound 53b was obtained as a pale grey
solid in a yield of 35% (1.0 g, 1.2 mmol). *H NMR (400 MHz,
CDCl3) 6 (ppm): 8.06 (d, J =9 Hz, 3H), 7.73 (d, /= 2 Hz, 3H),
7.43 (dd, J=9Hz,J=2 Hz, 3H), 4.78 (t, /= 8 Hz, 6H), 1.94—
1.87 (m, 6H), 1.30-1.16 (m, 18H), 0.80 (t, J = 7 Hz, 9H).

3.90. 3,8,13-Tris(9-ethyl-9H-carbazol-3-yl)-5,10,15-trihexyl-10,15-dihydro-5H-
diindolo[3,2-a:3',2'-c]carbazole (54a)

53a (110 mg, 0.132 mmol), 9-ethyl-9H-
carbazol-3-ylboronic acid (189 mg,
0.791 mmol), Pd(PPhs)s (7.6 mg, 0.0066 mmol)
and K2COs (327 mg, 2.37 mmol) were dissolved
in a mixture of THF and water (7 mL, 6:1 v/v)
and stirred at 150 °C under microwave
irradiation for 2 h. After cooling to room
temperature, the product was extracted with
dichloromethane. The combined organic
extract was dried over anhydrous MgSOs,

filtered and the solvent was removed under

reduced pressure. The crude was purified by flash column chromatography in neutral
alumina using a mixture of hexane and dichloromethane (1:1 v/v) as eluent. Further
purification was performed by dissolving the product in the minimum amount of
dichloromethane and precipitating it by slowly adding hexane and filtering it off.
Compound 54a was obtained as a pale yellow solid in a yield of 41% (63 mg, 0.053 mmol).
'H NMR (400 MHz, CDCls) & (ppm): 8.62 (s, 3H), 8.46 (d, J = 1.7 Hz, 3H), 8.21 (d, J = 7.6 Hz,
3H), 7.89 (dd, J = 8.4, 1.8 Hz, 3H), 7.80 (d, J = 8.4 Hz, 3H), 7.74 (d, J = 8.4 Hz, 3H), 7.56 (d,
J=8.4Hz, 3H), 7.54-7.49 (m, 3H), 7.47 (d, J = 7.9 Hz, 3H), 7.30-7.24 (m, 3H), 5.04 (t, /= 7.7
Hz, 6H), 4.46 (q, J = 7.2 Hz, 6H), 2.16 (m, 6H), 1.52 (t, J/ = 7.2 Hz, 9H), 1.35-1.13 (m, 18H),
0.61 (t,J=7.3 Hz, 9H).
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3.91. 2,7,12-Tris(9-ethyl-9H-carbazol-3-yl)-5,10,15-trihexyl-10,15-dihydro-5H-
diindolo[3,2-a:3',2'-c]carbazole (54b)

53b (302 mg, 0.362 mmol), 9-ethyl-9H-carbazol-
3-ylboronic acid (518 mg, 2.17 mmol), Pd(PPhs)a4
(22 mg, 0.019 mmol) and K;COs (894 mg,
6.48 mmol) were dissolved in a mixture of THF
and water (22.7 mL, 6:1 v/v) and stirred under
reflux overnight. After cooling to room
temperature, the product was extracted with
dichloromethane. The combined organic extract
was dried over anhydrous MgSQ,, filtered and

the solvent was removed under reduced

pressure. The crude was purified by flash column

54b k chromatography in neutralized silica using a
mixture of hexane and ethyl acetate (10:1 v/v) as eluent. Further purification was
performed by dissolving the product in the minimum amount of dichloromethane and
precipitating it by slowly adding hexane and filtering it off. Compound 54b was obtained as
a pale yellow solid in a yield of 33% (138 mg, 0.117 mmol). *H NMR (400 MHz, CDCls) §
(ppm): 8.53 (d, J = 1.5 Hz, 3H), 8.42 (d, J = 8.4 Hz, 3H), 8.25 (d, J = 7.7 Hz, 3H), 7.96 (dd,
J=8.3,1.7 Hz, 3H), 7.95 (d, J = 1.0 Hz, 3H), 7.74 (dd, J = 8.4, 1.7 Hz, 3H), 7.58 (d, J = 8.4 Hz,
3H), 7.55-7.50 (m, 3H), 7.47 (d, J = 8.0 Hz, 3H), 7.33-7.27 (m, 3H), 5.09 (t, J = 7.8 Hz, 6H),
4.47 (q, J = 7.2 Hz, 6H), 2.13 (m, 6H), 1.51 (t, J = 7.2 Hz, 9H), 1.48-1.23 (m, 18H), 0.84 (t,
J=7.0 Hz, 9H).

3.92. 1,3,5-Triphenoxybenzene (55)
1,3,5-Tribromobenzene (4.04 g, 12.8 mmol), phenol (4.01 g,
o/© 42.6 mmol), Cul (0.461 g, 2.42 mmol) and Na,COs (5.13 g, 48.4 mmol)
/@\ were put in a round-bottom flask equipped with a Dean-Stark
@\o o  apparatus under nitrogen. Then, DMA (30 mL) and toluene (5 mL) were
55 @ carefully added and the mixture was stirred at 160 °C for 96 h. After,
the mixture was poured into water and the product was extracted with
dichloromethane. The combined organic extract was dried over anhydrous MgSO0, filtered
through alumina and the solvent was removed under reduced pressure. The crude was
purified by flash column chromatography using hexane as eluent. Compound 55 was

obtained as a white solid in a yield of 73% (3.31 g, 9.33 mmol). *H NMR (400 MHz, CDCl3) &
(ppm): 7.33 (m, 6H), 7.11 (t, J = 7.4 Hz, 3H), 7.03 (d, J = 8.0 Hz, 6H), 6.37 (s, 3H).
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3.93. 1,3,5-Tris(4-pentylphenoxy)benzene (56)

Analogously to the procedure described in section
3.92, this synthesis was carried out with 1,3,5-
tribromobenzene (2.32 g, 7.37 mmol), 4-pentylphenol
(3.95 g, 24.0 mmol), Cul (0.270 g, 1.42 mmol) and

NaxCOs3 (2.93 g, 27.6 mmol) in DMA (24 mL) and
W\Q\OD\O toluene (4 mL) for 75 h. Compound 56 was obtained
as acolorless oil in ayield of 6% (0.242 g, 0.428 mmol).
1H NMR (400 MHz, CDCl3) & (ppm): 7.11 (d, J = 8.4 Hz,
6H), 6.92 (d, J=8.4 Hz, 6H), 6.30 (s, 3H), 2.55 (t,/=7.7
Hz, 6H), 1.63-1.53 (m, 6H), 1.38-1.25 (m, 12H), 0.89
(t, J = 6.8 Hz, 9H).

