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Tm — melting temperature

TOF — time of flight

TPBI —2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
TSPO1 — diphenyl[4-(triphenylsilyl)phenyl]phosphine
UV — ultraviolet

UV-Vis — ultraviolet—visible spectroscopy

Von — turn-on voltage

XRD - X-ray diffraction

ZEONEX - cyclo olefin polymer

[ — field dependence parameter

AEst — singlet-triplet energy gap

Nout — OUtcoupling coefficient

A —wavelength

1o — mobilities at absent electric field

e — electron mobility

un — hole mobility

T—time

® — quantum yield
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1. INTRODUCTION

At this point, it would be a cliché to state that Tang and Van Slyke made the
first organic light-emitting diode (OLED)*. Although they were pioneers in this field,
the device they produced was quite simplistic. Over the past 30 years, researchers
around the world have developed optoelectronic devices with more complex
structures®>, more intricate emission mechanisms than simple fluorescence®*?, and
even devices with simple structures that show excellent properties'**6. Although Tang
and Van Slyke’s device pales in comparison to those of today, they demonstrated that
organic materials can serve as a viable alternative for optoelectronic applications.

They were not wrong. In 2022, the organic semiconductor market was valued at
116.9 billion USD, and by 2030, it is predicted to reach 566 billion USD'"8, The
rising potential of organic semiconductors is due to their applicability in numerous
fields, such as OLEDs, organic solar cells (OSCs)*°, organic field-effect transistors
(OFETSs)?, and organic sensors (e.g., gas, UV, visible light, radiation)?-2*. Another
factor contributing to the growth of organic electronics is their suitability for flexible
electronics (e.g., rollable screens, e-papers, smart sensors)®2¢, Finally, organic
semiconductors, compared to their inorganic counterparts, are more sustainable and
eco-friendly due to their recyclability 2 and low production®°3! costs. These and other
factors are driving the rapid expansion of this field.

However, it is the flexibility and intrinsic qualities of organic semiconductors
that hold their true promise. Conventional inorganic semiconductors are based on
rigid crystalline structures®, whereas organic semiconductors are composed of
dynamic molecules. The molecular structure, rotation, vibration, and movement that
define their characteristics also influence the material’s optical and electrical
behaviour. Due to their natural flexibility, their properties can change in response to
external stimuli. For example, Zhu et al. demonstrated that exposure to UV light
enhances the fluorescence of perylene Schiff-base derivatives®. This effect, believed
by the researchers to be caused by the UV-induced trans-to-cis isomerization of the
molecules, modifies the chemical structure and increases fluorescence intensity. The
potential to create very sensitive and selective sensors for a range of applications, from
UV radiation detection to optical communications wavelength monitoring, is made
possible by this sensitivity to electromagnetic radiation. Similarly, Wang et al.
improved the performance of solution-processed OLEDs by using annealing
treatments to adjust the molecular transition dipole moment3* of the emission layers.
By simply altering the annealing temperature, scientists were able to fine-tune the
molecular arrangement, resulting in improved carrier mobility and more efficient light
emission. This demonstrates the extent to which external influences may affect the
behaviour of organic semiconductors and suggests promising possibilities for
constructing cutting-edge optoelectronic devices by carefully manipulating these
molecules.
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Fig. 1. Simplified schematic showing how external stimulus affects molecule
and its properties

Motivated by these potential outcomes, this work explores how external stimuli
affects the optical properties of three distinct series of organic semiconductors.

In this dissertation, three series of organic semiconductors are presented. Each
series of compounds exhibits changes in their emissive properties due to external
stimuli, such as UV light or temperature. The discussed properties demonstrate that
conformation and/or morphology changes induced by external stimuli influence
thermally activated delayed fluorescence (TADF) properties (Fig. 1). Furthermore,
TADF enhancement due to external stimuli exploitation and application is presented
as sensors or OLED devices.

This research contributes to the expanding knowledge in the field by examining
the fundamental principles that regulate the behaviour of organic semiconductors and
investigating the effects of external stimuli on their properties. The discoveries
establish a foundation for the development of state-of-the-art optoelectronic devices
with enhanced performance, efficiency, and sustainability.

The goal of this study is to examine how the molecular conformation, packing,
and morphology of organic semiconductor compounds influence their photophysical,
electrophysical, and optoelectronic properties when exposed to various external
stimuli.

To accomplish this goal, the following tasks were established:

- Conduct a photophysical study of the selected compounds to determine their
emission mechanisms;

- Explore the potential of benzophenone and phenothiazine-5,5-dioxide
derivatives for UV sensing by investigating the dependence of their TADF
intensity on UV excitation;

- Design, fabricate, and characterise the electroluminescent properties of
OLEDs containing acridone and quinacridone derivatives;

- Investigate the impact of structural properties of acridone and phenoxazine
derivatives on their photophysical properties for OLED applications;
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- Study the exciplex-forming properties of trifluorobiphenyl and carbazole
derivatives for electroluminescent devices.

The novelty of this work

- The phenomenon of photostimulated fluorescence in an organic emitter,
where both emission colour and intensity vary under UV stimulus, is reported for the
first time in benzophenone and diphenyl sulfone derivatives with phenothiazine-5,5-
dioxide moieties. This work reveals a new mechanism for photostimulated
fluorescence, which involves conformational isomerisation between two stable
conformers of the dye molecule under UV irradiation.

- A series of innovative compounds derived from acridone and
quinacridone with various donor segments was investigated. The emitted light from
these compounds spans a broad spectrum of colours, ranging from blue to orange,
influenced by their molecular structure and the presence of doping in a host material
compound demonstrated distinctive characteristics, such as thermally activated
delayed fluorescence and aggregation-induced emission enhancement, resulting in
highly efficient light emission in OLEDs.

- Thermally controlled mechanochromic luminescence, where emission
colours can be reversibly changed by external stimuli, such as grinding, fuming,
heating, or annealing, is demonstrated for the first time using phenoxazine-substituted
acridones. This work presents a novel approach to understanding how annealing-
induced crystallisation affects the TADF characteristics of these compounds,
significantly increasing the external quantum efficiency (EQE) of OLEDs.

- New carbazole-based emitters are characterised in this work,
demonstrating their potential for application in high-efficiency OLEDs with EQEs of
up to 7.8%. This study uniquely explores the formation of blue- and green-emitting
exciplexes in OLED devices using a fluorinated acceptor, highlighting the importance
of understanding interfacial exciplex formation for device optimisation.

Interrelation of the articles

This dissertation is structured around the scientific findings of four papers, each
published in a first-quartile, top-tier journal. Copies of these publications and a
complete list can be found in Sections 7 and 9, respectively. The key interrelation
among the scientific results described in these articles is their contribution to tuning
the charge-transfer emissions of novel organic light-emitting semiconductors, thereby
enhancing their potential for practical applications. For instance, the first article
demonstrates that the green charge-transfer emission of compounds containing
benzophenone, diphenyl sulfone, or phenothiazine-5,5-dioxide moieties can be tuned
to blue charge-transfer emission under UV excitation. These findings show the
potential for applications in UV sensors. The second and third articles reveal that the
charge-transfer emissions of the investigated compounds can be extensively tuned,
and, in some cases, even reversed. Such tuning significantly enhances their thermally
activated delayed fluorescence properties, resulting in improved electroluminescent
performance in OLEDs. The fourth article presents findings on tuning ultraviolet
intramolecular charge-transfer emissions to sky-blue intermolecular charge-
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transfer emissions using an exciplex-based approach. Notably, thermally activated
delayed fluorescence properties were activated for sky-blue intermolecular charge-
transfer emissions, in contrast to ultraviolet intramolecular charge-transfer emissions,
highlighting their potential for OLED applications.

These scientific findings on tuning charge-transfer emissions in organic light-
emitting semiconductors have significant implications for the fields of materials
science and contribute to the dissertation’s overall objective of understanding how
molecular conformations, packing, and morphology affect the photophysical,
electrophysical, and optoelectronic characteristics of organic semiconductor
compounds in response to external stimuli. They investigate the effects of heat
treatment and UV irradiation on these characteristics, emphasising the importance of
molecular packing and morphology in influencing the performance of organic
electronic devices, such as OLEDs. By addressing these factors, the papers provide a
comprehensive understanding of how external stimuli can induce changes at the
molecular level, affecting the functionality of these substances in electronic devices.

Contribution of the author

The research presented in this dissertation was conducted by the author in
collaboration with researchers from Kaunas University of Technology, KTH Royal
Institute of Technology, Warsaw University of Technology, Vilnius University, the
University of Glasgow, and CY Cergy Paris University. The author characterised the
photophysical, photoelectrical, charge-transporting, and electroluminescent
properties, as well as analysed all results from measurements conducted with
collaborators across three compound series. Edgaras Narbutaitis synthesised
benzophenone and diphenyl sulfone derivatives with phenothiazine-5,5-dioxide
moieties, and crystallographic measurements were performed with his assistance.
Theoretical calculations were conducted in collaboration with Dr. G. V. Baryshnikov,
Dr. B. F. Minaev, and Dr. H. Agren from KTH Royal Institute of Technology. The
second series of acridone and quinacridone derivatives was synthesised by Dr. 1.
Kleszewicz-Bajer and Dr. M. Makowska-Janusik from Warsaw University of
Technology. Together with their assistance, circular voltammetry measurements and
theoretical calculations were conducted. The thermal properties were determined by
Dr. M. Mahmoudi. X-ray diffraction (XRD) and atomic force microscopy
measurements were performed with the help of Dr. A. Lazauskas from the Institute of
Materials Science, Kaunas University of Technology. The transient absorption
measurements were conducted by Dr. V. Jasinskas and Dr. V. Gulbinas from Vilnius
University. The third series of trifluorophenyl and carbazole moieties was synthesised
by Dr. R. Keruckiene and L. Liepenyte. The thermal properties were measured by Dr.
J. Simokaitiene. Theoretical calculations were performed by Dr. J. Cameron from the
University of Glasgow and Dr. G. Sini from CY Cergy Paris University. All charge
mobility measurements and manuscript preparations were carried out with the help of
Dr. Habil. D. Volyniuk. Dr. Habil. J. V. Grazulevicius assisted with article editing,
review, and connecting with collaborators.
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2. LITERATURE REVIEW

To predict the semiconducting and light-emitting properties of organic
materials, understanding their electrical configurations is crucial. The electrical
configurations of organic semiconductors originate from the atomic orbitals (AOs) of
carbon, which contain six electrons. Carbon atoms can form chemical bonds with
other atoms through various hybridised orbitals, including the sp, sp?, and sp®. For
example, each carbon atom in the ethylene molecule has three sp? hybrid orbitals for
bonding with other atoms®. The 1s orbital of a hydrogen atom combines with one of
the sp? hybrid orbitals creating a molecular orbital (MO) known as an c-orbital.
Bonding is an important process in organic chemistry in which carbon atoms form
bonds through sp? hybrid orbitals, resulting in the formation of a double bond. The 7-
electron cloud spreads across carbon atoms, creating a separate molecular z-orbital.
This structure results in the formation of bonding and anti-bonding orbitals, with the
anti-bonding orbital having a higher energy level than the bonding orbital. The z-
orbitals are represented as 7- and 7*-MOs, respectively®. The best example of this is
benzene, which consists of six carbon atoms connected by hybrid sp? orbitals,
resulting in the formation of six z-bonding MOs*. The z-electron cloud exhibits
delocalisation across the carbon atoms, facilitating electron mobility between them.
The highest occupied molecular orbital (HOMO) refers to the highest energy level
that contains electrons, while the lowest unoccupied molecular orbital (LUMO) refers
to the energy level at which no electrons are present. The energy difference between
the HOMO and the LUMO represents the amount of energy needed to stimulate an
electron within the molecule. Photon absorption and emission processes are
energetically favourable on z-orbitals, whereas o-electrons are less likely to be
stimulated due to the greater energy required for electronic transitions between o-
orbitals. The HOMO-LUMO energy gap diminishes as the z-conjugation system
expands, resulting in enhanced z-electron delocalisation®®. The HOMO and LUMO
orbitals play critical roles in electronic transitions, including light absorption and
emission. When light is absorbed, electrons transition to an empty z* state, resulting
in the formation of a hole. An exciton refers to a Coulomb-bound hole-electron pair
generated in an organic material®®.

Excitons are generated either through light absorption or by injected charges.
They may return to their lowest energy state through various processes, such as light
emission, non-radiative energy relaxation, or separation. Luminescence is one of the
primary characteristics of organic semiconductors, and exciton properties are closely
linked to the emitted light. There are three main types of excitons: Wannier-Mott*,
charge-transfer (CT)*, and Frenkel excitons*. Frenkel excitons exhibit localisation
on individual molecule fragments and are often referred to as locally excited (LE)
excitons. LE excitons have a higher degree of localisation and are less affected by the
surrounding environment, whereas CT excitons can be impacted by the polarity of
their surroundings due to their solvatochromic properties*®. Additionally, excitons
possess multiplicity, which refers to the overall spin of a two-particle system.
18



Electrons and holes are fermions with spin values of 1/2 or -1/2. In a two-particle
model, the total spin of an exciton can only be 1 or 0. The spin projection along the z-
axis can take values of -1, 0, 1, or 0, respectively. A triplet exciton brings together
particles in their ground and excited states, while a singlet exciton involves particles
with spins opposite to each other*’. Excitons in organic semiconductors have the
ability to alter their multiplicity due to spin-orbit coupling. The LE or CT nature of
the singlet and triplet states is controlled by their exciton radius®.
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Fig. 2. Formation of Frenkel excitons (a) and charge-transfer excitons (b);
radius of Frenkel and Wannier-Mott excitons (c)

It is essential to note that the conformation of a molecule affects its absorption
and emission properties. The surrounding medium often influences the molecular
conformation, thereby affecting the overlap of MOs. For example, molecules
dissolved in low-polarity solvents may exhibit LE exciton emission, whereas in
higher-polarity media, they may show both LE and CT exciton emission or only CT
emission. Additionaly, the molecular conformation in solution can be affected by
external stimuli, such as temperature*® or UV#',

Similarly, the emissive properties of solid-state samples depend on their
molecular conformations. Emissive qualities can be significantly influenced by
molecular packing®, aggregate*® formation, morphology®®, and whether the sample is
crystalline®! or amorphous®. For some molecules, aggregation can reduce emission
intensity, which is known as aggregation-caused quenching (ACQ)%. Typical
luminophores exhibit strong emissive properties in their isolated molecular form but
may experience varying degrees of ACQ when grouped together or clustered. The
aromatic rings of neighbouring luminophores, especially those with disc- or rod-like
structures, undergo strong intermolecular m—m stacking interactions, causing the
excited states to return to the ground state, which suppresses emission®. The opposite
effect is observed when the emissive properties are improved by aggregation. This
effect is called aggregation-induced emission (AIE). Depending on the structure of a
molecule, isolated molecules may lose significant energy after excitation due to
rotation and vibrational dissipation®*°. However, in aggregated forms, these factors
are avoided because of the restrictions of intramolecular rotation®®®7, vibration®°,
and movement®®®!, These aggregate restrictions help reduce the losses caused by
vibrational dissipation.
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Furthermore, the morphology of the layer is crucial, especially in the field of
OLEDs. The morphology of emissive layers, whether crystalline or amorphous, can
significantly influence their properties. The optimal molecular alignment of organic
crystals reduces traps, improves thermal stability, enhances charge carrier mobility,
and increases light extraction efficiency in OLEDs, making them valuable for
optoelectronic devices®. In particular, organic field-effect transistors exhibit superior
performance compared to amorphous organic materials. However, the disadvantage
of crystalline semiconductors is the difficulty in obtaining them in a thin and
homogeneous form®. On the other hand, amorphous layers are easier to obtain.
Amorphous organic films are frequently used in most OLEDs due to their flat
surfaces, which ensure excellent uniformity and stability, even in the presence of high
electric fields®. Amorphous films for OLEDs can be classified into two categories:
vacuum-processed films and solution-processed films. The fabrication of high-purity,
ideal multilayer structures enables the commercialisation of vacuum-processed films.
Recently, Reineke et al. % presented work showing how forming an ultra-stable glass
emitting layer can significantly increase the efficiency and lifetime of OLEDs®. As
they established, due to material evaporation at a temperature close to the glass
transition (0.85 Tg), they achieved better horizontal orientation of linear-shaped
molecules, resulting in improved = — z MO overlap and increased charge mobility. In
conclusion, layer morphology is an important topic in organic optoelectronics, and
understanding it is crucial, as both crystalline and amorphous materials have their
advantages and disadvantages.’

As mentioned above, many factors affect the properties of organic
semiconductors, including MOs, molecular conformation, interaction between
molecules, and morphology. These various factors influencing organic semiconductor
properties are especially critical in optoelectronic applications, where they govern the
materials’ ability to emit light. When the first OLED was produced in 1987, its
emission was characterised as simple fluorescence. The phenomenon of fluorescence
has been known since the Middle Ages® and is described as the energy relaxation of
excited molecules back to the ground state, emitting a photon without changing the
electron spin. As it cannot harvest triplet excitons, the emission results in an internal
quantum efficiency®’ of 25 %. Later researchers developed phosphorescent OLEDs
using organometallic emitters. These types of emitters allow for triplet exciton
participation in the emission mechanism due to the strong spin-orbit coupling caused
by the metal atom implemented into the organic structures. The advantage of OLEDs
with phosphorescent emitters is their ability to achieve 100% internal quantum
efficiency (IQE) and high electroluminescent stability®. However, a disadvantage is
the incorporation of rare earth metals, such as Ir, Eu, Th, Gd, Pt, and others®, into the
emitter structure. In 2012, Adachi et al.” demonstrated a process that achieved 100%
IQE while avoiding the use of rare earth metals™. This process is known as thermally
activated delayed fluorescence (TADF). The TADF effect arises from the presence of
CT excitons in a molecule, which are created when the molecule has both a donor (D)
moiety and an acceptor (A) moiety. The D component provides electrons, while the
A component accepts them. This process involves the transmission of both holes and
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electrons in opposite directions. When a molecule containing D-A or D-A-D moieties
is subjected to optical excitation, the D component absorbs energy, causing an electron
to migrate from the ground state (So) to the singlet state of the donor (Si1). This leads
to the formation of a lower energy charge transfer singlet state (:CT), where electrons
are converted from the upper levels™. Typically, an intersystem crossing (ISC)
mechanism occurs, enabling the movement of electrons from the !CT state to the
triplet charge transfer state (*CT). When the energy difference between !CT and 3CT
is minimal and the thermal energy of the surroundings is abundant, reverse
intersystem crossing (RISC) may occur, converting electrons from a triplet state to a
singlet state, resulting in delayed fluorescence. TADF emitters exhibit higher
efficiency than fluorescence emitters due to their ability to capture both singlet and
triplet excitons’?. Additionally, TADF emitters can be easier to design and synthesise
than phosphorescence emitters™.
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Fig. 3. Fluorescence, phosphorescence, and TADF emission mechanisms

The categorisation of electron donors and acceptors is based on a relative scale,
although the interaction of inductive and resonant effects can complicate this. Charge
transfer between strong and weak donor or acceptor moieties is possible in such
cases’"®. Tsuchiya et al. presented the first example of TADF materials using strong
and weak electron donors, which acted as an acceptor, in the D-D’ type molecular
architecture’. More recently, Adachi et al. demonstrated a donor-only D-z-D type
compound that showed TADF properties™.

Additionally, TADF can occur not only in single D-A or D-A-D type molecules
but also between different D and A type molecules. The working principle is similar
to that of typical TADF molecules; however, CT occurs between electron-donating
and electron-accepting molecules’. In this case, a short-lived excited-state complex
known as an exciplex is formed between the donor and acceptor molecules. The
exciplex emission process involves the transfer of electrons from the LUMO of the
donor to the LUMO of the acceptor. The energy difference between the singlet and
triplet levels of the exciplex is minimal due to the spatial separation of the HOMO
and LUMO between the donor and acceptor molecules™. Therefore, the exciplex
tends to exhibit TADF features because of the small gap between singlet and triplet
states, allowing triplet excitons to be transformed into singlet excitons by RISC during
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thermal stimulation. This process leads to efficient singlet exciton emission through
radiative transition’. A few years ago, Guzauskas et al. identified two exciplex
species with high energy and two exciplex species with low energy in solid-state
combinations that generate exciplexes®. The researchers claimed that these two bands
could be separated by thermal annealing, which caused changes in the molecular
conformations and packing as the morphology of the samples changed. These findings
confirm the two-fold properties of exciplexes and present opportunities for the
development of new exciplex-forming systems with high photoluminescence
quantum yields (PLQY) and effective exciplex-based electronics.
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3. REVIEW OF ARTICLES

This chapter contains information derived from the author’s articles, which are
listed in Chapter 9.

3.1. Polymorph acceptor-based triads with photoinduced TADF for UV sensing
(Scientific publication No. 1, Q1)

This chapter is based on an article published in Chemical Engineering Journal
(2021), Volume 425, Article 13154981, This work employs the acceptor—acceptor—
acceptor design approach of TADF compounds by including the phenothiazine-5,5-
dioxide, benzophenone, and diphenyl sulfone moieties, which exhibit varying
electron-accepting characteristics. The chemical structures bis(4-(5,5-dioxido-10H-
phenothiazin-10-yl)phenyl)methanone (1) and 10,10-(sulfonylbis(4,1-phenylene))bis(10H-
phenothiazine 5,5-dioxide) (2) are presented in Fig. 4.

Compounds containing benzophenone 10,10'-(sulfonylbis(4,1-
phenylene))bis(10H-phenothiazine  5,5-dioxide) or diphenyl sulfone with
phenothiazine-5,5-dioxide fragments were synthesised using nucleophilic substitution
and oxidation processes. The structures were confirmed by 'H and *C nuclear
magnetic resonance (NMR), mass spectroscopy (MS), and single-crystal X-ray
diffraction. The information retrieved from X-ray diffraction showed that these
structures are promising as TADF materials due to the almost perpendicular dihedral
angle between benzophenone or diphenyl sulfone and phenothiazine-5,5-dioxide. For
compound 1, two polymorphs were identified, showing different twist angles between
the benzophenone and phenothiazine-5,5-dioxide fragments, with modest bending.
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Fig. 4. Molecular structures of compounds 1 and 2
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Electronic structure and emission properties investigation was performed in
numerous media. Compounds 1 and 2 showed UV absorption spectra (Fig. 5a), with
absorption peaks at 300, 320, and 328 nm, which can be attributed to z—z* transitions
of the phenothiazine-5,5-dioxide moieties. The varying polarity of selected media did
not affect the low-energy absorption bands of compound 2. For compound 1, an
absorption tail in the 340 -370 nm range was observed, which can be assigned to
intramolecular charge transfer (ICT) between benzophenone and phenothiazine-5,5-
dioxide moieties. This conjecture aligns with the results of time-dependent density
functional theory (TD DFT) calculations, where the excitation energy was calculated
as 3.08 eV and 3.27 eV for compounds 1 and 2, respectively.

Although no observable CT absorption band was detected for compound 2, the
emission spectra of compounds 1 and 2 can be characterised as ICT (Fig. 5b)8283, As
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confirmed by X-ray analysis, the molecular structures of compounds 1 and 2 have the
capacity to twist, which can result in the overlap of LE and CT states, creating a
hybridised local and charge transfer (HLCT) state. Nonetheless, Lippert—Mataga plots
for compounds 1 and 2 showed a single slope (Fig. 5c), whereas HLCT emitters
exhibit two slopes®8,
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Fig. 5. Absorption (a), PL spectra (b), Lippert—-Mataga plots (c), and PL decays (d)
measured for both oxygenated (dotted lines) and deoxygenated (solid lines)
solutions and solid films of compounds 1 and 2

The HOMO expansion is significantly impacted by the torsion angle between
the benzophenone phenyl ring and the plane of phenothiazine-5,5-dioxide. The
junction of C=0 or SO, group also influences the spectral properties of the excited
state, CT characteristics, and transition intensity, though the torsion angle remains the
main factor. Despite the large singlet—triplet energy gap solution of compound 1 in
tetrahydrofuran (THF) (0.49 eV), the emission lifetime curves of air-equilibrated and
deoxygenated solutions of nonpolar xylene and highly polar acetonitrile show
components of both prompt and delayed fluorescence. The long-lived delayed
fluorescence component of the solution of compound 1 in acetonitrile is due to
vibronically induced TADF (Fig. 5d)%®". This idea was confirmed by the emission
intensity increase after deoxygenation of the toluene solution of compound 1 (Fig.
6a). Additionally, a further increase in emission was observed following UV
treatment, likely due to the more thorough deoxygenation induced by UV®8#°, On the
other hand, compound 1 dissolved in a more polar solvent exhibited a noticeable blue-
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shift in the spectrum for UV-treated samples (Fig. 6d). This represents the first
observation of photostimulated fluorescence in an organic semiconductor. However,
a different type of emission lifetime curve was observed for compound 2 (Fig. 5d),
and no photostimulated fluorescence was detected for compound 2 in any medium.

As previously mentioned, a colour-switchable emission (Fig. 6a), with a spectral
maximum ranging from 414 to 440 nm, was observed for compound 1 in more polar
solutions. The alterations in emission colour and intensity are attributed to various
mechanisms, for example, polymorphism, conformer formation, protonation, and
limitation of hydrogen bonding®®-*2,

The absorption spectra of thin films of compounds 1 and 2 exhibit a small red
shift compared to the spectra of solutions, while maintaining the same shape of low-
energy bands (Fig. 5a). Under UV excitation, the thin films of compounds 1 and 2
display a single-band blue emission, with peak wavelengths at 432 nm and 400 nm,
respectively (Fig. 5b). Unlike the photoluminescence (PL) decays observed at various
emission wavelengths for the film of compound 2, the film of compound 1 exhibited
a distinct, long-lasting fluorescence component at higher emission wavelengths (Fig.
5d). In conclusion, compounds 1 and 2 demonstrate the TADF properties.

Further investigation of the photostimulated emission phenomena of compound
1 reveals the existence of two unique emission effects. First, the emission spectra shift
from a lower energy region to a higher energy region; this is particularly distinct in
dimethylformamide (DMF) solution, where the emission shifts from green to blue
(Fig. 6d). Second, there is an increase in blue emission intensity following exposure
to UV irradiation. Investigating these mechanisms is essential for understanding the
potential of compound 1.

The first emission effect, described by the blue shifting of the emission spectra
from the high wavelength region to the lower wavelength region, is produced by
changes in the molecular conformation of compound 1. Under UV irradiation,
compound 1 changes from one stable conformer to another. A comparison of *H NMR
spectra of non-treated and UV-treated solutions of compound 1 revealed that no
photodegradation occurred.

The photostimulated fluorescence phenomenon is likely caused by
conformational changes in the molecular structure of compound 1 in untreated and
UV-treated solutions. Distinct blue and green emissions were observed in the
polymorph samples A and B of compound 1, which were produced from crystals
formed in acetone and DMF, respectively (Fig. 7a). The first emission effect is
associated with changes in the molecular conformation of compound 1, resulting in a
shift of the emission spectrum colour from the low-energy band to the high-energy
band. This change occurs when the polymorphs transition from one stable conformer
to a second stable conformer after exposure to additional UV treatment. The observed
impact is not caused by the limitation of hydrogen bonding, as the PL spectrum of
sonicated DMF solutions exhibited a red shift even when compared to freshly
prepared DMF solutions (Fig. 6b). The transition of the emission spectra from the low
to the high-energy range in the solution of compound 1 after exposure to UV light is
not caused by changes in particular conformers (quasi axial-quasi axial, quasi
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equatorial-quasi equatorial, and quasi axial-quasi equatorial) of the phenothiazine
5,5-dioxide moiety®.
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Fig. 6. Absorption and PL spectra solution of compound 1 in toluene solution before
and after deoxygenation or UV treatment (a); PL spectra of compound 1 in DMF
before and after sonification or UV treatment (b); image showing how the emission
from the DMF solution of compound 1 changed over time during UV treatment (c);
PL spectra of compound 1 in DMF after various durations of UV treatment (d); PL
decay of compound 1 in DMF solution before and after UV treatment (e); plot of the
coordinate changes during UV treatment from CIE 1931 (f)
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The second emission effect, specifically the progressive increase of blue
emission (peak at 440 nm) and the decrease of green emission (peak at 528 nm) in the
DMF solution of compound 1 under continuous UV exposure, is caused by the
concentration redistribution of polymorph types A and B (Fig. 6b, c, d, f). According
to TD DFT calculations, blue-emitting conformer A oscillator strength for Se-S; is
higher than that of the green-emitting conformer B (0.017 vs. 0.003, respectively).
The theoretical calculations further confirmed that the photostimulated phenomena
arise from photo-induced isomerisation.

