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1. Introduction

Over a hundred years ago, the houses were illuminated by incandescent light bulbs,
which, to produce light, involved heating a wire filament until it glowed. Moreover, by
the end of the 1930s, fluorescent lamps started to be commercialized, they were able to
produce light from electrical energy up to six times more efficiently.!

Light-Emitting Diodes (LEDs) revolutionised the world when the first devices with
practical use were invented,?® changing the way to produce light without losing the
biggest part of the energy as a waste of heat, like most of the old bulbs. Years of research
ended up making tiny diodes more efficient, with immediate full brightness and many

other exciting attributes.*®

Subsequently, improvements kept coming, and after the first Organic Light-Emitting
Diode (OLED) was reported in 1987,° the display industry expanded to an exciting range

of applications, with thinner, lighter, brighter and even curved and flexible devices.”®

The research does not stop discovering and evolving the way of producing light, and every
day we realize the importance of finding better ways to reduce the waste of energy.
Furthermore, optical devices are present everywhere in our daily lives, therefore, it is vital
to understand better the processes that occur in their operation to produce lower-cost and

more efficient illuminating devices.

At the present moment, the lightning market is still dominated by LEDs, although OLEDs
have been trying to take over the market for a while now. The biggest limitation of typical
fluorescent OLED:s is due to the maximum Internal Quantum Efficiency (IQE) of 25%.
As a result of spin-statistics, phosphorescent OLEDs may achieve up to 100% IQE,
although these types of devices generally are based on organometallic complexes
containing heavy metals. With that in mind, the last years were marked by an increase in
the development of heavy-metal free highly conjugated compounds exhibiting Thermally
Activated Delayed Fluorescence (TADF) and/or Room-Temperature Phosphorescence
(RTP), processes that revolutionized the optical field of research, on account of the
possibility to increase the efficiency of OLED devices without the use of heavy metallic

atoms, which are expensive and scarce nowadays.> !

Through the hybridization of the lowest singlet and triplet excited states, TADF behaviour

arises from the maximization of the use of excitons, resulting in characteristic
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fluorescence emission spectra with lifetimes comparable with phosphorescent complexes.
TADF compounds are characterized by molecules containing donor and acceptor groups,
separated to decrease the conjugation, presenting small energy splitting between singlet
and triplets (AEst<0.3 eV) and intramolecular charge-transfer character. TADF-based
OLEDs have been thoroughly investigated in the past years,®'** producing highly
efficient devices.!

Organic compounds that exhibit higher values for AEst usually are not efficient for TADF
applications but can have potential as RTP emitters. Therefore, adjustment of different
emission properties can be obtained by the use of similar structures with simple

substituent modifications.'®

The main purpose of this work is to report the investigation of TADF and RTP emitters
through the characterization by electrochemical and photophysical methods and further
application in the manufacture of OLEDs, with the intent of better understanding the
distinct emission pathways and the parameters that can influence and optimize such

processes.
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2. Background Theory

2.1. Organic Emitters

In nature, we can find light-emitting organisms such as fireflies, fungi, bacteria, and

marine animals like fishes, shrimp, jellyfish, and many others.'®

The research interest in organic electroluminescence started with the anthracene crystal’s
light emission discovery report.” Organic materials can exhibit extremely high
fluorescence quantum efficiencies in the visible spectrum, however, their use in
optoelectronic devices was hampered by the high voltage requirement for the injection of
charges into organic crystals.® Devices containing organic materials resulted in

significantly lower efficiencies and lifetimes when compared to inorganic materials.'8

The successful application of such compounds in optoelectronics was established at the
end of the 1980s,%° marking the start of a new generation of lightning devices. A wide
range of properties can be achieved and studied, from the use of low molecular weight to
conjugated oligomers or polymers.*® One of the significant advantages of using organic
compounds is the possibility of playing with their properties by simple changes in their

molecular structure.®

Nowadays, the search for all-organic emitters comes from the will to overcome the use

of rare and expensive materials, such as heavy metals like iridium and platinum.®

2.2. Electronic Transitions in Organic Emitters

When a molecule absorbs the necessary amount of energy, it undergoes electronic
transitions from the ground state (So) to one of the excited states (Si, Sz or T1), as shown
in Figure 1 in Jablonski’s diagram. The absorbed energy can be released through radiative
and non-radiative deactivation processes, which happen sequentially or simultaneously.

One of the consequences of non-radiative decay is the dispersion of thermal energy.?°

12
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Figure 1. Jablonski Diagram for absorption, fluorescence, phosphorescent and
adjacent processes. Adapted from references.>?! IC — Internal Convertion; 1SC —
Intersystem Crossing, So— singlet ground state; S1 and Sz — singlet excited states; T1 —
triplet excited state.

In the case of radiative pathways of energy release, emission of photons (light) could be
induced, that is the desired outcome in the study of light-emitting devices. A molecule in
the excited state which relaxes to Se through radiative pathways can undergo different

processes to reach So.®

The fastest radiative deactivation process is the transition from the singlet excited state
(S1) to the ground state (So), and the emission which arises is called fluorescence. The
triplet excited state (T1) is a metastable energy level, usually with lower energy than the
relative singlet states, and the probability of transitions from Ty to So is very small. This
transition takes longer time, which increases the quenching of the triplet excited states.
Regardless of the low probability, this transition arising from triplet states can happen
under proper conditions and is accompanied by phosphorescence emission.?* The
phosphorescence emission decay lifetimes are considerably more significant than the

fluorescence decay.??

As a characteristic, a molecule in a singlet state (S) possesses two electrons with opposite
(antiparallel) spins. From the singlet excited state Si, a molecule can undergo an
Intersystem Crossing (ISC) process, changing the orientation of spins between the two

electrons, becoming parallel, which characterizes a triplet excited state (T1).°
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Since electrons present parallel spins in triplet excited states and antiparallel spins in
singlet states, the transition from T to So (phosphorescence) has a spin-forbidden nature.
On the other hand, fluorescence processes are considered spin-allowed because, in this
case, changes in spin orientation are not required. For this reason, phosphorescence
emission has a low probability of occurring, and its rate constant is very small at room
temperature.212324 At very low temperatures, it is possible to eliminate the thermal
deactivation processes that quench triplet states, making it easier for the transition from

T1 to So to occur, hence the phosphorescence emission can be observed.®

The study and understanding of such transitions are of great importance for developing
improved lightning devices and displays.

2.3. Organic Light-Emitting Diodes (OLEDs)

An OLED is basically a LED containing an organic compound(s) in its structure and
exhibits light-induced emission by electric current.” The first successful OLED was
reported in 1987 by Tang and VanSlyke, where a double-organic-layer device presented
high green electroluminescent efficiency, fast response, and low voltage drive (starting at

2.5V) in a basic fabricated structure.®

Device architecture has faced many changes since the development of the first reported
OLED, however, the primary structure remains the same, constituted by a thin organic
emitting layer placed between two electrodes, one of which must be transparent.?>%
Improved devices can be developed by carefully adjusting the different layers, ranging
from basic three-layer structures to multi-layer devices. Extra layers with specific
functions have been added with the intention of enhancing device efficiencies, such as
Hole-Injecting Layers (HIL), Hole-Transporting Layers (HTL), Hole-Blocking Layers
(HBL), Electron-Blocking Layers (EBL) and Electron-Transporting Layers (ETL).%%"%
Additionally, the emissive layer consists of the emissive compound dispersed into a host

to avoid light quenching and degradation.26:2

An example of an OLED device with a simplified structure consists of electron and hole
transporting layers, with a recombination layer between them, and these three layers are

restrained by the cathode and anode electrodes, as shown in Figure 2.2
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7

HTL /
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Figure 2. Example of a simplified OLED structure. Adapted from references.*®?? ETL —

Electron-Transporting Layer; HTL — Hole-Transporting Layer.

Light emission arises from the exciton formation when positively charged holes and
negatively charged electrons find each other at the recombination layer. Electrons and
holes are attracted to each other by Coulomb interaction. The metal cathode is responsible
for the injection of electrons into the Lowest Unoccupied Molecular Orbital (LUMO) of
the material residing at the electron transporting layer, where the electrons jump from one
molecule to the other in the direction of the anode. While the anode, which consists of a
transparent semiconductor material, usually Indium Tin Oxide (ITO) coated glass,
induces hole injection into the Highest Occupied Molecular Orbital (HOMO) of the HTL
material. Although hard to imagine the conductivity of holes, it happens when the anode
removes one electron of an organic material’s HOMO, forming a positive charge in one
molecule, and eventually, this charge is compensated by an electron of a neighbouring
molecule, transferring the positive charge to this following molecule, and the continuity

of this process consists in the conduction of the positive charge, also called as the hole.??

Charge recombination, which happens in the functioning of an OLED structure, generates
singlet and triplet excited states. In quantum mechanical treatments, the spin of an
electron can be described by an angular momentum operator, thus, electrons and holes
possess an intrinsic spin quantum number s = %, which can exist in two states ms = + %
or ms = - %. In the presence of two electrons, statistically is possible to form four different
spin combinations: one with antiparallel spins and total spin number S =0 (ms = 0); and

three combinations of parallel spins with a total spin number S =1 (ms = -1, 0, +1),

15



resulting in one singlet and three triplet excitons formed as is depicted above, in Figure
3_24

S=0 S=1
ms=0 ms=1 ms=0 ms=-1
singlet triplets

Figure 3. Schematic representation of spin combinations following charge

recombination in OLEDs. Adapted from references. 303

Among the many important aspects that contribute to the OLED performance, the
Photoluminescence Quantum Yield (PLQY) and the exciton usage efficiency of the

emitter compound are top priority.

In most organic molecules, the triplet excited states are not emissive at room-temperature,
therefore, an OLED that consists of a purely fluorescent emitter will be able to emit only
25% of the excitons formed, possibly losing 75% of energy through non-radiative decay
processes (Figure 4).22243933 The External Quantum Efficiency (EQE) of an OLED
device is ruled by a mathematical equation, which defines that pure fluorescent OLED
devices (with internal quantum efficiency limited to 25%) can have EQE up to only

5%.23,33
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Figure 4. Jablonski Diagram for a fluorescent emitter-based OLED. Adapted from

references.®13:34

A specific characteristic is observed in heavy metal ions such as Ir(I11), Os(I1) and Ru(ll):
the presence of Metal-Ligand Charge Transfer (MLCT) state induces enhanced Spin-
Orbit Coupling (SOC), where singlet and triplet excited states hybridize.3>" Thus, the
existence of phosphorescence emission without the need for extremely low temperatures
is called RTP, which relies on an intrinsic fast ISC process induced by the strong SOC,

increasing the probability of the transition T1-So to occur.®2%24

Phosphorescent materials based in complexes containing such heavy metal ions can
harvest the energy of singlet and triplet excitons and populate the T, state with all four
possible spin orientations, resulting in IQEs up to 100%. Theoretically, phosphorescent
OLEDs can achieve efficiencies four times larger than pure fluorescent devices, reaching
EQE of around 20%.%3%3% Experimentally is possible to assemble optimized devices to
achieve higher efficiencies, for example, with the appropriate choice of host*?, increasing
the out-coupling efficiency by inducing the orientation of the emitter molecules® or by
the addition of surrounding materials®®. However, in this work, we focus more on

understanding the processes that occur in the emitter compound.

Ir(111) complexes are attractive due to their relatively short triplet lifetime (large rates for
the transition T1-So)* and high PLQYSs. They have been extensively applied as an emitter

layer in OLEDs and result in high-efficiency devices.®¢3:40-43 However, iridium is a
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material that has increased its value by more than 140% in 2021. Its attractive use as a
catalyst for the production of H, from water expanded its demand uncontrollably. Not
only expensive but there is also not much iridium available on Earth, as it’s a side-product

obtained from the mining of palladium and platinum.**4°

To avoid increasing ecological problems using iridium on large scales, Delayed
Fluorescence (DF) appears as one very interesting way to overcome limitations and
produce high-efficiency OLED devices with all-organic compounds without the presence
of heavy metal atoms. DF relies on a reverse ISC (rISC) process, which transfers energy

from the excited triplet state to the excited singlet state.

There are two types of DF. P-type delayed fluorescence, where the activation energy for
rISC to occur is provided from the interaction of two molecules in the excited triplet state,
promoting energy transfer from one to the other, resulting in one of the molecules in the
ground state and the other in the excited to a singlet state. A radiative decay from the
generated singlet state leads to delayed fluorescence emission. This process is also called
Triplet-Triplet Annihilation (TTA), and its maximum internal quantum efficiency is
limited to 50%.4

The second type of DF is called E-type delayed fluorescence or TADF.

2.4. Thermally Activated Delayed Fluorescence (TADF)

As a continuity of a study from 1930, where long-lived luminescence was observed, in
1961, Parker and Hatchard reported for the first time the definition of E-type fluorescence
from studies of the TADF behaviour of the compound eosin.*” Although the mechanism
involved in the TADF process was better studied and described only in 1986.4¢ Moreover,
in 2009, Prof. Adachi’s group of research published for the first time the application of
TADF emitters in OLED structure as a way to achieve enhanced devices.?*

The fundamental principle for molecules to exhibit TADF properties is a small gap
between the energies of T1 and S1 (AEst). For gaps small enough, only the increase of
molecular vibration by the thermal energy from the surrounding is required as the
activation energy for the rISC process, harvesting the triplet excitons back to S; and

allowing, theoretically, 100% efficiency, as depicted in Figure 5. In this case, the radiative
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decay derived from S; to So is TADF emission, with the same characteristics as

fluorescence and lifetimes comparable to phosphorescence emission.®
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Figure 5. Jablonski diagram for phosphorescent-based and TADF-based emitters.

In practice, studies showed that molecules with Donor-Acceptor (D-A) and Donor-
Acceptor-Donor (D-A-D) structures, where donor and acceptor are weakly coupled,
present the feature of having a small/minimum overlap between the frontier orbitals,
having LUMO situated over the acceptor moiety and HOMO placed mostly over the
donor part of the molecule. Such structures comprise a reduced spin exchange energy,
achieving small AEst, and for this reason, are extensively used for the study of TADF
properties.®1%4%50 The angle between donor and acceptor moieties is highly determinant
for the final observed emission. The molecular conformation will affect the energy levels
and the spatial disposition of the frontier orbitals.® Chen et al. demonstrated the possibility
of tuning between RTP and TADF properties with simple chemical modifications, which
lead to different conformations in the exited states, influencing the final radiative
emission pathway.'® Furthermore, different colour emissions can be displayed by the
same compound, derived from different molecular conformations achieved by

mechanical interferences, and they are known as mechanochromic materials. %5152

On account of the HOMO and LUMO separation of some D-A and D-A-D structures, the
absorption of photons leads to a transfer of electron density from the donor to the acceptor
part, which means that the dipole moment of the molecule in the excited state is quite
different than in the ground state. This process is known as Intramolecular Charge
Transfer (ICT) and results in a Charge Transfer (CT) excited state.*® In a comparison

study of similar molecular structures with the same acceptor moiety, donor groups with
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high electron-donating property lead to high ICT character and large HOMO-LUMO
split.*°

Generally, excited states can be divided into two categories: Locally-Excited (LE) and
CT states. Such states can exist as singlet or triplet excitons, which will be indicated as a
superscript on the left side, given origin to the definitions: !LE, °LE, !CT and CT. The
most significant difference between LE and CT is the former presents a large overlap
between the orbitals involved, while the latter is characterized by the spatial separation
between HOMO and LUMO. Emission spectra originated at LE states are represented by
well-resolved thin signals, however, CT emission spectra are known for their structureless
Gaussian line shape. In D-A molecular systems, electronic transitions may generate
excitons localized on the donor or acceptor moieties that are represented as (D*~A) or
(D-A%*); or it may trigger a transfer of charge creating CT states that can be described as
(D+-A).>3

In systems where ISC and rISC processes occur with a high rate constant, T, and S; are
attributed to LE and CT states, respectively.>* However, extensive research and study
driven by the attempt to understand DF mechanisms better revealed mixed CT-LE states
involved in TADF emission, mediated by the electronic coupling of the local triplet (°LE)

and the charge transfer states (:CT and 3CT).%0:®

Hence, the basic criteria for emitters to display TADF emission is the minimization of the
singlet-triplet gap. However, there is a rare possibility of careful molecular engineering
strategies achieving such a high stabilization of the singlet state, resulting in a lower
energy degree than its corresponding triplet state (T1). This phenomenon, called singlet-
triplet inversion (Figure 6), increases the rate of energy transfer of rISC once the
conversion of triplet into singlet excitons now is an energy relaxation process, promoting
the triplet contribution for the overall emission, supporting up to 100% of triplet-singlet

conversion.>®
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Figure 6. Jablonski diagram for TADF emitters and singlet-triplet inverted materials.

The singlet-triplet inversion effect was observed in recent works for heptazine systems,®’
and better studied for triangle-like shape N-substituted hydrocarbons through a theoretical
study in an attempt to establish the importance of heteroatom substitution and to
determine the pre-requisites for achieving the inversion.*® Additionally, de Silva reported
an investigation from the perspective of the electronic structure theory, imposing the
requirement of LE character, along with double excitations and CT character, to provide
the possibility of achieving emitters with gap inversion.>® Although there is increasing
interest in such effect and many theoretical studies, there is yet to see the application of

materials containing singlet-triplet inversion in OLED devices.

The use of TADF and RTP all-organic materials to produce enhanced devices
revolutionized the optical field of research as an alternative to obtain highly efficient
OLEDs without the use of scarce and expensive heavy metallic atoms. Recent works have
reported TADF-based OLED with 38% EQE.!!