56

3.94. 1,3-Dibromo-5-(4-pentylphenoxy)benzene (57)

Br Compound 57 was obtained as a by-product in the synthesis

\/\/\©\ /@\ of 56 (section 3.93) in a yield of 26% (0.765 g, 1.92 mmol).
o) Br 'HNMR (400 MHz, CDCl3) 6 (ppm): 7.34 (t, /= 1.6 Hz, 1H), 7.18

57 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 1.6 Hz, 2H), 6.94 (d, J = 8.5 Hz,

2H), 2.60 (t, J = 7.8 Hz, 2H), 1.67-1.57 (m, 2H), 1.38-1.29 (m, 4H), 0.91 (t, J = 6.9 Hz, 3H).

3.95. 1-Bromo-3,5-bis(4-pentylphenoxy)benzene (58)

Compound 58 was obtained as a by-product in the
synthesis of 56 (section 3.93) in a yield of 54% (1.91 g,
3.97 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 7.15

o (d, J = 8.5 Hz, 4H), 6.94 (d, J = 8.5 Hz, 4H), 6.76 (d,

/@\ J=2.2Hz, 2H), 6.56 (t, J = 2.2 Hz, 1H), 2.59 (t, J = 7.7

W\Q\o & Hz, 4H), 1.61 (m, 4H), 1.40-1.25 (m, 8H), 0.90 (t,
58 J=6.9 Hz, 6H).

3.96. Tris[1]benzofurano[2,3-a:2',3'-c:2",3"-e]benzene (59a)

55 (142 mg, 0.401 mmol), AgOAc (400 mg, 2.40 mmol) and Pd(tfa)
(6.6 mg, 0.020 mmol) were dissolved in pivalic acid (5.43 g) in a Schlenk
tube and stirred in an oil bath at 130 °C for 16 h. Then, the crude was

filtered through alumina and diluted with dichloromethane. The

solution was washed with a solution of NaHCO3 to remove the pivalic
59a acid. The organic extract was dried over anhydrous MgSQy, filtered and

the solvent was removed under reduced pressure. The crude was purified by flash column

Experimental part | 249



chromatography using dichloromethane as eluent. The product was further purified by
subsequent crystallizations from a mixture of dichloromethane and hexane. Compound
59a was obtained as colorless crystals in a yield of 50% (70.0 mg, 0.201 mmol). *H NMR
(400 MHz, CDCl3) & (ppm): 8.40 (m, 3H), 7.79 (m, 3H), 7.54 (m, 6H).

3.97. 3,8,13-Tripentyltris[1]benzofurano[2,3-a:2',3'-c:2",3"-e]benzene (59b)

Analogously to the procedure described in section 3.96, this synthesis was carried out with
56 (112 mg, 0.198 mmol), AgOAc (203 mg, 1.22 mmol) and
Pd(tfa)2 (3.6 mg, 0.011 mmol) in pivalic acid (2.71 g). The
crude was purified by flash column chromatography using
hexane as eluent. Compound 59b was obtained as a white
solid in a yield of 26% (28.9 mg, 0.0517 mmol). *H NMR (400
MHz, CDCl3) & (ppm): 8.17 (d, J = 1.8 Hz, 3H), 7.68 (d, J = 8.4
Hz, 3H), 7.34 (dd, J = 8.4, 1.8 Hz, 3H), 2.87 (t, J = 7.7 Hz, 6H),
1.85-1.75 (m, 6H), 1.48-1.36 (m, 12H), 0.94 (t, J = 7.1 Hz, 9H).

3.98. 1,3,5-Tris(2-methylthiophenyl)benzene (60)

1,3,5-Tribromobenzene (0.700 g, 2.22 mmol), 2-(methylthio)phenyl-
boronic acid (1.46 g, 8.67 mmol), Pd(PPhs3)4 (128 mg, 0.111 mmol) and
K2COs3 (2.78 g, 20.0 mmol) were dissolved under nitrogen in a mixture

of THF and water (70 mL, 6:1 v/v) and stirred overnight under reflux.

After cooling, the product was extracted with dichloromethane. The

60 combined organic extracts were dried over MgSOsa, filtered and the
solvent was removed under reduced pressure. The crude was purified by flash column
chromatography using a mixture of hexane and dichloromethane (10:1 v/v) as eluent.
Compound 60 was obtained as a white solid in a yield of 72% (0.715 g, 1.61 mmol). *H NMR
(400 MHz, CDCl3) & (ppm): 7.52 (s, 3H), 7.37-7.34 (m, 3H), 7.33=7.29 (m, 6H), 7.24-7.16 (m,
3H), 2.39 (s, 9H).

3.99. 1,3,5-Tris(2-methylsulfinylphenyl)benzene (61)

60 (0.400 g, 0.900 mmol) was dissolved in glacial acetic acid (30 mL)
and then, hydrogen peroxide (247 ulL, 35%, 2.88 mmol) was added
carefully. The reaction was stirred at room temperature for 7 h. After,
the product was extracted with dichloromethane. The combined

organic extract was dried over anhydrous MgSQ,, filtered and the

solvent was removed under reduced pressure. Compound 61,

corresponding to a diastereomeric mixture, was obtained as a white solid in a yield of 70%

250 | Experimental part



(0.308 g, 0.626 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.19-8.15 (m, 3H), 7.72-7.62 (m,
3H), 7.64-7.57 (m, 3H), 7.51-7.36 (m, 6H), [2.61, 2.54 and 2.48 (s, s’ and s”’, 9H)]. MS (ESI-
MS) (m/z): calculated for C27H2403S3 (M+H)*, 493.1; found 493.2. Calculated for C27H2403S3
(M+Na)*, 515.1; found 515.2.

