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Abstract

Developing new organic materials for optoelectronic applications such as OLED
and OPV continues to be a challenge due to the market demand for more efficient
devices that operate with minimum energy consumption. Designing purely organic
molecules exhibiting TADF properties may be an excellent strategy for obtaining
efficient OLED devices. The design of TADF emitters covers mainly the combinations
of electron-acceptor (A) and electron-donor (D) units in twisted D-A structures,
obtaining spatially separated HOMO and LUMO orbitals and small singlet-triplet
energy gap, which can allow efficient RISC process in molecules.

This work brings the design and synthesis of different A, belonging to various
classes of compounds and commonly D moieties (diphenylamine, carbazole,
phenothiazine, phenoxazine, acridine derivatives, and azepine derivatives), displaying
different configurations of D-A structures to investigate the photophysical and
electrochemical properties and consequently suitability to optoelectronic applications.
The final compounds were synthesized mainly using N-C and C-C cross-coupling
reactions between the brominated acceptors and donors, obtaining moderate to good
yields. The acceptor design strategy covered mainly the construction of N-rich
systems, such as acenaphtopyridopyrazine, naphthalene benzimidazole,
diquinoxaline,  diphenazine, derivatives of pyridobenzotriazole isomers,
benzopyridoimidazoisoquinolinone, and perylene dianhydride/tetraesthers and
triphenylphosphanimine.

All the acceptors were connected with common donors, and their molecular
structures were characterized by 'H and *3C Nuclear Magnetic Resonance (NMR) and
High-Resolution Mass Spectrometry (HRMS). The electrochemical properties were
investigated by cyclic voltammetry (CV), and the energies of HOMO and LUMO levels
were estimated from oxidation and reduction potentials, respectively. Additionally, the
susceptibility of some compounds to the electrochemical polymerization process was
displayed. The photophysical parameters were investigated by UV-Vis and
photoluminescence in solution and in the solid state in Zeonex matrix. The profile of
the emission was examined in different solvent polarities to understand the nature of
the emission (CT and/or LE) of the compounds. Moreover, aggregation-induced
emission (AIE) properties were investigated in THF solutions with different water
fractions for the acenaphtopyridopyrazine and triphenylphosphanimine
derivatives. The properties of the obtained materials indicated that the compounds can
be excellent candidates for applications in optoelectronic devices.
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Abstrakt

Opracowywanie nowych materiatbw organicznych do zastosowan
optoelektronicznych, takich jak OLED czy OPV, nadal stanowi wyzwanie ze wzgledu
na zapotrzebowanie rynku na bardziej wydajne urzgdzenia, ktére mogq dziata¢ przy
minimalnym zuzyciu energii. Projektowanie zwigzkéw czysto organicznych,
wykazujgcych wiasciwosci TADF moze byC doskonatg strategig otrzymywania
wydajnych urzgdzen OLED. Projektowanie emiterow TADF polega na takim tgczeniu
zwigzkow o charakterze elektronoakceptorowym (A) ze zwigzkami o charakterze
elektronodonorowym (D), aby ich koncowa struktura (D-A) przyjeta forme skrecona.
Uzyskuje sie w ten sposob przestrzenne rozdzielenie orbitali HOMO i LUMO, oraz
zwezenie przerwy energetycznej pomiedzy stanami singletowym a trypletowym, co
moze umozliwi¢ wydajny proces RISC.

W pracy przedstawiono projektowanie isynteze potgczen akceptorow (A)
nalezgcych do roznych klas zwigzkow oraz powszechnie uzywanych ugrupowan
donorowych (D) (difenyloamina, karbazol, fenotiazyna, fenoksazyna, pochodne
akrydyny i pochodne azepiny), w wielu konfiguracjach typu donor-akceptor (D-A),
wcelu zbadania ich wifasciwosci fotofizycznych oraz elektrochemicznych,
a w konsekwencji przydatnosci do zastosowan w optoelektronice. Koncowe zwigzki
zsyntetyzowano stosujgc reakcje sprzegania krzyzowego typu N-C i C-C pomiedzy
bromowanymi akceptorami i zwigzkami donorowymi, uzyskujgc umiarkowane bgdz
dobre wydajnosci. Plan projektowania akceptoréw obejmowat tworzenie ukfaddéw
bogatych w azot, takich jak: acenaftopirydopirazyna, naftalenobenzimidazol,
dichinoksalina, difenazyna, pochodne izomeréw pirydobenzotriazolu, benzopirydo-
imidazoizochinolinon, dibezwodnik i tetraestry perylenu oraz trifenylofosfanimina.

Wszystkie akceptory tgczono 2z powszechnie stosowanymi donorami,
a strukture molekularng produktow scharakteryzowano za pomocg magnetycznego
rezonansu jgdrowego H i 13C (NMR) oraz wysokorozdzielczej spektrometrii masowej
(HRMS). Wiasciwosci elektrochemiczne badano za pomocg woltamperometrii
cyklicznej (CV), a energie pozioméw HOMO i LUMO oszacowano, odpowiednio, na
podstawie potencjatow utleniania i redukcji. Dodatkowo niektore zwigzki wykazaty
podatnos¢ na proces polimeryzacji elektrochemicznej. Parametry fotofizyczne badano
metodg UV-Vis i fotoluminescencji w roztworze oraz w stanie statym w matrycy
Zeonex. W celu zrozumienia natury emisji zwigzkéw (CT i/lub LE), badania
prowadzono w rozpuszczalnikach o réznej polarnosci. Ponadto dla pochodnych
acenaftopirydopirazyny i trifenylofosfaniminy zbadano wiasciwosci emisji indukowanej
agregacjg (AIE) w mieszaninach THF-u i wody w réznych proporcjach. Wtasciwosci
otrzymanych materiatow wykazaty, ze zwigzki te mogg by¢ doskonatymi kandydatami
do zastosowan w urzgdzeniach optoelektronicznych.
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1. Introduction

The human society is largely dependent on artificial light. Light is in almost
everything daily, from illuminating to electronic devices. This shows the relationship of
dependence to searching for more technologies related to eco-friendly sources to
increase life quality and reduce energy consumption in our society. Therefore, the
search for more economical and environmentally friendly light sources is entirely
justified. Recently, researches in the field of semiconductors has focused in organic
light-emitting diodes (OLEDSs), which appear as an alternative strategy to achieve
efficient lighting emitters. This shows that the technologies based on organic
conjugated materials are related to the future of the OLED market.!

Various fields of research into light sources are developing in order to reduce
global energy consumption. The future of the lighting market is walking in the search
of more efficient devices that can operate at lower voltages and have a wide range of
accessible colors. m-Conjugated organic materials have been used in electronic
devices and presenting excellent results concerning typical inorganic semiconductors.
The flexibility and processability that organic materials can offer to electronic devices
minimize the costs and increase the possibilities of applications in electronic industries
due to the versatility of functionalization that can be made in conjugated organic
molecules.? The durability, stability, and preferable solubility in common organic
solvents for inkjet printing are the main requirements for prototype applications.
Organic materials can already be encountered in commercial OLED display devices,
and organic photovoltaic cells (OPVs). The versatility of 1r-conjugated organic
materials consists in the possibility of using them as active organic layers
simultaneously in diodes, transistors, solar cells, and others.34

In this context, searching for new materials that can attend to the parameters
necessary to be applied in such devices with high efficiency, color purity, and stability
is still challenging. Also, other applications such as OPVs and organic field effect
transistors (OFETs) had the necessity of designing and synthesizing more and more
compounds to understand the mechanisms involved and improve the efficiencies in
using light. To OPVs, the molecular design is based on donor-acceptor structures
aiming at the minimization of the band gap. Absorption mainly in the visible region is
also requirement, such as solubility in common organic solvents to solution processed

techniques. In this way, the design and synthesis of new conjugated organic
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compounds is the future of this field. Related to OLEDSs, the leading researchers
around the world in organic electronics are focusing on Thermally activated delayed
fluorescence (TADF) materials which appear as an alternative to high-cost materials
based on a metal complex with Iridium, Platinum, and others which are very expensive
and scarce.®®> TADF materials can achieve 100% internal quantum efficiency (IQE)
through triplet harvesting mechanisms. Therewith, the synthesis of new ambipolar
organic compounds that can present TADF properties is very important to the
development of new low-cost and efficient materials to be applied in optoelectronic
devices.

In this way, this work focuses on the design and synthesis of new purely organic
ambipolar compounds as candidates to be applied as optoelectronic materials,
especially in OLED and OPVs devices. The acceptors (A) will be synthesized covering
a wide range of chemical reactions and belong to different classes of compounds. Such
as N-rich acenaphtopyridopyrazine (NQPYy), flexible diquinoxalines (DQ), rigid
diphenazine (NQ), derivatives of pyridobenzotriazole (PyBTZ) isomers, perylene
dianhydride (PDA), naphthalene benzimidazole (BTNA), triphenyl phosphanimine
(PhsPN) and benzopyridoimidazoisoquinolinone (PyNA). All the acceptors units will be
connected by N-C or C-C cross-coupling reactions with different donor (D) moieties in
different D-A structures configurations in order to investigate the structure/properties
relationship between them. In addition, the photophysical and electrochemical
characterizations performed will give an understanding of the mechanisms involved in

light generation and will be supported by the evaluation of electrochemical stability.
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2. Background Theory

2.1 Electronic transitions in organic emitters

The researchers’ interest in organic materials capable of exhibiting
electroluminescent properties began with the anthracene crystals.® This pioneering
research led to the exploration of others 1T-conjugated compounds as potential organic
emitters for application in organic electronics. While organic compounds can exhibit
high fluorescence quantum efficiencies, purely organic systems presented challenges
due to the high voltage requirements for charge injection into organic crystals. In
comparison to inorganic systems, these devices demonstrated significantly lower
efficiencies and lifetimes.” Just at the end of the 1980s, the use of purely organic
compounds in optoelectronics was established.? As a result, the search for new organic
functional materials through the design and synthesis of various Tr-conjugated
compounds that exhibit luminescent properties became crucial for the future of
research in materials science.

Considering the photoluminescence process, with light absorption (photon) with
the necessary amount of energy, it undergoes electronic transitions from the ground
state to excited states. The relaxation to the fundamental state can happen through
several processes, which could be described by Jablonski’'s diagram as shown in
Figure 2.1.°
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Figure 2.1. Jablonski diagram for photoluminescence process with absorption, fluorescence,

phosphorescence, and vibrational relaxation as non-radiative process. Adapted from
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literature.® IC — Internal Conversion; ISC — Intersystem Crossing, So — singlet ground state; S;

and S; — singlet excited states; T1 — triplet excited state.

When the molecule is excited by photon absorption from the ground state (So)
to the singlet excited states (Si, S2, ...Sn), the absorbed energy can be released
through radiative and non-radiative deactivation pathways. The vibrational relaxation
is a non-radiative deactivation process occurring by dispersion of thermal energy.1° In
the context of energy release by radiative pathways, it may happen with light emission,
which is required in organic light-emitting devices. Following the excitation to an
excited state in a molecule, one of the electrons is moved from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
Generally, the electrons in the ground states have an antiparallel configuration. Based
on this configuration, it can be inferred that the total spin number is 0 (-72 + '2), and the
corresponding spin multiplicity (25+1) is equal to 1, indicating a singlet state. However,
in the event of an electron spin inversion, the total spin number changes to 1 (2 + %),
and the spin multiplicity increases to 3, denoting a triplet state.'!

An excited state molecule may exhibit the relaxation from the Si state to the
ground state (S1 — So) with the release of energy in the form of a photon, achieving a
phenomenon known as fluorescence, as a very fast radiative deactivation process (10
10.107s).12 The electrons in the S: state could populate the excited triplet state (T1) by
the intersystem crossing (ISC) process. The ISC presents two states with the same
vibrational energy and different spin multiplicity. Generally, the T1 state presents lower
energy than the Si state. The electrons in the excited triplet state could undergo de-
excitation by radiative decay to the fundamental state (T1 — So), which is the
phosphorescence phenomenon. Due to the parallel spins exhibited by electrons in
triplet excited states and the antiparallel spins in singlet states, the transition from T1
to So (phosphorescence) is characterized by its spin-forbidden nature. Despite being
a formally forbidden process, the transition can occur due to spin-orbit coupling
(SOC).13 This transition takes longer time (10 — 10s), which could increase the
guenching of the triplet excited states. Consequently, the rate constants associated
with triplet emission are significantly smaller at room-temperature, extending several
orders of magnitude compared to those observed in fluorescence. The quenching of
excited triplet states by thermal deactivation can be reduced at very low temperatures,

which increases the probability of the transition T1 — So.
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2.2. Organic light-emitting diodes

An organic light-emitting diode (OLED) is a type of light-emitting diode (LED)
that incorporates organic compounds as an emitter layer within its structure, enabling
the emission of light through excitation by an electric current.'® The device structures
of OLEDs have presented numerous modifications since the initial reports. Typically,
the construction involves a thin organic emitting layer that is sandwiched between two
electrodes, with one of them being transparent. The Anode is transparent and made
of indium tin oxide (ITO) and the cathode is reflective and made of metal.'® When a
driving voltage of 5 to 10 V or lower, is applied across the electrodes, positive and
negative charges are injected. To enhance the efficiency of OLED devices,
considerable attention has been directed towards multi-layer systems, wherein the
additional layers play a crucial role in executing various functions within the device
structure.'’ In this particular structure, additional layers, such as Electron-injecting
Layers (EIL), Electron-Transporting Layers (ETL), Hole-Injecting Layers (HIL), and
Hole-Transporting Layers (HTL) can be observed, as shown in Figure 2.2.1> These
layers play a crucial role in facilitating the electron-hole recombination into the emission
layer (EML). The EML consists of organic compounds with a high photoluminescence
quantum yield, which is aimed at enhancing the efficiency of the device.'® The
operational principle is based on the application of a potential difference, which induces
the separation and migration of charge carriers (negative electrons and positive holes)
between the layers until they recombine in the emissive layer, forming excitons. Once
formed into the EML, these excitons can relax to lower energy levels with the emission
of light.*® The additional layers serve to ensure a higher probability of exciton formation
within the EML, preventing the loss of injected charge carriers that may otherwise
reduce the device efficiency. The EML plays a crucial role in the performance of the
OLED, because it determines the mechanism of relaxation of the excitons in the
emission of light. In this way, the efficiency will be directly related to the organic

compound used.?°
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Figure 2.2. Example of device structure in a multi-layer OLED. Adapted from literature.*®

The performance and stability of organic electronics are still in development with
the research in the design and synthesis of new organic materials. The most
appropriate operations in organic lighting emitting diodes (OLEDSs) are dependent on
the regular distribution of negative (electrons) and positive (holes) charge carriers.??
The efficiency of the devices is directly related to the recombination of these charge
carriers that will give light properties. The equilibrium in the recombination process can
be affected by a high ionization potential or low electron affinity and a large HOMO-
LUMO energy gap from materials.??> These characteristics are influenced by the control
of the conjugation length and the introduction of electron-donors (D) and electron-
acceptors (A) groups to the materials.?® There are several kinds of research
developments in new materials for OLEDs. Conjugated linear organic molecules, star-
shaped and dendritic structures are being investigated as active layers in these kinds
of devices. However, significant changes in the molecular design are achieving
enhanced properties in the mobility of charge carriers, photophysical and electronic
behaviors.?*

The materials properties to be applied as emitter layer in these devices need to
combine high charge-transporting properties and high electroluminescence. These
properties can be encountered in molecules with a good level of electron Tr-
conjugation. To obtain good efficiency in OLEDs, the organic active layer needs to
attend to some important parameters such as high photoluminescence quantum yields

(PLQY) and semiconducting properties. Recently researchers worldwide have been
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focusing on the increment of the External Quantum Efficiency (EQE) in OLEDs through
mechanisms of thermally activated delayed fluorescence (TADF) or room-temperature

phosphorescence (RTP).2526
2.2.1 OLEDs based on purely organic emitters

The OLED devices are commonly divided into phosphorescence and
fluorescence emitters.?® The fluorescence is a fast relaxation process where the
emitting energy is related to the returns of the excited molecule in the singlet state (S1)
to the ground state (So) by emission in the form of photons. Phosphorescence is a
longer relaxation process, associated with the forbidden transition by spin from the
excited triplet state (T1) to the ground state.?” In organic lighting emitting devices, the
electrons and holes formed by the application of potential can recombine to form singlet
and triplet excitons or excited states. Due to charge injection, the ratio between singlets
and triplets formations is theoretically one to three. According to quantum mechanics,
the intrinsic spin quantum number of electrons and holes can exist in two states ms =
+ % or ms = - 4. If we consider the combination of two electrons, we can observe the
statistical formation of four combinations of spin: S = 0 (ms = 0), with non-parallel spin
number; and S =1 (ms = -1, 0, +1), with parallel spin number; obtaining a rate of one
singlet to three triplet (25% to 75%) excitons.®

Hence in fluorescence devices the emission is related to singlet excitons decay
and in phosphorescence devices with triplet excitons decay, the internal quantum
efficiency (IQE) of the devices will be limited to 25% and 75%, respectively, for each
type of device, as we can see in the Jablonski diagram in Figure 2.3. It means that

each device is wasting excitons which reduces the device efficiency.?4282°
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Figure 2.3. The Jablonski diagram of absorption, fluorescence, and phosphorescence with
electric excitation. So: the ground state; S; and S;: the first and second excited singlet states,
respectively; T1: the first excited triplet state. The following conversion routes are possible: an
internal conversion (IC) and an intersystem crossing (ISC). Adapted from P. Data and Y.
Takeda.?

Three generations of OLEDs have been developed in parallel aiming at the
construction of efficient and low-cost devices (Figure 2.4). The first and second
generations of OLED devices had limitations. The first was related to efficiency
because all the light came from singlet excitons, which is theoretically limited to 25%
which can achieve EQEs up to 5% in the device. The emission layer based on this kind
of device presented 1r-conjugated molecular design with rigid chemical structure and
good thermal stability. The challenges are related to the aggregation-cause quenching
in solid state, that may result in weakly emissive systems due to effective molecular -
stacking and attractive dipole-dipole interactions.®

The second generation (phosphorescent OLEDs) was based on the remaining
75% of triplet excitons. These devices are typically based on phosphorescent heavy
metal complexes. The heavy metals atoms, such as Iridium or Platinum, can enhance
the spin-orbit coupling (SOC) and facilitate the process of Intersystem Crossing (ISC).
If the ISC is very effective, the singlet excitons can be used to achieve 100% IQE. But
the challenge with phosphorescent OLEDs are the necessity to use expensive and
scarce metals to obtain them.?3:30

The third generation of OLEDs is based on the delayed fluorescence process.
The strategy to increase the efficiency of the device is to use mechanisms to harvest
triplets to singlet states to achieve 100% IQE. For that, the reverse intersystem
crossing (RISC) from triplet (T1) to singlet (S1) states need to be effective to have an
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efficient delayed fluorescence process.3! The mechanism to harvest triplets to singlets
states is possible by Thermally Activated Delayed Fluorescence (TADF). This
mechanism can be achieved with the use of purely organic emitters. Because of that
various research groups starts to focus on the design and synthesis of TADF emitters
to be applied in organic light-emitting devices.3?
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Figure 2.4. Generations of OLEDs devices and examples of compounds used for each type.

Adapted from literature.'®

The delayed fluorescence (DF) process can occur by two mechanisms (Figure
2.5). The first E-type delayed fluorescence (or Thermally Activated Delayed
Fluorescence — TADF) is associated with the energy between the singlets and triplets
states. This energy gap needs to be very small (AEst < 0.3 eV). In these conditions,
the excited molecules in triplets states can move to singlets states by reverse
intersystem crossing (RISC). The process of RISC is thermally supported by the proper
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energy from the molecule, where a strong charge transfer process can lead the energy
necessary to harvest the excitons from T1 to Si1 state. The maximum efficiency of this
mechanism can reach 100%. The second p-type delayed fluorescence (Triplet-Triplet
Annihilation -TTA) is associated with two molecules in the excited triplet state that can
annihilate to yield one molecule in the ground state (So) and one in the excited singlet
state (S1) (triplet fusion), that can relax to the ground state by emission of photons in
the delayed fluorescence mechanism. The main problem with this process is related
to the low (less than 50%) efficiency.1%23

a) TADF a)TTA

s, ()RISC s, '7““

(

ISC Isc
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Intramolecular Intermolecular

Figure 2.5. Representation of the possible mechanisms of delayed fluorescence. a) TADF,

intramolecular process; b) TTA, intermolecular process.

The room-temperature phosphorescence mechanism occurs in the opposite
way to the delayed fluorescence (DF) process. To observe delayed fluorescence it is
necessary to increment the thermal energy through molecular vibration to obtain
efficient reverse intersystem crossing from the local triplet state to the ground state
(So), supported by the CT process. As for phosphorescence, because of the long
lifetime of the relaxation process, it was needed to decrease the possibility of non-
radiative deactivation from the Ti state, which is achieved by cooling down the
molecule or decreasing the possibility of molecular vibration by steric hindrance
between donor and acceptor unitis.®3 In these systems, the T1 state can be populated
by intersystem crossing (ISC) from the Si state and achieved 100% IQE from the
radiative relaxation from excited triplet state (T1) to the singlet ground state (So).343°
These parameters are obtained in a metal complex with strong spin-orbit coupling

(SOC).%% To obtain these characteristics at room temperature with pure organic
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compounds, new approaches for the design of RTP-active organic materials are

required.
2.3.1 TADF and AIE properties

The concept of aggregation-induced emission (AIE) was first proposed by Tang
et al in 2001.37 This phenomenon is related to the restriction of the intramolecular
rotation or vibration through block and rigid molecular conformation. Hence, the
decrease of the molecular relaxation can suppress the non-radiative pathways, it can
lead to the enhancement emission in the solid state. This mechanism can be an
alternative to the standard aggregation caused quenching (ACQ) effect. For TADF
based OLEDs, the addition of the AIE effect can decrease the efficiency roll-off and
consequently increases the devices performance.® The development of aggregation-
induced delayed fluorescence (AIDF) materials also can be used in host-free OLEDs
which could reduce the device construction costs.*®

The first TADF compounds with AIE properties were reported by Wang et al.
using thioxanthone as an acceptor core.®® They investigated it in different water
fractions (fw) in water/acetonitrile mixtures obtaining high PLQY in direct relation to the
increase of fw content and consequently presented good EQE performances up to
21.5%. Non-doped OLED devices using acridine donor derivatives with restricted
structure via C---H---1 interactions, presenting AIDF properties were reported by Tang
et al. showing very small non-radiative decay.*° Due to AIE nature, the devices showed
high EQEs up to 14.2%, and significantly decreased roll-off ratio. In this way, the AIDF
materials are proven to be a great alternative in the obtention of low-cost devices
maintaining good EQE performances. In the sequence year, Tang et al also reported
four more AIDF materials with superior efficiencies and with 100% of excitons
harvesting.*! These TADF emitters based on 4-(phenoxazine-10- yl)benzoyl moiety
showed high EQEs up to 22.2% in non-doped OLEDs with negligible efficiency roll-
offs, very low turn-on voltages (2.5 V) and good stability. This validates the AIE-TADF
materials design as a strategy to obtain efficient and stable devices based on the
characteristics in the aggregate state. Additionally, the polymorphism was studied as
associated with AIDF properties, where Lee et al. showed a phenothiazine derivative
presenting different aggregate states in crystal structures. With AIE properties
increasing the PLQY as well as decreasing the AEst.*? Hence, the inhibition of

intramolecular rotations with modulation of the aggregate states can be a great
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strategy in emission layers for OLEDs applications based on AlE-active compounds. It
also open potential applications in various fields including fluorescent imaging,
chemical sensors, photonic drugs, optoelectronics, etc.*3*% Thus the development of
new molecules with AIE properties is very important for study and understand of the
mechanisms involved, which can increase the knowledge in the molecular design to

be applied in systems with more efficiency.

2.3 Molecular design of TADF molecules

The design of new TADF compounds is a challenging task involving several
essential conditions simultaneously.*® These conditions include:

a) the minimization of the energy gap (AEst) between the singlet and triplet
excited states;

b) Minimizing non-radiative decay pathways to ensure that the triplet excited
state persists for an extended lifetime, improving the probability of efficient triplet
harvesting through the thermally activated reverse intersystem crossing (RISC)
mechanism;

¢) Maximizing the photoluminescence quantum yield (PLQY).

The reduction of AEst is fundamental in maximizing the RISC rate constant

(kRISC), as indicated by Equation 2.1 in dependence of temperature:

(=BEgT)
kpisc < e KsT (Equation 2.1)

where kg is Boltzmann constant and T is the temperature. From this equation,
we can observe that for higher AEst, we will have the lower value of kRISC, and vice
versa.’ This relation is very important to design the TADF materials. So, the decrease
of AEsr is directly related to RISC rate.

According to quantum mechanics, when estimating the energy of the excited
singlet state (Esi) and triplet state (Et1), we can consider three different terms: the
energy referring to an electron’s orbital (Eorb); the electrostatic Coulomb repulsion
energy (K) from electron; and also the exchange energy (J), that is associated with two
unpaired electrons in the HOMO and LUMO molecular orbitals and their electron-
electron repulsion, based on the Pauli principle. For the Si1 and Ti1 with the same

electron configuration, these terms have similar contribution, but due to the spin
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configuration the exchange component (J) has an increment in the contribution for S1
state, while is opposite for the T1 state, as shown in the equations 2.2 and 2.3.
Es=E,p,+K+] (Equation 2.2)

Er=E,p+K—] (Equation 2.3)

In this way, the singlet-triplet energy gap (AEsr) is based on equation 2.4:
AEST ES ES - ET ES 2] (Equat|0n 24)

J, that is the exchange energy, is directly related with spatial distributions of the
wave functions of the HOMO and LUMO.”® Thus, to decrease AEst in organic
molecules, it is necessary to reduce the overlap of the HOMO and LUMO orbitals in
compounds. This spatial separation can be encountered in twisted molecules
containing parts of electron-donors (D) and electron-acceptors (A), which can induce
the charge-transfer (CT) from D to A in the excited state.*® Therewith, the design of
TADF materials involves generally donor-acceptor units connected directly or with an
aromatic tr-spacer bridge, in order to form excited states with strong CT character. The
AEst also can be decreased in twisted D-A systems with orientation close to
orthogonality, decreasing the overlapping between HOMO and LUMO.3?

The selection of D and A units is fundamental in the design of TADF emitters,
which implies direct photophysical behavior of the compounds. Normally, the
connection between twisted strong acceptors and donors are required, in order to
obtain the orientation close to orthogonality associated with strongly localized HOMO
and LUMO orbitals and increasing RISC.%° On the other hand, there is an antagonistic
topic related to the efficiency in the RISC and the electron coupling in the fundamental
state and singlet excited state. Where, the low orbital overlap also implies the decrease
of radiative rates and in consequence low PLQY. In another way, the use of weak
acceptors and donors leads to low separation between the HOMO and LUMO, and
consequently increases the AEst and decreases the TADF mechanism performance.>!

Therefore, the molecular design to obtain molecules with TADF properties is
based on the balance of control of the bandgap values, such as HOMO-LUMO and
singlet-triplet energy that are related to the light emission wavelength, the PLQY and
the efficiency of RISC process. The focus on the well TT-conjugated molecular system
with the possibility of intensive charge transfer to support the RISC process in D-A
systems have been applied successfully to obtain a high CT process and good
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separation between HOMO and LUMO levels.3%2 Figure 2.6 summarizes some

important parameters in the development of TADF compounds and some commonly

used donors and acceptors.
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Figure 2.6. Strategies to design TADF materials in D-A structures with small AEsr and
moderate radiative decay constant (k;) (top). Molecular structures of common electron-donors

(blue) and electron-acceptors (red) units based TADF molecules. Adapted from literature.>3%

The development of new organic materials based on TADF properties is based
on the synthesis of ambipolar compounds, but not only in specific standard D-A
arrangement. The ambipolar compounds can present different arrangements such as:
Donor-Acceptor (D-A), Donor-Acceptor-Donor (D-A-D), Donor-1r-spacer-Acceptor-Tr-
spacer-Donor (D-11-A-11-D), Ds-A, Ds-1-A, Ds-A and others arrangements that can
present intense intermolecular charge transfer (ICT) process, mediating the AEst to
achieve thermally activated RISC process.5:56

Further investigations become necessary to find structures with balanced
efficient RISC and PLQY values. These kinds of parameters can be obtained in
systems with strong acceptor and several weaker donors, for example in D-A-D and
DsA configurations, to increase the donor character in the structures. Recently, AEst
control has also been performed in systems with a multi-resonance effect.>’
Additionally, the extension of the 1T-conjugation degree and the redox potentials are
also important in the design of efficient TADF compounds. Which can help to cover the
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emission wavelength in the visible region from blue to red with stability and color
purity.t?

Other parameters related to stability in OLED devices should also be considered
for improvement. Various works are focusing on the investigation of ambipolar
structures to achieve low AEst by TADF mechanism to obtain good EQE in purely
organic OLED devices. The molecules need to have good processability to be used in
the preparation of the devices. Its construction can be realized by deposition process
that requires molecules with low molecular mass and good thermal stability to be
sublimed without decomposition or by solution-processed techniques which requires
molecules with good solubility in common organic solvents.®® For that, the design of
new materials and investigations of the photophysical/electrochemical parameters
behavior involved is fundamental to the knowledge of the mechanisms associated in
light generation.

Actually, the density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations are good tool to improve the efficiency in TADF
molecular design.>® The theoretical estimates allow for the selection of the best
candidate compounds to be synthesized, which can help in the better use of synthetic
time, decreasing the costs in the development of new compounds.®® Different
parameters such as singlet-triplet energies gaps and their nature, HOMO-LUMO levels
and contours, oscillator strength, can be estimated by several methods using DFT and
TD-DFT theories.?! Functionals such as B3LYP, LC-wPBE, CAM-B3LYP, PBEO, M06-
2X and others are currently used to obtain certain estimates from TADF parameters.52
These calculations also help to elucidate the TADF mechanism, by calculation of the

nature of excited states and with correlation with experimental data.5364
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3. D-A compounds derived from Pyridoquinoxalines:
Synthesis and investigation of photophysical and

electrochemical properties

This chapter will demonstrate the design and synthesis of 8 new compounds derived
from acenaphtopyridoquinoxaline as acceptor core, and different donor moieties
attached by N-C cross-coupling reactions. These materials were synthesized aiming
multifunctional properties, such as TADF to OLEDs application. In this chapter the
author was responsible for all the molecular design, synthesis, structural
characterizations (NMRs), and partially for the electrochemical and photophysical

investigations.