Although there is a small change in the PL spectra of compound 1 in different
polarity solutions that were UV treated, there is still an observable solvatochromic
effect. In comparison, the UV-treated toluene solution of compound 1 has an emission
peak at 413 nm, while the UV-treated DMF solution exhibits a PL maximum at 440
nm (Fig. 6 a, d). The Lippert—-Mataga plot of the UV-treated compound 1 exhibits a
very low slope (5105 cm-1), which is indicative of ICT states, but it is significantly
higher for LE states (Fig. 5c). This observation indicates that the emission of the UV-
treated solutions of compound 1 is not associated with a purely ICT or LE process.
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Fig. 7. (a) The conformational isomerisation between the global minimum blue-
emissive conformer A and the local minimum green-emissive (LM) conformer B via
the excited S; or T, state of compound 1; (b) PL spectra of the toluene solutions of
compound 1 treated with UV light and recorded at various temperatures; (c) PL
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spectra of the DMF solution of compound 1 before and after UV treatment, with the
addition of the TEMPO additive

While not always necessary, the TADF phenomenon can be enhanced when the
energy-separated mixed ICT and LE S; and T, excited states are connected through
an intermediate triplet state (such as T,) with LE character. This connection can occur
through vibronic coupling, which is a key factor in the Gibson-Monkman-Penfold
mechanism of reverse intersystem crossing (RISC) in some TADF emitters 6,

The increase in PL intensity of the toluene solution of compound 1 after UV
treatment can be explained by a higher population of the T; state and the subsequent
delayed fluorescence mediated by RISC. The emission in toluene is influenced by the
presence of oxygen and temperature, with the PL intensity increasing as the
temperature rises (Fig. 7b). This effect is comparable to the observation of
photostimulated fluorescence in phosphorescent derivatives of phenothiazine 5,5-
dioxide, which is believed to be caused by increased z—= interactions®’.
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Fig. 8. PL spectra (a, c, ), Stern-Volmer plots, and the dependence of emission
wavelength on UV excitation intensity (b, d, f) for compound 1 in various solvents
are presented

Furthermore, the theory that photostimulated fluorescence is caused by
conformational changes in compound 1 was supported by analysing the steady-state
emission of compound 1 solutions with the addition of 2,6,6-tetramethyl-1-
piperidinyloxy free radical (TEMPO). TEMPO has the property of preventing the
transition of compound 1 to the triplet state upon UV irradiation®. The PL spectra of
toluene and DMF solutions containing TEMPO did not change after UV exposure,
indicating that the fluorescence mechanism of compound 1 may involve radical
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formation (Fig. 7c). Nonetheless, there can be limitations on molecular torsion under
UV exposure due to the presence of TEMPO®.

A comprehensive study was conducted to investigate the impact of UV
irradiation intensity on the emission of compound 1, which is a UV-sensitive material
used in optical sensors. The PL spectra of compound 1 were measured using different
excitation strengths after being sequentially irradiated for 10 minutes. The PL
intensity of the toluene solution containing compound 1 consistently increased with
the intensity of UV irradiation. Consequently, the detection limit was very low,
measuring less than 10 uW/cm?. The solution of compound 1 in toluene exhibited no
changes in colour or wavelength.

Both the PL intensity and the emission wavelength showed a gradual increase
in THF and DMF solutions (Fig. 8b, c). The Stern-Volmer plots for the THF and DMF
solutions of compound 1 exhibit discernible linear zones (Fig. 8e, f)%. For example,
while analysing the THF Stern-Volmer plot across the range of UV irradiation energy
from 150 to 250 uW/cm?, the THF solution showed a Stern-Volmer constant (Ksv)
value of 0.242 [uW/cm?]1, which was significantly higher than the Ksy value obtained
from the toluene solution, which was 6.26-10- [uW/cm?] L. The fit of the THF solution
to the plot had an R? value greater than 0.957. The DMF solution of compound 1
exhibited the lowest Ksy value of 4.2:10° [uW/cm?]™* when the Stern-Volmer plot
was analysed within the range of up to 150 uW/cm? of UV irradiation energy.

3.2. Acridone and quinacridone derivatives with carbazole or phenoxazine
substituents: synthesis, electrochemistry, photophysics, and application as
TADF electroluminophores (Scientific publication No. 2, Q1)

This chapter is based on an article published in Journal of Materials Chemistry
C (2022), Volume 10, pp. 12377-12391%. Six acridone and quinacridone derivatives,
which include either carbazole or phenoxazine substituents, were intentionally created
and synthesised to investigate the impact of the D and A connecting pattern (D-A, D-
A-D, or D-=—A—z-D) on their photophysical, electrochemical characteristics, as well
as their application in OLEDs. The chemical structures of the following compounds
are presented in Fig. 9: 2-(3,6-di-tert-butyl-9H-carbazol-9-yl)-10-hexylacridin-
9(10H)-one (3), 2,7-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-10-hexylacridin-9(10H)-
one (4), 10-hexyl-2-(10H-phenoxazin-10-yl)acridin-9(10H)-one (5), 10-hexyl-2,7-
di(10H-phenoxazin-10-yl)acridin-9(10H)-one (6), 2,7-bis(3-(10H-phenoxazin-10-
yl)phenyl)-10-hexylacridin-9(10H)-one (7), and 2,10-bis(3,6-di-tert-butyl-9H-
carbazol-9-yl)-5,12-dioctylquinolino[2,3-b]acridine-7,14(5H,12H)-dione (8).

The redox properties of electroactive compounds are crucial for determining
electron affinity (EA) and ionisation potential (IP), which are predictive parameters
for electronic and optoelectronic applications. In this study, a representative cyclic
voltammetry (CV) analysis of acridone monosubstituted with carbazole (3) is
presented in Fig. 10.
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Carbazole moieties undergo reversible oxidation to a radical cation, followed by
consecutive irreversible oxidation processes, which may involve oligomerisation or
polymerisation if appropriate coupling positions in the carbazole aromatic rings are
available®®. The CV of compound 3 reveals two oxidation processes of reversible and
quasi-reversible nature, at E%qa = 0.653 V and E%x = 1.132 V, respectively,
essentially excluding dimerisation or oligomerisation (Fig. 10a). Unsubstituted
acridone undergoes quasi-reversible oxidation at 1.020 V. The reduction of compound
3 is largely irreversible and occurs at relatively low potentials, with the maximum
cathodic peak at -2.399 V vs. Fc/Fc+. Compound 4, which contains two carbazole
substituents symmetrically connected to the central acridone unit, can be considered
a D-A-D molecule. Consecutive oxidations of the two carbazole groups occur at
potentials E%x = 0.639 V and E%. = 0.804 V. The first oxidation potential is very
similar to that registered for the oxidation of compound 3; an increase in the oxidation
potential of the second carbazole unit may indicate some delocalisation of the radical
cation charge across the whole molecule, making the abstraction of the second
electron more difficult®®. Further oxidation of this cation requires polarisation to
relatively high potentials, resulting in the irreversible oxidation of the central acridone
unit. The first two reversible oxidation processes at Egox1 = 0.600 V and Egoxe = 0.729
V can be explained by the continuous oxidation of carbazole moieties in compound
8, which differs from compound 4 by the central acceptor unit (quinacridone and
acridone) (Fig. 10a). The oxidation of carbazole units in compound 8 occurs at lower
potentials and within a narrower potential range compared to compound 4, reflecting
the effect of the central acceptor unit. In compound 8, the central unit is more
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extended, resulting in better delocalisation of the radical cation charge formed in the
first oxidation step®.
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Fig. 10. Cyclic voltammograms recorded for samples 3, 4, 7, and 8 (a), with 0.1 M
BusNBF4 in CHCI; as the electrolyte and a scan rate of 50 mV/s. Photoelectron
emission spectra of thin layers of compounds 3-8 placed in a vacuum (b)

For the calculations of IP and EA of 3-8 from the electrochemical data,
compounds 3-7 exhibit similar, low reduction potentials and, consequently, low EAs
in the range of 2.50-2.65 eV. The only exception is compound 8, which contains a
significantly more extended quinacridone core. Its reduction potential is
approximately 400-500 mV higher compared to compounds 3-7, resulting in an EA
exceeding 3.0 eV. Phenoxazine-functionalised acridones (5-7) exhibit Eoxionset Values
that are 300-320 mV lower than those of carbazole-substituted compounds (3, 4, and
8). Consequently, their IPs are also lower, barely exceeding 5.0 eV.

Table 1. Redox potentials, electron affinities (EAeL), and ionisation potentials (IPcv)
obtained by electrochemical methods, with ionisation potentials (IPpe) determined
by photoelectron emission spectroscopy (PE)

Characteristic 3 4 5 6 7 8
Ered.onset®, V -2.27 -2.22 -2.23 -2.16 -2.23 -1.77
Eox onset®, V 0.651 0.637 0.317 0.332 0.294 0.6
EAcv®, eV 2.53 2.58 2.57 2.64 2.57 3.03
IPcv©, eV 5.45 5.44 5.12 5.13 5.09 5.4
IPpe®, eV 5.51 5.48 5.33 5.3 5.46 5.55

(a) Potential vs. Fc/Fc+
(b) Calculated using the equation: EA = e (Ered.onset + 4.8) [eV]
(c) Calculated using the equation: IP = —e (Eox.onset + 4.8) [eV]
(d) Measured by photoelectron spectroscopy in air (see Fig. 6b)

It is instructive to verify whether a correlation exists between IP values derived
from electrochemical data (IPcv) and those obtained via photoelectron emission

32




spectroscopy (IPee). The photoelectron emission spectra for compounds 3-8 are
shown in Fig. 10b, while I1Pse values calculated from these spectra are presented in
Table 1.

It should be noted that different physical quantities are measured in both cases.
IPcv, determined for compounds dissolved in a non-aqueous solvent, corresponds to
the ionisation energy, which is modified by electrostatic interactions between the
ionised molecule and its polarisable environment. In the case of IPpg, the
measurements are obtained from surface molecules of a thin solid film. Although 1Pee
values are higher than IPcy values, the observed values for phenoxazine derivatives
are consistently lower than those for carbazole derivatives.

The absorption spectra of compounds 3-8 are characterised by bands attributed
to their D and A segments, such as acridone (Acr) and tert-butylcarbazole (tCz) for
compounds 3 and 4, acridone (Acr) and phenoxazine (PhNZ) for compounds 5-7, and
guinacridone (QAcr) and tCz for compound 8 (Fig. 11a, b). These bands are marked
by thin vertical lines at 389 nm for Acr, 290 nm (z—=*) and 307-335 nm (n—z*) for
tCz, 313 nm for PhNZ, and at 290 and 504 nm for QAcr. Slight red shifts and
broadening of these bands are observed in the spectra of all studied compounds (3-8),
particularly in the low-energy regions. This observation can be attributed to the
formation of ICT states due to interactions between the electron-donating and
electron-accepting moieties.

The absorption spectra of solid thin films of 3-8 are similar to those of the
corresponding toluene solutions but are characterised by even greater broadening.
Two possible origins for these effects can be proposed: aggregation or stronger ICT.
The latter seems more plausible, considering the ICT-induced shapes (non-structured)
of the corresponding PL spectra for all studied compounds (Fig. 11c, d). In contrast,
the specific features of the PL spectra for toluene solutions of compounds 3, 4, and 7,
8 originate from the recombination of the LE states formed mainly by the electron-
accepting moieties (acridone or quinacridone) (Fig. 11c). Compounds 5 and 6
demonstrate ICT-shaped PL spectra both in toluene solutions and in the solid-state,
which is likely due to strong D-A interactions (Fig. 11c, d).
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Fig. 11. Absorption spectra (a, b) of toluene solutions containing compounds 3-8
and comparison spectra of tCz, QAcr, PhNZ, and Acr; PL spectra of compounds 3-8
in toluene (c) and their vacuum-deposited films (d); PL and phosphorescence spectra

(e) of compounds 3-8 in methyl tetrahydrofuran (Me-THF) at 77 K with a 1 ms
delay for phosphorescence spectra following 330 nm excitation; inset of (d) displays
photographs of vacuum-deposited films under UV light

The PL spectrum of a 10% molecular dispersion of compound 7 in 1,3-bis(N-
carbazolyl)benzene (mCP) exhibits two distinct bands at 452 and 525 nm (Fig. 12a).
These bands arise from the recombination of LE and ICT states. In contrast, only one
band is observed in the spectra of the remaining compounds (3-6 and 8). The PL
spectra of molecular dispersions in hosts with low polarity (dielectric constant of mCP
= 2.84)10 experience a hypsochromic shift compared to neat films, confirming the
dominance of ICT character in the excited states of solid films 3-8.

Time-resolved spectroscopic studies show long-lived emission of molecular
dispersions of compounds 5-7 in mCP under vacuum conditions (Fig. 12b). The
measured PL decays of the samples demonstrated long-lived emission, which can be
attributed to delayed fluorescence, supported by the absence of visible changes in the
shape of the PL spectra and an increase in intensity after the removal of air. The
evacuation-induced increase in the intensity of the PL spectra of solutions and
molecular dispersions of compounds 5-7 strongly indicates the triplet origin of this
delayed fluorescence. As demonstrated, the long-lived fluorescence of compounds 5
and 6 is TADF in nature. Compounds 3, 4, and 8 dispersed in the mCP host exhibit a
single-component PL decay curve, which can be attributed to fluorescence.
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Table 2. Photophysical parameters, including singlet and triplet energies, of
compounds 3-8

Characteristic | Media 3 4 5 6 7 8
464 429, 454
tol(a). ) ’ ’
Amax®@- nm Tol. 448, 469 490* 551 571 488% 555, 600

vax®i9® nm | Neat film 490 506 565 581 558 625

Amax*9@ nm mCP 462 479 525 541 | 452,525 | 594

PLQY®, 9% Tol./ mCP | 69/66 61/68 1.5/35 2/31 | 8.6/15.4 | 92/35

Esi©, eV 2.92 2.79 2.68 2.59 3.02 2.31
En©, eV Me-THF 2.58 2.46 2.59 2.53 2.64 -
AEsT9, eV 0.34 0.33 0.09 0.06 0.38 -

(a) Wavelength at the peak of the emission spectrum

(b) PLQY's of compounds 3-8 measured in oxygen-free conditions

(c) First singlet (Es1) and triplet (Et1) energies were taken at the onset of the high-energy edges
of the PL (fluorescence) and phosphorescence spectra, respectively, registered for Me-THF
solutions of compounds 3-8 at the temperature of liquid nitrogen (77 K)

(d) Energy difference between Es; and Em1

PL emission and PL lifetime measurements were performed for the films of
compound 5: mCP in air and vacuum conditions at different temperatures (Fig. 13a—
d). The PL decay curves of TADF compounds are characterised by a component
exhibiting prompt fluorescence in the nanosecond range and another in the
microsecond range. The delayed fluorescence intensity increased with rising
temperature, proving that the thermally activated process was responsible for this
delayed fluorescence. The study employed PL decay techniques on films of
compound 5 at various temperatures to gain understanding of the properties of delayed
fluorescence. The temperature and delayed fluorescence intensity showed a positive
correlation in the PL decay curves, indicating the possibility of a thermally activated
process (Fig. 13d). The small singlet-triplet splitting of 0.06 eV and low activation
energy of 12 meV for RICS were consistent with the compound’s TADF
characteristics (Fig. 13e, f). The Arrhenius equation®,

=)
krisc = Ae knT/; (1D

where E, is the activation energy, kg is the Boltzmann constant, and A is the
frequency factor involving the spin—orbit coupling constant, was used to fit the
temperature dependence of the rates of RICS for compound 5 to calculate the
activation energy (Ea).

Compounds 5-7 are characterised by rather low PLQY values in solution, with
significantly increased PLQY values in their solid-matrix dispersions, attributed to
aggregation-induced emission enhancement (AIEE) (Fig. 14a, b; Table 2)1%,
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PL measurements of their dispersions in THF and water mixtures were
conducted to further investigate the photophysical properties of compounds 3-8 in the
solid state (Fig. 14a—c). The emission intensities (integrated area of PL spectra) of
dispersions of compounds 3-8 in the THF-water mixtures with water fractions ranging
from 0% to 90% are shown in Fig. 14a—c. The emission intensities of compounds 3,
4, and 8 decreases with increasing water fractions in the solution mixture, which is
typical for compounds exhibiting aggregation-caused quenching (ACQ)%.

Quantum chemical calculations were performed using DFT/B3LYP-GD3BJ/6-
311++G(d, p) method to support the experimental results. These calculations
determined the geometries of all studied compounds, elucidated the spatial
distribution of frontier orbitals, and calculated their energies. Theoretical calculations
of IPs and EAs were also conducted to provide theoretical support for the
electrochemical and PE data.
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Fig. 12. PL spectra of molecular dispersions (10 wt.% in mCP) of compounds 3-8,
shown in (a), with their PL decays in (b); normalised PL spectra for the dispersion of
compound 5 (10 wt.% in mCP) in air and under vacuum are shown in (c); PL spectra

of toluene solutions of compound 5, including the as-prepared state (in air), after
deoxygenation, and after reoxygenation, are shown in (d)

Compounds were characterised by either one donor (tCz or PhNZ) and one
acridone-type acceptor (compounds 3 and 5) or two donors (tCz or PhNZ) and one
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acceptor (Acr or QAcr, compounds 4, 6, and 8). Compound 7 differs in that its
acceptor part (Acr) is connected to two donor parts (phenoxazine) via 1,3-phenylene
linkers. The twist angles in carbazole-containing compounds are approximately 25°
smaller than those in compounds with phenoxazine substituents. It was found that the
HOMO levels of acridones substituted with carbazole (compounds 3 and 4) are lower
lying than the corresponding levels of acridones functionalised with phenoxazine
(compounds 5, 6, and 7). The solvation effect increased the band gap for all
investigated compounds, except 8, due to a more pronounced decrease in the HOMO
level and only a slight decrease in the LUMO level. Interactions with solvent
compounds increase the electric dipole moment of compounds 3-7 but decrease the
polarity of 8, which remains relatively small compared to the values calculated for
compounds 3-8 overall.

Distributions of frontier orbitals within different parts of the studied compounds,
along with their energies, determine the spectroscopic and redox properties of the
electroactive compounds. These distributions are closely related to the molecular
geometry. In compounds 5, 6, and 7, the donor and acceptor parts are nearly
perpendicular, while in the case of compound 7, the phenoxazine unit is also almost
perpendicular to the 1,3-phenylene linker. Therefore, the HOMO and LUMO of 5, 6,
and 7 are located on different parts of the compounds, with the HOMO being
essentially limited to the phenoxazine unit and HOMO-1, LUMO, and LUMO+1 to
the acridone unit.

The spatial separation of HOMO and LUMO orbitals in 5, 6, and 7 is manifested
in the calculated transitions, inhibiting transitions of dominant HOMO—LUMO
configurations, such as the So—Ss transitions. The lowest energy transition with non-
negligible oscillator strength is HOMO-1—-LUMO for 5, whereas for 6 and 7, it
corresponds to the HOMO-2—LUMO transition. A smaller dihedral angle in
carbazole derivatives of acridone and quinacridone significantly changes the
distribution of frontier orbitals.

The experimental results show that the PLQY of phenoxazine derivatives
solutions (compounds 5, 6, and 7) is significantly lower than that of carbazole
derivatives (compounds 3, 4, and 8), as the low oscillator strength of the S¢—S:
transition limits fluorescence.
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The strict spatial separation of the HOMO and LUMO, with the HOMO located
on the phenoxazine moiety, results in one-step oxidation of both substituents in
compounds 6 and 7, which are oxidized independently at the same potential. The
extension of HOMO orbitals across the whole molecule in carbazole derivatives
results in a two-step oxidation of carbazole moieties in compounds 4 and 8, as the
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charge formed during the oxidation of one carbazole unit is transmitted to the second
substituent via delocalisation, making consecutive oxidation more difficult.
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Table 3. Hole and electron mobility parameters at room temperature for vacuum-
deposited layers of compounds 3-8

Characteristic 3 4 5 6 7 8
Ph,cm? V1@ | 13 x10° | 1.6 x10° | 46x10° | 85x10° | 2.4x10° | 25 x 10
Ho,cm?V1gi®) | 19x107 | 1.9x10% | 1.8x107 | 22x 107 | 6.8 x 107 | 45x 10°
B, (em V1)¥2© | 78x10° | 1.1 x102% | 55x10° | 1.0x 10" | 6.1 x 10° | 6.8 x 10°®
He,cm? V1gl - 1.8x10% | 1.3x10° - - -
Ho,cm? V1 st - 1.8x10% | 6.6 x 108 - - -
B, (cm V1) - 1.1x107? | 8.6 x 10 - - -

(a) Hole (un) and electron () mobilities measured from time-of-flight (TOF) measurements
at electric field (E) of 3.6 x 105 V/cm
(b) Mobilities measured in the absence of an electric field (L)
(c) Field dependence parameter () for Poole-Frenkel type mobility, expressed as p = pq -

E1
efz
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Charge mobilities in the emissive layers of OLEDs are crucial for proper device
operation. Considering the applications of compounds 3-8 as electroluminophores in
OLED:s, their charge transport properties were examined using the TOF technique.
The experiments were conducted with diode-type samples consisting of indium tin
oxide (ITO), a thick organic layer, and aluminium (Al). Dispersive TOF current
transients, with observed transit times (ty) recorded in log-log scales, were obtained
either under applied positive voltages (for holes) or negative voltages (for electrons)
at the optically transparent ITO electrode. Compounds 3, 6-8 exhibited unipolar
behaviour, showing measurable mobility for holes only. In contrast, compounds 4 and
5 were bipolar, exhibiting both p-type (hole) and n-type (electron) transport. The
highest value of hole mobility (1, = 2.5%10% cm? V1 s1) at an electric field of 3.6x10°
V/cm was found for the quinacridone derivative (compound 8) (Table 3). This finding
was not unexpected, as high hole mobilities measured in either field-effect transistor
(FET)51% or diode configurations!®” have been reported for various quinacridone
core-containing compounds. The hole mobilities of the remaining compounds were
lower by over one to two orders of magnitude. The observed hole mobility values are
characteristic of donor-acceptor compounds that exhibit TADF, where the molecular
segments are strongly twisted!31%, The results of fitting the Poole-Frenkel electric
field dependences!® of the experimental charge carrier mobilities led to relatively
high field dependence parameters. The B values varied within the range from 5.5x10
3 (cm VH)¥2 for compound 5 to 1.1x102 (cm V)2 for compound 4, as determined at
room temperature for all investigated compounds (3-8). These values can be
attributed to the relatively strong dispersive transport. Compounds 4 and 5 were found
to be bipolar, exhibiting similar electron mobilities of 1.8x10° and 1.3x10° cm? V'1s-
! respectively, at the same electric field. Moreover, the pe values of compounds 4 and
5 were comparable to their pn values, indicating well-balanced hole and electron
transport, which is crucial for the use of these compounds in electroluminescent
devices such as OLEDs.
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The compounds 3-8 were utilised as emitters in OLEDs. The layers of the
fabricated devices were as follows: molybdenum trioxide (MoOs) (0.35 nm), N,N'-
di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4'-diamine (NPB) (44 nm), mCP (4
nm), emissive layer (24 nm), diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide
(TSPO1) (4 nm), 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi) (40 nm), lithium fluoride (LiF) (0.35 nm), and aluminium. The
functionalisation of acridone or quinacridone with only two types of donors, tCz and
PhNZ, results in a series of electroluminophores whose emission spectra cover a
significant portion of the visible spectrum from blue to orange. All electro-optical and
electrophysical properties of the fabricated OLEDs are presented in Table 4. Non-
doped and doped emissive layers (EMLs) of tCz-substituted acridone emit blue
electroluminescence (EL). Devices with non-doped EMLs consisting of PhNZ-
substituted acridone emit green (CIE 1931 coordinates of (0.336; 0.567)) and yellow
(CIE 1931 coordinates of (0.439; 0.541)) light, respectively (Fig. 15b; Table 4). The
observed bathochromic shift of the spectra of A3 and A4, compared to those recorded
for Al and A2, is attributed to stronger donor-acceptor interactions in acridone-
phenazine derivatives. However, dispersions of compounds 5 and 6 in mCP (devices
B3 and B4) yield EL spectra that are hypsochromically shifted with respect to the
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spectra measured for A3 and A4 devices, displaying CIE 1931 colour coordinates
characteristic of the blue region. This colour change can be attributed to the
interactions of the luminophore with the mCP host, a phenomenon somewhat similar
to solvatochromism. Interestingly, yellow EL was observed for the EML in device
A5, whereas blue EL was obtained for device B5, indicating layers exhibiting different
EL mechanisms. This difference cannot be attributed to solvatochromism but rather
to a distinct combination of ICT and LE emissions, as previously reported for
indolocarbazole-type emitters':12, Thus, weakening of donor-acceptor interactions
in compound 5 dispersed in mCP, compared to the neat luminophore film (undoped
EML), results in a switch from ICT to LE emission, which is more intensive under
electrical excitation than under optical excitation.

Undoped and doped EMLs of the only quinacridone derivative studied in this
research yield orange, close to red, EL. Unexpectedly, a high energy-band peaking at
approximately 490 nm is observed in the EL spectrum of device A6. This band could
be attributed to the electroplex emission of compound 8, as it appears only under
electrical excitation. Its presence could be advantageous for the development of white
OLEDs, as previously proposed*®,

Table 4. Output electroluminescent parameters of OLEDs with non-doped (A1-A6)
and doped (B1-B6) EMLs

Device VON(b), Lmax(c), CEmax(d), PEmax(e), EQEmax(f),

name | EML | %&®nm| " cd/m? cd/m? Im/W %
Al 3 464 5.7 7475 2.56 0.9 1.6
A2 4 481 7.9 5135 1.53 04 0.7
A3 5 540 5.1 21200 8.02 3.6 2.3
A4 6 563 6.1 13200 3.8 1.26 1.3
A5 7 542 6.3 8460 2.77 0.91 0.76
A6 8 484,585 11.4 443 0.4 0.06 0.12
Bl 3:mCP 458 5 4270 6.7 3.8 4
B2 4:mCP 459 6.4 2150 1.7 0.7 1.2
B3 5:mCP 505 4.7 7950 37.1 19.8 13
B4 6:mCP 548 3.5 22520 235 20.5 7.2
B5 7:.mCP | 426,455 5.4 1820 0.8 0.4 0.5
B6 8:mCP 587 6 4010 14 0.5 0.6

(a) EL maximum (AgL)

(b) Turn-on voltage (Von)

(c) Maximum brightness (Lmax)

(d) Maximum current (CEmax)

(e) Power efficiency (PEmax)

(f) External quantum efficiency (EQEmax)

Device structure: MoO3(0.35nm)/ NPB(44nm)/mCP (4 nm) EML (24nm)/ TSPOZ1(4nm)/
TPBIi(40nm)/LiF(0.35nm)/Al

In conclusion, by utilising only two donor and two acceptor building blocks in
the synthesis of D-A, D-A-D or D-z-A-z-D compounds, it is possible to fabricate
emitters that cover large portions of the visible spectrum. The lowest turn-on voltage
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(3.5 V) was measured for device B4, which is consistent with the lowest ionisation
potential of compound 6 (IPre = 5.3 eV), as determined by PE spectroscopy, and its
second highest hole mobility. The significant differences in maximum brightness
values among the fabricated devices can be attributed to variations in emitter
efficiencies and a different sensitivity of the human eye to various emission colours.
The outstanding TADF/AIEE emissive and bipolar charge-transporting properties of
compound 5 should be emphasised. Devices A3 and B3 demonstrated the highest
maximum EQEs of 2.3% and 13%, respectively. The transient electroluminescence
(TREL) signal, which reaches milliseconds, provides evidence for the significant
participation of triplet excitons in the EL of device B3, based on TADF emitter 5.
With further optimisation, OLEDs utilising compound 5 could potentially exhibit
improved output parameters compared to those reported in this study.

Compounds 6 and 5 have comparable emission characteristics; however,
devices A4 and B4 exhibit reduced maximum EQE efficiencies due to the imbalanced
transit of holes and electrons within the EML. While compound 6 functions solely as
a hole conductor, compound 5 conducts both holes and electrons. Compound 3
achieves impressive maximum EQEs of 1.6% and 4%, suggesting its potential as a
promising candidate for conventional fluorescent OLEDs (Fig 15b). These high
efficiencies are largely attributed to compound 3’s high solid-state PLQY value.
Although the doped films of compounds 3 (66% PLQY) and 4 (68% PLQY) exhibit
high values, the EQE of OLEDs using these compounds remains comparatively low.
The absence of TADF characterisation in these compounds limits their potential for
triplet harvesting in OLEDs. Hence, the theoretical upper limit of their EQE values
should not exceed 5% based on the following formula®'“:

Next =Y " Ppr * X" Nouts (2)

where v is the charge balance factor, ®p. is the PLQY value, y is the exciton
recombination efficiency, and nou is the outcoupling coefficient.

The highest EQE of device B1 is 4%, approaching the theoretical maximum of
4.65%, based on assumed values of 1 for vy, 0.25 for y, and 0.3 for nouwt. OLEDS using
compounds 5 and 6, which demonstrate TADF, achieve notably higher EQE values
due to their enhanced exciton recombination efficiency. These results demonstrate the
impact of the connection between donor and acceptor moieties on the
electroluminescent properties of the compounds. The observed effect is attributed not
to solvatochromism but rather to a unique combination of ICT and LE emissions, a
phenomenon previously documented in indolocarbazole-type emitters.
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3.3. Thermally controllable tuning of emission properties in phenoxazine-
substituted acridones: a step towards efficient organic light-emitting diodes
using crystalline emitters (Scientific publication No. 3, Q1)

This chapter is based on an article published in Advanced Optical Materials
(2023), Volume 11, Article 2301059, It continues the investigation from the
previous chapter, focusing on phenoxazine-substituted acridones (compounds 5, 6,
and 7). This research aims is to examine the impact of morphological transitions in
these materials on their photophysical and EL properties. The chemical structures of
the compounds studied are shown in Fig. 16.