3.100. Tris[1]benzothieno[2,3-a:2',3'-c:2",3"-e]benzene (62a)

61 (0.308 g, 0.900 mmol) was dissolved in trifluoromethanesulfonic
acid (5 mL) in a round-bottom flask equipped with a drying tube, and
the mixture was stirred at room temperature for 22 h. Then, the

solution was carefully and slowly poured into a mixture of pyridine and

water (90 mL, 1:8 v/v) and it was refluxed for 22 h. After cooling, the
62a product was extracted with dichloromethane, dried over anhydrous
MgSO,, filtered and the solvent was removed under reduced pressure. Nevertheless,

compound 62a could not be detected.

3.101. 4-Pentylbenzenethiol (63)

SH  4-pentylbenzene-1-sulfonyl chloride (1.00 g, 3.77 mmol) was
/\/\/©/ dissolved in anhydrous THF (20 mL) under nitrogen at 0 °C. Then, a
63 solution of LiAlH4 in anhydrous THF (11 mL, 1 M, 11 mmol) was added
to the reaction dropwise and the mixture was stirred at room temperature for 24 h. The
reaction was quenched with a mixture of concentrated HCl and H,0 (220 mL, 1:10 v/v) and
the product was extracted with ethyl acetate. The organic layers were dried over MgSQs,
filtered and the solvent was removed under reduced pressure. The crude was purified by
flash column chromatography using hexane as eluent. Compound 63 was obtained as a
colorless oil in a yield of 79% (0.537 g, 2.98 mmol). *H NMR (400 MHz, CDCl5) 6 (ppm): 7.21
(d, J = 8.2 Hz, 2H), 7.06 (d, J = 8.2 Hz, 2H), 3.39 (s, 1H), 2.55 (t, J = 6.8 Hz, 2H), 1.63-1.52 (m,
2H), 1.39-1.24 (m, 4H), 0.90 (t, / = 6.4 Hz, 3H).

3.102. 4-Octylbenzenethiol (64)

SH  Sodium 4-octylbenzenesulfonate (1.50 g, 5.14 mmol) was
\/\/\/\/©/ dissolved in benzene (5 mL) and the solution was refluxed and
64 dehydrated for 30 min under nitrogen using a Dean-Stark

apparatus. Afterwards, PPhs (6.74 g, 25.7 mmol) and benzo-18-crown-6 (0.803 g,
2.57 mmol) were added to the reaction and the system was purged again with nitrogen.
Next, a solution of iodine (1.30 g, 5.14 mmol) in benzene (5 mL) was added dropwise with

a dropping funnel and the mixture was refluxed for 24 h. Then, a mixture of water and
dioxane (4 mL, 1:1 v/v) was added and the system was further stirred overnight under

Experimental part | 251



reflux to cleave the disulfide bonds. After cooling to room temperature, the mixture was
diluted with ethyl acetate and washed with water. The organic layers were dried over
anhydrous MgSQ0s, filtered and the solvent was removed under reduced pressure. The
crude was purified by flash column chromatography using hexane as eluent. Compound 64
was obtained as a colorless oil in a yield of 90% (1.05 g, 4.77 mmol). *H NMR (400 MHz,
CDCls) 6 (ppm): 7.20 (d, J = 8.2 Hz, 2H), 7.05 (d, J = 8.2 Hz, 2H), 3.38 (s, 1H), 2.54 (t, J = 7.6
Hz, 2H), 1.61-1.51 (m, 2H), 1.33-1.20 (m, 10H), 0.88 (t, / = 6.8 Hz, 3H).

3.103. 1,3,5-Tris((4-pentylphenyl)thio)benzene (65)

63 (0.968 g, 5.37 mmol) was dissolved in anhydrous

DMF (5 mL) under nitrogen. Then, NaH (0.260 g, 60%

dispersion in mineral oil, 6.50 mmol) was added the
S

solution was stirred for 30 min at room temperature.

\/\/\Q\ /@\ Next, 1,3,5-tribromobenzene (0.508 g, 1.63 mmol)

S S was added and the reaction was refluxed for 24 h.

65 After cooling to room temperature, the mixture was

diluted with water and extracted with ethyl acetate.

The organic layers were dried over anhydrous MgSQ0s4,

filtered and the solvent was removed under reduced

pressure. The crude was purified by flash column chromatography using hexane as eluent.

Compound 65 was obtained as a yellow oil in a yield of 93% (0.936 g, 1.53 mmol). *H NMR

(400 MHz, CDCl3) 6 (ppm): 7.25 (d, J = 8.1 Hz, 6H), 7.10 (d, J = 8.1 Hz, 6H), 6.83 (s, 3H), 2.58
(t,J=7.7 Hz, 6H), 1.66—-1.56 (m, 6H), 1.42—-1.23 (m, 12H), 0.90 (t, J = 6.7 Hz, 9H).

3.104. 1,3,5-Tris((4-octylphenyl)thio)benzene (66)

Analogously to the procedure described in

section 3.103, this synthesis was carried out

with 64 (0.954 g, 3.26 mmol) and NaH

(0.158 g, 60% dispersion in mineral oil, 3.95

s mmol) in anhydrous DMF (5 mL). Then, 1,3,5-

/@\ tribromobenzene (0.308 g, 0.989 mmol).

/\/\/\/\Q\s S Compound 66 was obtained as a colorless oil

in a yield of 93% (0.680 g, 0.921 mmol). H

NMR (400 MHz, CDCl3) § (ppm): 7.24 (d, J=8.1

Hz, 6H), 7.09 (d, J = 8.1 Hz, 6H), 6.82 (s, 3H),

2.59 (t, J = 7.8 = Hz, 6H), 1.64-1.56 (m, 6H),
1.38-1.22 (m, 30H), 0.88 (t, J = 6.9 Hz, 9H).