3.1 Introduction

High-performance organic light-emitting diodes (OLEDs) with purely organic
emission materials have gained a lot of interest in recent years due to easy
processability, flexibility, low production cost, and lightness. All these properties can
be tailored by modifying their molecular structures to suitable parameters. Small
organic molecules with Donor-Acceptor (D-A) characteristics and very small singlet-
triplet (AEst) energy gap are attractive strategies to harvest triplets states by reverse
intersystem crossing (RISC).%5-67 High efficient TADF-based OLEDs have been
implemented with EQE comparable with the phosphorescent emitters-based
organometallic complex that had limitations in the cost due to the use of heavy metals
which are rare and expensive. D-A molecules with spatially separated highest
occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO) are conducive to low AEst values, because they facilitate the RISC by excited-
state intramolecular charge transfer (ICT).68-70

N-rich acceptor cores are a useful strategy to optimize the spin-orbit coupling
(SOC) that is related to the rate increase in the RISC and consequently minimize the
AEsT.31732 Materials based on quinoxaline core have been largely investigated for
application in optoelectronic devices due to the high level of charge transport carriers
and intrinsic high photoluminescence quantum yields (PLQY).”%72 Pyridoquinoxalines
presented a higher acceptor character in relation to quinoxalines due to the addition of

one more nitrogen atom in the system which increases the electronegativity in the core.
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Ambipolar compounds based on quinoxalines as acceptor and common donor units
were used to obtain efficient TADF materials.”"°

The synthetic versatility of the pyridoquinoxalines family is very attractive due to
the easy synthetic approach by condensation reaction of 2,3-diaminopyridines and
dicarbonyl derivatives, being simple and low cost. Various substituents can be used in
the diaminopyridines and in the dicarbonyl part in order to functionalize the core.
Different D-A molecules based on these systems were investigated to obtain
multifunctional materials.”®’” Although, the dicarbonyls based on acenaphto-1,2-dione
have not been much investigated so far,%3 the naphthalene endows them with a rigid
planar structure, with abundant delocalization of the T electrons. In this way the
condensation with acenaphto-1,2-dione can be an excellent strategy to obtain a new
core aiming multifunctional properties.

In this way, this chapter is based on the design, synthesis, and investigation of
the photophysical and electrochemical properties of one new series of compounds
based on acenaphtopyridoquinoxaline as acceptor core and donor units such as
carbazole, diphenylamine, phenothiazine, phenoxazine, acridine derivatives and
azepine derivatives in order to define the relation between molecular structure and
photophysical properties to be applied in OLEDs devices with a wide range of

accessible colors. Figure 3.1 shows the molecules that were synthesized.
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Figure 3.1. The molecular structures of the pyridoquinoxaline derivatives.

3.2 Design, synthesis and characterization

The frontier molecular orbitals (MOs) HOMO and LUMO of the NQPy-Donor
compounds were predicted using density functional theory (DFT) calculations. As
shown in Figure 3.2, the LUMOs of all compounds are spatially localized on the
acenaphtopyridopyrazine core. On the other hand, their HOMOs are concentrated
preferentially on the donor units, showing a clear spatial separation of the frontier MOs.
The HOMO-LUMO energy gap (Eg) follows the expected behavior determined by the
strength of the donor unit: NQPy-PXZ < NQPy-PTZ < NQPy-DMAC < NQPy-DPAC <
NQPy-DDA < NQPy-IMD < NQPy-DPA < NQPy-CBZ. These theoretical estimates
showed good correlation with the experimental electrochemical data. We used time-
dependent DFT (TD-DFT) to estimate the energy of the lowest singlet and triplet states.
The lowest AEst value was obtained for NQPy-PXZ, NQPy-PTZ, NQPy-DMAC and
NQPy-DPAC, which we expect to display TADF properties. AEst values above 0.35
eV were observed for NQPy-DDA, NQPy-IMD, NQPy-CBZ and NQPy-DPA, which we
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expect to either display RTP or a mixed TADF+RTP luminescence. Although we
generally observe a minimum HOMO-LUMO overlap, for NQPy-CBZ and NQPy-DPA

this overlap is more substantial. Thus, we expect these two molecules to display a

stronger fluorescent behavior.
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Figure 3.2. Molecular optimized geometries of HOMO and LUMO spatial distributions and
AEst of NQPy-Donors optimized via DFT and TD-DFT at the B3LYP/6-31G** level.

The designed compounds were synthesized in two steps (Scheme 3.1). The
key intermediate 10-bromoacenaphtho[l,2-b]pyrido[2,3-b]pyrazine (NQPy-Br) was
synthesized by a dehydration condensation reaction between acenaphthylene-1,2-
dione and 5-bromopyridine-2,3-diamine. The second step was based on the Buchwald-
Hartwig cross-coupling reaction (N-C coupling) using 3 mol% of the palladium catalyst
Pdz(dba)s and 6 mol% of the phosphine derivative [(t-Bu)sPH]BF4 as ligand with
different donors in excess (1.2 eq): 10H-phenothiazine (PTZ), 10H-phenoxazine
(PXZ), 9,9-dimethyl-9,10-dihydroacridine (DMAC), 9,9-diphenyl-9,10-dihydroacridine
(DPAC), (CB2), (DPA), 10,11-dihydro-5H-
dibenzol[b,flazepine (DDA) and 5H-dibenzol[b,flazepine (IMD) to obtain all final NQPy-

Donors compounds in good yields after purification.

9H-carbazole diphenylamine
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Scheme 3.1. Synthetic routes to obtain NQPy-Donors. Donors: PTZ, PXZ, DMAC, DPAC,
IMD, DDA, CBZ and DPA.

The structures of all compounds were confirmed by nuclear magnetic resonance
(NMR) spectroscopy and High-Resolution Mass Spectrometry (HRMS). All
experimental procedures are described in the synthetic details of this chapter (section
3.6) and all the spectra are provided in the appendices section. As an example, Figure
3.3 shows the 'H NMR spectrum of the compound NQPy-PXZ indicating the success
of the C-N coupling. On this spectrum, we can clearly observe signals for hydrogens
from the acceptor unit in the range of 9.2-7.8 ppm and the phenoxazine donor part in
the range of 6.9-6.0 ppm. The most chemically shifted was the hydrogen signal
assigned as Ha doublet (J= 2.5 Hz) and Hb doublet (J= 2.5 Hz) due to proximity to
piridogquinoxaline system. Followed by doublets Hd (J= 7 Hz) and Hc (J= 7 Hz) from
naphthalene part close to piridoquinoxaline system. The typical signals referring to
phenoxazine system with integration for 8H at 6.9-6.0 ppm confirm the success of the
N-C coupling reaction.
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Figure 3.3. *H NMR (300 MHz) of the NQPy-PXZ in CDCls.

3.3 Electrochemical properties

The electrochemical properties of the NQPy-Donors were investigated by cyclic
voltammetry (CV) to estimate the ionization potential (IP) and electron affinity (EA)
(from onset oxidation (Eox) and reduction (Ered) potentials), that are correlated with the
HOMO (Enomo) and LUMO (ELumo) energy levels, respectively, using the following
equations: EHomo = -(Eox + 5.1); ELumo = -(Ered + 5.1).78 The results are summarized in

Table 3.1 and the voltammograms are compiled in Figure 3.4.

Table 3.1. HOMO and LUMO energy levels obtained from CV measurements and DFT

calculations.
Cyclic Voltammetry? | Theory?

Compound HOMO (eV) LUMO (eV) Eg(eV) HOMO (eV) LUMO (eV) Eg (eVv)
NQPy-PTZ -5.49 -3.45 2.04 -5.79 -3.68 2.11
NQPy-PXZ -5.56 -3.56 2.00 -5.79 -3.68 2.11
NQPy-DMAC -5.68 -3.44 2.24 -5.95 -3.62 2.33
NQPy-DPAC -5.77 -3.44 2.33 -6.00 -3.64 2.36
NQPy-DDA -5.90 -3.19 2.69 -6.04 -3.56 2.48
NQPy-IMD -5.87 -3.18 2.71 -6.13 -3.53 2.60
NQPy-CBZ -6.01 -3.49 2.52 -6.27 -3.60 2.77
NQPy-DPA -5.85 -3.41 2.44 -6.08 -3.40 2.68

a Measurements were performed for 1 mM solutions of investigated compounds in the presence of 100
mM tetrabutylammonium tetrafluoroborate and calibrated using ferrocene/ferrocenium redox couple. °
Results obtained at the B3LYP/6-31G** level of theory.

All materials showed good stability and reversibility in the applied voltage range
especially in the reduction process that involved acenaphtopyridoquinoxaline unit. The

LUMO levels of the investigated compounds did not present many differences in the
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values. But appears to be affected by a partial conjugation with the donor and hence it
varies according to its type. The first oxidation process was more clearly reversible for
NQPy-PTZ and NQPy-PXZ. While it was more irreversible for the other compounds.
The donor character of the materials can be evaluated considering the HOMO levels
energy varying with NQPy-CBZ < NQPy-DDA < NQPy-IMD, NQPy-DPA < NQPy-
DPAC < NQPy-DMAC < NQPy-PXZ < NQPy-PTZ. The electrochemical band gap (Eg)
follows the small values for D-A combinations of the acceptor and strong donors, while
for the donors with a lower electron-donating strength, Eg increases. The results
obtained by DFT -calculations show a good correlation with the experimental

electrochemical data as we can observe in Table 3.1.

NQPy-PTZ
2 - Eromo = - 5.49 eV
ELumo = - 3.45 eV
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Figure 3.4. Voltammograms of the 1mM solutions of compounds NQPy-Donors in 100mM
tetrabutylammonium tetrafluoroborate in DCM. Pt disk as working, Pt wire as counter and

Ag/AgCl as reference electrode, at 50 mv s scan rate.
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3.4 Photophysical properties

3.4.1 Photophysical properties in diluted solutions

The absorption spectra (UV-Vis) in dichloromethane (DCM) and
photoluminescence (PL) spectra in DCM and toluene are shown in Figure 3.5 and the
data are summarized in Table 3.2. We can observe strong absorption bands in 290-
330 nm, that can be signed to the T—Tr* transitions in the donor-acceptor structures.’®-
81 Lower intense broad bands can be observed from 390 to 510 nm and can be
attributed to a CT transition from the donor units to the acceptor.8? For the molecules
with more conjugation degree in the D-A systems (NQPy-DDA, NQPy-IMD, NQPy-
DPA, and NQPy-CBZ) the CT bands are more evident contributing to a higher HOMO-
LUMO overlap. On the other hand, for the compounds NQPy-DMAC, NQPy-DPAC,
NQPy-PXZ, and NQPy-PTZ these said CT bands are less intense attributed to more
twisted conformation with minimum HOMO-LUMO overlap. Analyzing the PL spectra
we can observe emission for all compounds, except for NQPy-PXZ in DCM. Which can
be attributed to the polarity of the DCM that could stabilize the 1CT excited state leading
to a quench of the emission. 7083 All the compounds showed CT (with gaussian profile)
or CT+LE (with vibronic profile) emission in solution. The solvents polarities effects
promote redshift from toluene to DCM in the PL emission. Which is in agreement with
the sensitivity of 1CT states in the D-A molecules. The vibronic profile in the emission
was more pronounced for NQPy-DDA and NQPy-IMD, mainly in toluene, showing
higher LE contribution to the excited singlet states. The dual emission showed by
NQPy-PTZ in toluene solution with maxima at AL = 476 nm and at AL = 656 Nm is in
agreement with other examples in the literature.®3-8% This could be related with the
possibility of phenothiazine adopting two stable conformations, such as quasi-axial and
quasi-equatorial, showing two distinct CT energies. 8- The compounds NQPy-PTZ
and NQPy-PXZ have very low PLQY in both solvents. NQPy-IMD, NQPy-DMAC and
NQPy-DPAC show higher PLQY in less polar solvent (toluene) than in more polar
solvent (DCM) which can be associated with polarity quenching of !CT states. NQPy-
DPA and NQPy-CBZ showed the highest values of PLQY (>80%).

Table 3.2. Summary of photophysical characteristics of the studied D-A luminophores.

Aem [NM]  Aem [NM] PLQY [%]
DCM Toluene DCM/TOL
NQPy-PTZ 322 [30.1], 418 [8.4], 485sh [2.6] 518 476, 656 <1/<1

Compounds Aabs/nm [e/103M1cm™]2
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NQPy-PXZ 322 [63.9], 472 [2.3], 566sh [0.8] - 638 1.7
NQPy-DMAC 322 [80.4], 447 [3.9] 657 586 <1/19.1
NQPy-DPAC 322[14.2], 440 [1.3] 627 557 3.8/26.5

NQPy-DDA 307 [25.1], 348 [16.2], 426 [12.5] 500, 624 473, 545 10.3/31.2

NQPy-IMD 304 [31.2], 345 [21.2], 417 [14.8] 495 472 2.9/11.8

NQPy-CBZ  292[10.4], 317 [19.0], 419 [4.76] 537 485 81.9/43.8

NQPy-DPA  312[69.7], 351 [24.6], 444 [26.3] 581 529 77.5/99.6

a Absorption spectra recorded in DCM solutions 1x10-5 M.
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Figure 3.5. Normalized absorption and photoluminescence spectra in DCM and toluene, ¢ =
10°M. a) NQPy-PTZ; b) NQPy-PXZ (not emissive in DCM); c) NQPy-DMAC. d) NQPy-DPAC;
e) NQPy-DDA; f) NQPy-IMD; g) NQPy-CBZ; g) NQPy-DPA.

3.4.2 Photophysical properties in solid state

Figure 3.6 shows the emission spectra for the compounds NQPy-donors in a
solid state in zeonex, a hon-polar polymeric matrix. We can observe that the materials
presented a large range of emission wavelengths from blue to orange which is
indicative that the control of the donor can influence the color emission of the materials.
The compound NQPy-CBZ shows maximum wavelength emission (472 nm) in the blue
region and the compound NQPy-PTZ shows maximum of wavelength emission (574
nm) close to yellow. It shows that the control of the donor strength can modulate the

photophysical properties. The gaussian profiles were more pronounced in NQPy-
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DMAC and NQPy-DPAC indicating strong 'CT character. While NQPy-PTZ and
NQPy-PXZ showed a mixture CT+LE characters for the excited single state. The less
strong donors, shift the emission from green to blue, presenting mixture CT+LE for
emission profile. The less strong donors in the compounds NQPy-CBZ, NQPy-IMD
and NQPy-DDA show the minimum PLQYSs in opposite way as observed in solution,
which can be attributed to the aggregation effects. The compound NQPy-
PXZ presented the highest PLQY (30.6%) and the compound NQPy-CBZ the smallest
(4.3%).

10 1% in zeonex —— NQPy-PTZ 101 1% in zeonex —— NQPy-CBZ
: —— NQPy-PXZ : —— NQPy-DPA
a) —— NQPy-DMAC b) —— NQPy-DDA
S 08l —NQPy-DPAC | = 1 —— NQPy-IMD
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‘@ ‘@
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2 044 0 044
] ©
£ E
(=] o
Z 02 Z 02
0.0 4 0.04
T —T —T —T T A T L T
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.6. Photoluminescence spectra of the final compounds (1% NQPy-Donors in Zeonex

matrix) with excitation in 355 nm.

To investigate the TADF properties is very important to perform measurements
in a degassed system to avoid the quenching interactions between the triplet excited
states and the oxygen, which decreases the RISC rates. When the materials present
the TADF mechanism there are contributions of the triplet states in the mechanism. In
this way the emission intensity will be increased in the degassed systems due to

possibility of the RISC process.
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Figure 3.7. Photoluminescence spectra of the final compounds (1% NQPy derivatives in
Zeonex matrix) with excitation in 355 nm in degassed (red line) and no degassed (black line)

conditions.

Figure 3.7 shows the emission spectra from all molecules comparing the
intensity in the degassed (under vacuum) and no degassed (air conditions) systems.
The compounds NQPy-PTZ, NQPy-PXZ, NQPy-DMAC and NQPy-DPAC presented
an increment in emission intensity in degassed measurements indicating that the
molecules can present mechanisms involving the triplet states which are consistent
with TADF properties. The compounds NQPy-DMAC and NQPy-DPAC showed the
highest values in the emission increment, 1.8x and 2.5x, respectively, which can be
associated with more efficient RISC process for these compounds. As we can see
in Table 3.3 all materials presented moderate PLQYs in solid-state, but it can be
increased in degassed measurements, considering the increment in the emission area.
On the other hand, the compounds with less strong donors (NQPy-CBZ, NQPy-DPA,
NQPy-IMD and NQPy-DDA) did not show an increment in the emission which is in
agreement with the absence of TADF behavior.

Table 3.3. Photophysical properties of the 1% NQPy-Donor in the Zeonex matrix under aerated

and deaerated conditions.

Aem PLQY x
Compound PLQY (%) Increase®
(nm) Increase (%)
NQPy-DMAC 533 19.0 1.81 34.5
NQPy-DPAC 508 12.0 2.56 30.7
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NQPy-PXZ 566 30.6 1.26 38.6
NQPy-PTZ 574 21.9 1.37 30.1
NQPy-DPA 512 23.6 1.01 23.8
NQPy-CBZ 473 4.3 0.90 3.9
NQPy-IMD 486 6.2 0.78 4.8
NQPy-DDA 492 4.3 0.77 3.3

@ Increase in the PL emission after degassing the system under vacuum.

3.4.3 Aggregation-induced emission (AIE) and aggregation-induced emission

enhancement (AIEE)

To better understand the optical properties of the NQPy-donors compounds in
the aggregated state, we investigated their photoluminescent behavior in THF/water
mixtures with different water fractions (fw) at a concentration of 100 uM. The
experimental results and photographs (Figure 3.8) show that the emission spectra of
the compounds show different behavior in THF/water mixtures. NQPy-PTZ and NQPy-
PXZ display low emission in THF solutions, while the emission increases upon addition
of water (fw = 80-90%) indicating evident aggregation-induced emission enhancement
(AIEE) behavior. When the concentration of NQPy-PTZ is between 0-80%, the upper
ICT state dominates its photoluminescence, whereas the lower CT state is
suppressed because of a polar environment. However, when the concentration
reaches 90%, the lower 'CT state photoluminescence becomes more noticeable
because the NQPy-PTZ is no longer in contact with the polar environment of the
solvent. Additionally, we have observed that NQPy-PXZ has a very low PLQY in
toluene, around 2%, and an even lower photoluminescence yield in DCM or THF.
However, we noticed that the PL intensity of NQPy-PXZ increases up to 50 to 100-fold
upon precipitation. This indicates that NQPy-PXZ exhibits AIE behavior rather than
AIEE.%! We can observe that NQPy-DMAC, NQPy-DPAC, and NQPy-DPA exhibit an
interesting behavior, where initial relatively strong luminescent THF solutions show
much lower PL intensities (near complete quenching) upon initial addition of water.
This behavior can be interpreted as CT PL quenching due to increases of solvent
polarity caused by addition of highly polar water. Addition of further amounts of water
induces a relative increase in PL intensity by ~100-900 fold, which is commonly
interpret as AIE.®* NQPy-DDA, NQPy-IMD, and NQPy-CBZ, showed a similar
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behavior to NQPy-DMAC, NQPy-DPAC, and NQPy-DPA, however the overall
increase in PL intensity upon aggregation (fw > 60%) is lower. Importantly, for NQPy-
CBZ we observe PL intensity at high water content to be significantly lower than in dry
THF, an effect in line with aggregation-caused quenching (ACQ). For the compounds
NQPy-DMAC and NQPy-DPAC we observe a blue shift in the luminescence at high fw
= 80-90% related to THF solution. This behavior can be interpreted as an effect of
molecular interactions between fluorophores being less strong than with the solvent
when completely dispersed in a solution. In addition, the aggregate environment is

much more rigid than the solution, what can also contribute to the PL blue shift.9%-%4
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Figure 3.8. a-g) Emission spectra recorded in THF/water mixtures for water fractions f, = O-

90%. On the sides photographs of solutions and dispersions of the NQPy-Donors compounds
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in THF (f, = 0%) and THF/water mixtures, f, = 80-90 %. Top images show photographs under

ambient light, while the bottom was recorded with UV light illumination.

The experiments show that results obtained from the “classic AIE experiment”
should be treated with caution when CT emissive states in D-A molecules are involved.
The aggregates emerging from an almost non-emissive solution will appear
photoluminescent due to the expulsion of polar solvent acting as a quencher and not
necessarily from restriction of intramolecular rotation (RIR). The molecules often
display high PLQY in solvents less polar than THF, as in the case of NQPy-DMAC and
NQPy-DPAC. For D-A luminophores, including TADF and RTP emitters will display
the common polarity-reduced emission, but remain highly emissive in non-polar

environments.

3.5 Conclusions

This chapter described the design successfully synthesis of 8 new D-A
molecules based on pyridoquinoxaline as acceptor core and different donor moieties
attached via N-C Buchwald-Hartwig cross-coupling reaction. All structural
characterizations were realized by NMR spectroscopy and additionally by high-
resolution mass spectrometry in the case of final molecules. The materials were
obtained in good to moderate yields (44-93%) depending on the donor attached. The
electrochemical investigations showed that the materials display good stability in the
applied voltage range, which possibilities the modulation of the HOMO-LUMO gap by
different combinations with the acceptor and donor. The molecules showed spatial
separation between the frontier molecular orbitals indicating the possibility of charge
transfer process and minimization of singlet-triplet energy gap. The photophysical
properties were investigated, presenting good PLQYs and an increase in the PL
intensity under degassed conditions for the materials with stronger donor moieties
indicating that they are great candidates for OLEDs based on TADF properties. The
choice of the donor allowed for tuning the PL wavelength from 473 to 607 nm,
exhibiting a great range of accessible colors depending on the donors attached. The
compounds NQPy-DMAC, NQPy-DPAC, NQPy-PTZ, NQPy-PXZ and NQPy-IMD
show AIE or AIEE properties in water/THF mixtures. It demonstrates the control of
photophysical parameters by changes in the molecular design to obtain multifunctional

materials.
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3.6 Synthetic details

10-bromoacenaphthol1,2-b]pyrido[2,3-e]lpyrazine (NOPy-Br)

NQPy-Br

A mixture of acenaphthylene-1,2-dione (1.00 g; 5.48 mmol) and 5-
bromopyridine-2,3-diamine (1.08 g; 5.76 mmol) were refluxed in 30 ml of glacial acetic
acid for 24h. After the reaction was completed, the reaction mixture was filtrated and
the solid obtained was washed with water and methanol. The solid was dissolved in
100 ml of chloroform and washed three times with sodium hydroxide solution (1M) and
water. The organic layer was separated and dried with MgSOa. The solvent was
evaporated to give the compound NQPy-Br in 73% of yield. *H NMR (300 MHz, CDCls)
09.11 (d, J = 2.4 Hz, 1H), 8.68 (d, J = 2.4 Hz, 1H), 8.52 (d, J = 7.0 Hz, 1H), 8.40 (d, J
= 6.9 Hz, 1H), 8.19 — 8.14 (m, 2H), 7.90 — 7.84 (m, 2H). 3C NMR (75 MHz, CDCIlz) &
157.2, 155.6, 153.3, 149.1, 139.8, 137.4, 136.8, 130.9, 130.5, 130.5, 130.4, 129.9,
129.0, 128.8, 123.6, 122.8, 119.9.

General procedure for Buchwald-Hartwig Cross-Coupling Reaction in the NOPy-

Br core

To a Schlenk tube equipped with a reflux condenser was added a mixture of
compounds NQPy-Br (0.299 mmol), the respective aryl amine (0.389 mmol), t-BuONa
(0.72 mmol), Pdz(dba)s (0.0089 mmol), [(t-Bu)sPH]BF4 (0.018 mmol) and 10 mL of
degassed toluene. The mixture was stirred at 110 °C for 24h under Argon atmosphere.
After the completed reaction the mixture was filtered through celite and washed with
dichloromethane. The solvents were evaporated, and the residue was purified by

column chromatography using dichloromethane as eluent.

10-(acenaphthol1,2-b]pyrido[2,3-e]pyrazin-10-yl)-10H-phenothiazine (NOPy-PTZ)
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NQPy-PTZ

Yellow solid (73 %). *H NMR (300 MHz, CDCIls3) &/ppm: 9.03 (d, J = 2.9 Hz, 1H),
8.52 (d, J = 6.4 Hz, 1H), 8.40 (d, J = 6.6 Hz, 1H), 8.20 (d, J = 2.9 Hz, 1H), 8.15 (dd, J
=7.9, 4.1 Hz, 2H), 7.87 (ddd, J = 8.3, 7.0, 5.2 Hz, 2H), 7.42 (dd, J = 7.7, 1.2 Hz, 2H),
7.30 (m, 3H), 7.25 — 7.16 (m, 3H). 13C NMR (75 MHz, CDCIz) d/ppm: 147.1, 147.0,
141.7, 141.173, 136.9, 131.5, 131.1, 130.6, 130.1, 130.0, 129.8, 128.9, 128.7, 128.6,
127.6, 125.7, 125.5, 123.8, 122.9, 122.2. HRMS: m/z calcd for C29H16N4S (M+H)*:
453.1174; found: 453.1175.

10-(acenaphtholl1,2-blpyrido[2,3-e]lpyrazin-10-y)-10H-phenoxazine (NQPy-PXZ7)

NQPy-PXZ

Red solid (89 %). H NMR (300 MHz, CDCl3) & 9.11 (d, J = 2.6 Hz, 1H), 8.65 (d,
J=2.6 Hz, 1H), 8.61 (d, J = 7.0 Hz, 1H), 8.47 (d, J = 7.0 Hz, 1H), 8.22 (dd, J = 8.1, 2.0
Hz, 2H), 7.93 (dt, J = 8.2, 7.1 Hz, 2H), 6.82 — 6.72 (m, 4H), 6.65 (ddd, J = 7.9, 7.0, 2.0
Hz, 2H), 6.11 (dd, J = 8.0, 1.3 Hz, 2H). 13C NMR (75 MHz, CDCls) &/ppm: 156.3, 155.2,
155.1, 149.9, 144.3, 140.4, 137.2, 135.9, 133.6, 131.1, 130.7, 130.6, 130.2, 129.2,
129.0, 123.8, 123.6, 122.9, 122.7, 116.2, 113.6. HRMS: m/z calcd for C2oH1sN4O
(M+H)*: 437.1402; found: 437.1400.
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N,N-diphenylacenaphtho[1,2-b]pyrido[2,3-e]pyrazin-10-amine (NOPy-DPA)

e

NQPy-DPA

Yellow solid (93 %). 'H NMR (300 MHz, CDCls) &/ppm: 8.94 (d, J = 2.9 Hz, 1H),
8.48 (d, J = 7.0 Hz, 1H), 8.34 (d, J = 7.0 Hz, 1H), 8.12 (dd, J = 8.2, 5.2 Hz, 2H), 7.93
(d, J = 2.9 Hz, 1H), 7.84 (td, J = 8.2, 7.1 Hz, 2H), 7.42 — 7.36 (m, 4H), 7.27 (d, J = 1.3
Hz, 2H), 7.25 — 7.17 (m, 4H). 13C NMR (75 MHz, CDCls) 8/ppm: 161.5, 155.3, 154.4,
153.0, 148.5, 146.2, 145.9, 145.1, 137.4, 136.7, 131.9, 131.4, 130.13, 130.0, 129.6,
129.0, 128.7, 125.6, 125.2, 124.5, 122.7, 122.1. HRMS: m/z calcd for C2oH18N4 (M+H)*:
423.1610; found 423.1611.

10-(acenaphtholl1,2-blpyrido[2,3-elpyrazin-10-y)-10H-carbazole (NQPy-CBZ)

NQPy-CBZ

Yellow solid (54%). *H NMR (300 MHz, CDCls) &/ppm: 9.42 (d, J = 2.6 Hz, 1H),
8.77 (d, J = 2.6 Hz, 1H), 8.59 (d, J = 6.9 Hz, 1H), 8.44 (d, J = 6.9 Hz, 1H), 8.29 — 8.08
(m, 4H), 7.90 (td, J = 8.4, 7.1 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 7.53 — 7.44 (m, 2H),
7.43 — 7.32 (m, 2H). 3C NMR (75 MHz, CDCls) &/ppm: 157.3, 155.9, 152.5, 151.0,
149.2, 140.5, 137.5, 136.8, 134.8, 134.2, 131.2, 130.8, 130.8, 130.7, 130.6, 130.5,
130.9, 130.17, 130.16, 129.2, 128.9, 126.7, 124.3, 123.7,122.9, 121.3, 120.8. HRMS:
m/z calcd for C29H1eN4 (M+H)*: 421.1453; found: 421.1454.
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10-(9,9-dimethylacridin-10(9H)-ylacenaphtho[1,2-b]pyrido[2,3-e]lpyrazine (NOPy-
DMAC)

NQPy-DMAC

Yellow solid (87 %). *H NMR (300 MHz, CDClz) &/ppm: 9.09 (d, J = 2.6 Hz, 1H),
8.67 (d, J = 2.6 Hz, 1H), 8.62 (d, J = 6.7 Hz, 1H), 8.47 (d, J = 6.8 Hz, 1H), 8.22 (dd, J
= 8.0, 2.4 Hz, 2H), 7.97 — 7.87 (m, 2H), 7.54 (dd, J = 6.1, 3.2 Hz, 2H), 7.06 — 6.99 (m,
4H), 6.44 (dd, J = 6.2, 3.3 Hz, 2H), 1.75 (s, 6H). 3C NMR (75 MHz, CDCl3) &/ppm:
157.4, 155.4, 155.4, 155.3, 149.7, 140.5, 139.9, 138.0, 137.5, 137.2, 131.3, 131.1,
130.7, 130.5, 130.4, 130.1, 129.1, 128.9, 126.6, 125.5, 123.6, 122.7, 121.8, 114.6,
36.2, 30.9. HRMS: m/z calcd for Cs2H22N4 (M+H)*: 463.1923; found: 463.1923.