This study examines the thermal characteristics of compounds 5, 6, and 7 as
thermally tunable crystalline electroluminophores in OLEDs. The results of these
investigations allow for the determination of the optimal annealing temperature for
the deposited films. Compound 5 demonstrates excellent thermal stability,
withstanding temperatures above 300 °C without significant changes. Additionally, it
begins to show a 5% mass loss at 343 °C. Upon cooling, it forms a molecular glass,
with no apparent crystallisation peak. Compounds 6 and 7 exhibit similar properties
but with notably higher values for Tm, Tg, and T (Table 5).

lEHﬂ 5

% 9

Fig. 16. Molecular structure of compounds 5-7

To investigate the potential solvatochromic characteristics of compounds 5, 6,
and 7, two solvents with dissimilar dielectric constants were chosen. The absorption
spectra of the compounds, when dissolved in hexane and THF, are nearly
indistinguishable, resembling spectra previously documented for toluene solutions
(Fig. 17a—c)®. An absorption band with low intensity is observed at wavelengths
greater than 400 nm, indicating that it is likely due to the CT electronic transition. The
PL spectra of THF solutions of compounds 5 and 6 show a red shift and a broader full
width at half maximum (FWHM) compared to those of hexane solutions. This result
can be attributed to the higher solvent polarity. The confirmation of CT luminescence
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is further supported by this observation, as well as the presence of the CT absorption
band*’.

Table 5. Thermal characteristics of compounds 5, 6, and 7

Characteristic 5 6 7
Ta-5%®, °C 343 408 441
T4®, °C 57 117 128
To9, °C 122 210, 258 225, 269
Tu®, °C 204 255, 262 217, 266, 283

(a) 5% mass loss temperature (Tq-50)
(b) Glass-transition temperature (Tg)
(c) Crystallisation temperature (Ter)
(d) Melting temperature (Tm)

The solvent dependence of 'CT in compound 5 was observed, with a lower
energy level in more polar THF solutions than in less polar hexane solutions. This
state exhibited lower energy than the 1LE states of phenoxazine and N-hexylacridone,
which mimic the electron-donating and electron-accepting components of compound
5. The results for compound 6 mirrored those observed for compound 5. In contrast,
the PL spectrum of compound 7 dissolved in THF showed two clearly distinguishable
bands. However, when dissolved in hexane, the spectrum closely resembled that of
N-hexylacridone (Fig. 17d). These bands may be regarded as a characteristic
manifestation of twisted internal charge transfer (TICT) states (Fig. 17c)*®.

The PL spectrum of the melted compound 5 displays a distinct peak at 557 nm
(Fig. 18a), which falls within the yellow region of the electromagnetic spectrum. This
suggests a shift towards longer wavelengths compared to the PL spectrum of the
original crystalline sample. The PL decay curve of the sample shows two distinct
components (Fig. 18d). The first component, with a lifetime (1) of 42.3 ns, is typical
of PF. The second component, with a lifetime (t2) of 3108 ns, is a sign of DF. The
annealed film sample of compound 5 exhibits distinct luminescent characteristics. The
emission spectra of the sample shifted to shorter wavelengths, specifically peaking at
465 nm, compared to the emission spectrum of the original sample (Fig. 18a). The PL
spectrum of compound 5 dissolved in hexane roughly resembles it to that of the
original crystalline sample. Furthermore, it exhibits a bathochromic shift relative to
the long-wavelength emission bands of N-hexylacridone and phenoxazine solutions
(Fig. 17d, €). The observed hypsochromic shift in the !CT emission of the annealed
crystalline sample is attributed to conformational restrictions and solvation
irregularities typical of the solid state. The annealed compound 5 exhibits a blue-
shifted !CT emission, characterised by a short decay time (t1) of 2.8 ns, commonly
associated with rapid fluorescence. No persistent fluorescence is detected. The
lifetime of this phenomenon is slightly longer than the predicted lifetimes of LE
emissions in the solutions of N-hexylacridone (1.14 ns) and phenoxazine (2.67 ns)
(Fig. 17f).

The emission colours of the powders exhibit a strong dependence on their
crystallinity, which can be modulated by external stimuli. The crystallinity of the
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compound 5 powder samples, as determined by X-ray diffraction, was 46.3%, 88.6%,
86.2%, 49.8%, and 61.1% for the pristine, ground, annealed, melted, and re-annealed
samples, respectively, demonstrating the impact of different treatments on the
material’s structure. Through thermal annealing at a crystallisation temperature (T),
the crystallinity of the material is enhanced, resulting in a shift towards the blue end
of the emission spectra. Interestingly, the emission changes observed in this case can
be reversed. When the yellow-emitting melted sample 5 is annealed, it turns blue, and
when the blue-emitting annealed compound 5 is melted, it reverts to yellow.
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Fig. 17. Absorption and PL spectra of solutions of compounds 5 (a), 6 (b), and 7 (c)
are compared with those of solutions of the electron-accepting N-hexyl acridone
(Acr) (d) and the electron-donating phenoxazine (e); the phosphorescence spectra

obtained 1 ms after stimulating the acridone or phenoxazine solutions in Me-THF at
77 K and the degradation curves (f) of Acr and phenoxazine in THF solutions are

shown
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By manipulating the crystallisation process, one can alter the molecular
structure of compound 5, leading to different PL spectra depending on the specific
form. When 5 is melted, it shows a yellow emission with a broad PL spectrum
(FWHM 114 nm) and a relatively long lifetime (t1 = 42.3 ns). Conversely, annealed
5 produces a blue emission with a distinct PL spectrum (FWHM 57 nm) and a much
shorter lifetime (t1 = 2.8 ns), similar to the emission of 5 when dissolved in hexane.
This suggests that crystallisation renders the emission of annealed 5 independent of

environmental polarity.

—
a) S { INITIAL GRINDED FUMED ANNEALED MELTED b) .15
S, = 10 g o mh% mm
%‘ 1 \ — Initial E ¢
2 \\, —— Grinded 23.10’ 7
3 \ ——Fumed
£ Annealed '? 5
- Melted D107 5 o
3 i o O |nitial
% x E=J 0 Grounded
g |FWHM=57 nmj/ [FwHM=114nm| —10°1 5 Fumed
s / \\\ D Annealed ) O —
Z |5 y N 1044 © Melted -
400 500 700 107 100 10° 102 10°
— Wavelength Time [ns]
5 {1
c) 3 d)
A 10°4 % o ° oconmppp
2 -
N | ari S
5 (F3r|nded 1074
g umed —
£ |——Annealed 2
T |— Melted 2 102 5
o] g o Initial
= £ . O Grounded
= 10" o Fumed T
o) O Annealed i i
Z (s 10¢] © Meited =
400 500 600 700 10 100 10" 102 10°
—_ Wavelength [nm] Time [ns]
e) :' INITIAL GRINDED ANNEALED MELTED f)
« 1/ g~ KX & | 0 7
— 8 -4 ' 4 107 % o g ag
2 Initial 3
2 Grounded|
2 10" 4
£ 2
o [72]
Q| § ,| o nital
= €101 o Grounded
E O Anealled [Saims ri i) oo TN —
‘6 o Melted fia i) Do ]
= 102 4 D =
400 500 600 700 10 100 10" 102 10°
Wavelength [nm] Time [ns]

Fig. 18. Mechanoluminescent characteristics of compounds 5, 6, and 7; PL spectra
(a, c, e) and PL decay curves (b, d, f) of the original samples and samples subjected
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to external stimuli (grinding, fuming, annealing, and melting) were analysed; insets
show photographs of the samples under UV excitation

The emission properties of vacuum-deposited films of phenoxazine-substituted
acridones 5, 6, and 7 can be tuned by thermal annealing, which influences their
crystallinity. The vacuum-deposited films exhibit complete amorphousness, and their
photoluminescence spectra closely resemble those observed for the melted powder
form.

The spectral characteristics of compounds 6 and 7 are likely due to !CT
emissions. The PL spectra of compound 6 powders show an FWHM of approximately
103 nm under various conditions. The properties of these compounds are influenced
by the differences in dihedral angles between the phenoxazine and acridone moieties.
Although *LE emission is evident in solution for compound 7, it is not detected in
solid form. The PL spectrum with the narrowest FWHM of 57 nm is observed for
compound 5, indicating its potential for OLED applications, followed by compound
6 with an FWHM of 103 nm and compound 7 with an FWHM of 73 nm. The FWHM
values for compounds 5 and 6 in the ZEONEX matrix are similar, measuring 73 nm
and 87 nm, respectively. However, compound 7 in ZEONEX displays a broader
spectrum of 156 nm, which is attributed to the overlapping LE and 'CT emissions, as
observed in THF solutions.

The PL spectra closely resemble those observed for the melted powder form of
compound 5. Crystallisation induced by thermal annealing of the amorphous film at
a critical temperature of 122 °C causes a hypsochromic shift in its spectrum, changing
the wavelength from 565 to 467 nm. X-ray diffraction analysis reveals a crystallinity
index of 68% for the vacuum-deposited annealed film of compound 5 (Fig. 19b).

The amorphous and crystalline films of compound 5 exhibit notable differences
in their PL decay curves, which highlight their turn-on/turn-off TADF capabilities
(Fig. 19d). The crystalline films of compound 5 do not show TADF due to a
substantial energy difference (AEst = 0.28 eV) between their singlet and triplet states,
which hinders efficient RISC. By altering the degree of crystallinity by varying the
annealing duration, the emission colour of films deposited under vacuum can be
tuned.

The as-prepared films of compound 5 exhibit TADF characteristics that closely
resemble those of 9,9-dimethyl-9,10-dihydroacridin-4,6-triphenyl-1,3 (DMAC-
TRZ)™. The steady-state and time-resolved PL spectra of DMAC-TRZ dispersions
in matrices with low and high polarity exhibit variations due to distinct
conformational and static dielectric disorders. Consistent with theoretical
expectations, the annealed films of compound 5 exhibit emission spectra shifted
toward the blue end of the spectrum (Fig. 19a). The blue shift of the PL spectrum
caused by annealing can be interpreted as a spectroscopic demonstration of these
events.

To assess the suitability of the surface morphology of thermally annealed films
for the production of “crystalline” OLEDs, atomic force microscopy (AFM) (Fig. 19f)
measurements were conducted on both the as-prepared and annealed films of
compound 5 vacuum-deposited on a glass substrate. The film that has not undergone
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annealing has a relatively uniform surface, with some morphological features
exhibiting an average height of 4.44 nm and a root mean square roughness (Rg) of
2.50 nm. The surface of the annealed film is somewhat more uneven, as indicated by
randomly positioned ridges with an average height of 18.83 nm and an R, value of
6.35 nm. Both the non-annealed and annealed films exhibit sufficiently low roughness
values, which meet the acceptable OLED criteria.
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Fig. 19. PL spectra of film 5 before and after annealing (a); XRD-GlI diffractograms
of film 5 before and after annealing (b); photographs of film 5 at different annealing
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stages under UV excitation (c); molecular arrangement and dihedral angle of 5 (d);
AFM topography of film 5: as-prepared and annealed (e)

The work examines the emission characteristics of guest-host compound
mixture films and their use as emissive layers in OLEDs. The annealed films of
compound 5, deposited via vacuum, did not exhibit the TADF effect. Furthermore,
when used as emissive layers, these films did not result in OLEDs with high EQE (.

Table 7).

To accomplish triplet harvesting, the effects of hosting were examined
throughout compound 5. The PL spectrum of a molecular dispersion of compound 5
(1wt %) in an inert polymer matrix (ZEONEX) indicates that its emission band, which
reaches its highest intensity at 513 nm, undergoes a hypsochromic shift to 476 nm
after thermal annealing at T (Fig. 20a).

The distinct morphologies of the PL spectra of the non-annealed and annealed
samples indicate that annealing reduces the level of conformational and/or solvation
disorder. compounds that have reached conformational equilibrium exhibit improved
characteristics in terms of TADF'". The process of annealing-induced crystallisation
significantly enhances the luminous properties of the examined 5: ZEONEX films.
The crystallinity indices, obtained from the XRD-GI diffractograms, are 37.5% and
78.6% for the annealed samples of 10% and 20% molecular dispersions of compound
5 in ZEONEX, respectively. The PL decay curves of both the non-annealed and
annealed samples of compound 5 dispersed in ZEONEX display forms that are
distinctive of TADF emitters (Fig. 20e)™. Annealing significantly enhances the TADF
efficacy. For non-annealed mixtures of compound 5, the emission intensities
measured in a vacuum ly,c Were 2.3 times greater than those measured in air la. For
the annealed dispersions, the measured lvac value was six times greater than the I
value (Fig. 20b). This observation can be attributed to the susceptibility of triplet states
to oxygen.

The annealed dispersions of compounds 5 and 6 in ZEONEX exhibit nearly
100% total PLQY (Table 6). The high PLQY values were attributed the combination
of AIEE and TADF. The PF and DF durations derived from the bi-exponential fitting
of the PL decay curves are listed in Table 6. By calculating the integrals of the PL
decay curves measured in a vacuum for the dispersions of 5 and 6 in ZEONEX, we
were able to determine the proportions of PF and DF contributions, as well as the
quantum yields of PF and DF.

The measured krisc values (1.92 x 10° s™! for 5, 1.46 x 10° s™! for 6, and 3.3 x
10° s! for 7) are among the highest ever recorded values for TADF emitterst?-123,
The ratios greater than 1 for krisc/kisc suggest that RISC is faster than ISC, thereby
preventing non-emissive energy losses via triplet states. According to El Sayed’s rule,
the RISC process is forbidden between electronic states that are comparable in nature,
such as -mr* CT*24, This results in quicker RISC in compounds with TADF through
the intermediate LE excited state. In contrast to the efficient ISC process observed in
donor-acceptor compounds, this mechanism involves the presence of an intermediate
3LE excited state between the singlet !CT and triplet 3CT excited states'?®. The
energies of the 'LE states of phenoxazine and N-hexylacridone in compounds 5, 6,
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and 7 are greater than those of the corresponding 'CT and 3CT states. Consequently,
both ISC and RISC processes may not exhibit the expected efficiency level upon
initial examination. Additional factors to consider include variations in relaxation
rates between singlets and triplets, as well as the intermingling of energy levels®. RISC
processes are more efficient than ISC for the annealed dispersions of 5, 6, and 7 in
ZEONEX.
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The cause of the significant amplification of TADF observed in the annealed
samples of 5 dispersed in ZEONEX was investigated using ultrafast time-resolved
spectroscopy. Both the untreated and annealed samples exhibited no noticeable
alterations in their form over time. However, there was a gradual shift in the PL
spectrum over a longer period (Fig. 20c, f). The time-resolved changes in the PL
spectra of compounds that display TADF are attributed to conformational disorder,
which is a characteristic shared by most standard TADF compounds?6-12°,

The pristine sample exhibited a picosecond decay component, which is not
present in the PL decay curve of the annealed sample. The TA spectra exhibited two
prominent induced absorption bands, without any negative band resulting from the
stimulated emission within the fluorescence band area. This observation suggests that
the CT origin of the PL bands is the main factor influencing the TA spectra.

Unlike the PL decay, the transient absorption dynamics exhibited no significant
differences between the unaltered and heat-treated materials. The distinct behaviours
of PL and TA suggest that the rapid decay of PL in the unaltered samples is unlikely
due to the relaxation of excited compounds back to their ground state. However, only
a small fraction of the compounds in the original sample undergo rapid relaxation to
a non-radiative excited state. This condition may occur when the N-hexylacridone and
phenoxazine parts twist in a completely perpendicular manner, disrupting the overlap
of x orbitals.

The enhanced temporal resolution of the TA measurements revealed additional
phenomena not apparent in the PL decay curves. The extended wavelength-
induced absorption band showed rapid partial decay in less than 1 picosecond, which
is tentatively attributed to the anticipated relaxation of the localised excited state to
the CT state. The ultrafast PL and TA dynamics exhibited a high degree of quantitative
similarity in the film with a 10 wt.% concentration of compound 5 in ZEONEX.

Table 6. Photophysical parameters of annealed films of molecular annealed
dispersions of 5, 6, and 7 in ZEONEX obtained under inert atmosphere

Characteristic 5:ZEONEX 6:ZEONEX 7:ZEONEX
FWHM®, nm 73 87 156
PLQY, % 100 100 36.5
tre®, ns 22.77 22.8 26.59
o9, ns 50965 44157 44908
PF@, % 0.65 1.29 1.9

DF®, % 99.35 98.71 98.1
@, % 0.65 1.29 0.69
®or9, % 99.35 98.7 35.81
kee®, s 2.89 x 10° 5.64 x 10° 2.6 x10°
kor®, 571 1.95 x 10* 2.24 x 104 7.97 x 10°
kisc9, s 2.87 x 10° 5.57 x 10° 2.55 x 10°
Krisc®), s 2.97 x 108 1.74 x 108 4.2 x10°

(a) Full width at half maximum (FWHM)
(b) Prompt fluorescence lifetime (tpF)
(c) Delayed fluorescence lifetime (Tpg)
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(d, e) Fractional intensities of prompt (A1) and delayed (A2) fluorescence, obtained through
t t

fitting of the PL decay curve using the formula I, = Ale(_ﬁ) + Aze( TDF> [45]
(f, 9) Quantum yields of prompt (®pr) and delayed fluorescence (Ppr)

(h) Prompt fluorescence rate constant (Ker)

(i) Delayed fluorescence rate constant (Kpr)

(j) Intersystem crossing rate constant (kisc)

(k) Reverse intersystem crossing rate constant (Krisc)

This work examines how the alignment of singlet and triplet excited states of
compound 5, generated by annealing, affects the EL capabilities of organic
luminophores in OLEDs. The fabricated OLEDs consisted of the following layers:
MoOs (0.35 nm), NPB (44 nm), a light-emitting layer (24 nm), TSPOL1 (4 nm), TPBI
(40 nm), LiF (0.35 nm), and an aluminium electrode. The emission layers were
composed of a 10 wt. % dispersion of compound 5 in various host materials, including
NPB, 3,3'-di(9H-carbazol-9-yI)-1,1'-biphenyl (mCBP), 3,6-di-tert-butyl-9-(2-(1-
phenyl-1H-benzo[d]imidaz (SM-66)®, and tris(4-carbazoyl-9-ylphenyl)amine
(TCTA). The EL characteristics values are provided in .

Table 7.

Table 7. Output electroluminescent parameters of OLEDs untreated by thermal
annealing (C1-C5) and thermally annealed (C1A-C5A) EMLs

. ;»EL, Lmax, CEmax, PEmax, EQEmaX,

Device | EML nm Vou. Vol caim? | cdim? | Imw | %

C1 NPB:5 523 5.9 5710 3.6 15 11
Cl1A NPB:5 524 6.1 10210 34 1.3 1
Cc2 mCBP:5 527 4.7 21080 15.3 8.1 4.2
C2A mCBP:5 527 5.3 16910 21.9 9.5 5.9
C3 SM-66:5 500 5.7 4410 15.1 6.9 5.8
C3A SM-66:5 495 5.2 3280 21.3 12.2 10.11
C4 TCTAS 526 4.3 15990 30.1 175 8.6
C4A TCTAS 526 3.8 14800 62.4 49.1 20.7
C5 5 545 5.6 17250 6.2 2.4 1.9
C5A 5 520 5.7 9700 3.5 1.6 1.1

Device structure: MoOs (0.35 nm)/NPB (44 nm)/EML (24 nm)/TSPO1 (4 nm)/TPBi (40
nm)/LiF (0.35 nm)/Al

Device C5 achieved a maximum EQE of 1.9%, which is somewhat lower than
the previously reported maximum EQE of 2.3% for reference devices. Thermal
annealing of the emissive layer, composed solely of emitter 5, deteriorated its
electroluminescent characteristics instead of enhancing them. The calculated EQE
values for OLED C5A were barely above 1%, which was expected, as the annealed
layers of pure 5 did not exhibit any TADF. OLEDs constructed using a non-annealed
layer of 5 (10%) dispersed in mCP, as described in a previous publication, exhibited
a higher EQE (13%) compared to the devices (C1-C4) studied in this work. Devices
C1-C4, which were not annealed, exhibited an EQE of up to 8.6% when TCTA was
used as the host material. However, device C4A, which included the annealed
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emissive layer of 5 dispersed in TCTA, achieved significant enhancement in its
highest EQE values, reaching up to 20.7%. This enhancement may be partially
attributed to emitter crystallisation, as shown by the presence of crystalline phases in
the diffractogram of the guest-host emissive layer. Upon annealing the emissive layer,
devices C2A and C3A exhibited significant enhancement in their maximum EQE.

The findings clearly demonstrate that the thermal annealing of emissive layers
with guest-host properties, including 5 as a luminophore, is a key factor in enhancing
device performance. It is assumed that heat application allows the singlet and triplet
excited states in 5 to reach equilibrium, thereby promoting efficient TADF. The
superior EQE values of device C4A, reaching 20.7%, may be due to the high stiffness
of the host material, TCTA, which has the highest T4 of 151 °C*** compared to other
hosts (95 °C of NPB2, 90 °C or mCBP**, and 100 °C of SM66'%). Therefore, it is
anticipated that the annealing process, which leads to molecular structure
rearrangement and contributes to crystallisation, could significantly enhance the
electroluminescent capabilities of organic luminophores that are currently considered
inefficient.

3.4. An experimental and theoretical study of exciplex-forming compounds
containing trifluorobiphenyl and 3,6-di-tert-butylcarbazole units and their
performance in OLEDs (Scientific publication No. 4, Q1)

This chapter is based on an article published in Journal of Materials Chemistry
C (2020), Volume 8, pp. 14186-14195"**. This study investigates two compounds
containing trifluorophenyl and carbazole moieties. The influence of the number of
donor groups on the characteristics of the materials is examined based on experimental
findings. The compounds demonstrated the ability to form exciplexes with suitable
electron-accepting compounds. The chemical structures of the investigated
compounds  3,6-di-tert-butyl-9-(2',4',6'-trifluoro-[1,1'-biphenyl]-3-yl)-9H-carbazole
(9 and 9,9-(2',4',6'-trifluoro-[1,1"-biphenyl]-3,5-diyl)bis(3,6-di-tert-butyl-9H-
carbazole) (10) are shown in Fig. 21.

The study investigates the morphological transitions and thermal stability of
derivatives 9 and 10 using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) measurements. Both compounds were isolated
after synthesis and purification as crystalline materials, with endothermic melting
signals observed in the first heating scans of the DSC measurements. Compound 10
showed higher melting (292 °C) and crystallisation temperatures (134 °C) due to its
more symmetrical structure and overall higher molar mass (Table 8). No additional
morphological transitions were detected during the cooling and heating scans of the
DSC measurements, indicating a tendency to transform to an amorphous solid state.
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Fig. 21. Molecular structure of compounds 9 and 10

CV was applied to study the electrochemical properties of derivatives 9 and 10.
Both compounds exhibited reversible oxidation, and ionisation energy values
were estimated from the oxidation onset potentials relative to ferrocene.
lonisation potential values obtained from PE measurements were found to be
comparable for both compounds and higher than those estimated by CV (
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Table 9). Minor differences in ionisation energy values obtained through
different methods can be attributed to environmental variations between the solution
and solid states.

Table 8. Thermal characteristics of compounds 9 and 10

Compound Twm, °C Tcr, °C Tos%, °C
9 134 - 277
10 292 134 369

The optical absorption properties of compounds 9 and 10 were investigated by
analysing their UV-Vis absorption spectra in both solution and film forms (Fig. 22a).
The energy gap values determined from the edges of the UV spectra of solutions of
derivatives 9 and 10 in toluene (Table 9) were found to be similar due to the same
electron-donating moiety present in both compounds. This observation suggests that
the absorption properties of solutions and solid films of 9 and 10 are primarily due to
contributions from donor-local excited states.
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Table 9. Photophysical, electrochemical, and photoelectrical characteristics of

compounds 9 and 10

Characteristic Media 9 10

Mans®, M 297, 346/ 298, 347 297, 346/ 230, 345
AL, NM Toluene 354, 370/ 355, 366, 460 | 352, 367/ 352, 374, 439
EONSY; luene. 3.49 3.41
Stokes shift®, cm- |  SOHtion/thin
: ! film 653/649 493/577
PLQY, % 3.67/3.03 3.63/3.05
SUT1®, eV . 0.64 0.58
AEst®, eV THF solution 13/1 28/1

IPre, eV - 508 6.17

EAst, eV Thin film 2.49 2.76

(2) Mabs represents the wavelengths of absorption maxima
(b) E¢°is the optical gap, estimated as 1240/Aabs onset, Where Aaps onset iS the onset wavelength

of absorption

(c) Stokes shift is calculated as Ap—Aans

(d) S1 is the singlet energy, estimated as 1240/Ar onset; T1 iS the triplet energy, estimated as

1240/7&PH onset

(e) AEst is calculated as T1—S;

The photophysical characteristics of compounds 9 and 10 are influenced by their
geometric structures and change upon excitation (Fig. 22a;
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Table 9). The emission bands of compounds 9 and 10, which exhibit vibronic
structures, appear in the deep blue region when dissolved in toluene at room
temperature. The PLQY values for toluene solutions of compounds 9 and 10 were
measured to be 13% and 28%, respectively. The triplet energy values obtained from
the initiation points of the phosphorescence (PH) spectra were located in the blue area.
The measured AEst values were relatively high, which is typical of fluorescence
emission. Additionaly, the photophysical characteristics of compounds 9 and 10 were
also examined in their solid-state form. The PL spectra of thin films displayed vibronic
structures similar to those of their toluene solutions (Fig. 22a). The solid samples
exhibited low PLQY values (around 1%) due to quenching from aggregation (
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Table 9)!%, The PL spectra of compound 9 were sensitive to oxygen, with a ratio
of PL intensities (lvac/lair) 0f 1.9. The solid sample of compound 10 exhibited PL decay
curves with two distinct components: LE states at higher energies and a CT
component at lower energies. The variations in the emission spectra and oxygen
sensitivity observed in the solid samples of compounds 9 and 10, as well as the
discrepancies in their oxygen sensitivity, can be attributed to the distinct substitution
patterns of the trifluorobiphenyl moiety. The photophysical characteristics of these
compounds were also evaluated in doped systems, considering the emission
quenching due to aggregation.

The study aimed to investigate the photophysical properties of compounds 9 and
10 in doped systems, considering the aggregation-induced quenching of emission.
Compounds 9 and 10 formed sky-blue exciplexes with the electron acceptor 2,4,6-
tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T), one of the most widely
studied exciplex-forming acceptors®®®, The spectra of solid films of molecular
mixtures of 9 and 10 with PO-T2T showed significant red shifts compared to the PL
spectra of non-doped films of these compounds (Fig. 22c). The PL spectra of both
exciplex-forming systems were broad and chargcteristic of CT.
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Fig. 22. UV-Vis absorption, PL emission spectra of dilute toluene solutions and thin
films at room temperature, and PL and phosphorescence of diluted THF solutions at
77 K of compounds 9 and 10 (a); photoelectron emission spectra of solid samples
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recorded in air (b); PL spectra (c) and PL decay curves (d) of formed exciplex
systems 9:PO-T2T and 10:PO-T2T

The exciplex-forming mixtures 9:PO-T2T and 10:PO-T2T exhibited low PLQY
values of 4% and 2% under air conditions. The PL spectra of exciplexes 9:PO-T2T
and 10:PO-T2T peaked at the wavelengths of 489 nm and 470 nm (2.48 eV and 2.67
eV), respectively. This observation can be explained by the relatively high IPP values
of compounds 9 and 10 (Fig. 22,
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Table 9), according to Eq. 3%3:
hviiax ~ [pD — EAA — E; (3)

where IPP is the ionization potential of the donor, EAA is the electron affinity of
the acceptor, and Ec is the electron—hole Coulombic attraction energy (2.49 eV for
9:PO-T2T and 2.67 eV for 10:PO-T2T). The trifluorobiphenyl moiety was primarily
used to increase the ionisation potential of compounds 9 and 10, resulting in the blue-
shifted emission of exciplexes formed between compound 9 (or 10) and PO-T2T.

PL decays in the ps range were characterised by exciplex emission rather than
monomer emission. The nanosecond-lived components of the decay curves
correspond to prompt fluorescence, while the longer-lived components can be
attributed to TADF. The intensity of the long-lived component is higher at 295 K than
at 77 K, confirming the TADF nature of the exciplex emissions (Fig. 22d). The TADF
origin of the delayed fluorescence in the exciplex-forming systems 9: PO-T2T and 10:
PO-T2T was further verified by measuring the relationship between the PL intensity
and laser pump pulse, where the slope values of the straight lines were close to 1'%,

The research is centred on advancing OLEDs by using exciplex-forming
combinations of the acceptor PO-T2T and donors 9 and 10 to create the EML.
Additional layers were incorporated to enhance device performance, including
1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HAT-CN) as the hole injection
layer (HIL), 4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC) as the hole transporting layer (HTL), mCP as the electron blocking layer
(EBL), TSPO1 as the hole blocking layer (HBL), and TPBi as the electron
transporting layer (ETL) (Fig. 23a). D2 exhibited superior OLED properties compared
to other samples due to the use of the exciplex system 10:PO-T2T as the emissive
layer. Sample D2 exhibited a greater luminosity of 4100 cd/m?, as well as higher
maximum current, power, and EQE of 24.8 cd/A, 12.2 Im/W, and 7.8%, respectively
(Fig. 23c, Table 10). The efficiency decline in D2 was slower than that in D1, likely
due to the greater thermal stability of compound 10 compared to compound 9. When
the brightness increased from 100 cd/m? to 1000 cd/m?, the current, power, and EQE
also rose, possibly because of an improved balance of charge carriers within the light-
emitting layer at higher voltages. Monkman et al. observed a similar effect, where
exciplex-forming mixes with low film PLQY's were used to generate OLEDs with
high EQE®®. Based on our current understanding, these are the most notable features
achieved from exciplex systems incorporating a fluorinated donor*4%-142,
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Fig. 23. Equilibrium energy diagram and OLED structures (a); PL spectra of
non-annealed and annealed exciplex mixtures (b); EQESs, current efficiency (CE),
and power efficiency (PE) versus brightness plots (c); EL spectra recorded at various
driving voltages of devices D1 and D2 (d)

The EL spectra of devices D1 and D2 do not show a correlation with the PL
spectra of 9:PO-T2T and 10:PO-T2T, as both are detected in the blue area of the
electromagnetic spectrum (Fig. 22c, Fig. 23d). Notably, since the device construction
lacks any functional material that might be identified by the presence of a comparable
green emission, this phenomenon may be attributed to the formation of exciplexes
with lower energy levels (Fig. 23b)®. Only the exciplex system with compound 9
demonstrated the ability to form such lower-energy states, and the PL spectra of
annealed exciplex systems did not align with the EL spectra of the OLEDs. It should
be also noted that the EL spectra of devices D1 and D2 may be influenced by exciplex
emissions from other exciplex-forming systems. These systems can form at interfaces
or even through spacers'®®143 such as mCP:PO-T2T#414 (emitting at a wavelength
of 472 nm), TAPC:PO-T2T*" (emitting at a wavelength of 550 nm), and
TAPC:TPBi'*" (emitting at a wavelength of 442 nm). The TAPC compound
demonstrates excimer (450 nm) and electromer (580 nm) emissions?*8, although none
emits in the green region.