66
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3.105. 3,8,13-Tripentyltris[1]benzothieno[2,3-a:2',3'-c:2",3"-e]benzene (62b)

65 (245 mg, 0.400 mmol), Pd(tfa) (40 mg, 0.12 mmol), AgOAc
(801 mg, 4.80 mmol) and K,COs (166 mg, 1.20 mmol) were
placed in a microwave vial. Then, pivalic acid (5.4 g) was
added and the reaction was stirred at 130 °C for 48 h under
air. After, the mixture was poured into water and the product
was extracted with dichloromethane and ethyl acetate. The
combined organic extract was dried over anhydrous MgSOa,
filtered through a celite pad and the solvent was removed

under reduced pressure. The crude was purified by flash
column chromatography using hexane as eluent. Compound 62a was obtained as a white
solid in a yield of 13% (32 mg, 0.053 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 8.48 (d,
J=1.3 Hz, 3H), 8.02 (d, J = 8.1 Hz, 3H), 7.46 (dd, J = 8.5, 1.3 Hz, 3H), 2.96 (t, J = 7.0 Hz, 6H),
1.90-1.80 (m, 6H), 1.52-1.40 (m, 12H), 0.96 (t, J = 7.0 Hz, 9H).

3.106. 3,8,13-Trioctyltris[1]benzothieno[2,3-a:2',3'-c:2",3"-e]benzene (62c)

Analogously to the procedure described in section
3.105, this synthesis was carried out with 66
(294 mg, 0.398 mmol), Pd(tfa)2 (40 mg, 0.12 mmol),
AgOAc (801 mg, 4.80 mmol) and K,COs (166 mg,
1.20 mmol) in pivalic acid (5.4 g). Compound 62b
was obtained as a white solid in a yield of 13%
(38 mg, 0.051 mmol). *H NMR (400 MHz, CDCl5) §
(ppm): 8.47 (d, J = 1.3 Hz, 3H), 8.01 (d, J = 8.1 Hz,
3H), 7.45 (dd, /=8.1, 1.3 Hz, 3H), 2.96 (t, /= 7.8 Hz,
6H), 1.89-1.80 (m, 6H), 1.51-1.26 (m, 30H), 0.88 (t,
J=7.0 Hz, 9H).

3.107. 9-Hexyl-9H-carbazole (69b)

9H-carbazole (10.1 g, 60.4 mmol) was dissolved in anhydrous DMF (40 mL)

under nitrogen. NaH (2.7 g, 60% in mineral oil, 67 mmol) was added and the
solution was stirred for 30 min at room temperature. Then, 1-bromohexane

69b (9.6 mL, 68 mmol) was added and the reaction was stirred overnight. After,

it was diluted with water and the product was extracted with
dichloromethane. The combined organic layers were dried over anhydrous MgSQOy, filtered

and the solvent was removed under reduced pressure. The crude was purified by flash

column chromatography using hexane as eluent. Compound 69b was obtained as a white

Experimental part | 253



solid in a yield of 96% (14.6 g, 58.1 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.11 (d,
J=7.8Hz, 2H), 7.47 (ddd, J = 8.1, 6.9, 1.2 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.23 (ddd, J = 7.8,
6.9, 1.2 Hz, 2H), 4.30 (t, J = 7.4 Hz, 2H), 1.92-1.83 (m, 2H), 1.45-1.23 (m, 6H), 0.87 (t, /= 7.1
Hz, 3H).

3.108. 9,9'-Diethyl-9H,9'H-3,3"-bicarbazole (70a)

\ 9-Ethyl-9H-carbazole (69a) (5.1 g, 26 mmol) was dissolved in

N anhydrous CHClz (40 ml) under inert atmosphere. Next,

Q O anhydrous FeClz (16.1 g, 102 mmol) was added, and the reaction

O Q mixture was stirred at room temperature for 30 minutes. After,

N the mixture was diluted with methanol (ca. 100 mL) and the

70a K solvent was removed under reduced pressure. The crude was

purified by flash column chromatography using a mixture of hexane and dichloromethane

(10:1 v/v) as eluent. Compound 70a was obtained as a white solid in a yield of 89% (4.4 g,

11 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.42 (d, J = 1.8 Hz, 2H), 8.20 (d, J = 7.8 Hz,

2H), 7.84 (dd, J = 8.4, 1.8 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 7.48 (ddd, J = 8.1, 7.5, 1.2 Hz, 2H),

7.44 (d, J = 7.5 Hz, 2H), 7.26 (ddd, J = 8.1, 7.8, 1.2 Hz, 2H), 4.43 (q, J = 7.9 Hz, 4H), 1.49 (t, J
= 7.9 Hz, 6H).

3.109. 9,9'-Dihexyl-9H,9'H-3,3'-bicarbazole (70b)

Analogously to the procedure described in section 3.108, this
synthesis was carried out with 69b (5.1 g, 20 mmol) and
anhydrous FeCls (13 g, 80 mmol) in anhydrous CHCl3 (38 mL).
N Compound 70b was obtained as a white solid in a yield of 58%
Q O (2.9 g, 5.8 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 8.42 (d,
O Q J=1.7 Hz, 2H), 8.20 (d, J = 7.8 Hz, 2H), 7.84 (dd, J = 8.5, 1.7 Hz,
N 2H), 7.52-7.43 (m, 6H), 7.26 (ddd, J = 7.8, 7.0 Hz, 1.0 Hz, 2H),
4.35 (t, J = 7.2 Hz, 4H), 1.97-1.88 (m, 4H), 1.49-1.27 (m, 12H),
0.89 (t, J = 7.2 Hz, 6H).

70b

3.110. 9,9'-Diethyl-6,6'-diiodo-9H,9'H-3,3'-bicarbazole (71a)

\ 70a (1.6 g, 4.1 mmol) was dissolved in glacial acetic acid
N (60 mL) under reflux. Then, Kl (0.91 g, 5.5 mmol) was added,
Q O | and the mixture was stirred under reflux for 10 minutes.
| O O Afterwards, KIOs (1.3 g, 6.1 mmol) was added and the mixture
IL was stirred under reflux for 40 minutes. The crude was cooled

7a

down to room temperature and the resultant precipitate was
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filtered off. The precipitate was washed with NaHCOs (sat.) and dried. The solid was purified
by flash column chromatography using a mixture of hexane and ethyl acetate (20:1 v/v) as
eluent. Compound 71a was obtained as a brown solid in a yield of 33% (0.87 g, 1.4 mmol).
IH NMR (400 MHz, CDCls) & (ppm): 8.50 (d, J = 1.6 Hz, 2H), 8.34 (d, J = 1.6 Hz, 2H), 7.84 (dd,
J=8.6,1.6 Hz, 2H), 7.73 (dd, J = 8.5, 1.6 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 7.23 (d, J = 8.5 Hz,
2H), 4.39 (q, J = 7.4 Hz, 4H), 1.25 (t, J = 7.4 Hz, 6H).