With the aim of better understanding the emission processes, looking for ways to increase
device efficiencies, and designing novel compounds for the application in active layers in
OLED’s structure, the characterization and study of TADF behaviour is of utmost

importance.

2.5. Characterization of TADF Compounds

2.5.1. Solvatochromism

Since most of the known TADF emitters are donor-acceptor molecules, the CT state and

its energy are essential knowledge to be acquired.
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The CT excited state is characterized by a larger dipole moment compared to the ground
state. Consequently, the presence of polar solvents and matrices stabilises the CT state,
which has its energy decreased and corresponding red shift of the emission spectra (larger
red shifts with increasing polarity). Hence, this effect is used for a fast study, analyzing
the emission spectra of a compound in solvents of different polarities. A red shift observed

with the increasing polarity is a strong indication of the presence of the ICT process.®

As an example of a solvatochromism study, the emissions of the same compound’s
solutions in tetrahydrofuran (THF), toluene and dichloromethane (DCM) can be
compared. In this case, toluene exhibits the lowest polarity values and DCM the highest,
leaving THF with intermediate polarity. * Therefore, such a study would be expected a
TADF molecule to exhibit red-shifted emission when solubilized in THF and DCM, in
comparison with the toluene solution emission. However, as shown in Figure 7, “A” is
an example of a TADF molecule, presenting solvatochromic shifts, and B is a molecule
with no CT state, where emission has no significant influence from different solvent

polarities.
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Figure 7. Solvatochromism study for a) a TADF molecule and b) a molecule with no

TADF properties.
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2.5.2. Oxygen Effect

Luminescence can be affected by some environmental factors. Kautsky observed that the
presence of oxygen could quench fluorescence and phosphorescence processes, however,

phosphorescence was extremely sensible, regardless of the oxygen pressure.®°

Quenching is defined by the energy transfer from an excited molecule to a quencher in
the ground state. After the quenching process, the quencher molecule will be in the
excited state, and the other molecule will decay to the ground state (Figure 8). Although
the energy transfer will only occur when the energy of the triplet state of the first molecule

is higher than the triplet state of the quencher.?*

Therefore, the reason for the greater sensitivity of phosphorescence towards oxygen is
because the ground state for molecular oxygen (O>) is a triplet state,®! and its singlet
excited state has very low energy (0.98 eV), which makes Oz an excellent and well-known

quencher for processes involving triplet excited states.?6263

absorption

quenching

Figure 8. Jablonski diagram for Oxygen quenching of luminescence.

As phosphorescence, the TADF process also originates from triplet excited states.
Therefore, any action that influences the triplet state also influences the intensity and

lifetime of the TADF emission.*®

Consequently, we can use this correlation to confirm the presence of emissions
originating from triplet states with a straightforward and fast experiment called degassing:

measuring the intensity of emission with and without oxygen for comparison.
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Additionally, since TADF emission is extremely weak or non-existent in the presence of
oxygen, it is considered that Prompt Fluorescence (PF) and DF are observed under
degassed conditions, while only PF is detected under air conditions. The proportion
between DF and PF (DF/PF) can be obtained by the direct ratio of the integrated spectra,

resulting in a key parameter of TADF materials characterization.>

2.5.3. Photoluminescence Decay (Lifetime)

Accordingly to what we have discussed, the photoexcitation of a molecule will generate
singlet and triplet excited states, followed by the relaxation to the ground state, which
may be accompanied by the emission of light. The kinetics of the relaxation from a singlet
state will differ from the kinetics of the relaxation of a triplet excited state regarding the
average time the electrons spend in the excited states, what is called luminescence

lifetime.%*

Fluorescence is a very fast process, due to its spin-allowed nature, with a higher
probability of occurring, its lifetime usually varies from 1 to 100 ns. Whereas the TADF
process involves electron transfer to form a CT state, I1SC to the local triplet states (°LE)
and a flip back to S; through rISC, where it will decay to So by radiative emission. Due
to all these processes and triplet excited states' long-live nature, the final emission can be
detected with lifetimes from 1 ps to 100 ms.® For this reason, the lifetime of the emissive

processes is an element of significant importance in the study of DF.

More than that, one important factor that interferes with OLED’s operation is the
efficiency roll-off, which is the decrease in efficiency with higher brightness and current
density, both needed for application in displays.®® However, this roll-off can be reduced

by using compounds with short emission decay times.*

Time-Correlated Single-Photon Counting (TCSPC) is a common, well established and
widely used method that allows for measuring photoluminescence decays, which relies
on detecting single photons, measuring their arrival time-correlated to the laser pulse
excitation. Using a high repetitive light source and Photomultiplier Tubes (PMT) is a
high-resolution technique. The resulting histogram of the luminescence intensity vs. time

represents the decay curve, as can be seen in Figure 9.5
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Figure 9. Example of a TCSPC histogram.

Moreover, relying on the kinetic of relaxation processes from different excited states,
time-gated acquisition analysis allows to differentiate of the emission of distinct species
based on the investigation of photons at a chosen time window while disregarding the
other photons.%* With the use of a Charge-Coupled Device (CCD), the camera, an
invention that won part of the physics Nobel prize in 2009,% is possible to measure
individual spectra with specified delay and integration times, as well as compose a decay
curve by the compilation of many spectra in a wide range of delay and integration times,

as shown in Figure 10.
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Figure 10. Decay curve of compound A in Zeonex® matrix, at 300 K.
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Obtaining emission spectra at different temperatures during the time-resolved
photoluminescence measurements allows us to estimate the exact point where the thermal
activation for the TADF process occurs. For example, it is possible to differentiate TADF
or RTP mechanisms by comparing spectra collected in different time regimes, from ns to

ms.

2.5.4. Determination of AEst

The energy levels of T: and S: are the most important parameters to acquire in
understanding the TADF process. It is assumed that the rISC process only requires
thermal energy from the surroundings to occur, and for that reason, TADF’s intensity and
lifetime are strongly dependent upon temperature. In some of the cases, at temperatures
around 77K, TADF emission is not observed, although, for emitters that exhibit a very

small AEst, 77K can still be sufficient thermal energy to assist the rISC process.*°

While TADF emission is more intense at room temperature, phosphorescence is usually
stronger at very low temperatures. Moreover, the non-radiative decays are expected to be
eliminated at extremely low temperatures. Using this principle, it is assumed that at 10 K,
no TADF process can occur, and AEst can be drawn from the comparison of spectra of

pure fluorescence and pure phosphorescence.*

According to Planck’s theory,®, the energy of light is proportional to its frequency. With
that in mind, the energy of the excited state can be calculated from the onset wavelength
(Aonset) OF its emission spectra, which delimits the minimum amount of energy necessary
for such transition to occur; or it can also be drawn from the maximum of the emission
peak, depending on the interest of the investigation. As we can see in the example of
Figure 11, the energies of S1: were drawn from the onset of fluorescence spectra at room
temperature (300 K), while the energies of T1 were taken from phosphorescence spectra
at 10 K, and AEsr is the difference between the energies of S; and Ti.
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Figure 11. Fluorescence and phosphorescence spectra of compound A’s layer in

Zeonex® matrix.

For the investigations of such parameters, it is required equipment functioning at extreme
low-temperature conditions, high-resolution spectroscopic methods and time-resolved

measurements.

2.5.5. Electrochemistry

After a thorough investigation of the photophysical characteristics, the next step is the
understanding of the emitter’s electrochemical properties, which is extremely important
considering the application of the TADF compound in OLED’s structure once the devices

work under applied voltage.

Voltammetry is one of the most commonly used electrochemical techniques. The study
of the analyte consists of the measurement of the oxidation or reduction processes and the

resulting current on the surface of the electrode when applying a difference of potential.°

As a result of applied voltage, with the help of a potentiostat, electrodes and electrolyte
ions, an organic molecule can be reduced or oxidized via heterogeneous electron transfer,

providing information about this molecule’s thermodynamic and/or kinetic parameters.”

For Cyclic Voltammetry (CV) measurements, a typical and generally used set-up is the
electrochemical cell with three electrodes that contain a working (WE), a reference (RE)

and a counter electrode (CE), dipped in a solution containing the analyte and a supporting
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electrolyte, usually in a glass container, all connected to a potentiostat, as showed in
Figure 12. The potentiostat is an electronic device which enables the potential to be
applied in the system, inducing current flow among WE and CE. It is used for controlling
and measuring the voltage enclosed by WE and CE, adjusting and maintaining the
potential difference between WE and RE. The potentiostat is connected with a data
acquisition unit and controlled by software that uses a direct current power source to
produce the potential difference.”® The produced electrical current flows between the WE
and CE, and the function of CE is to complete this electrical circuit, allowing the current
to flow during the experiment. CE and WE should be made of conductive and inert
material, and CE should own a larger surface area than the WE to avoid interference in
the reactions happening at the WE. The potential at the WE varies linearly with time,

while the potential is maintained constant at RE.”
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Figure 12. Representation of electrochemical cell.

Electrochemical measurements in aqueous solutions are easily comparable with reliable
reference electrodes such as normal hydrogen or saturated calomel. However, the analysis
of organic molecules requires the use of organic solvents. Therefore, to allow
comparisons between measurements in several different solvents, ferrocene is used as
standard. Ferrocene is an electrochemically stable compound and generally does not

interact with other species in solution, its use is convenient and reproducible.”
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One of the main functions of the supporting electrolyte is to decrease the resistance of the
solution, enabling the conduction of charges and providing the mobility of ions to the
electrodes during oxidation or reduction processes. During the electron transfer between

electrode and analyte, the movement of electrolyte ions can balance electrical neutrality.”

The movement of electroactive species inside an electrochemical cell, either from the
bulk of the solution to the electrode’s surface, or vice-versa, can be controlled by three
mechanisms of mass transport: convection, diffusion or migration. Convection consists
of the movements caused by the action of mechanical forces such as gravity or pressure;
diffusion originates from differences in concentration between two places, resulting in
the movement of the analyte from areas with higher to lower concentrations to maximize
its entropy; and migration is defined by the movement of ions caused by the presence of

an electric field.”®"

The energy of the electrons at the surface of the working electrode is regulated by the
potentiostat, which can be slowly increased until it reaches levels higher than the energy
at the LUMO of the analyte, when consequently, an electron is transferred from the
electrode to the analyte’s molecule, reducing it. The potential value regarding the amount
of energy necessary for the reduction is called Reduction Potential. The oxidation
potential is measured similarly, by electron transfer in the opposite direction, from the

analyte to the electrode’s surface.”

The combination of solvent and supporting electrolyte compose the electrolyte solution.
Depending on the choice of combination, one can have different ranges of potential where
the electrolyte solution is stable and on which the electrochemical experiment can be
performed.”® This range of potential limits the values of HOMO and LUMO’s energy

levels that can be detected.

2.5.6. Spectroelectrochemistry

One of the few inconveniences that can be found in OLED displays is that they do not
last as long as their analogous LCDs and LED displays.” The device's lifespan can be
compromised by three important factors: dark spot formation, a sudden decrease of

luminance due to electrical shorting, catastrophic failure, or intrinsic degradation. The
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first two can be avoided through device encapsulation and improved deposition
techniques, which means careful adjustments in device fabrication.”>"® Intrinsic
degradation, on the other hand, is provoked by the degradation of the organic compounds

contained in the device layers.’®"®

As the principle of OLED’s work is through the application of electric current, it is
important to understand the processes that occur in the emitter compounds under applied
voltage. As a result of the combination of spectral techniques and electrochemical
measurements, we can accompany the formation of charge carrier species through their
characteristic spectral changes and, in this way, investigate the possible degradation
routes that may take place.?

There are many possible combinations between spectroscopy techniques with
electrochemical systems. One of the simplest combinations is the
Spectroelectrochemistry UV-Vis, where the coupling of an electrochemical potentiostat
and UV-Vis spectrometer allows to notice changes in the absorption characteristics of the
emissive materials while applying voltage (potential difference), examining the
absorption spectra of the electrogenerated products and characterizing the charge carrier
species.” Inside the UV-Vis cuvette, the counter and reference electrodes are introduced
together with a transparent WE, usually an ITO coated glass, so that the light beam can
pass through and analyze the electrochemically produced species, as can be seen in Figure
13.
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Figure 13. Cell for spectroelectrochemical UV-Vis measurements.

Additionally, Electron Paramagnetic Resonance (EPR) technique has the power to
investigate the presence of unpaired electrons in molecular structures, being able to detect
paramagnetic behaviour.® From the combination of EPR and voltammetric
measurements, researchers can identify and quantify the formation of charge carrier
species, monitor the appearance of radical ions, as well as characterize the atoms where

these charges are localized .88

When voltage is applied and an oxidation process occurs, for example, EPR signals
appear, attributed to polaron (radical cation) formation. In a common case of analysis of
conjugated molecules, which undergo two step reversible oxidation process, if the
potential continues to increase, the signal is expected to decrease or disappear due to the
formation of bipolarons, which are spinless double-charged species. The unpaired
electron of the formed polaron may also interact with the magnetic moment of another
atom’s nucleus, causing what is known as hyperfine splitting, which is the split of the
spectral lines of the EPR signal. Hyperfine splitting is a characteristic feature dependent
on the atom’s nature, allowing to detect the location of the formed charge, for example,
'H presents double splitting and **N exhibits triple splitting of the signal.&°
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3. Materials and Experimental Methods

The description and explanation of the experimental methods used for this study are

herein detailed.

3.1. Organic Compounds

The analyzed organic compounds in this study were synthesized in collaboration with
Prof. Youhei Takeda’s group at Osaka University, in Osaka, Japan, and Dr Marcin
Lindner’s group, from the Institut of Organic Chemistry Polish Academy of Sciences, in

Warsaw, Poland.

3.2. Sample Preparation

3.2.1. Solution

The organic compounds used in this study were dissolved in solvents with different
polarities. To obtain other concentration solutions, the organic compounds were weighed
on an analytical scale, and the solvents were added in order to prepare solutions in a
concentration range of mM. From those mM solutions, other solutions with a range of

concentrations from 100 uM to 1 uM were prepared through dilution.

Solvents acquired: Toluene (TOL) 99+% for spectroscopy Acros Organics,
Dichloromethane (DCM) CHROMASOLV® 99.9% Sigma Aldrich and tetrahydrofuran
(THF) Romil Pure Chemistry were used without further purification. In addition, for
electrochemical and spectroelectrochemical studies, dried tetrabutylammonium
tetrafluoroborate (BusNBF4) 99% and ferrocene 98% were purchased from Sigma

Aldrich and used without further purification.

3.2.2. Solid State

The synthesized compounds were investigated in the solid-state to observe the possible

behaviour as active layers in OLED structure. Two matrices were chosen to avoid
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possible aggregation, the polymer Zeonex® 480R was selected as the study stage between
solution and solid-state and 4,4'-bis(N-carbazolyl)-1,1'-biphenyl (CBP) was chosen as the
host for OLED. Solid-state samples were prepared at a 1% w/w ratio in Zeonex® host and

a 10% wi/w ratio in CBP host on sapphire disc windows as substrates.

Spin-coated films were prepared using the Spin-Coater Laurel WS-650Mz-23NPPB. The
parameters (spinning time, acceleration, speed) were optimized for each different solvent.
The sapphire substrate was placed in the Spin-coater. A vacuum pump connected to the
equipment ensured that the substrate stayed in place, the optimized parameters were
applied, and 100 pL of different solutions were dropped on the top of the substrate as
soon as the spinning had begun. This method produces very uniform films.

Drop-coated films result from the drop onto the substrate while it is warmed up with the
help of a hot plate. The applied temperature and time are different for each solvent and
compound used in each case, CBP, for example, degrades if it undergoes temperatures
higher than 50 °C.

3.3. Steady State Measurements

3.3.1. Optical Absorption

Steady-state UV-Visible absorption spectra were recorded by a HP 8453 (Agilent)

spectrophotometer using a 10mm cuvette.

3.3.2. Photoluminescence Spectroscopy

Steady-state emission spectra were recorded on a FluoroSENS spectrometer.

Solvatochromism studies were performed by analysing emission spectra in three different

solvents.

The oxygen effect was investigated in solution through degassing experiments in toluene
solvent using a custom made 1 cm path-length degassed cell stoppered with a Young tap
and degassed using five freeze/thaw/pump cycles. The solid-state degassing

measurements were performed in a liquid N2 cryostat (Janis Research).
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The PLQY was determined with the help of an integrating sphere coupled with the
FluoroSENS equipment.

3.4. Time-Resolved Spectroscopy

3.4.1. Time-Gated Acquisition (iCCD)

Phosphorescence, PF and DF time-resolved spectra and fluorescence decay curves were
collected using picosecond gated luminescence and lifetime measurements (from 400 ps
to 1 s) using either third harmonics of high energy pulsed DPSS laser emitting at 355 nm
(Q-Spark-A50). Emission was focused on a spectrograph and detected on a sensitive
gated iCCD camera (Stanford Computer Optics) with sub-nanosecond resolution.
Temperature photophysical measurements were conducted in the Janis CCS-450 closed-

cycle helium cytostatic system (CTI-Cryogenics).

The delay and integration times are set at a time longer than the previous sum of delay
and integration time to avoid overlap. As the next step, the curve is corrected by
integrating the measured spectra to obtain a good luminescence decay profile. Every point
represents the collected emission spectra of the respective emitting specie.

3.5. Electrochemistry

3.5.1. Cyclic Voltammetry

In this study, electrochemical measurements were carried out using a three electrodes
electrochemical cell, using a platinum (Pt) disk electrode as WE, a Pt wire as CE, and a
silver/silver chloride (Ag/AgCl) electrode as RE (calibrated against ferrocene), BusNBF4
as an electrolyte, and DCM as a solvent, under Argon (Ar) inert atmosphere, connected

to potentiostats Biologic SP150 or CH1620 (CH Instruments), under 50mVs scan rate.