It is likely that the EL spectra of devices D1 and D2 result from the combined
emissions of exciplexes formed by 9:PO-T2T (10:PO-T2T) and TAPC-based exciplex
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TAPC:PO-T2T (or electromer of TAPC). Devices D1 and D2 produced green EL.
The EL spectra of both the TAPC-free and TAPC-containing devices were accurately
recreated for different configurations, supporting the hypothesis that two or more EL
species overlap.

Table 10. EL characteristics of exciplex-based OLEDs with compounds 9 and 10

CE/PE/EQE,
(0)
Device ﬁr:;x Von, V IC_Crir}?xnz — cd/A/Im/W [ %
@ 100 cd/m2® | @ 1000 cd/m&©)
D1 541 4.8 1250 | 19.7/8.4/6.5 9.9/5.5/3.3 8.5/2.7/2.8
D2 546 4.8 4100 | 24.8/12.2/7.8 13.2/7.8/4.2 24.3/10.7/7.7

CE, PE, and EQE (a) maximum values (b) at 100 cd/m? and 1000 cd/m? brightness (c); device structure:
HAT-CN (10nm)/TAPC (40nm)/mCP (4 nm)/EML (24nm)/TSPO1 (4nm)/TPBi (40nm)/LiF (0.35nm)Al

The synthesised compounds demonstrated strong exciplex-forming abilities
when combined with the electron acceptor 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-
1,3,5-triazine. Highly efficient exciplex-based OLEDs were developed, achieving
high maximum CE, PE, and EQE achieved for devices based on exciplex EL.

63



64

CONCLUSIONS

The comprehensive photophysical study elucidated the distinct emission
mechanisms of the three-compound series. Intramolecular charge transfer was
attributed to benzophenone and diphenyl sulfone derivatives, and benzophenone
derivatives exhibited thermally activated delayed fluorescence. Acridone
derivatives with phenoxazine moieties exhibited thermally activated delayed
fluorescence, while prompt fluorescence was observed for carbazole-containing
acridones and quinacridones. For the third series of compounds, prompt
fluorescence was observed, consisting of trifluorobiphenyl and carbazole
derivatives. These insights provide a foundation for tailoring these compounds for
specific optoelectronic applications.

The photophysical study of benzophenone derivatives revealed that UV
irradiation induces structural alterations, resulting in both enhanced thermally
activated delayed fluorescence intensity and shifts in emission colour. This dual
response, combined with high sensitivity and a tunable detection range depending
on the solvent, positions benzophenone derivatives as promising candidates for
efficient and versatile UV sensors.

The characterisation of acridone and quinacridone derivatives demonstrated the
ability to tune the emission colour across the visible spectrum, from blue to
orange, by varying the substituents. Phenoxazine-substituted acridones exhibit
thermally activated delayed fluorescence and aggregation-induced enhanced
emission, leading to high electroluminescence quantum yields of up to 13%.
Investigating the structure-property relationships of acridone and phenoxazine
derivatives revealed that thermal annealing induces crystallisation, leading to a
significant enhancement in thermally activated delayed fluorescence Kinetics.
This thermally induced crystallisation was instrumental in achieving remarkable
improvements in the external quantum efficiency of OLEDs incorporating these
compounds, increasing from 8.6% to 20.7% after annealing. This highlighs the
critical role of morphology control in optimising device performance.

The study of trifluorobiphenyl and carbazole derivatives revealed their ability to
form exciplexes with electron-accepting materials, resulting in sky-blue emission
with thermally activated delayed fluorescence properties. These exciplex systems,
when employed as emissive layers in OLEDs, demonstrated a high external
guantum efficiency of 7.7% and colour tunability, highlighting their potential for
the development of high-performance, versatile electroluminescent devices.



5. SANTRAUKA

5.1. Izanga

Organiniai  puslaidininkiai  optoelektronikos srityje tapo perspektyvia
alternatyva neorganiniams puslaidininkiams. Nuo 1987 m., kai buvo sukurtas
pirmasis organinis §viesos diodas (OLED)?, §i sritis smarkiai iSaugo. Prognozuojama,
kad iki 2030 m. rinka pasieks 566 mlrd USD*"8. Tokj susidoméjimo didéjimg galima
paaiskinti keliais veiksniais, jskaitant organiniy puslaidininkiy universaluma, jy
pritaikomumg jvairiuose srityse (OLED, organiniai saulés elementai'®, tranzistoriai?°,
jutikliai?*??), jy potencialg lanks¢iojoje elektronikoje ir jy tvaruma dél perdirbamumo
ir pigios gamybos?>2°,

Vis délto organiniai puslaidininkiai i$ tiesy yra perspektyvis dél savo lanks¢iy
ir jiems buidingy savybiy. [prastiniy neorganiniy puslaidininkiy kristalinés struktiiros
yra nelanks¢iomis®, o organinius puslaidininkius sudaro dinamiskos molekulés. Jy
savybes lemianti molekuliné struktiira, sukimasis, vibracija ir judéjimas turi jtakos
optiniam ir elektriniam medziagos elgesiui. Dél nattiralaus lankstumo jy savybés gali
biiti kei¢iamos reaguojant j iSorinius dirgiklius. Pavyzdziui, Zhu ir kt. parodé, kad UV
spinduliy poveikis padidino perileno Schiffo bazés dariniy fluorescencijg®. Tyréjai
teigé, kad $§j jvykj lémé UV spinduliuotés sukelta molekuliy trans-Cis izomerizacija,
dél kurios pakinta cheminé forma ir padidéja fluorescencijos intensyvumas. Dél Sio
jautrumo elektromagnetinei spinduliuotei atsiranda galimybé sukurti labai jautrius ir
selektyvius jutiklius, skirtus jvairioms reikméms —nuo UV spinduliuotés aptikimo iki
optinio rySio bangy ilgio stebéjimo. PanaSiai Wang ir kt. pagerino tirpalu apdoroty
OLED veikimg, atlikdami atkaitinimo proceduras, kurios pakeité emisijos sluoksniy
molekulinio pereinamojo dipolinio momento kryptj**. Keisdami tik atkaitinimo
temperatiirag, mokslininkai galéjo tiksliai sureguliuoti $iy molekuliy i§sidéstyma, todél
pageréjo nesikliy judrumas ir efektyviau skleidziama $viesa. Tai parodo, kokia didele
jtakg organiniy puslaidininkiy elgsenai gali turéti iSoriniai veiksniai, ir rodo, kad
kruops€iai manipuliuvojant Siomis molekulémis galima sukurti pazangius
optoelektroninius prietaisus.

Sioje disertacijoje gilinamasi j sudétingg organiniy puslaidininkiy pasaulj tiriant
tris skirtingas junginiy serijas: benzofenono ir difenilsulfono darinius su fentiazin-5,5-
dioksido dalimis, akridono ir chinakridono darinius su karbazolo arba fenoksazino
pakaitalais ir junginius, kuriuose yra trifluorfenilo ir karbazolo fragmenty. Sios
Seimos pasizymi nejprastais emisiniy savybiy pokyciais reaguojant i iSorinius
dirgiklius, pavyzdziui, UV §viesa ar temperatiira. Sie poky¢iai susije su molekulinés
konformacijos ir morfologijos poky¢iais, todél isryskéja galimybés kurti jutiklius ir
OLED, kurie naudoja TADF reiskinj.

Nagrinéjant pagrindinius organiniy puslaidininkiy elgsenos principus ir tiriant
iSoriniy dirgikliy poveikj jy savybémes, §is tyrimas prisideda prie didéjancio $ios srities
ziniy bagazo. ISvados atveria kelig kurti inovatyvius optoelektroninius prietaisus,
pasizymincius didesniu nasumu, efektyvumu ir tvarumu.

Sio tyrimo tikslas — itirti, kaip organiniy puslaidininkiniy junginiy
molekulinés konformacijos, struktiiros ir morfologija veikia jy fotofizikines,
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elektrofizikines ir optoelektronines savybes veikiant skirtingiems iSoriniams
veiksniams.
Siam tikslui pasiekti buvo suformuluotos tokios uzduotys:
- atlikti pasirinkty junginiy fotofizikinius tyrimus, nustatant jy emisijos
mechanizmus;
- i8tirti benzofenono ir fenotiazin-5,5-dioksido junginio potenciala UV
jutikliams, tiriant jy TADF intensyvumo priklausomybe nuo UV suzadinimo;
- suprojektuoti, pagaminti ir charakterizuoti OLED, kuriy sudétyje yra
akridono ir chinakridono junginiy, elektroliuminescencines savybes;
- itirti  akridono ir fenoksazino dariniy struktiiros savybiy jtaka
fotofizikinéms jy savybéms ir pritaikyti OLED gamyboje;
- jvertinti naujy trifluorbifenilo ir karbazolo dariniy pagrindu sudaryty
eksipleksy emisijos mechanizma ir jy pritaikomuma OLED.

Darbo naujumas:

- Tiriant benzofenono ir difenilsulfono dariniais su fentiazin-5,5-dioksido
dalimis, pirmg karta nustatytas organiniy spinduoliy fotostimuliuojamos
fluorescencijos reiskinys, kai, veikiant UV spinduliams, kinta ir emisijos spalva, ir
intensyvumas. Darbe atskleistas naujas fotostimuliuojamos fluorescencijos
mechanizmas, kuris, veikiant UV spinduliams, apima konformacing izomerizacija
tarp dviejy stabiliy daziklio molekulés konformery.

- Akridono ir chinakridono dariniy su skirtingais donoriniais fragmentais, i$
kuriy gaunamos jvairiy spalvy — nuo mélynos iki oranzinés — elektroliuminescencinés
medziagos, apibiidinimas. Darbe parodyta dispergavimo ir molekulinés struktiiros
jtaka Siy junginiy emisijos charakteristikoms ir jy potencialus naudojimas auksto
efektyvumo TADF/AIEE OLED ir kituose optoelektroniniuose prietaisuose.

- Termiskai kontroliuojama mechanochrominé liuminescencija, kai emisijos
spalva gali biti griztamai kei¢iama iSoriniais dirgikliais, tokiais kaip gridimas,
veikimas tirpiklio garais, i§lydimas ar atkaitinimas, pirmg kartg pademonstruota
naudojant akridonus su fenoksazino fragmentais. Darbe parodoma, kaip atkaitinimo
sukelta kristalizacija daro jtaka S$iy junginiy TADF charakteristikoms, o tai labai
padidina iSorinj OLED kvantinj efektyvumg.

- Siame darbe charakterizuojami nauji karbazolo pagrindo emiteriai, kurie taip
pat rodo, kad juos galima naudoti auksto efektyvumo OLED, kuriy iSorinis kvantinis
efektyvumas siekia 7,8 %. Darbe, naudojant akceptoriy su fluoro atomus,
nagrinéjamas mélynai ir zaliai spinduliuojanciy eksipleksy susidarymas OLED
jrenginiuose, pabréziant butinybe suprasti eksipleksy susidarymg ant pavirSiaus
optimizuojant jrenginius.

5.2. Rezultaty Aptarimas

5.2.1. Polimorfiniy akceptoriy pagrindu sukurtos tridalés medziagos su
fotoindukuotu TADF, skirtos UV spinduliy jutimui

Sis skyrius parengtas straipsnio, 2021 m. paskelbto mgkslo zurnale ,,Chemical
Engineering Journal“ (Volume 425, 13154974), pagrindu®. Siame darbe naudojamas
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TADF junginiy donory—akceptoriy—donory projektavimo metodas, jtraukiant
fentiazin-5,5-dioksido, benzofenono ir difenilsulfono dalis, pasizyminéias
skirtingomis elektronus priimanéiomis savybémis. Siy junginiy cheminés struktiiros
pateikta 24a pav.
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24 pav. 1 ir 2 junginio cheminé¢ struktara (a), 1 ir 2 junginiy absorbcijos (b),
fotoliuminescencijos (PL) spektrai (c). Lipperto—Matagos diagramos (d) 1 junginio
tolueno tirpalo PL spektrai pries, po deoksigenacijos ir apdorojimo UV spinduliais
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(e), konformaciné izomerizacija tarp mélynai emituojancio konformerio A ir Zaliai
emituojancio konformerio B ()

1 ir 2 junginiy UV sugerties spektrai buvo panasis, 0 maksimumai buvo ties
300, 320 ir 328 nm, daugiausia dél fentiaziny 5,5-dioksido dalies 7—z* peréjimy
(24b pav.). Sios maZos energijos absorbcijos juostos nebuvo jautrios skirtingam
tirpaly poliskumui. Taciau 1 junginys turéjo papildomg sugerties juosta 340-370 nm
diapazone, kuri, tikétina, atsirado dél intramolekulinio kriivio pernasos (ICT) tarp
fentiazin-5,5,5-dioksido ir benzofenono vienety. Abiejy junginiy emisijai budingas
ICT, kaip rodo jy PL spektry batochrominiai poslinkiai labai poliskuose tirpikliuose
(24c¢ pav.). Didesnis 1 junginio Lipperto—Matagos grafiko nuolydis rodo, kad jo ICT
pobiidis yra stipresnis nei 2 junginio, o 1 junginiui apskai¢iuotas 19 859 cm™
nuolydzio parametro verté yra viena didziausiy, palyginti su efektyviais donorinio-
akceptorinio tipo TADF emiteriais (24 f pav.).

1 ir 2 junginiy cheminé strukttira yra jautri molekuliniam sukimuisi, dél kurio
suzadinimo metu gali susidaryti hibridizuotos vietinio krtvio pernasos (HLCT)
biisenos. Taciau Sios emisijos 1 ir 2 negalima apibadinti HLCT dél to, kad Lipperto—
Matagos diagramos fiksuotos tik su vienu nuolydziu (24 f pav.). THF tirpalo 1 greitaja
ir uzdelstaja fluorescencija galima atpazinti atlieckant nuo laiko priklausancius
matavimus ore ir deoksigenuotuose ksileno ir acetonitrilo tirpaluose (24 d pav.). Labai
poliskame acetonitrilo tirpiklyje ilgai trunkanti fluorescencijos gyvavimo
komponenté greiciausiai yra susijusi su TADF. Tai pirmasis organiniy dazikliy
emisijos reiskinio, vadinamo fotostimuliuota fluorescencija, stebéjimas.

Abiejy junginiy fotoliuminescencijos (PL) charakteristikos, kai jie istirpinti
tirpale, labai skiriasi. 1 junginys, iSsiskiriantis aiskiomis ICT savybémis ir istirpes
poliniuose tirpikliuose, pasizymi raudonu PL spektro poslinkiu. Sis poslinkis
atsiranda dél efektyvaus kriuvininky atskyrimo, kai medziagg veikia Sviesa, todél
keiciasi ir spinduliuojamos Sviesos spalva, ir intensyvumas. Be to, 1 junginys
pasizymi savitomis reakcijomis, kai yra veikiamas UV spinduliais, jo molekulinéje
struktiiroje jvyksta griztamieji pokyé¢iai, dél kuriy keiCiasi spalva ir emisijos
intensyvumas. Sis reidkinys vadinamas fotostimuliuota fluorescencija. 2 junginys
identiSkomis aplinkybémis pasizymi ne tokiais reikSmingais PL charakteristiky
poky¢iais, o tai rodo silpnesnes ICT savybes ir skirtingg elgesj esant suzadintoS
bisenos, palyginti su 1 junginiu.

Tyrime nagrinéjami 1 junginio fotostimuliuojamos fluorescencijos reiSkiniai
naudojant UV spinduliy suzadinimg. Veikiant UV spinduliuotei, 1 ir 2 plévelés
skleidé mélyna Sviesg (24 ¢ pav.). ISspinduliuojamos Sviesos PL spektrai buvo
vientisi, 0 1 ir 2 pléveliy maksimalus intensyvumas buvo ties 432 nm ir 400 nm
atitinkamai.

Fotostimuliuotos fluorescencijos reiskinys rodo du skirtingus emisijos
reiSkinius: 1) emisijos spektry (spalvy) poslink] i§ ilgesniy j trumpesnius bangy ilgius,
veikiant UV spinduliams (i§ zalios j mélyna); 2) mélynos emisijos intensyvumo
padidéjima veikiant UV spinduliams. Norint i§samiai suprasti pagrindinius procesus
jvairiose terpése, blitina nuodugniai istirti Siy efekty kilme.
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Tyrimai rodo, kad 1 tirpalo spalvos ir fluorescencijos intensyvumo poky¢iai,
veikiant UV spinduliais, néra susij¢ su 1 tirpalo molekulinés strukttiros cheminiais
poky¢iais, pavyzdziui, skilimu ar protonizacija. Skirtingi 1 junginio polimorfai
pasizyméjo mélyna ir Zalia emisija, kuri skyrési priklausomai nuo dvisieniy kampy
tarp fentiazino 5,5-dioksido ir benzofenono vienety ir tarp benzofenono molekuliy
feniliniy ziedy (24 f pav.)®. Pirmasis emisijos efektas, susijes su emisijos spektro
peréjimu i§ mazos energijos juostos j didelés energijos juosta, yra susijes su 1
molekuliy molekulinés konformacijos pokyd¢iais.
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25 pav. 1 DMF tirpalo PL spektrai po jvairios trukmés UV apdorojimo (a); 1
tolueno tirpalo, apdoroto UV spinduliais ir uzfiksuoto jvairiose temperatiirose, PL
spektrai (c); pateikiami 1 junginio THF tirpalo fotoliuminescencijos spektrai (c);
Sterno—Volmerio diagramos ir emisijos bangos ilgio priklausomybé nuo UV
spinduliuotés intensyvumo (d).

Buvo tiriama S; energija jvairiose kristalinése struktiirose. Prognozuota, kad A
polimorfo monokristalo S; biisenos energija yra 3,09 eV, o B polimorfo
monokristalo — mazesné (2,84 eV). Sj skirtuma lemia konformaciniai skirtumai ir
efektyvi z-delokalizacija vir§ benzofenono grupés B polimorfo, todél rysio ilgio kaita
yra mazesné. Mazesne LUMO orbitalés energija lemia delokalizacija vir§
benzofenono fragmenty. RySio ilgio kaita yra rySkesné fentiazino 5,5-dioksido
molekulés 1 polimorfo B dalyje, o tai lemia HOMO orbitalés lokalizacija. Galutinis
skirtumas tarp HOMO-LUMO tarpy sutampa su energijos skirtumu tarp S; biiseny
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(0,25 eV), todél isryskéja ribiniy MO energijos vaidmuo nustatant S; buseny
vertikaligsias energijas.

TADF reiskinys demonstruojamas parodant, kad energiSkai atskirtos misrios
ICT+LE S: ir Ti1 suzadintosios biisenos yra vibroniSkai susietos per tarping LE
pobiidzio T» bliseng. T1 eksitony populiacijos padidéjimas ir vélesné RISC sukelta
uzdelstoji fluorescencija lemia stebimg 1 tolueno tirpalo emisijos intensyvumo
padidéjimg po nuolatinio UV stimuliavimo (24e pav.). Fotostimuliuojama
intensyvumo padidéjima skatina tripletiniy eksitony skaic¢iaus padidéjimas ir tolesnis
ju peréjimas j singletus. Kaip fotostimuliuojamos fluorescencijos priezastis taip pat
siiloma konformaciné izomerizacija tarp zalia ir mélyna emisija pasizyminciy
junginio 1 molekuliy formy. DMF tirpaly, kuriuose yra TEMPO priedy, bet PL
spektrai, veikiami UV spinduliy, nepasikeité, o tai rodo, kad fotostimuliuojamos
fluorescencijos mechanizmas gali vykti per radikaly tarpinj produktg (25 b pav.)®.

Siekiant jrodyti, kad 1 junginys gali biiti panaudotas kaip UV spinduliams jautri
medziaga optiniams jutikliams, PL spektrai buvo uzregistruoti esant skirtingiems UV
apSvietos galingumams, Svitinant 10 minuéiy (25 ¢ pav.). 1 tolueno tirpalo PL
intensyvumas palaipsniui didéjo didéjant UV spinduliuotés intensyvumui ir
pasizyméjo maza jutimo riba, mazesne nei 10 uW/cm?. 1 tolueno tirpalo PL tiesidkai
atitiko Sterno—Volmerio priklausomybe lo/l.1 = Ksy[UV], esant skirtingam UV
spinduliuotés intensyvumui. Buvo gauta 6,26-102 [uW/cm?]? Ksyv verté 1 tirpalui
toluene (25 f pav.). Skirtingas tiesines sritis galima nustatyti Sterno—Volmerio
grafikuose, sudarytuose 1 THF ir DMF tirpalams. Pavyzdziui, 1 THF tirpalo Ksy verté
buvo didziausia (0,242 [uW/cm?]™") 150-250 pW/cm? UV spinduliuotés galingumo
intervale.

Maziausia Ksy buvo gauta 1 DMF tirpalui (4,2:10° [uW/cm?]?), kai UV
spinduliuotés energijos diapazonas buvo iki 150 pW/cm?. DMF tirpalas pasizyméjo
zalios ] mélyng spalva pereinancia kaita skirtingoms UV spinduliuotés dozéms.

5.2.2.Akridono ir chinakridono dariniai su karbazolo arba fenoksazino
pakaitais: elektrochemija, fotofizika ir taikymas kaip TADF
elektroliuminoforai

Sis skyrius parengtas straipsnio, 2022 m. paskelbto mokslo zurnale ,,Journal of
Materials Chemistry C* (Volume 10, 12377-1239190), pagrindu®’. Sesi akridono ir
chinakridono dariniai, kuriuose yra karbazolo arba fenoksazino pakaity, buvo
tikslingai sukurti ir susintetinti siekiant iStirti donorinio (D) ir akceptorinio (A)
jungimo modelio (D-A, D-A-D arba D-z-A-7-D) jtaka jy fotofizikinéms savybéms ir
taikymui OLED. 3-8 junginiy cheminé struktiira pateikta 26 a pav.

3-8 junginiy absorbcijos spektrams budingos D ir A fragmenty juostos,
pavyzdziui, 3 ir 4 junginiy atveju — akridono (Acr) ir tert-butilkarbazolo (tCz), 5-7
junginiy atveju — akridono (Acr) ir fenoksazino (PhNZ), o 8 junginio atveju —
chinakridono (QAcr) ir tCz (3 b, ¢ pav). Juostos pazymétos siauromis vertikaliomis
linijomis: Acr — 389 nm, tCz — 290 nm (z—=*) ir 307-335 nm (n—xz*), PhNZ —
313 nm, QAcr — 290 nm ir 504 nm. Nedideli $iy juosty poslinkiai ir i§siplétimas
matomi visy tirty junginiy (3-8) spektruose, ypa¢ mazos energijos srityse. Sj reiskinj
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galima paaiskinti ICT biiseny, atsirandanciy dé¢l elektronus atiduodanciy ir elektronus
priimanciy molekuliy sgveikos, atsiradimu.
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26 pav. 3-8 junginiy molekuliné struktura (a). Pateikiami tolueno tirpaly, turinéiy
3-8 junginiy, sugerties spektrai (b, ¢) ir palyginimui tCz, QAcr, PhNZ ir Acr
sugerties spektrai. Be to, pateikti toluene istirpinty 3-8 junginiy (d) ir jy vakuume
nusodinty pléveliy (e) PL spektrai. Pateikiami 3-8 junginiy, istirpinty Me-THF, PL
ir fosforescencijos spektrai (f), uzregistruoti 77 K temperattiroje. Fosforescencijos
spektrams fiksuoti po suzadinimo naudotas 1 milisekundés delsos laikas. Suzadinti
naudotas 330 nm bangos ilgis. (e) intarpe pateiktos vakuume nusodinty pléveliy
nuotraukos, kai jos buvo veikiamos UV spinduliy

Kietyjy sluoksniy 3-8 sugerties spektrai yra tokie patys kaip ir analogisky
tolueno tirpaly, tik jie yra daug platesni. Sj poveikj galima paaiskinti vienu i§ dviejy
veiksniy: agregacija arba didesniu ICT. Jis labiau tikétinas, atsiZvelgiant j visy tirty
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medziagy atitinkamy PL spektry formas, kurias sukelia ICT. PrieSingai, tam tikri
tolueno 3, 4 ir 7, 8 tirpaly PL spektry aspektai atsiranda dél LE biseny
rekombinacijos, kurig daugiausia sukuria elektronus priimancios molekulés. 5 ir 6 turi
ICT formos PL spektrus tiek tolueno tirpaluose, tiek esant kietos baisenos, kurie
susidaro dél stipriy D-A saveiky (26 d, e pav.).

11 lentelé. 3-8 junginiy fotofizikiniai parametrai, jskaitant singlety ir triplety
energijas

Parametrai Terpé 3 4 5 6 7 8
Mvax®@ nm Tol. | 448,469 | 464,490* | 551 | 571 423’8254’ 555, 600
ImaxPevels® nm | Sluoksnis| 490 506 565 | 581 558 625
ImaxPIees® nm | mCP 462 479 525 | 541 | 452,525 594
PLQY®, % 'nr](z:lé 69/66 61/68 1,5/35| 2/31 | 8,6/15,4 92/35
Es1©, eV 2,92 2,79 2,68 | 2,59 3,02 2,31
Em1©, eV Me-THF | 2,58 2,46 2,59 | 2,53 2,64 -
AEst®, eV 0,34 0,33 0,09 | 0,06 0,38 -

() bangos ilgis emisijos spektro smailéje; (b) PLQY, iSmatuotos inertingje aplinkoje; (c)
singletinio (Es1) ir tripletinio (Eti) lygmens energijos paimtos i§ atitinkamai PL
(fluorescencijos) ir fosforescencijos spektry, uzregistruoty Me-THF tirpaly skysto azoto
temperatiroje (77 K); (d) energijos skirtumas tarp Es; ir E11.

Liuminescencijos ir laikinés spektroskopijos eksperimentai atskleidé ilgai
trunkancig 5-7 junginiy disperguoty mCP emisijg vakuumo salygomis (27 a, b pav.).
PL spektry forma prie§ ir po vakuumavimo nepasikeité. Tai patvirtina hipoteze, kad
Sig ilgai i§liekancig emisijg sukélé uzdelstoji fluorescencija. Dél deguonies pasalinimo
padid¢jes tirpaly ir 57 junginiy molekuliniy dispersijy PL spektry intensyvumas
aiskiai rodo, kad uzdelsta fluorescencija sukelia tripletai (27¢ pav).

PL ir PL gyvavimo trukmés buvo matuotos su 5 junginio plévelémis oro ir
vakuumo aplinkoje jvairiose temperatirose (27 d-g pav.). TADF junginiy PL
gyvavimo trukmeés kreivé apibudinta fluorescencijos komponente nanosekundziy ir
uzdelstosios fluorescencijos komponente mikrosekundziy intervale. Uzdelstosios
fluorescencijos intensyvumas didéjo kylant temperattrai, o tai rodo, kad uzdelstaja
fluorescencija sukélé temperatiiros suzadintas mechanizmas. 5-7 junginiy PLQY
reikSmeés tirpaluose yra palyginti mazos, taciau daug didesnés PLQY reikSmés kietoje
mCP matricoje, skirtingai nei 3, 4 ir 8 junginio vertés Siose terpése, o tai galima
priskirti agregacijos sukeltam emisijos sustipréjimui (AIEE) (11 lentelé)™®,

Taip pat pateikti 3-8 junginiy dispersijy THF ir vandens miSiniuose PL
matavimy rezultatai (27 h, i pav.). 3 junginio emisijos intensyvumas mazéjo didéjant
vandens procentinei daliai tirpalo miSinyje, kaip budinga junginiams, pasizymintiems
ACQ™, ACQ taip pat nustatyta 4 ir 8 junginiuose. 5-7 junginiai buvo disperguoti
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THEF ir vandens miSiniuose, o emisijos intensyvumas nuolat didéjo didéjant vandens

procentinei daliai, o tai rodo, kad 5-7 junginiai pasizymi AIEE.