3.111. 9,9'-Dihexyl-6,6'-diiodo-9H,9'H-3,3'-bicarbazole (71b)

Analogously to the procedure described in section 3.110, 70b

(1.5 g, 3.1 mmol) in glacial acetic acid (50 mL). Then, Kl

(0.69 g, 4.1 mmol) and KIO3 (0.98 g, 4.6 mmol) were added by

" steps. After stirring at reflux for 15 minutes, the solution was

| Q O I neutralized with NaHCO3 (sat.) and the product was extracted

O O with dichloromethane. The combined organic layers were

N dried over anhydrous MgSQ,, filtered and the solvent was

71b removed under reduced pressure. The crude was purified by

flash column chromatography using a mixture of hexane and

CH,Cl; (20:1 v/v) as eluent. Compound 71b was obtained as a

brown solid in a yield of 36% (0.83 g, 1.1 mmol). *H NMR (400 MHz, CDCl3) § (ppm): 8.49

(d,/=1.6 Hz, 2H), 8.33 (d, /= 1.6 Hz, 2H), 7.82 (dd, /= 8.8, 1.6 Hz, 2H), 7.72 (dd, /= 8.8, 1.6

Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.21 (d, J = 8.8 Hz, 2H), 4.31 (t, J = 7.3 Hz, 4H), 1.90-1.87
(m, 4H), 1.40-1.25 (m, 12H), 0.88 (t, J = 7.0 Hz, 6H).

3.112. 9,9'-Diethyl-6,6'-bis(phenylethynyl)-9H,9'H-3,3'-bicarbazole (67a)

71a (0.46 g, 0.72 mmol), Cul (12 mg,
0.063 mmol) and Pd(PPhs).Cl; (21 mg, 0.018
mmol) were placed in a round-bottomed flask.
Then, the system was evacuated in vacuo and

filed wup with nitrogen thrice. Next,

triethylamine (0.24 mL, 1.7 mmol),
phenylacetylene (0.19 mL, 1.7 mmol) and anhydrous THF (20 mL) were added. The reaction
mixture was stirred at room temperature for 24 hours. After, the solvent was removed
under reduced pressure and the crude was purified by flash column chromatography using
a mixture of hexane and ethyl acetate (20:1 v/v) as eluent. Compound 67a was obtained as
a white solid in a yield of 47% (0.20 g, 0.33 mmol). *H NMR (400 MHz, CDCl5) 6 (ppm): 8.42
(d,/=1.4 Hz, 2H), 8.41 (d, /=1.1 Hz, 2H), 7.86 (dd, /= 8.5, 1.7 Hz, 2H), 7.67 (dd, /= 8.3, 1.4
Hz, 2H), 7.61 (dd, J = 8.3, 1.6 Hz, 4H), 7.52 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H),
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7.36-7.32 (m, 6H), 4.43 (q,J = 7.3 Hz, 4H), 1.51 (t, J = 7.3 Hz, 6H). 3C NMR (100 MHz, CDCl3)
8 (ppm): 140.2, 139.6, 133.8, 131.6, 129.5, 128.5, 127.9, 126.1, 124.4, 124.1, 123.3, 123.1,
119.3, 113.5, 109.3, 108.8, 91.3, 87.7, 38.1, 14.7. HRMS (ESI-MS) (m/z): calculated for
CaaHasN2 (M+H)*, 589.2638; found 589.2637.

3.113. 9,9'-Dihexyl-6,6'-bis(phenylethynyl)-9H,9'H-3,3'-bicarbazole (67b)

Analogously to the procedure described in
section 3.112, this synthesis was carried out
with 71b (0.308 g, 0.410 mmol), Cul (8 mg,
0.04 mmol), Pd(PPhs),Cl> (14 mg, 0.020 mmol),
triethylamine (0.17 mL, 1.2 mmol) and
phenylacetylene (0.13, 1.2 mmol) in anhydrous
THF (18 mL). The crude was purified using a

mixture of hexane and dichloromethane (5:1

67b

v/v) as eluent. Compound 67b was obtained as
a white solid in a yield of 57% (0.165 g, 0.235
mmol). 1H NMR (400 MHz, CDCls) & (ppm): 8.42 (d, J = 1.6 Hz, 2H), 8.41 (d, J = 1.4 Hz, 2H),
7.85 (dd, J = 8.5, 1.6 Hz, 2H), 7.67 (dd, J = 8.4, 1.4 Hz, 2H), 7.60 (dd, J = 8.3, 1.6 Hz, 4H), 7.51
(d, J = 8.5 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 7.37-7.33 (m, 6H), 4.32 (t, J = 7.2 Hz, 4H),
1.95-1.87 (m, 4H), 1.44-1.37 (m, 4H), 1.36-1.28 (m, 8H), 0.87 (t, J = 7.0 Hz, 6H). 13C NMR
(100 MHz, CDCl3) & (ppm): 140.6, 139.9, 133.6, 131.5, 129.3, 128.3, 127.7, 125.9, 124.2,
124.0,123.1,123.1,119.0, 113.2, 109.3, 108.8, 90.9, 87.6, 43.3, 31.6, 29.0, 27.0, 22.6, 14.0.
HRMS (ESI-MS) (m/z): calculated for CsaHagN2 (M+H)*, 701.3890; found 701.3897.