The energy levels of frontier orbitals, HOMO (Enomo) and LUMO (ELumo), associated
to the lonization Potentital (IP) and Electron Affinity (EA), which were estimated from
oxidation (Eox) and reduction (Ereq) potentials, respectively, using the following

equations: EHomo = Eox + 5.1; ELumo = Ered + 5.1.
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3.5.2. UV-Vis Spectroelectrochemistry

The UV-Vis spectroelectrochemical investigation was carried out using a quartz cuvette
with a 2 mm optical path, ITO coated glass as WE, Ag/AgCI electrode as RE (calibrated
against ferrocene) and a Pt coil as RE, with the help of a Potentiostat Autolab PGSTAT20
and Ocean Optics spectrometer with QE6500 and NIRQuest detectors. The solutions
containing the analyzed compounds, electrolyte and solvent were placed into the cuvette,
together with the ITO, Pt and Ag/AgCl electrodes. In the case polymer analysis, the ITO
containing the polymeric film was placed into the cuvette along with CE, RE and
electrolyte solution. The whole system was submitted to five electrochemical cycles at a
50 mV s scan rate while UV-Vis and NIR spectra were recorded every 0.5 seconds in a

potentiodynamic system.

It is important to mention that the WE used in this technique is ITO coated glass. There
are some limitations caused by the stability of the ITO material upon a particular potential.
In this case, spectroelectrochemical UV-Vis is only used to determine oxidation processes
with potential values up to 1.1 V vs. ferrocene.

3.5.3. Potentiostatic EPR

Potentiostatic EPR analyses were performed by a JES-FA 200 (JEOL) spectrometer, and
a Potentiostat Autolab PGSTAT20 controlled the potential difference. The compounds’
solutions were placed in a custom made cuvette, with 1 mm diameter Pt wire as WE, Ag
wire as RE (calibrated against ferrocene) and Pt coil as RE. EPR spectra were recorded

stepwise, every 100 mV, to fully characterize the compounds’ charge carrier species.
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3.6. Devices Assembly

3.6.1. Electrochromic Devices

Electrochromic devices are electrochemical cells containing two electrodes separated by
electrolyte ions. For the observation of colour and intensity changes in emission, optically
transparent ITO coated glasses are used in this case.®

Thin films of the emitters were prepared onto the ITO’s surface using a drop-coating
technique for small molecular weight compounds. Next, polymeric films were formed
onto the ITO’s surface under electropolymerization. Prepared films exhibit 1 cm?. Finally,
electrolyte gel, formed by Lithium perchlorate (LiCIO4) and poly(methyl methacrylate)
(PMMA) dissolved in propylene carbonate, was added on top of the emitters’ films. To
close the electrochromic cell, another ITO was placed on top of the electrolyte gel, and
the whole arrangement was encapsulated with UV resin.

LiClO4 99.99% was purchased from Sigma Aldrich, PMMA (M.W. 35,000) from Acros
Organics, propylene carbonate from Aldrich and UV RESIN XNR 5570-B1 was acquired
from Nagase ChemteX Corporation.

3.6.2. Electroluminescent Devices

Different chapters in this study present slight variations in device composition.

Electroluminescent devices in Chapter 5 were fabricated using HAT-CN (1,4,5,8,9,11-
Hexaazatriphenylenehexacarbonitrile) as HIL, NPB (N,N’-di(1-naphthyl)-N,N’-diphenyl-
(1,1'-biphenyl)-4,4'-diamine) as HTL, TPBi [2,2°,2”-(1,3,5-Benzinetriyl)-tris(1-phenyl-
1-H-benzimidazole)] as ETL. Lithium fluoride (LiF) and aluminium (Al) were used as
cathode electrode and CBP (4,4'-bis(N-carbazolyl)-1,1'-biphenyl) was chosen as host for

all emitters.

In Chapter 6, the devices were assembled with NPB as HTL and HIL, TPBi as ETL, LiF
and Al as a cathode electrode, with 10% of the emissive compounds dispersed in the CBP

host.10
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OLEDs from Chapter 7 were fabricated with NPB as HIL and HTL, TSBPA (4,4-
(Diphenylsilanediyl)bis(N,N-diphenylaniline)) as EBL, TPBi as ETL and LiF and Al as
cathode electrode.®

In all cases, organic semiconductors and aluminium were deposited at a rate of 1 As™,
and the LiF layer was deposited at 0.1 As™. All materials were purchased from Sigma
Aldrich or Lumtec and were purified by temperature-gradient sublimation in a vacuum.
OLEDs have been fabricated on pre-cleaned, patterned ITO coated glass substrates with
a sheet resistance of 20 Q/sq and ITO thickness of 100 nm. All small molecules and
cathode layers were thermally evaporated in a Kurt J. Lesker SuperSpectros 200
evaporation system under pressure of 10" mbar without breaking the vacuum. The sizes
of pixels were 4 mm?, 8 mm? and 16 mm?. Each emitting layer has been formed by co-
deposition of dopant and host at the specific rate to obtain 10% content of the emitter.
The characteristics of the devices were recorded using a 6-inch integrating sphere
(Labsphere) inside the glovebox connected to a Source Meter Unit and Ocean Optics
USB4000 spectrometer.
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4. Investigation of Impact of C-C Bond Insertion in Donor-Acceptor Structures

4.1. Introduction

Research studies seeking TADF emission rely strongly on compounds presenting D-A or
D-A-D frameworks. The extensive use of D-A molecules is explained because such
systems allow the extent of control of overlap between the frontier orbitals involved in
the transition leading to the compounds’ excited states. Minimum overlap implies a
spatial separation of HOMO and LUMO, which are mostly placed on the donor and the

acceptor moieties, respectively.®

Therefore, energy absorption in such structures induces electron density transfer from
donor to acceptor’s part of the molecule, resulting in CT excited states. The detection of
CT states involved in emission processes is characteristic of most TADF materials
investigated so far.*® Molecular structures presenting strong intramolecular CT character
besides achieving HOMO and LUMO separation usually exhibit a small energy split
between S; and T excited states (AEst), which is one of the most important requirements

for the observation of TADF behaviour.>®

The obtention of small AEst is not the only achievement in the structural point of view
when using D-A or D-A-D systems, the conformational angle between donor and
acceptor moieties has a strong influence on the observed overall emission, allowing to
promote or quench TADF emission, for example. Chen et al. noticed that the simple
change in position of a methyl group substituent, from donor to acceptor group, leads to
entirely different emission pathways, from RTP to TADF.'® Okazaki et al. demonstrated
how the application of mechanical forces produced many distinct conformers for the same
D-A-D molecule, resulting in emissions varying from red to orange, yellow and even

green.>

A better understanding of D-A systems and the photophysical properties involved in
TADF behaviour is important for designing and developing novel and improved
materials. With that in mind, compounds “A” and “B” were synthesized by Dr Marcin
Lindner’s group, situated at the Institute of Organic Chemistry Polish Academy of

Sciences in Warsaw — Poland. Both compounds contain the same acceptor and donor

38



moieties, the only difference between them is incorporating an extra bond in “B’’s

structure, as seen in Figure 14.
Oi |N| EO OLN_O
N N

utBu tBu @ O tBu

Figure 14. Molecular structures of D-A compounds A and B.

A
tB
Compound “A” presents a molecular structure with the possibility of free rotation around
the C-N bond between donor and acceptor. However, the presence of an extra bond in
compound “B” hampers the mobility of the tert-butylcarbazole donor group, forcing a

more strict configuration and most likely increasing the electron conjugation along with

the molecular structure.

These  compounds  were  characterized by  electrochemical, UV-Vis
spectroelectrochemical and potentiostatic EPR measurements. Additionally, a complete
photophysical study was carried out to investigate the radiative pathways involved in
compounds “A” and “B” emission, disclosing the influence of the appropriate angular

position between donor and acceptor moieties in the emergence of TADF behaviour.

4.2. Results and Discussion

4.2.1. Electrochemical Studies

The Cyclic Voltammetry (CV) technique was used for the electrochemical investigation

of compounds “A” and “B”, and the acquired voltammograms are displayed in Figure 15.

39



—
P

Current pA
L o

r
M

20 45 -10 05 00 05 10
Potential V vs Fc/Fc*
Figure 15. Cyclic voltammograms of 1 mM of compounds A (black) and B (red) in
DCM containing 0.1 M BusNBF4 as electrolyte. With Pt disk working, Pt wire as
counter and Ag/AgCI as reference electrodes, at 50 mv s-1 scan rate.

Both compounds display good stability during the measurement of multiple scans, each
exhibiting only one reduction and one oxidation process. As shown in Figure 15, the
potential of the reduction peaks is very similar. At the same time, the most significant
difference noticed in the voltammograms is given by the oxidation potentials of “A” and
“B”, being 0.97 and 0.79 V, respectively.

From these CV measurements, the energy levels of HOMO and LUMO were determined

for compounds “A” and “B”, as shown in Figure 16.
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Figure 16. Diagram of HOMO and LUMO energy levels of compounds A and B.

A slightly smaller energy bandgap is observed for compound “B”, leading to the
conclusion that the configuration induced by the presence of an extra bond between donor
and acceptor moieties, increasing the conjugation of the whole structure, affects mainly

the HOMO, reducing its energy by increasing of molecule conjugation length.

4.2.2. Spectroelectrochemistry UV-Vis-NIR

To characterize the charge carrier species of compounds “A” and “B” and investigate by-
products that side reactions may produce, spectroelectrochemical measurements were
carried out by coupling a UV-Vis-NIR spectrometer and a potentiostat. The acquired
spectra are displayed in Figure 17. It is important to remember that ITO as WE limits the
study to observing only oxidation, but not reduction processes.
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Figure 17. Potentiodynamic UV-Vis-NIR spectroelectrochemical analysis of doping
process during oxidation of compounds a) “A” and c) “B”. Measurements were carried
out using 0.25 mM of compounds in DCM BusNBF4 (0.1 M) electrolyte, with ITO as
working, Pt wire as counter and Ag/AgCl as reference electrodes, at 50 mv s scan

rate.

There are no noticeable changes in spectra of compound “A” (Figure 17a) during UV-
Vis spectroelectrochemical measurements. On the other hand, compound “B” presents
the rise of a band around 320 nm in the doping process (Figure 17b), which stays stable

during dedoping.

UV-Vis-NIR absorption can also characterize the optical bandgap, attributing the least
energetic band (highest wavelengths) to the least energetic electronic transition at the
neutral species’ spectrum. A comparison between bandgap values obtained by CV and

UV-Vis measurements are depicted in Table 1.

Table 1. Comparison between electrochemical and optical bandgaps of compounds A

and B.

Compounds  Electrochemical Optical
bandgap /eV bandgap /eV
247 2.45
B 2.37 2.29

In CV measurements, the reduction and oxidation processes consist of adding or
removing electron(s) from the frontier orbitals, LUMO and HOMO. In this way, the

electrochemical bandgap is acquired by the energy required for the ionization process to
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occur. During UV-Vis-NIR spectroscopic measurements, the use of photoexcitation
generates electron-hole pairs (excitons), which combine and give origin to excited states.
The energy difference between ground and excited states is the optical bandgap. Due to
the solvation and Coulombic effects, it is impossible to expect a straightforward

comparison between optical and electrochemical bandgaps.®

4.2.3. Potentiostatic EPR

To complement the spectroelectrochemical UV-Vis and NIR studies and fully
characterize the formation of charge carries species, potentiostatic EPR measurements
were carried out for compounds “A” and “B” (Figure 18). During stage of the oxidation
(Figure 18a), compound A exhibits the appearance of a signal related to charge formation
at 1.1 V. Perhaps that is why there were no changes noticed in spectra during UV-Vis
spectroelectrochemical measurements. The hyperfine split signals represent the formation
of charge in different nitrogen atoms, indicating that distinct conformations contribute to
stabilising such positive charge, formed through the oxidation of compound “A”. The
appearance of an EPR signal occurs at 1.1 V, which increases until the end of the doping
process (Figure 18a), followed by a decrease and almost disappearance during dedoping
(Figure 18c).

Compound “B” displays the emergence of a signal, referring to the formation of
paramagnetic species at 0.7 V (Figure 18b). Such a signal becomes very intense through
the doping stage, and even after a slight decrease caused during dedoping (Figure 18d), it
stays stable even after the end of the analysis. The same good stability of the charge carrier

species was also observed during UV-Vis spectroelectrochemical studies.
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Figure 18. Potentiostatic EPR spectroelectrochemistry of oxidation processes during
doping of compounds a) “A”, b) “B”, and dedoping of ¢) “A” and d) “B”. Pt wire
working, Pt wire as counter and Ag/AgCl as reference electrodes, at 50 mv s scan

rate.

Moreover, EPR spectra acquired during the reduction of materials “A” and “B” are
displayed in Figure 19. The two compounds present the emergence of low-intensity
signals with hyperfine splitting during the doping process (Figures 19a and 19b).
However, through the dedoping of compound “B” (Figure 19d), the EPR signal undergoes
a sudden rise of 5x its intensity, followed by a rapid decrease at 1.5 V and higher
potentials. In both cases, “A” and “B”, signals disappear at the end of the dedoping

processes (Figures 19¢ and 19d).

44



a) —10V b) ——15V
400 —12V 18V
— ] 4V 20V
a) A7V 200+
. 200
3 ﬂ 5 100+
(4] A (1]
:% -’\‘..'-r- W M & :"% » ,A ’ M""
% 0Ky y .\ﬁn NSOy % 0PV KW‘W*N'"“" ¢
= \)\vJ =
200. -100-
-200-
400
A B
: : : : -300 : :
347 348 349 350 348 349 35
Field / mT Field / mT
C) —_——17V d) —_—20V
400 43V 1.8V
08V 1000 ey
05V
2004 o
S = 500+
© A
.;" L A -a‘ -. /\
2 ot o) V l V A\ '@ O—WM
S 5 VAV
£ <
-200+4 -500-
-1000-
-400
A B
347 348 349 350 347 348 349 350

Field / mT

Field / mT

Figure 19. Potentiostatic EPR spectroelectrochemistry of reduction processes during

doping of compounds a) “A”, b) “B”, and dedo

ping of ¢) “A”and d) “B”. Pt wire

working, Pt wire as counter and Ag/AgCl as reference electrodes, at 50 mv s scan

rate.

4.2.4. Photoluminescence

The first step of photophysical characterization

is UV-Vis absorption measurements

(represented as dotted lines in Figure 20) to be able to characterize the electron transition

that requires the least amount of energy, located at the highest wavelengths. Such

transitions are most likely to occur and are most likely related to the emission transition.
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Figure 20. UV-Vis absorption (dotted lines) and photoluminescence (PL) (solid lines)
spectra of 100 «M solutions of (a) A and (b) B in three different organic solvents (lex =
355 nm).

The solvatochromism study consists of the analysis of emission spectra in solvents of
different polarity. Through the acquired photoluminescence spectra, noticed as solid lines
in Figure 20, it is possible to observe a significant difference in the behaviours of both
compounds. For example, spectra of compound B (Figure 20b) diluted in DCM, THF and
toluene exhibit similar emission wavelength, while compound A (Figure 20a) displays a
red shift with increasing solvent polarity. Such shift is characteristic of the presence of

ICT excited states involved in the radiative decay.

Through the emission spectra analysis under a degassed environment, it is possible to
detect the presence of triplet exited states involved in the radiative emission. Figure 21
displays the comparison of emission spectra of compounds “A” and “B” in the presence

of oxygen (in black) and under vacuum (in red) conditions.
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Figure 21. Emission spectra of compounds a) “A” and b) “B” under airy (black) and

vacuum (red) conditions. Solid samples contain 1 wt% of compound A/B in Zeonex®

matrix (1ex = 355 nm).

Compound “B” presents no change in emission between airy and degassed environments.

In contrast, compound A shows a significant increase (1.3x) of emission intensity, which

correlates with the solvatochromism study indicating the possibility of a delayed

fluorescence behaviour.

4.2.5. Time-Resolved Spectroscopic Analysis

Using a He cryostat and an iCCD-gated camera, phosphorescence spectra of the two

compounds were measured at 10 K. Prompt fluorescence measurements are obtained at
room-temperature (300 K). Through the analysis of the acquired spectra (Figure 22) and

especially from the onset (beginning) of phosphorescence and fluorescence emission

signals, the energy of triplet and singlet excited states are calculated, respectively.
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Figure 22. Time-resolved spectra of 1 wt% of compounds a) A and b) B in Zeonex®

matrix, at varying delay times at 300 K and 80 K.

Compound “B” (Figure 22b) presents a very small AEst value (30 meV), while the
calculated bandgap for compound “A” (Figure 22a) is 10 times higher (380 meV). The
small energy split for compound “B” is noticed as a close overlap at the beginning of
fluorescence and phosphorescence spectra, represented as red and black lines in Figure
22b. While compound “A” exhibits fluorescence and phosphorescence spectra in very

distant wavelengths (Figure 22a).

As a result of the plot of emission intensity vs. delay times, it is possible to determine the
decay times and observe different types of radiative processes, as shown in Figure 23. For
example, compound “B” (Figure 23b) displays only one type of radiative decay through
prompt fluorescence. However, compound “A” (Figure 23a) exhibits the prompt
fluorescence along with phosphorescence and a delayed fluorescence component noticed

at the ms range.
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Figure 23. Transient decay of 1 wt% of a) A and b) B in Zeonex® matrix at 300 K.

Compound “A” (Figure 23a) presents a significantly larger value of AEst (380 meV) for
the requirements for observing TADF behaviour,® although it displays delayed
fluorescence emission with a 1.54 ms lifetime. Unfortunately, the ms time regime is
considered long-lived to form an efficient OLED device due to the increasing roll-off
effect and polaron quenching mechanism in emission processes with significant delay

times.