Elektros perne$imas OLED emisiniuose sluoksniuose yra labai svarbus prietaiso
veikimui, ypa¢ elektroliuminofory, esan¢iy vienkomponenciuose sluoksniuose, arba
OLED legiruotuosiuose sluoksniuose. Siame darbe, taikant lékio trukmés (TOF)
metoda, buvo istirtos 3-8 elektroliuminofory, kriivio perna$os savybes. Nustatyta, kad
3, 6-8 junginiai yra vienpoliai, kuriuose pastebimas tik skyliy judrumas, tac¢iau 4 ir 5
junginiai yra ambipoliniai, kurivose vyksta ir p tipo (skyliy), ir n tipo (elektrony)
pernasa. Chinakridono darinys pasizyméjo didZiausia skyliy judrumo verte.
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27 pav. 3-8 junginiy molekuliniy dispersijy (10 % masés mCP matricoje) PL
spektrai (a). Siy dispersijy PL gesimo kreivés (b). 5 junginio tolueno tirpaly PL
spektrai ore, po deoksigenavimo ir po pakartotinio oksigenavimo (c). 5(10 %
maseés): MCP PL spektrai (d) ir PL gyvavimo trukmiy kreivés (e) kambario
temperattroje vakuume ir ore. PL spektrai (f) ir PL gyvavimo trukmiy kreivés (g)
iSmatuotos esant jvairiai temperattirai inertinéje aplinkoje. 3 junginio dispersijy THF
ir vandens miSiniuose su skirtingomis procentinémis vandens dalimis

fotoliuminescencijos spektrai (h). Integruoti fotoliuminescencijos spektry plotai

73



buvo pavaizduoti priklausomai nuo vandens kiekio procentinés dalies junginiy
dispersijose THF ir vandens miSiniuose (j)

12 lentelé. OLED su nelegiruotaisiais (A1-A6) ir legiruotaisiais (B1-B6) EML
elektroliuminescenciniai parametrai

- - )\,EL(a), VON(b), Lmax(c), C Emax(d), P Emax(e), EQEmax(f),
Prietaisas | EML nm Vv cd/m? cd/m? Im/W %
Al 3 464 57 7475 2,56 0,9 1,6
A2 4 481 7,9 5135 1,53 04 0,7
A3 5 540 51 21200 8,02 3,6 2,3
A4 6 563 6,1 13200 3,8 1,26 1,3
A5 7 542 6,3 8460 2,77 0,91 0,76
A6 8 42334;5 11,4 443 04 0,06 0,12
Bl 3:mCP | 458 5 4270 6,7 3,8 4
B2 4:mCP | 459 6,4 2150 1,7 0,7 1,2
B3 5:mCP 505 47 7950 37,1 19,8 13
B4 6:mCP 548 3,5 22520 23,5 20,5 7,2
B5 7:mCP 4%%’4 54 1820 0,8 0,4 0,5
B6 8:mCP 587 6 4010 14 0,5 0,6

(a) didziausiasis EL (Aev); (b) jjungimo jtampa (Von); (c) didziausiasis rySkumas (Lmax);
(d) didziausioji srovés (CEmax); () galios (PEwmax) ir (f) iSoriniai kvantiniai (EQEMax)
efektyvumai. Prietaiso struktira: MoO3(0,35nm)/ NPB(44nm)/mCP (4 nm)/ EML (24nm)/
TSPOZL(4nm)/ TPBi(40nm)/LiF(0,35nm)/Al

Susintetinti akridono ir chinakridono dariniai turi potencialg buti pritaikyti
jvairiose srityse, jskaitant elektrochromines medziagas, aktyviais sluoksniais
bipoliniuose arba p kanalo lauko efekto tranzistoriuose ir elektroliuminoforus §viesa
skleidzian¢iuose dioduose. Pastebéta elektroliuminescencija yra susijusi tik su EML
emisija, o gauty EL spektry padétys ir formos tiksliai atitinka PL spektrus, gautus i$
gryny (nelegiruotyjy) ir disperguoty mCP (legiruotyjy) 3-8 sluoksniy (28 b pav., 12

lentelé).
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28 pav. OLED struktiiros energijos diagrama (a), pagaminty prietaisy A1-A6
ir B1-B6 EL spektrai (b), prietaisy B1-B6 iSorinio EQE priklausomybé nuo srovés
tankio

Akridona arba chinakridona funkcionalizavus tik dviem donorais — tCz ir
PhNZ — gaunami jvairGs elektroliuminoforai, kuriy emisijos spektrai svyruoja nuo
mélynos iki oranzinés spalvos. Akridono su tCz pakaitalu nelegiruoti emisiniu
sluoksniu Sviestukai pasizymi mélynos spalvos elektroliuminescencija. 5 ir 6
dispersijos mCP (prietaisai B3 ir B4) pasizymi EL spektrais, kurie, palyginti su A3 ir
A4 prietaisy spektrais, yra hipsochromiskai pasislinke, o jy spalvos koordinatés
CIE1931 budingos mélynai sri¢iai. [domu tai, kad AS ir BS prietaisai parodé¢ geltonos
ir mélynos spalvos elektroliuminescencija, o tai rodo, kad sluoksniai pasizymi
skirtingais elektroliuminescencijos procesais. Tirto vienintelio chinakridono darinio
nelegiruotasis ir legiruotasis EML sukuria elektroliuminescencija, artima raudonai
spalvai. Prietaiso A6 EL spektruose aptikta didelés energijos juosta, kurios vir§iné
yra apie 490 nm, kurig galima panaudoti kuriant baltos spalvos OLED. Nelegiruotyjy
EML, sudaryty i§ 3-8 junginiy (prietaisai A1-A6), CIEx vertés svyravo nuo 0,15 iki
0,439.

Pastebétos is$skirtinés 5 junginio TADF/AIEE emisijos ir bipolinio krivininky
perneSimo galimybés, o A3 ir B3 pasizyméjo didziausiomis EQE vertémis —
atitinkamai 2,3 % ir 13 %. Idomu, kad 3 junginio, kurio prietaisai Al ir B1 pasizyméjo
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maksimaliu EQE — atitinkamai 1,6 ir 4 %, o tai gali buiti laikoma labai perspektyviu
pavyzdziu gaminant fluorescencinius OLED.

5.2.3. Termiskai kontroliuojamas akridony su fenoksazino pakaitais emisijos
savybiy derinimas - vienas iS§ Zingsniy i priekj kuriant efektyvius organinius
Sviesos diodus, pagristus Kristaliniais emiteriais

Sis skyrius parengtas straipsnio, 2023 m. paskelbto Zzurnale ,,Advanced Optical
Materials“ (Volume 11, 2301059108), pagrindu'®®. Sis darbas yra ankstesnio skyriaus
tesinys, kuriame daugiausia démesio skiriama fenoksazinu pakeistiems 5, 6 ir 7
akridonams. Sio tyrimo tikslas — istirti §iy medziagy morfologinio peréjimo jtaka
fotofizikinéms ir elektroliuminescencinéms savybéms. Tirty molekuliy 5, 6 ir 7
cheminé strukttira pateikta 26 a pav.

5, 6 ir 7, kaip kristaliniy elektroliuminofory OLED, Siliuminés savybés buvo
tiriamos termogravimetrijos (TGA) ir diferencinés skenuojanciosios kalorimetrijos
(DSC) metodais. Gauti rezultatai leido nustatyti vakuuminio garinimo metodu
paruosty pléveliy tinkamg atkaitinimo temperatiira. 5 yra termiskai stabilus
aukstesnéje nei 300 °C temperatiiroje, o endoterminé lydymosi smailé pastebéta
204 °C temperatiiroje kaitinant pirmakart. Atvésus 5 susidaro molekulinis stiklas ir
néra pastebimos kristalizacijos smailés. Be to, 6 ir 7 siliuminés savybés panasios,
tadiau jy Tm, Tgir Ter yra daug aukstesnés (13 lentelé).

13 lentelé. 5, 6 ir 7 medziagos terminés charakteristikos

Parametrai 5 6 7
Tas%®, °C 343 408 441
T4®, °C 57 117 128
T, °C 122 210, 258 225, 269
Tm®, °C 204 255, 262 217, 266, 283

(a) 5 % masés nuostoliy temperatiira (Tq-s %), b) stikléjimo temperatiira (Tg), €) Kristalizacijos
temperatira (Ter), d) lydymosi temperattra (Tm).

Siekiant istirti galimas solvatochromines savybes, buvo pasirinkti du skirtingos
dielektrinés konstantos tirpikliai: heksanas ir THF. Heksano ir THF tirpaly
absorbcijos spektrai buvo beveik identiski anks¢iau apraSytiems atitinkamy tolueno
tirpaly absorbcijos spektrams!®®. 5 ir 6 THF tirpaly, palyginti su heksano tirpalais, PL
spektrai buvo pasislinke zemesnés energijos bangy regione ir pasizyméjo didesniu
visu plociu ties puse maksimumo (FWHM), o tai patvirtina CT liuminescencija (29
a—C pav.).

Sintezés metu susiformavusiy kristaliniy 5, 6 ir 7 méginiy PL spektry
maksimumai buvo atitinkamai ties 486, 571 ir 558 nm. Sie spektrai aiskiai rodo, kad
tirti dariniai pasiZymi mechanochrominio tipo (MC) liuminescencija. Trynimas,
veikiant tirpiklio garais, kaitinimas iki lydymosi temperatiiros ir kaitinimas (terminis
atkaitinimas) iki kristalizacijos temperatiiros gali turéti didele jtaka jy emisijos
savybéms (29 d—f pav.). ISlydytas 5 pasizymi geltona emisija TADF savybémis,
taciau atkaitintas 5 emituoja mélynai ir néra TADF (29 g pav.).
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29 pav. Tirpaly, kuriuose yra 5 (a), 6 (b) ir 7 (c) junginiy, absorbcijos ir PL
spektrai. Istirtos 5, 6 ir 7 mechanoliuminescencinés savybés. Buvo i§matuotos
bandiniy veikiamy iSoriniais dirgikliais (malimu, veikimu tirpiklio garais,
atkaitinimu, lydymu), PL spektrai (g-j) ir PL gyvavimo trukmiy kreivés (g-j)

Sis darbas rodo, kad tokiy junginiy kaip 5 emisijos spalvos gali bati
priklausomos nuo skirtingy kristaliskumo laipsnio, kuris padidéja terminio
atkaitinimo metu. Tai sukelia hipsochrominius jy emisijos spektry pokyc¢ius, kuriuos
galima kontroliuoti kaitinant ir lydant (29 e pav.). 5 molekulinis i$sidéstymas esant
kietai biisenai gali bati sureguliuotas kristalizacijos metu, todél susidaro jvairiy formy
PL spektrai. ISlydytas 5 skleidzia geltong Sviesa, kurios spektras neturi struktiiros,
FWHM yra 114 nm, o gyvavimo trukmé 11 — 42,3 ns (29 g pav.). Atkaitintame 5
emisijos spektre matoma rySki vibroniné struktira, kurios FWHM yra 57 nm, o
gyvavimo trukmé trumpa — 2,8 ns. 5 yra perspektyviausias emiteris taikyti OLED del
prietaiso spalvos grynumo. ZEONEX matricose disperguoty 5 ir 6 PL spektry FWHM
vertés pana$ios (atitinkamai 73 ir 87 nm). ZEONEX matricoje disperguoto 7 PL
spektras yra placiausias, jo FWHM yra 156 nm dél 'LE ir 'CT emisijy dalinio
sutapimo (14 lentelé).

Akridony su fenoksazino pakaitais (5, 6 ir 7) vakuume nusodinty pléveliy
emisijos charakteristikos gali biiti reguliuojamos termiSkai kontroliuojant
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kristalizacija. Vakuume nusodintos 5 plévelés yra visiskai amorfinés, o jy PL spektrai
yra tokie patys kaip i8lydyty milteliy pavidalo 5. Dél terminio atkaitinimo 122 °C
temperatiiroje sukeliamos Kristalizacijos vyksta hipsochrominis plévelés spektro
poslinkis nuo 565 nm iki 467 nm. XRDGI metodu gautas kristaliSkumo indeksas yra
68 % (30 b pav.).

Amorfinés ir kristalinés 5 plévelés pasizymi labai skirtingomis PL gyvavimo
trukmiy kreivémis, o tai rodo jy TADF savybiy jjungimo ir i§jungimo galimybes.
Kristalinés 5 plévelés nepasizymi TADF dél auksto tripleto-singleto energijos tarpo
(AEst) — 0,28 V. Vakuume nusodinty pléveliy spinduliuotés spalvg galima reguliuoti
keiciant kristaliSkumo laipsnj, naudojant atkaitinimo laika. Spalvos pokyc€iai yra
griztamieji.

5 monokristaly rentgeno spinduliy analizé parodé, kad fenoksazino ir akridono
dalys sudaro 81,83° dvisienj kampg. Tai patvirtina hipoteze, kad kristalizacija
atkaitintose 5 plévelése sumazina konformacinius ir statinius dielektrinius
netolygumus. Uzfiksuotas atkaitinimo sukeltas PL spektro poslinkis link didesnés
energijos bangy regiono gali biiti interpretuojamas kaip Siy jvykiy spektroskopiné
iSraiSka. Prie§ingai, S§variose amorfinése 5 plévelése galima tikétis dideliy
konformaciniy ir statiniy dielektriniy pakitimy, dél kuriy PL spektras pasislenka link
mazesnés energijos bangos ilgio regiono.

Vakuuminiu biidu atkaitintoms 5 pléveléms TADF efekto nebuvo, todél jas
naudojant kaip emisinius sluoksnius nebuvo galima sukurti OLED su dideliu iSoriniu
kvantiniu efektyvumu. 5 plévelés emisijos spektras, kurio maksimumas yra 513 nm,
po terminio atkaitinimo T¢ temperattiroje hipsochrominiu principu pasislenka iki
476 nm (30 a pav.).

Skirtinga nekaitinty ir atkaitinty bandiniy PL spektry morfologija rodo, kad
atkaitinimas sumazina konformacing netvarka. Konformaciniu poziiiriu
subalansuotos molekulés pasizymi geresnémis TADF charakteristikomis. XRDGI
difraktogramos rodo, kad atkaitinty méginiy, kuriuose yra atitinkamai 10 % 5
molekuliniy dispersijy ZEONEX, kristaliskumo indeksai yra 37,5 % ir 78,6 %
(30 e pav.).
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30 pav. Vakuume nusodintos 5 plévelés PL spektrai (a) buvo iSmatuoti pries
atkaitinimg ir po jo. 5 junginio vakuume nusodintos plévelés (b) ir molekulinés
dispersijos (10 % masés) ZEONEX (e) prie$ terminj atkaitinimg ir po XRDGI

difraktogramos. Molekulinés dispersijos 5 (1 masés %) ZEONEX (c) sugerties ir PL
spektrai. Atkaitintos 5 (1 masés %) molekulinés dispersijos ZEONEX plévelés PL
spektrai (d), PL gyvavimo trukmiy kreivés (f) ore ir vakuume

ZEONEX legiruotojo nekaitinto ir atkaitinto 5 PL gesimo kreivés rodo TADF
emiterio tipg. Atkaitinimas gerokai padidina TADF efektyvuma, nes neatkaitinto
bandinio emisijos intensyvumas, iSmatuotas vakuume (lvac), yra 2,3 karto didesnis nei
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uzfiksuotas ore (lair), kai atkaitintos dispersijos atveju uzfiksuotas lvac buvo Sesis
kartus didesnis uz lar (30 d pav.). Sis pranagumas paaiskinamas didesniu triplety
biuseny jautrumu deguoniui, kuris padidina triplety naudojima atvirkStinés
interkombinacinés konversijos metu.

Atkaitintos 5 ir 6 junginiy dispersijos ZEONEX matricoje dél AIEE ir TADF
derinio, PLQY vertés yra artimos 100 % (14 lentel¢). Integruodami plotus po PL
skilimo kreivémis, uzfiksuotomis vakuume 5 ir 6 kietoje ZEONEX terpéje, nustatytos
PF ir DF indélio procentines dalys, taip pat ®pr ir ®pr kvantines iseigos. Sie duomenys
buvo panaudoti fluorescencijos (ker) ir uzdelstosios fluorescencijos (kor) gesimo
grei¢io konstantoms, taip pat interkombinacinés konversijos (Kisc) ir atvirkStinés
interkombinacinés konversijos greic¢io konstantoms apskai¢iuoti.

14 lentelé. Atkaitinty 5, 6 ir 7 jungimiy dispersijy ZEONEX matricoje sluoksniy,

gauty inertingje aplinkoje, fotofizikiniai parametrai

Parametrai 5:ZEONEX 6:ZEONEX 7:ZEONEX
FWHM®, nm 73 87 156
PLQY, % 100 100 36,5
e®, ns 22,77 22,8 26,59
™9, ns 50965 44157 44908
PF@, % 0,65 1,29 1,9
DF®, % 99,35 98,71 98,1
e, % 0,65 1,29 0,69
Do, % 99,35 98,7 35,81
kpe®, 51 2,89x10° 5,64x10° 2,6x10°
ko) s 1,95x10* 2,24x10% 7,97x10°
Kisc®, st 2,87x10° 5,567x10° 2,55x10°
Krisc®, s 2,97x10° 1,74x10° 4,2x10°

(a) visas plotis ties puse maksimumo (FWHM); (b) greitosios fluorescencijos trukmé (tPF);

(c) uzdelstosios fluorescencijos trukmé (tpe); (d, e) greitosios (PF) ir uzdelstosios (DF)
t

fluorescencijos daliniai intensyvumai, apskaifiuoti taikant formule I, = A1e<_ﬁ) +
t

Aze(_a). [; (f, g) greitosios (Dpr) ir uzdelstosios fluorescencijos (Ppr) kvantinis nasumas;
(h) greitosios fluorescencijos greicio konstanta (kpr); (i) uzdelstosios fluorescencijos greicio
konstanta (kpr); (j) ISC grei¢io konstanta (kisc); (k) RISC greic¢io konstanta (krisc).

Tyrime nagrinéjama atkaitinimo sukelto 5, cheminés medziagos, naudojamos
organiniuose Sviesos dioduose (OLED), singletiniy ir tripletiniy suzadintyjy buiseny
suderinimo jtaka (15 lentel¢). OLED buvo pagaminti ir iSbandyti naudojant jvairias
medziagas, jskaitant MoO3 (0,35 nm), NPB (44 nm), Sviesg spinduliuojantj sluoksnj
(24 nm), TSPOI (4 nm), TPBi (40 nm) ir LiF (0,35 nm)/Al. Spinduliuojancius
sluoksnius sudaré 10 mas. % 5 dispersija jvairiose matricose, pavyzdziui, N,N'-di(1-
naftil)-N,N'-difenil-(1, 1'-bifenil)-4, 4'-diaminas (NPB), 3,3’-di(9H-karbazol-9-il)-
1,1'-bifenilas  (mCBP),  3,6-di-terc-butil-9-(2-(1-fenil-1H-benzo[d]imidazolas)
(SM66), tris(4-karbazil-9-ilfenil)aminas (TCTA). Didziausias CS jrenginio EQE buvo
1,9 %, t. y. Siek tiek mazesnis nei ankstesnis didziausias 2,3 %. Grynojo 5 emisinio
sluoksnio terminis atkaitinimas ne pagerino, o pablogino jo elektroliuminescencines
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savybes. Naudojant TCTA kaip pagrinding matricg, neatkaitinto C4 prietaiso EQE
sieké iki 8,6 %. Taciau C4A prietaiso su atkaitintu 5 emisiniu sluoksniu, legiruotu
TCTA, didziausios EQE vertés gerokai padidéjo — iki 21,7 %. Sj pageréjima i§ dalies
léemé kristalizacija, kaip rodo kristaliniy faziy buvimas spinduolio-matricos emisijos
sluoksnio difraktogramoje. Rezultatai rodo, kad terminis spinduolio-matricos
emisiniy sluoksniy, kuriuose yra 5 liuminoforo, atkaitinimas yra svarbus
komponentas, gerinantis prietaiso veikima.

15 lentelé. OLED, termiskai atkaitinty (C1-C5), ir termiskai atkaitinty (C1A—C5A)
EML elektroliuminescenciniai parametrai

- - ].EL, Lmax, CEmax, PEmax, EQEmax,
Prietaisas | EML am Von, V cd/m? | cdim? Im/W %
C1 NPB:5 523 5,9 5710 3,6 15 1,1
C1A NPB:5 524 6,1 10210 34 1,3 1
Cc2 mCBP:5 527 4,7 21080 15,3 8,1 4.2
C2A mCBP:5 527 5,3 16910 21,9 9,5 59
C3 SM-66:5 | 500 57 4410 151 6,9 5,8
C3A SM-66:5 | 495 5,2 3280 21,3 12,2 10,11
C4 TCTAS 526 4,3 15990 30,1 17,5 8,6
C4A TCTAS 526 3,8 14800 62,4 49,1 20,7
C5 5 545 5,6 17250 6,2 2,4 1,9
C5A 5 520 57 9700 3,5 1,6 1,1

Prietaiso struktiira: MoO3(0,35 nm) / NPB(44 nm) / EML (24 nm) / TSPO1(4 nm) / TPBi(40 nm) /
LiF(0,35 nm)/ Al

5.2.4.Eksperimentinis eksipleksus sudarané¢iy junginiy, kuriuose yra
trifluorbifenilo ir 3,6-di-tert-butilkarbazolo vienety tyrimas ir jy veikimas
OLED

Sis skyrius parengtas straipsnio, 2020 m. paskelbto Zzurnale ,Journal of
Materials Chemistry C* (Volume 8, 14186-14195125), pagrindu. Siame tyrime
nagrinéjami du junginiai, kuriuose yra trifluorfenilo ir karbazolo daliy. Donoriniy
grupiy kiekio jtaka medziagy savybéms nagrinéjama remiantis duomenimis,
surinktais taikant eksperimentinius metodus. Nustatyta, kad §ie junginiai gali sudaryti
eksipleksus su tinkamomis elektronus priimanciomis molekulémis. IStirty molekuliy
cheminé struktura pateikta 31 a pav.
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31 pav. 9 ir 10 junginio molekulinés struktiros (a). 9 ir 10 junginiy tolueno
tirpaly ir kiety sluoksniy UV-Vis sugerties, PL emisijos spektrai kambario
temperatiroje ir THF tirpaly fotoliuminescencijos ir fosforescencijos spektrai 77 K
temperatiiroje (b). Kietyjy bandiniy fotoelektrony emisijos spektrai, uzregistruoti ore
(¢). Susiformavusiy eksipleksy sistemy 9:PO-T2T ir 10:PO-T2T PL spektrai (d) ir
PL gyvavimo trukmiy kreivés (e)

Buvo istirtos 9 ir 10 junginiy medziagy savybés. DSC eksperimentai parode,
kad, kaitinant 9 junginj iki amorfinés biisenos, kristalizacijos ir lydymosi pozymiy
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nenustatyta. Taciau 10 junginys pasizyméjo kristalizacija (Tcr = 134 °C). Atlikus 9
junginio TGA tyrima, nustatyta, kad visas junginys prarado mase, tod¢l nenustatyta
terminio skilimo temperatiiros.

Cikliné voltamperometrija ir fotoelektrony emisijos spektrometrija parodé
abiejy junginiy griZztamajg oksidacijg su panaSiomis jonizacijos energijos ir draustinés
juostos vertémis. Tai rodo, kad abiejuose junginiuose yra panaSios 7z elektrony
konjuguotos sistemos. Fotoelektrony emisijos spektrometrija parodé panasias abiejy
medZziagy jonizacijos potencialo vertes (31 ¢ pav., 16 lentel¢). Abiejy junginiy
ultravioletiniy spinduliy spektruose tolueno tirpale draustinés juostos vertés buvo
panaSios dél tos pacios elektronus atiduodancios dalies (31 b pav.). Jy spektry
panaSumas ] karbazolo toluene spektrus rodo, kad lokalios donorinés suzadintosios
biisenos reguliuoja absorbcijos savybes tirpaluose ir kietosiose plévelése (31 b pav.).

Atlikus 9 ir 10 junginiy PL tyrimus tolueno tirpale kambario temperatiiroje,
buvo nustatytos vibroninés struktiiros emisijos juostos gilios mélynos spalvos srityje,
o PLQY verté buvo 13 % ir 28 % (16 lentelé). Mazos Stokso poslinkio vertés
praskiestuose tolueno tirpaluose rodo ribotg geometrija ir tirpiklio reorganizacijg po
suzadinimo. Tiriant fosforescencijos spektrus nustatyta, kad abiejy medziagy triplety
energijos vertés yra mélynojoje srityje, o eksperimentinés AEst vertés atitinka
teorinius skai¢iavimus. Abiejy junginiy kietosios bilisenos plévelés pasizyméjo
panasiais vibroninés struktiiros PL spektrais, taciau dél agregacijos sukelto gesinimo
ju PLQY vertés buvo mazesnés (~1 %), 9 junginio PL spektras buvo jautrus
deguoniui, o PL intensyvumao santykis (lvac/lair) buvo 1,9, o tai rodo tripletines biisenas
galimai dél RISC. 9 junginio kietojo bandinio PL gesimo kreivés parodé dvi
komponentes: nanosekundziy trukmés komponentg, atsirandancig dél LE biisenos,
esant aukstesnéms energijoms, ir ilgiau trunkancig CT komponente.

16 lentelé. 9 ir 10 fotofizikinés, elektrocheminés ir fotoelektrinés savybés

Parametras Terpé 9 10
oanc® M 297, 346/ 298, 297, 346 / 230,
' 347 345
2 ® 1 Tolueno 354,370/355, | 352,367 /352,

’ tirpalas/plonas 366, 460 374,439
EP0), gV sluoksnis 3,49 3,41
Stokso poslinkis®, cm 653 / 649 493 / 577
PLQY®, % 13/1 28/1
S1/T1®, eV THE tiroal 3,67 /3,03 3,63 /3,05
AEst®, eV Irpatas 0,64 0,58
IPre®, eV Plonas sluoksnis 2.98 6.17
EAreD, eV 2,49 2,76

(2) habs — sugerties maksimumy bangos ilgiai; (b) E¢°" — optiné draustiné juosta, (¢) Stokso
poslinkis = Ar—Aabs; (d) S1 — singleto energija, Ty — tripleto energija, (e) IPpe — jonizacijos
potencialas, jvertintas fotoelektrony emisijos spektrometrijos metodu ore; (f) IPcv —
jonizacijos potencialas, jvertintas CV metodu.

Atsizvelgiant | agregacijos sukeltg gesinimg grynose plévelése, 9 ir 10 junginiy
fotofizikinés savybés buvo istirtos legiruotosiose sistemose. Du junginiai su PO-
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T2T'8, elektronus priimanéiu junginiu, sukiré Zydros spalvos eksipleksus. Siy
junginiy kietosios plévelés pasizyméjo | CT panaSiais PL spektrais, palyginti su
grynomis plévelémis (31 d pav.). Oro salygomis eksipleksus sudaranéiy miSiniy
9:PO-T2T ir 10:PO-T2T PLQY vertés buvo atitinkamai 4 % ir 2 %. Eksipleksus
sudaran¢iy misiniy 9 ir 10: PO-T2T PL gyvavimo trukmiy charakteristikos skyrési
nuo monomery emisijos gyvavimo trukmiy (31 e pav.). Siy miginiy PL gyvavimo
trukmiy kreivése iSsiskyré nanosekundziy trukmés fluorescencijos ir TADF
komponenté. PL gyvavimo trukmiy eksperimentai kambario temperattroje ir 77 K
temperatiiroje patvirtino eksipleksy emisijos TADF pobudj, nes sustipréjo
uzdelstosios fluorescencijos komponentés intensyvumas 295 K. Inertinéje
atmosferoje padidéjo uZdelstos emisijos komponento intensyvumas, palyginti su
matavimu ore, o tai rodo triplety indélj j emisijos mechanizmg. TADF kilmé
eksipleksus sudaranéiose sistemose 9: PO-T2T ir 10: PO-T2T buvo patvirtinta
matuojant PL intensyvumo priklausomyb¢ nuo lazerio impulso stiprumo, kurio
nuolydZio verté yra apie 1%,

100 1008,
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32 pav. OLED energijos diagrama ir struktiira (a); srovés, galios ir iSorinio
kvantinio efektyvumo priklausomybés nuo rySkumo grafikai (b); EL spektrai,
uzfiksuoti esant skirtingoms jtampoms (c)

OLED su akceptoriaus PO-T2T ir donory 9 ir 10 miSiniai kaip EML buvo
efektyviis. OLED D2, veikiantis su 10:PO-T2T eksiplekso sistema, buvo pranasesnis
uz D1 — jo rySkumas sieké 4100 cd/m?, palyginti su 1250 cd/m? D1 CE buvo
19,7 cd/A, PE — 12,2 Im/W, 0 EQE — 6,5 %, 0 D2 CE — 24,8 cd/A, PE — 12,2 Im/W,
0 EQE - 7,8 % (32 ¢ pav., 17 lentelé). Didesnis 10 junginio terminis stabilumas lémé
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mazesn] efektyvumo kritima, kai rySkumas buvo padidintas nuo 100 iki 1000 cd/m?
Tai lémé geresnj sroves, galios ir iSorinj kvantinj efektyvuma dél geresnio kriivininky
balanso EML, esant aukstesnei jtampai.

17 lentelé. 9 ir 10 junginiy eksipleksy pagrindu pagaminty OLED EL
charakteristikos

o - Lo CE/PE/EQE,
Prietaisas | =" Von, V cd/m’Z cd/A/Im/W /%
Max @ 100 cd/m? @ 1000 cd/m?
D1 541 4.8 1250 19,7/8,4/6,5 9,9/5,5/3,3 8,5/2,7/12,8
D2 546 4.8 4100 24,8/12,2/7,8 13,2/7,8/4,2 24,3/10,7/7,7

Prictaiso struktira: HAT-CN(10 nm) / TAPC(40 nm) / mCP(4 nm) / EML(24 nm) / TSPO1(4 nm) /
TPBI(4 Onm)/ LiF(0,35 nm) / Al

OLED prietaisy EL spektrai nesutapo su 9:PO-T2T ir 10:PO-T2T PL spektrais
(32 ¢ pav.). PL spektrai skleidé mélyna, o EL spektrai — zalig §viesa, o tai rodo, kad
jrenginyje yra mazesnés energijos eksipleksy. Prietaiso struktiiroje esanciy eksitony
saveiky subtilumg patvirtino terminis PL pléveliy atkaitinimas, kurio metu 9:PO-T2T
spektrai buvo pasislinke link Zzemesnés energijos bangy regiono, taciau 10:PO-T2T
spektrai buvo panaiis. Zalia elektroliuminescencija, priesingai nei mélyna PL,
atsirado dél i§ dalies sutampanciy emisijy i§ jvairiy eksipleksy dariniy OLED
struktiroje.