3.114. 9-Ethyl-3-iodo-9H-carbazole (72a)

I 3-lodo-9H-carbazole (1.50 g, 5.12 mmol) was dissolved in anhydrous DMF
(6 mL) under nitrogen. NaH (0.307 g, 60% in mineral oil, 7.68 mmol) was
K added and the solution was stirred for 30 min at room temperature. Then,
72a bromoethane (0.85 mL, 7.8 mmol) was added and the reaction was stirred
overnight. After, it was diluted with water and the product was extracted with
dichloromethane. The combined organic extract was dried over anhydrous MgSO0, filtered
and the solvent was removed under reduced pressure. The crude was purified by flash
column chromatography using hexane as eluent. Compound 71a was obtained as a white
solid in a yield of 73% (1.65 g, 4.32 mmol). *H NMR (400 MHz, CDCl3) & (ppm): 8.30 (s, 1H),
8.19 (d, J = 8 Hz, 1H), 7.62-7.54 (m, 3H), 7.52=7.47 (m, 1H), 7.27-7.22 (m, 1H), 4.49 (q,
J=7Hz, 2H), 3.53 (s, 1H), 1.40 (t, J = 7 Hz, 3H).
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3.115. 9-(2-Ethylhexyl)-3-iodo-9H-carbazole (72b)

 Analogously to the procedure described in section 3.114, this synthesis was

carried out with 3-iodo-9H-carbazole (1.00 g, 3.41 mmol) and NaH (0.200 g,

N 60% in mineral oil, 5.00 mmol) in anhydrous DMF (5 mL). Then, 1-bromo-2-

ethylhexane (0.91 mL, 5.1 mmol). The crude was purified by flash column

72b chromatography using hexane as eluent. Compound 71b was obtained as a

white solid in a yield of 84% (1.16 g, 2.86 mmol). *H NMR (400 MHz,

acetone-ds) & (ppm): 8.50 (d, J = 2 Hz, 1H), 8.18 (d, J = 8 Hz, 1H), 7.72 (dd, J = 9 Hz, J = 2 Hz,

1H), 7.56 (d, J = 9 Hz, 1H), 7.51-7.47 (m, 1H), 7.43 (d, J = 9 Hz, 1H), 7.25-7.21 (m, 1H), 4.30

(d, J = 8 Hz, 2H), 2.14-2.07 (m, 1H), 1.46-1.17 (m, 8H), 0.91 (t, J = 8 Hz, 3H), 0.81 (t, J = 7 Hz,
3H).

3.116. 1,3,5-Tris((9-ethyl-9H-carbazol-3-yl)ethynyl)benzene (68a)

72a (920 mg, 2.85 mmol), triethynylbenzene
(300 mg, 2.00 mmol), Pd(PPhs).Cl; (210 mg,
0.299 mmol) and Cul (91 mg, 0.48 mmol) and were
dissolved in anhydrous THF (40 mL) under inert
atmosphere. Afterwards, triethylamine (1.0 mlL,
7.2 mmol) was added and the reaction mixture was
stirred at room temperature overnight. Then, the
solvent was removed under reduced pressure and

the crude was purified by flash column

chromatography using a mixture of hexane and
CH2Cl; (3:1 v/v) as eluent. Compound 72a was obtained as a white solid in a yield of 13%
(87 mg, 0.12 mmol). *H NMR (400 MHz, CDCl3) 6 (ppm): 8.34 (d, J = 1.3 Hz, 3H), 8.13 (d,
J=7.8Hz, 3H), 7.73 (s, 3H), 7.67 (dd, J = 8.4, 1.3 Hz, 3H), 7.51 (ddd, J = 8.1, 7.3 Hz, 1.1 Hz,
3H), 7.44 (d, J = 8.1 Hz, 3H), 7.41 (d, J = 8.4 Hz, 3H), 7.26 (dd, J =7.8, 7.3 Hz, 3H), 4.40 (q,
J=7.7 Hz, 6H), 1.47 (d, J = 7.7 Hz, 9H). 13C NMR (100 MHz, CDCl3) & (ppm): 140.5, 139.9,
133.5,129.5,126.3,124.7,124.4,123.2,122.7,120.8,119.6,113.1, 108.7, 108.7,92.0, 86.6,
37.9, 14.0. HRMS (ESI-MS) (m/z): calculated for CssHaoN3 (M+H)*, 730.3217; found
730.3213.
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3.117. 1,3,5-Tris((9-(2-ethylhexyl)-9H-carbazol-3-yl)ethynyl)benzene (68b)

Analogously to the procedure described in
section 3.116, this synthesis was carried out
with 72b (1.26 g, 3.11 mmol),
triethynylbenzene (326 mg, 2.17 mmol),
Pd(PPhs),Cl, (222 mg, 0.317 mmol), Cul
(103 mg, 0.517 mmol) and triethylamine
(1.4 mL, 10 mmol) in anhydrous THF (40 mL).
The crude was purified by flash column

chromatography using a mixture of hexane and
CH,Cl; (5:1 v/v). Compound 72b was obtained
as a white solid in a yield of 10% (100 mg,
0.102 mmol). *H NMR (400 MHz, CDCl5) &
(ppm): 8.33 (d, J = 1.2 Hz, 3H), 8.12 (d, J = 7.4 Hz, 3H), 7.73 (s, 3H), 7.65 (dd, J = 8.4, 1.2 Hz,
3H), 7.49 (dd, J = 8.4, 8.1 Hz, 3H), 7.41 (d, / = 8.4 Hz, 3H), 7.37 (d, J = 8.4 Hz, 3H), 7.26 (dd,
J=8.1, 7.4 Hz, 3H) 4.19 (d, J = 7.1 Hz, 6H), 2.20-2.05 (m, 3H), 1.43-1.21 (m, 24H), 0.93 (t,
J=7.2 Hz, 9H), 0.87 (t, J = 7.2 Hz, 9H). 3C NMR (100 MHz, CDCls) & (ppm): 141.5, 140.9,
133.5,129.5,126.2,124.7,124.3,123.0,122.6,120.7,119.5,113.0, 109.4, 109.2, 92.0, 86.6,
47.7,39.6, 31.2, 29.0, 24.6, 23.2, 14.2, 11.1. HRMS (ESI-MS) (m/z): calculated for C72H76N3
(M+H)*, 982.6034; found 982.6043.
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SUMMARY

The increasing demand on next-generation displays encourages an exhaustive research on
the development of new and enhanced semiconductors. Apart from the conventional
inorganic materials, organic-based semiconductors can also fulfil this role while affording
unique features. Indeed, organic materials claim coveted properties such as electronic
tunability and the feasibility to fabricate flexible displays with large areas at a lower cost,
thus finding enormous applicability in different optoelectronic devices. The capability to
transport charges in organic compounds is strongly related to the molecular design, which
determines key factors such as the electronic profile and the disposition in the solid state.
In this context, the aim of this Thesis is focalized on the synthesis and application of new
organic semiconductors designed from a common building block: the carbazole
heterocycle. The envisioned applications go from Organic Thin-Film Transistors (OTFTs) to
Organic Light-Emitting Diodes (OLEDs).