10-(9,9-diphenylacridin-10(9H)-yacenaphtho[1,2-b]pyrido[2,3-elpyrazine (NOPy-
DPAC)

NQPy-DPAC

Yellow solid (91 %). *H NMR (300 MHz, CDCl) &/ppm: 8.62 (d, J = 2.6 Hz, 1H),
8.60 (dd, J = 7.0, 0.4 Hz, 1H), 8.47 — 8.43 (m, 2H), 8.23 — 8.18 (m, 2H), 7.91 (dt, J =
8.2, 7.0 Hz, 2H), 7.32 — 7.27 (m, 6H), 7.15 — 7.09 (m, 2H), 7.03 — 6.98 (m, 8H), 6.64 —
6.59 (m, 2H). 3C NMR (75 MHz, CDCls) &/ppm: 157.4, 155.5, 155.0, 149.6, 145.9,
141.9, 139.0, 137.8, 137.5, 136.9, 131.8, 131.3, 130.9, 130.5, 130.4, 130.2, 129.1,
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128.9, 127.9, 127.2, 126.7, 123.7, 122.7, 121.5, 115.1. HRMS: m/z calcd for Ca2H2sN4
(M+H)*: 587.2236; found: 587.2233.

10-(10,11-dihydro-5H-dibenzolb.flazepin-5-yl)acenaphtho[l1,2-blpyrido[2,3-e]pyrazine
(NQPy-DDA)

NQPy-DDA

Yellow solid (90 %).*H NMR (300 MHz, CDCIs) &/ppm: 8.68 (d, J = 3.1 Hz, 1H),
8.43 (d, J = 7.0 Hz, 1H), 8.31 (d, J = 7.0 Hz, 1H), 8.08 (t, J = 8.6 Hz, 2H), 7.81 (dd, J =
15.0, 6.8 Hz, 2H), 7.54 (dd, J = 7.0, 2.2 Hz, 3H), 7.36 (qd, J = 6.1, 3.7 Hz, 6H), 3.07
(s, 4H). 13C NMR (75 MHz, CDCls) 8/ppm: 155.3, 153.1, 145.5, 144.4, 142.1, 137.9,
137.5, 136.4, 132.1, 131.6, 131.5, 129.9, 129.7, 129.11 129.0, 128.9, 128.5, 128.2,
127.8, 122.2, 121.8, 115.0, 30.7. HRMS: m/z calcd for C3iH21N4 (M+H)*: 449.1766;
found: 449.1761.

10-(5H-dibenzo[b,flazepin-5-y)acenaphtho[1,2-blpyrido[2,3-e]pyrazine (NQPy-IMD)

N\

NQPy-IMD
Yellow solid (48 %).'H NMR (300 MHz, CDCI3) &/ppm: 8.41 (dd, J = 7.0, 0.5 Hz,
1H), 8.35 (d, J = 3.1 Hz, 1H), 8.29 (d, J = 7.1 Hz, 1H), 8.07 (t, J = 8.5 Hz, 2H), 7.80
(ddd, J=8.2, 7.0, 6.2 Hz, 2H), 7.65 — 7.58 (m, 4H), 7.55 — 7.44 (m, 4H), 7.24 (dd, J =
2.8, 1.8 Hz, 1H), 6.89 (s, 2H). 13C NMR (75 MHz, CDCIz) d/ppm: 155.2, 153.1, 145.3,
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144.7, 141.5, 141.5, 137.3, 136.4, 135.9, 132.0, 131.5, 130.8, 130.6, 130.5, 129.9,
129.7, 129.5, 129.0, 128.8, 128.5, 128.0, 122.2, 121.7, 114.6. HRMS: m/z calcd for
CaiH19N4 (M+H)*: 447.1610; found: 447.1610.
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4. New D-A-D compounds derived from perylene: design,

synthesis and characterization

This chapter will demonstrate the design and synthesis of four new compounds derived
from perylene as acceptor core, and phenothiazine and phenoxazine as electron
donors. These functional materials were synthesized for optoelectronic applications via
Pd-catalyzed C—N cross-coupling reactions. In this chapter the author was responsible
for all the molecular design, synthesis, structural characterizations (NMRs), and

partially for the electrochemical and photophysical investigations.

4.1 Introduction

Perylenes are an important class of compounds that present a high level of -
conjugation. Materials containing derivatives of perylene have been largely applied in
strategies to obtain organic photovoltaic cells (OPVs),% liquid crystals (LC),% photo-
emissive materials,®” sensors, % and others.%®-1% Devices based on OLEDs, OPVs,
OFETs are very important nowadays and research focused on the use of perylene core
can be an excellent strategy to get smart materials with multifunctional properties due
to the tunning of photophysical and electrochemical parameters.1°! Studies of perylene
derivatives with the TADF effect are not yet widely explored in the literature, which
opens new possibilities for research using this acceptor core in combination with
various donor moieties. TADF properties in molecules with a high conjugation degree
in the acceptor part can be an excellent strategy to control the emission wavelength by
the connection of the appropriate donors units and modulation of HOMO-LUMO band
gap values and AEst. Perylene dianhydride (PDA) core is very attractive due to its
versatility to perform functionalization by different types of organic reactions as well as
the usefulness of its photophysical properties in optoelectronic applications, due to its
exceptional photochemical stability, and strong and broad absorption in the visible
region.19?

The functionalization of the perylene core with anhydride (PDA), ester (PTE),
and imide (PDI) groups is very common in perylene chemistry due to their synthetic
versatility and facile interconversion. Furthermore, positions 1,6,7, and 12 (bay
positions) are very electropositive, to which halides can be easily attached, allowing

for subsequent functionalization through various reaction types. (Figure 4.1)
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Figure 4.1. Common functionalizations associated with perylene chemistry. In positions 3, 4
and 9, 10 with ester, anhydride, and imide; in positions 1, 6, 7, and 12 (bay positions) indicated
by the arrows with other moieties.

Despite that, various challenges in molecular design of perylene derivatives
materials with appropriate properties are necessary due to search for more efficient
devices. PTEs and PDAs derivatives are very interesting due to the modulation of
electron-acceptor character by easy and low-cost inter-convection reactions which
promotes the tunning of photophysical behavior. Positions 1 and 7 in PTE/PDA also
can be functionalized in order to add donor unities which can affect HOMO-LUMO
separation and intramolecular charge transfer from donor to acceptor. This strategy
also is very useful due to the enhancement in solubility of PDA in common organic
solvents. Substituents can increase the solubility by enforcing a twisted conformation,
limiting the face-to-face 1r-11 stacking in perylenes systems and being pushed out of
the PDA plane by steric interactions.®”:102

The bay positions are often subjected to regioselective bromination reaction,
especially in positions 1,7 and 1,6 which are typically obtained with high yields, and
often studied and used, as mixtures of isomers due to the difficulty of separation.%3
Nucleophilic substitution of bromo bay substituents, mainly in PTEs and PDIs due to
solubility, is relatively straightforward, and normally, products can be isolated in
relatively good yields.® Moreover, dibromo-PDls, dibromo-PTEs and dibromo-PDAs
have also been used in palladium catalyzed C-C couplings, such as Suzuki,'* Stille,0°
and Sonogashira reactions,® to obtain various aryl-, heteroaryl-, and alkynyl-
functionalized perylene derivatives. On the other hand, the N-C palladium catalyzed
reactions have not been explored so far using typical TADF donors such as
phenothiazine and phenoxazine, for example.

Based on that, it was designed and synthesized a new series of D-A-D
molecules with perylenetetraester (PTE) and perylenedianhydride (PDA) as acceptor
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core and phenothiazine (PTZ) and phenoxazine (PXZ) as the donors in the positions
1,7, as we can see in the Figure 4.2. The addition of the donors by palladium catalyzed
N-C coupling reactions can increase the solubility of the materials. The focus is to
obtain new functional materials based on PTE/PDA as acceptor core, which can
aggregate high electron-negative character and modulation of the HOMO-LUMO gap

by low-cost inter-conversion reactions.

EtOOC EtOOC,
Et0OC O

oA
COOEt
COOEt COOEt

PTE-PXZ PTE-PTZ

PDA-PXZ

Figure 4.2. Molecular structures of the compounds derived from perylene-tetraester (PTE-
donor) and perylene-dianhydride (PDA-donor). Donors: phenothiazine (PTZ) or phenoxazine
(PX2).

4.2 Molecular design, synthesis, and characterization

The structures were thought to present the perylene core with donor units
attached in order to favor CT process by spatial separation of HOMO-LUMO. Also the
donors attached can help in the increment of solubility in the standard PDA system,
due to the twisted conformation obtained in the final molecules. The phenothiazine and
phenoxazine donors were chosen due to their higher electron donation ability in order
to equilibrate the high electron deficiency in PTE and PDA systems. The connection in
1,7 bay positions was thought due to the good reaction yields leading to the preparation
of the dibrominated PTE and the possibility of isolating any resulting isomers. Due to
the ethyl chains in PTE-donors we expected more solubility of these compounds in
relation to PDA-donors.

The design of the molecules was based preliminary on the predictions by DFT
and TD-DFT at the B3LYP/6-31G level of theory using Schrodinger 2018-1 software.
They allowed for the estimation of the FMOs spatial distributions, S-T gaps, and band
gap of the compounds as we can observe in Figure 4.3. The HOMO of all the
molecules is spatially localized on the donor moieties, with twisted structures near
orthogonality. The LUMO is preferentially localized in the perylene core. From PTE-
Donors to PDA-Donors, the band gap (Eg) is decreasing. The ST gaps also are
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influenced by the structure and vary between tetraester and dianhydride, with the

lowest value of AEst for the compound PDA-PTZ.
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Figure 4.3. HOMO and LUMO spatial distributions, excited singlet-triplet energy (4Est) and
HOMO-LUMO energy gap (Eg) for the PTE-donor and PDA-donor molecules using DFT and
TD-DFT at the B3LYP/6-31G level. Isovalue 0.02.

The synthesis of the new molecules derived from perylene follows Scheme 4.1.
The first step of the reaction was the esterification of PDA by using ethyl iodide in an
alcoholic solution in a basic medium (potassium carbonate) to obtain the compound
PTE which is very soluble in common organic solvents. The bromination of PTE in
DCM as solvent provides the mix of isomers (mono- and dibrominated compounds)
that were isolated by column chromatography to give the compound dibrominated in
positions 1,7 PTE-Br. With the dibrominated perylenetetraester (PTE-Br) it was
possible to realize the nitrogen-carbon coupling. The strategy was the use of the
Buchwald-Hartwig Cross-Coupling Reaction using a palladium catalyst and a
phosphine derivative as a ligand. The reactions were performed using the respective
donor unit (phenothiazine (PTZ) or phenoxazine (PXZ)) and the base was sodium tert-
butoxide. For the catalyst was used 3 mol% of the
tris(dibenzylideneacetone)dipalladium(0) (Pd2dbas) and 6 mol% of the ligand tri-tert-
butylphosphonium tetrafluoroborate (HP(t-Bu)sBF4) under Argon atmosphere and
reflux (110 °C) in toluene for 48h to obtain the compounds PTE-Donors in moderate
yields (40%) after purification by column chromatography. The last step is the return to
dianhydride functional group by a low-cost reaction. It was performed trough the

hydrolysis reaction of the perylenetetraesters (PTE-Donors) by an excess of
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potassium hydroxide in methanol under reflux. This reaction gives the intermediate
perylenetetraacid that can be easily converted into the dianhydride by refluxing in
acetic acid to obtain PDA-Donors in quantitative yields.

OO~° EtOOC  COOEt EtOOC  COOEt

D oo (I el
OO EtOH, 85°C, 24h OO DCM, 45 °C, 24h Br ! I

(9

EtOOC COOEt EtOOC COOEt
(o} (o) o o
PTE (76 %) ,
PDA PTE-Br (72 %)
EtOOC
X Et0OC
a. KOH, MeOH X
reflux 24h
i .
H O b AcOH
sodium tert-butoxide reflux, 2h
Pd,(dba)s COOEt
HP(t-Bu3)BF, COOEt
Toluene, Ar, 110°C, 48h
X= S PTE-PTZ (39 %) X =S PDA-PTZ (96 %)
X =0 PTE-PXZ (67 %) X =0 PDA-PXZ (92 %)

Donor = Phenothiazine (PTZ) or Phenoxazine (PXZ)

Scheme 4.1. Synthetic route to obtain the PDA-PTZ and PDA-PXZ.

All the compounds were fully characterized by Proton (*H) and Carbon (*3C)
Nuclear Magnetic Resonance (NMR) and by High-Resolution Mass Spectrometry
(HRMS) for the final products. All the peaks with attributions are described in the
experimental section and as an example, Figure 4.4 shows the 'H NMR spectrum of
PTE-PTZ (top).

We can observe the correspondence between the spectra and chemical
structure, suggesting the success of the N-C coupling reaction. In 9.2 ppm we observe
a doublet (J= 8.1 Hz) with integration to 2H, referring to the hydrogen (Ha) close to the
carbonyl group from the perylene core, which is shifted to the high values of chemical
shift due to the high electronegativity of the carbonyl group. The doublet in 8.1 ppm (J=
8.1 Hz) is referring to hydrogen Hb, also with integration of 2H, with the same coupling
constant as Ha. The hydrogen signal in 7.98 ppm (2H) appears as a singlet (Hc) and
is less shifted due to the presence of the phenothiazine nitrogen that has an electron-
donor character in the system. Signals from 7-6.1 ppm represent protons from both
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phenothiazine moieties connected to the perylene core, indicating the success of the
N-C coupling reaction. In the aliphatic part we observe the multiplet in 4.4 ppm (Hd)
referring to the hydrogens from the ester groups (-COOCH®:-) close to oxygen from the
carboxyl group and in 1.4 ppm the multiplet referring the hydrogens from methyl groups

(He) from tetraester system.
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Figure 4.4. *H NMR spectra of PTE-PTZ (top) and PDA-PTZ (down) in CDCls.

The next reaction was the conversion of the tetraester (PTE-PTZ) to dianhydride
(PDA-PTZ) and we can confirm the structure by the absence of the signals from the
aliphatic part and shifting of the signals in the aromatic part as we can see in Figure
4.4 (down). We observe the influence of the anhydride groups in comparison with the
tetraesther system. The first impact is related to the increase of the electronegativity
and conjugation degree of the perylene core due to the anhydride system. The Ha
proton doublet signal at 9.9 ppm (2H, J= 8.3 Hz) is shifted in comparison to the similar
proton from PTE-PTZ molecule which appears at 9.1 ppm. This behavior is related to
the presence of the anhydride system that is more electron withdrawing than the ester.
The signals Hb-Hc appear condensate as multiplet. The compounds PTE-PXZ and

PDA-PXZ were characterized in a similar way.

4.3 Electrochemical characterizations
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The electrochemical properties of the PTE-Donors and PDA-Donors were
investigated by cyclic voltammetry (CV) to estimate the HOMO and LUMO energy
levels. The estimated ionization potential (IP) and electron affinity (EA) (from onset
oxidation (Eox) and reduction (Ered) potentials), are correlated with the HOMO (Enowmo)
and LUMO (ELumo) energy levels, respectively, using the following equations: Exomo =
-(Eox + 5.1); ELumo = -(Ered + 5.1).7® The results are summarized in Table 4.1 and the

voltammograms are compiled in Figure 4.5.

Table 4.1. HOMO and LUMO energy levels estimated from CV measurements and DFT

calculations.
Cyclic Voltammetry? Theoretical calculations®
Compounds HOMO LUMO Eg (eV) HOMO LUMO Eq (eV)
(eV) (eV) (eV) (eV)

PTE-PTZ -5.42 -3.75 1.67 -5.88 -3.95 1.93
PTE-PXZ -5.51 -3.81 1.70 -5.83 -4.01 1.82
PDA-PTZ -5.55 -4.50 1.05 -6.32 -4.89 1.43
PDA-PXZ -5.69 -4.53 1.16 -6.18 -4.94 1.24

a Measurements were performed for 1 mM solutions of investigated compounds in the presence of 100
mM tetrabutylammonium tetrafluoroborate and calibrated using ferrocene/ferrocenium redox couple. ©
theoretical calculations obtained at B3LYP/6-31G™ level of theory.

Investigated compounds showed very good stability and reversible
electrochemical response in the applied voltage range. All molecules were
characterized by a one-step, reversible oxidation process involving phenoxazine (PXZ)
or phenothiazine (PTZ) donor unit and a stable, reversible two-step reduction process
which is typical for the 1,7 disubstituted PTE and PDA derivatives.'®” The HOMO
energy values did not show many differences, presenting slightly higher values for PDA
derivatives. On the other hand, the LUMO energy was greatly influenced by the
interconversion reaction of PTE-PTZ and PTE-PXZ (-3.75 eV and -3.81 eV,
respectively) to PDA-PTZ and PDA-PXZ (-4.50eV and -4.53 eV, respectively), showing
higher values for PDA-Donors which indicates the easy reduction for these
compounds. This behavior leads to lower HOMO-LUMO gaps (Eg) for PDA-donors
around 1 eV (1.05 eV for PDA-PTZ and 1.16 eV for PDA-PXZ) in comparison to PTE-
donors (1.67 for PDA-PTZ and 1.70 for PDA-PXZ). Other behavior related to donor
strength was observed, where the PTZ derivatives showed lower Eq in relation to PXZ

derivatives.
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Figure 4.5. Voltammograms of the 1mM solutions of PTE-donors and PDA-donors in 100mM

tetrabutylammonium tetrafluoroborate in DCM at scan rate of 50mV/s.

4.4 Photophysical analyses

The absorption spectra (UV-Vis) for the compounds PTE-donors and PDA-

donors in dichloromethane (DCM) diluted solutions at room temperature are shown in

Figure 4.6 and the data are summarized in Table 4.2.

Table 4.2. Photophysical properties of PDA-Donor and PTE-donor derivatives in solution.

Aabs/nm
Compound Aem(nm)®  PLQY (%)°
[e/103M1cm™)2
PTE-PTZ 307 [3.98], 397sh [2.97], 425 [6.94], 447 [7.96] 492,573,678 <1
PTE-PXZ 306 [9.9], 424 [12.1], 448 [14.2], 575 [1.4] 486,678 <1
310 [3.94], 372 [2.29], 440 [4.82], 466 [10.7],
PDA-PTZ 482,512, 667 <1
499 [15.0]
315 [2.45], 366 [1.09], 438 [1.67], 468 [3.71],
PDA-PXZ - -

500 [4.86]

a Absorption recorded in DCM solutions 1x10° M. ® Emission recorded in zeonex matrix using 1% of the

compounds.
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The absorption spectra showed two strong absorption bands around 425 and
450 nm for perylene tetraester derivatives (PTE-PTZ and PTE-PXZ), which can be
attributed to TT-1r* transitions characteristic for the perylene system.®® Broad bands with
very low absorptivity can be observed around 575 nm assigned to CT transitions
attributed to n-1* transitions from donor to acceptor. The compounds with perylene
dianhydride (PDA-PTZ and PDA-PXZ) had similar profiles but with a red shift. This
can be attributed to the ester groups that do not show effective conjugation with the
perylene aromatic system due to free rotation around the single bond. On the other
hand, the dianhydride is coplanar to the aryl system from perylene resulting in the
extension of the 1T conjugation and consequently the red shift. The two strong
absorption bands referring to 1-1" transitions appeared around 470 and 500 nm, and
CT transitions around 675 nm can be observed with very low absorptivity.
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Figure 4.6. UV-Vis spectra of the compounds PTE-Donors and PDA-Donors in DCM solutions
at 1x10° M.

The compounds were not emissive in DCM solution, indicating a strong
aggregation effect, that completely quenched the emission. The emission in solid state,
in zeonex matrix, are shown in the Figure 4.7 showed very small emission with PLQY
less than 1. The profile of the emission showed vibronic bands characteristic of
perylene derivatives indicating a strong LE character of Si1. The PL spectra (in red line)
under vacuum did not show an increase in comparison with air conditions (black line).

This behavior can be attributed to the low participation of triplet states in the
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mechanism of emissions and consequently no delayed fluorescence is expected for

these materials. PDA-PXZ did not show emission in the zeonex matrix.
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Figure 4.7. Photoluminescence spectra in Zeonex matrix with 1% PTE-donors and PDA-PTZ.

45 Conclusions

This chapter describe the design and successful synthesis of a new series of D-
A-D molecules based on perylene dianhydride and perylene tetraester as acceptor
core, and phenoxazine and phenothiazine as donor moieties attached via N-C
palladium catalyzed reactions obtained good to moderate yields (39-67%). The
interconversion reaction from perylene tetraester to perylene dianhydride was obtained
in very good yields (>92%). All the structural characterization was realized by NMR
spectroscopy and by high-resolution mass spectrometry for the final molecules. The
electrochemical investigations showed that the materials display good stability in the
applied voltage range, with decrease of the electrochemical band gap for the PDA in
relation to PTE cores. Which proved as interesting way to control the band gap of
materials by a simple and low-cost interconversion reaction. The photophysical
properties were also investigated and the materials did not present emission in solution
and very low emission in solid state. The electrochemical stability and good range of
broad absorption bands in the visible region make these materials good candidates for

OPVs applications.

4.6 Synthetic details

Tetraethyl perylene-3,4,9,10-tetracarboxylate (PTE)
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PTE

The synthesis was realized according to literature.®® A mixture of 4.0 g (10.2
mmol) of perylene 3,4,9,10-tetracarboxylicacid dianhydride (PDA), 20 mL (248 mmol)
of iodoethane, 10 g of potassium carbonate and 80 mL of ethanol was heated at 85 °C
for 24 h. After being cooled down to room temperature, the EtOH and the iodoethane
were removed under reduced pressure at 60 °C. The orange-yellow needle residue
was collected, and washed with a large amount of water until the filtrate became neutral
and was washed with 30 ml of methanol. The solid residue was dried under air to give
4.3 g (76%) of product. The crude product was used directly in the later reaction without
further purification. *H NMR (300 MHz, CDCIs) &/ppm: 8.20 (d, J = 8.0 Hz, 4H), 8.00
(d, J = 7.9 Hz, 4H), 4.40 (g, J = 7.1 Hz, 8H), 1.43 (t, J = 7.2 Hz, 12H).

Tetraethyl 1,7-dibromoperylene-3,4,9,10-tetracarboxylate (PTE-Br)

PTE-Br

The synthesis was realized according to literature.®® The mixture of PTE (0.65
g, 1.2 mmol), potassium carbonate (0.41 g, 3.0 mmol), and dichloromethane (10 mL)
was stirred in 50 mL flask, followed by dropwise addition of bromine (0.92 mL, 18
mmol). The reaction mixture was stirred at room temperature for 24 h, and then 10 mL
of 3.0 mol/L sodium sulfite agueous solution was added. After the solid was removed

by filtration, there were two liquid layers formed, one organic and one agueous. The
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organic layer was collected and then chromatographed over hexane/dichloromethane
(1:2) using a silica column. The dibrominated compound was collected and the solid
was obtained after the solvent was removed under reduced pressure and the sample
was dried under vacuum, obtained PTE-Br as orange-yellow solid (72 % of yield). *H
NMR (300 MHz, CDCIs) &/ppm: 8.96 (d, J = 8.0 Hz, 2H), 8.32 (s, 2H), 8.12 (d, J=8.0
Hz, 2H), 4.40 (qd, J=7.1, 3.4 Hz, 8H), 0.94 — 0.72 (m, 12H).

Tetraethyl 1,7-phenotiazine-perylene-3,4,9,10-tetracarboxylate (PTE-PTZ)

PTE-PTZ

The mixture of PTE-Br (0.100 g; 0.143 mmol), phenothiazine (0.069 g; 0.344
mmol), t-BuONa (0.055 g, 0.57 mmol), Pdz(dba)s (7.87 mg; 0.00859 mmol), HP(t-
Bu)sBF4 (4.98 mg; 0.01718 mmol) and 10 mL of toluene was stirred at 110 °C for 48h
under argon atmosphere. After cooling to room temperature, the mixture was filtered
through celite and washed with dichloromethane. The combined organic layers were
washed with water and brine solution, dried over anhydrous MgSOa4 and evaporated to
dryness. The residue was purified by column chromatography (hexane/DCM = 4:1 v/v)
and crystallized in methanol to give compound PTE-PTZ as a brown solid (53 mg;
39.8%). 'H NMR (300 MHz, CDCIz) &/ppm: 9.19 (d, J = 8.1 Hz, 2H), 8.09 (d, J = 8.2
Hz, 2H), 7.98 (s, 2H), 7.11 (dd, J = 7.1, 2.0 Hz, 4H), 6.92 — 6.80 (m, 8H), 6.26 (dd, J =
7.5, 1.8 Hz, 4H), 4.38 (m, 8H), 1.40 (m, 12H). 13C NMR (75 MHz, CDCI3) &/ppm: 168.2,
167.6, 142.6, 135.6, 134.8, 132.4, 132.1, 131.9, 131.1, 131.0, 130.5, 127.9, 127.6,
127.42,127.1, 123.5, 120.5, 115.9, 61.9, 61.7, 29.7, 14.2, 14.1. HRMS: m/z calcd for
Cs6H42N20sS2 (M+H)*: 934.2383; found: 934.2399.

Tetraethyl 1,7-phenoxazine-perylene-3,4,9,10-tetracarboxylate (PTE-PXZ)
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PTE-PXZ

The synthesis procedure is similar to PTE-PTZ using phenoxazine (PXZ) as
donor. The residue was purified by column chromatography (Hexane/CH2Clz = 3:1 v/v)
and recrystallized in methanol to give compound PTE-PXZ as a brown solid (200 mg,
67%). 'H NMR (300 MHz, CDClIz) &/ppm: 9.03 (d, J = 8.2 Hz, 2H), 8.09 (d, J = 8.2 Hz,
2H), 8.03 (s, 2H), 6.81 (m, 16H), 6.69 — 6.60 (m, 4H), 6.08 (dd, J = 8.0, 1.3 Hz, 4H),
4.39 (m, 8H), 1.47 — 1.38 (m, 12H). ¥3C NMR (75 MHz, CDCIs) & 168.09, 167.99,
167.42, 167.33, 144.60, 144.52, 134.09, 134.09, 134.06, 133.87, 133.84, 133.76,
133.74, 133.73, 133.68, 133.62, 131.83, 131.79, 131.35, 131.33, 131.15, 131.07,
130.92, 130.84, 127.80, 126.40, 123.95, 122.71, 116.10, 113.86, 61.86, 61.86, 61.76,
61.68, 61.58, 14.17, 14.11, 14.05. HRMS: m/z calcd for CssHa2N2010 (M+H)*:
902.2839; found: 902.2837.

1,7-phenothiazine-perylene-3,4,9,10- tetracarboxylicacid dianhydride (PDA-PTZ)

e
gk

PDA-PTZ

A solution of KOH (0.49¢g, 8.7 mmol) in 15 ml of methanol was added to PTE-
PTZ (0.203g, 0.217 mmol) and refluxed for 24h. The consumption of the PTE-PTZ was
monitored by TLC in dichloromethane. The methanol was evaporated, and water was
added to the mixture. Concentrated hydrochloric acid was added until pH=2 and the

formed precipitate was collected by filtration. The dark solid was refluxed in acetic acid
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(10 mL) for two hours and after cooling, water was added and the precipitate formed
was filtrated. The green-dark solid obtained was crystalized in methanol to give the
pure compound PDA-PTZ in 96% vyield. H NMR (300 MHz, CDCIls) &/ppm: 9.96 (d, J
= 8.3 Hz, 2H), 8.77 (m, 4H), 7.22 (d, J = 7.5 Hz, 4H), 6.96 (m, 4H), 6.85 (m, 4H), 6.22
(d, 3 =8.1 Hz, 4H). 13C NMR (75 MHz, CDCls) &/ppm 162.09, 161.92, 144.77, 143.15,
141.45, 137.60, 137.46, 137.08, 133.31, 133.16, 130.85, 130.49, 127.44, 124.60,
124.26, 122.80, 118.67. HRMS: m/z calcd for C4sH23N206S2 (M+H)*: 787.0998; found:
787.0990.

1,7-phenoxazine-perylene-3,4,9,10- tetracarboxylicacid dianhydride (PDA-PXZ)

e
ek

PDA-PXZ

The synthesis procedure is similar to PDA-PTZ using PTE-PXZ. The green-dark
solid was purified by crystallization in methanol to give compound PDA-PXZ as a dark-
green solid in 92% yield. *H NMR (300 MHz, CD2Cl2) & 9.94 (d, J = 8.3 Hz, 2H), 8.79
—8.69 (M, 4H), 7.21 (dd, J = 7.5, 1.6 Hz, 4H), 6.95 (td, J = 7.5, 1.0 Hz, 24H), 6.89 —
6.82 (m, 4H), 6.25 (dd, J = 8.1, 1.0 Hz, 4H). HRMS: m/z calcd for C4gH23N20g (M+H)*:
755.1454; found: 755.1456.
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5. Asymmetric D-A-D compounds derived from
naphthalene benzimidazole: design, synthesis,

photophysical and electrochemical properties

This chapter will demonstrate the design and synthesis of five new compounds derived
from naphthalene benzimidazole as acceptor core, and phenothiazine, phenoxazine
and diphenylamine as electron donors. These functional materials were synthesized
by Pd-catalyzed C-C and C-N cross-coupling reactions aiming optoelectronics
applications. In this chapter the author was responsible for all the molecular design,
synthesis, structural characterizations (NMRs), and patrtially for the electrochemical

and photophysical investigations.

5.1 Introduction

The development of high-performance organic light-emitting diodes (OLEDs)
with purely organic emission materials has been a challenge for researchers in recent
years.* Small organic molecules based on TADF/RTP properties appear as an
excellent strategy to obtain high EQE and easy processability to be applied in OLEDs.
Asymmetric D-A-D molecules with spatially separated FMOs can be used as strategy
to minimize the AEst and consequently obtain an efficient RISC by charge transfer
process from donor to acceptor unit.?2198.109 The asymmetry in the cores can provide
different excited states in the molecule that can relax by different mechanisms. The
investigations in these kind of molecular structure can result in materials with dual
properties such as TADF and RTP.29:31,110

N-rich acceptor cores with good charge transport carriers are useful strategy to
optimize the spin-orbit coupling (SOC) that is related with the rate constant of RISC
process, which can facilitate the harvest of excited triplet states to singlet states. 11112
Materials based on benzimidazole core have been largely investigated for application
in optoelectronic devices due to the high level of charge transport carriers and intrinsic
PLQYs. Naphthalene benzimidazoles can be prepared by the dehydration reaction
between ortho-diaminobenzene derivatives and naphthalene anhydrides; they have a
higher acceptor character due to the presence of the nitrogen and the carbonyl group
in the system, which increases the electronegativity in the core.t3
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The naphthalene benzimidazole is a very interesting N-rich acceptor due to the
increase of electronegativity by addition of carbonyl group conjugated with the
imidazole system.®> The naphthalene part is responsible for increment in the -
conjugation degree which contributes to minimization of the HOMO-LUMO gap.** The
asymmetric core with the bromines in 4,7-positions of the benzimidazole part is a very
interesting synthetic strategy allowing for functionalization by addition of different donor
moieties. These bromines can be subjected to different types of reactions with
emphasis on N-C coupling and C-C coupling.