5.3. ISvados

1. Atlikus i§samy fotofizikinj tyrima paaiskéjo skirtingi trijy junginiy Seimy emisijos
mechanizmai: benzofenono ir difenilsulfono dariniams buvo priskirta
intramolekuliné kriivio pernaSa, o benzofenono dariniai pasizyméjo termiskai
aktyvuota uzdelstaja fluorescencija. Akridono dariniai su fenoksazino dalimis taip
pat pasizyméjo termiskai aktyvuota uzdelstaja fluorescencija, o karbazolo turinciy
akridony ir chinakridony— greita fluorescencija. Fluorescencijos emisijos
mechanizmu pasizyméjo tre¢ia junginiy grupé, kurig sudaro trifluorbifenilo ir
karbazolo dariniai. Sios jzvalgos sudaro pagrinda pritaikyti §iuos junginius
konkrecioms optoelektroninéms reikméms.

2. Atlikus benzofenono dariniy fotofizikinius tyrimus, paaiskéjo, kad UV
spinduliuoté sukelia struktiirinius pokyc¢ius, dél kuriy padidéja tiek termiskai
aktyvuotos uzdelstosios fluorescencijos intensyvumas, tiek emisijos spalvos
poky¢iai. Si dviguba reakcija kartu su dideliu jautrumu ir reguliuojamu aptikimo
diapazonu, priklausomai nuo tirpiklio, leidzia benzofenono darinius laikyti
perspektyviais efektyviais ir universaliais UV jutikliais.

3. Akridono ir chinakridono dariniy charakterizavimas parodé, kad, keiCiant
pakaitalus, galima reguliuoti emisijos spalvg regimajame spektre nuo mélynos iki
oranzinés, o fenoksazinu pakeisti akridonai pasizymi termiskai aktyvuota uzdelsta
fluorescencija / agregacijos sukelta sustiprinta emisija, todél
elektroliuminescencijos kvantiné iSeiga pasiekia 13 %.
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Tiriant akridono ir fenoksazino dariniy struktiiros ir savybiy rySius paaiskéjo, kad
terminis atkaitinimas sukelia kristalizacija, dél kurios labai pageré¢ja termiskai
aktyvuotos uzdelstos fluorescencijos kinetika. Si termiskai sukelta kristalizacija
padéjo pasiekti didelj OLED su $iais junginiais iSorinio kvantinio efektyvumo
pageréjimg, kuris po atkaitinimo padidéjo nuo 8,6 % iki 20,7 %. Tuo pabréziamas
svarbus morfologijos kontrolés vaidmuo optimizuojant prietaiso veikima.

Tiriant trifluorbifenilo ir karbazolo darinius, paaiskéjo jy gebéjimas sudaryti
ekscipleksus su elektronus priiman¢iomis medziagomis, dél kuriy atsiranda
dangaus mélynumo spinduliuoté, pasizyminti termiSkai aktyvuotos uZzdelstos
fluorescencijos savybémis. Sios ekscipleksy sistemos, panaudotos kaip OLED
emisiniai sluoksniai, pasizyméjo dideliu iSoriniu kvantiniu efektyvumu (7,7 %) ir
spalvy derinimo galimybémis, todél iSrySkéjo jy potencialas kuriant didelio
nasumo ir universalius elektroliuminescencinius prietaisus.
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ARTICLE INTFO ABSTRACT

Keywords: In contrast to many donor-acceptor type organic luminophores exhibiting thermally activated delayed fluores-
Phenothiazine 5,5 dioxide cence (FADE), two deep blue TADF emitters designed in this work contain only t pl(dl Alumm muplmg
Benzophenone
Diphenylsulfone
UV sensor

moieties with different electron accepting abilities. Derivatives of b
with phenothiazine-5,5-dioxide donor moictics were synthesized and studied. In addition to the TADY, green to
blue emission color swilching and strong intensity by more than 60 limes was
detected for THF solution of the derivative of pk hi 5,5-dioxide and by hy under increase of UV
excilation dose. We proved by a variety of experimental and theoretical studies that the unusual photophysical
properties of the derivative of benzophenone are mainly related to the formation of different conformers. The
photostimulated intensity enhancement of the compound is due to the rise of the quantity of triplet states and
their further crossing to singlet states. To our knowledge, this is the first observation of a combination of
hotoindnced hing and trip is

showu to be useful for UV sensing with very low detection limits (less than 10 pW/em” for the toluene solution).
Under gradual increase of UV excitation dose, the DMF solution demonstrated a green — blue color swishing
from (0.34; 0.44) to (0.17; 0.18) of CIE coordinates that can be detected by naked eye.

color

on intensity enhamemenl These properties are

ol

1. Introduction (5-nitroindole, 5-ami or 5- inoindole) have been devel-
oped as polarity sensing materials [7]. The D-A-D TADF compounds with
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Since 2012 [1], organic donor-acceptor (D-A) type materials
exhibiting thermally-activated delayed fluorescence (TADF) have
attracted huge academic and commercial interest [2]. These materials
have been involved in a wide verity of practical applications in opto-
electronics (e.g. in OLEDs, photovoltaics, lasers, light-emitting transis-
tors),  photocatalysis, photodynamic  therapy, time-resolved
lumi imaging, chemical/biochemical sensing [2-4]. In case of
sensing, TADF 1s showed good for oxygen
temperature and media polarity measurements [5,6]. For instance,
exploiting a D-A-D-type design strategy TADF compounds with a
diphenyl sulphone moiety as acceptor being substituted by two donors

;ponding anthors.

ultra-long emission decays were recently developed and used in optical
sensors of oxygen and temperature [8-10]. It is known that original
molecular design of TADF compounds can provide unique properties
[3,11]. We believe that further modification of TADF compounds can
lead to achievement of unique properties, such as multichannel TADF
from a single molecule with clear time resolution, that might be useful
for sensing and bioimaging applications.

In this study, we exploit the original design str: ategy of TADF com-
pounds using F hiazine-5,5-dioxide, P and diphe-
nylsulfone moieties with different electron accepting abilities.
Phenothiazine has been extensively studied as a donor moiety in both
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high-triplet-energy hosts and TADF compounds [12]. A more rigid
oxidized analogue of this species has not yet received much scientific
attention despite easily accessible synthetic routes. The only exploita-
tion of phenothiazine-5,5-dioxide moiety reported so far was its usage as
an acceptor moiety [13,14]. According to computational results of the
studies in [13,14] the acceptor strength of phenothiazine-5,5-dioxide is
quite low. Similarly, studies on host materials based on this fragment
have indicated that it behaves as an acceptor in comparison to the
carbazole moiety [15]. Following the above considerations, our design
of TADF compounds is based on the popular benzophenone and diphe-
acceptor ks utilizing ph hi 5,5-dioxide as
the “donor” moiety aiming to achieve deep blue TADF.
In addition to the initial expectations, color switching and strong
f intensity by the factor of more than 60 was
observed for the solution of the derivative of bis(phenothiazine-5,5-
dioxide) and benzophenone (CPPD) in THF under UV irradiation.
Despite the similarity of the molecular structure, the derivative of bis
(phenothiazine-5,5-dioxide) and diphenylsulfone (SPPD) did not show
any enhancement of fluorescence under UV irradiation. To explore the
phenomenon of fluorescence enhancement under UV irradiation, the
derivative of bis(phenothiazine-5,5-dioxide) and benzophenone was
exploited for UV sensing with the possibility of UV detection even by
naked eye. Since human life is associated with the abundance of UV
light, this compound can be of practical interest for UV sensors [16].
Using inorganic or organic semiconductors as the UV sensitive ma-
terials, many UV pk d and photot

changed in its solutions leading to fluorescence enhancement and color
switching. Combination of both conformers caused color switching and
triplet caused emission intensity enhancement is for first time reported
here to the best of our knowledge. The polarity of solvents has strong
effect on the processes of UV-induced turn-on fluorescence of the de-
rivative of bis(pl 1 5,5-dioxide) nnd : t The
lowest UV detection limit of less than10 pW/cm? was achieved for the
toluene solution of the compound.

2. Experimental
2.1. General information

All chemicals and starting materials were commercially available
from Sigma-Aldrich and used without further purification unless
otherwise stated. All reactions were carried out in open atmosphere
unless otherwise indicated. NMR spectra were obtained on a Bruker
Avance I1I spectrometer operating at 400 MHz for *H and at 100 MHz for
g analysis. Mass spectra (MS) were recorded using the Waters Acquity
UPLC SQD2 mass spectrometer. Elemental analysis was performed with
the Exeter Analytical CE440 Elemental Analyzer.

Photophysical properties of the studied compounds were investi-
gated using the Edinburgh Instruments FLS980 and Avantes spectrom-
eters. It should be noted that, under normal PL measurements,

posed for UV detection [17-21]. They are based on
generation under UV excitation with relatively low detection limits of
20-200 pW/em? [17-21]. Electrical-contact-free optical UV sensors
have also been 1. For 1 ked-eye dosimetry of UV ra-
dlauon based on a solid mixture of photoelectrochromic multi-redox
late and electron-d ing lactic acid was reported [22].
Chermcal structure of many molecules, e.g. proton-responsive photo-
chromic molecules, can be changed under UV irradiation with potential
for optical UV sensing [23]. The physical structure of some the mole-
cules in the solid state can also vary under UV irradiation. For instance,
because of the aggregation induced emission effect, dicyanoacetate-
diene isomers d ate change of emis-
sion color and enhancemem of emission intensity under UV irradiation
due to int 1 r photocyclization reaction [16]. Using hex-
aphenylbutadiene derivatives, an optical UV sensor with detection limit
of 8.2 },tW/cm2 was prepared [16] and allowed naked-eye UV detection.
Due to crystallization, asymmetric cyano-stilbene derivatives containing
trifluoromethyl substituents in a similar way demonstrated UV-induced
turn-on fluorescence [24].
In contrast to the known and above-mentioned examples the
conformational structure of the designed in this work derivative of bis
(phenothiazine-5,5-dioxide) and benzophenone (CPPD) can be

1 CPPD il confor ional change. Therefore, PL
have been pro- spectra of its solutions were recorded at such conditions at which the
J) rrent comp | 1 minimal confor I change. Thus, fast PL

measurements of the solutions were performed due to the small dwelt
time of 0.2 s and relatively big step between neighbouring wavelengths
using very low intensity of excitation wavelength (h.x = 330 nm).
Phosphorescence spectra were recorded at 77 K applying delay time
after excitation of 50 ms. Photoluminescence (PL) decay curves were
recorded using the PicoQuant LDH-D-C-375 laser (wavelength 374 nm)
as the excitation source.

2.2. UV sensing

The UV sensing Lesponse of lhe solutions to different UV excitation
intensities was 1 PL i by the Edinburgh In-
struments FLS980 spectrometer. The samples were irradiated using
different UV intensities during the same time of 10 min before recording
PL spectra. A standard UV lamp was used as the irradiation source (355
nm). UV irradiation intensities [uW/cm®] were measured by the certif-
icated photodiode PH100-Si-HA-DO having a sensitive area of 0.707 cm?*
together with the PC-Based Power and Energy Monitor 11S-LINK (from
STANDA). The UV-treated solutions were studied and UV detection of
CPPD was performed using constant and known intensity of UV irradi-
ation (% = 355 nm) from standard UV lamp during constant/known
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Fig. 1. ORTEP molecular structures of polymorphs of CPPD grown from DMF (a), acetone (b) solutions and of SPPD (c). Thermal ellipsoids are shown at the 50%

probability level.

time.

2.3. Theoretical investigations

The structure of the molecules were initially optimized in the ground
singlet electronic state (So) at the DFT level using the B3LYP/6-31G(d)
method [25-28]. After that the first triplet excited state (Ty) structures
‘were optimized at the same DFT level of theory using the spin unre-
stricted UB3LYP formalism. The first singlet excited state geometry (S;)
for the studied lecules was calculated at the time-depend (TD)
DFT [29,30] level using the same 6-31G(d) basis set. The solvent effect
was accounted for through the polarizable continuum model (PCM)
[31]. The calculations of relative energies and vertical spectra for the
particular conformers A and B have been accomplished based on the
geometries extracted from the single crystal X-ray scattering data. The
control geometry optimization calculations with the frozen (; and 0y
torsion angles have also been carried out to confirm the global and local
minimum positions of conformers A and B on the potential energy sur-
face. All vibrational frequencies were found to be real for both isomers,
while the relative energies of the two conformers are very closely the
same as for those obtained at the X-ray extracted geometries.

3. Result and discussions.
3.1. Synthesis and structure analysis

The compounds were synthesized following a simple two-step pro-
tocol of nucleophilic substitution and oxidation with hydrogen peroxide
(§chPmP 1). The structures of the compounds were confirmed by 'H and

19C NMR, MS and single crystal X-ray diffraction analysis.

X-ray structures CPPD and SPPD showed favorable geometry for
TADP with near-perpendicular tﬂl"SlOl'l angle between the diphe-

1yl or | b and the p hiazine-5,5-dioxide frag-
ments (Fig. 1). Two different polymorphs were discovered for CPPD
showing differences in the twist angle of benzophenone phenyl rings as

well as a marginally different bending of phenothiazine-5,5-dioxide
fragments.

The difference between crystal state polymorphs of CPPD (Fig. 1a, b)
will be discussed below in more details, in contents of difference in color
and fluorescence wavelength.

3.2. Electron structure and nature of emission in different media

Similar UV absorption spectra with maxima ca. 300, 320 and 328 nm
were recorded for compounds CPPD and SPPD, which can be mainly
attributed to the & — n* transitions of phenothiazine 5,5-dioxide moiety
(Fig. 2a). These low-energy absorption bands of CPPD and SPPD were
practically not sensitive to different polarity of the chosen solutions. The
additional absorption band (tail) in the range of ca. 340-370 nm was
detectable for CPPD, which apparently originated from intramolecular
charge transfer (ICT) between the phenothiazine-5,5-dioxide and

b units. This p is in good with the
results of TD DFT calculations of the S; state vertical excitation energy
and the orbital nature (3.08 eV and 3.27 eV for CPPD and SPPD,
respectively; Fig. 3). Despite that any CT absorption band is practically
not seen for compound SPPD, emission of both the studied compounds is
characterized by ICT It is evident from the bathochromic shifts of their
PL spectra in highly polar solvents (Fig. 2b). Due to the different ICT
abilities, different Stokes shifts (A0 = vy-0.,,) Were obtained for the
solutions of CPPD and SPPD in various solvents. For instance, the Stokes
shifts of 11,750 and 7761 cm ™' were obtained for itrile sol
of CPPD and SPPD, respectively, which are in qualitative agreement
with those obtained by TDDFT calculations (5359 and 4359 em™!
respectively). As a result, different slopes of the Lippert-Mataga plots
with regression parameters of 19,859 and 8895 cm ™! were obtained for
CPPD and SPPD respectively, reflecting the differences in the perma-
nent dipole moments of the singlet excited states under photoexcitation
(Fig. 2¢). Indeed, one can see from Fig. 3 that upon excitation of the
molecule of CPPD into the S; excited state a strong charge separation is
induced by charge transfer from one phenothiazine 5,5-dioxide moiety
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to the central benzophenone fragment due to the formation of a strongly
polarized bipolar D-A™-D" structure (Fig. 3). As a result, the permanent
dipole moment of molecule CPPD increases from 3.1 D in the ground
state to 3.8 D in the excited $; state. SPPD demonstrates less pronounced
rise of the permanent dipole moment upon photoexcitation into S; state
(2.6 D in Sy ground state vs. 3.1 D in S; excited state) because tripolar
charge separation is induced by the HOMO-LUMO excitation (a less
polarized D*-A™-D" structure is formed, Fig. 3). These theoretical

findings are in a good quantitative agreement with the experimental
observations. Particularly, the higher slope of the Lippert-Mataga plot
for compound CPPD indeed demonstrates its stronger ICT character
than compound SPPD. Owing the strong ICT character, the slope
parameter of 19859 cm ™ estimated for CPPD is among the highest ones
even comparing to that of strong donor-acceptor type TADF emitters
[32,33].

As shown by the X-ray analysis, the chemical structure of compounds
GPPD and SPPD is susceptible to molecular twisting which may lead to
formation of hybridized local charge transfer (HLCT) states upon exci-
tation [34,35]. However, the emission of CPPD and SPPD cannot be
characterized by HLCT since the Lippert-Mataga plots are well-fitted by
a single slope in contrast to the two slope fitting of the Lippert-Mataga
plots typical for HLCT emitters [36,37].

One can see from Fig. 3 that the torsion angle between the phenyl
ring and the phenothiazine-5,5-dioxide fragment plane strongly in-
fluences the HOMO expansion. It depends also on the C=0 or SO; group
junction but the torsion angle seems to be the main factor. It determines
the spectral properties of the excited states, their charge-transfer char-
acter and transitions intensity, as it is shown below. Despite the rela-
tively large singlettriplet slitting of 0.49 eV observed for THF solution
of CPPD (Fig. S1), its prompt and delayed fluorescence can be recog-
nized by means of the time-resolved measurements of the air equili-
brated and deoxy d xylene and ile solutions (Fig. 2d). The
long-lived component of fluorescence decay observed for the solution of
CPPD in highly polar acetonitrile is apparently due to the vibronically
induced TADF of CPPD [38,39]. This presumption is additionally
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confirmed by the enhancement of fluorescence intensity of toluene so-
lution of CPPD after deoxygenation (Fig. 4a). Interestingly, the further

I of blue i was observed for toluene solu-
tions of CPPD under continuous UV treatment. This enhancement might
be caused by the deeper UV-driven deoxygenation of the solution
[40,41]. In case of solutions in more polar solvents than toluene, colour
switchable emissions with intensity maxima in the range of ca. 414-440
nm were detected under UV stimulus (Fig. 4b, S2, supporting video).
Different mechanisms (e.g. polymorphism, conformer formations, pro-
tonation, restriction of H-bonding) may lead to changes of both colour
and intensity of emission of organic days [42-45]. To the best of our
knowledge, this is the first observation for organic dye of emission
ph named as photosti Supporting this
statement, the origin and nature of this photostimulated fluorescence
are discussed in the next section. In contrast to the PL decay of CPPD, the
delayed fluorescence was not detected for the solutions of SPPD neither
in low-polarity xylene nor in highly polar acetonitrile apparently due to
the weak ICT transition intensity. Slightly different fluorescence life-
times were detected for xylene and acetonitrile solutions of CPPD and
SPPD due to the sol hromic effect. Photostimulated fluorescence
was not detected for compound SPPD which played a role for the
reference p d in the i igati of ph i d fluores-
cence phenomenon of CPPD (see next section for more details).

The absorption spectra of the films of CPPD and SPPD were only
slightly red-shifted in comparison to the spectra of their solutions
showing the same shapes of low-energy bands (Fig. 2a). The films
emitted blue light under UV excitation in the range from 300 to 340 nm
showing single-band PL spectra with maxima at 432 and 400 nm,
respectively (Fig. 2b). In case of the film of CPPD, slight differences were
detected between its PL spectra recorded under the different wave-
lengths of UV excitation (Fig. S3). In contrast to the same PL decays

recorded at the different emission wavelengths of the SPPD film, a clear
long-lived of fl was di 1 at higher
wavelengths for the film of CPPD (Fig. 2d (inset), Fig. $3). Such dif-
ference in the photophysical properties of the CPPD and SPPD films is
apparently related to the photostimulated fluorescence of CPPD.

Nevertheless, TADF nature of the emission of CPPD and SPPD is
evident from the long-lived PL decays of their powders recorded at the
different ures and from r ly small singlet-triplet splitting
values (AEgy) of 0.14 and 0.19 eV, respectively (Fig. 54). Well seen
prompt and delayed components of fluorescence decay curves were
observed for the powders of CPPD and SPPD at room temperature (RT)
while only prompt fluorescence was detected at 77 K. This observation
proves the TADF nature of CPPD and SPPD emission.

3.3. Mech of the photostimulated fi e

The pt fluc 2 of CPPD exhibits an
overlap of two rather unusual emission effects: (i) switching of emission
spectra (colours) from high to low wavelengths under UV stimulus (from
green to blue in case of DMF solution, as an example, see Fig. 4b, S2,
supporting video); (ii) intensity enk of the blue under
UV stimulus (Fig. 4 a, b, 82). Photoluminescent quantum yields of 6 and
10.5%, respectively were recorded for DMF solution of CPPD before
(green) and after (blue) additional UV irradiation stimulus. The origin of
these effects has to be carefully investigated for proper understanding of
the responsible mechanisms in different media. To start with, it should
be noted that changes of colour and intensity of fluorescence of CPPD
solutions under UV treatment are not related to chemical modifications
of the molecular structure of CPPD (degradation, protonation etc.) since
no corresponding differences in 'H NMR spectra of as prepared and UV-
treated CPPD solutions were not detected (Fig. S5). Thus,
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conformational differences in molecular structure of CPPD in the non-
treated and UV-treated CPPD solutions most likely can be responsible
for the photostimulated fluorescence Indeed, blue and
green emission was detected for the different polymorphs, i.e., for A
(crystal grown from acetone) and B (crystal grown from DMF) samples
of CPPD, respectively, having different dihedral angels between
phenothiazine 5,5-dioxide and benzophenone umts as well as between
phenyl rings of b ph PP , the first

effect (switching of emission spectrum colour from the low-energy band
to the high-energy band) is related to changes of the molecular confor-
mation of the CPPD polymorphs from one stable conformer to the sec-
ond stable conformer under additional UV treatment. Notably, it is not
related to restriction of H-bonds since sonicated (H-bond-free and
aggregation-free) DMF solutions were characterized by even red shifted
PL spectrum in comparison to that of fresh (as prepared) DMF solution
(Fig. 4b). In addition, switching of the emission spectrum from low- to
high-energy region of CPPD solutions upon UV-treatment is not related
to possible changes between specific quasi axial-quasi axial, quasi
equatorial-quasi equatorial and quasi axial-quasi equatorial conformers
of phenothiazine 5,5-dioxide moiety since such effect was not observed
for the reference compound SPPD which contains the same number of
phenothiazine 5,5-dioxide units [12]. The photostimulated fluorescence
phenomenon of CPPD is also rep ed by our -chemical
calculations. The energy of the §; state estimated for the structure
extracted from polymorph A single crystal (crystal grown from acetone)
was predicted to be of 3.09 eV by TDDFT calculation, while for the
structure extracted from polymorph B single crystal the S; state energy is
considerably smaller (2.84 eV) in an excellent qualitative agreement
with experimental observation (polymorphs A and B demonstrate blue
and green photoluminescence, respectively (Fig. 4c)). The reason for
that refers not only to the conformational differences between the
polymorphs A and B, but also to the more efficient n-delocalization over
the benzophenone group in polymorph B that results in a less px

is a little higher relative to that of blue-emissive polymorph A (6.02 eV).
The final difference between HOMO-LUMO gaps for these polymorphs
(0.3 eV) well matches with the energy difference between the S; states
(0.25 eV) meaning that the key role of frontier MOs energy in deter-
mining the S; state vertical energy. One should stress here, that for both
polymorphs of CPPD the 8, state is represented by the HOMO — LUMO
single-configuration excitation (Fig. 2).

The second effect. i.e., gradual enhancement of the blue emission
band at 440 nm together with the decreasing intensity of green emission
band at 528 nm upon continuous irradiation (Fig. 4c), is simply caused
by the concentration redistribution between two conformers that
correspond to the polymorph A and B species. Indeed, the TD DFT
estimated intensity (oscillator strength f) of the So-S; transition for the
blue-emitting conformer A is higher comparing to that estimated for the
green-emissive conformer B (0.017 vs. 0.003, respectively) in agreement
with higher intensity of the blue emission relative to the green one. This
theoretical finding additionally supports the idea about conformational
photo-isomerization of CPPD as being the origin of the photostimulated
fluorescence phenomenon.

The UV-treated solutions of CPPD demonstrate slightly different PL
spectra showing solvatochromic shifts with the increase of polarizability
index of the solvents used (Fig. 4 a, b, §2). For example, UV-treated
toluene solution of CPPD was characterized by PL spectrum with the
maximum at 413 nm while the spectrum of UV-treated DMF solution of
CPPD exhibited PL intensity maximum at 440 nm. The similar differ-
ences were also observed for PL spectra of the solutions of CPPD in other
solvents (Fig. 52). As a result, the Lippert-Mataga plot for UV-treated
CPPD is characterized by a relatively low slope (5105 em ') typical
for ICT states, but being very high for locally excited (LE) states (Fig. 2¢).
This observation means that the emission of the UV-treated solutions of
CPPD is not related to a pure ICT or LE. Indeed, as it can be seen from the
shapes of HOMO and LUMO wave functions of CPPD, there is a common
area of non-zero contribution in the intermediate benzene ring moiety

nounced bond-length alternation within this C
the reason lies in the smaller energy of the LUMO orbital, which is hlghly
delocalized over the b f (the calculated LUMO

energy is of 2.69 eV for green-emissive polymorph B vs. 2.49 eV for blue-
emissive polymorph A). At the same time, the bond length alternation is
more p; d within ph hiazine 5,5-dioxide moiety of poly-
morph B of CPPD (relative to polymorph A). Accounting for that, the
HOMO orbital is localized exactly over this phenothiazine 5,5-dioxide
moiety; the HOMO energy for green-emissive polymorph B (5.92 eV)

(t C = O group and the phenothiazine 5,5-dioxide moiety). Such
an overlap of the HOMO and LUMO wave functions causes quite high
transition dipole moment and corresponding oscillator strength of the
Sy-S; transition, but on the other hand, the common area of HOMO and
LUMO is responsible for the considerable S;-T; splitting discussed above
(0.49 eV). Thus, to demonstrate the TADF phenomenon discussed above,
such energy-separated mixed ICT + LE S; and T; excited states should be
vibronically coupled through the intermediate Tj state of LE nature in
the framework of so-called Gibson-Monkman-Penfold (GMP)
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mechanism of reverse intersystem crossing (rISC) in TADF emitters
through the vibronic coupling effect [38,46].
The rise of T; state popul and sub 11SC- diated

angle changes in Fig. 5). In the excited S; /Ty state of CPPD optimized by
the DFT approach this rotation is less pronounced (6, and 6, are

delayed fluorescence are responsible for the observed intensity
enhancement of the emission of toluene solution of CPPD upon the
continuous UV stimulus. The facts that the CPPD emission in toluene is
sensitive to the presence of oxygen (Fig. 4a) and also to the temperature
(PL intensity increases with the rise of temperature, Fig. $6) confirm the
idea that the photosti d intensity enk: is due to the rise of
quantity of triplet states and their further crossing to singlets. The
similar observation was previously reported for phosphorescence of the
phenothiazine 5,5-dioxide derivatives and was attributed to enhanced
77 interactions [39]. It should be additionally noted that powder
(which apparently contains mixtures of polymorphs A and B of com-
pound CPPD) showed increase of total emission intensity (Fig. S7a) after
oxygen evacuation due to the increasing of intensity of its delayed
fluorescence (Fig. S7b). In solid state, compound CPPD demonstrated
well seen delayed fluorescence even in the presence of oxygen appar-
ently because of difficult penetration of oxygen into the crystals
(Fig. S7b).

The idea about the conformational isomerization between the green-
and blue-emissive forms of CPPD molecules as the reason of photo-
lated f“ p is to some extent supported by the

2 of steady-stat spectra of the solu-
tions of CPPD 2,2,6,6-tetr: thyl-1-piperidi; free
radical (TEMPO) which can inhibit transition to triplet state of CPPD
upon UV excitation. Indeed, from below PL spectra of DMF and toluene
solutions containing TEMPO additives did not show changes upon the
UV radiation, which indi that the photostimulated fluorescence
mechanism may proceed via a radical intermediate (triplet state bir-
adical in our case) (Fig. S8). On the other hand, TEMPO can lead to the
restriction of the molecular twisting under UV irradiation. Indeed, if one
compares the molecular structure CPPD extracted from single crystals of
polymorphs A and B, one can see that they are different in the mutual
inter-rotation of the phenothiazine 5,5-dioxide moiety and the adjacent
benzene ring relative to the remaining part of the molecule (02 torsion

; 8, in the excited §;/T; state has intermediate value between
the two conformers), i.e., the excitation into the S, /T states may induce
the conformational isomerization of CPPD providing the green-to-blue
emission change. Thus, approaching the TEMPO spin label to the long-
living T state might really restrict such a conformational isomeriza-
tion in the excited state and quench the fluorescence, so we can observe
only the prompt S; — Sy fluorescence of CPPD without conformational
changes.