As noticed in Figure 23b, compound “B” is a perfect example that only small values of
AEst are not enough to observe delayed fluorescence behaviour. Its rigid conjugated
structure does not allow the existence of an ICT state, characteristic of TADF emission.
Therefore, as shown in Figure 22b, compound “B” exhibits only prompt fluorescence at
300 K and phosphorescence at extremely low temperatures (10 K) like most common

organic emitters.

4.3. Conclusions

The analysis of compounds “A” and “B” resulted in a very didactic comparative study
between two molecules containing the same acceptor and donor groups, with only one
specific slight difference in structure, leading to different radiative decay pathways.

The investigation of these two compounds confirms the importance of angular position

between donor and acceptor moieties to detect TADF emission. Compound “A” exhibited
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delayed fluorescence emission due to its more flexible structure, allowing larger
oscillation between donor and acceptor moieties, increasing the rate of the charge transfer
process. In contrast, compound “B”, with a very rigid structure, only presents prompt

fluorescence emission at room temperature.

This study demonstrated that although minor energy splitting between the lowest singlet
and triplet excited states is an essential requirement for achieving TADF behaviour,

without the presence of ICT character, no TADF emission can be observed.
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5. Electrochemical and Spectroelectrochemical Properties of Dibenzophenazine
Based TADF Emitters

5.1. Introduction

In 2016 and 2017, Prof. Monkman and Prof. Minakata published a collaborative study of
a family of dibenzophenazine-based TADF emitters, in a total of seven novel compounds,
all containing a donor-acceptor-donor (D-A-D) flexible structure. Where they presented
the synthetic route, as well as structural, electrochemical and photophysical
characterization of the emitters. Moreover, it revealed a complete study of the TADF
properties, detecting very small values of AEst. Finally, these compounds were applied
in the manufacture of OLED devices, achieving high EQEs (up to 16.8%). Surprisingly
two of these compounds, derived from phenothiazine donor groups, displayed
mechanochromic luminescent properties as well. In these studies, it was acknowledged
the high influence of the twisted D-A-D structure, and the movement between donor and
acceptor moieties, both in the efficiency of TADF emission and in the mechanochromic

behaviour.28°

Nevertheless, it failed to disclose the properties of electropolymerization of two of those
compounds. Which herein, in this chapter, are studied in detail. The formation of dimers
and polymers can cause degradation, increasing roll-off efficiency in OLEDs!®?°, which

is the opposite of what we look for in optimising devices.

As presented in Figure 24, in addition to the seven previously published molecules, a
novel one was synthesized (compound 5), containing carbazole donor groups, for a better
comparison study. The synthesis was performed by Prof. Takeda’s research group at

Osaka University in Osaka — Japan.
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Figure 24. Molecular structures of compounds 1-8 based on the dibenzophenazine core

From these eight molecules here studied (Figure 24), compounds 3, 5 and 7 display the
ability to undergo electropolymerization reactions. Conducting and semiconducting
polymers are widely used in electronic devices.®# The polymeric films can be prepared
by different methods such as spin-coating,®® inkjet printing,® drop-casting® and
electrochemical polymerization (EP).°2 However, electropolymerization has not been
employed in the fabrication of OLEDs, although its use affords significant advantages:
during the formation of the film, it is possible to control its growth rate and thickness, %%
and it is a low-cost process, and in comparison to traditional polymer synthesis, the

generation of films is much simpler, although it is hard to result in very uniform films %>

As discussed before, in the construction of optoelectronic devices, it is important to
understand better the nature of the emitter under applied voltage, especially the side
reactions that may occur. Those reactions can provide by-products that could interfere
with the device's efficiency, causing deterioration of the optical and electronical

performances.?®
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One of the disadvantages of the electropolymerization of emitters already applied in
OLED:s, in this case, is a result of the high conjugation length in the polymer formed, the
product has a planar structure. In a planar configuration, donors and acceptors lose the

appropriate angle between each other to achieve TADF properties.®

To determine the future applicability in devices, spectroelectrochemical techniques were

used to understand better follow-up processes observed in these compounds.

This Chapter presents the full study of electrochemical and spectroelectrochemical
properties and electropolymerization behaviour of the dibenzophenazine- based TADF
emitters family and the polymers formed. CV measurements were conducted with this
series of D-A-D compounds (Figure 24) to study electrochemical properties.
Additionally, spectroelectrochemical UV-Vis and potentiostatic EPR investigated the

formation of polarons and bipolarons of monomers and polymers.

As almost all compounds used in this study were previously reported for the application
of OLED devices,*®% all presenting TADF properties yielding considerably good
efficiencies, herein in this study, once again, electroluminescent devices were assembled
to compare the OLED characteristics of the novel material (compound 5) with the others

already known.

Materials containing electrochromic properties are characterized by the ability to vary
colour emission and/or transparency towards the light, resulting from an applied electrical
field. When such materials exhibit such variation inside the visible range of spectra,
meaning that we can detect such changes with our eyes, they become highly interesting
for the application in optoelectronic devices.

Electrochromic devices take advantage of such specific behaviour of colour variations
under the application of small currents (1-5 V). Among some types, the most commonly
used electrochromic device nowadays is the smart windows, which may control the
amount of sunlight that passes through the window glass (or other material) due to a
change in transparency caused by the applied voltage.®” Such new technologies, if right

implemented, can reduce extensively the energy costs related to air-conditioning.®

In this study, some of the compounds analyzed by UV-Vis spectroelectrochemical
measurements presented very interesting active electrochromic properties in the NIR

region. These results showed the proof of concept of multi usability of TADF emitters.
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In the course of my work, | proved the use of the selected compounds in OLEDs and
electrochromic windows. Electrochromic devices were manufactured with compounds 1-
8 and the polymers P3, P5 and P7.

5.2. Results and Discussion

5.2.1. Electrochemical Studies

The electrochemical behaviour of compounds 1 — 8 was analyzed through CV
measurements to evaluate the HOMO and LUMO energy levels, electrochemical
bandgap, and stabilization conditions (Figure 25).
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Figure 25. Cyclic voltammograms of 1 mM of compounds a) 1 and 2, b) 3and 4, ¢) 5
and 6, d) 7 and 8 in DCM containing 0.1 M BusNBF4 as electrolyte. With Pt disk
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working, Pt wire as counter and Ag/AgCl as reference electrodes, at 50 mv s-1 scan

rate.

Determining compounds’ oxidation and reduction potentials is the first step of
electrochemical studies. In Figure 25, it can be observed the first cycle of oxidation and
reduction analysis of CV. As it is first noticed, all compounds present only one reversible
reduction peak, seen at negative potentials, very similar to each other, representing that
the change in donor groups has a very low influence on the electrochemical properties of
the acceptor group.

Considering the oxidation signals shown in the positive range of potentials in Figure 25,
all compounds present a first oxidation signal with reversible characteristics. Most of
them exhibit a second oxidation stage, and compounds 2 and 7 undergo a third oxidation
stage. The oddly shaped voltammograms 3, 5 and 7 are the first indication of

electropolymerization processes.

As depicted in Figure 26, black lines represent 10 scan cycles of compounds 3, 5 and 7,
where it can be noticed in the second and following scans the emergence of new peaks at
lower potentials. The emergence of new peaks is evidence of the formation of new species
generated from an electrochemical reaction. The lower oxidation potential represents a
higher conjugation character than the initial monomer. The constant increase of current
between consecutive scans indicates the successful electrodeposition of the materials onto
the electrode’s surface. The red line in the voltammograms in Figure 26 represents the
first scan of the CV measurement of the polymer, in the absence of monomer solution,
using the same potential boundaries. We can determine the monomer’s and polymer’s

oxidation potentials and starting polymerization potentials through these measurements.
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Figure 26. Cyclic voltammograms for the electropolymerization (black line) of 1mM
solutions of compounds a) 3, b) 5, and c) 7; and for the oxidation of the polymeric films
(red line) formed in the electrode surface. Measurements were carried out in 0.1 M
BusNBF4 solution in DCM at a 50 mV s-1 scan rate.

In all cases, the starting polymerization potential was slightly higher than the monomer’s
first oxidation potential. This indicates that the minimum amount of positively charged
species generated from the monomer undergoes an efficient polymerization reaction,

producing enough polymeric material to be noticed by the CV technique.

It is essential to mention that the signal at the lowest potential value in Figure 26b is
associated with an effect called charge trapping due to the consecutive succession of
applied potential cycles on the electrode’s surface. However, it only appears in the first
scan of the electrochemical stability of the polymer and is not present in all the following

scans (2-10), therefore, it is not related to the polymeric material analyzed.

During the first scan of electrochemical analysis of electropolymerizable compounds, the
measurement occurs on the bare electrode, and the oxidation signal is referent only to the
monomer present in the solution. Through the following steps, being the reverse reduction
and the successive cycles, the electrode’s surface is covered at least partially by the
deposited polymer. At this stage, recorded voltammograms are generated from 10

continuous scans, represented as the black lines in Figure 26.

In another step, after the polymeric films are already deposited on the electrode’s surface,
the electrode was rinsed with solvent to remove the soluble monomer and placed into an
electrochemical cell containing only electrodes and electrolyte solution. The recorded
voltammogram of the first oxidation cycle of this stage is displayed as the red lines in
Figure 26. The reduction voltammograms of the polymers are shown in Figure 27,
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through where it can be determined the electrochemical parameters and stability of the
polymer formed.
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Figure 27. Cyclic voltammograms of the reduction of the polymeric films a) P3, b) P5,
and c) P7 in DCM BusNBF4 (0.1 M) electrolyte.

As a result of the electrochemical investigation, we can determine HOMO and LUMO
energy levels and electrochemical bandgap by employing the potential values of the first

oxidation and first reduction processes. These values are presented in the diagram in
Figure 28.
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Figure 28. HOMO and LUMO energy levels and electrochemical bandgap values for
compounds 1 — 8, and Polymers P3, P5 and P7.
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All the compounds share the same acceptor, the dibenzophenazine group. Thus, all the
LUMO levels are similar, ranging from -3.17 to -3.41 eV. Furthermore, the highest
LUMO value was found for compound 4, containing diphenylamine derivative with
methoxy substituents. In contrast, the lowest LUMO value was attributed to compound 6
with tert-butylcarbazole donor groups, followed by compounds 2 and 7, implying the

effect of radical substituents on stabilizing LUMO energy levels.

The smallest bandgaps are from compounds 2 and 5. Compounds 1 and 8 have very
similar LUMO and HOMO energy levels, between all of the compounds, these two are
the most identical in molecular structure, the donor group of compound 1 is phenothiazine
and compound 8 is phenoxazine, being sulfur and oxygen similar in electronical

structures, belonging to the same family in the periodic table.

Higher HOMO energy levels and smaller bandgaps are found for the polymeric materials
compared to their precursor monomers, which may be induced by the higher conjugation
length, meaning that higher potential values are required for the first oxidation process to

occur.

5.2.2. Spectroelectrochemical UV-Vis

The electrochemical analysis provides the potential necessary for the generation of
positive and negative charges and for the electropolymerization to start. Furthermore,
with the help of spectroelectrochemical techniques, it is possible to characterize the

absorption properties of all these species formed during applied potential.

The solution containing the analyzed compounds was submitted to the procedure detailed
in Section 3.5.2. in the previous Chapter of Materials and Experimental Methods.

In electrochemical studies, when the potential is applied up until the selected potential
boundary, it is called the doping process. The stage of returning to the initial potential
value, as at the beginning of the measurement, can be called the dedoping process.

High concentrations of emitter compound are necessary for this study so that the
formation of charge carrier species can be noticed once the spectral changes attributed to

these species are not very intense in absorptivity.

The compounds that do not exhibit the ability to polymerize were also analyzed by
spectroelectrochemical UV-Vis measurements, as displayed in Figure 29, the doping
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(29a, 29b, 29e, 29¢g and 29i) and dedoping (29b, 29d, 29f, 29h and 29j) processes of
compounds 1, 2, 4, 6 and 8.
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Figure 29. Potentiodynamic UV-Vis-NIR spectroelectrochemical analysis of doping
process of compounds a) 1, ¢) 2, ) 4, g) 6, and i) 8; dedoping process of compounds b)
1,d) 2, f) 4, h) 6 and j) 8. Measurements were carried out using 0.25 mM of compounds

in DCM BusNBF4 (0.1 M) electrolyte, with ITO as working, Pt wire as counter and

Ag/AgCl as reference electrodes, at 50 mv s scan rate.
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The spectral changes during the first electrochemical scans of compound 1 are barely
noticeable, only in the fifth (and last) cycle a slight increase in the band at 551 nm can be
observed during the dedoping in Figure 29b.

For compound 2, in Figure 29c¢, during the doping process, it is possible to observe the
emergence of a broad band between 500 and 700 nm, which turns into a more defined
signal with a maximum of absorbance at 578 nm in the reverse reduction process (Figure
29d). Additionally, in Figures 29¢ and 29d, we can observe the appearance of two signals
together at 350 and 366 nm at the same time that the 334 nm signal decreases until it is
barely noticed and becomes the shoulder of those two signals. During the dedoping
process, it is possible to observe three isosbestic points at 347, 406 and 484 nm. The
presence of an isosbestic point at 986 nm indicates the formation of bipolarons directly

from polarons since while the concentration of one decreases, the other increases.

In Figure 29e, we observe the appearance of two signals between 550 and 900nm during
the doping process of compound 4, one more defined signal at 777 nm and another broad
band on its left. Such signals slightly increase during dedoping in Figure 29f but begin to
decrease until are almost disappeared, characterizing a polaron formed in a reversible
system. It is essential to mention that there may be a little delay in the observed processes
on such potentiodynamic measurements once everything happens fast, at a scan rate of -

0.5V s, and the solution requires time to reach equilibrium.

In the case of compound 6, during its doping process (Figure 29g), one signal arises
around 850 nm up to 1 V, until when at 1.1 V, another signal around 575 nm emerges
with very low intensity. Then, it becomes intense during the dedoping process (Figure

29h), and it stays for a while, representing a stable species being formed.

Compound 8 presents only one small spectral change, the appearance of a signal at 534
nm in the doping process (Figure 29i) that increases the intensity during the beginning
but starts to decrease at the end of the dedoping process (Figure 29j). Associated with the

small reversibility of charge carrier formation leading to a slow process.

On the other hand, compound 3 presents a unique behaviour during
spectroelectrochemical studies. As shown in Figure 30, two broad signals appear during
the first doping process (Figure 30a), which decrease during dedoping (Figure 30b) until
one of the signals, at 780nm, disappears, however, one very defined signal at 618 nm

stays stable during all the successive cycles. Developing a very stable signal is associated
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with product formation during electrochemical measurement. At the same time, the
disappearance of 780 nm signal is noticed, while another broad signal emerges around
1425 nm. These changes are more easily noticeable with the cyclovoltabsorptiometric

analysis presented in Figure 30e.

Since there is polymer formation, in this case, any observed spectral changes are always
associated with both to monomer’s and polymer’s charge carriers. Still, it is possible to
gather more knowledge about the spectral characteristics of the pure monomer when
looking at the behaviour of compound 4 (Figure 29e and 29f), once the molecular
structures of 3 and 4 are very similar, having 4 an alkyl group blocking the position where
the polymerization could occur. With that in mind, the signal around 780 nm is
characterized as the monomer’s charge carrier, and the signal around 1425 nm is related

to the polymer’s charge carrier species.
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Figure 30. Potentiodynamic UV-Vis-NIR spectroelectrochemical analysis of doping
process of a) 0.25 mM of compound 3 and c¢) polymer P3; dedoping process of b) 0.25
mM of compound 3 and d) polymer P3 in DCM BusNBF4 (0.1 M) electrolyte.
Cyclovoltabsorptiometric measurement of e) electropolymerization of 3 and f)
electrochemical stability of the polymer P3. With ITO working, Pt wire as counter and

Ag/AgCl as reference electrodes, at 50 mv s scan rate.

Polymeric films were formed on the ITO's surface, resulting from the first stage of the
UV-Vis spectroelectrochemical measurements. The ITO is then rinsed with solvent to
remove the monomer compound and placed in a cuvette containing only the electrolyte
solution. The second stage of the analysis is the potentiodynamic measurements of the
pure polymeric film, the acquired spectra are presented in Figures 30c and 30d.
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Once the analysis of spectral characteristics of polymerizable compounds is impaired by
the presence of the polymer’s charge carriers, the polymer’s measurements provide a lot

more information.

The observed spectral changes are attributed as polaron bands at the initial potential
increase. With the continuing increase of the potential, polaron bands start to decrease,
and it is observable that another band's appearance at a lower wavelength represents the

second stage of oxidation while forming bipolarons.

In Figure 30c, it is possible to notice at the beginning of the doping process the emergence
of a polaronic band around 1500 nm, which soon starts to decrease, while at the same
time, a band at 762 nm arises, referent to the bipolaronic species. In its neutral form,
polymer P3 exhibits two signals in 339 and 485 nm that disappear right after the doping
process begins, and at that exact moment, a band in 419 nm appears. The spectra exhibit
four isosbestic points at 401, 430, 540 and 980 nm during the doping process. All the
spectral changes are more easily tracked using the plot of cyclovoltabsorptiometric
analysis in Figure 30f, where it can be observed the full reversibility of the charge carriers
formation and the confirmation of the polaronic feature of the signal at 1491 nm, which

exists for a short time during both doping and dedoping processes.