Therefore, in this part of the work, the design, synthesis, and study of the
photophysical and electrochemical behavior of a new series of compounds based on
the asymmetric naphthalene benzimidazole as an acceptor core and phenothiazine,
phenoxazine, and diphenylamine as donor units are described. Additionally, a phenyl
TT-spacer group was introduced between the donor and acceptor units to study the
relationship between the molecular structure and photophysical and electrochemical
properties, which is important for the applications in OLED devices. Figure 5.1 shows

the molecules that were synthesized.
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Figure 5.1. Molecular structures of the compounds derived from naphthalene benzimidazole
(BTNA-donors).

BTNA-p-PXZ

5.2 Design, synthesis, and characterization

The molecular design was based on theoretical calculations to support synthetic
choices. The frontier molecular orbitals (MOs) HOMO and LUMO of the BTNA-donors

were predicted using density functional theory (DFT) calculations. As shown in Figure
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5.2, the LUMOs of all compounds are especially localized on the naphthalene
benzimidazole (BTNA) core. On the other hand, their HOMOs are concentrated
preferentially on the donor units, showing a clear spatial separation of the frontier MOs.
We observe that HOMO is mainly located on the donor unit, which is connected to the
core on the carbonyl group side. Only BTANA-p-DPA showed minimal overlap
between HOMO and LUMO orbitals, which is expected for the weaker electron donors
such as diphenylamine. The HOMO-LUMO energy gap (Eg) follows the expected
behavior determined by the strength of the donor unity, showing the highest value for
BTNA-p-DPA. These theoretical estimates showed a similar trend as the experimental
electrochemical data, but they were not well correlated, as will be discussed later in
the work. We used time-dependent DFT (TD-DFT) to estimate the energy of the lowest
singlet and triplet states. All the compounds showed small and very small AEst values,
which is necessary to display TADF properties. The highest value was calculated for
BTNA-p-DPA, in which mentioned earlier overlapping of orbitals was also observed,

therefore fluorescence may play a greater role in the emission mechanism of this

compound.
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Figure 5.2. FMOs, singlet-triplet energies gap of the BTNA-Donors obtained by DFT and TD-
DFT at B3LYP/6-31G level of theory.

The synthetic route used to obtain the final molecules is shown in Scheme
5.1. The strategy used was based on the synthesis of the BTNA-Br2 core followed by

two types of cross-coupling reaction. The first one was based on the Buchwald-Hartwig
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cross-coupling reaction (Nitrogen-Carbon coupling) and the second one was based on
the Stille cross-coupling reaction (Carbon-Carbon coupling).

To synthesize the core, several additional steps were necessary in advance.
First, brominated benzothiadiazole (BTZ) was opened by reduction reaction using
sodium borohydride to obtain 3,6-dibromobenzene-1,2-diamine (BTZ-NH2) in good
yield. Next, the amine was reacted with 1,8-naphthalic anhydride in boiling acetic acid
to give BTNA-Br2 as a yellow solid with 70% yield. This important asymmetric core
was used in the following steps as a key intermediate.

The Buchwald-Hartwig cross-coupling reaction was performed using two
equivalents of phenothiazine as a donor to obtain the compound BTNA-PTZ. This
synthesis achieved moderate yield (44%) due to the steric hindrance at substitution
sites, which are difficult to reach for bulky phenothiazine molecules. To perform the
Stille C-C coupling reactions it was necessary to prepare the Stille reagent in advance.
The three donors (phenothiazine, phenoxazine, and diphenylamine) were reacted with
half equivalent of 1,4-dibromobenzene or 1,3-dibromobenzene via C-N coupling to
obtain the compounds (PTZ-p-Br, PTZ-m-Br, PXZ-p-Br and DPA-p-Br). The
preparation of the Stille reagent was carried out in two steps: lithiation with n-butyl
lithium at -78 °C, followed by addition of the tributyltin chloride to perform the
substitution reaction to obtain the compounds PTZ-p-SnBus, PTZ-m-SnBus PXZ-p-
SnBus and DPA-p-SnBus in good yields. These compounds require subsequent
reaction immediately after preparation due to their low stability. In the following step,
they were coupled with BTNA-Br2 core in the presence of the
tetrakis(triphenylphosphine)palladium(0) as a catalyst to give the final products BTNA-
p-PTZ, BTNA-m-PTZ, BTNA-p-PXZ and BTNA-p-DPA.
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Scheme 5.1. Synthetic route to obtain BTNA-PTZ, BTNA-p-PTZ, BTNA-p-PXZ, BTNA-p-
DPA and BTNA-m-PTZ.

PTZ-m-SnBu,

All newly synthesized compounds were fully characterized by H and 13C
Nuclear Magnetic Resonance (NMR) and by High-Resolution Mass Spectrometry
(HRMS) for the final molecules. The reaction conditions are shown in the synthetic
details section. As an example of the characterization of this series of compounds,
Figure 5.3 shows the 'H NMR spectra of BTNA-PTZ and BTNA-p-PTZ. For both
spectra, it is possible to see the signals referring to the acceptor part (naphthalene
benzimidazole core) and for donor part (phenothiazine). The asymmetric system in
BTNA-PTZ is clear and it is possible to recognize by outspread of signals

phenothiazine part due to appearance of the multiplets m, m’ (7.11 ppm, 7.03 ppm)
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and i, i’ (6.31 ppm, 6.05 ppm). The presence of the electron-deficient carbonyl group
on only one side of the molecule was sufficient to differentiate these signals which are
consistent with the asymmetry of the naphthalene benzimidazole core. The signals
assigned also was based in systems containing naphthalene benzimidazole,'** and

phenothiazine derivatives.8811°
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Figure 5.3. 'H NMR spectra of BTNA-PTZ (up) and BTNA-p-PTZ (down) in CDCl3z (300 MHz).

In the case of BTNA-p-PTZ, the presence of the phenyl spacer between the
acceptor and donor units influences the signals of the system due to the extension of
the conjugation degree in the molecule (Figure 5.3 — down). Additionally, the core
asymmetry is also reflected in the rest of the molecule which makes the assignment of
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the signals more difficult, especially in the region between 7.9-7.4 ppm. Less affected
phenothiazine donor parts show multiplets consistent with the spectra of such systems
but only a few signals derived from the spacer and core parts have been assigned with
certainty.

5.3 Electrochemical properties

The electrochemical properties of the BTNA-Donors were investigated by cyclic
voltammetry (CV), which allowed for the determination of ionization potential (IP) and
electron affinity (EA) of the molecules. The estimated IP and EA are correlated with
the HOMO (Enomo) and LUMO (ELumo) energy levels, respectively, using the following
equations: EHomo = -(Eox + 5.1); ELumo = -(Ered + 5.1).”® The results are summarized in

Table 5.1 and the voltammograms are compiled in Figure 5.4.

Table 5.1. HOMO and LUMO energy levels estimated from CV measurements and DFT

calculations.
Cyclic Voltammetry? Theoretical®

COMPOUND HOMO LUMO Eq HOMO LUMO E,
(eV) (eV) (eV) (eV) (eV) (eV)
BTNA-p-DPA -5.58 -3.48 2.10 -5.76 -3.70 2.06
BTNA-p-PXZ -5.56 -3.63 1.93 -5.65 -3.94 1.71
BTNA-p-PTZ -5.25 -3.25 2.00 -5.66 -3.96 1.70
BTNA-m-PTZ -5.48 -3.59 1.89 -5.64 -3.95 1.69
BTNA-PTZ -5.51 -3.75 1.76 -5.67 -3.94 1.73

aMeasurements were performed for 1 mM solutions of investigated compounds in the presence of 100
mM tetrabutylammonium tetrafluoroborate and calibrated using ferrocene/ferrocenium redox couple. °
obtained by DFT at B3LYP/6-31G level of theory.

The materials showed good stability and reversibility in the applied voltage
range with the reduction process occurring on the naphthalene benzimidazole unit
(BTNA core) and oxidation process occurring on the donor units. The LUMO levels of
the investigated compounds presented notable differences in the values, varying from
-3.25 eV to -3.75 eV, depending on the donor coupled and by insertion of the phenyl
spacer between naphthalene benzimidazole core and donor. The lowest energy of
LUMO (-3.75 eV) was found for BTNA-PTZ, and the highest (-3.25 eV) for BTNA-p-
PTZ, showing the influence of phenyl spacer in the estimated LUMO energy values.
The reversibility in the reduction process is notable for all compounds suggesting the
electrochemical stability of the BTNA core. The oxidation process also showed

reversibility, and appearing at least as two steps oxidation process, which can be
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related to the presence of two donor moieties. The first oxidation process was notable
reversible for all compounds. The compounds also showed second step oxidation with
reversibility for BTNA-p-PTZ, BTNA-PTZ and BTNA-p-DPA. On the other hand, it was
not reversible for BTNA-m-PTZ and BTNA-p-PXZ. BTNA-p-DPA and BTNA-PTZ
showed the two oxidation steps very close, being merged together. In the case of
BTNA-p-PTZ, BTNA-m-PTZ and BTNA-p-PXZ the second step oxidation appears in
higher potentials, in relation to first oxidation process. The estimated energies of
HOMO showed considerable difference mainly for BTNA-PTZ, which can be related to
the lack of phenyl spacer between the BTNA core and phenothiazine. Additionally, the
variation of the donor position from para to meta (in BTNA-p-PTZ to BTNA-m-PTZ)
decreases the HOMO energy level, indicating the lower potential oxidation for the
phenothiazine in para position.
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Figure 5.4. Voltammograms of the 1mM solutions of compounds BTNA-Donors in 100mM
tetrabutylammonium tetrafluoroborate in DCM. Pt disk as working, Pt wire as counter and

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

The electrochemical band gap (Eg) showed the lowest value for the compound
without the phenyl spacer group (BTNA-PTZ, 1.76 eV), indicating the lower -
conjugation degree for this compound. For the compounds with phenyl TT-spacer, we

observe the higher Eg for BTNA-p-DPA (2.10 eV), that present the weaker electron-
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donor (diphenylamine) attached, and BTNA-m-PTZ (1.89 eV) show the lowest value
of Eg. The difference in connection position of the donor from BTNA-p-PTZ to BTNA-
m-PTZ positions also decreases the Eg from 2.00 eV to 1.89 eV. Additionally, the
results obtained by DFT calculations showed a moderate correlation with the

experimental electrochemical data as we can observe in the Table 5.1.

5.4 Photophysical analyses

The absorption spectra (UV-Vis) in diluted dichloromethane (DCM) solutions are
shown in Figure 5.5 and the data are summarized in Table 5.2. We can observe strong
absorption bands around 230-270 nm, that can be assigned to the TT—1* transitions
in the naphthalene core aromatic system. We can observe less intense absorption
bands in 290-330 nm, that can be signed to the TT—1* transitions in the donor-acceptor
structures. Lower intense broad bands can be observed from 380 to 470 nm and can

be attributed to a CT transition from the donor units to the acceptor core.

Table 5.2. Photophysical properties of BTNA-donors in solution and in zeonex matrix.

Aaps/nm . PLQY® PLQY x
Compounds . . Aem/NM Increase
[€/10°M* cm-]? o (%) Increase (%)
258 [33.6], 314 [11.4],
BTNA-p-PTZ 542,577 13.7 1.12 15.3
398sh [4.5]
258 [34.7], 294 [11.5], 310
BTNA-m-PTZ 578,595 15.3 1.66 26.0

[11.6], 395sh [4.8]

240 [44.7], 270 [10.1], 315
BTNA-p-PXZ 553,583 16.4 1.15 18.9
[13.7], 394sh [5.5]

232 [24.4], 303 [20.0], 363
BTNA-p-DPA 594 8.3 1.09 9.1
[20.4], 465 [2.8]

257 [30.2], 289 [6.6], 301
BTNA-PTZ 479, 610 <1 1.26 1.1
[7.6], 381 [5.6]

a Absorption measured in DCM 0.01 mM. ? Obtained in zeonex matrix. ¢ obtained in zeonex matrix.

The extension of the 1r-conjugation in the molecules from BTNA-PTZ to BTNA-
p-PTZ can be observed by the more intense absorption band for BTNA-PTZ around
380 nm by proximity of the phenothiazine and the naphthalene benzimidazole core
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resulting in more intense CT from donor to acceptor. The changes in the donors from
phenothiazine to phenoxazine did not show differences in the absorption bands profile.
On the other hand, the BTNA-p-DPA (diphenylamine as a donor) presented very
intense absorption bands at 300 and 366 nm referring to T—>1" transitions in the

donor/acceptor moieties.
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Figure 5.5. Absorption spectra of BTNA-Donors in DCM solutions 0.01 mM.

The compounds did not show emission in DCM or toluene indicating very strong
aggregation effect that totally quenches the emission in solution. It can be attributed to
AIE behavior that is usually non-emissive in solution due to non-radiative relaxation
pathways such as rotation or vibration. In the solid-state these channels can be blocked
upon aggregation and photon excitation results in an increase of efficiency in the
radiative decay.''® Figure 5.6 shows the photoluminescence (PL) spectra of BTNA-
donors in zeonex matrix, under air and vacuum conditions. The data are also

summarized in Table 5.2.
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Figure 5.6. Photoluminescence (PL) spectra of 1% of the compounds BTNA-donors in

zeonex matrix under air conditions (black line) and under vacuum conditions (red line).

The PL spectra of BTNA-PTZ showed two emission bands centered at ArL= 479
(more intense) and ArL= 610 nm (less intense). This behavior can be attributed to the
possibility of two 1CT states by the asymmetry of the naphthalene benzimidazole core,
with two units of phenothiazine given different CT states.!!’” The second explanation
may arise from the possibility of the donor units adopting two stable conformations,
e.g. quasi-axial or quasi-equatorial, which will also result in two distinct CT energies.
This behavior in phenothiazine D-A derivatives has been previously reported in
literature!*® and we also observe similar behavior for other phenothiazine derivatives
described in this thesis, such as NQPy-PTZ. The compound BTNA-p-PTZ (with phenyl
TT-spacer group) also showed two emission peaks centered at ApL= 542 and ApL= 577
nm attributed to the previous explanation. The red shift in the first peak (compared to
BTNA-PTZ) is related to the increase of the 1r-conjugation degree by the addition of
phenyl spacer group. Comparing the para and meta positions (BTNA-m-PTZ) we
observe a red shift in the emission due to the character of electron-donation from
phenothiazine in meta position being decreased. The compound BTNA-p-PXZ showed
vibronic emission with maximum emission wavelength Ap.= 583 nm. On the other
hand, BTNA-p-DPA clearly showed CT character which can be associated with the
gaussian profile of emission with maximum ApL= 594 nm.

The materials showed moderate PLQYs, where BTNA-p-PXZ presented the

highest value (16.4%). All compounds showed an increase in the emission intensity
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under vacuum conditions, which indicates that triplet states are involved in the
emission mechanism, which is characteristic of TADF behavior. Considering the
increase in the emission intensity (see Table 5.2), the highest increase was observed
for BTNA-m-PTZ (1.66x), showing a PLQY of 26.4% under vacuum conditions.

5.5 Conclusions

This chapter described the design and successful synthesis of a new series of
D-A-D molecules based on asymmetric naphthalene benzimidazole as acceptor core
and different donors attached via N-C Buchwald-Hartwig cross-coupling reaction and
C-C Stille cross-coupling reaction. All the structural characterizations were realized by
NMR spectroscopy and by high-resolution mass spectrometry for the final molecules.
The electrochemical characterization showed that the materials have good stability and
reversibility in the applied voltage range, displaying reversible one step reduction
concerned in the naphthalene benzimidazole core and reversible oxidation process
mainly for the materials with TT-spacer aromatic system. The structural changes made
by donor variations and additionally the changes in connections from para to meta
positions proved as good alternative to the control of the electrochemical band gap.
The photophysical behavior also was directly affected by the structural modifications
indicating the versatility of the asymmetric naphthalene benzimidazole core to
optoelectronics applications. All materials showed an increase in PL intensity under
vacuum conditions indicating the TADF behavior of the materials which lead interesting
candidates to application in TADF based OLEDs.

5.6 Synthetic details

3.6-dibromobenzene-1,2-diamine (BTZ-NH2)
H,N NH,

Br Br

BTZ-NH,
4,7-dibromobenzo|c][1,2,5]thiadiazole (1.50 g, 5.10 mmol) was dissolved in
EtOH (50 ml) and cooled with an ice/water bath between 0-5 °C. NaBH4 (10.2 mmol,
3.86 g) was added in small portions and the reaction mixture was stirred 14h. The
reaction mixture was evaporated at 35 °C to dryness and diluted with water (100 mL).

Water and ethyl ether were added, and the aqueous layer was separated and extracted
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with dichloromethane. The combined organic layers were washed with brine, dried
over MgSO4 and concentrated in vacuo to afford compound BTZ-NH: (79%) as yellow
pallid solid. The product was used without further purification in the next step. *H NMR
(300 MHz, DMSO-ds): d/ppm: 6.62 (s, 2 H), 5.02 (s, 4 H).

9,12-dibromo-7H-benzo[de]benzo[4,5]imidazo[2,1-alisoquinolin-7-one (BTNA-Br2)

BTNA-Br,

BTZ-NH2 (0.66 g, 2.5 mmol) and 1,8-naphthalic anhydride (0.48 g, 2.5 mmol)
were uniformly mixed by grinding in 15 mL of glacial acetic acid. The mixture was
heated at 120 °C for 18 h under argon atmosphere with stirring. Then, the solution was
poured into distilled water and the yellow precipitate was collected by filtration, washed
several times with water, and dried in a vacuum. The crude product was recrystallized
in acetone to obtain 0.76 g (71%) of BTNA-Br2 as a yellow solid.*H NMR (300 MHz,
CDCl3): & (ppm) 8.90 (d, J = 7.3 Hz, 1H), 8.71 (d, J = 7.3 Hz, 1H), 8.24 (d, J = 8.1 Hz,
1H), 8.13 (d, J = 8.2 Hz, 1H), 7.77 (dd, J = 16.5, 8.2 Hz, 2H), 7.49 (dd, J = 22.0, 8.4
Hz, 2H). 13C NMR (75 MHz, CDCI3): & (ppm) 159.5, 151.6, 145.3, 135.1, 132.7, 132.4,
132.2,132.1, 132.0, 129.8, 128.3, 127.4, 127.2, 127.1, 123.8, 120.2, 113.4, 106.5.

9,12-di(10H-phenothiazin-10-y)-7H-benzol[delbenzo[4,5]imidazo[2,1-alisoquinolin-7-
one (BTNA-PTZ)

The mixture of BTNA-Br2 (0.143 mmol), phenothiazine (0.344 mmol), t-BuONa
(0.57 mmol), Pdz(dba)sz (0.00859 mmol), HP(t-Bu)zBF4 (0.01718 mmol) and 10 mL of
toluene was stirred at 120 °C for 48h under argon atmosphere. After cooling to room-
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temperature the mixture was filtered through celite and washed with dichloromethane.
The residue was purified by column chromatography by gradient of hexane/CH2Cl2
(6:1) to Hexane/CH2Cl2 (3:1) and recrystallized in methanol to give compound BTNA-
PTZ as a yellow solid (44.8%). 'H NMR (300 MHz, CDCIs) &/ppm: 8.86 (dd, J = 7.3,
1.0 Hz, 1H), 8.62 (dd, J = 7.4, 1.1 Hz, 1H), 8.21 (d, J = 8.3 Hz, 1H), 8.10 (d, J=7.4
Hz, 1H), 7.85 — 7.60 (m, 4H), 7.16 — 7.08 (m, 2H), 7.04 (dd, J = 5.9, 3.3 Hz, 2H), 6.91
—6.82 (m, 4H), 6.80 - 6.71 (m, 4H), 6.38 — 6.25 (m, 2H), 6.06 (dd, J = 6.0, 3.4 Hz, 2H).
13C NMR (75 MHz, CDCIs) &/ppm: 166.2, 142.3, 136.6, 133.6, 132.6, 132.0, 131.7,
131.1, 130.9, 130.0, 129.7, 128.9, 128.1, 128.0, 127.9, 127.1, 126.9, 126.3, 124.5,
1245, 123.19, 119.9, 118.1, 117.0. HRMS: m/z calcd for Ca2H2sN4OS2 (M+H)*:
665.1470; found: 665.1459.

General procedure for N-C coupling reaction of 1.4-dibromobenzene and the

donors

The synthesis of these materials followed the procedure described in
literature.'*® The mixture of 1,4(or 1,3)-dibromobenzene (12,56 mmol), respective
donor (6,28 mmol), t-BuONa (31.4 mmol), Pdz(dba)s (0.0628 mmol), P(Ph)s (0.25
mmol) and 30 mL of degassed toluene was stirred at 110 °C for 24h under argon
atmosphere. After cooling to room temperature, the mixture was filtered under celite
and washed with dichloromethane. The residue was purified by column
chromatography using hexane as an eluent. The materials were characterized by H
NMR.

10-(4-bromophenyl)-10H-phenothiazine (PTZ-p-Br)

O

PTZ-p-Br

White pallid solid (79% yield). *H NMR (300 MHz, CDClz) d/ppm: 7.71 (d, J =
8.6 Hz, 2H), 7.26 (dd, J = 6.6, 2.0 Hz, 2H), 7.05 (dd, J = 7.2, 1.9 Hz, 2H), 6.95 - 6.79
(m, 4H), 6.32 — 6.15 (m, 2H).

10-(4-bromophenyl)-10H-phenoxazine (PXZ-p-Br)
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0O

PXZ-p-Br
White pallid solid (70% yield). *H NMR (300 MHz, CDCls) &/ppm: 7.88 (d, J =
8.5 Hz, 2H), 7.31 (dd, J = 6.4, 2.0 Hz, 2H), 7.10 (dd, J = 7.2, 1.9 Hz, 2H), 6.92 — 6.72
(m, 4H), 6.55 — 6.42 (m, 2H).

4-bromo-N,N-diphenylaniline (DPA-p-Br)

v

DPA-p-Br

White solid (71% vyield). *H NMR (300 MHz, CDCI3) &/ppm: 7.35 — 7.22 (m, 6H),
7.11 - 6.99 (m, 6H), 6.98 — 6.90 (M, 2H).

10-(3-bromophenyl)-10H-phenothiazine (PTZ-m-Br)

QO

PTZ-m-Br

White pallid solid (64% vyield). '"H NMR (300 MHz, CDCI3) d/ppm: 7.56 (s, 1H),
7.32 (m, 3H), 7.03 (dd, J = 7.2, 1.9 Hz, 2H), 6.94 — 6.77 (m, 4H), 6.31 — 6.13 (m, 2H).

General procedure for preparation of the Stille reagents (Donor-p,m-SnBus)

The respective Donors-p,m-Br (0.96 mmol) were dissolved in 10 mL of ethyl
ether under an argon atmosphere. The system was cooled down to -78 °C, and n-BuLi
(0.5 mL, 2.5 M in hexanes) was added slowly during 15 min. The mixture was stirred
for 45 min, and CISn(Bu)s (0.36 mL) was added slowly and the mixture was heated to
room-temperature and stirred for 14h. The mixture was filtered through celite and
washed with dichloromethane. The organic solvents were roto-evaporated at 60 °C
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and the yellow pallid liquid obtained was used in the next step in sequence without

further purification.

General procedure for Stille Cross-Coupling Reaction in the BTNA-Brz core
The mixture of BTNA-Brz (0.363 mmol), Donor-p,m-SnBus (0.797 mmol),
Pd[P(Ph)s]a (0.0217 mmol) and 10 mL of degassed toluene was stirred at 110 °C for

48h under argon atmosphere. After cooling to room temperature, the mixture was

filtered under celite and washed with chloroform and ethyl acetate. The residue was
purified by column chromatography with hexane/DCM (1:1 v/v) mixture. The

compounds were crystalized in hexane/DCM (4:1) to give the pure compounds.

9,12-bis(4-(10H-phenothiazin-10-y)phenyl)-7H-benzoldelbenzo[4,5limidazo[2,1-

alisoquinolin-7-one (BTNA-p-PTZ)

SIS e
5oy

Yellow solid (68.8%). *H NMR (300 MHz, CDCIlz) &/ppm: 8.98 (dd, J =7.3, 1.0
Hz, 1H), 8.50 (dd, J = 7.3, 1.1 Hz, 1H), 8.46 — 8.41 (m, 2H), 8.28 (dd, J = 8.1, 0.6 Hz,
1H), 8.17 (d, J = 7.8 Hz, 1H), 7.84 (dt, J = 8.1, 3.8 Hz, 2H), 7.78 (dd, J = 8.0, 7.5 Hz,
1H), 7.72 — 7.65 (m, 3H), 7.60 (d, J = 8.5 Hz, 2H), 7.51 — 7.46 (m, 2H), 7.08 (td, J =
7.2, 1.6 Hz, 4H), 7.02 — 6.93 (m, 4H), 6.87 (td, J = 7.4, 1.3 Hz, 4H), 6.53 (td, J = 8.0,
1.2 Hz, 4H). 3C NMR (75 MHz, Tetrachloroethane-d2) & 158.62, 150.36, 143.91,
143.57, 142.29, 141.34, 141.23, 140.12, 138.78, 136.33, 134.42, 132.29, 131.51,
131.34, 130.85, 130.23, 130.06, 130.00, 129.46, 129.13, 128.87, 127.70, 127.01,
126.62, 126.18, 124.84, 123.25, 122.35, 121.97, 120.62, 120.45, 119.78, 119.00,
116.67, 115.71. HRMS: m/z calcd for Cs4H33sN4OS2 (M+H)*: 817.2096; found:
817.2092.

9,12-bis(4-(10H-phenoxazin-10-yl)pheny)-7H-benzoldelbenzo[4,5]imidazo[2,1-
alisoquinolin-7-one (BTNA-p-PXZ)

Welisson de Pontes Silva



79

L)

BnBsf
O e O

Yellow-orange solid (70.8%). 'H NMR (300 MHz, CDCI3) 6 8.97 (dd, J=7.3, 1.0
Hz, 1H), 8.50 (dd, J = 7.3, 1.1 Hz, 1H), 8.46 — 8.40 (m, 2H), 8.27 (dd, J = 8.3, 0.9 Hz,
1H), 8.20 — 8.14 (m, 1H), 7.87 — 7.75 (m, 3H), 7.71 — 7.62 (m, 3H), 7.58 — 7.53 (M,
2H), 7.46 — 7.41 (m, 2H), 6.77 — 6.66 (m, 12H), 6.29 — 6.24 (m, 2H), 6.21 — 6.15 (m,
2H). 13C NMR (75 MHz, C2D2Cls) 160.57, 152.33, 151.91, 144.12, 139.04, 136.44,
136.42, 135.82, 133.68, 133.41, 133.38, 132.84, 132.42, 131.92, 131.11, 130.85,
129.59, 128.98, 128.50, 128.47, 126.89, 125.09, 125.01, 122.31, 122.26, 115.07,
115.06, 115.03, 115.01, 115.00, 114.98, 114.94, 114.88, 109.98. HRMS: m/z calcd for
Cs4H32N4O3 (M+H)*: 784.2474; found: 784.2470.

9,12-bis(4-(diphenylamine)phenyl)-7H-benzo[de]benzo[4,5]imidazo[2,1-alisoquinolin-

7-one (BTNA-p-DPA)

QMQ

@ BTNA-p-DPA @
Yellow solid (63.6%). *H NMR (300 MHz, CDCl3) 8 8.89 (d, J = 7.3 Hz, 1H), 8.56
(d, J=7.2 Hz, 1H), 8.24 (d, J = 8.1 Hz, 1H), 8.10 (dd, J = 12.0, 8.5 Hz, 3H), 7.78 (td, J
=7.8,4.1 Hz, 2H), 7.68 (d, J = 7.9 Hz, 1H), 7.51 (d, J = 7.9 Hz, 1H), 7.33 (dd, J = 8.5,
1.4 Hz, 8H), 7.29 — 7.21 (m, 12H), 7.18 (d, J = 8.4 Hz, 2H), 7.06 (dd, J = 14.8, 7.4 Hz,
4H). 13C NMR (75 MHz, CDCls) & 159.00, 150.42, 148.00, 147.78, 147.41, 146.42,
142.70, 136.72, 134.43, 132.09, 131.63, 131.26, 131.01, 130.38, 129.29, 129.21,
129.10, 128.44, 127.29, 126.85, 124.84, 124.75, 124.25, 123.36, 123.32, 123.00,
122.61, 121.42. HRMS: m/z calcd for CsaH37N4O (M+H)*: 757.2967; found: 757.2966.
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9,12-bis(3-(10H-phenothiazin-10-y)phenyl)-7H-benzo[delbenzo[4,5]imidazo[2,1-
alisoquinolin-7-one (BTNA-m-PTZ)

S £

BTNA-m-PTZ j/ @

Yellow solid (61.6%). *H NMR (300 MHz, CDCIs) & 8.76 (dd, J = 7.3, 1.1 Hz,
1H), 8.45 (dd, J = 7.3, 1.1 Hz, 1H), 8.31 (t, J = 1.8 Hz, 1H), 8.25 - 8.18 (m, 2H), 8.14
—8.06 (m, 1H), 7.82 — 7.73 (m, 4H), 7.72 — 7.66 (m, 2H), 7.59 (d, J = 7.9 Hz, 1H), 7.50
—7.43 (m, 2H), 7.34 (t, J = 1.6 Hz, 1H), 7.08 (dd, J = 7.4, 1.6 Hz, 2H), 6.98 — 6.85 (m,
8H), 6.76 (td, J=7.4, 1.2 Hz, 2H), 6.61 (dd, J =8.1, 1.2 Hz, 2H), 6.49 (dd, J =8.2,1.1
Hz, 2H). HRMS: m/z calcd for Cs4H33N4OS2 (M+H)*: 817.2070; found: 817.2096.
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6. New D-A-A-D compounds derived from flexible/rigid
diguinoxalines/phenazines: design, synthesis,

photophysical and electrochemical properties

In this chapter it will be demonstrated the design and synthesis of nine new compounds
derived from diquinoxalines and bisphenazines as acceptor cores. The molecules were
designed in an unusual D2>-A-A-D> structure, where different donor moieties were
attached via Pd-catalyzed C—-N cross-coupling reactions. These functional materials
were synthesized aiming at optoelectronics applications, such as TADF emitters.
Additionally, it will be demonstrated the electrochemical and photophysical behavior.
In this chapter the author was responsible for all molecular design, synthesis, structural
characterizations (NMRs), and partially for the electrochemical and photophysical

investigations.