As an initial approach towards p-type semiconductors, the m-system of the carbazole
nucleus has been extended to furnish three ladder-type constructions, namely
diindolocarbazole, bisbenzothienocarbazole and diphenanthrocarbazole. The main
molecular backbones have been tailored with the inclusion of different alkylation
patternings. The integration of the resulting compounds in OTFT devices led to hole
mobility values ranging from 107® up to 1073 cm? V™! s, accentuating the importance of
both the molecular and the device architecture. The most promising materials arise from
the homogeneous N-alkylation of diindolocarbazole with short-to-medium chains and the
incorporation of peripheral alkyl chains to the diphenanthrocarbazole core. The availability
of these cores is facilitated by accessible synthetic procedures, which conclude with a
microwave-assisted Cadogan reaction in the former and the Scholl reaction in the latter. As
corroborated by means of X-ray diffraction, both cores arrange in a favorable gamma
packing in the solid state that justify these enticing results. Remarkably, all the studied
compounds feature an extraordinary air-stability, with some of the devices featuring a shelf

lifetime that surpass the milestone of 1000 days.

As a second strategy, the carbazole core has been substituted by its sulfurated analog
dibenzothiophene as the main building block. By means of sequential Suzuki-Miyaura and
Scholl reactions, diverse diphenanthro[9,10-b:9',10'-d]thiophene derivatives have been
synthesized from the commercially available tetrabromothiophene. The envisioned

synthetic route could provide not only homogeneous structures, but also heterogeneous
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ones in a two-step procedure. The latter systems also behaved as p-type semiconductors,

with hole mobility values up to 6 x 10 cm? V-1 st in OTFTs.

The redesign of the triindole core, which is a well-known carbazole-based semiconductor,
constituted another part of this Thesis. Specifically, it included the synthesis and physical
characterization of triindole analogs, featuring: carbazole moieties attached to different
positions, oxygen or sulfur substituting the nitrogen as heteroatom and the inclusion of
peripheral alkyl chains. The collected results prompt further study in this direction.

Finally, the promising optical properties of the 3-(phenylethynyl)-9H-carbazole unit have
been exploited in the OLED technology. The two analyzed constructions, i.e.
6,6'-bis(phenylethynyl)-9H,9'H-3,3'-bicarbazole and 1,3,5-tris((9H-carbazol-3-yl)ethynyl)-
benzene, exhibited blue emission in the solid state and in solution-processed OLEDs. The
hexylated derivative of the first system, apart from emitting in the sought deep-blue region,
also stood out as the most appropriate to perform as host for iridium complexes in white
OLEDs. The emission of the fabricated devices covered a wide range of white hues,

depending on the composition and the applied voltage
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SUPPLEMENTARY INFORMATION
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Figure Al.1. TGA scans of compounds 1la-f, recorded at a heating rate of 10 °C min™. The
decomposition temperature (T4) was estimated as the 5% weight loss.
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Figure A1.2. Evolution profile of the average hole mobility (unave) Of a set of devices fabricated from
the heterogeneously alkylated derivatives 1a and 1e along with 1c as comparison, over: a) OTS- and
b) PS-treated substrates. The displayed period comprises 900 days starting from the fabrication
day.

Appendix | 265



x 104
4

1a (OTS)
. 10%4 -3
<
>
= "
C
Q
£
109 1
Lo
50 -40 -30 20 -10 O
v_(V)
x 104
107 4
1a (PS)
10% 3
<
Z 1094 2
2
2 1
= 1020,
Lo
1011 T T T T T
50 -40 -30 20 -10 O
v, v)
106
<
>
Z 107
Q
5
'%gib
108 Lo
50 -40 -30 -20 -10 O
AV
-4
x 10 3
1b (PS)
<
2 10
e
Q
<
10_9 T T T T T
50 -40 -30 -20 -10 O
V_(V)

Figure Al1.3. OTFT characteristics of derivatives 1a-b over OTS- and PS-treated substrates:

441

(V)

Intensity (nA) Intensity (nA)

Intensity (HA)

D 4
_4 B
_8 ~
_12 4
_16 4
-50 -40 -30 -20 -10 0
VDS (V)
0
D* [@23B3DIIN] ))‘) ))I)%)H )3% )3%3; )%
-6 - 0O
[933555553333355535) -
§
_12 - ‘/g]
oy
e
181 COPACIT T
50 40 -30 -20 -10 O
vV (V)

-10

transfer

(Vos = -40 V) and saturation (left) and output (right), collected on the day of fabrication.

266 | Appendix



0]
107 1
= 002
< I
=) = .0.04
2 z
£ £ .0.06 ) o -10V
= 0.0 8- n»ml""’ o -20V
AR 5 o -30V
108 0.10] o A0V
50 -40 -30 -20 -10 O 50 -40 -30 -20 -10 O
v_(V) v (V)
—_ =
=< 107, e 2
oy = =
a . 2
g — g
E =
108

50 -40 -30 -20 -10 O

v.(v)
x 104
1d (OTS) } 3 o]
10 7
—_ ~ () ‘&-
= ‘-‘;-_c‘ : 2 e < -5
; “’\‘e, - >
£ 107 ' > =
3 L1 < & -104
£ €
107107
_15_
)
50 -40 -30 -20 -10 O 50 40 -30 -20 -10 O
Ve (V) V_(V)
-4
x10¢
107] 1d (PS) 0.
3 Z-002-
g 1078’ o = g - 1
= ! 2 5 2004
UCJ 10—9 ) ‘__:E g
E 73 1 £ -0.06
1019] 0 -0.08-
50 -40 -30 -20 -10 O 50 -40 -30 -20 -10 O
VeV V., (V)

Figure Al1.4. OTFT characteristics of derivatives 1c-d over OTS- (a) and PS-treated (b) substrates:
transfer (Vps = -40 V) and saturation (left) and output (right), collected on the day of fabrication.