The spectroelectrochemical behaviour of Compound 5 is presented in Figure 31. The
cyclovoltabsorptiometric plot in Figure 31e displays that the signal around 790 nm
appears at the end of the doping process and disappears through the dedoping. Such a
signal can be observed as a broad band arising in Figure 31a. During the dedoping stage
(Figure 31b), the appearance of a new band is noticed at 541 nm, which stays stable
through the successive cycles. This stable signal is an indication of the

electropolymerized product.
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Figure 31. Potentiodynamic UV-Vis-NIR spectroelectrochemical analysis of doping
process of a) 0.25 mM of compound 5 and c) polymer P5; dedoping process of b) 0.25
mM of compound 3 and d) polymer P5 in DCM BusNBFs (0.1 M) electrolyte.
Cyclovoltabsorptiometric measurement of e) electropolymerization of 5 and f)
electrochemical stability of the polymer P5. With ITO working, Pt wire as counter and

Ag/AgCl as reference electrodes, at 50 mv s scan rate

Unfortunately, spectra acquired from the polymeric films containing P5 were
unsatisfactory, as presented in Figures 31c and 31d. It is assumed that the reason for such
a poor film deposition is due to the very low solubility of compound 5, which brought
some challenges during this study. The result of spectroelectrochemical analysis of
polymer P5 does not acquire much information. A broad range of wavelength (from 800
— 1700 nm) exhibits an increase during doping, like a big broad band, and disappears
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through dedoping. Additionally, there is a specific change in spectra, at the last stage of
the dedoping process (Figure 31d), the emergence of a band at 580 nm can be noticed.
Such band is very similar to the one observed at 541 nm for the electropolymerization of
compound 5 (Figure 31b). However, the poor quality of the analysis, monitoring the
cyclovoltabsorptiometric study presented in Figure 31f, confirms the polaronic features

of the significant broad signal.

At last, the behaviour of electropolymerization of compound 7 and the spectral behaviour

of the formed polymer (P7) are presented in Figure 32.
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Figure 32. Potentiodynamic UV-Vis-NIR spectroelectrochemical analysis of doping
process of a) 0.25 mM of compound 7 and c¢) polymer P7; dedoping process of b) 0.25
mM of compound 7 and d) polymer P7 in DCM BusNBF4 (0.1 M) electrolyte.

Cyclovoltabsorptiometric measurement of e) electropolymerization of 7 and f)
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electrochemical stability of the polymer P7. With ITO working, Pt wire as counter and

Ag/AgCl as reference electrodes, at 50 mv s scan rate.

In the first stage of doping compound 7 (Figure 32a), two close signals overlapping each
other arise, with absorption maxima at 720 and 804 nm. Both signals slightly increase at
the beginning of the dedoping process (Figure 32b), followed by a sudden decrease until
disappearance. At the same time, two other overlapped bands emerge, with maxima at
1300 and 1560 nm. In that way, the band at higher wavelengths present polaronic features,
while the signals around 800 nm are characterized as bipolaronic bands.

Still, there is no way of separating the spectral responses of monomer and polymer, and
just by looking at Figure 32, it can be noticed that the spectral changes are all very similar
for compound 7 and polymer P7.

Figure 32a shows two indications of polymer formation during compound 7
measurements: the appearance of absorbance signals at higher wavelengths, in this case,
1560 nm, only after the reverse reduction process; and the neutral monomer signal, at 300
nm, has its intensity decreased at 0.3 V and it continues decreasing after dedoping (Figure
32b), confirming that the monomer concentration has been consumed to form the

polymer.

At cyclovoltabsorptiometric analysis (Figure 32e), it can be observed that at the oxidation
potential for monomer 7 (0.64 V), at that same potential, the intensity of the signal at 804
nm starts to increase and only decrease in the dedoping process after 0.2 V, just before
the polymer’s polaronic signal in 1560 nm starts to appear, meaning that the 720 and 804

nm bands are most likely related to both monomer’s and polymer’s charge carriers.

Polymer P7 has very similar behaviour to its original monomer, compound 7. The
polymer displays two polaronic bands in 1367 and 1583 nm that begin to appear at the
beginning of the oxidation process (Figure 32c) and start to decrease at higher potentials,
and two bipolaronic bands in 730 and 791 nm emerge when the polaronic band
disappears. In addition, there are two defined isosbestic points at 523 and 984 nm (Figure
32d). The neutral form of P7 exhibits a band in 479 nm, which starts to increase when the
doping process begins and dislocates itself to 469 nm while achieving its maximum

intensity, and one band in 339 nm starts to decrease and disappears.
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As well as CV measurements, UV-Vis absorbance spectra can also give us information
about the difference between HOMO and LUMO energy levels. In Table 2, values of
bandgaps acquired from CV and UV-Vis spectroscopic measurements are presented,

which are called electrochemical and optical bandgaps, respectively.

Table 2. Comparison between electrochemical and optical bandgaps of monomers and

polymers.
Compounds  Electrochemical Optical
bandgap (eV) bandgap (eV)
3 2.29 2.35
P3 2.18 2.20
5 2.19 2.62
PS 211 2.44
7 2.19 2.48
P7 1.99 2.36

Compound 3 and polymer P3 have very similar values for the two types of bandgap
determination. The other compounds, in comparison, present values a little bit more
distinct, which are not unusual since there are differences in the processes that occur

during electrochemical and optical measurements.?*

5.2.3. Potentiostatic EPR

As mentioned before, spectroelectrochemical studies can be carried out by coupling any
spectral technique with an electrochemical potentiostat. In this case, potentiostatic EPR
detects the formation of charge carrier species (with paramagnetic properties) at specific
chosen potential values.

Figure 33 displays the potentiostatic EPR spectra of compounds 1-8. Although, at first
sight, the most significant difference that can be noticed is the number of signals, only
compounds 3 (Fig. 33c), 5 (Fig 33e), and 7 (Fig. 33g) do not present any splitting. The
absence of hyperfine splitting effect may be an indication that for compounds 3, 5 and 7,

the radical species formed on this oxidation step have the charge located on a Carbon
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atom. The higher conjugation in the polymeric film can also cause electron interaction
among a larger number of protons, leading to overlap of individual lines, appearing as

lack of visible splitting.
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Figure 33. Potentiostatic EPR spectroelectrochemical analysis during doping process of
oxidation of 0.5 mM solutions of compounds a) 1, b) 2,¢) 3,d) 4,e) 5,f) 6,g) 7, and h) 8
in DCM BusNBF4 (0.1 M) electrolyte, with Pt wire as working, Pt wire as counter and

Ag/AgCl as reference electrodes, at 50 mv s! scan rate.

The other compounds, 1, 2, 4, 6 and 8, present all kinds of different shapes, which is
expected in EPR measurements. If there is a charge located in a Carbon atom, one signal
is obtained, although if there are two charges found in two Carbon atoms (which are not
spatially symmetric), it can be observed two signals, most likely overlapped, like in the
case of compound 6 (Figure 33f). If the compound has a charge located at a nitrogen
atom, the EPR signal will be split by 3, still, if there are two charges located in two
different nitrogen atoms, it should be observed two signals with triple splitting overlapped
in the most diverse ways, like in the case of compounds 1 and 2 (Figures 33a and 33b).

In some cases, the spectra are not so clear, like the example of compound 8 (Figure 33h).

The EPR signal for compound 1 (Figure 33a) undergoes a rapid growth after 0.6 V,
although at potentials higher than 1.2 V, the signal starts to decrease. This sudden drop in
the signal’s intensity may be attributed to the formation of bipolaronic species, which are
doubly-charged species with non-paramagnetic properties, therefore, are not detected by

the EPR measurement.
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Compound 2 (Figure 33b) has very similar behaviour. Presents an intensity growth after
0.2 V, which is related to its first oxidation peak, with onset at 0.13 V. And during
potentials higher than 0.8 V, the signal starts to decrease its intensity, which can represent
that bipolarons are beginning to form at the second oxidation process (potential onset =
0.8 V). Compound 2 presents the presence of triple hyperfine splitting in two different
types of nitrogen atoms.

The analysis of compound 4 displays the emergence of overlapped signals with only one
inversion of phase. Therefore, no particular conclusion about the charge location can be
drawn from these results. The signals appear at 0.4 V (Figure 33d), potentially related to
its first oxidation peak, with its maximum at 0.35 V.

Compound 6 presents the rise of a broad signal starting at 0.9 V (Figure 33f), which keeps
increasing during doping. It is noticeable that two different signals overlapped, followed
by a decrease during dedoping, under potentials lower than 1.0V until they almost

disappeared.

EPR spectra for the analysis of compound 8 display the appearance of a very broad triplet
signal after 0.2 V, which keeps increasing to form better defined (although overlapped)
signals. Such signals are very stable and do not disappear after the dedoping process,

attributed to the irreversibility of the second stage of oxidation (Figure 25d).

Compounds 3, 5 and 7 present a similar behaviour during the potentiostatic EPR analysis,
as shown in Figure 34. However, compounds 3 and 7 (Figures 33a and 34g) present a
little broad signal with very low intensities during the doping stage. On the other hand,
these three compounds exhibit high intensity, very sharp and well-defined signals during
the dedoping process (Figures 34b, 34e and 34h). Those intense sharp signals are
associated with polymer deposition on the electrode’s surface, which are only observed

after the end of the first oxidation cycle.

During doping of compound 3 (Figure 34a), the broad signal’s appearance and rise are
noticed at 0.9 V until the beginning of the dedoping process (Figure 34b), where, at 0.5
V and following lower potentials, it becomes a very sharp signal and a sudden increase
in intensity. This coincides with the return reduction potential of the redox pair of the
oxidation peak at the oxidation of compound 3 (Figure 23a), which is the first evidence

of polymer formation during CV measurements.
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On the other hand, compound 5 displays the emergence of a signal at 0.9 V during the

doping process (Figure 23d), which increases a little bit more at the start of dedoping

(Figure 23e) up till 0.7 V, where there is a sudden decrease in intensity until it disappears

at0.2 V.
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Figure 34. Potentiostatic EPR spectroelectrochemistry of oxidation during doping

process of a) 0.5 mM of compound 3, ¢) polymer P3, d) 0.5 mM of compound 5, f)

polymer P5, g) 0.5 mM of compound 7, and i) polymer P7; dedoping process of b) 0.5

mM of compound 3, e) 0.5 mM of compound 5 and h) 0.5 mM of compound 7. Pt wire

working, Pt wire as counter and Ag/AgCl as reference electrodes, at 50 mv s-1 scan

rate.

In Figure 34g, it can be noticed the doping of compound 7, with the formation of a broad

and low-intensity signal at potentials higher than 0.6 V. During the dedoping process
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(Figure 34h), the signal continues to rise slowly, just before 0.4 V, where it suddenly
becomes a very sharp and intense signal, just like in the case of compound 3 (Figure 34b),
indicating the deposition of the polymeric film on the electrode’s surface. At the end of
the dedoping process (Fig 34h), the signal decreases in intensity, although it does not lose

its sharp profile, characteristic of polymers.

From these polymeric materials formed onto the WE’s surface, after the compounds 3, 5
and 7, potentiostatic EPR measurements were carried out with immersion of such
electrode on pure electrolyte solution under the same stepwise conditions the monomers’
analysis. As a result, the doping process of the oxidation of the polymeric films P3, P5
and P7 are displayed in Figures 34c, 34f and 34i, respectively.

Figure 34c displays the EPR spectra of doping of polymer P3, exhibiting the emergence
of a signal at 0.4 V and sudden signal intensity growth up to 0.6 V, followed by its
decrease and disappearance at 0.9 V. The signal disappearance is confirmed through the
observation of the CV measurements of P3 in Figure 26a, where, 0.6 V has noticed the
second oxidation stage, forming a bipolaronic double-charged species, which will not be
detected by the EPR equipment, confirming the disappearance of the signal. The potential
of signal emergence is also in accordance with the first oxidation peak on CV (Figure
26a), which starts at 0.37 V.

The doping process of polymer P5 (Figure 34f) presents the rise of a signal at 0.6 V,
reaching its maximum intensity of 0.9 V, gradually decreasing from 1.0 to 1.9 V, where
it completely disappears. Just like in the case of polymer P3, CV measurements (Figure
26b) display two stages of oxidation processes that material P5 can undergo, the first one
IS generating a polaron species, detectable in EPR spectra, while the second stage creates

bipolaronic non-paramagnetic species as the product.

At last, doping of polymer P7 (Figure 34i) exhibits the same behaviour as the other two
polymeric materials: an intensity increase at the start of the doping process (0.4 V)
followed by a sudden decrease up to complete disappearance, in this case at 0.8 V. Also
in agreement with the CV voltammogram displayed at Figure 26¢, where two very distinct

oxidation processes can be observed, at 0.4 VV and 0.6 V.

Gathering all the information acquired so far by the CV, spectroelectrochemical UV-Vis

and potentiostatic EPR measurements, we can propose structures for the polymers
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generated under the electrochemical analysis of compounds 3, 5 and 7, shown in Figure
35.
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Figure 35. Proposed structures for polymers a) P3, b) P5, and c) P7.
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Compounds 4 and 6 are the most similar molecular structure to the polymerizable
compounds 3 and 5, respectively. The most significant difference is the addition of alkyl
chains in similar electronic positions on the structures of compounds 4 and 6, which
cannot electropolymerize. This result is attributed to the “blockage” caused by the
addition of alkyl groups in the exact position in which the polymeric reaction would
occur. Such effect is confirmed by EPR studies, which show that compounds 3, 5 and 7
form oxidized radicals located over Carbon atoms, while the non-polymerizable

compounds form charges placed mostly on nitrogen atoms.

As the electropolymerization reactions all happened in the measurement of oxidation
processes of the materials, never during reduction, at this part of the study, the most
significant focus was on the potentiostatic EPR analysis of oxidation of the compounds.

Nevertheless, EPR studies were also carried out for these materials’ reduction processes.
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However, not all the compounds generated detectable spectra in this case. Figure 36

displays some of the acquired EPR spectra.

Considering that all the compounds share the same acceptor unit, the dibenzophenazine
group, for a better comparison study, the potentiostatic EPR measurement was carried out
for the dibenzophenazine acceptor itself (Figure 36a).

Compounds 1 (Figure 36b), 2 (Figure 36¢), 4 (Figure 36d), 5 (Figure 36e), 6 (Figure 36f),
7 (Figure 36g) and the dibenzophenazine acceptor (Figure 36a) presented the appearance
of a signal during doping of the reduction process, followed by a gradual increase up until

the maximum negative potential reached in each measurement.

Compounds 5 and 7 (Figures 36e and 36g) display EPR spectra with a very similar shape
to the isolated dibenzophenazine group (Figure 36a). Almost all the acquired spectra
exhibit hyperfine coupling, indicating that the charge position must be located at different

nitrogen atoms.

The only compound which not present hyperfine coupling during reduction spectra was
polymer P3 (Figure 36h). During the beginning of the doping process, a signal is detected
at -2.2 V, which rapid increases up to -2.3 V. At -2.4 V and lower potentials, there is a
decrease in signal intensity until it almost disappears. Such effect is not explainable by
the CV measurements of P3’s reduction, where only one visible reduction process

involves only 1 electron, it can be caused by degradation.
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Figure 36. Potentiostatic EPR spectroelectrochemical analysis during doping process
of reduction of 0.5 mM solutions of a) dibenzophenazine, b) 1, ¢) 2,d) 4,e) 5,1) 6,9) 7,
h) polymer P3 in DCM BusNBF4 (0.1 M) electrolyte, with Pt wire as working, Pt wire

as counter and Ag/AgCl as reference electrodes, at 50 mv s-1 scan rate.
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5.2.4. Electroluminescent Devices

Nearly all of the compounds studied in this Chapter have been published in the application
of TADF-based OLED devices.>>® However, since compound 5 is a novel material,
OLED devices were manufactured containing compounds 1-8 for a complete comparison

study of the emitters’ behaviours.

The devices were structured as follows: ITO | HAT-CN(10 nm) | NPB(30 nm) | CBP co
10% 1-8 (30 nm) | TPBi (50 nm) | LiF (0.8nm) | AI(100 nm) (Device 1-8). The
characteristics of these TADF-based OLED devices are presented in Figure 37.
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Figure 37. OLED device characteristics: a) electroluminescence spectra; b) current
density vs. voltage characteristics; ¢) EQE vs. current density; d) luminance vs. current
density.
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The electroluminescence spectra for devices 1-8, shown in Figure 37a, display emission
in a wide spectral range, exhibiting emission maxima from 494 nm (Device 5) to 642 nm
(Device 2). Compounds 1 and 8 present a similar maxima wavelength, sharing a similar
structure, varying from sulfur to oxygen heteroatoms at the donor moieties. However,
comparing compounds with their substituted analogous, such as 1 and 2, for example, it
is noticed a redshift for the substituted materials 2, 4 and 6 in comparison to 1, 3 and 5,
respectively.

All devices presented a very small roll-off, which can be observed by the slight decrease
in efficiency with an increase of current density in Figure 37c. Compounds 1, 2, 4, 7 and
8 improved their EQEs and luminance values compared to previous reports.®>8 Device
8, based on phenoxazine donor, achieved an EQE value of 20.5%, being the highest
efficiency of the devices. The lowest efficiency was observed for Device 6, with 7.5%
EQE, containing a tert-butylcarbazole based emitter. The use of an improved device
structure resulted in higher efficiency and stability for all the previously reported
compounds.>>® Apparently, the electropolymerization ability of compounds 3, 5 and 7

are not leading to device degradation.

An interesting comparison can be made between compounds 5 and 6, containing
carbazole and tert-butylcarbazole. In Figure 37c, a significant increase in the OLED
efficiency is observed for compound 5, with the absence of the alkyl group, presenting
14.5% EQE. This increase can be attributed to removing the TTA process, observed for
emitter 6 in the previous report.8> The existence of the TTA process limits the emission

efficiency, whereas its removal could influence the TADF behaviour.