6.1 Introduction

Quinoxalines are important materials that present a high conjugation degree,
good charge carriers transport and high electron-acceptor character.'1° Derivatives
based on quinoxalines are largely applied in strategies to obtain great photo emissive
materials. The presence of the nitrogen atoms in the aromatic system increases the
electron-acceptor properties, additionally they can be modulated by the number of
qguinoxaline rings in the molecular structure. Diquinoxalines are largely investigated as
an emissive layer in OLEDs. Quinoxaline derivatives that present TADF and RTP
properties were already reported, and OLEDs with a great external quantum efficiency
were constructed.56:71-74

Quinoxalines can be obtained in very good yields by dehydration reactions
between ortho-diamino compounds and aromatic dicarbonyl compounds. The
presence of two atoms of nitrogen in this core helps in the spin-orbit coupling that is
related to the rate of the RISC.?3°558 Therewith the design of TADF based materials
can be made using different quinoxalines. Diquinoxalines exhibiting TADF properties
were already published but not those derived from 3,3’-diaminobenzidine, which opens
a new pool of molecules for investigation. The non-planarity in the DQ-Br core induces
different behavior in photophysical properties considering the possible conformations

in these systems.
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In this way, it was proposed the design and synthesis of a new class of
unrealized diquinoxaline derivatives where it is possible to connect four donor units by
N-C coupling. The materials are great candidates to present TADF properties due to
the large separation between the donor units and the acceptor core. The Figure 6.1

shows the molecules discussed in this chapter.
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Figure 6.1. Molecular structures of compounds derived from conjugated diquinoxalines (DQ-
donors) and bisphenazines (NQ-p-PTZ and NQ-m-PTZ).

6.2 Molecular design and synthesis

Herein, we designed and synthesized a new series of compounds based on
diquinoxaline (DQ core) or bidibenzo[a,c]phenazine (NQ core) as acceptors and
different donor moieties. The flexible diquinoxaline allows the free rotation of the phenyl
spacer between the acceptor and the donor moieties. On the other hand, the rigid core
bidibenzo[a,c]phenazine, did not present a phenyl spacer between the donor and
acceptor system. These characteristics make it possible to obtain different
photophysical behavior by the control of arrangement in the molecular structures.

The synthetic route to obtain the key intermediate acceptor cores with flexible
diquinoxaline (DQ-Br) and rigid bisphenazines with bromine in para position (NQ-p-
Br) and in meta position (NQ-m-Br) are shown in Scheme 6.1. DQ-Br was synthesized
by condensation reaction of 4,4'-dibromobenzil and 3,3'-diaminobenzidine under reflux
in acetic acid in good yield. The rigid bisphenazines with bromine in para (NQ-p-Br)
and meta (NQ-m-Br) positions were synthesized in a similar way. The dibrominated
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dicarbonyl compounds were synthesized from phenanthrene-9,10-dione using two
different bromination procedures already described in the literature. To obtain 3,6-
dibromophenanthrene-9,10-dione (3,6-diBr-ph) with bromine in para position,
molecular bromine in nitrotoluene under reflux was used,’? and for 2,7-
dibromophenanthrene-9,10-dione (2,7-diBr-ph) with bromine in meta position, N-
bromosuccinimide (NBS) in sulfuric acid at room-temperature was used.*?! These two
procedures are different due to the mechanisms involved. In the first one (3,6-diBr-ph),
the bromination mechanism reaction occurs via bromonium ion, which promotes the
bromination in the most activated positions of the aromatic ring (para positions in
relation to the carbonyl group) and in the second one (2,7-diBr-ph), the reaction occurs
via radical mechanism which promotes bromination in less activated regions in the

aromatic ring (meta positions in relation to the carbonyl group).

Br O > Q

AcOH, 120 °C, 24h O DQ-Br

(68%)
Br Br Br

9 NH
i 0 Q O : v
: w3 o
e s N=
PhNO, O >

NQ-p-Br

O reflux, 24h AcOH, 120 °C, 48h O " O
(52%)

B
(89%) Br Br

O pm :
-
o s A o )
e alint
H,S0,
O vt 240 AcOH, 120 °C, 48h O

Scheme 6.1. Synthetic route to obtain the tetrabrominated cores DQ-Br, NQ-p-Br and NQ-m-
Br.

(71/)

The next step was based on a nitrogen-carbon coupling reaction catalyzed by
palladium as shown in Scheme 6.2. The reactions were performed with degassed
toluene as a solvent using different donor units (phenothiazine, phenoxazine,
diphenylamine, azepine and acridine derivatives) to obtain the final compounds DQ-
PTZ, DQ-PXZ, DQ-DPA, DQ-DDA, DQ-IMD, DQ-DMAC and DQ-DPAC in moderate
to good yields after purification by chromatography column and precipitation in
methanol. The donors were used in excess to ensure the N-C coupling in all four
positions of the acceptor core. The palladium catalyst (Pdzdbas) was used in a ratio of
8 mol% and the phosphine ligand in 16 mol% following typical procedures of Buchwald-

Hartwig cross-coupling reaction. The final molecules were characterized by *H and 13C
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NMR and by High-Resolution Mass Spectrometry and all the characterization details

are compiled in the experimental section and the spectra in the appendix section.

4.4 eq. Donor
_ Br t BuONa
sz(dba)3 (8 mol %)
HP(t-Bu);BF, (16 mol %)
DQ-Br Toluene

110 °C, 24-48h, Ar

DQQQDQQQ&&:&

PTZ DMAC DPAC

Scheme 6.2. Synthetic route to obtain the DQ-Donors.

For the bisphenazine acceptors NQ-p-Br and NQ-m-Br, phenothiazine was
used as donor units with similar to DQ-Donors series experimental procedures of the
N-C coupling reaction obtaining the final NQ-p-PTZ and NQ-m-PTZ in moderate yields

after purification by chromatography column (Scheme 6.3).

Br 4.4 eq. Donor
t-BuONa

Pdy(dba);z (8 mol %)
HP(t-Bu);BF, (16 mol %)
Toluene
110 °C, 48h, Ar

4.4 eq. Donor
t-BuONa

Pd,(dba); (8 mol %)
HP(t-Bu);BF, (16 mol %)
Toluene

110 °C, 48h, Ar NQ-m-PTZ

Scheme 6.3. Synthetic route to obtain the NQ-p-PTZ and NQ-m-PTZ.

As an example of characterization of this series of materials, the Figure 6.2
shows the *H NMR spectrum of the compound DQ-PTZ. We can observe around 8.8-
8.3 ppm three signals referring to the six hydrogens from diquinoxaline core. The para
substituted system also can be observed at 7.75 and 7.39 ppm, referring to the
hydrogens close to the diquinoxaline and the nitrogen from phenothiazine,
respectively. To confirm the success in the reaction we attempted to the characteristics
signals from phenothiazine at 7.12, 6.88 and 6.34 ppm. Also, we observe the integral
values that are consistent with the four units of phenothiazine coupled.
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Figure 6.2. *H NMR (600 MHz) spectrum of the aromatic region for DQ-PTZ in DMSO-ds.

6.3 Electrochemical characterizations

The electrochemical properties of the DQ-donors and NQ-donors were

investigated by cyclic voltammetry (CV) to estimate the HOMO and LUMO energy

levels. The estimated ionization potential (IP) and electron affinity (EA) (from onset

oxidation (Eox) and reduction (Ered) potentials), are correlated with the HOMO (Enomo)

and LUMO (ELumo) energy levels, respectively, using the following equations: Exomo =

-(Eox + 5.1); ELumo = -(Ered + 5.1).7 The results are summarized in Table 6.1 and the

voltammograms are compiled in Figure 6.3 and Figure 6.4.

Table 6.1. HOMO and LUMO energy levels estimated from CV measurements of DQ-Donors

and NQ-Donors.

Compound

DQ-PXZ
DQ-DPA
DQ-IMD
DQ-DDA

DQ-DMAC

DQ-DPAC
DQ-PTZ

NQ-p-PTZ

NQ-m-PTZ

Cyclic Voltammetry? ‘

HOMO (eV)

-5.39
-5.40
-5.82
-5.65
-5.68
-5.91
-5.35
-5.41
-5.31

LUMO (eV) E, (eV)
-3.32 2.07
-3.15 2.25
-3.34 2.48
-3.32 2.33
-3.54 2.14
-3.65 2.26
-3.32 2.03
-3.63 1.78
-3.56 1.75

a Measurements were performed for 1 mM solutions of investigated compounds in the presence of
100 mM tetrabutylammonium tetrafluoroborate and calibrated using ferrocene/ferrocenium redox

couple.
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The electrochemical properties of DQ-PTZ, NQ-p-PTZ and NQ-m-PTZ were
investigated by CV and are shown in Figure 6.3a. The compounds exhibited reversible
two-step reduction (®4Eonset = =1.78 V for DQ-PTZ; -1.47 V for NQ-p-PTZ; -1.54 V
for NQ-m-PTZ vs Fc/Fc?, ®%2Egnset = -1.98 V for DQ-PTZ; -1.66 V for NQ-p-PTZ; -
1.74 V for NQ-m-PTZ vs Fc/Fc*) according to the two quinoxaline or phenazine units
and one step oxidation process (**Eonset = +0.26 V for DQ-PTZ; +0.30 V for NQ-p-PTZ;
+0.20 V for NQ-m-PTZ vs Fc/Fc*), indicating their high electrochemical stabilities
suitable for carrier injection/transportation in optoelectronic materials. The HOMO and
LUMO were estimated by the oxidation potential and the first reduction potential,
respectively. The HOMO-LUMO energy gap (Eg) for DQ-PTZ (2.03 eV) was higher
than for NQ-p-PTZ (1.78 eV) and NQ-m-PTZ (1.75 eV). The compound DQ-PXZ
showed a similar profile in the CV, displaying reversible two-step reduction (4 Egnset =
-1.78 V; ™%Eset = -1.97 V vs Fc/Fc*) and one-step reversible oxidation process
(**Eonset = +0.29 V for DQ-PTZ vs Fc/Fc*). In Figure 6.3b, we observe that DQ-PXZ
displayed the estimated HOMO energy (-5.39 eV) a little lower than DQ-PTZ (-5.35
eV), as expected due to stronger electron-donating character of phenothiazine. The
compounds DQ-DDA and DQ-IMD showed more irreversible character in the reduction
and oxidation process. The estimated LUMO energy was very similar for both
compounds (-3.32 eV for DQ-DDA and -3.34 eV for DQ-IMD), while the estimated
HOMO energy was higher for DQ-DDA (-5.65 eV) than for DQ-IMD (-5.82 eV),
indicating the higher electro-donation character for DDA.
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Figure 6.3. Cyclic voltammograms of a single scan of 1 mM of compounds a) DQ-PTZ, NQ-p-
PTZ and NQ-m-PTZ; b) DQ-PXZ, DQ-DPA, DQ-IMD and DQ-DDA; in DCM containing 0.1 M
BusNBF, as electrolyte. Pt disk as working, Pt wire as counter and Ag/AgCl as reference
electrode, at 50 mv s scan rate.

The CV curves for the compounds DQ-DPA, DQ-DMAC and DQ-DPAC are
shown in Figure 6.4. DQ-DPA showed more irreversible character of the reduction
process with estimated LUMO energy of -3.15 eV. While the compounds DQ-DMAC
and DQ-DPAC, display more reversible character with estimated LUMO energies of -
3.54 eV and -3.65 eV, respectively. For the first oxidation potentials it was possible to
estimate the HOMO energies, where DPA showed first oxidation at lower potentials
than DMAC and DPAC.
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Figure 6.4. Cyclic voltammetry of 1mM of a) DQ-DMAC and b) DQ-DPAC in DCM BusNBF4
(0.1 M) electrolyte with different potential boundaries. First cycle monomer in (blue line);

Electropolymerization in red and the electrochemically obtained polymer as last cycle in black.

These compounds additionally showed electrochemical polymerization process
when we increment the number of cycles in CV measurements, where it can be noticed
in the second and following scans the emergence of new peaks at lower potentials. The
presence of new peaks is an indicative of electrochemical reactions forming new species
in the electrochemical cell. If we compare the oxidation potentials of monomer and the
formed species, we observe the lower oxidation potential, that indicates a higher
conjugation degree of the formed polymer in relation to the monomers. Also, the increases
in current during the additional scans suggest the electrodeposition of the materials in the

electrode’s surface.

6.4 Photophysical analyses

The absorption spectra (UV-Vis) in diluted dichloromethane (DCM) solutions are
shown in Figure 6.5 and the data are summarized in Table 6.2. The profile of the
absorption spectra differs for the compounds depending on the donor group attached.
We can observe strong absorption bands in 260-350 nm, that can be signed to the
TT—TT* transitions in the donor-acceptor structures.??123 Lower intense broad bands
can be observed from 360 to 550 nm and can be attributed to a CT transition from the
donor units to the acceptor.’®8! For the molecules with more conjugation degree in the
D2-A-A-D2 systems (DQ-DDA, DQ-IMD, DQ-DPA) the CT bands are more evident
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contributing to a higher HOMO-LUMO overlap. On the other hand, for the compounds
DQ-DMAC, DQ-DPAC, DQ-PXZ, DQ-PTZ, NQ-p-PTZ and NQ-m-PTZ these side CT
bands are less intense and attributed to more twisted conformation with minimum
HOMO-LUMO overlap. DQ-DMAC and DQ-DPAC present very similar profiles in the
spectra with CT bands around 450 nm. While NQ-p-PTZ and NQ-m-PTZ present more
intense CT bands around 425 nm.

——DQ-DDA
o ——DQ-IMD
T ——DQ-DPA
I ——DQ-PXZ
T (g DQ-PTZ
g DQ-DMAC
= DQ-DPAC
E; 0.6 Y — NQ-m-PTZ
Q ——NQ-p-PTZ
g
o 0.4
w
o
<
0.2
0.0 S e

T T T T T T T
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 6.5. Absorption spectra (left) of DQ-NQ-donors compounds in DCM solutions 0.01 mM

and photoluminescence spectra (right) of DQ-NQ-donors compounds in toluene 0.01 mM.

Figure 6.6 shows the contribution of photoluminescence (PL) for the
compounds DQ-NQ-donors in the solvatochromism studies from less polar to more
polar solvents: methylcyclohexane (MCH), toluene (TOL), tetrahydrofuran (THF),
dichloromethane (DCM) and acetonitrile (ACN). The emitters exhibit a wide range of
accessible colors from blue to orange-red bands in PL spectra, depending on the

donors attached and the polarities of the solvents.
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Figure 6.6. Solvatochromism of DQ-NQ-donors in methylcyclohexane (MCH), toluene (TOL),
tetrahydrofuran (THF), dichloromethane (DCM) and acetonitriie (ACN) at 0.01 mM

concentrations at room-temperature.

For the compounds DQ-DPA, DQ-DDA and DQ-IMD we observe a clear redshift
from MCH to ACN, ranging from green to orange (ApL= 470-600 nm), indicating the
strong CT character of S: states that are sensible to solvents polarities being
stabilized in more polar solvents. DQ-PXZ showed different behavior in less polar and
more polar solvents. From MCH (ApLimcHy= 521nm) to TOL (ApLron= 594 nm) we
observe clear redshift in PL spectra, that is consistent with stabilization of !CT states.
In contrast to the more polar THF (ApLcrHr= 434 nm) where we observe a blue shift,
that can be attributed to aggregation effects by restriction of intramolecular motion in
more polar solvents. DQ-DMAC and DQ-DPAC showed a redshift from MCH to DCM
ranging from green to orange-red (530-650 nm), suggesting the stabilization of 'CT
states. These compounds were not emissive in ACN indicating the quenching of CT
states in very polar solvents. Additionally, we observe a redshift in the solvatochromism
for DQ-PTZ from MCH (ApLvcH)= 555 nm) to ACN (ArLacny= 618 nm). While for the
compounds NQ-p-PTZ and NQ-m-PTZ the emission was quenched in more polar

solvents. But we still can observe a redshift from MCH to TOL. The difference between
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diquinoxaline (DQ) and bisphenazine (NQ) can be observed if we compare the
emission in toluene, being redshifted from DQ-PTZ (ApLroy= 606 nm) to NQ-p-PTZ

(ApLcToL)= 667 Nm), indicating the more twisted donor attached to the acceptor core.

Table 6.2. Summary of photophysical characteristics of the studied DQ-donors and NQ-

donors.
)\Em AEm )\Em AEm )\Em
Compounds Agbs{?m a [Nm] [nm] [nm] [nm] [nm] PLQY Increase® PLQY X
[EM0*Mtem™ (%) Increase
MCH  TOL THF DCM ACN
257, [121], 7.7°%
DQ-PTZ 378 [11.6], 555 606 600 606 618 9.3% 1.93 14.9°
421 [6.09] 34¢
263 [26.4],
270[27.1], 17.7"
DQ-PXZ 289 [19.5], 521 594 434 463 463 9.6°, 2.03 35.9°
328[13.1], 36.5¢
375 [12.4]
263[23.9],
269 [23.9], 59.9";
DQ-DPA 305 [26.4], 473 497 536 557 575 17.6° 1.09 65.3"
334 [20.1], 32.49
440 [16.6]
262 [31.6],
269 [29.0], 8.1% b
DQ-IMD 287 E21-3%, 525 543 554 557 579 1430 1.16 9.4
420 [23.8]
262 [33.4],
268 [29.3], . .
DQ-DDA 313[14.7] 508 542 561 566 584 245 1.28 31.4
429 [27.3]
262 [22.4],
269 [23.4],
284 [23.8], ) .
DQ-DMAC 325 [37.7]. 539 593 629 651 - 6.1 2.04 12.4
357 [11.6],
450 [2.97]
293 [25.8],
326 [49.7], . .
DQ-DPAC 358 [13.8] 527 559 604 630 5 14.7 1.52 22.3
444 [4.35]
259 [46.4],
NQ-p-PTZ 222 ﬁ?:g%: 587 667 - - - 9.0° 2.24 20.1°
467 [6.37]
258 [75.6],
NQ-m-PTZ 306 [28.7], 610 656 5 = 5 2.4b 3.21 7.68°
423 [19.0]

2jn DCM 0.01 mM; P in toluene 0.01 mM:; ¢ in zeonex matrix; ¢ in CBP matrix.

To investigate the possibility of TADF behavior, measurements were realized in
air-equilibrated and vacuum conditions in order to observe if oxygen is quenching
excited triplet states.?* Figure 6.7 shows the PL spectra in the air conditions (black
lines) and in vacuum conditions (red lines). We observe an increase in PL intensity in
vacuum conditions for all compounds. This behavior indicates that excited triplet states
are involved in the mechanism of light emission, and are quenched by oxygen.?®> The
remotion of oxygen from the system allows efficient RISC process that support TADF
properties. The compounds DQ-DPA, DQ-DDA and DQ-IMD showed smaller PL
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increases in comparison with the other compounds, varying from 1.09x, 1.16x and
1.28x, respectively. This suggests that weaker electron donors attached in the
diquinoxaline cause small contribution of delayed fluorescence. Otherwise, the
compounds with donors with more electron-donating ability implies in the increase of
PL intensity in vacuum conditions, up to 3.2x for NQ-m-PTZ. NQ-p-PTZ and DQ-PTZ
display an increase in the PL intensity up to 2.2x and 1.9x, suggesting that the
bisphenazine core (NQ) implies more contribution of delayed fluorescence. DQ-PXZ
and DQ-DMAC showed an increment in PL intensity up to 2x, which demonstrates their

good usability as electron donors in TADF design.

a b - c
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Figure 6.7. Photoluminescence (PL) spectra of DQ-donors in toluene solutions under air
conditions (black line) and under vacuum conditions (red line). For NQ-p-PTZ and NQ-m-PTZ,

in 1% of the compounds in zeonex matrix.

6.5 Conclusions

This chapter described the design and successful synthesis of one new series
of D2-A-A-D2 based molecules presenting conjugated diquinoxaline and bisphenazine
as acceptor cores. The different donor moieties were attached via N-C Buchwald-
Hartwig cross-coupling reactions obtaining good vyields varying from 46- 70%

depending on the donor attached. All the structural characterizations were realized by
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NMR spectroscopy and by high-resolution mass spectrometry for some final
molecules. The electrochemical properties were investigated by cyclic voltammetry,
displaying good electrochemical stability in the applied voltage range. The compounds
DQ-DMAC, DQ-DPAC and DQ-DPA showed electropolymerization properties, which
make them interesting candidates to electrochromic windows applications. The
photophysical investigations give a good understanding about how the structural
modifications influences photophysical properties, leading the control of emission
wavelength (473 to 667 nm) by the donor and solvent polarities variation. The materials
showed mainly !CT emission nature analyzed by solvatochromism measurements.
The DQ core proved to be very interesting to be investigated due to versatility in the
attachment of different donor moieties by N-C coupling reactions. The NQ and DQ
cores were compared using phenothiazine as donors, showing that more rigid
bisphenazine core induces more redshifted emission in relation to flexible
diquinoxaline core. On the other hand, the DQ derivatives presented more solubility in
common organic solvents, being good candidates to solution-processed techniques.
All materials showed good to moderate PLQYs, and an increase in the PL intensity
under vacuum conditions, suggesting TADF properties. In this way these
multifunctional materials are excellent candidates to be applied in the field of

optoelectronics, mainly as TADF-based OLEDs devices.

6.6 Synthetic details

2,2' 3,3'-Tetrakis(4-bromophenyl)-6,6'-biquinoxaline (DQ-Br)

3,3'-diaminobenzidine (0.30 g, 1.3 mmol) and 4,4'-dibromobenzil (1.00 g, 2.72
mmol) were uniformly mixed in 30 mL of glacial acetic acid under argon atmosphere.
The mixture was heated at 120 °C for 24h with stirring. Then, the mixed solution was
poured into distilled water and the gray precipitate was collected by filtration, washed
several times with water, and dried in a vacuum. The solid was dissolved in 200 mL of
chloroform and washed two times with sodium hydroxide solution (1 M), brine and
distilled water. The organic layer was dried with MgSO4 and evaporated. The solid
obtained was crystallized in acetone/methanol to obtain DQ-Br in 68% yield as a gray
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solid. 'H NMR (300 MHz, CDCla) &/ppm: 8.57 (d, J = 1.9 Hz, 12H), 8.31 (d, J = 8.8 Hz,
2H), 8.25 (dd, J = 8.8, 2.0 Hz, 2H), 7.54 (d, J = 8.6 Hz, 4H), 7.45 (d, J = 8.4 Hz, 4H).

3,3',6,6'-tetrabromo-11,11'-bidibenzola,clphenazine (NO-p-Br)

For this compound a similar procedure as for DQ-Br was used, but the substrate
was changed for 3,6-dibromophenanthrene-9,10-dione. The mixture was reacted for
48h being monitored by TLC. The compound was obtained as pale-yellow solid
insoluble in the most common organic solvents in 52% of yield. *H NMR (400 MHz,
C2D2Cls) 6 7.64 (d, J =1.2 Hz, 4H), 7.47 (dt, J = 7.9, 4.5 Hz, 12H), 7.25 - 7.23 (m, 2H).

3,3',6,6'-tetrabromo-11,11'-bidibenzola,clphenazine (NO-m-Br)

Br, Br
=
O aY,

() a®

Br Br

NQ-m-Br

For this compound a similar procedure as for DQ-Br was used, but the substrate
was changed for 2,7-dibromophenanthrene-9,10-dione. The mixture was reacted for
48h being checked by TLC and the time reaction was increased to 48h. The compound
was obtained as green-yellow solid insoluble in the most common organic solvents in
41% yield.

General procedure for N-C coupling in the DQ-Br or NQ-Br core.

The mixture of DQ-Br or NQ-Br (0.227 mmol), the respective donor (1.138
mmol), t-BuONa (1.57 mmol), Pd2(dba)s (0.027 mmol), HP(t-Bu)sBF4 (0.054 mmol) and
25 mL of toluene was stirred at 110 °C for 48h under argon atmosphere. The progress
of the reaction was monitored by TLC to ensure the total consumption of the core. The
hot mixture was filtered through celite and washed with dichloromethane and ethyl
acetate. The residue was purified by column chromatography by gradient of pure
chloroform and chloroform /ethyl acetate (3:1) as eluent. Compounds were crystallized

in methanol to give the pure materials.
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10,10',10",10"'-([6,6'-biquinoxaline]-2,2',3,3'-tetrayltetrakis(benzene-4,1-
diyl)tetrakis(10H-phenothiazine) (DQ-PTZ)

= o OO o
@ Sl
8 O-

Yellow solid (61% of yield). *H NMR (600 MHz, DMSO-ds) & 8.74 (d, J = 2.0 Hz,
2H), 8.55 (dd, J = 8.8, 2.0 Hz, 2H), 8.36 (d, J = 8.7 Hz, 2H), 7.75 (dd, J = 8.3, 6.1 Hz,
8H), 7.39 (t, J = 7.9 Hz, 8H), 7.17 — 7.07 (m, 8H), 6.92 — 6.80 (m, 16H), 6.34 (ddd, J =
7.7,4.7, 2.0 Hz, 8H).*H NMR (300 MHz, tetracloroethane-d> + DMSO-ds) &/ppm: 8.71
(s, 2H), 8.51 (dd, J = 8.2, 0.6 Hz, 2H), 8.33 (d, J = 8.8 Hz, 2H), 7.71 (dd, J = 7.9, 2.8
Hz, 8H), 7.36 (dd, J = 8.1, 3.5 Hz, 8H), 7.14 (dd, J = 4.4, 3.8 Hz, 8H), 6.92 — 6.82 (m,
16H), 6.39 — 6.30 (m, 4H). 3C NMR (75 MHz, CDCls) d/ppm: 155.4, 153.9, 142.9,
142.7, 141.7, 141.2, 140.2, 137.9, 132.9, 132.6, 130.9, 130.4, 130.1, 126.8, 122.4,

121.7, 113.6, 112.1. HRMS: m/z calcd for CssHssNsSa (M+H)™: 1351.4372; found:
1351.4207.

10,10',10",10"-(J11,11'-bidibenzola,clphenazine]-3.3',6,6'-tetrayl)tetrakis(10H-
phenothiazine) (NQ-p-PTZ2)

O NQ-p-PTZ @
o &
Red solid (48% of yield). H NMR (300 MHz, CD2Cl2) 5 9.62 (t, J = 8.4 Hz, 4H),
8.87 (d, J = 1.7 Hz, 2H), 8.54 (d, J = 8.8 Hz, 2H), 8.48 (dd, J = 8.9, 1.9 Hz, 2H), 8.42
(s, 4H), 7.80 (ddd, J = 8.6, 4.6, 1.9 Hz, 4H), 7.16 (dd, J = 6.9, 2.2 Hz, 8H), 6.96 (dq, J
= 7.3, 5.6 Hz, 16H), 6.66 — 6.57 (m, 8H). 13C NMR (75 MHz, cdcls) & 145.12, 143.92,

143.87, 143.52, 142.45, 140.17, 135.41, 134.38, 133.33, 131.78, 131.29, 130.60,
130.30, 129.14, 128.66, 124.89, 123.84, 121.76, 119.34.

10,10',10",10"-([11,11'-bidibenzo|a,clphenazine]-2,2',7,7'-tetrayDNtetrakis(10H-
phenothiazine) (NQ-m-PTZ2)
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NQ-m-PTZ

Red solid (39% of yield). 'H NMR (300 MHz, CDCls) & 9.67 (dd, J = 8.6, 3.2 Hz,
4H), 8.90 (d, J = 1.8 Hz, 2H), 8.60 — 8.54 (m, 2H), 8.52 — 8.44 (m, 6H), 7.85 — 7.79 (m,
4H), 7.19 — 7.09 (m, 8H), 6.97 — 6.87 (m, 16H), 6.51 (dd, J = 7.2, 2.1 Hz, 8H).

10,10',10",10"'-([6,6'-biquinoxaline]-2,2' 3,3'-tetrayltetrakis(benzene-4,1-
diy)tetrakis(10H-phenoxazine) (DQ-PXZ)

= aSadavy Sy =

@ O DQ-PXZ @
Yellow solid (70% of yield). *H NMR (300 MHz, CDCIs) & 8.70 (d, J = 1.7 Hz,
1H), 8.43 (d, J = 8.7 Hz, 1H), 8.35 (dd, J = 8.8, 1.9 Hz, 1H), 7.84 (d, J = 8.1 Hz, 4H),
7.47 — 7.38 (m, 4H), 6.73 = 6.61 (m, 8H), 6.53 (td, J = 7.7, 1.6 Hz, 4H), 5.98 (d, J = 7.7

Hz, 4H). 3C NMR (75 MHz, CDCls) &/ppm: 153.4, 152.9, 143.9, 141.7, 141.7, 141.2,
140.2, 138.9, 133.9, 132.6, 130.9, 130.2, 130.1, 127.7, 123.4, 121.7, 115.6, 113.2.