3.4. UV detection

To demonstrate the potential application of compound CPPD as UV
sensitive material for optical sensors, the dependence of its emission on
UV irradiation intensity was studied in more detail. PL spectra of CPPD
were recorded at the different excitation power after one-by-one irra-
diation for 10 min (Fig. 6). PL intensity of toluene solution of CPPD
gradually increased with increasing intensity of UV irradiation, exhib-
iting very low detection limit of less than 10 pW/cm? (Fig. 6a). Because
of the low detection limit, the effect of UV sensitivity of PL of CPPD was
initially detected under UV excitation during spectroscopic measure-
ments. No color/wavelength changes were observed for the solution of
CPPD in toluene as it was mentioned in the previous section. The Stern-
Volmer plots Iyp/I-1 versus UV power for fluorescence intensity
enhancement of CPPD are plotted in Fig. 6d-f. The plot for the toluene
solution of CPPD could be well linearly fitted (R? greater than 0.98)
according to the Stern-Volmer relationship Ip/I-1 = Kgy[UV] at the
different UV irradiation intensities (up to 205 nW/cmZ), where Ij is PL
intensity before UV irradiation, T is PL intensity at the different UV
irradiation intensities, and Kgy is the Stern-Volmer constant [47]. A Ky
value of 6.26.10% [pW/cmZ] ~1 was obtained for the solution of CPPD in
toluene.

In case of THF and DMF solutions, not only the gradual increase of PL
intensity but also the blue shift of emission wavelengths were observed
(Fig. 6b, c). As a result, different linear regions can be identified for the
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CIE 1931

Fig. 7. Dependences of CIE 1931 coordinates of emission on UV irradiation
intensitics for the DMLY solution of CPPD (supporting video).

Stern-Volmer plots of THF and DMF solutions of CPPD. For example,
much higher Kgy value of 0.242 [uW/cm?] ™! was obtained for TFH so-
lution than for toluene solution when the THF Stern-Volmer plot was
fitted (R? > 0.957) in the range of 150-250 uW/cm? of UV irradiation
energies (Fig. 6e). However, the TFH solution of CPPD can be used only
for UV detection in the specific UV dose range. The lowest Ksy of
4.2.10 ° [uW/em?] ! of DMF solution of CPPD was obtained by fitting
the Stern-Volmer plot in the range up to150 uW/em? of UV irradiation
energy. Nevertheless, the DMF solution demonstrated the green to blue
color switching with the wide range of CIE coordinates from (0.34; 0.44)
to (0.17; 0.18) under the different doses of UV irradiation (Fig. 7). Such
color change can be observed even by naked eye. The above results
demonstrate that compound CPPD can be used as an active material for
UV sensing. Notably, the solvent selection may provide the different UV
sensitivity for specific needs.

4. Conclusions

Motivated by the search for efficient UV active materials, we syn—
thesized two derivatives of phenothiazine-5,5-dioxide and b
none or diphenylsulfone following a simple two step protocol of
nucleophilic substitution and oxidation with hydrogen peroxide. The
solutions in low-polarity solvents and the solid films of the compounds
emit deep blue light. The toluene solutions and solid layers are char-
acterized by emission spectra peaking in the range of 400-430 nm. X-ray
structures of the compounds show favorable geometry TADF charac-
teristics with near-| perpendmular torsion angle between the diphe-

Isulf orb and ph hiazine-5,5- ledeE fr
In addition to TADF, photostimulated f e was d d for the
solutions of the derivative of phenothiazine-5,5-dioxide and benzophe-
none. More than 40 times increased photoluminescence intensity was
observed for THF solutions of this compound after UV irradiation at ca.
300 pW/cm? for 10 min. The experimental as well as the theoretical
tools allowed to prove that the photostimulated fluorescence phenom-
enon is related to conformers with the different stabilization energy
minima. The strong UV sensitivity of this compound suggests that it can
be applied as UV active material of optical detectors with high Stern-
Volmer constant (0.242 [uW/cm?] ! for the THF solution) and green
to blue ission color switching (betv CIE color di of
(0.34; 0.44) and (0.17; 0.18) for the DMF solution).
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1. Introduction

Acridone and quinacridone derivatives with
carbazole or phenoxazine substituents: synthesis,
electrochemistry, photophysics and application
as TADF electroluminophoresf

Irena Kulszewicz-Bajer, {5 ** Matas Guzauskas,” Matgorzata Makowska-Janusik,”
Matgorzata Zagorska, 22 Malek Mahmoudi,” Juozas V. Grazulevicius, {°
Adam Pron (2*2 and Dmytro Volyniuk & *°

Six acridone (quinacridone) derivatives containing either carbazole or phenoxazine substituents were
designed and synthesized with the aim of elucidating the effect of the donor (D) and acceptor (A) linking
pattern (D-A, D-A-D or D-n—A-n-D) on their photophysical and electrochemical properties. These
new electroactive compounds combine reversible electrochemical oxidation with excellent luminescent
properties. Their electrochemically determined ionization potentials (IPs) are in the range from 5.09 eV
to 5.45 eV, higher for derivatives with carbazole donors as compared to phenoxazine ones. The mea-
sured electron affinities (EAs) are in the range from —2.53 eV to —2.64 eV with the exception of the qui-
nacridone derivative showing EA of —3.03 eV. Their vacuum-deposited films emit radiation in a wide
spectral range from sky-blue to red. Compounds with carbazole moieties (compounds 1, 2 and 6 in the
subsequent text) showed prompt fluorescence and aggregation-caused quenching. Photoluminescent
quantum yields (PLQYs) of their toluene solutions reached values up to 69%. Compounds containing
phenoxazine moieties (compounds marked as 3-5) demonstrated thermally activated delayed fluores-
cence (TADF) and aggregation-induced emission enhancement (AIEE). Their neat films showed PLQYs of
35%. Quinacridone disubstituted with carbazole (compound 6) showed the highest hole mobility
reaching 2.53 x 107* cm? V™' s ! at electric field of 3.6 x 10° V cm ™. Carbazolyl disubstituted acridone
(compound 2) and phenoxazinyl monosubstituted acridone (compound 3) turned out to be ambipolar
compounds showing reasonably balanced electron and hole mobilities. The appropriate combination of
redox, transport and luminescent properties makes the studied compounds suitable candidates for
optoelectronic applications. Test OLEDs fabricated from 3 exhibited maximum external quantum
efficiencies reaching 16.7%. Finally, an excellent agreement between the experimental results and those
obtained by DFT calculations should be stressed. The basics for selection according to the user needs of
either D-A, D-A-D or D-n-A-7n-D types of molecular structures of TADF/AIEE luminophores are pro-
vided in this study.

synthesis of a variety of compounds known for their pharma-
cological activity.'"™* Quinacridone, in turn, is an industrial

Acridone and quinacridone have been known and studied for pigment.” However, strong revival in the chemistry of these
decades. Acridone has been used as a building block in the two compounds has been observed in the past decade. A

plethora of low and high molecular mass compounds contain-
ing acridone or quinacridone units were synthesized, exhibit-
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Warsaw, Poland. E-mail: ikulsz@ch,pw.cdu.pl ing peculiar electronic, optoelectronic or electrochromic
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Technology, Barsausko 59, LT-51423, Kaunas, Lithuania. active organic compounds. Acridone- or quinacridone-based
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donor-acceptor copolymers and terpolymers were used as
components of photovoltaic cells®® and photodetectors.'""
(ES1) available. See DO https://doi.orgt D-A compounds with acridone or quinacridone acceptors were
examined as components of active layers in organic field effect
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transistors (OFETs) due to their excellent electrical transport
properties.'> Several acridone and quinacridone derivatives
were found to exhibit interesting electrochemistry™'* includ-
ing electrochromism.'® Appropriately functionalized quinacri-
dones were also tested as photocatalysts'”* and materials for
non-linear optical applications.'” However, the capability of
generating the thermally activated delayed photoluminescence
(TADF), reported for some acridone and quinacridone deriva-
tives, seems to be the most interesting feature of these
compounds,””** leading to their applications as components
of organic light emitting diodes (OLEDs), characterized by high
external quantum efficiencies.”*>*

Phenoxazine units are, in turn, widely used as building
blocks in various organic electroactive materials such as com-
ponents of dye-sensitized solar cells’® or hole transporting
materials in perovskite solar cells.”® However, as in the case
of acridone and quinacridone derivatives, their most interest-
ing property is the TADF effect, frequently observed in mole-
cules containing phenoxazine donors.>” ** Similarly carbazole
is a popular donor in organic molecules and macromolecules
for photovoltaics®** and electroluminescence.*® *” Thus, phe-
noxazine or carbazole units in combination with acridone
(quinacridone) seem especially interesting as building blocks
of various types luminescent and electroactive molecules. For
this reason, we undertook a combined theoretical and experi-
mental study devoted to the design, synthesis and characteriza-
tion of five acridone and one quinacridone donor-acceptor
derivatives with two types of donors, namely phenoxazine and
carbazole of possible use in optoelectronics. Quantum
chemical calculations are especially important in this respect
because they play a predictive role, demonstrating that appro-
priate combination of donors (carbazole, phenoxazine) and
acceptors (acridone, quinacridone) may result in the elabora-
tion of new electroactive and luminescent compounds of con-
trollable redox properties, ie. characterized by appropriate
ionization potential (IP) and electron affinity (EA). These para-
meters together with electrical transport properties are of
crucial importance for any electronic or optoelectronic applica-
tion. Thus, experimental investigations involved detailed elec-
trochemical characterization of the synthesized compounds
with the goal to confront theoretical IP and EA values with
the experimental ones as well as to elucidate their photophysi-
cal properties. The studied compounds showed good charge
injecting properties with relatively low ionization potentials
and high electron affinities and efficient charge transport
(hole-only or bipolar). The latter unequivocally indicated that
all studied luminophores exhibited either thermally activated
delayed fluorescence (TADF) (so-called E-type delayed fluores-
cence) or aggregation-induced emission enhancement (AIEE).
The emission was very sensitive to molecular structure and
media. Emission colour of their vacuum-deposited films could
be tuned over a wide spectral range from sky-blue to red. They
have the potential for application in non-doped and doped
OLEDs. 2-Phenoxazine-N-hexylacridone (indicated as com-
pound 3 in the subsequent text) deserves a special emphasis
since test light emitted diodes (OLEDs) with active layers
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consisting of 3 molecularly dispersed in 1,3-bis(N-carbazolyl)
benzene (mCP) or 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-
1,3,5-triazines (PO-T2T) exhibited maximum EQEs of 13 and
16.7%, respectively. The study provides basics for the selection
of either D-A, D-A-D or D-n-A-n-D types of TADF molecules
according to the user needs.

2. Experimental section

Detailed description of the synthesis of new luminophores and
techniques used for their characterization can be found in the
ESLf This involves:

e Description of all reagents and procedures used in the
preparation of the studied compounds together with spectro-
scopic (NMR, IR) data of intermediate and final products as
well as their elemental analyses;

 Description of cyclic voltammetry (CV) experiments;

e Optical measurements, charge carriers mobility, OLEDs
fabrication and characterization.

o Methodology of quantum chemical calculations.

3. Results and discussion

3.1. Synthesis

The synthetic pathways leading to the studied compounds,
namely 2-(3,6-tert-butylcarbazole)-N-hexylacridone, 1; 2,7-bis
(3,6-tert-butylcarbazole)-N-hexylacridone, 2; 2-phenoxazine-N-
hexylacridone, 3; 2,7-bis-phenoxazine-N-hexylacridone, 4; 2,7-
bis[3-((phenoxazine)phenyl)-N-hexylacridone], 5; 2,9-bis(3,6-
tert-butylcarbazole)-N,N'-dioctylquinacridone, 6 is presented
in Scheme 1.

In the applied procedures N-hexylacridone or N,N-
dioctylquinacridone were brominated using bromine in acetic
acid/sodium acetate medium as a bromination agent. The
obtained bromoderivatives were then reacted with 3,6-di-tert-
butylcarbazole in the presence of Cul/trans-1,2-cyclohex-
anediamine catalyst leading to: (i) compound 1 with (97%
yield); (ii) compound 2 (64% yield) and (iii) compound 6
(61% yield). It should be noticed that the use of this catalyst
results in a significant decrease of the reaction temperature
with concomitant increase of the reaction yield as compared to
commonly used procedures.”**** Compounds 3, 4 were
synthesized via Buchwald-Hartwig amination coupling of acri-
done bromoderivatives and phenoxazine using Pddba,/¢t-Bu;P
as a catalyst. The target products were obtained in high yields:
92% in the case of 3 and 82% in the case of 4. Compound 5 was
synthesized in a three-step procedure.

In the first step 5a was prepared from phenoxazine and
1-bromo-3-iodobenzene (95% yield), then, in the second step it
was transformed into a Suzuki coupling reagent, namely
3-phenoxazine-1-phenylboronic acid pinacol ester 5b (78%
yield). The target product 5 was obtained by Suzuki coupling
between 5b and 2,7-dibromo-N-hexylacridone (67% yield).

3 and 4 were reported in ref. 40 whereas 1, 2, 5 and 6 are
new. Detailed descriptions of all synthetic procedures together

This journal is @ The Royal Society of Chemistry 2022
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Scheme 1 Synthesis of acridone {1-4) and quinacridone (6) derivatives: (i) 3,6-di-tert-butylcarbazole, Cul, trans-1,2-cyclohexanediamine, KsPOa,
dioxane, 110 “C; (i) phenoxazine, Pdidba),, t-BusP, t-BuONa, toluene, 90 “C. Synthetic pathway to 5: (iii) 1-bromo- 3-iodobenzene, Pd;(dba)s, Xantphos,
t-BuONa, toluene, 80 °C; (iv) n-Buli, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, THF, —78 °C; (v) 2,7-dibromo-N-hexylacridone, Pd(PPhs).,

2 M K;COs, toluene, dioxane.

with full spectroscopic characterization of the products as well
as their elemental analyses can be found in ESL¥

3.2. Redox properties, ionization potentials (IP;) and electron
affinities (EA,)

Redox properties of electroactive molecules are of crucial
importance because on their basis electron affinities (EA,)
and ionization potentials (IP,) can be determined which are
predictive parameters for essentially all electronic and opto-
electronic applications.

In Fig. 1a, a representative cyclic voltammogram (CV) of
acridone monosubstituted with carbazole, 1, is presented. The
corresponding differential pulse voltammogram (DPV) are
given in ESI{ (Fig. S1). In general, carbazole moicties undergo
reversible oxidation to a radical cation. This can be followed by
consecutive irreversible oxidation processes possibly involving
oligomerization or polymerization if appropriate coupling posi-
tions in the carbazole aromatic rings are available." Cyclic
voltammogram of 1 reveals however two oxidation processes of
, =0.653V and

EY, = 1132V, which essentially excludes dimerization or

reversible and quasi-reversible nature at EY,

This journal is € The Royal Society of Chemistry 2022

oligomerization. This is not unexpected since the most prob-
able coupling sites in 1 are blocked by bulky tert-butyl groups.
Thus, the first peak can be attributed to the oxidation of the
carbazole substituent to a radical cation,*® whereas the second
one to the oxidation of the acridone unit. Unsubstituted
acridone undergoes quasi-reversible oxidation at 1.020 v.* Its
shift in 1 to a potential which is higher by 0.112 V is a
consequence of the fact that the removal of an additional
electron from 1 in its radical cation form is more difficult than
the abstraction of the first electron from neutral acridone. The
reduction of 1 is essentially irreversible and occurs at relatively
low potentials, with a maximum of the cathodic peak at
—2.399 V vs. Fe/Fc'.

2 contains two carbazole substituents symmetrically con-
nected to the acridone central unit, thus it can be considered as
a D-A-D molecule. Consecutive oxidations of two carbazole
groups occur at potentials EJ, = 0.639V and EJ, = 0.804 V
(Fig. 1b). Note that the first oxidation potential is very similar to
that registered for the oxidation of 1. An increase of the
oxidation potential of the second carbazole unit may indicate
some delocalization of the radical cation charge through the

J. Mater. Chem. C, 2022,10,12377-12391 | 12379
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Fig.1 Cyclic voltammograms registered for 1 (a), 2 (b), 5 (c) and 6 (d). Electrolyte: 0.1 M BuzNBF,/CH,Cl,, scan rate: 50 mV s~%. Photoelectron emission

spectra of vacuum-deposited thin layers of 1-6 {e)

whole molecule making the abstraction of the second electron
more difficult. Further oxidation of this dication requires
polarization to relatively high potentials. As a result the central
acridone unit is being irreversibly oxidized as evidenced by an
anodic peak with a maximum at £ = 1.297 V i.e. at a potential
significantly higher than those of the oxidation of neutral
acridone and the oxidation of the radical cation form of 1.
Trreversible reduction of 2 starts at a low potential of —2.22 V,
yielding a cathodic peak without a clear maximum. 2, i.e. 2,7-
bis(3,6-tert-butylcarbazole)-N-hexylacridone is slightly easier to
oxidize than its unsubstituted analogue (2,7-di(carbazole-9-yl)-
N-hexylacridone), whose redox properties are reported in
ref. 42. It can be rationalized by weak electrodonating proper-
ties of tert-butyl substituents in this compound. 2 is
however more resistant to oxidation than diphenylamino- and
dinaphthylamino-substituted alkylacridones, whose oxidation
starts at potentials lower by 0.42 V.** Higher resistance against
oxidation of acridones with carbazole substituents makes these
compounds more suitable for applications in electronic devices
operating in ambient conditions.

6 differs from 2 by its central acceptor unit (quinacridone vs.
acridone). Following the same reasoning as in the case of 2, we
can attribute the first two reversible oxidation processes at
potentials EJ,, = 0.600V and ES, =0.729V to consecutive
oxidations of carbazole substituents (see Fig. 1d). It should be
noted that the oxidation of carbazole units in 6 occurs at lower
potentials and in narrower potential range as compared to 2.
This reflects the effect of central acceptor unit which in the case
of 6 is more extended and better delocalizes the charge of the
radical cation formed in the first oxidation step. The third
anodic peak in the cyclic voltammogram of 6 corresponds to
reversible oxidation of the quinacridone central unit at £,y =
1.026 V. avalue which is by ca. 0.4 V higher than the potential of
the oxidation of neutral quinacridone.* Note that the
reduction potential of 6 (—1.938 V) is higher than those of 1
and 2, consistent with casier reducibility of quinacridone™ as
compared to acridone."”

12380 | J. Mater Chem. C, 2022,10,12377-12391

Electrochemical data of 3 and 4 are reported in our previous
paper.’® In general, phenoxazine derivatives of acridone are
easier to oxidize than the corresponding carbazole derivatives
but their reduction potential is similar. Both phenoxazine
substituents in 5 undergo reversible oxidation at the same
potential of E” = 0.293 V, followed by irreversible oxidation of
the acridone central unit at E = 1.097 V (Fig. 1¢). Reduction of the
acridone unit in 5 starts at —2.23 V, yielding a cathodic peak without
a clear maximum, as in the case of 2 (compare Fig. 1b and c).

For the calculations of IP and EA of 1-6 from the clectro-
chemical data we have taken the potentials of the onsets of the
first oxidation and first reduction peaks. They are listed in
Table 1. As seen from these data, 1-5 exhibit similar and low
reduction potential and, by consequence, low electron affinities
(EA) in the range 2.50-2.65 eV. The only exception is 6 contain-
ing significantly more extended quinacridone core. Its
reduction potential is by ca. 400-500 mV higher as compared
to 1-5 leading to |EA| exceeding 3 eV.

The studied derivatives differ, however, in the onsets of their
oxidation potentials. Phenoxazine-functionalized acridones (3-
5) exhibit Eqyionser values lower by 300-320 mV as compared to
carbazole-substituted ones (1, 2 and 6). Consequently, their IPg
are lower, only barely exceeding 5.0 eV (see Table 1).

Table 1 Redox potentials, electron affinities (EA.) and ionization poten-
tials (IP.) determined electrochemically and ionization potentials (IPyps)
derived from UPS

Compound Eregonsec” [V] Eoxonses” [V] EAul” [eV] TPy [V] IPyps” [eV]
1 -2.27 0.651 5.51

2 —2.22 0.637 5.48

3 —2.23 0.317 5.33

4 -2.16 0.332 5.3

5 -2.23 0.294 5.46

6 -1.77 0.600 5.55

“ Potential vs. Fc/Fc'.” Calculated according to equation: EA =
&(Ered,onser + 4.8) [eV]. © Caleulated according to equation: IP = —e(Eqxonset
+ 4.8) [eV]. * M d by photoelectron spectros in air (Fig. 1e).

This journal is @ The Royal Society of Chemistry 2022
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Finally, it is instructive to verify whether a correlation exists
between IP values derived from the electrochemical data (IP;)
and those obtained by photoelectron spectroscopy (IPygs). The
photoelectron emission spectra registered for 1-6 are shown in
Fig. 1le whereas IPyps values, calculated on their basis, are
collected in Table 1.

It should be stressed that in both cases different physical
quantities are measured. IP, determined for compounds dis-
solved in an nonaqueous solvent, corresponds to the ionization
energy which is modified by electrostatic interactions between
the ionized molecule and its polarizable environment (Py). In
the case of IPyps, the measurements are carried out for surfacial
molecules in a thin solid film. In this case the ionized molecule
interacts with the solid polarizable environment (P.), and the
polarization energy again modifies the ionization energy. IPyps
values are higher than the IP ones but the observed values for
phenoxazine derivatives are systematically lower than those
measured for carbazole ones (Table 1). It should also be noted
that the difference between IP, and IPyps is slightly more
pronounced in the case of phenoxazine derivatives. This is
not unexpected since P, and P, energies usually are not equal,
which inevitably leads to differences in the IP values
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determined by CV and UPS. However, in a series of papers
Sworakowski et al."'™"® demonstrated that a clear correlation
can be found between the measured redox potentials (and by
consequence IP.) and IPyps for a large number of organic
semiconductors of low molecular and high molecular nature.

3.3. Photophysical properties

Absorption spectra of 1-6 are characterized by bands attribu-
table to their D and A segments i.e. acridone (Acr) and zert-
butylcarbazole (¢Cz) for 1 and 2, acridone (Acr) and phenox-
azine (PhNZ) for 3-5 and quinacridone (QAcr) and ¢Cz in the
case of 6. This can be clearly deduced from Fig. 2a and b where
the spectra of toluene solutions of 1-6 are presented together
with those registered for Acr, QAcr, PhNZ and tCz dissolved in
the same solvent. Bands characteristic of the D and A moieties
are marked by thin vertical lines: at 389 nm for Acr, at 290 nm
(r — n*) and 307-335 nm (n — =*) for tCz; at 313 nm for PhANZ
and at 290 and 504 nm for QAcr. Slight red-shifts and broad-
ening of these bands are observed in the spectra of all studied
compounds (1-6), especially in the low-energy regions. This
observation can apparently be explained by the formation of
intramolecular charge transfer (ICT) states due to interactions
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Fig. 2 Absorption spectra {a and b} of toluene solutions of 1-6, together with the spectra of tCz, QAcr, PhNZ, Acr shown for comparison;
photoluminescence (PL) spectra (c) of 1-6 dissolved in toluene and their vacuum-deposited films; and PL and phosphorescence (Phosph.) spectra
(d) of 1-6 dissolved in Me-THF, recorded at 77 K. The delay time of 1 ms after excitation was used recording phosphorescence spectra. The excitation
wavelength of 330 nm was used. Inset of (c) shows photos of vacuum-deposited films under UV excitation.
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between the electron-donating and electron-accepting moieties.
These issues are discussed in greater detail in the next subsec-
tion (Quantum chemical calculations).

Absorption spectra of solid thin films of 1-6 are similar to
those of the corresponding toluene solutions (Fig. S2a, ESI{).
However, they are characterized by even larger broadening. Two
origins of these effects can be proposed either aggregation or
stronger ICT. The latter seems more plausible, taking into
account the ICT-induced shapes (non-structured) of the corres-
ponding PL spectra of all studied compounds (Fig. 2¢). In
contrast, specific features of PL spectra of toluene solutions
of 1, 2 and 5, 6 originate from recombination of the locally
excited (LE) states formed mainly by electron-accepting moi-
cties (acridone or quinacridone). 3 and 4 demonstrate ICT-
shaped, PL spectra both in toluene solutions and in the solid-
state, which is apparently caused by strong D-A interactions.
These problems are also additionally discussed in the subsec-
tion Quantum chemical calculation. PL decays (typically few
nanoseconds) registered for toluene solutions of 1-6 are pre-
sented in Fig. $2b (ESIT).

In the PL spectrum of 10% molecular dispersion of 5 in 1,3-
bis(N-carbazolyl)benzene (mCP) two bands are observed at 452
and 525 nm, resulting from recombination of LE and ICT states
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respectively (see Fig. 3 and Table 2). In the case of the
dispersions of the remaining compounds (1-4, 6) only one
band can be distinguished. In all cases the PL spectra of
molecular dispersions in the host of low polarity (dielectric
constant of mCP = 2.84)"7 undergo a hypsochromic shift as
compared to the corresponding spectra of thin films of neat
compounds (compare Fig. 2¢ and 3a). This trend additionally
proves the predominance of ICT character of the excited
states in solid films of 1-6. Time-resolved spectroscopic
studies show long-lived emission of molecular dispersions
of compounds 3-5 in mCP under vacuum conditions (see
Fig. 3b). The attribution of this long-lived emission to
fluorescence is supported by the absence of visible changes
in the shape of PL spectra before and after evacuation
(Fig. 3c¢). Evacuation-induced increase of the intensity of
PL spectra of solutions and molecular dispersions of 3-5
strongly indicates the triplet origin of that delayed fluores-
cence (Fig. 3¢ and d). As previously demonstrated in ref. 48,
the long-lived fluorescence of 3 and 4 is TADF in nature. This
supposition is in a very good agreement with the observed
small singlet-triplet splitting, in the studied compounds, as
derived from the high energy onsets of their fluorescence and
phosphorescence spectra (Fig. 2d and Table 2).

‘compound(10% wt):mCP
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Prompt fluorescence
s J—1
—2
{—s

10" 107 07

Time, ns

(b)
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2 500000 PLOY, =307 %
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Fig. 3 Normalized PL spectra of molecular dispersions (10 wt% in mCP) of compounds 1-6 (a); PL decays of these dispersions (b); normalized PL spectra
of the dispersion of compound 3 (10 wt% in mCP) in air and under vacuum (c}; PL spectra of toluene solutions of compound 3: as prepared (in air), after

deoxygenation and reoxygenation {(d).

12382 | J Mater Chem. C, 2022, 10, 1237712391

This journal is © The Royal Society of Chemistry 2022



Published on 08 August 2022. Downloaded by Kaunas University of Technology on 4/19/2024 8:49:52 AM.

Journal of Materials Chemistry C

View Article Online

Paper

Table 2 Photophysical parameters including singlet and triplet energies of compounds 1-6

Compound I, NM A3 nm A0 nm PLQY, % Es, eV Er, eV AEgp
Media Tol. Film of neat comp. Mol. disp. in mCP Tol./mol. disp. in mCP Me-THF at 77 K

1 448, 169 490 462 69/66 2.92 2.58 0.34
2 464, 490° 506 479 61/68 2.79 2.46 0.33
3 551 565 525 1.5/35 2.68 2.59 0.09
4 571 581 541 2/31 2.59 2.53 0.06
5 429, 454, 488° 558 452, 525 8.6/15.4 3.02 2.64 0.38
6 555, 600 625 594 92/35 231 = =

“ Shoulder. First singlet (Eg ) and triplet (Ey,) encrgics were taken at the onsct of the high-cnergy edges of i ( ) and

phosphorescence spectra, respectively, registered for Me-THF solutions of 1-6 at the temperature of liquid nitrogen (77 K). PLQYs of 1-6 mcasured

in oxygen-free conditions.

In addition, to support the conclusion on TADF nature of the
delayed fluorescence the PL decay measurements were per-
formed for the films of compound 3 in air and vacuum
conditions at the different temperatures (Fig. 4a-d). The PL
decay curves of TADF compounds are characterized by the
component prompt fluorescence in nanoseconds range and
by the component microseconds range. The delayed fluores-
cence intensity increased with the increase of the temperature
(Fig. 4d). This observation proves that thermally activated
process was responsible for the delayed fluorescence. TADF
properties of compound 3 are in good agreement with its small
singlet-triplet splitting of 0.06 eV and with low activation energy
(E,) of 12 meV of reverse intersystem crossing (RICS) (Fig. 4e
and f). E, value was obtained by fitting the temperature
dependence of RICS rates of compound 3 shown in Fig. 5f
using the Arrhenius dependence k = A x exp(—E,/kpT), where E,

10000

is activation energy, kg is Boltzmann constant and A is the
frequency factor involving the spin-orbit coupling constant.*’

PLQY values, determined for 1-6 dissolved in toluene or
dispersed (10 wt%) in mCP, are collected in Table 2. Solutions
of 1, 2 and 6, in toluene, which exhibit fluorescence generated
by recombination of LE states, are characterized by relatively
high PLQY values up to 92% (the PLQY values were measured
using integrated sphere and recalculated using Ino/Lir coeffi-
cients which expresses the PL intensity ratio determined for
deoxygenated and air-equilibrated solutions). Compounds 3-5
are characterized by rather low PLQY values in solutions and
significantly increased PLQY values of their dispersion in solid
matrices. This behaviour should be attributed to AIEE.*" More
detailed information on PLQY of 1-6 is provided by theoretical
calculation presented in the subsequent subsection. To study
the photophysical properties of compounds 1-6 in solid-state in
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Fig. 4 PLspectra {a} and PL decay curves (b} recorded in vacuum and air at room temperature; PL and phosphorescence spectra (c) recorded at 77 K; PL
spectra (d) and PL decay curves recorded at the different temperatures in an inert atmosphere; RISC rate as the function of temperature (e).