Figure 37d displays device luminance vs. current density, where the highest OLED
luminance was observed in device 8, based on phenoxazine donor, presenting up to 85
000 cd/m?. The second highest luminance was measured for device 1, containing the

phenothiazine donor group, with 77 000 cd/m?,

5.2.5. Electrochromic Properties

In this study, the polymeric materials formed by electropolymerization exhibit significant

changes in the near-infrared (NIR) region of the spectra gathered through
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spectroelectrochemical analysis. Such changes upon applied potential are very interesting

for using electrochromic devices in the NIR region.

Electrochromic devices using organic polymers active in the NIR region possess long-
term stable films and achieve high colour contrast devices with high conductivity, fast
switching, and low cost of production. Particularly polymers containing donor-acceptor
skeletons are considered the most successful method for tuning the HOMO and LUMO

bandgap, resulting in a 99% colour contrast ratio.*®

The analysis of electrochromic devices manufactured with compounds 1-8 and the

polymers formed during this study are summarized in Table 3.

Table 3. Electrochromic properties of investigated compounds. 4 — investigated
wavelength; Tox — transmittance of oxidized film at given wavelength A; Tred —
transmittance of neutral film at given wavelength 1; 40D — a difference of optical density
between neutral and oxidized film at given wavelength 1, QD — charge density calculated

in a chronocoulometric experiment; CE — colouration efficiency; CR — contrast ratio.

Compound A Tred Tox AOD Qo CE CR (")
/nm 1% 1% /ImC-cm?  /cm2.C?
1 551 9931  77.62 0.107 0.83 128.28 1.28
2 578 98.86  28.84 0535 1.26 423.97 3.43
3 621 9954 5248 0.278 1.45 191.29 1.90
4 781 9886  67.61 0.165 1.37 120.73 1.46
5 768 9795 60.26 0.211 1.07 197.75 1.63
6 559 9954  58.88 0.228 1.76 129.60 1.69
7 804 99.77 2239 0.649 3.72 174.33 4.46
8 532 9931 3311 0477 1.44 330.15 3.00
P3 759 9954 3548 0.448 0.96 466.47 2.81
P5 1183  99.77 67.61 0.169 5.53 30.57 1.48
P7 787  95.50 15.14  0.800 1.79 446.68 6.31

To quantify the performance of electrochromic devices is necessary to acquire the optical

density change (AOD), percentage transmission (Tx%), and colour ratio (CR), among
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other parameters. The colour efficiency (CE) is used as a standard method to measure the
effective change in optical transmission caused by applied potential. For the mathematical
determination of CE, we need charge density (Qp) values attributed to the applied charge

divided by the device’s electrode area.®

The best results of colour efficiency values were attributed to compounds 2, 8, P3 and
P7, being all over 300 cm? C*. Such high values of CE are very promising for future

structural optimization.

If we think about the NIR application, it is unfortunate that the device with the highest
wavelength achieved (P5 — 1183 nm) exhibits a relatively small CE value (30.57 cm? C-

1).
Compounds 2, 8, P3 and P7 present colour efficiency values (CE>300) promising for

future structural optimization.

The characterization does not result in desired parameters for the application of such
devices. However, with the use of an improved structure, they may present more
interesting properties. For example, the polymeric films used for the electrochromic
devices containing P3, P5 and P7 were deposited by electropolymerization, which
usually results in layers with very low uniformity. Perhaps, using more sophisticated

solution process methods may result in devices with improved efficiencies.

5.3. Conclusions

Herein, an investigation of a group of dibenzophenazine D-A-D electroactive compounds
was presented, where their electrochemical and spectroelectrochemical parameters and
stability were analyzed and discussed. In addition, a complete study of
electropolymerization properties was carried out with some compounds. Charge carrier
species of monomers and polymers were characterized by UV-Vis

spectroelectrochemical and potentiostatic EPR measurements.

The compounds investigated in this study were applied in the manufacture of
electrochromic and electroluminescent devices, which were characterized and compared

among them. Unfortunately, the electrochromic devices did not exhibit interesting
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features in the way they were assembled, although they may be improved by structure

modification.

With an improved structure of electroluminescent devices used in this work, all the
previously reported®>®> compounds increased the EQEs and luminance values. The
TADF-based OLED devices were fabricated to compare the novel compound (5) to all
the others. The device based on compound 5 displays intermediate EQE among its

analogous, exhibiting 14.5%.
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6. Photophysical and Spectroelectrochemical Characterization of D-A-D
Iminostilbene and Iminodibenzyl Derivatives.

6.1. Introduction

Carbazole (Cz) is an organic aromatic compound consisting of three cycles fused
together, being two six-membered rings on the edges and a heterocyclic five-membered
ring with a nitrogen atom in the middle. It is found naturally in fossil fuels, such as coal.1®°
Its extensively used in many distinct applications,'®*1% and as a consequence of its rich
electron density and high reactivity in synthesis, it is easily inserted in organic
structures.'% Optoelectronic materials containing Cz units are used as hole-transporting

materials and organic semiconductors. %1%

With its planar, rigid and aromatic characteristics, Cz generates donor-acceptor structures
with a twisted character around the C-N bond, leading to excited states with reduced AEsr,
which benefits the observation of TADF behaviour.1%7-10°

Furthermore, Cz analogues iminostilbene (1SB) and iminodibenzyl (IDB) consist in very
similar structures, with a C2-insertion in the middle ring comprising two six-membered

rings fused on either side of a seven-membered nitrogen-containing ring.11

Although their use in twisted donor-acceptor skeletons is way less explored and studied,
Pashazadeh et al. reported, in 2018, that compounds containing IDB and ISB donor
groups, with donor-acceptor-donor skeletons, presenting unique mechanochromic

luminescence properties, as well as dual TADF and RTP emission.!!!

Also, in 2018, another report inserting IDB donors in donor-acceptor-donor structures
compared to other structures, applying analogues donors while using the same acceptor,
provided a series for studying the effects of rigidity/flexibility of chromophores on the
efficiency of TADF behaviour. They demonstrated that IDB donor presents an
intermediate impact between diphenylamine and dihydroacridine, combining relatively
strong electron donor efficiency and flexibility.?

Recently, Jhun et al. disclosed a comparison study of donor-acceptor structures
containing coumarin as acceptor moiety along with different donors, including IDB. The
main idea was to investigate dual emission properties, including TADF behaviour
however, the long wavelength emission of the IDB containing product did not exhibit

delayed fluorescence due to a not efficient rISC process.*®
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Another work, published in 2020, demonstrating the synthesis and photophysical
characterization of donor-acceptor compounds containing IDB and ISB as donors,
presented aggregation-induced emission. In addition, the IDB derivative displayed dual

emission strongly dependent on solvent polarity as well as mechanochromic character.**

Through the use of a tilted face-to-face alignment with an optimal distance synthesis
approach, Kusakabe et al. accomplished to obtain the desired molecular conformation
between donor and acceptor moieties, optimizing the rISC rate, observing a strong TADF

emission with high photoluminescence quantum yield.'*®

Nevertheless, compared with the Cz group, there are few studies or systematic studies of
the photophysical properties of donor-acceptor compounds containing IDB and ISB as

donor groups and their influence on TADF behaviour.

With all these exciting possibilities in mind, for achieving interesting emission properties
with such compounds, in collaboration with Prof. Takeda’s group at Osaka University,
was conducted a complete study of the photophysical properties of IDB and ISB
derivatives (9a and 9b, Figure 38) with donor-acceptor-donor skeletons containing
dibenzophenazine as acceptor, to probe the influence of installing 7-membered
diarylamines instead of carbazoles, on the emission properties. Such work was presented
as a publication in Chemistry - A European Journal in 2021.1° Herein, | would like to
present my contribution to this study.

o o v o

Figure 38. Molecular structures of compounds 9a and 9b, IDB and ISB derivatives.
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6.2. Results and Discussion

6.2.1. Electrochemical Studies

The electrochemical behaviour for compounds 9a and 9b were investigated through
Cyclic Voltammetry (CV), as displayed in Figure 39. The compounds present one
reduction and two oxidation peaks in the potential range in both cases. Therefore, it is
possible to investigate using the combination of DCM and BusNBF4 (as solvent and

electrolyte, respectively).

The obtained values of the onset potentials of first oxidation and first reduction were used
to determine the energy of the frontier orbitals. All the potential values obtained and the
calculated energy levels for HOMO and LUMO are presented in Table 4 as well as in the

diagram shown in Figure 40.
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Figure 39. Cyclic voltammograms of a single scan of 1 mM of compounds a) 9a and b)
9b in DCM containing 0.1 M BusNBF4 as electrolyte. Pt disk working, Pt wire as

counter and Ag/AgCl as reference electrode, at 50 mv s scan rate.
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Figure 40.Diagram of HOMO and LUMO energy levels of compounds 9a and 9b.

Although both compounds presented 2-step oxidation with irreversible redox processes,
during second and further scans of the CV of compound 9a, containing the IDB donor, is
observed a successive rise of peak current along with the shift of oxidation peak onset
and the appearance of a peak on lower potential, as showed in Figure 41a. As discussed
in Chapter 3, the rise of current indicates the deposition of conductive species on the
electrode’s surface; and the potential shift represents that such species, formed during the
electrochemical process, may present higher conjugation of electron density, all
characteristics of electropolymerization.
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Figure 41. Cyclic voltammograms of first (red) and following scans (black) of 1 mM of
compounds a) 9a and b) 9b in DCM containing 0.1 M BusNBF4 as electrolyte. Pt disk
working, Pt wire as counter and Ag/AgCl as reference electrode, at 50 mv s scan rate.

For a better understanding of the polymerization reaction that occurs during the
electrochemical measurements, a more detailed analysis was carried out, with different
potential boundaries (Figure 42), as a way to identify the potential necessary for the
polymerization to start, as well as the electrochemical stability and properties of the
polymer formed. According to the follow-up analysis, the polymerization does not begin
until the end of the first oxidation process (Figure 42b), indicating that it is necessary for
the presence of a minimum amount of oxidized species to react and form the polymer, as
it can be noticed in Figure 42a, where is shown the beginning of the first oxidation peak
of the monomer, but no polymerization is seen. Even though the start of polymerization
is noticeable after the first oxidation process, the electropolymerization reaction is only
boosted when the second oxidation process starts (Figure 42c), producing the conjugated

polymer with good electrochemical stability.
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Figure 42. Cyclic voltammetry of ImM of 9a in DCM BusNBF4 (0.1 M) electrolyte with
different potential boundaries. a) at the first peak, b) after the first peak, c) at the
second peak, d) after the second peak. Electropolymerization in black and the
electrochemical stability of the polymer in red.

The electrochemical stability of the polymer was carried out with the insertion of the Pt
disc electrode with the electrodeposited polymer on its surface, on a solution of DCM
containing only BusNBF; as electrolyte. From the onset potentials of the first oxidation
and reduction, the HOMO and LUMO energy levels of the resulting polymer were
determined to be —3.31 eV and —5.38 eV, respectively (Figure 43). The calculated energy
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levels of the frontier orbitals for the monomers 9a, 9b and the polymer formed from the

electropolymerization of 9a are summarized in Table 4.

a) ] b)
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Figure 43. A single scan of cyclic voltammetry measurement of the deposited polymer
a)reduction and b) oxidation processes (The delimitation of onset potentials in red). In
DCM containing 0.1 M BusNBF4 as an electrolyte, Pt disk working, Pt wire as counter

and Ag/AgCl as reference electrode, at 50 mv s scan rate.

Compound 9b has an entirely different behaviour than compound 9a. As shown in Figure
41b, during second and following scans of CV, the oxidation peak has a sudden decrease
in current, while the appearance of new redox couple peaks in -0.29 and -1.75 V is
observed, indicating the formation of new species during the electrochemical
measurement. However, it does not follow the expected behaviour for forming conjugated
polymers in this case. Such behaviour can be explained by the formation of sigma-dimers
of compound 9b in the electrode’s surface, an effect already observed and explained by
Frank et al. in 1975.11¢ Such sigma-dimers are responsible for the decrease of conductivity
of the material, noticed by the decrease in current in the voltammogram. The sigma-
dimers’ formation is only observed after the second oxidation process of the monomer
(Figure 44b), where the decrease of current of both oxidation peaks referring to the
monomer, at 0.73 V and 0.94 V, and the appearance of the dimer oxidation peak at -0.25

V can be noticed. The proposed structure for the formed sigma-dimer is represented in
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Figure 44c, and its calculated HOMO and LUMO energy levels are summarized in Table
4,
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Figure 44. Cyclic voltammetry of 1 mM of 9b in DCM BusNBF4 (0.1 M) electrolyte
with different potential boundary conditions. a) cyclic oxidation up to the first peak, b)

cyclic oxidation up to the second oxidation peak, and c) a possible o-dimer structure.
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Table 4. Potential values for oxidation and reduction processes and HOMO and LUMO

energy levels.

Eox/V Eo2/V  Enomo/eV  Ered/V ELumo / eV
%9a 0.67 0.95 -5.56 -2.13 -3.14
9b 0.73 0.94 -5.72 -2.10 -3.18
Polymer (9a) 0.59 - -5.38 -2.01 -3.31
o-dimer (9b) -0.25 - -4.75 -1.75 -3.46

The difference in the electrochemical behaviour of compounds 9a and 9b could be
explained by the extra bond (C=C) present in the ISB group of 9b, which might allow for
the electron density delocalization when the (di)radical (di)cation is formed during the

second stage of the oxidation process.

When comparing the HOMO energy levels of IDB (9a) and ISB (9b) derivatives with
their analogues containing t-butylcarbazole (t-BuCz) and diphenylamine (DPA) as donor
groups instead, is detected a higher similarity with HOMO energy levels of DPA (-5.59
eV)*>? than with t-BuCz (-5.59 eV)®, which can be related to a consequence of
conformational configurations. The LUMO levels, on the other hand, are way less
affected by the change of donors once the expected overlap between HOMO and LUMO
orbitals should be minimum in this type of donor-acceptor-donor structure, and the
LUMO orbital is placed mostly over the acceptor part of the molecule, the
dibenzophenazine group. The LUMO energy levels of t-BuCz and DPA analogues are -
3.37% and -3.29 eV*?, respectively.

6.2.2. Spectroelectrochemical UV-Vis

The additional spectroelectrochemical analysis of the doping and dedoping processes was
conducted to characterize the charge carrier species formed during electrochemical
conditions. Spectroelectrochemical UV-Vis-NIR measurements require a transparent
electrode to allow the passage of the light bean excitation through the solution, and in this
study, ITO electrodes were used. However, only the oxidation processes were studied due
to the instability of ITO coated glass at negative potentials.
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During the UV-Vis and NIR spectroelectrochemical study of compound 9a, the decrease
of the bands at 306 and 470 nm is observed, referring to the neutral initial species, as
shown in Figure 45a, upon increased potential. That is consistent with the idea that the
monomer is undergoing an electrochemical reaction, forming the conjugated polymer,
which is characterized by the appearance of new bands around 600 and 790 nm. The band
at 600 nm keep increasing its intensity even during the dedoping process, accompanied
by the appearance of another band at 365 nm. The polymeric film formed on the ITO’s
surface during the analysis of compound 9a was also analyzed, being immersed in DCM

solution containing BusNBF4, and it can be seen in Figure 45b.

Compound 9b presented a very similar behaviour during the UV-Vis-NIR
spectroelectrochemical measurements, showing the formation of a single broad band
around 580 nm, which is referent to the generation of radical species (Figure 45c¢). No

spectral changes were detected during the dedoping process of compound 9b.

It is worth mentioning that any bipolaronic band formation was not observed for both

compounds.
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Figure 45. UV-Vis-NIR spectroelectrochemistry of (a) 9a, (b) Polymer9a, and (c) 9b in
DCM with BusNBF4 (0.1 M) as electrolyte. Concentrations of 9a and 9b are 1mM.

Spectra acquired at neutral conditions, without voltage applied, give information about
optical bandgap; thus, the minimum necessary energy for a transition occurs.

Comparisons between optical and electrochemical bandgaps are displayed in Table 5.

Table 5. Comparison between electrochemical and optical bandgaps of compounds 9a,

9b and polymer(9a).
Compounds  Electrochemical Optical
bandgap (eV) bandgap (eV)
9a 2.42 2.25
Polymer(9a) 2.07 1.76
9b 2.54 2.50

90



6.2.3. Potentiostatic EPR

With the help of potentiostatic EPR measurements during oxidation and reduction
processes, we can analyze the formation of charge carriers. For all compounds, 9a, 9b
and the polymer formed from 9a, the obtained spectra confirmed the formation of polaron
species during oxidation and reduction. However, in oxidation, the spectra’ intensity is

very low, as shown in Figure 46.

During oxidation processes, the charged species formed are very stable, even during
dedoping processes (Figure 46b and 46d), where there is no EPR signal's disappearance,
which implies that the oxidation processes are irreversible, as confirmed by CV

measurements.

The absence of hyperfine coupling in any EPR signals of oxidations processes indicates

that the charges formed are localized mainly over Carbon atoms.
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Figure 46. Potentiostatic EPR spectra for oxidation processes during doping of
compounds a) 9a, ¢) Polymer(9a), and e) 9b; and during dedoping of compounds b) 9a
and d) Polymer(9a).