4,4'4".4"-([6,6"-biquinoxaline]-2,2',3,3'-tetrayl)tetrakis(N,N-diphenylaniline) (DQ-DPA)

Yellow solid (55% of yield). *H NMR (300 MHz, CDClz) &/ppm: 8.53 (d, J =1.9
Hz, 2H), 8.25 (d, J = 8.7 Hz, 2H), 8.17 (dd, J = 9.1, 1.5 Hz, 2H), 7.49 (d, J = 8.8 Hz,
8H), 7.34 — 7.26 (m, 16H), 7.18 — 7.12 (m, 16H), 7.11 — 7.02 (m, 16H). 3C NMR (75
MHz, CDCls) &/ppm: 153.81, 153.37, 148.67, 147.30, 141.32, 140.91, 140.80, 132.42,
130.83, 129.70, 129.39, 129.09, 127.19, 125.05, 123.53, 122.11. HRMS: m/z calcd for
CssHssNs (M+H)*: 1331.5156; found: 1351.4207.
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5,5' 5" 5"-([6,6'-biguinoxaline]-2,2',3,3'-tetrayltetrakis(benzene-4,1-diy|))tetrakis(5H-
dibenzolb,flazepine) (DOQ-IMD)

A (A

Orange solid (52% of yield). *H NMR (300 MHz, CDCl3z) 6 8.26 (dd, J=7.9, 3.1
Hz, 3H), 8.13 (d, J = 7.0 Hz, 1H), 8.08 (d, J = 8.2 Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H),
7.67 (d, J = 7.9 Hz, 4H), 7.63 — 7.38 (m, 36H), 7.19 (dd, J = 4.3, 3.1 Hz, 4H), 6.95 (d,
J = 3.5 Hz, 4H), 6.84 (s, 4H), 6.68 — 6.58 (M, 4H). 13C NMR (75 MHz, CDCl3) 5 154.49,
152.54, 152.30, 148.30, 147.78, 145.06, 144.53, 143.60, 143.42, 141.75, 141.64,
140.72, 139.99, 138.96, 138.84, 136.08, 135.98, 135.92, 135.86, 130.76, 130.74,
130.61, 130.57, 130.39, 130.30, 130.22, 129.70, 129.62, 129.07, 128.98, 128.04,
127.90, 127.70, 127.65, 127.46, 127.41, 125.73, 125.45, 123.89, 123.67, 121.83,
121.70, 121.19, 120.65, 120.44, 115.08, 114.27, 111.77, 111.34.

5,5' 5" 5"-([6,6'-biquinoxaline]-2,2',3,3'-tetrayltetrakis(benzene-4,1-diy))tetrakis
(10,11-dihydro-5H-dibenzolb,flazepine) (DQ-DDA)

Yellow solid (44% of yield). 1H NMR (300 MHz, CD2Cl2) & 8.62 (dd, J = 9.5, 3.1
Hz, 2H), 8.32 (dd, J = 6.0, 1.6 Hz, 1H), 8.26 — 8.16 (m, 2H), 8.08 (d, J = 8.1 Hz, 1H),
7.63 — 7.47 (m, 11H), 7.46 — 7.30 (m, 34H), 7.23 (dd, J = 17.5, 8.1 Hz, 3H), 3.22 (s,
8H), 3.12 (s, 8H). 13C NMR (75 MHz, CDCls)  152.70, 148.31, 147.70, 145.57, 145.46,
145.33, 144.81, 143.76, 142.20, 142.14, 140.59, 139.28, 137.96, 137.91, 137.27,
136.40, 131.49, 131.37, 131.15, 131.11, 129.25, 129.18, 128.41, 128.38, 128.07,
128.02, 127.81, 127.69, 127.59, 127.54, 127.48, 125.94, 125.72, 124.17, 121.87,
121.40, 121.18, 114.71, 113.98, 30.84, 30.71.
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10,10',10",10"'-([6,6'-biquinoxaline]-2,2',3,3'-tetrayltetrakis(benzene-4,1-
diyD)tetrakis(9,9-dimethyl-9,10-dihydroacridine) (DQ-DMAC)

aY

Red solid (48% of yield). 'H NMR (300 MHz, CD2Cl2) 5 9.13 (d, J = 2.6 Hz, 2H),
8.85 (d, J = 7.4 Hz, 1H), 8.77 — 8.65 (m, 4H), 8.52 (d, J = 6.9 Hz, 1H), 8.03 — 7.94 (m,
4H), 7.90 — 7.81 (m, 2H), 7.69 — 7.52 (m, 10H), 7.25 — 6.81 (m, 22H), 6.52 (dd, J = 6.3,
3.1 Hz, 4H), 6.27 — 6.18 (m, 4H), 1.81 (s, 24H). 13C NMR (75 MHz, CD2Cl2) & 157.61,
156.82, 155.55, 155.52, 155.44, 154.81, 149.82, 141.66, 141.52, 140.79, 140.62,
140.00, 139.97, 139.54, 138.20, 138.16, 137.60, 137.52, 132.80, 132.63, 132.31,
131.95, 131.77, 131.39, 130.06, 129.82, 129.69, 129.48, 128.96, 128.15, 127.23,
127.03, 126.55, 125.77, 125.48, 124.83, 124.13, 123.96, 123.25, 121.72, 121.06,
114.62, 114.19, 109.99, 109.98, 36.19, 36.08, 30.63.

10,10',10",10"'-([6,6'-biquinoxaline]-2,2' 3,3'-tetrayltetrakis(benzene-4,1-
diyD)tetrakis(9,9-diphenyl-9,10-dihydroacridine) (DQ-DPAC)

Red solid (46% of yield). *H NMR (300 MHz, acetone-ds) 6 8.78 (dd, J =6.9, 0.8
Hz, 1H), 8.71 (dd, J = 7.0, 0.8 Hz, 1H), 8.60 — 8.48 (m, 4H), 8.44 (d, J = 7.0 Hz, 1H),
8.40 (d, J = 6.9Hz, 1H), 8.12 — 8.02 (m, 2H), 7.50 — 7.32 (m, 28H), 7.24 — 6.92 (m,
46H), 6.80 — 6.68 (m, 6H), 6.60 — 6.50 (m, 4H).
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7. D-A compounds derived from asymmetric pyridine
benzotriazoles isomers: synthesis, electrochemical and

photophysical characterization

This chapter will demonstrate the design and synthesis of six new compounds derived
from asymmetric pyridine benzotriazole isomers as acceptor core. The molecules were
designed in D-A structure, where two different donor moieties were attached by Pd-
catalyzed C—N cross-coupling reactions. These functional materials were synthesized
aiming at optoelectronic applications as TADF emitters. Additionally, electrochemical
and photophysical behavior will be demonstrated. In this chapter the author was
responsible for all the molecular design, synthesis, structural characterizations
(NMRs), electrochemical characterizations and partially for the photophysical

investigations.

7.1 Introduction

The processability in OLEDs is positively influenced by organic emitters with low
molecular mass due to easy thermal evaporation or application in solution processable
techniques, which avoids the high costs of device preparation.t?6127 |n this way, the
development of new low molecular mass organic emitters with a rational synthetic
approach is one of the main challenges of the field, due to the market demand focusing
on purely organic emitters for TADF/RTP based OLED devices.*?®12° Different
acceptors were investigated to be used in TADF/RTP OLEDs such as
phenazines,’4 75111130 quinoxalines,!3! triazines,*2133 connected with different donor
moieties. These acceptor units presents N-rich systems that can increase the electron-
acceptor character and favor the spin-orbit coupling, being an alternative to the use of
heavy atoms from phosphorescent emitters.’4#134 Other designs focusing on the
increment of the electron-accepting character, with the use of an additional nitrogen-
containing pyridinium ring, to increase the electronegativity in the system, have also
been developed.135136

Triazole is a five-membered ring with three nitrogen atoms which can promote
the higher electron acceptor ability. Due to their versatility in synthesis, the triazole
derivatives have been largely explored, mainly in medicinal chemistry because of their

biological activity'3’-13° but also in materials science with applications in liquid crystals
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design.149141 On the other hand, their use as an acceptor core in emitters layers of
TADF-based OLED devices has not been explored so far, which opens possibilities to
be investigated in this field. In this way, this chapter focuses on the use of the triazole
ring fused with a pyridine ring aiming to increase the electron acceptor behavior. To
understand the relationship between structure and photophysical behavior, three
isomers derived from [1,2,3]triazolo[4,5-b]pyridine (PyBTZ) were investigated (Figure
7.1). In these isomers, a methyl group is attached in three different positions of the
triazole ring, therefore different dipole moments in the acceptor units are obtained.
Thusiitis possible to obtain unrealized D-A compounds derived from [1,2,3]triazolo[4,5-
b]pyridine connected with usual donors, such as dimethyl acridine (DMAC) and
diphenyl acridine (DPAC), in position 6 of the pyridine ring. The study of regioisomers
of PyBTZ can be a great strategy to evaluate the options for different applications,

since they provide a wide range of structural and electronic properties.

N
SNOEN N N/’N\N/

. a9
S S S

PyBTZ-1-DMAC

PyBTZ-2-DPAC

\
N
NN
\
Ni\ /}
N O

PyBTZ-2-DMAC

PyBTZ-3-DPAC

N
NY NS

PyBTZ-3-DMAC

Figure 7.1. Molecular structures of PyBTZ-1,2,3-Donors with the three possible isomers of

the PyBTZ with the difference on the methyl group position on the triazole ring.

7.2 Molecular design, synthesis, and characterization

The target molecules were designed aiming at small molecular mass materials
with a D-A system. The choice of [1,2,3]triazolo[4,5-b]pyridine for the core was made

due to the high number of nitrogens in the molecule. They can provide a good acceptor
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structure due to the higher electronegativity of the nitrogen atoms in relation to the
carbon atoms. The synthetic route to obtain the PyBTZ-1,2,3-Br isomers is shown in
Scheme 7.1. The first step is based on the diazotization reaction of 5-bromopyridine-
2,6-diamine with sodium nitrite to obtain the respective NH-triazolo ring, followed by
methylation with methyl iodide to obtain the three isomers of PyBTZ-1,2,3-Br in

moderate yields after separation by chromatograph column, 142143

N

A
H,N  NH, HN™ °N
=\ NaNO, (1.3 eq. In water 0.75 mol.L™") —
N / - N
\ N/
AcOH, 30 min
Br
Br
PyBTZ-H (62%)
| N
\N/N‘\N N(N\N N? “N—
/)
KOH (1.0 eq.), CH3l (1.5 eq.) — —
e e
MeCN, 16h, r.t. \ / \ // \
Br Br Br
PyBTZ-1-Br PyBTZ-2-Br PyBTZ-3-Br
(21.6%) (14.2%) (33.3%)

Scheme 7.1. Synthetic route to obtain the monobromide isomers PyBTZ-1,2,3-Br.

Figure 7.2 shows the 'H NMR spectra of the PyBTZ-1,2,3-Br regioisomers after
separation by column chromatography. We can observe the success of the separation
of the regioisomers by the split in the signals of the hydrogens signed as Ha and Hb.
Which evidence the influence of the position of the methyl group in the triazole ring.
Also, we observe a shift in the signal from hydrogens from methyl group linked to the
nitrogen atom in the triazole ring. The attribution of the NMR spectra was made based
on the order of elution from the chromatographic column and by comparison with

literature. 142.143

Welisson de Pontes Silva



102

i b
a
Br
a b cDcly PyBTZ-1-Br
I L
C
| c
cocl, WM

N

N N

N g b
cDcl, a g

a
b 4 PyBTZ-3-Br

7.0 6.4
Chemical shift {(ppm)

Figure 7.2. *H NMR (300 MHz) of PyBTZ-1,2,3-Br in CDCls.

Scheme 7.2 shows the synthetic route to obtain the PyBTZ-1,2,3-donors
compounds. The donors were attached by Buchwald-Hartwig cross-coupling reaction
using dimethyl acridine (DMAC) and diphenyl acridine (DPAC) as donor moieties. The
Pdzdbas (3 mol%) and [HP(t-Bu)s]BF4 (6 mol%) were used as catalyst and ligand,
respectively. The base, sodium tert-butoxide was used in excess, and reactions were
performed under argon atmosphere, using toluene as a solvent. Obtaining the target
compounds in excellent yields (82-96%) after purification by chromatographic column.
All the compounds were fully characterized by *H and 3C NMR and high-resolution
mass spectrometry (HRMS). All spectrums are shown in the appendices section, and

the experimental data are shown in synthetic details.
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Scheme 7.2. Synthetic route to obtain D-A compounds derived from the isomers of the

[1,2,3]triazolo[4,5-b]pyridine core.

7.3 Electrochemical characterizations

The electrochemical properties of PyBTZ-1,2,3-donors were investigated by

cyclic voltammetry (CV) to estimate the HOMO and LUMO energy levels. The

estimated ionization potential (IP) and electron affinity (EA) (from onset oxidation (Eox)
and reduction (Ered) potentials), are correlated with the HOMO (Enomo) and LUMO

(ELumo) energy levels, respectively, using the following equations: EHomo = -(Eox + 5.1);

Elumo = -(Ereda + 5.1).”® The results are summarized in Table 7.1 and the

voltammograms are compiled in Figure 7.3.
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Table 7.1. HOMO and LUMO energy levels obtained from CV measurements of PyBTZ-1,2,3-

donors.

Cyclic Voltammetry? ‘

Compound HOMO (eV) LUMO (eV) Eg (eV)
PyBTZ-1-DMAC -5.90 -3.10 2.80
PyBTZ-2-DMAC 5.83 -3.15 2.68
PyBTZ-3-DMAC -5.98 -3.23 275
PyBTZ-1-DPAC 5.97 -3.10 2.87
PyBTZ-2-DPAC 5.97 -3.14 2.83
PyBTZ-3-DPAC -6.05 -3.23 2.82

a Measurements were performed for 1 mM solutions of investigated compounds in the presence of 100
mM tetrabutylammonium tetrafluoroborate and calibrated using ferrocene/ferrocenium redox couple.

All materials showed good stability in the applied voltage range, with non-
reversible reduction process taking place on the pyridine benzotriazole ring. The
LUMO energy levels are similar in values for all compounds. But appears to be affected
by the position of the methyl group in the triazole ring. The oxidation process also
appears as irreversible, taking place on the donor moieties (DMAC and DPAC). All
compounds showed not reversible reduction and oxidations process. The highest
value of energy of LUMO obtained for DMAC derivatives was for PyBTZ-1-DMAC (-
3.10 eV) and for the compounds with DPAC as donor, the highest energy of LUMO
was obtained for the compound PyBTZ-1-DPAC (-3.10 eV). Indicating that the isomer
1, implies in the reduction process in lower potentials, following the sequence 1>2>3.
The estimated energies of HOMO were more affected by the change from the donor
DMAC to DPAC than the variation of the isomer with same donor, which are expected
due to difference in the strength of electron-donation. The variations of donor moieties
and the position of the methyl group on the triazole ring implies changes in the HOMO-
LUMO gap (Eg). Considering the DMAC derivatives, the lowest Eq were observed for
the isomer 2 (2.68 eV), while the highest Eg were observed for isomer 1 (2.80 eV),
following the sequence 2<3<1. For DPAC derivatives, the Eq4 follows the sequence
1>2>3. This indicates that the D-A combinations are very important in Eq modulation

for which both, the strength of the donor and the variation of the isomer are important.
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Figure 7.3. Cyclic voltammograms of a single scan of 1 mM of PyBTZ-1,2,3-DMAC,DPAC

Current (a. u.)

compounds in DCM containing 0.1 M BusNBF4 as electrolyte. Pt disk as working, Pt wire as

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

7.4 Photophysical analyses

The absorption spectra (UV-Vis) in diluted dichloromethane (DCM) solutions are
shown in Figure 7.4 and the data are summarized in Table 7.2. The profile of the
absorption spectra appears very similar for all compounds. We can observe strong
absorption bands around 270-290 nm, that can be signed to the n—m" and T—m*
transitions from aromatic systems of pyridine benzotriazole core and the donors

moieties.19%.118 We also can observe less intense absorption bands around 380-400
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nm, that can be attributed to the CT transitions from the donor units to the acceptor

core.123

—— PyBTZ-1-DMAC
—— PyBTZ-2-DMAC
—— PyBTZ-3-DMAC

PyBTZ-1-DPAC
—— PyBTZ-2-DPAC
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Figure 7.4. Absorption spectra of PyBTZ-1,2,3-donors in DCM solutions 0.1 mM.

Figure 7.5 shows the contribution of photoluminescence that was observed for
the variation of isomers and donors in two different solvents with different polarities:
dichloromethane (DCM) and toluene (TOL). Considering the same donor attached, we
observe a similar gaussian shape of the emission characteristic of *CT emission for
the isomers 1 and 2. We also observe a red shift from 1 to 2, and additionally a clearly
different profile of emission for the isomer 3, displaying two emission bands, more
evident in DCM than TOL. This behavior suggests the mixture LE+CT character of
the transition S1—So for the isomer 3, with maximum wavelengths in DCM centered at
437 and 556 nm for PyBTZ-3-DMAC, and at 421 and 504 nm for PyBTZ-3-DPAC.
Also, it is possible to observe two emission bands for these compounds in TOL
solutions, but with the first less intense, indicating the stabilization of the 1CT emission
with the change in the polarities of solvent. The PLQY in air conditions measured in
DCM and TOL, showed an increase in less polar solvents, indicating the polarity
guenching of 1CT states. The compounds showed moderate PLQY in air conditions up
to 9.9%, which can be increased if we consider the removal of oxygen from the

solutions.
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Figure 7.5. Photoluminescence (PL) spectra of the compounds PyBTZ-1,2,3-donors in DCM
and TOL solutions 0.1 mM. a) PyBTZ-1,2,3-DMAC in DCM; b) PyBTZ-1,2,3-DPAC in DCM,;
c) PyBTZ-1,2,3-DMAC in TOL; d) PyBTZ-1,2,3-DPAC in TOL. In brackets are the PLQY in
DCM or TOL.

Table 7.2. Summary of photophysical characteristics of the studied PyBTZ-1,2,3-Donors
luminophores.
)\Em )\Em )\Em )\Em )\Em

0,
Compounds [8/1g§RZTcr:nm‘l]a [nm]  [nm] [(hm] [nm]  [nm] [P)I(_:(EA\/(T[c?B
MCH TOL THF DCM ACN
PyBTZ-1-

G 277[11.0], 391 [0.4] 514 520 534 565 576 2.3/3.8
PyBTZ-2- 457;

Y AG 284[9.15],400[0.3] 529 539 555 581 o0 1.7/3.3
PyBTZ-3- 424; 428; 431; 437; 438;

DMAC 282 [8.9], 392 [0.3] 512 518 541 556 580 3.4/4.7
PyBTZ-1-

DPAC 2881[9.7], 381 [0.5] 497 502 516 538 550 5.6/7.8
Pﬁ,TAZéZ' 288[8.2],391[0.5] 513 524 538 556 573 2.1/4.6
PyBTZ-3- 421; 422; 424, 431; 431;

PAG 284[10.8], 382[0.6] ‘g0,  £og 16 538 oad 9.5/9.9

Figure 7.6 shows the solvatochromism studies from less polar to more polar
solvents: methylcyclohexane (MCH), toluene (TOL), tetrahydrofuran (THF),
dichloromethane (DCM) and acetonitrile (ACN). For the compounds PyBTZ-1-DMAC
and PyBTZ-1-DPAC we observe a clear redshift from MCH to ACN indicating a strong
CT process. With variation of ApLivcr)= 514 nm to ApLiacn)= 576 nm for PyBTZ-1-DMAC
and variation of ApcmcH)= 497 nm to Apcacny)= 550 nm for PyBTZ-1-DPAC,
respectively. Whereas for the compounds PyBTZ-3-DMAC and PyBTZ-3-DPAC the
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behavior showed two emission bands in all solvents. The most intense band differs in
less polar solvents (MCH and TOL), while presents blue shift in the maximum emission
wavelength according to the polarity of solvents increases from DCM, THF and ACN.
For PyBTZ-3-DMAC (that behaves in similar way as PyBTZ-3-DPAC), we observe
two emission peaks for MCH and TOL centered at 424 nm (less intense) and 512 nm
(more intense). When we change for more polar solvents, this order is inverted,
displaying the more intense emission at ArtHR)= 431 nm and less intense emission at
ApL(mcH)= 541 nm. In DCM we also observe similar behavior with minimum redshift.
However this changes for ACN, with the intensity of emission at ArLacn)= 580 nm
decreasing more and the emission at ArLacn)= 438 nm became the most intense
emission band. These behaviors can be attributed to the quenching of !CT states in
more polar solvents, while the 1LE states are not very affected by the solvent polarities,

contributing more to the emission profile in more polar solvents.
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Figure 7.6. Solvatochromism of PyBTZ-1,2,3-donors in methylcyclohexane (MCH), toluene
(TOL), tetrahydrofuran (THF), dichloromethane (DCM) and acetonitrile (ACN) at 0.1 mM

concentrations.

The compounds PyBTZ-2-DMAC and PyBTZ-2-DPAC display redshift in the
emission from MCH to THF. While in DCM to THF the presence of two emission bands
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becomes more evident. For PyBTZ-2-DMAC, the most intense emission in ACN
appears at ArL(acn)= 457 nm and less intense at ApLiacny= 557 nm. While for PyBTZ-2-
DPAC we also observe the two emission bands, but with inverse in the intensity, less
intense at ApLacn)= 454 nm and more intense at ArLacny= 573 nm. Which also can be

attributed to the quenching of !CT states in more polar solvents.

7.5 Conclusions

This chapter described the design and successful synthesis of one new series
of D-A compounds using asymmetric pyridine benzotriazole isomers as acceptor core.
The regioisomers containing the methyl group in three different positions of the
benzotriazole ring were very well separated by chromatography column. The different
donor moieties (DMAC and DPAC) were attached by N-C Buchwald-Hartwig coupling
reactions with very good yields. All the structural characterizations were realized by
NMR spectroscopy and by high-resolution mass spectrometry for final molecules. The
electrochemical characterizations showed that the materials present an irreversible
reduction process and a semi-reversible oxidation process. The photoluminescence
properties was analyzed in different solvents displaying differences in the behavior
depending on the methyl group position in the regioisomers and also by the changes
of the donor attached. Suggesting that the strategy using different regioisomers is an
interesting alternative to modulate the photophysical properties of the materials to be
applied as TADF-based OLED devices.

7.6 Synthetic details

6-bromo-3H-[1,2,3]triazolo[4,5-b]pyridine (PyBTZ)

Br
PyBTZ

To a solution of 5-bromopyridine-2,3-diamine (PyDA) (2.00 g, 10.64 mmol) in glacial
acetic acid (1.80 mL), was added an aqueous solution of sodium nitrite (0.95 g, 13.83
mmol in 4.8 mL of water). The reaction mixture was stirred at room temperature for 12

h. Then mixture was cooled to 0 °C for 1 h, filtered, washed with water, and dried to
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afford 1.31 g (62% of yield) of 6-bromo-3H-[1,2,3]triazolo[4,5-b]pyridine (PyBTZ-H) as
a brown powder. *H NMR (300 MHz, DMSO): 5 = 16.49 (bs, 1H), 8.82 (d, 1H), 8.80 (d,
1H).

6-bromo-3-methyl-3H-[1,2,3]triazolo[4,5-b]pyridine (PyBTZ-1-Br), 6-bromo-2-methyl-
2H-[1,2 3]triazolo[4,5-b]pyridine (PyBTZ-2-Br), 6-bromo-1-methyl-1H-
[1,2,3]triazolo[4,5-b]pyridine (PyBTZ-3-Br).

NN NN NN
N // N-:-‘ / N-::x Vi
N BN N
Br Br Br
PyBTZ-1-Br PyBTZ-2-Br PyBTZ-3-Br

To a solution of 6-bromo-3H-[1,2,3]triazolo[4,5-b]pyridine (1.40 g, 7.03 mmol) in
acetonitrile (40.0 mL) and water (2.0 mL) was added KOH (394.7 mg, 7.03 mmol). The
resulting mixture was heated using a heat gun for a few seconds until the base
solubilizes. Then iodomethane (1.50 g, 0.66 mL, 10.55 mmol) was added and the
resulting solution was stirred overnight at room temperature. The solvent was removed
under reduced pressure and the resulting solid was dissolved in DCM, washed with
water (3 x 25 mL), brine (1 x 25 mL), dried with MgSOaufiltered, and concentrated under
reduced pressure. The crude mixture was purified by silica gel column chromatography
eluting with increasing gradient of hexanes:AcOEt providing 0.323 g of PyBTZ-1-Br
(21.6% of yield, first eluted compound), as a with solid, *H NMR (300 MHz, CDCls): 6=
8.72 (d, 1H, J = 2.0 Hz), 8.52 (d, 1H, J = 2.0 Hz), 0.213 g of PyBTZ-2-Br (14.2% of
yield, second eluted compound) as a with solid, *H NMR (300 MHz, CDCIlz): 6= 8.80
(d, J = 2.2 Hz, 1H), 8.40 (d, J = 2.2 Hz, 1H), 4.56 (s, 3H), and 0.499 g of PyBTZ-3-Br
(33.3% of yield, third eluted compound), as a pale yellow solid, '"H NMR (300
MHz,CDCI3) & 8.78 (d, J = 2.0 Hz, 1H), 8.15 (d, J = 2.0 Hz, 1H), 4.34 (s, 3H). The
structure of these three obtained isomers was confirmed by comparing with the

literature. 142.143

General procedure for C-N coupling of PyBTZ-1,2,3-Br with DMAC or DPAC

A flame dried 100 mL Schlenk tube equipped with a rubber septum was charged with
PyBTZ-1-Br or PyBTZ-2-Br or PyBTZ-3-Br (1.0 eq.); DMAC or DPAC (1.2 eq.),
sodium tert-butoxide (2.0 eq), Pdz(dba)s (3 mol%) and [(t-Bu)sPH]BF4 (6 mol%). The
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atmosphere of the system was changed by argon and degassed toluene (30 mL/mmol)
was added and the resulting mixture was heated to 110 °C with stirring for 24h under
argon atmosphere. The solution was filtered over celite bed and the solvent removed
under reduced pressure. The crude mixture was purified by silica gel column

chromatography eluting with DCM:hexane (2:3 v/v).

9,9-dimethyl-10-(3-methyl-1H-[1.2. 3]triazolo[4,5-b]pyridin-6-y1)-9,10-dihydroacridine
(PyBTZ-1-DMAC)

PyBTZ-1-DMAC
Obtained as yellow solid with 90% of yield. *H NMR (300 MHz, CDClz) & 8.62
(d, J=2.1 Hz, 1H), 8.44 (d, J = 2.1 Hz, 1H), 7.56 — 7.49 (m, 2H), 6.98 (dt, J = 5.9, 2.1
Hz, 4H), 6.18 — 6.11 (m, 2H), 4.47 (s, 3H), 1.73 (s, 6H). 13C NMR (75 MHz, CDCl3) &
154.24, 145.47, 140.85, 138.07, 134.14, 131.92, 130.57, 126.58, 125.61, 121.47,
113.84, 109.98, 36.08, 33.31, 31.19. HRMS: m/z calcd for C21H20Ns (M+H)*: 342.1719;
found: 342.1711.

9,9-dimethyl-10-(2-methyl-1H-[1,2.3]ltriazolo[4,5-b]pyridin-6-y1)-9,10-dihydroacridine
(PyBTZ-2-DMAC)

|
N
NN
/
N

\

N:\\ //E
PyBTZ-2-DMAC

Obtained as yellow solid with 96% of yield.*H NMR (300 MHz, CDCIz) 5 8.69 (d,

J=2.3Hz, 1H), 8.31 (d, J = 2.3 Hz, 1H), 7.53 — 7.47 (m, 2H), 7.01 — 6.96 (m, 4H), 6.24
—6.19 (M, 2H), 4.65 (s, 3H), 1.73 (s, 6H). 13C NMR (75 MHz, CDCls) & 155.81, 155.30,
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140.74,137.51, 135.81, 130.65, 129.85, 126.68, 125.65, 121.56, 113.97, 44.36, 36.17,
31.23. HRMS: m/z calcd for C21H20Ns (M+H)*: 342.1719; found: 342.1716.

9,9-dimethyl-10-(1-methyl-1H-[1.2. 3]triazolo[4,5-b]pyridin-6-y1)-9,10-dihydroacridine
(PyBTZ-3-DMAC)

PyBTZ-3-DMAC
Obtained as yellow solid with 91% of yield. *H NMR (300 MHz, CDCl3) d 8.71
(d, J=2.1Hz, 1H), 8.01 (d, J = 2.1 Hz, 1H), 7.54 — 7.50 (m, 2H), 7.02 — 6.96 (m, 4H),
6.17 — 6.11 (m, 2H), 4.38 (s, 3H), 1.73 (s, 6H). 13C NMR (75 MHz, CDCls) & 151.98,
148.66, 140.62, 136.60, 130.64, 126.89, 126.63, 125.70, 121.67, 121.05, 113.91,
36.09, 35.10, 31.27. HRMS: m/z calcd for C2iH20Ns (M+H)*: 342.1719; found:
342.1717.

10-(3-methyl-3H-[1,2.3]triazolo[4,5-b]pyridin-6-y1)-9,9-diphenyl-9,10-dihydroacridine
(PyBTZ-1-DPAC)

PyBTZ-1-DPAC
Obtained as yellow solid with 86% of yield.'H NMR (300 MHz, cd2cl2) 5 8.22
(d, J=2.1Hz, 1H), 8.18 (d, J = 2.1 Hz, 1H), 7.32 — 7.27 (m, 6H), 7.08 — 7.03 (m, 2H),
7.00 (dd, J =5.9, 3.9 Hz, 4H), 6.93 (dd, J = 4.8, 0.9 Hz, 4H), 6.36 (d, J = 7.6 Hz, 2H),
4.39 (s, 3H). 13C NMR (75 MHz, CD2Cl2) & 153.72, 146.10, 145.50, 142.13, 137.65,
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133.49, 131.41, 130.53, 130.33, 130.16, 127.72, 127.02, 126.50, 120.92, 114.12,
56.82, 33.09, 29.68. HRMS: m/z calcd for CsiH24Ns (M+H)*: 466.2032; found:
466.2036.

10-(2-methyl-3H-[1,2,3]triazolo[4,5-b]pyridin-6-y1)-9,9-diphenyl-9,10-dihydroacridine
(PyBTZ-2-DPAC)

PyBTZ-2-DPAC
Obtained as yellow solid with 88% of yield. 'H NMR (300 MHz, CD2Cl2) & 8.27
(d, J=2.3 Hz, 1H), 8.07 (d, J = 2.3 Hz, 1H), 7.29 (dd, J = 5.2, 1.9 Hz, 6H), 7.10 — 7.04
(m, 2H), 7.00 (dt, J = 5.3, 2.1 Hz, 4H), 6.95 — 6.90 (m, 4H), 6.41 (d, J = 8.1 Hz, 2H),
4.59 (s, 3H). 13C NMR (75 MHz, CD2Cl2) & 155.19, 146.19, 142.01, 137.18, 135.15,
130.53,130.41, 130.28, 129.55, 127.80, 127.13, 126.57, 121.03, 114.20, 56.89, 44.32.
HRMS: m/z calcd for C3i1H24Ns (M+H)*: 466.2032; found: 466.2049.