Appendix | 267



x 104

108
O 4
—_ -1
< 109 %‘
= = -2
‘G >
S =]
3 2 -3
£10%0 2
=
10-11 _5 )
-50 -50 -40 -30 -20 -10 0
v (V)
107
0 4
—. 108
Z 109 =
g 2 -101
c [«}]
1010 € & o020V
137 sﬁﬁ”}& o -30V
1011 40V
_20 T T T T T
-50 -50 -40 -30 -20 -10 0
V., (V)
0-
/‘#4
1074 [#3332)20395353333) mm“fmm:aﬂi?
_ . -0.06- 5
< <
> 2 ' 7 oov
E 10" £ -0.121 W;
[} c oo ©-10V
s g ] o« : 020V
10 E ‘ - -0.18— e} _30 V
| 1 -40V
10" : : : : %9 -0.24 ‘ : . : :
-50 -40 -30 -20 -10 0 -50 -40 -30 -20 -10 0
v (V) Vo (V)
-4
107 x 10 3
10-8’: 9 .
< — g 20  COUTETITITTCCOTRTRCCITIE
> . 5 X
Z 10° ", >z 00V
] - > B ]
z 5 ! . £ -40- COOTTCEITIII LI o 20V
ol tooqq I ] o -30V
. o | 40V
10 ; ; ; ; ; -60 ; ; . ; ;
-50 -40 -30 -20 -10 0 -50 -40 -30 -20 -10 0
v, (V) V_(V)
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Figure A2.1. Emission spectra in cyclohexane (CH), dichloromethane (DCM), acetonitrile (ACN) and
dimethylsulfoxide (DMSO) of compounds 31a (a), 31b (b), 32a (c), 32b (d), 36a (e), 36b (f), 31c (g),

32c (h).
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Figure A2.2. TGA scans of compounds 30a-b, recorded at a heating rate of 10 °C min™. The
decomposition temperature (T4) was estimated as the 5% weight loss.
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Figure A2.3. OTFT characteristics of a PS-treated device integrating compound 30a seven months
after the fabrication: (a) transfer (Vps = -40 V) and saturation; (b) output.
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Figure A3.1. TGA scans of compounds 37a-c, recorded at a heating rate of 10 °C min™. The
decomposition temperature (T4) was estimated as the 5% weight loss.
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Figure A3.2. GIXRD profiles of 37b deposited over OTS- (a) and PS-treated (b) substrates collected
right after the deposition, after 3 months and after 1 year.
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Figure A4.1. TGA scans of compounds 50a-c, recorded at a heating rate of 10 °C min™. The
decomposition temperature (T4) was estimated as the 5% weight loss.
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Figure A4.2. Evolution profile of the average hole mobility (unave) Of a set of devices fabricated from
derivatives 50a-c over PS-treated substrates. The displayed period comprises 400 days starting

from the fabrication day.
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Figure A4.3. Emission spectra (left) and plot of the relative emission intensity (///o) and wavelength
versus the composition of the aqueous mixture (right) of derivatives 44b (a), 44d (b), 44e (c) and
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Figure A5.1. Cyclic voltammetries in dichloromethane referred to the Fc*/Fc redox couple of
derivatives: a) 54a-b; b) 59a-b and 62b-c.

Table A6.1. Characteristics of iridium-containing OLED devices fabricated from 67a and 68b.

Voo e CE [ ccr
Dev. Compound Composition [ [b] ) ) CIE [¢

V) (cdm?) (cd A?) (K)
20 67 100:0.12:0.12 7.1 23 0.03 (0.32,0.38) 5813

a

21 100:0.75:0.75 4.0 261 0.18 (0.50,0.42) 2300
22 68b 100:0.12:0.12 5.8 31 0.02 (0.36,0.39) 4655
23 100:0.75:0.75 5.9 174 0.23 (0.51, 0.46) 2446

[a] Proportion (w/w) of the iridium complexes in front of 67a or 68b (ratio of
compound:Ir(ppy)s:Ir(MDQ)2acac. [b] Turn-on voltage, defined as the voltage necessary to provide a
luminance of 1 c¢d m™. [c] Maximum luminance. [d] Maximum current efficiency, calculated at an
operating voltage higher than the Von. [e] CIE coordinates calculated from the corresponding
electroluminescence spectrum at 8 V. [f] Correlated color temperature (CCT) calculated from the
corresponding CIE coordinates using the McCamy’s approximation.
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Figure A6.1. Optical properties of compounds 67a and 68b and the corresponding iridium-
containing WOLEDs: photoluminescence in the solid state and electroluminescence spectra of a)
compound 67a and devices 20 and 21, respectively; b) compound 68b and devices 22 and 23,
respectively.
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Figure A6.2. Phosphorescence spectra of compounds 67b (a) and 68b (b) recorded in THF at 10 uM
at 77K, and their triplet energies (E1) estimated from the Amaxem.

Table A6.2. Characteristics of iridium-containing OLED devices fabricated from compound 67b.

6V 8V 10V

ccT i ccrt ccT i

Dev. Composition 12! CIE CIE CIE
(K) (K) (K)

12 100:1.00:0 - ; (0.28, 0.59) - (0.28,057) -
13 100:0:1.00 - - (0.52, 0.40) 1974  (0.52,0.40) 1974
14 100:0.12:0.12  (0.33,0.33) 5617  (0.35,0.33) 4852 ; ;
15 100:0.25:0.25 (0.42,0.42) 3335 (0.42,0.40) 3276  (0.50,0.41) 2199
16 100:0.50:0.25  (0.41,0.46) 3860  (0.40,0.43) 3782  (0.45,0.41) 2889
17 100:0.25:0.50  (0.48,0.42) 2557  (0.47,0.40) 2457  (0.49,0.40) 2226
18 100:0.50:0.50 (0.46,0.45) 2988 (0.45,0.44) 3012 (0.49,0.42) 2436
19 100:1.00:1.00  (0.50,0.45) 2556  (0.47,0.45) 2821  (0.53,0.42) 1994

[a] Proportion (w/w) of the iridium complexes in front of 67b (ratio of 67b:Ir(ppy)s:Ir(MDQ)2acac.
[b] Correlated color temperature (CCT) calculated from the corresponding CIE coordinates using the
McCamy’s approximation.
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