92



Moreover, during the reduction processes, spectra show intense EPR signals for
compounds 9a (Figure 47a and 47b) and 9b (Figure 47e and 47f) with triple hyperfine
coupling, which indicates that the charge formed is located over nitrogen atoms on the
acceptor moieties. However, EPR spectra for the polymer(9a) (Figure 47c and 47d) do
not exhibit any hyperfine coupling, implying that the charge formation is localized over
a Carbon atom. In all the cases, the EPR signals decrease or disappear during the

dedoping, indicating the reversibility of the reduction process.
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compounds a) 9a, ¢) Polymer(9a) and e) 9b; and during dedoping of compounds b) 9a,
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6.2.4. Photoluminescence

6.2.4.1. Solution

Steady-state photophysical properties of compounds 9a and 9b in diluted solutions of four
different solvents (Toluene, THF, DCM and DMF) were investigated by Prof. Takeda’s

group and are described in detail in the publication.®

However, it is worth mentioning for the discussion of this study that both compounds (i.e.
9a and 9b) exhibit shifts in emission wavelength with the change of solvent polarity, as
shown in Figure 48, as well as a broadening of the emission spectra profiles with
increasing polarity, which indicates the presence of a CT state, corroborating with the
theory that CT excited states are stabilized by matrices with higher polarity since to form
a CT state is necessary a charge transfer from HOMO to LUMO orbitals, which causes a

change in the dipole moment of the compound’s structure.
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Figure 48. UV-vis absorption and photoluminescence (PL) spectra of diluted solutions

of () 1 and (b) 2 in various organic solvents (c = 10-5 M, lex = 400 nm)*°

6.2.4.2. Solid State
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For the study of photophysical properties of compounds 9a and 9b in the solid-state, the
polymer Zeonex® was chosen as a non-polar matrix, and [4,4’-bis(N-carbazolyl)-1,1°-
biphenyl] (CBP) was selected as the polar matrix, due to the intent of future OLED
applications. Furthermore, CBP was selected based on the relations between HOMO and

LUMO energy levels of CBP and the compounds analyzed in this study.

Figure 49 displays the photoluminescence spectra of 9a in 9b in solid matrices. For both
cases in the Zeonex® matrix, the presence of narrow single peaks indicates that the
emission originated from a locally excited state (LE). However, in the CBP matrix,
broader emission peaks can be observed, which is characteristic of photoluminescence
processes that originate from CT excited states.

Although spectra shape and half-width are quite different between the two matrices, the
shift in the maximum peak wavelength is very small. This could imply that there is a
minimal disturbance in vibronic levels of the compounds even in a more rigid host, such
as CBP.
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Figure 49. Photoluminescence spectra of (a) 9a and (b) 9b in Zeonex® and CBP

matrices (1ex=355 nm).
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6.2.5. Time-Resolved Spectroscopic Analysis

The investigation of photoluminescence decay times and AEst values for compounds 9a
and 9b in Zeonex® and CBP matrices was carried out by time-resolved spectroscopic
measurements, with the help of a cryostat, which is capable to reach extremely low
temperatures (until 10 K), and an iCCD-gated camera that allows us to choose the desired

specific time delays.

Figure 50 exhibits emission spectra in different time delays and different temperatures.
From these spectra, more precisely from the onset wavelength of emission, the energy
levels of S1 and T excited states can be estimated at room temperature (300 K) and 10
K, respectively, as well as the AEst values for compounds 9a and 9b. Furthermore, a
significant difference in emission properties from the compounds in Zeonex® and CBP
matrices can be noticed. Emission spectra observed in nanosecond (ns) time delays are
usually attributed to prompt fluorescence (PF) emissions originating from S;. In the case
of measurements of compounds using the Zeonex® matrix (Figure 50a and 50b), at 300
K, a typical PF is observed regarding emission from the singlet localized excited state
(!LE). However, in the CBP matrix (Figure 50c and 50d), it can be noticed a very distinct
emission wavelength still in the range of the ns regime (5.4 and 16.5 ns), which is
attributed to an emission originating from a CT excited state. Such fast emission
behaviour is not a usual effect, which may be explained by an emission irradiated from
two different conformers with different angles between the two planes of the structure in

the 7-membered donor units due to the flexible nature of IDB and ISB groups.
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Figure 50. Time-resolved spectra of 1 wt% of a) 9a and b) 9b in Zeonex® and 10 wt% of
c) 9a and d) 9b in CBP matrix, at varying delay times at 300 K and 80 K.

Figure 51 presents the plot of the intensity of emission vs. the time delays, where it can
be easily noticed the two different time regions of photoluminescence decays of
compounds 9a and 9b. For both compounds in the Zeonex® matrix, emission on the
millisecond (ms) time regime was observed at low temperatures and 300 K. These long-
lived emission components at 80 K should be attributed to phosphorescence from Ty, and
at the onset of these spectra, the energy of the triplet state can be drawn as Et1 = 2.11 eV

in both cases. Compared to analogous compounds containing t-BuCz® (ET1 = 2.34 eV)
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and DPA (ET1 = 2.33 eV)> as donor groups, such value reveals a more effective

conjugation length for IDB and ISB derivatives.

However, in the ms time regime at 300 K, samples in the Zeonex® matrix display a dual
emission behaviour, as shown in Figures 50a and 50b, consisting of emission from the T
(i.e. RTP) and delayed fluorescence which probably originated from the singlet 1LE state.
Such emission started around 5 ms delay and was observed until 70 ms delay time
(Figures 51a and 51b). For the characterization of the type of delayed fluorescence, were
conducted measurements of laser pulse influence dependency vs. the delayed emission
intensity integral (Figure 52), revealing a dependence of slope close to 2, which is
characteristic of the bimolecular TTA process.“°

Emission spectra of samples in the CBP matrix displayed a completely different
behaviour. The energies of S; are higher when compared to the Zeonex® matrix, by
around 0.1 eV, leading to smaller AEst values. Additionally, no delay component was
observed in the ms time regime at 300 K (Figures 50c and 50b, Figures 51b and 51d),
exclusively typical phosphorescence is noticed at this time regime, at 80 K, which is
expected of most organic compounds. This means that no effective rISC occurs between
the lowest 3LE and !CT states, which is unusual for compounds with smaller AEst
compared to the Zeonex® samples. Such effect may be explained by emission originating
from two different molecular conformers, with no direct connection in between, which
was also observed by the fast emission behaviour in Figure 50. In contrast, the t-BuCz
analogue compound presented a moderate rISC, owning a similar AEst value (0.33 in
CBP)®, yielding TADF properties.
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Figure 51. Transient decay of 1 wt% of a) 9a and b) 9b in Zeonex® matrix, and

transient decay of 10 wt% of ¢) 9a and d) 9b in CBP matrix at different temperatures.
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Figure 52. Integrated emission intensity vs laser pulse energy (1J) of 1% a) 9a and b)

9b in Zeonex® matrix at 300 K at a delay time of 5 ms.

6.2.6. Electroluminescent Devices

OLED devices containing compounds 9a and 9b within the emitting layers were
fabricated with the following configuration: ITO/NPB [N,N’-di(1- naphthyl)-N,N -
diphenyl-(1,1’-biphenyl)-4,4’-diamine] (40 nm)/10% 1 and 2 in CBP (20 nm)/TPBI. As
seen in Figure 53, measurements of such devices' characterisation revealed moderate EQE
values of 1.94% and 2.5% for 9a and 9b, respectively (Figure 53b). As well as higher
EQE, the luminance of the device constructed with compound 9b was also higher (6,300
cd/m?) than that with compound 9a (5,500 cd/m?). Although unfortunately, the OLED
device based on emitter 9b presented a higher roll-off effect, which is observed by the
faster decay on EQE for the red curve in Figure 53b, compared to the device containing
compound 9a. The more intense roll-off effect can be explained by the sigma-dimer
formation inside the emitter layer during the device functioning, an effect already
observed in different systems in previous reports.?° Turn-on voltage values were found to

be around 6.0 V for both OLED devices, which are slightly high values.

Compared to the OLED devices fabricated with the analogous compounds t-BuCz (EQE
= 8%)% and DPA (EQE = 12%)°?, EQE values for IDB and ISB derivatives are quite low
due to the lack of TADF properties.
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Figure 53. OLED device characteristics.

6.3. Conclusions

In collaboration with the group that synthesized the dibenzo[a,j]phenazine-cored donor—
acceptor—donor (D-A-D) triads having C2-homologues of carbazole electron-donors, a
complete study and investigation of their physicochemical properties was carried out,
revealing the effect of replacing Cz with conformationally more flexible 7-membered

aromatic amines (IDB and ISB).

This study presented a full electrochemical and spectroelectrochemical UV-Vis and NIR
and potentiostatic EPR analysis, revealing the unique electropolymerization and

dimerization phenomena of the studied D-A-D systems.

The insertion of the C2-bridge within the Cz donors granted a drastic change in the
photophysical behaviour from a moderate TADF observed in the Cz analogue to a dual

emission comprising RTP and delayed fluorescence caused by a TTA process.

Although compared to analogous compounds, the OLED devices fabricated did not
present such interesting functioning properties due to the lack of TADF behaviour, this
study might open up the way to understand and develop other stimuli-responsive organic

functional materials in the future.
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7. Photophysical Characterization of Organic Emitters Based on Concaved N-PAHs
with Tunable TADF/RTP Properties

7.1. Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are nothing more than organic compounds
containing only hydrogen and carbon, comprising multiple aromatic rings. With simple
structures, as two aromatic rings fused, there is naphthalene, with three: anthracene, and

S0 on, as presented in some examples in Figure 54.

naphthalene anthracene tetracene phenalene

CCCC

® W,
&Y 0 @Y oOo:o

pyrene triphenylene corannulene coronene

Y 4§49
o

Figure 54. Example of polycyclic aromatic hydrocarbons (PAHS).

Due to strongly delocalized electrons in the aromatic rings, they became highly interesting
for application in the most diverse areas, with remarkable potential for chemical

sensors,!!" organic solar cells, '8 liquid crystals*'®2° and organic light-emitting diodes.?

In some cases, like naphthalene, anthracene and even coronene, all the hydrogen and
carbon atoms share the same geometrical plane, forming a molecular planar structure.
However, in some cases, molecules like corannulene, such as the 5-membered ring in the
middle of the structure, force all the other atoms to a bowl shape structure to minimize

the bond stress.1?2

One of the main reasons for observing non-planar geometry and conformation in such
systems is the interaction of added substituents.*?® In fact, the addition of distinct
substituents into PAH structures leads to changes in their fluorescence properties,
modulating solubility in different solvents, emission intensity, and singlet-triplet energy
gap (AEst).*
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The molecular shape, size, and curvature of such materials have a great influence on
fluorescence and electronic properties. Curved PAHs were found to produce strong dipole
moments determined by the number of aromatic rings.'?® Through the investigation of
charge-carrier conductivity of indenocorannulene derivatives, Wang et al. reported
improved electronic transport characteristics due to the presence of carbon-rich n-bowls,

stating interesting properties to serve as active materials in organic electronics.!?

The introduction of nitrogen atoms to the centre of the polycyclic framework leads to
concaved or bowl-shaped three-dimensional architectures. Nitrogen-doped (N-doped)
PAHs present improved photophysical characteristics with interesting properties for

application in organic electronic devices.*?"1%

As discussed in Chapter 3, TADF emission is extremely determined by structural
modifications, especially by specific conformations in D-A systems. Through the simple
addition of a methyl substituent into acceptor or donor moieties, it is possible to produce
distinct conformers, allowing for tuning between different emission pathways, such as
RTP and TADF, for example, as described in the work of Chen et al., in 2018.%°
Additionally, it has been reported the significant influence of using nitrogen compounds
as donor moieties, as the C-N bond gives the appropriate angular conformation to obtain
the desired properties. And for that reason, nitrogen donors have been widely used in the

search for TADF behaviour.91°3951.52

Extensive research was done looking for the optimization of synthetic methodologies of
N-doped curved PAHs,'2°132 resulting in the achievement of desired concaved and boat-
like conformations with promising structural alignment.*331%€ However, deeper
investigations in structural modifications are still missing, aiming to tailor excited states’

energy to produce more efficient materials.

One of the fundamental criteria for the efficient design of novel TADF emitters is to
achieve a small singlet-triplet gap (AEst) to induce a fast endothermic rISC process,
converting triplets into singlet excitons, which is a spin-forbidden process. Materials with
D-A w-conjugated structures with accurate angles between D and A moieties can provide
such small gaps and mixed CT and LE character, which will assist rISC, increasing its
probability and rate constant. Consequently, in the last decades, there has been a vast
interest in small, planar and branched D-A compounds, which result in limited

photophysical properties for the derived materials.*’
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As shown in Figure 55, a nitrogen atom positioned at the centre of the curved bowl-shaped
frame consists of the donor moiety, which exhibits intrinsic electron-donating properties.
The addition of slightly distinct strong acceptors containing different peripherical
substituents results in Donor-Acceptor structures with minimal spatial overlap between
frontier orbitals, assured by an anti-aromatic seven-membered ring (represented as green
in Figure 55). Using such structures aims to achieve weak oscillator strength for HOMO
— LUMO transitions.

re-
/ A
{\ Tc ’)
Lo N N
N > \ /
+ N)‘ \N \‘\T
N/ /

Figure 55. The structural idea of donor-acceptor compounds.

With the help of Dr Marcin Lindner’s research group at the Polish Academy of Sciences
in Warsaw — Poland, where they specialize in synthetic strategies of novel compounds,
the synthesis of new nitrogen-based PAHs was developed with new nitrogen-based PAHs
Donor-Acceptor electronic structures, compounds 10a-n, presented in Figure 56. The
main idea of such a study is to observe the influence of molecular structure modification
on the photophysical properties as a way of being able to achieve tunable photophysical

properties.
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Figure 56. Molecular structures of compounds 10a-n.

The project in partnership yielded an article, which was accepted in the Angewandte
Chemie Internationa Edition. Herein in this chapter, my contribution to the study will be
discussed, including mainly the photophysical characterization and the application of
such compounds in the structure of optoelectronic devices and the discussion of the

results.

7.2. Results and Discussion

7.2.1. Electrochemical Studies

As usual, the first step in investigating a new set of compounds is the study of
electrochemical behaviour through CV measurements of compounds 10a-n, as shown in

Figure 57.
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Figure 57. The first scan of a CV of compounds 10a-n in 0.1 M BusNBF4 in DCM

electrolyte at the scan rate of 50 mV s. Concentrations vary between 0.2 — 1 mM.

As the first obstacle of this study, many compounds exhibit low solubility in DCM, DMF
THF and acetonitrile solvents typically used for CV analysis.”® The insoluble character
of some compounds is noticed as low current, low resolution and noisy signals like the
ones presented in Figure 57i (compound 10i) or 57d, for example, regarding the most

insoluble compounds of all, compound 10d.

In the voltammograms in Figure 57, regarding the first cycle of oxidation and reduction
for each compound, it can be noticed that half of the compounds (10b, 10c, 10e, 10f, 10g,
10h and 10j) displayed a reversible reduction peak. All compounds exhibit semi or

completely irreversible oxidation peaks.
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From the parameters obtained through CV measurements, it is possible to determine the

HOMO and LUMO energy levels, as shown in the diagram in Figure 58.

-3.1

Energy / eV

5.8

6159-59-59 g0 5059 059 5g-59-5970-50.59

-6.0

! I ! I ! I ! I ! I I I
10a 10b 10c 10d 10e 10f 10g 10h 10i 10j 10k 101 10m 10n
Figure 58. HOMO and LUMO energy levels of compounds 10a-n.

Arising out of the comparison between electrochemical behaviours, the effect of
structural modification on the frontier orbital’s energy levels can be estimated. Since this
series of compounds is based on structures that share the same donor while varying the
acceptor part, the values of HOMO energy levels are very similar for the 14 compounds,

ranging only between -5.8 and -6.0 eV.

Compound 10a is considered the primary structure, and all the other compounds can be
compared to it, as substituents' presence will influence the acceptor’s electronic character.
The obtained values for LUMO levels exhibit a more considerable variation. The addition
of a phenyl group (compound 10b) increases the conjugation length, decreasing the
energy of LUMO for -3.4 eV in comparison to compound 10a (-3.2 eV). A stronger effect
is observed for the presence of an additional nitrogen atom (compound 10e), with -3.5
eV. Compound 10f presents the lowest LUMO energy level (-3.8 eV), regarding the
strongest acceptor character, deriving from two nitrile groups. The addition of halogen
substituents exhibited lower LUMO levels, with a stronger effect for di-bromine (10i) and
di-fluorine (10j) substitutions. The addition of one and two methyl groups (compounds

10c and 10I) does not influence the acceptor characteristic of the materials. Compound
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10d displayed the highest LUMO level (-3.0 eV), having an anthraquinone as a
substituent at the acceptor part of the structure.

7.2.2. Photoluminescence

7.2.2.1. Solution

As the first step of the photophysical characterization, UV-Vis absorbance measurements
for compounds 10a-n in 3 different solvents (DCM, THF and toluene) are represented as
the curves at lower wavelengths in Figure 59. Next, the solvatochromism study was done
by comparing the emission of these compounds in solvents of different polarities, as

depicted in Figures 59a-n.

Most of the compounds present a slight red shift with increasing polarity, as well as a
different profile shape noticed in toluene solutions, regarding the presence of two overlap
signals. Such behaviour indicates that the emission originated from LE excited states;
therefore, in toluene solutions, emission from LE. On the other hand, emissions derived
from CT states exhibit a shape of a Gaussian distribution, like the spectra acquired from
solutions in solvents with higher polarity.>® Hence, compounds 10a-n in DCM and THF
solutions present emissions from a !CT excited state. The small bathochromic shift related
to different polarities can be justified by mixed character between LE and CT states

involved in the emission process.

Compound 10d (Figure 59d) is the only one to exhibit a significant red shift in DCM
solutions, with CT character while presenting emission from LE in THF and toluene

solutions.
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Figure 59. UV-vis absorption and PL spectra of 10a-n (c 10~ M) diluted solutions in

dichloromethane, tetrahydrofuran, and toluene solvents.