10-(1-methyl-3H-[1,2,3]triazolo[4,5-b]pyridin-6-y1)-9,9-diphenyl-9,10-dihydroacridine
(PyBTZ-3-DPAC)

PyBTZ-3-DPAC

Obtained as yellow solid with 82% of yield. *H NMR (300 MHz, CD2Cl2) & 8.35
(d,J=2.2Hz, 1H), 7.64 (d, J = 2.1 Hz, 1H), 7.26 (dt, J =5.7, 2.8 Hz, 6H), 7.07 - 7.01
(m, 2H), 6.99 — 6.94 (m, 4H), 6.90 (dd, J = 6.1, 2.7 Hz, 4H), 6.32 (d, J = 8.2 Hz, 2H),
4.28 — 4.22 (m, 3H). 13C NMR (75 MHz, CD2Cl2) & 156.75, 151.45, 146.22, 142.08,
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136.10, 130.42, 130.36, 127.85,127.16, 126.74, 126.61, 121.23, 114.34, 60.30, 35.11.
HRMS: m/z calcd for C3i1H24Ns (M+H)*: 466.2032; found: 466.2035.
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8. D-A regioisomers derived from
benzopyridoimidazoisoquinolinone and phosphanimine
cores: design, synthesis and

photophysical/electrochemical properties

This chapter will demonstrate the design and synthesis of new compounds derived
from benzopyridoimidazoquinolinone and triphenyl-phosphanimine isomers as
acceptor core. The molecules were designed in D-A structure, where phenothiazine
was attached by Pd-catalyzed C-N cross-coupling reactions. These functional
materials were synthesized aiming optoelectronics applications as TADF emitters.
Additionally, electrochemical and photophysical behavior will be demonstrated. In this
chapter the author was responsible for all the molecular design, synthesis, structural
characterizations (NMRs), electrochemical characterizations and partially for the

photophysical investigations.

8.1Introduction

Materials based on N-rich acceptors cores based on imidazoquinolinones have
been largely investigated for application in optoelectronic devices due to their high level
of charge transport carriers.14®> Imidazoisoquinolinone can be prepared by the
dehydration reaction between ortho-diamino compounds and anhydrides. They have
a high acceptor character due to the presence of the nitrogen atom and the carbonyl
group in the system, which increase the electronegativity in the core. The electron-
accepting character can also be increased by the addition of a pyridine moiety to the
system.146

The condensation with the use of asymmetric aromatic diamines leads to
isomers in different ratios. These results are due to the electron-donating/withdrawing
behavior of the functional groups in the aromatic part of diamine, which affects the
nucleophilicity of the amino group. Thus, electron-donating groups (EDG) in ortho or
para positions in the diamine lead to strong nucleophilicity of the diamine helping to
increase the reaction yield. On the other hand, electron-withdrawing groups (EWG) in
ortho or para positions decrease the reactivity and promote the formation of isomers
with carbonyl group and EWG on opposite sides of the molecule, as demonstrated by
Anzenbacher and co-authors.?*” In this way, EWG in position 9 and EDG in position
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10 improve the yield of the isomer with the group on the opposite side of the carbonyl
group (Figure 8.1).14’ This is very useful to perform reactions controlling the ratio of
the regio-isomers formed. Generally, the reactions give very good yields, but the
separation of the isomers is a challenge. Due to that, the compounds are generally

used as a mixture of isomers.

s 10> T -
33 e)

ratio formation
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NN > o 0 _N_N > i i i/i
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Figure 8.1. The yield of the isomers differs with the position of the substituent as well as

electronic nature of the substituent.

The chemistry of organophosphorus has been largely studied in different areas.
Related to materials science the application of these materials is not very explored
mainly due to the poor stability of the C=P and P=P bonds.'*8 Just some classes of
organophosphorus, such as triaryl phosphines, phospholes, and phosphazenes, have
good stability that allows for use in optoelectronics devices. Large part of these
applications were based on the use of organophosphorus transition metal ligands, for
example.#® Other studies indicate that the lone electron pair of the P atom is involved
in the delocalization around the conjugated system and the lone pair can induce
luminescence quenching. This make them more investigated as electron transport
layers (ETLs) and host materials in optoelectronic devices due to chemical stability and
electron affinity. The polarity of P=O bond was investigated in the applications using
the electron transport ability in m-extended phosphine oxides that present electron-
withdrawing properties.'®® Combinations of P=0O with pyrenes, for example, give an
increase in the electron transport ability as reported by Oyamada et al., other
applications include matrices of phosphorescent complexes, where The P=0O moiety

is used as an electron-withdrawing group combined with an electron rich group, such
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as amines. In this way, P=0 based hosts can also contain carbazole and other Tr-
extended units in their structure, due to good holes transport behavior.1>°

Other classes of P-based compounds, such as phosphazenes (or
phosphanimines) are organic compounds where P and N atoms are linked through a
double bond (P=N).15! Due to the high polarity of the bond, there is no evidence of
conjugation in phosphazenes because they behave as ylides. These materials present
good thermal and hydrolytic stability. Which makes them investigated in applications
as emitters for OLEDS and as electrolytes for dye-sensitized solar cells (DSSCs).
Similarly to P=0O systems, applications as hosts were also explored. In literature,
research focusing in the use of triphenyl-phosphanimine are not very explored.**° The
presence of the triphenyl group connected with P=N can enhance the conjugation
degree in the molecular structure. In this way the connection of the triphenyl-
phosphanimine (PhsP=N) with common electron-donors used in TADF systems was
not explored so far. The design of new PhsP=N based compounds can be an excellent
strategy to obtaining multifunctional materials for optoelectronic applications.

Based on that, this chapter will show the design and synthesis of two different
regioisomers cores, both connected with a common donor used in TADF systems
(Figure 8.2). One core based on triphenyl-phosphanimine (PhsPN) with phenothiazine
connected in para and meta positions, to evaluate the electrochemical and
photophysical properties for suitability in optoelectronics applications. The other
system based on benzopyridoimidazoisoquinolinone (PyNA) as acceptor core, also
connected with phenothiazine, to investigate the electrochemical and photophysical

behavior.

Phenothiazine derivarives L
phosphanimine

@@ Yo 9o 2.

\ Q Né@ I
33 & @% @%

F1-PyNA-PTZ F2-PyNA-PTZ Ph3;PN-p-PTZ Ph;PN-m-PTZ

benzopyridoimidazoisoquinolinone Phenothiazine derivarives

Figure 8.2. Molecular structures of the regioisomers of triphenyl-phosphanimine and

benzopyridoimidazoisoquinolinone acceptor cores with phenothiazine donor.

8.2 Design, synthesis, and characterization
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8.2.1 Synthesis of PyNA-Br isomers

The benzimidazole isomers PyNA-Br were synthesized based on the
condensation reaction of naphthalic anhydride and 2,3-diamino-5-bromopyridine using
the classic method under reflux in acetic acid (Scheme 8.1). As an asymmetric diamine
was used, the reaction gave two isomers in a ratio of 7:3, with 72% yield for the mixture
of isomers. The isomers were separated by chromatography column using a gradient
chloroform/hexane (6:1) to pure chloroform as eluent. The F1-PyNA-Br and F2-PyNA-
Br were the first and second fraction, respectively, eluted from the column with a
majority of F2-PyNA-Br. The isomers were isolated in 17% and 47% yield for F1 and
F2, respectively. As for 2,3-diamino-5-bromopyridine, the pyridine nitrogen is ortho to
diamine, the majority product from the condensation reaction presents the carbonyl
group and pyridine nitrogen to the same side and consequently the bromine to opposite
side to carbonyl group (F2-PyNa-Br), which was consistent with the yields of the regio-

isomers.

Br
Br,
q
z
0s_0._0 NH; o NN O NN
NH,
O wn T O CO
120°C, 24h

F1-PyNA-Br F2-PyNA-Br
(17%) (47%)

Scheme 8.1. Synthesis of bromo-benzopyridoimidazoisoquinolinone isomers F1,F2-PyNA-Br.

The compounds were fully characterized by *H and *C NMR, all related data
are shown in the synthetic section and the appendix. Figure 8.3 shows the 'H NMR
spectra of each isomer after separation by chromatography column. We can observe
the differences in the chemical shifts of the protons which shows the success in the
separation of the two compounds. If we compare the chemical shifts of the protons
signed Ha and Hb for both regioisomers, we note that for the F2-PyNA-Br the signals
for the hydrogens are more shifted to high chemical shifts in relation to F1-PyNA-Br,
suggesting more electron density in the hydrogens close to pyridine system. The
hydrogens signed as Hc and Hd, also appear with differences in chemical shifts, and
are more separated for the isomer F2-PyNA-Br. The hydrogens signed as He and Hf,
are not very affected by the regioisomers due to distance from benzimidazole system.
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Figure 8.3. '"H NMR (600 MHz) spectrum in CDCl; of the aromatic region for F1-PyNA-Br and
F2-PyNA-Br.

8.2.2 Synthesis of phosphanimine brominated cores PhsPN-Br

The synthesis of the phosphanimine cores follows typical procedures from
literature.'5? The first step involved the formation of aryl azides via diazonium salts,
which resulted in obtaining para- and meta-substituted products (N3-p-Br and N3-m-
Br) in good yields. The second step was based on the reaction aryl azide with
triphenylphosphine to obtain triphenylphosphanimine cores (PhsPN-p,m-Br) in
excellent yields. The compounds were characterized by NMR and the related data are

shown in synthetic details and appendix sections.
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Scheme 8.1. Synthetic route used to obtain the brominated cores PhsPN-p,m-Br.

8.2.3 Buchwald-Hartwig reactions in triphenylphosphanimine and

benzopyridoimidazoisoquinolinone cores

The brominated cores were used as substrate in the N-C Buchwald-Hartwig
cross-coupling reactions using phenothiazine as donor moieties. The conditions are
shown in Scheme 8.2. Similar procedures were used for both cores, employing
Pdzdbas (3 mol%) and [(t-Bus)PH]BF4 (6 mol%) as catalyst and ligand, respectively.
The compounds were obtained in moderate yields after purification by chromatography
column. Ph3sPN-p-PTZ and PhsPN-m-PTZ were obtained in 53% and 78% of yield,
respectively, indicating that the bromine in meta position presents more reactivity in
the phosphanimine core. Related with PyNA-Br isomers, we try to perform the N-C
cross-coupling reaction with the two isomers in same conditions, but F1-PyNA-Br did
not show reactivity with phenothiazine. The lack of reaction in F1-PyNA-Br suggests
that the carbonyl and bromine on the same side in the molecule makes the connection
of phenothiazine difficult due to steric hindrance. From the other side, F2-PyNA-PTZ
was obtained in moderate yield (36 %) after purification by chromatography column,
indicating that the bromine and carbonyl groups on opposite sides increase the
reactivity. All the compounds were fully characterized by NMR and HRMS, and the

data related are shown in the synthetic details and appendix sections.
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Scheme 8.2. Synthetic route wused to obtain the regioisomers derived from
triphenylphosphanimine and benzopyridoimidazoisoquinolinone cores.

As an example of the characterization of these series of compounds, Figure 8.4
shows the *H NMR spectra of PhsPN-p-PTZ and F2-PyNA-PTZ. We can observe the
success in N-C coupling reactions by the group of hydrogen signals from
phenothiazine and the respective cores. For F2-PyNA-PTZ we observe hydrogen
signals from 9.0-8.3 ppm, referring to hydrogens from
benzopyridoimidazoisoquinolinone core. Additionally, the signals referring from the
coupled phenothiazine from 7.1-6.3 ppm, show the success in the N-C coupling
reaction. Related to PhsPN-p-PTZ, we observe the signals referring to
triphenylphosphine system signed as Ha and Hb appearing as multiplets. The signal
of hydrogens Hc at 6.95 ppm appears as singlet due to the hydrogens being close to
two nitrogen atoms. Also here, all signals referring to the phenothiazine ring are

observed, which shows the success of the N-C coupling reaction.
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Figure 8.4. *H NMR (300 MHz) spectrum in CDClz of the aromatic region for F2-PyNA-PTZ
(top) and Ph3PN-p-PTZ (down).

8.3 Electrochemical characterizations

The electrochemical properties of PhsPN-p,m-PTZ and F2-PyNA-PTZ were
investigated by cyclic voltammetry (CV) to estimate the HOMO and LUMO energy
levels from ionization potentials (IP) and electron affinity (EA). The estimated IP and
EA (from onset oxidation (Eox) and reduction (Ered) potentials), are correlated with the
HOMO (Enomo) and LUMO (ELumo) energy levels, respectively, using the following
equations: EHomo = -(Eox + 5.1); ELumo = -(Ered + 5.1).”8 The results are summarized in

Table 8.1 and the voltammograms are compiled in Figure 8.5.

Table 8.1. HOMO and LUMO energy levels estimated from CV measurements.

| Cyclic Voltammetry? ‘

Compound  "HEMG (eV) LUMO (eV) E, (eV)
PhsPN-p-PTZ 5.26 i )
PhsPN-m-PTZ 5.36 : -
F2-PyNA-PTZ 5.72 -3.95 177

a Measurements were performed for 1 mM solutions of investigated compounds in the presence of 100
mM tetrabutylammonium tetrafluoroborate and calibrated using ferrocene/ferrocenium redox couple.
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The materials showed good stability in the applied voltage range, with reversible
oxidation process centered on the phenothiazine unit. The reduction process PhsPN-
p-PTZ and PhsPN-m-PTZ were not observed in the electrochemical window of the
used electrolyte, making it difficult to estimate LUMO energy levels. In the oxidation
process we observe differences in the isomers in para and meta positions. For Ph3PN-
p-PTZ we observed two step reversible oxidation process at +0.17 V and +0.51 V. On
the other side, for PhsPN-m-PTZ we observe non-reversible two step oxidation
process, with first oxidation process at +0.26 V and second at 0.44 V. In this way the
HOMO energy level was highest for the isomer in para position. For the compound F2-
PyNA-PTZ we observe both, reversible reduction in the

benzopyridoimidazoisoquinolinone core and oxidation process in the phenothiazine

unit.
3 4
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Figure 8.5. Cyclic voltammograms of a single scan of 1 mM of compounds Ph3PN-p,m-PTZ
and F2-PyNA-PTZ in DCM containing 0.1 M BusNBF. as electrolyte. Pt disk as working, Pt

wire as counter and Ag/AgCl as reference electrode, at 50 mVs™ scan rate.

8.4 Photophysical characterizations

The absorption spectra (UV-Vis) in diluted dichloromethane (DCM) solutions for
PhsPN-p,m-PTZ are shown in Figure 8.6, and the data are summarized in Table 8.2.

Table 8.2. Summary of photophysical characteristics of PhzsPN-p,m-PTZ and F2-PyNA-PTZ.

Aaps/nm Aem
Compounds [EM103M* cm1]2 Aem [Nnm] TOL [nm] DCM Aem [nm] ACN
PhsPN-p-PTZ \ 260 [24.6], 323 [4.7] 453 455 455
PhsPN-m-PTZ \ 259 [21.3], 312 [2.6] 463, 509 458, 513 460, 510
i ) 257 [20.0], 300 " i i
F2-PyNA-PTZ ‘ [7.8], 379 [7.0] 468, 499, 540, 600

aresults obtained in DCM solutions 0.01 mM. b obtained in 1% of F2-PyNA-PTZ in zeonex matrix.
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The profile of the absorption spectra appears very similar for the both isomers.
We can observe strong absorption bands around 260 nm, that can be signed to the
TT—TT* transitions from aromatic systems of triphenylphosphanimine (PhsPN) core and
the donor moieties.’®>® We can note less intense shoulders in the absorption bands
around 320 nm, that can be attributed to the CT transitions from the donor units to the
acceptor core.

a b
— Ph;PN-p-PTZ Abs - DCM Ph,PN-m-PTZ —— Abs - DCM
5 1.0 3 3 - 1.0
Q ——PL-TOL ——PL-TOL e
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Figure 8.6. Absorption spectra in DCM solutions 0.01 mM and PL spectra in TOL, DCM and
ACN solutions 0.01 mM of PhsPN-p,m-PTZ.

Figure 8.6 shows the contribution of photoluminescence that was observed for
the variation of the isomers in three different solvents with different polarities: toluene
(TOL), dichloromethane (DCM) and acetonitrile (ACN). We can note a different profile
of emission considering the isomers. For PhsPN-p-PTZ we observe a minimum
vibronic profile of emission with maximum at 453 nm, which suggests contribution of
ILE states and CT states in the emission for the para-substituted isomer. From the
other side, PhsPN-m-PTZ displays two peaks centered at 463 and 509 nm, indicating
more contribution of LE character of the emission, and being better described as
mixture of LE+ICT states. With the increase of solvent polarity, we observe the
decrease of the peak at 509 nm, suggesting the polarity-related quenching of '1CT
states. For both isomers we did not observe a redshift due to less sensitivity of LE
excited states to changes in solvent polarities.

To further understand the optical properties of the PhsPN-p,m-PTZ in the
aggregation state, we investigated the photoluminescent behavior in THF/water
mixtures with different water fractions (fw) at 0.1 mM concentration. The experimental
results and photographs (Figure 8.7) show that the emission spectra of the
compounds show similar behavior in THF/water mixtures. PhsPN-p-PTZ and PhsPN-

m-PTZ display very low emission in THF solutions, while the emission is increased
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upon addition of water (fw = 80-90%) indicating evident aggregation induced emission
enhancement (AIEE) behavior.

1 0 JPhPNP-PTZ 0% w 1 0 JPhPN-m-PTZ 0% w
—20% W E —20% w
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Figure 8.7. Aggregation studies of PhsPN-p-PTZ and PhsPN-m-PTZ in different water
fractions (fy) in THF solution 0.1 mM.

For PhsPN-p-PTZ we observe interesting behavior, where the emission
increase is not linear with the increase of water. For 0-60%, we can note a linear
increase of the PL intensity, while it decreases at 80%, indicating a plateau where the
increase of the polarity of the solution by addition of water stabilizes the CT states until
60% of water and the aggregates starts to be formed at fw = 80%. For fu= 90%, where
we have more aggregates formed, we observe a great increase of the PL intensity,
typical of AIEE behavior. Additionally, we observe differences in the profile of the PL
spectra if we compare pure THF PL at fw = 90%, where we can note two peaks of
emission centered at 474 and 503 nm. For PhsPN-m-PTZ, we observe a linear
dependence of increased amount of water with the PL intensity. This can be attributed

to the linear formation of aggregates with increasing solution polarity.
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Figure 8.8. Absorption spectra in DCM solution 0.01 mM and PL spectra in air equilibrated

and under vacuum of 1% of F2-PyNA-PTZ in Zeonex matrix.

Figure 8.8 shows the UV-Vis absorption in DCM and PL spectra in zeonex
matrix at air equilibrated and vacuum conditions for F2-PyNA-PTZ. We can observe
strong absorption band around 250 nm, that can be signed to the TT—1* transitions
from aromatic systems related to benzopyridoimidazoisoquinolinone core (PyNA). 14°
We can note less intense broad absorption band around 380 nm, that can be attributed
to the CT transitions from the donor unit to the acceptor core. *>* The contribution of
photoluminescence was investigated under air and vacuum conditions and we can
note the increase of PL intensity under vacuum, indicating that triplet excited states
are involved in the emission mechanism. Also, we can note that the PL emission
displays very large broad band with maximum wavelengths varying from 468 to 600
nm. This behavior leads to emission to near-white, which is an interesting

photophysical behavior.

8.5 Conclusions

This chapter described the design and successful synthesis of one new series
of D-A compounds using different regioisomers as acceptor cores, such as
triphenylphosphanimine with attached phenothiazine in para and meta positions.
Additionally, a regioisomer derived from benzopyridoimidazoisoquinolinone, was
successfully separated by column chromatography, and in sequence, connected to
phenothiazine donor. In both cases, the donor was connected by N-C Buchwald-

Hartwig cross-coupling reactions obtaining the products in good to moderate yields.
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The electrochemical characterization of the triphenylphosphanimine derivatives
showed no reduction process in the applied voltage range and displaying different
behavior in the oxidation process for the regioisomers of triphenylphosphanimine
cores. In turn, the benzopyridoimidazoisoquinolinone derivative showed reversible
reduction and oxidation process. The photophysical properties showed AIEE behavior
for the compounds derived from phosphanimine system, indicating the versatility of the
materials for optoelectronic applications. From the other side, the naphthalene
benzopyridoimidazoisoquinolinone showed a very large range of emission in zeonex

matrix, indicating the versatility to be applied white emitter as candidate to OLEDs.

8.6 Synthetic details

General procedure to synthesis of PhsPN-p,m-Br following the literature.%2

To a round-bottom flask equipped with a condenser 40 mL of water and 6 mL
of 98% H2SO4 were added. After the system reached the room-temperature the
respective para or ortho aniline (30 mmol) was added. The system was cooled down
to -5°C and dissolved in water (20mL) sodium nitrite (36 mmol) was added dropwise
for 20 minutes. The mixture was stirred for 1h and sodium azide (45 mmol) dissolved
in water (25 mL) was added dropwise for 20 minutes. The mixture was stirred for
additional 1h, and then neutralized by sodium carbonate. The resulting mixture was
extracted with ethyl acetate (3 x 50 mL). The organic layer was dried over sodium
sulfate and concentrated in the roto-evaporator to give the respective para or meta
bromo-azidobenzene as a pale-yellow oil, that solidifies in the fridge. The compounds
were used in next steps without further purifications (Ns-p-Br and N3-m-Br in 94% and
88% of yield).

The resulting materials were then dissolved in 20 mL of dichloromethane and
triphenylphosphine (30 mmol) dissolved in dichloromethane (20 mL) was added
dropwise during 15 minutes. After that, the mixture was stirred for 12 h. Then the
solvent was removed in the roto-evaporator and hexane was added. The precipitate

was filtered under vacuum and washed with hexane to give the target materials.

N-(4-bromophenyl)-1,1,1-triphenyl-4>-phosphanimine (PhzPN-p-Br)
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Br@N\\ @
e

Ph3;PN-p-Br
Pale-yellow solid. 95% of yield. *H NMR (300 MHz, CDCI3) & 7.82 — 7.67 (m,
6H), 7.58 — 7.41 (m, 9H), 7.08 (dd, J = 8.7, 1.1 Hz, 2H), 6.66 (dd, J = 8.7, 0.8 Hz, 2H).

N-(3-bromophenyl)-1,1,1-triphenyl- A5-phosphanimine (PhsPN-m-Br)

Br

O~ Q0
Cr

Ph;PN-m-Br

Pale-yellow solid. 94% of yield. *H NMR (300 MHz, CDCI3) & 7.78 — 7.69 (m,
6H), 7.57 — 7.42 (m, 9H), 7.06 — 6.91 (m, 1H), 6.86 — 6.72 (m, 2H), 6.64 (m, 1H).

N-(4-(10H-phenothiazin-10-yl)phenyl)-1,1,1-triphenyl-1°-phosphanimine  (PhzPN-p-
PTZ)

Q
N¢©

é")ﬁ

Ph3PN-p-PTZ
A flame dried 100 mL Schlenk tube equipped with a rubber septum was charged
with PhsPN-p-Br (1.0 eq.); phenothiazine (1.2 eq.), sodium tert-butoxide (2.0 eq),
Pdz(dba)s (3 mol%) and [(*-Bu)sPH]BF4 (6 mol%). The atmosphere of the system was
changed by argon and degassed toluene (30 mL/mmol) was added and the resulting
mixture was heated at 110 °C with stirring under argon atmosphere for 24h. The
solution was filtered over celite bed and the solvent removed under reduced pressure.
The crude mixture was purified by silica gel column chromatography eluting with
DCM:hexane (1:3 v/v). Off-white solid. 53 % of yield. *H NMR (300 MHz, Acetone-ds)
67.95-7.85(m, 6H), 7.69 — 7.55 (m, 9H), 7.00 — 6.92 (m, 6H), 6.86 (ddd, J = 8.2, 7.4,
1.7 Hz, 2H), 6.77 (td, J = 7.4, 1.4 Hz, 2H), 6.26 (dd, J = 8.2, 1.3 Hz, 2H). *H NMR (300
MHz, CDCIz) 6 7.79 (m, 6H), 7.59 — 7.45 (m, 9H), 7.00 — 6.89 (m, 6H), 6.80 (ddd, J =
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8.1, 7.4, 1.8 Hz, 2H), 6.73 (td, J = 7.3, 1.4 Hz, 2H), 6.27 (dd, J = 8.1, 1.3 Hz, 2H). 13C
NMR (75 MHz, CDCls) & 151.31, 145.09, 132.72, 132.59, 131.85, 131.81, 131.62,
131.06, 130.30, 130.19, 128.77, 128.61, 126.68, 126.34, 125.24, 125.01, 121.85,
121.78, 119.35, 115.83. HRMS: m/z calcd for CssH2sN2PS (M+H)*: 551.1711; found:
551.1708.

N-(3-(10H-phenothiazin-10-yl)phenyl)-1,1,1-triphenyl-1°-phosphanimine  (PhzPN-m-

PTZ)
@?@

ol

PhyPN-m-PTZ
Similar procedure as for PhsPN-p-PTZ. Using PhsPN-m-Br. Off-White solid. 78
% of yield. *H NMR (300 MHz, CDCl3) & 7.79 — 7.69 (m, 6H), 7.55 — 7.40 (m, 9H), 7.25
—7.18 (m, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.96 — 6.87 (m, 2H), 6.77 — 6.69 (m, 4H), 6.68
—6.61 (m, 2H), 6.21 —6.14 (m, 2H). *H NMR (300 MHz, CD2Cl2) 6 7.81 — 7.69 (m, 6H),
7.58—-7.43 (m, 9H), 7.22 (td, J = 7.9, 1.1 Hz, 1H), 6.99 — 6.87 (m, 3H), 6.80 — 6.71 (m,
4H), 6.58 (dd, J = 5.3, 4.5 Hz, 2H), 6.21 — 6.09 (m, 2H). 3C NMR (75 MHz, CDCI3) &
144.38, 140.91, 132.73, 132.60, 132.18, 132.05, 132.01, 131.96, 131.93, 130.87,
128.85, 128.69, 128.60, 128.44, 126.81, 126.73, 126.56, 126.29, 125.54, 125.34,
124.35,124.11,122.32, 121.86, 120.27, 119.58, 119.14, 116.13. HRMS: m/z calcd for

CssH2sN2PS (M+H)*: 551.1711; found: 551.1716.

Synthesis of the Isomers F1,F2-PyNA-Br

2,3-diamino-5-bromopyridine (2.5 mmol) and 1,8-naphthalic anhydride (2.5
mmol) were uniformly mixed by grinding in 15 mL of glacial acetic acid. The mixture
was heated at 120 °C for 24 h under argon with stirring. Then, the mixed solution was
poured into distilled water and the yellow precipitate was collected by filtration, washed
several times with water, and dried in a vacuum, obtaining 72% yield for mixtures of
isomers after chromatography column using CHCIs as eluent. Then, it was separated
by chromatography column using a gradient CHCls/hexane (6:1) to pure chloroform as
eluent. The F1-PyNA-Br and F2-PyNA-Br were the first and second fraction,
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respectively, eluted from the column with majority of F2-PyNA-Br. The isomers were

isolated as yellow solid in 17% and 47% of yield for F1 and F2, respectively.

10-bromo-7H-benzo[de]pyrido[2',3"4,5]imidazo[2,1-alisoquinolin-7-one (F1-PyNA-Br)
Br

/ N

—

(0] N_ N

F1-PyNA-Br

1H NMR (600 MHz, CDCl3) & 8.88 (dd, J = 7.3, 1.0 Hz, 1H), 8.84 (dd, J = 7.3, 0.9 Hz,
1H), 8.68 (d, J = 2.1 Hz, 1H), 8.32 (d, J = 7.6 Hz, 1H), 8.28 (d, J = 2.1 Hz, 1H), 8.22
(d, J = 8.0 Hz, 1H), 7.88 — 7.81 (m, 2H). 13C NMR (151 MHz, CDCls) 5 159.15, 151.28,
146.60, 145.23, 137.60, 135.67, 132.96, 132.67, 132.18, 130.10, 127.77, 127.38,
127.32, 127.22, 122.87, 119.85, 117.10.

11-bromo-7H-benzo[de]pyrido[3',2":4,5]imidazo[2,1-alisoquinolin-7-one (F2-PyNA-Br)

F2-PyNA-Br

1H NMR (600 MHz, cdcls) & 8.94 (dd, J = 7.3, 1.0 Hz, 1H), 8.90 (d, J = 2.2 Hz, 1H),
8.79 (dd, J = 7.3, 1.1 Hz, 1H), 8.73 (d, J = 2.2 Hz, 1H), 8.33 (dd, J = 8.1, 0.7 Hz, 1H),
8.22 (d, J = 7.7 Hz, 1H), 7.87 — 7.83 (m, 2H). 13C NMR (151 MHz, CDCI3) & 160.16,
155.01, 151.93, 148.73, 136.14, 133.21, 132.50, 132.18, 129.14, 127.63, 127.14,
127.05, 126.04, 125.20, 122.17, 119.54, 116.05.

11-phenothiazine-7H-benzo[de]pyrido[3',2":4,5]imidazo[2,1-alisoquinolin-7-one  (F2-
PyNA-PTZ)
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F2-PyNA-PTZ

A flame dried 100 mL Schlenk tube equipped with a rubber septum was charged
with F2-PyNA-Br (1.0 eq.); phenothiazine (1.2 eq.), sodium tert-butoxide (2.0 eq),
Pdz(dba)s (3 mol%) and [(t-Bu)sPH]BF4 (6 mol%). The atmosphere of the system was
changed by argon and degassed toluene (30 mL/mmol) was added and the resulting
mixture was heated at 110 °C with stirring for 24h. The solution was filtered over celite
bed and the solvent removed under reduced pressure. The crude mixture was purified
by silica gel column chromatography eluting with chloroform/hexane (2:1 v/v), followed
by precipitation in methanol/hexane (3:1).Yellow solid. 36 % yield. *H NMR (300 MHz,
CDCls) 6 9.06 (d, J = 7.3 Hz, 1H), 8.97 — 8.90 (m, 1H), 8.82 (d, J = 7.3 Hz, 1H), 8.75
(dd, J=2.4,0.6 Hz, 1H), 8.38 (d, J = 8.3 Hz, 1H), 8.28 (d, J = 8.3 Hz, 1H), 7.94 - 7.85
(m, 2H), 7.08 (dd, J=5.7, 3.3 Hz, 2H), 6.91 — 6.86 (m, 4H), 6.36 — 6.32 (m, 2H). HRMS:
m/z calcd for C29H17N4OS (M+H)*: 469.1123; found: 469.1121.
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9. General Conclusions

This thesis describes the design and synthesis of several series of
multifunctional compounds belonging to distinct classes of compounds. In total, 35
unprecedented molecules were designed and synthesized, with full structure
characterization by NMR and HRMS. The Pd-catalyzed reactions, such as N-C and C-
C cross-coupling, were the base reactions to connect electron-donors and electron-
acceptors in different arrangements, such as D-A, D-A-D and D-A-A-D. The electron
acceptors covered a wide range of chemical reactions. The chemistry of quinoxalines,
perylene, benzotriazoles, phosphanimine, and benzimidazoles was used to obtain
functional materials.