Comparing the spectra of more similar compounds allows us to understand the influence
of structure modification on excitation and emission properties based on the acceptor’s
electronic features. Shifts to higher wavelengths represent emission processes that require
less energy to occur. For example, there is a significant bathochromic shift from 10a to
10b (Figures 59a and 59b), with additional phenyl groups leading to an increase in
conjugation. When comparing 10a with 10e (Figures 59a and 59e), the same effect is
noticed now with the addition of a nitrogen atom in the acceptor’s structure. Compounds
with halogen substitutions exhibit less significant shifts. However, it can be seen that the
presence of two bromine groups (compound 10i, Figure 59i) led to two times larger shift

than the mono substituted compound (10m, Figure 59m). Mono- and di-fluorine
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substituted compounds, 10k and 10j (Figures 59k and 59j), respectively, present similar
behaviour. The highest bathochromic shift was observed due to the addition of nitrile
groups in compound 10f (Figure 59f).

7.2.2.2. Solid State

The confirmation that triplet excited states are involved in the emission mechanism is
done by means of degassing experiments. In this case, the degassing study was carried
out in solid layers of 1 wt% of compounds 10a-n in Zeonex® matrix, deposited in sapphire

disc substrates, and the resulted spectra are displayed in Figure 60.

Nearly all compounds exhibit a significant increase in emission intensity under degassed
environments, although compounds 10f and 10i (Figures 60f and 60i) did not. More
significant increases are related to the higher contribution of triplet excited states in the
overall emission.*® The largest rises were observed for compounds 10b, 10d, and 10e
(Figures 60b, 60d, and 60e), regarding acceptor moieties containing an extra phenyl
group, anthraquinone and nitrogen atom, respectively.

An interesting effect is observed in compounds 10j and 10m (Figures 60j and 60m).
Under vacuum conditions, only one of two signals exhibits an intensity rise, which may
indicate RTP character. In the case of TADF behaviour, the emission signal can be
observed in airy environments and increases substantially under a vacuum. In contrast,
RTP emission is barely noticed until there is no presence of oxygen, which in that case

will appear as a signal with normal intensity, as seen in the example in Figure 60m.
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Figure 60. a) Emission spectra of 10a-n in Zeonex® matrix under air (black) and in

vacuum (red) (1ex = 355 nm). Solid layers were deposited in sapphire disc substrates.

7.2.3. Time-Resolved Spectroscopic Analysis

As the system for iICCD-gated spectroscopic measurements with He cryostat is very time-

consuming, and this is a study of fourteen compounds, a different approach was used to

accelerate the achievement of results. Therefore, in this chapter, to obtain iICCD-gated

spectroscopic measurements, an No-cryostat was used, which works faster than the He

cryostat. However, it is very important to mention that a cryostat that uses liquid nitrogen

for the cooling system can only achieve the lowest temperature, around 70 K.
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Once the use of different polarity matrices induces emission pathways deriving from
different excited states, for a better understanding of the emission properties and
characteristics, the studies were carried out using a polar (CBP) and a less polar host

(Zeonex® polymer).

Although in previous chapters, the emission onset was used to determine the energy
values of the excited states, which originate the emission mechanisms, in this chapter, the

emission maxima are employed to calculate energy levels of S; and Ti.

Figure 61 displays the time-resolved spectra of compounds 10a-n in Zeonex® matrix,
acquired in different delay times, at 80 and 300 K.
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Figure 61. Time-resolved spectra of a) — n) 1 wt% of compounds 10a-n in Zeonex®

matrix, at varying delay times at 300 K and 80 K.
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The emission maxima of prompt fluorescence spectra are similar for samples in Zeonex®

matrix (Figure 61) and toluene solution (Figure 59).

The smaller AEst gap (0 eV) was observed for compound 10b (Figure 61), with an
additional phenyl group at the acceptor’s unit, increasing the conjugation length and
decreasing the charge transfer energy. Compounds 10g and 10i presented the second and
third smallest AEst gaps, being 0.02 and 0.03 eV, respectively. The addition of a
thiophene ring seems to influence the triplet energy state in compound 10g, exhibiting

one of the highest T1 energy levels.

The most significant difference was observed for the excited states’ energy values of
compound 10n, which contain an additional bromine substituent compared to compound
10e or an additional nitrogen atom when compared to compound 10m. The combination
of these two additions lowered T1 and S; energy levels extremely.

For materials presenting TADF behaviour, through the study of their emission spectra
varying stepwise from extremely low temperatures up to 300 K, it is possible to determine
the point where the thermal activation occurs. For further investigation and
characterization of the observed emission characteristics, compounds’ emission spectra
were collected at different time delays, varying from ns to ms time regime, as displayed
in Figure 62. In summary, the energy values for excited states involved in the emission

mechanisms were calculated and are depicted in the diagram in Figure 63.
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Figure 62. Transient decay of 1 wt% of 10a-n in Zeonex® matrix at 300 K, insets are the

respective spectra for particular delay time

Nearly all compounds in the Zeonex® matrix have emissions with TADF behaviour.
However, compounds 10d, 10e, 10g, 10h and 10n exhibit pure TADF emission, while in
the case of compounds 10a, 10b, 10c, 10f, 10i and 10l, a mix of TADF and RTP

mechanisms are involved in the overall emission.

Compound 10m, containing a mono-bromine substitution, is the only one to present a
pure RTP emission. When compared to 10n, it indicates that adding a nitrogen atom to
the benzene ring leads to a change in pure TADF emission. Besides, the presence of a

second bromine group (10i) generates a mixed TADF and RTP character.
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Figure 63. Diagram of singlet and triplet energy levels for samples containing 1 wt% of

compounds 10a-n in Zeonex® matrix.

The most interesting behaviour is noticed for compounds 10d and 10f (Figures 61d, 61f,
62d and 62f), which exhibit T1 energy levels higher than Si1, known as a singlet-triplet
inversion. In the case of compound 10d, it may be not so obvious to observe such an
effect because its prompt fluorescence exhibits two signals with maxima at 494 and 590
nm (Figure 61d). However, as shown in Figure 62d, the first signal (494 nm) disappears
around 10 ns of delay time, and only the signal at 590 nm remains, which means that this
second signal is related to the energy of the lowest singlet excited state. Compound 10f
also displays a singlet-triplet inversion, although in this case is more easily seen as the
phosphorescence spectrum (represented as a red line in Figure 61f) occurs in lower
wavelengths than the prompt fluorescence spectrum (black line in Figure 61f). In
addition, a mixed TADF and RTP emission is observed from compound 10f (Figure 62f).

As shown in Figure 62m, compound 10m presents TADF emission at us time regime,
while at 0.2 ms delay time, the emission signal starts shifting and pure RTP is observed.
Similar behaviour is noticed for compound 10f (Figure 62f), which exhibits pure TADF

emission at the ps range, and mixed TADF and RTP emission at the ms time regime.
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In addition to the Zeonex® matrix samples, solid layers of 10 wt% of compounds 10a-n

in the CBP matrix were investigated. CBP was chosen as the host to evaluate the emissive

properties of the compounds as active layers in OLED structures. Figure 64 displays the

time-resolved spectra for compounds 10a-n in the CBP matrix, acquired in different delay

times, at 80 and 300 K. The plot of emission intensity vs. delay times is presented in

Figure 65, and the diagram in Figure 66 displays the energy levels of the excited states

involved in the emission process in a more illustrative way.
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Figure 64. Time-resolved spectra of a) — n) 1 wt% of compounds 10a-n in CBP matrix,
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Figure 65. Transient decay of 10 wt% of 10a-n in CBP matrix at 300 K, insets are the

respective spectra for particular delay time.

In Figures 64 and 65, it is noticed that the great majority of the compounds analyzed in
the CBP matrix exhibit pure TADF emission, being them 10a, 10e, 10f, 10h, 10i, 10j,
10k, 101 and 10n. Additionally, pure RTP behaviour was detected for compounds 10b,
10d, and 10g, while mixed RTP and TADF character was observed only from 10c and
10m.
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Figure 66. Diagram of AEst levels for samples containing 1 wt% of compounds 10a-n

in CBP matrix.

The effect of singlet-triplet inversion is still observed for compounds 10d and 10f.
However, the emission behaviour from these compounds displayed very distinct
characteristics from Zeonex® and CBP matrices. Compounds 10a, 10c, 10f and 10i, which
presented emission with RTP and TADF mixed character in Zeonex®, turned into pure
TADF in the polar matrix. Other emitters with mixed features, 10m and 10b, exhibit pure
RTP in the presence of CBP. Moreover, 10g and 10d, pure TADF emitters in Zeonex®
matrix, have pure RTP behaviour in the CBP host.

Comparing the diagrams in Figures 63 and 66, we notice that the energy of triplet excited
states of compounds 10d, 10e, and 10g had a significant drop with CBP compared with
results in the Zeonex® matrix. In contrast, the singlet states were less affected by the host
effect, leading to increased values of AEst. A more significant difference is noticed for

compound 10g, exhibiting a gap ten times bigger.

The increase of AEst observed for compounds 10d and 10g is enough justification for the
deactivation of the TADF process, turning into pure RTP emitters.

Compound 10f exhibits a similar stabilization of triplet excited states, however, the
presence of CBP host decreases the energy of the singlet excited state with the same
intensity.
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The null bandgap for compound 10b in Zeonex® turns 140 meV in CBP. Along with the
separation of TADF and RTP behaviours, which could not be observed isolated in the
non-polar host. Though in CBP matrix exhibit TADF emission starting at us time regime,
shifting to pure RTP behaviour observed at 0.2 ms delay time, as shown in Figure 65b.
Regarding application in OLEDs, lifetimes in the ms range are considered long-lived,
which are known for increasing the roll-off efficiency.®® Nevertheless, the two other pure
RTP emitters, 10d and 10g displayed RTP behaviour at us delay times, which is an

interesting future considering the applicability as emitter layer in OLED devices.

The results from the analysis, calculations and interpretations are summarized in Table 6,
containing values of PLQY, a lifetime of prompt (tPF) and delayed fluorescence (tDF),
the ratio between delayed and prompt fluorescence (DF/PF), energy levels of singlet (S1)
and triplet (T1) excited states involved in the emission, as well as the AEst values for

compounds 10a-n in Zeonex® and CBP matrices.

When investigating TADF and RTP mechanisms, one of the most important factors to be
determined is the DF/PF ratio, which is related to the triplet state contribution to the
emission process. If the ratio is equal to 3 or higher values, it means that 100% of the
generated triplet excited states were involved in the overall observed emission.**” The
DF/PF ratios for compounds in the Zeonex® matrix higher than three were found for
compounds 10b, 10e, 10h, 10i, 10j, 10k, 10l and 10n, with the highest ratio value of
21.49 given for 10b.

In comparison to the values in Zeonex®, a decrease in the DF/PF ratio for most
compounds with CBP matrix is noticed. Although, compounds 10m and 10n displayed
impressive ratios of 65.43 and 62.10, respectively.

Unfortunately, the most interesting compounds of this study so far, the RTP emitters with
a short lifetime, 10d and 10g, exhibit RTP emission weaker than the overall emission,
resulting in ratios above zero (0.43 and 0.18).
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Table 6. Summary of the general photophysical properties of the emitter compounds.

Emitter

10a

10b

10c

10d

10e

10f

10g

10h

10i

10j

10k

101

10m

10n

Aem,
nm?2
493
502
536
519
497
505
497
456
519
519
555
617
490
511
513
507
536
517
525
500
511
508
495
500
512
503
546
532

Host

Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex
CBP
Zeonex

CBP

PLQY
(%)°
10
17
35
45
8
16
2
16
36
37
6
86
2
29
50
37
0.4
9
18
19
17
19
12
16
1
17
2
30

TPF,
ns®
3.89+0.15
5.14+0.19
5.22+0.37
7.82+0.25
4.96+0.23
3.87+0.18
3.04£0.04
15.68+0.91
6.95+0.38
5.32+0.17
25.42+1.12
23.74x1.14
4.73+0.38
7.80+0.17
8.22+0.88
9.41+0.24
8.26+0.25
7.42+0.18
10.02+0.42
5.35+0.14
7.74%0.75
5.83+0.21
3.10+0.13
7.57+0.09
3.07+0.31
5.57+0.36
4.05+0.02
1.03+0.08

TDF,
ps?
10.81+0.9
3.55+0.34
1.82+0.12
3.52+0.38
2.47+0.12
1.63+0.16
7.43+0.65
2.42+0.30
4.30£0.49
1.58+0.20
0.94+0.06
1.00+0.09
0.96+0.08
0.58+0.02
3.99+0.41
1.60£0.11
1.03+0.12
1.22+0.08
2.78+0.37
12.98+0.9
1.20£0.13
1.75+0.18
0.660.05
1.3140.11
1.58+0.14
0.79+0.08
1.98+0.18
0.86:0.06

121

TPh,
ms¢
1.80+0.10
9.23+0.83
1.21+0.18
5.97£0.57

0.72+0.07

1.60+0.04

6.70+0.73

3.12+0.23

DF/PF
1.01
0.20

21.49
0.14
2.80
0.20
0.46
0.43
8.17
0.37
0.35
1.89
0.38
0.18
3.90
5.30

14.40
10.02
3.05
0.32
3.06
0.94
4.36
2.07
0.73
65.43
13.14
62.10

S1
eVf
2.51
2.47
231
2.38
2.50
2.45
2.10
1.97
2.39
2.33
2.23
2.01
2.53
2.43
242
244
231
2.40
2.36
2.48
242
244
2.50
2.48
242
2.46
212
2.33

Ty,
eVf
2.23
2.20
231
2.24
2.20
2.17
2.35
2.36
217
2.04
2.57
2.36
2.55
2.22
2.17
2.15
2.34
2.27
2.07
2.24
2.13
2.19
2.18
2.21
211
2.09
2.04
2.06

AEst
eVe
0.28
0.26
0.00
0.15
0.30
0.28

-0.25

-0.39
0.22
0.29

-0.34

-0.35

-0.02
0.20
0.25
0.29

-0.03
0.12
0.29
0.24
0.29
0.25
0.32
0.27
0.31
0.37
0.08
0.26



7.2.4. Electroluminescent Devices

At last, the compounds were applied in the fabrication of OLED devices. The device
structure was optimised based on the previously studied electrochemical bandgap and
HOMO and LUMO values. The structural configuration was done as follows: ITO/NPB
[NV, N’-di(1-naphthyl)-N, N -diphenyl-(1,1’-biphenyl)-4,4°-diamine] (40 nm)/TSBPA
[4,4’-(diphenylsilanediyl)bis(N,N-diphenylaniline)] (10 nm)/10% of 10a-n in CBP (20
nm)/TPBi [2,2°,2°-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)] (50 nm)/LiF
(1 nm)/Al (100 nm). The fabricated devices 10a-n were characterized, and the results are
shown in Figure 67.

Devices 10d and 10g displayed RTP behaviour, while all the other devices presented
electroluminescence characteristics of TADF emission.

The device with the highest EQE value was based on emitter 10h (11.5%, Figure 66e),
with a trifluoromethyl group in its structure. The second highest EQE (10%) was given
by the device containing emitter 10f with double nitrile substitution, which exhibits
singlet-triplet inversion. The smallest EQE values were obtained by devices with
compounds 10c and 10j, with one methyl and di-fluorine substitutions, respectively,
including a more significant roll-off effect. Finally, among the RTP based OLEDs, the
device with emitter 10g (thiophene derivative) displayed the highest EQE of 3.1%.

As seen in Figure 67c¢, the highest luminance value was achieved by the OLED containing
emitter 10f, up to 24,680 cd/m?. Furthermore, the RTP OLED based on 10g obtained
luminance values up to 10,250 cd/m?.

The analysis of characteristics of the OLED devices revealed a significant increase in
OLED efficiency depending on the structure. Through the observation of Figures 67b and
67e, the comparison of devices based on emitters 10a and 10b leads to the conclusion
that an additional phenyl ring increases EQE 2.5 times. The insertion of a nitrogen atom
resulted in an EQE 2 times larger (between 10a and 10e), whereas the addition of one

bromine group led to a four times increase (between 10a and 10n).
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Figure 67. The characteristics of the OLED devices are based on emitters 10a-n. a), b)

Current density-bias characteristics. c), d) EQE-current density characteristics. e), f)

EQE - luminance characteristics.
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7.3. Conclusions

Herein was reported the investigation of electrochemical and photophysical properties of
nitrogen-doped polycyclic aromatic hydrocarbons (N-PAHSs), with intrinsic D-A
electronic structures and bowl-shaped curvature. Despite a complete fused system, it
comprises moderate to weak oscillator strength for HOMO-LUMO transitions and small
AEst due to the presence of an anti-aromatic seven-membered ring. In contrast, the

acceptor’s strength influences PLQY amplification up to 86%.

The comparative study of emission characteristics of fourteen different compounds
afforded a better understanding of the tuning between thermally activated delayed
fluorescence (TADF), room-temperature phosphorescence (RTP), or dual TADF & RTP

behaviours, depending on the substituent group on the acceptor’s structure.

The assembly of TADP/RTP OLEDs with such materials provided yellow to orange
emissions for the first time observed in N-PAH systems, achieving EQEs as high as

11.5%, good operational stabilities, and low roll-off processes.

The most interesting feature displayed by some of these emitters was the singlet-triplet
inversion, which should enable the energy transfer from triplet to singlet excited states,
accelerating the process. In particular, compound 10f, with remarkably high PLQY
(86.4%), produced an OLED device with high efficiency (EQE>10%) and a very efficient
TADF process.
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