Additionally, electrochemical and photophysical behavior were investigated in
order to check the suitability of the new materials for optoelectronics applications. The
electrochemical and photophysical properties were controlled by different molecular
designs, where common electron-donors were connected to new acceptors to be
investigated. The materials present different behaviors, depending on the core,
regioisomers, and donors attached. It was observed that N-rich electron acceptors
such as quinoxaline are attractive candidates to be connected with strong to moderate
electron donors, such as phenothiazine, phenoxazine, and acridine derivatives to have
the possibility of TADF properties, due to a strong CT character. On the other side,
weaker donors such as diphenylamine, azepine derivatives, and carbazoles imply in a
more substantial HOMO-LUMO overlap, which decreases the TADF behavior.

The acenaphtopyridopyrazine (NQPY) core in a D-A structure proves to be an
excellent strategy to obtain materials that can present TADF properties and control the
emission wavelength covering a wide range of colors, from green to red, depending on
the strength of the donor connected. Additionally, AIE/AIEE properties were observed,
emphasizing the multifunctional properties of the materials. Related to perylene D-A-
D derivatives (PTE and PDA), new functional materials were obtained where the low-
cost hydrolysis reaction controlled the HOMO-LUMO gap from perylene tetraester to
perylene dianhydride. The electrochemical stability and the absorption spectra in the
visible region suggest interesting candidates for OPV applications. The asymmetric
naphthalenebenzimidazole (BTNA) was connected with different donor units with the
addition of the 1r-spacer aromatic between the donor and acceptor (D-1-A-11-D), which

proved as a good strategy to maximize the PL emission in comparison with the
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compound with direct connection between the donor and acceptor. Also, the isomer
with the phenothiazine in meta position shows that the design of the TADF molecules
can be affected by the position of the donor on the regioisomers. Other regioisomers
derived from pyridinebenzotriazole, presenting a methyl group in three different
positions and connected with acridine derivatives in D-A structure, show that the
different regioisomers are an interesting alternative to modulate the photophysical
properties of the materials to be applied as TADF based OLEDs devices.
Additionally, diquinoxaline and diphenazine in a D2-A-A-D2 structure with
different donors connected show that these acceptors cores are interesting candidates
to obtain TADF properties since a great increment in the PL intensity was observed in
degassed conditions, mainly for the compounds with more strong electron-donors,
such as phenothiazine, phenoxazine, and acridine derivatives. For the
benzopyridoimidazoisoquinolinone (PyNA), where one of the regioisomers was
connected with phenothiazine, it showed a wide range of PL emission in the zeonex
matrix, indicating the versatility to be applied as a candidate to white emitter in OLEDSs.
For the compounds derived from the triphenylphosphanimine (Ph3PN) system, the
photophysical properties showed AIEE behavior, indicating the versatility of the

materials for optoelectronics applications.
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10. Experimental part

10.1 Materials and equipment

All the reagents were obtained from commercial sources and used without
further purification. The N-C and C-C coupling reactions were performed under Ar
atmosphere. The organic solvents were of commercial grade quality. In general, all the
compounds were purified by column chromatography on silica gel (60—200 mesh), and
recrystallized/crystallized from analytical grade solvents. The purity of the sample was
checked by thin-layer chromatography (TLC) (Merck Kieselgel 60F254). *H and 3C
NMR spectra were majority recorded on a Varian Unity Inova spectrometer (*H NMR:
300 MHz, 3C NMR: 75MHz) using tetramethylsilane (5 = 0 ppm) as an internal. High
resolution mass spectrometry analyses were performed on a Waters Xevo G2 Q-TOF
mass spectrometer (Waters Corporation) equipped with an ESI source operating in
positive- ion modes. Full-scan MS data were collected from 100 to 5000 Da in positive
ion mode with scan time of 0.1 s. To ensure accurate mass measurements, data were
collected in centroid mode and mass was corrected during acquisition using leucine
enkephalin solution as an external reference (Lock-Spray TM), which generated
reference ion at m/z 556.2771 Da ([M+H]+) in positive ESI mode. The accurate mass
and composition for the molecular ion adducts were calculated using the MassLynx
software (Waters) incorporated with the instrument. Parameters: Polarity: ES*;
Analyser: Resolution Mode; Capillary (kV): 4.0000; Sampling Cone: 40.0000-
120.0000; Extraction Cone: 4.0000; Source Temperature (°C): 120; Desolvation
Temperature (°C): 200; Cone Gas Flow (L/Hr): 100.0; Desolvation Gas Flow (L/Hr):
400.0.

10.2 Photophysical analyses

Steady-state UV-vis absorption and photoluminescence (PL) spectra of the
compounds were acquired on a Shimadzu UV-2550 UV-VIS spectrometer and
HAMAMATSU C11347-01 spectrometer with an integrating sphere, respectively. The
measurements of PL were carried out in solution or in zeonex matrix in a glass

sapphire.
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10.3 Electrochemical Analyses

The electrochemical characterization of the all compounds were carry out by
cyclic voltammetry (CV) in a potentiostat PGSTAT100 AUTOLAB or CHI620 (CH
Instruments) and a system of three electrodes, reference electrode (RE) was
silver/silver chloride (Ag/AgCI calibrated against ferrocene), working electrode (WE)
(platinum disc with 1 mm of diameter) and counter electrode (CE) (platinum wire) in
solution of tetrabutylammonium tetrafluoroborate (BusNBFa4) as electrolyte at 100 mM
concentration in dichloromethane (DCM) as a solvent. Cyclic voltametric
measurements were conducted at room temperature at a scan rate of 50 mV/s and
under Argon (Ar) inert atmosphere. The concentration of each compound in solution
was 1 mM in the electrochemical cell.

lonization potential (IP) and electron affinity (EA) were estimated from onset
oxidation (Eox) and reduction (Ered) potentials, respectively. Where IP and EA are
associated with the energy levels of frontier molecular orbitals, HOMO (Enomo) and
LUMO (ELumo) using the following equations: Exomo = -(Eox + 5.1); ELumo = -(Ered +
5.1).78

10.4 Theoretical details

All theoretical calculations were performed using Schrodinger® software release
2018-1. Density functional theory (DFT) calculations were used to obtain the optimized
molecular geometries of all compounds. To calculate the frontier molecular orbitals
(FMOs) with HOMO-LUMO spatial distributions were used the hybrid functional B3LYP
along the 6-31G** basis set. To excited states calculations to estimate the energies of
S1, T1 and T2 were employed the Tamm-Dancoff Approximation (TDA) by time-
dependent (TD) DFT at B3LYP/6-31G** level.
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12. Appendices

12.1 NQPy-Donor compounds
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'H NMR (300 MHz) in CDCl; of the compound NQPy-Br.
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'H NMR (300 MHz) in CDCl; of the compound NQPy-PTZ.
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13C NMR (75 MHz) in CDCl; of the compound PTE-PXZ.
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'H NMR (300 MHz) in CDCls of the compound PDA-PTZ.
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13C NMR (75 MHz) in CDCls of the compound PDA-PTZ.

HRMS (TOF MS ES") of the compound PDA-PTZ.

Multiple Mass Analysis: 2 mass(es) processed
Tolerance =80.0 mDa / DBE min =-10.0, max = 100.0
Element prediction: Off
Number of isctope peaks used for i-FIT = 2
Wonaisotopic Mass. Even Elechon fons
14 formula(s) valuated with 1 results within imis (up o 3 losest result fo each mass)
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HRMS (TOF MS ES) of the compound PDA-PXZ.

12.3 BTNA-Donor compounds

Welisson de Pontes Silva



169

iy
=t
A
e

81'8\
08—
628~
s’

98\
8L'8”
S6'8~
1687

—Br

Br—

BTNA-Br

7.2

7.6

8.0
Chemical shift (ppm)

8.8 8.4

9.2

102
+807

/50T
W?S

FOOT
=001

50 45 40 35 30 25 20 15 1.0 05 0.0

Chemical shift (ppm)

70 6.5 6.0 55

7.5

95 9.0 85 80

'H NMR (300 MHz) in CDCl; of the compound BTNA-Br.

P09

soe
909
09

629
0E9
€9
ZEQ
5L,
oo
wolf

S8'9]
989

BTNA-PTZ \—/

Lo
(89
8891
889
2041
€02
vO'L
0L
0L
e
Zre
1L
891
oL
L2
N
2L

6L

Feoe

FeoT

.
Iy
hpoe
€07
mmo.m

FEOT
FOOT

F1o1

Foo'T

6.2

6.6

7.0

7.4

7.8

8.2

8.6

9.0

Chemi|cal shift (ppm)

)

102
€07

b
Lvow
+£07
‘oz

Eopw
€01
b

=101
=001

6.0 5.5

0.0

1.0 0.5

40 35 3.0 25 20 15

4.5

3.0

70 6.5

7.5

8.0

8.5

9.0

9.5

Chemical shift (ppm)

'H NMR (300 MHz) in CDCl; of the compound BTNA-PTZ.
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13C NMR (75 MHz) in CDCls of the compound BTNA-PTZ.

Multiple Mass Analysis: 2 mass(es) processed
Toler 0 DBE: min =-10.0, max = 50.0

Elements Used

T T T T T

50 40 30 20 10 0

Mass RA___| Colc.Mass | mba | [F TR i-AIF Norm | Fit Cont %
W59 10000 651 11 - ‘ E]
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209 950 1633
#6178 93 €612 225
6167 95 1729
605 43 993
626l 583 na

8651450
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667.1455

564343 8644521

664.00

HRMS (TOF MS ES") of the compound BTNA-PTZ.
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'H NMR (300 MHz) in CDCl; of the compound BTNA-p-DPA.
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13C NMR (75 MHz) in CDCl; of the compound BTNA-p-DPA.
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Tolerance = 100.0 mDa / DBE: min=0.0, max = 100.0
Elomart predictian: O

Humber of isotops peaks ussd for iF1T = 2

Mancisclopic Mass, Even Election lons

woto
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Mass | RA | Calc.Mass | mba | PPM | DBE | Formula [iar T om [iecons [ ¢ [ H [N] o]
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HRMS (TOF MS ES") of the compound BTNA-p-DPA.
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'H NMR (300 MHz) in CDCl; of the compound BTNA-p-PTZ.

Welisson de Pontes Silva



NWOAMNOTNMON =T UMWY MS - N nmwnm~sSMNNwn O
CRABAM-MINMBNOT A ORE0AHAMADT O
BRI RYTFRRIEARRRARLAYRNERIANANERRS
BT LIOOMaaaaaaaNaaa AN NN aS D
ARk Rk Rrink et o et T T S 5

~11667
11571

173

T T

. ! : T ' T T
160 155 150 145 140 135 130 125 120
Chemical shift (ppm)

IR TP I.ll.l..lnll

115

180 170 160 150 140 130 120 110 100 90

80

Chemical shift (ppm)
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13C NMR (75 MHz) in Tetraclhoroethane-d; of the compound BTNA-p-PTZ.

Tolerance = 100.0 mDa DBE: min =0.0. max = 100.0

Kmr oo

Number of isotope peaks used for i-FIT = 2
Mass | RA__| Cole.Mass | mDa | PP | DBE | Formule [Ar [ “ATNom [FacCont% | € | H [N]O] S|

T iR ak B Eaa
R s M oz
-
%
g
7980 8000 8020 B8040 8060 8080 8100 8120 8140 8160 8180 8200 8220 8240 8260 8280 8300 i

HRMS (TOF MS ES) of the compound BTNA-p-PTZ.
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'H NMR (300 MHz) in CDCl; of the compound BTNA-p-PXZ.
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174

13C NMR (75 MHz) in Tetraclhoroethane-d, of the compound BTNA-p-PXZ. (Due very small
solubility in common deuterated solvents, the *3C NMR operating at 75 MHz was very hard to

get the spectra in good resolution).
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Multiple Mass Analysis: 2 mass(es) processed
Tolerance = 100.0 mDa / DBE: min = 0.0, max = 100.0
Element predction Of
Number of isotops peaks used for |FIT = 2 =
Monoisatogic Mass. 063 and Even Elecran ans
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HRMS (TOF MS ES™) of the compound BTNA-p-PXZ.
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'H NMR (300 MHz) in CDCl3 of the compound BTNA-m-PTZ.
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13C NMR (100 MHz) in Tetraclhoroethane-d; of the compound BTNA-m-PTZ. The low solubility
in common deuterated solvents makes it difficult to get a good **C NMR spectra.
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HRMS (TOF MS ES") of the compound BTNA-m-PTZ.

12.4 DQ-Donor and NQ-Donor compounds
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'H NMR (400 MHz) in C;D.Cls of the compound NQ-p-Br. The low solubility in common
deuterated solvents difficulties the **C NMR analyses.
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'H NMR (300 MHz) in CDCls of the compound DQ-PXZ.
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13 H
C NMR (75 MHz) in CDCl3 of the compound DQ-PXZ.
Multiple Mass Analysis: 2 mass(es) processed
Tolerance =800 mDa | DBE: m = 100, max = 1000
Element prediction: OF
Number of isotope peaks used for iFIT = 2
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HRMS (TOF MS ES) of the compound DQ-PXZ.
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'H NMR (300 MHz) in CDCl; of the compound DQ-DPA.
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13C NMR (75 MHz) in CDCl; of the compound DQ-DPA.
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Wultiple Mass Analysis: 2 mass(es) processed
Tolerance = 1000 mDa / DBE: min = 0.0, max = 100.0
Element prediction: OF
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HRMS (TOF MS ES") of the compound DQ-DPA.
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'H NMR (300 MHz) in C2D,Cls/DMSO-ds (2:1) of the compound DQ-PTZ.
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13C NMR (75 MHz) in C2D,Cls//DMSO-ds (2:1) of the compound DQ-PTZ.
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13C NMR (75 MHz) in pyridine-ds of the compound DQ-PTZ.
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'H NMR (300 MHz) in CDCls of the compound PyBTZ-1-DMAC.
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13C NMR (75 MHz) in CDCls of the compound PyBTZ-3-DMAC.
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'H NMR (300 MHz) in CDCl, of the compound PyBTZ-2-DPAC.

Welisson de Pontes Silva



195

() ()] - N M= ©LW r~ )

- — o ® = u]trr\jujarﬂm o 8
ol ~ ~ o~ —

R 2 < mPn BRRARKE & %

— - - P R e R R — —

| | | (. = | |

N
| Baw,
¢ SA o~
. 20
J 1 1 \{\/'
l N __.J - PyB1;-2-DPAC

160 155 150 145 140 135 130 125 120 115
Chemical shift (ppm)

|11 H 1

230 210 190 170 150 130 110 9 80 70 60 50 40 30 20 10 O
Chemical shift (ppm)

13C NMR (75 MHz) in CDCl, of the compound PyBTZ-2-DPAC.

Tolerance =40.0 mDs / DEE: min = -10.0, max = 100.0
Element prediction: Off
Numbr of isctope pake used for LFIT = 2
Wonoisolopic Mass, Even Elechon lons
&formuta(e)evasuated wi 1 resuts wein s (U9 0 3 lossstresulsfo s3ch mass)
Elements Ussd
Mese [Ra [ Colc.Mass [ mba [ oM [ DBE | Formule [ [T Norm [Ftcont® | € [ H [ N[
wHE 106 demn 17 35 25 Ol RATS 5 wa wa E T
1o
W
. 802040
%
487 2008
s ssaans
2810557 poggs7s aiazeat  anzisos 3532551 V20802 gg 01 | IBRIBIE  4ysqa0p szmoss aszozes 49004509 g0 SV pyney  senzazr ssemizs smsem P2V enziss  sopraes sensoa
280 200 300 310 320 330 340 350 380 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 S50 570 580 500 600 810 620 630 640 N

HRMS (TOF MS ES) of the compound PyBTZ-2-DPAC.

Welisson de Pontes Silva



s EyEy] N
o ~ e mmmﬂ'""‘-“’mmm
g 58 Hﬂm%ooogmmmmﬂmmm-.ﬂ;“ Y
o 0 ~~ Lt I SN N S SR Ts I Ts BT IV Ve To I Te)
v B R e e

o
Lo

S

PyBTZ-3-DPAC

1.00% }__

—
8

6.07-
2.27
44,163

o
T T T T T T T T T T lr\i
86 84 82 80 78 76 74 7.2 70 68 6.6 6.4
Chemical shift (ppm)

NS N

T e e ¥
O W~ M )
O Oon=g— =}
— (L)

8 7 6 5
Chemical shift (ppm)

'H NMR (300 MHz) in CDCl, of the compound PyBTZ-3-DPAC.

-2

] =
e ¢ 8§ 8 S RYRBEIT § % 3 a
£ @ ¢ ¢ 8 BRRNRAE § z 0 |
| | | | | o TS | |
N
NN
N“
N X
1! | /N'_<u>
TN\ _/ S
=/} )
] = \7\ 7
| ‘\\\\/Q
! [l
BTZ-3-DPAC
1 l ) L - £y
T T T T T T T T T T
155 150 145 140 135 130 125 120 115 110
Chemical shift (ppm)
L 1. s h l l ! i
230 210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 O

Chemical shift (ppm)

3C NMR (75 MHz) in CD.Cl; of the compound PyBTZ-3-DPAC.

196

Welisson de Pontes Silva



Tolerance = 40.0 mDa / DBE: min = -10.0, max = 100.0
Element prediction Off
Numbr o iotope pesks used or 1T =2
WonoioaopicHowe Even Elacton on
() S 1 7SS B TS (91 oSSl ot 83ch mase)
e sea
®A | Colc.Mazs | mba | PPM | DBE | Farmuia [T [T Horm [Ficont® | € [ A LN
WeaE W DR 93 95 RS GRS i3 wa o s
4580004
- 8208
.
sorzms
seazis
2 " 468 1429) 4 o 4381778 . N
B s AR 0 asasss 4999569 A J SO gy omy  grmgors 40SaEnTH0 T g0 008 4933100 gy 000, 0330515001909 012 Sia1a3 ST
4225 4450 4475 4500 4525 4550 4575 4600 4625 4950 4675 4700 4725 4750 4775 4300 4825 4050 4975 4900 4925 4950 4975 5000 5025 5050 S0P5 5100 5125 5150 5175 50
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197

Welisson de Pontes Silva



198

oL

289
289
169
fa A
€L
L
SHL
Sk
XL
XL
A4
A A
JA4A
8L
8L
8L
15¢
187
(Y5
€S°L
YA
9L
(VAA
L
Ll
oL
€L
ELLA
PL LA

L

SL'L
oL
UL

g

N
\Y

O-

@

CO

Ph3PN-m-Br

F16'Q

r60'9

70 69 6.8 6.7 6.6

729 78 77 76 75 74 73 7.2 7.1

Chemical shift (ppm)

00T
~00T

Moot

F60'6 -

F60'9

T

1.0 05 0.0

50 45 4.0
Chemical shift (ppm)

95 9.0 85 8.0

20 15

2.5

3.0

3.5

5.5

70 65 6.0

75

'H NMR (300 MHz) in CDCl; of the compound PhsPN-m-Br.

LA]
mm.@/
nm.wV

829
&9
U9
649
69
£8'91
891
989
9891 !
b6,
P69
96'9|
mm,m%
169
85
8¢
654

192
19¢
1947
94
[y
£9¢ )W
€947
S9¢ \
BL
RBL
83¢
e8¢
0574
6L
6L
€6¢

Y
J
L

TE.N
Frez

ﬂﬁo.w

7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2

7.8

Chemical shift (ppm)

007 |

91z
MVm.N

109

66

E809L

6 5
Chemical shift (ppm)

7

12 11 10

13

'H NMR (300 MHz) in Acetone-ds of the compound PhsPN-p-PTZ.

Welisson de Pontes Silva



783
782
780
7.79
7.79
7.78
7.76
7.75
7.5
754

o0

Ph3PN-p-PTZ

S eyt
8 8 &2 8
I e e et B S e e S (A L’
7.9 7.6 7.3 7.0 6.7 6.4
Chemical shift (ppm)
) _&_,__J_
T T Pt T
88 8&S2 8
o N~ ~N
10.5 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0

IH NMR (300 MHz) in

Chemical shift (ppm)

CDCl; of the compound PhsPN-p-PTZ.

199

{-;; (o)) Nmm-—*NkﬂDmhﬂmﬂ'TﬂLﬂE w m
S NNORVOMINVOMNOWS ® @
— uw IO A = = OO WO WW LWL — — ()] w
a 3 ooooonaSaoaoonNe o =
| | e P A N I
1 1
|
1
. QD
| 28}
~ Q)
i N
J | AL Cro
el o e Wit bty Ph3PN-p-PTZ
150 145 140 135 130 125 120 115
Chemical shift (ppm)
P | MIII | L
230 210 190 170 150 70 60 50 40 30 20 10 O

130 110 920
Chemical shift (ppm)

13C NMR (75 MHz) in CDCl; of the compound PhsPN-p-PTZ.

Welisson de Pontes Silva



200

Tolsrance = 40.0 mDa / DBE: min = 10,0, max = 100.0

Element prediction: OF

Humber of isatope peaks used for (1T = 2

Monais otapic Mass, Even Election lons

formula(e) evaluated wi 1 results wanin Amits (up bo 3 o5&t resuits for £3ch mass)

Elements Used

Mss  [RA | ColeMas | mia | POM | DBE | Fermuls [irr [ Nom

FiaConf% | € | H [W[P]5S]
SLIE 100  SIIL 03 05 M5 CHHENIFS 85 we ® @B 2 1 1

ss1.1708

-
s
TR se7.1661
oo
s13102 3192000 55110304 é— e { 5601688 5 6262117 6331263

480 495 490 495 500 505 510 515 520 505 630 535 540 545 550 555 560 505 570 575 580 585 590 595 600 005 610 615 620 625 630 635 040 645 650 @S5 040 665 670 675 O8O GHS

HRMS (TOF MS ESY) of the compound PhsPN-p-PTZ.

7.78
7.78
7.77
7.75
7.75
7.74
7.74
7.73
7.71
7.71
7.53
| 7.52
1 7.51
7.50
7.50
7.46
745
7.44
7.44
7.43
7.43
7.41
7.41
7.40

93
692
6.91
691
691
6.30
6.75
6.74
6.73
6.71
6.71
666
6.65
6.18
6.18
6.16
6.15

PhyPN-m-PTZ

nla3s

7.1 6.9
Chemical shift (ppm)

L
¥
x

)
83
< i

936
103
101
191
I

7 5 4 3 2 1 0 -1 -2
Chemical shift (ppm)

® 4601
1200

1H NMR (300 MHz) in CDCls of the compound PhsPN-m-PTZ.

Welisson de Pontes Silva



201

PhyPN-m-PTZ

Foo

Lans

ivmo.?

6.5

71 6.8
Chemical shift (ppm)

7.4

7.7

8.0

v00T [

00¢
%8&.

EQOE L

=001
k5056

009 |

-2

-1

5

6
Chemical shift (ppm)

1‘2 11 ll() 7
'H NMR (300 MHz) in CD2Cl2 of the compound PhsPN-m-PTZ.

13

€191 T—

PIBTT~
85611
Vravase
98121~
et
mm.vu/
62921
95921
€19t
18921~
6921
mmwﬂ%

L8OET
mm.ﬁmﬁ/
96'TET
10CET
SOCTET
81°CET
09CET
EL'TET

16'0pT—

&Lrbi—

N
o
.
g
3
z
o
o
=
o

-4

118

22

1

126

138 134 130
Chemical shift (ppm)

NN

142

L

A

-10

60

70

80
Chemical shift (ppm)

100

140 130 120

150

160

30 20 10

40

50

90

110

13C NMR (75 MHz) in CDClIz of the compound PhsPN-m-PTZ.

Welisson de Pontes Silva



Tolerance = 40.0 mDa / DBE- min =-10.0, max = 100.0
Element preciction: Off

Number of isotope peaks used for (1T =2

Moncisatepic Mass, Even Elactron lons

& formusa(e) evaluated wilh 1 results wiin kmits (1 to 3 closest results for each mass)

202

lements Uset
e T#n T coc e Lwos [ Pomt [8E [ rormuis Tt Terivem [racous [ € Tnnlo 5]
SLUIE 5 WL 05 03 a8 C K HEF S 05 e O
PR TZ827 (1839 G (316 827
TTOF NSEB
. -
o w0710
M
ssamise
sex1750
ssun
ssarss
JLomiar wmise  eamar  ssoss  emisn s 10 SV sig 006201573 551000\ sy sy S92 s rag stozsszeoy ez esn sam OE23088 gm0 poaipsy 1123040 7250098

470 480 430 500 510 52D 530 540 580 560 57D 580 590 GO0 610 620 B30 B4D 650 6BD 7D

300 400 410 420 430 440 450 dsD

HRMS (TOF MS ES") of the compound PhsPN-m-PTZ.

12.7 F2-PyNA-donor compounds
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13. Student achievements

Publications
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Multifunctional Properties of D-A Luminophores Based on Acenaphtopyrido[2,3-
blpyrazine Core: Photophysics, Photochemistry, and Efficient Solution-Processed
OLEDSs. Journal of Materials Chemistry C. 2023. DOI: 10.1039/d3tc02860g.

Welisson P. Silva; Edivandro Girotto; Hugo Gallardo; Rodrigo Cristiano. Synthesis
and characterization of photoactive columnar liquid crystals containing azobenzene
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https://doi.org/10.1016/j.molliq.2020.112944.

André H. de Oliveira; Welisson P. Silva; Jordan K. da Silva; Julio. C. O. Freitas; Miguel
A. F. de Souza; Rodrigo Cristiano; Fabricio G. Menezes. Non-symmetrical three and
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Supramolecular layers through amphoteric donating/accepting H-bonds, Journal of
Molecular  Structure. Volume 1180, 2019, Pages 399-405. DOl
10.1016/j.molstruc.2018.12.007.

Conferences

Poster: Welisson de Pontes Silva, Nicolas Oliveira Decarli, Leandro Espindola,
Agata Blacha-Grzechnik, Piotr Pander, Mieczyslaw Lapkowski and Przemyslaw Data.
Design, synthesis and characterization of multifunctional D-A compounds to TADF-
OLEDs application. International Symposium on Synthesis and catalysis (ISySyCat)
2023, 5-8 september, Evora, Portugal.

Poster: Welisson _de Pontes Silva, Nicolas Oliveira Decarli, Leandro Espindola,

Mieczystaw tapkowski, Przemyslaw Data. Design, synthesis and characterization of
multifunctional D-A compounds based on acenaphtopyridopyrazine core. 6 th
International Workshops on Nano and Bio-Photonics (IWNBP), 25-30 september,
2022, Evian — France.

Poster: Nicolas Oliveira Decarli, Welisson de Pontes Silva, Mieczystaw Lapkowski,

Przemyslaw Data. Design, synthesis and characterization of compounds based on
diquinoxaline and dibenzophenazine cores. 6 t International Workshops on Nano and
Bio-Photonics (IWNBP), 25-30 september, 2022, Evian — France.

Poster: Welisson _de Pontes Silva; Edivandro Girotto; Hugo Gallardo; Rodrigo

Cristiano. Synthesis of Columnar Liquid Crystals Containing Azo groups. T-System
Configuration European-Japanese Workshop 2019 (11 — EJ 2019). Zabrze, Polska, 12-
15.11.20109.

Poster: Welisson de Pontes Silva, Hugo Gallardo, Rodrigo Cristiano. Luminescent

liquid crystals derived from quinoxaline and thiophene. XVIII Brazilian MRS Meeting,
in Balneario Camboriu-SC, Brasil. 22-26.10.20109.

Welisson de Pontes Silva



207

Poster: SILVA, W. P.; GIROTTO, E.; GALLARDO, H.; CRISTIANO, R. Synthesis and
Characterization of New Photoactive Columnar Liquid Crystals Containing Two
Electronically Distinct Parts. 422 Reunidao Anual da SBQ (RASBQ), in Joinville-SC,
Brazil, 27-30.05.20109.

Additional Scholarships and Grants obtained

v PRELUDIUM 20 - Design, Synthesis, and Investigation of New 1-Conjugated
Macrocycles with Thermally Activated Delayed Fluorescence for Organic
Lighting Emitting Diodes/Transistors. Project number: 2021/41/N/ST4/03753.
Amount: 209840 PLN.

v Additional Scholarship by National Science Centre-NCN: OPUS 16 -
2018 31 _B_ST5_ 03085 (NCN1/2020).

v' Grant supporting academics starting their scientific activity in a new research
field: Synthesis and investigation of new D-A type molecules based on
acenaphtopyridopyrazine as acceptor core to OLED applications. Project
number: 32/014/SDU/10-22-04. Amount: 12000 PLN.

v' Research tasks carried out by young scientists SBM (BKM) - Synthesis and
spectroelectrochemical investigation of new asymmetric D-A-D molecules
derived from imidazoquinoline. Project number: 04/040/BKM21/0184 (BKM-
552/RCH4/2021). Amount: 5000 PLN.

Project participation

Creation and development of an ERA Chair and Centre of Excellence in Organic
Electronics as a strategic point for science and innovation development in the Silesian

region and Poland. Exceed Research Group: http://exceedresearch.com/

OCTA-Organic Charge Transfer Applications: http://octa.organicelectronics.co.uk/

Internship participation
Brazyl, Physics department of the Federal University of Santa Catarina.
Period: 03 December, 2022 — 31 January, 2023.

Funded by Grant for the best PhD students under excellence initiative.
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