This journal is € The Royal Society of Chemistry 2022

J. Mater. Chem. C, 2022,10,12377-12391 | 12383

117



on 4/19/2024 8:49:52 AM.

of T

ded by Kaunas Universit:

Published on 08 August 2022. Ty

118

View Article Online

Journal of Materials Chemistry C

Paper
1x10° 5107
$0° ;
i o
8x10° @ 40’
s S
] 7x10° ‘;32? A Compound 1 2
geav %% | 28’
£ 510" —70% 2
o] —s0% <
T 0% | iy
3010° | &
2105 1107
1x10* o

et

A =1 sac{ 22 AIEE
CcQ : 3 g

oL
=
2 sae
3
£
= 2a00
[N

360 350 400 450 500 550 600 650 700
Wavelength , nm

20 40 60 80
Water fraction, %

w10t
»
. > “
0

20 40 60 80 100
Water fraction, %

(a) (b) (©)
Fig. 5 PL spectra of the dispersions of compound 1 in THF/water mixtures with various water fractions (a). Inset shows photographs of the dispersions
under UV excitation. Integrated areas of PL spectra versus water volume fractions for the dispersions of the compounds in the mixtures of THF and water
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more detail PL measurements for their dispersions in the THF
and water mixtures were provided (Fig. 5 and Fig. S3, ESI}).

Emission intensities (integrated area of PL spectra) of the
dispersions of 1-6 in the THF-water mixtures with water
fractions from 0 to 90% are shown in Fig. 5a and Fig. S3 (ESIT).
Decrease in the emission intensity of compound 1 with increas-
ing water fractions in the solution mixture was observed (Fig. 5a
and b). Such observation is typical for compounds exhibiting
aggregation-caused quenching (ACQ).>* ACQ was also detected
for compounds 2 and 6 (Fig. 5b and Fig. 3, ESIT). In the case of
the dispersions of compounds 3-5 in the THF-water mixtures,
the emission intensity constantly increased with the increase of
water fraction, due to the increasing amount of the solid
aggregates (Fig. 5¢ and Fig. $3, ESI¥). This observation indicates
that compounds 3-5 exhibit AIEE.

3.4. Quantum chemical calculations

Quantum chemical calculations were carried out with the goal
to support experimental results. In particular, they were aimed
at the determination of the geometries of all molecules studied
(1-6), elucidation of the frontier orbitals spatial distribution
and calculation of their energies. Finally, theoretical calcula-
tions of IP; and EAg values were performed, considered as a
theoretical support of the electrochemical and UPS data.

As already stated, each molecule consists of either one donor
(carbazole or phenoxazine) and one acridone-type acceptor
(molecules 1 and 3) or two donors (carbazole or phenoxazine)
and one acceptor (acridone or quinacridone, molecules 2, 4 and
6, respectively). Molecule 5 is different in the sense that its
acceptor part (acridone) is connected to two donor parts
(phenoxazine) via 1,3-phenylene linkers. As derived from the
geometry optimization procedure, donor and acceptor parts of
each molecule are flat but they are mutually twisted. Geome-
tries of all investigated molecules relaxed in vacuum and in
dichloromethane are presented in ESIT (Fig. $9). In the case of
1-4 and 6 dihedral angles between the planes of the donor and
the acceptor moieties were calculated for molecules relaxed in
vacuum and in dichloromethane, i.e. the same solvent which
was used in electrochemical experiments. They are listed in

12384 | J Mater Chem. C, 2022,10, 12377-12391

Table S1 presented in ESLt In the case of 5 (also relaxed in
vacuum and in dichloromethane) the listed angles correspond
to the torsion of planar acceptor and donor moieties with
respect to the plane of 1,3-phenylene linker. From these data,
it is clear that the twist angles in carbazole containing mole-
cules are smaller by ca. 25" as compared to the corresponding
angles in molecules with phenoxazine substituents (compare
molecules 1, 3 and molecules 2, 4). This relationship is seen for
molecules relaxed in vacuum as well as in dichloromethane.
Additionally, in all cases, the solvent effect enhances the
twisting of the acceptor part of the molecule with respect to
the donor part but, again, it is more pronounced for the
molecules with carbazole donors than for those with phenox-
azine ones. Atom coordinates of all investigated molecules are
listed in ESL

Electronic parameters calculated for 1-6 are collected in
Table 3. Note that HOMO levels of acridones substituted with
carbazole (molecules 1, 2) are lower lying than the corres-
ponding levels of acridones functionalized with phenoxazine
(molecules 3, 4, 5). 6, which is the only quinacridone derivative
studied, exhibits the low-lying level of HOMO, characteristic of
the carbazole-substituted molecules, as well as the lowest-lying
LUMO level of all examined molecules. As a result, significantly
smaller band gap is observed for this compound as compared
to the other carbazole derivatives (1 and 2), consistent with
experimental electrochemical data. The solvent effect leads to
an increase of the band gap for all investigated molecules,
except 6. It is due to more pronounced decrease of the HOMO
level and only a slight decrease of the LUMO level. Solvent
molecule interactions increase the electric dipole moment of
1-5 molecules and decrease the polarity of 6, which is still very
small as compared to the value calculated for molecules 1-5.
Carbazole derivatives (1, 2) are less polar than phenoxazine
ones (3-5) whose dipole moment is directed along the short
axis of the planar acridone moiety. The dipole moment of 6 is
perpendicular to the plane of the quinacridone moiety and the
charges are symmetrically distributed around the quinacridone
segment (see Fig. S9 in ESIf for the electron distribution
density in this molecule). Additionally, the aliphatic chains
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Table 3 Electron parameters calculated for 1-6 molecules in vacuum using DFT/B3LYP-GD3BJ/6-311++G(d,p) method

Molecule HOMO [V]  LUMO [¢V]  AByovo womo (V] #[D]  TPrenicar [6V]  TPuciabaric [V]  EAversicat [V EAuaiaucc [€V]
1 Vacuum -5.34 —-2.07 3.27 6.22 6.43 0.71 0.83
neM* —5.49 3.32 8.53 5.43 213 2.28
2 Vacuum -5.32 3.12 6.26 617 0.95 1.09
DCM ~5.43 3.18 8.81 5.36 222 2.37
3 Vacuum 5.04 2.88 741 6.65 0.78 0.54
DCM -5.23 3.02 9.99 5.12 247 2.31
4 Vacuum -5.12 2.75 8.00 6.02 1.09 1.22
DCM =5.25 2.92 10.97 5.13 2.29 2.44
5 Vacuum  —5.00 2.82 7.23 6.37 0.93 0.53
DCM -5.19 3.00 9.98 5.10 217 2.31
6 Vacuum —5.31 2.61 0.21 9.69 1.58 1.16
DCM -5.38 2.61 0.18 5.32 2.75 2.89

¢ Dichloromethane, DCM.

are perpendicular to the quinacridone plane. As a result, the
polarity of 6 is negligible.

Distributions of frontier orbitals within different parts of the
studied molecule, together with their energies, determine
spectroscopic and redox properties of electroactive compounds.
These distributions are also strongly related to the molecular
geometry. As already stated, in the case of 3 and 4 their donor
and acceptor parts are almost perpendicular. The same applies
to 5, where the phenoxazine unit is almost perpendicular to the
1,3-phenylene linker. For these reasons HOMO and LUMO of 3,

4 and 5 are located on different parts of the molecules, HOMO
being essentially limited to the phenoxazine unit whereas
HOMO-1, LUMO and LUMO+1 to the acridone one (see
Fig. 6 for the shapes and distribution of frontier orbitals).
The spatial separation of HOMO and LUMO orbitals in 3, 4
and 5 is manifested in the calculated transitions. It inhibits
transitions of dominant HOMO — LUMO configurations i.e.
Sy — S, transitions which in the case of these compounds
exhibit either zero or negligible oscillator strength (see ESI,¥
Table S2). The lowest energy transition of non-negligible

HOMO-1

Fig. 6 Frontier orbitals of the 1-6 molecules in vacuum calculated by DFT/B3LYP-GD3BJ/6-311++G(d,p) method.
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oscillator strength is HOMO—1 — LUMO in the case of 3
whereas for 4 and 5 it corresponds to the HOMO—2 — LUMO
transition. Smaller dihedral angle in carbazole derivatives of
acridone and quinacridone significantly changes the distribu-
tion of frontier orbitals. Although LUMO in the case of 1, 2 and
6 is limited to the acridone (quinacridone) unit, HOMO extends
from the carbazole substituent to the acridone (quinacridone)
moiety. This means that no separation in space of frontier
orbitals exists in these molecules and the lowest energetic
transition (S, — S;) of a HOMO — LUMO configuration is
not inhibited. As demonstrated by the calculations (see ESI,f
Table S2) these transitions exhibit reasonably high oscillator
strengths, although the transitions of the highest oscillator
strength correspond to HOMO-2 — LUMO, HOMO -
LUMO+1 and HOMO — LUMO+2 for 1, 2 and 6, respectively.

It is instructive to confront these caleulations with experi-
mental findings. First, it should be expected that the photo-
luminescence quantum yield (PLQY) of phenoxazine derivatives
(compounds 3, 4 and 5) should be significantly smaller than
that of carbazole ones (1, 2 and 6) since, as evoked by the Kasha
rule, small oscillator strength of the S, — S, transition hinders
the fluorescence. This is indeed the case, since PLQY of 1,2 and 6
measured for solutions in toluene is over one order of magnitude
higher than that determined for 3, 4 and 5 (see Table 2). Moreover,
experimental UV-vis spectra of 3, 4 and 5 (Fig. 2) clearly show that
the absorption bands of the lowest energy significantly exceed the
expected energy of the HOMO — LUMO, (S; — S,), indicating
that they originate from S, — S, transition, n >1.

To the contrary, in the case of UV-vis spectra of 1, 2 and 6 the
lowest energy bands clearly correspond to the energy of the
HOMO — LUMO transition. Finally, the calculations are fully
consistent with the observed voltamperometric behavior of the
studied compounds. Strict spatial separation of HOMO and
LUMO, with HOMO being located on the phenoxazine moiety,
results in one-step oxidation of both substituents in 4 and 5
which are being oxidized independently at the same potential.
Extension of HOMO orbitals over the whole molecule in

10?

6:holes
d=2.4 um

Current density, mA/cm?
>

107 10° 10°
Time, s

()
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carbazole derivatives results, in turn, in a two-step oxidation
of carbazole moieties in 2 and 6, since the charge formed in the
oxidation of one carbazole unit is then transmitted to the
second substituent via delocalization, making its consecutive
oxidation more difficult.

In Table 3 vertical and adiabatic ionization potentials (IP;)
and electron affinities (EA,) calculated for 1-6 molecules are
presented. They were evaluated from the differences of the total
energies of the neutral molecules and their respective radical-
ions. By comparing IPyeiicat With IPygiapaiic it can be concluded
that for all molecules relaxing in dichloromethane the values of
1P, giabacic are lower. An excellent agreement between IP,giapacic
and the experimental values derived from electrochemical
investigations (IP;) should be pointed out (compare the data
collected in Tables 1 and 3). It involves not only the same trend
but also close proximity of the experimentally determined and
calculated values. The values of EAygiapatic are consistently lower
than experimental EA. but the trend within the series of
compounds 1-6 is the same.

3.5. Charge transport properties

Electrical transport in emissive layers of OLEDs is of crucial
importance for proper operation of the device. In particular,
electroluminophores in one-component layers or hosts in
guest/host OLEDs should exhibit ambipolar transport proper-
tics. In view of applications of 1-6 as clectroluminophores in
OLEDs, their charge transport properties were examined by the
time of flight (TOF) technique. The experiments were carried
out using diode-type indium tin oxide (ITO)/thick organic layer/
Al samples. Dispersive TOF current transients but with
observed transit times () in log-log scales were recorded
either under applied positive (for holes) or negative (for elec-
trons) voltages to the side of optically transparent electrode
(ITO) (see Fig. 7a and Fig. S4 in ESI¥). In these conditions
compounds 1, 4-6 turned out unipolar exhibiting measurable
mobility for holes only. 2 and 3 were bipolar exhibiting both
p-type (hole) and n-type (electron) transport (Fig. 7b).

2
10 Electrons: P
2
* 3
10° fitting

Mobility prye (cm?/Vs)
3

0 200 400 600 800
Electric field"? (V'"?/cm?)

(b)

1000

Fig. 7 TOF signals for holes (a) in the vacuum-deposited layer of compound 6 and charge mobilities as the function of electric field (b} measured for

vacuum-deposited layers of 1-6.
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Table 4 Hole and electron mobility parameters at RT, obtained for vacuum-deposited layers of 1-6

Holes Electrons

Compound m® (em® v sTY o’ (em® Vs B (em V)2 e (em* V7' s7Y) Ho (em? vt s7Y) F (em V)2
1 1.25 x 107° 1.89 x 1077 7.75 x 107° — — —

2 1.59 x 107° 1.91 x 107° 111 x 107 1.75 x 10°° 11.4 x 107
3 462 x 10 ° 177 x 10 7 549 x 10 * 6.6 x 10 * 8.55 x 10 *
4 85 x 10 ° 217 x 10 7 10 x 10 * — — —

5 2.39 x 107 6.8 x 1077 6.13 x 10~ — - —

6 2.53 x 107° 4.48 x 107° 6.8 x 107° — - —

“ Taken from the TOF measurements (Fig. 7), hole () and electron (x) mobilities at clccmc field (E) of 3.6 x 10° Vem
Ficld dependence parameter (f) of a Poole-Frenkel type mobili

clectric field (). ©

Taking t, values from the TOF current transients, hole and
clectrons mobilities were estimated at the different electric
ficlds displaying their hole-only or bipolar charge transport
(see Fig. 7b). The highest value of hole mobility uy, = 2.53 x
10 em* V' s at E=3.6 x 10° Vem ' was found for the
quinacridone derivative (compound 6, see Table 4). This was
not unexpected since high hole mobilities, measured either in
the field effect transistor™** or diode configurations,™ were
reported for various quinacridone core-containing compounds.
Hole mobilities of the remaining compounds were from over
one order (4) to two orders (1) of magnitude lower (Fig. 7b). The
measured hole mobility values are typical of donor-acceptor com-
pounds exhibiting TADF in which the molecular segments are
highly twisted.>*® Among acridone derivatives (1-5), those contain-
ing phenoxazine donors (3-5) showed slightly higher hole mobi-
lities than the compounds with carbazole donors (1, 2).

Results of fitting of the Poole-Frenkel electric field depen-
dences of experimental charge carrier mobilities, led to rela-
tively high field dependence parameters. f values differed
within the range from 5.49 x 107 for 3 to 11.1 x 10~ for 2
as determined at room temperature for all investigated com-
pounds (1-6) (Table 4). They can be attributed to the relatively
strongly dispersive transport. The weakest dispersity was

z 82 286
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P~ i~ g
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%.4 s ; o | Emissive | |
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observed for compound 3, characterized by the lowest f§ value
(Fig. S4, EST¥).”” 2 and 3 turned out to be bipolar, exhibiting at
the same cIcctric ficld similar clectron mobilities of 1.8 x 1077
and 1.3 x 10 * em* V' !, respectively. Morcover, i values of
2 and 3 were comparablc to their yj, values indicating well-
balanced hole and electron transport. This property is of crucial
importance for the use of these compounds in electrolumines-
cent devices such as OLEDs.

3.6. Electroluminescence

The results of spectroscopic, electrochemical and electrical
transport investigations supported by quantum chemical cal-
culations seem to indicate that the synthesized acridone and
quinacridone derivatives are very well suited for a variety of
applications such as electrochromic materials, components of
active layers in ambipolar or p-channel field effect transistors
and electroluminophores in light-emitting diodes. In the
research described here we focused on this last application.
Thus, 1-6 were used as emitters in test OLEDs of the following
structure: ITO/MoO; (0.3 nm)/NPB (40 nm)/mCP (4 nm)/EML
(24 nm)/TSPO1 (4 nm)/TPBi (40 nm)/LiF (0.3 nm)/Al (120 nm),
where EML stands for “emissive layer”’. Chemical formulae of
particular components of the devices are shown in Fig. 8. Two

(b)

Fig. 8 Equilibrium energy diagram (a) and chemical structures of selected components of test OLEDs (b).
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types of emissive layers were fabricated by vacuum deposition:
(i) non-doped, i.e. consisting of neat compounds 1-6 and in the
subsequent text termed as A1-A6 series, the number being
related to the number of the synthesized compound; (ii) doped,
ie. 10 wt% molecular dispersions of a given compound in a
mCP matrix, subsequently abbreviated as B1-B6 series, the
number corresponding to the number of the synthesized
compound. To assure good injection of holes from the anode
(ITO) and electrons from the cathode (Al), additional layers
were deposited (MoO/LiF) as well as hole/electron transporting
layers (NPB/TPBi). They were selected on the basis of their
energy levels (see Fig. 8). Hole/electron (mCP/TSPO1) blocking
layers were also carefully chosen for ensuring recombination of
hole-electron pairs within the EML. They additionally acted as
exciton blocking layers due to their high triplet energy levels
that can prevent from exciton leakages to the neighbouring
layers. Therefore, it can be claimed that the observed clectro-
luminescence is fully attributed to the emission of EMLs
(Fig. 9a).

Indeed, the positions and shapes of the obtained EL spectra
closely remind the corresponding PL spectra of neat (non-
doped) and molecularly dispersed in mCP (doped) films of
1-6 (compare Fig. 9a and 4a). EL spectra were stable under
different voltages for the majority of devices except B2, B5
and A6 (Fig. S5 in ESIT). Possible explanation of these differ-
ences has to involve several factors. Emissions from these
luminophores are of LE and ICT character (see Fig. 3¢ and d).
Thus, their LE/ICT emission ratio can differ, depending on the

View Article Online

Journal of Materials Chemistry C

type of the excitation source (optical vs. electrical), leading to
meaningful differences between the PL and EL spectra. B5
device can be considered here as an instructive example. Its
EL emission is mainly of LE character (high energy spectrum
with structured bands) whereas LE and ICT emissions equally
contribute to the PL spectrum of 5 molecularly dispersed in
mCP (Fig. 4a).

Functionalization of acridone or quinacridone with only two
types of donors, namely ¢Cz and PhNZ, results in a series
electroluminophores whose emission spectra cover large part
of the visible spectrum from blue to orange. In particular, non-
doped and doped EMLs of tCz substituted acridone (com-
pounds 1 and 2 in devices A1, A2, B1 and B2) emit blue
clectroluminescence of similar CIE 1931 colour coordinates
(see Fig. 9b, Fig. S6 and Table 5, Table S1, ESIT). A3 and A4,
i.e. devices with non-doped EMLs consisting of PhNZ substi-
tuted acridone emit green (CIE1931 of (0.336; 0.567)) and yellow
(CIE1931 of (0.439; 0.541)) light, respectively. The observed
bathochromic shift of the spectra of A3 and A4 as compared
to those recorded for A1 and A2 is attributed to stronger donor-
acceptor interactions in acridone-phenoxazine derivatives.
However, dispersions of 3 and 4 in mCP (devices B3 and B4)
yield EL spectra which are hypsochromically shifted with
respect to the spectra measured for A3 and A4 devices with
CIE1931 colour coordinates characteristic of blue region (see
Table 5). This colour change can be attributed to the lumino-
phore interactions with the mCP host, a phenomenon some-
how similar to solvatochromism. Interestingly, yellow versus
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Table 5 Output electroluminescent parameters of OLEDs with doped (B1-B6) EMLs

Device name  EML JpnSnm Vo'V Lyax‘cdm? CEyax’cdA ' PEya,' ImW ' EQEwax, %  CIE 1931 x;y
B1¢ 1(10%):mCP 458 5.0 4270 6.7 3.8 4.0 0.146; 0.149
B2“ 2(10%):mCP 459 6.4 2150 1.2 0.7 1.2 0.170; 0.208
B3“ 3(10‘%.):m(:? 505 4.7 7950 371 19.8 13.0 0.212; 0.475
B4“ 4(10%):mCP 548 35 22520 235 20.5 72 0.399; 0.567
B5" 5(10%):mCP 126,455 5.4 1820 0.4 0.5 0.196; 0.216
B6” 6(10%):mCP 587 6.0 4010 0.5 0.6 0.497; 0.436
ca? 3(30%):POT2T 520 1.6 6820 28.5 16.7 0.26; 0.54

“ Device structure is ITO/MoO,/NPB/mCP/EML/TSPO1/TPBi/LiF/AL ” Device structure is ITO/MoQs/TCTA/EML/TSPO1/TPBi/LiF/AL ¢ Collected
parameters are: EL maximum (Zp); tum-on voltage (Vox); maximum brightness (Lyax); maximum current (CEyax); power (PEyax) and external

quantum (EQEy,y) efficiencies; colour coordinates (CIE 1931).

blue clectroluminescence was obtained for EMLs in A5 and B5
devices, respectively, i.e. layers exhibiting different electrolumi-
nescence mechanisms. This difference cannot be attributed to
solvatochromism but rather to a different combination of ICT
and LE emissions, as previously reported for indolocarbazole-
type emitters.”®>® Thus, weakening of donor-acceptor interac-
tions in compound 5 dispersed in mCP as compared to the film
of neat luminophore (undoped EML) results in switching from
ICT to LE emission, which is more intensive under electrical
excitations than under optical ones.

Undoped and doped EMLs of the only quinacridone deriva-
tive studied in this research (6) yields orange, close to red,
electroluminescence (see Fig. 9 for the spectra and Table 5 for
CIE 1931 coordinates). Unexpectedly, a high energy band
peaked at ca. 490 nm can be observed in the EL spectrum of
device A6. This band was not present in the photoluminescence
spectrum of the film of neat 6 and its nature was not yet
clarified. Tentatively, this band could be attributed to the
electroplex emission of 6, taking into account that it appeared
only under electrical excitation. Its presence could be exploited
in the development of white OLEDs, as previously proposed.®®

Concluding this part of the paper, non-doped EMLs, con-
sisting of neat 1-6 compounds (devices A1-A6) demonstrated
CIE, values in a rather wide range from 0.15 to 0.439. Expec-
tably, the CIE, range of EMLs fabricated as dispersions of 1-6 in
mCP (devices B1-B6) was narrower (0.17 to 0.399), which could
be ascribed to lowering of their polarity in the matrix. CIE,
values varied in the ranges from 0.161 to 0.57 and from 0.149 to
0.567 for A1-A6 and B1-B6 devices, respectively. These results
clearly show that using only two donor and two acceptor
building blocks in the synthesis of D-A, D-A-D or D-t-A-n-D
compounds, it is possible to fabricate electroluminophores
covering large part of the visible spectrum.

The lowest value of the turn on voltage (3.5 V) was measured
for device B4 (Fig. 9¢ and Table 5), consistent with the lowest
ionization potential of 4 (IP = 5.3 eV) as determined by UPS and
its second highest hole mobility (see Tables 1 and 4). Despite
high hole mobility and relatively good charge injecting proper-
ties of 6, devices fabricated with the use of this compound (A6
and B6) demonstrated rather high turn on voltages. This could
be tentatively ascribed to electroplex formation, as judged from
their EL spectra. Large differences in the maximum brightness
values of the fabricated devices are related to different emitter

This journal is © The Royal Society of Chemistry 2022

efficiencies and to varying sensitivity of the human eye to
different emission colours (Table 5).

Outstanding TADF/AIEE emissive and bipolar charge-
transporting properties of compound 3 should be pointed out
(see Tables 2 and 4). As a result, A3 and B3 demonstrated the
highest maximum EQEs of 2.3% and 13%, respectively (Fig. 9d,
Fig. S7 and Table 5, Table S1, ESIT). The transient electrolumi-
nescence (TREL) signal reaching milliseconds helps to prove
the significant participation of triplet excitons in electrolumi-
nescence of the device B3 based on the TADF emitter 3 (Fig. 9e).
OLEDs based on compound 3 after the additional optimization
can apparently show better output parameters in comparison to
those described in the present manuscript. To support this
claim, we fabricated OLED using an clectron-transporting host
and slightly modified device structure (Table 5). Improved
maximum extremal quantum efficiency of 16.7% was obtained
for device C3 with the emitting layer of compound 3 dispersed
in the host PO-T2T in comparison to that of device B3 (Fig. S8,
ESI?). Such improvement is mainly related to electron-
transporting propetties of PO-T2T.*” The lower electron mobi-
lity in comparison to hole mobility of compound 3 can be
compensated by good electron-transporting properties of PO-
T2T in the light-emitting layer of device C3 leading to improved
hole-electron balance within light-emitting layer of device C3
(Table 5).

Emissive properties of compound 4 were comparable to
those of compound 3, however, devices A4 and B4 showed ca.
twice lower maximum EQE efficiencies of 1.32 and 7.2%,
respectively. This result could be tentatively explained by unba-
lanced hole-electron transport within the EML, since, in con-
trast to bipolar 3, compound 4 was found to be a hole-only
conductor (Fig. 7 and Table 4). Compound 1 is also an inter-
esting case. Although it did not show TADF due to relatively
high singlet-triplet splitting of 0.34 eV (Table 2), devices Al and
B1 demonstrated, high maximum EQEs of 1.6 and 4%, respec-
tively, 7.e. values which could be considered very promising for
simple fluorescent OLEDs (Table 5). These relatively high
efficiencies were mainly related to high PLQY value of 1 in
the solid state (66%, Table 2). Indeed, despite high PLQY values
of the films of the doped compounds 1 (66%) and 2 (68%)
(Table 2), the EQEs of OLEDs based on these compounds were
relatively low. This result is not surprising since the com-
pounds were not characterized by TADF (Fig. 3b). Thus, they
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do not allow harvesting of triplets in OLEDs. As a result, their
maximum theoretical EQE values should not be higher than 5%
according to the formula:®'

Next =7 X Ppr. X 1 X Nout (1)

where y corresponds to the charge-balance factor, @y is the
photoluminescence quantum cfficiency, y is the efficiency of
exciton production, and oy, corresponds to the outcoupling
efficiency.

The maximum EQE of 4% of device B1 based on the
compound 1 is very close to the theoretical maximum of
Next = 4.65% taking 7 = 1, = 0.25 (as for prompt fluorescence
compounds) and 54, = 0.3 (Table 5). OLEDs based on com-
pounds 3 and 4 exhibiting TADF showed considerably higher
EQE values due to their efficiency of exciton production y = 1.
Thus, our result demonstrates the effect of the mode of linking
of the donor and acceptor moieties (D-A, D-A-D or D-n-A-1-D)
on the electroluminescent properties of the compounds.

4. Conclusion

To summarize, we have demonstrated that using only one
acceptor (acridone) and two donors (tert-butyl carbazole or
phenoxazine) it was possible to design and synthesize a series
of D-A, D-A-D and D-n-A-n-D compounds of interesting and
reversible electrochemistry and tunable emissive properties.
Photoluminescence of their vacuum-deposited films covered a
large part of visible spectrum from sky-blue to red. Replace-
ment of the acridone moiety by quinacridone (compound 6)
allowed the extension of the emission spectral range to red of
the vacuum-deposited film. Compounds 3 (phenoxazinyl sub-
stituted acridone), 4 (phenoxazinyl disubstituted acridone) and
5 (phenoxazinyl disubstituted acridone through the phenyl
bridges) exhibited excellent emissive properties due to the AIEE
and TADF effects. This property, combined with the ambipolar
character of 3 which facilitated balanced electron/hole trans-
port, made this compound an excellent candidate for its
application in active layers of OLEDs as an electroluminophore.
The fabricated test diode exhibited maximum external quan-
tum efficiency of 16.7%. Finally, an excellent agreement
between the experimental and theoretically predicted results
was obtained pointing out the adequacy of the applied quan-
tum chemical calculations.
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Thermally Controllable Tuning of Emission Properties of
Phenoxazine-Substituted Acridones as One Step Forward to
Efficient Organic Light-Emitting Diodes Based on Crystalline

Emitters

Matas Guzauskas, Dmytro Volyniuk,* Irena Kulszewicz-Bajer,* Malek Mahmoudi,
Algirdas Lazauskas, Vidmantas Jasinskas, Vidmantas Gulbinas, Adam Pron,*

and Juozas V. Grazulevicius*

The overwhelming majority of efficient organic light-emitting diodes (OLEDs)
are based on amorphous emitting layers. The devices with crystalline emitters
usually show significantly worse performance. It is demonstrated that
c lled thermal tr of pt bstituted acridones may lead
to a spectacular improvement of photo- and electroluminescence of these
luminophores. The three acridone derivatives studied, namely
2-phenoxazine-N-hexylacridone (PHhA),

,7-bis-(pk ine)-N-hexylacridone (bPHhA), and
2,7-bis[3-(ph ine)phenyl]-N-hexylacridone (PHPhhA), are characterized
by relatively narrow pt spectra and photoluminescence
quantum yields approaching 100%. These spectra can be reversibly tuned
through appropriate thermal of the deposited layers, undergoing
shifts up to 92 nm upon transformation from amorphous to crystalline states.
Strong thermally activated delayed fluorescence (TADF) observed for these
compounds is manifested by a significantly higher reverse intersystem
crossing rate of 1.92x10° s~! as compared to the intersystem crossing rate of
5.68x10° s~'. These improvements are attributed to the annealing-induced
conformational equilibration due to crystallisation in combination with
hosting. Adequacy of the proposed pt is d d by the fabrication
of devices exhibiting external q efficil reaching 20.7% — a record
value for OLEDs with crystalline emitting layers. The presented approach of

ling-induced confori | equilibration can lead to improved TADF

properties for other fluorescent organic emitters presently considered
inefficient.

1. Introduction

Crystallinity is an essential feature of the
overwhelming majority of semiconductors
used in inorganic, hybrid, and organic
electronic devices since it usually assures
superior charge-transporting properties of
the active layers.'*! In this respect, or-
ganic light-emitting diodes (OLEDs) should
be considered as somehow atypical since
amorphous emissive layers in these de-
vices show, so far, their superiority as
compared to the crystalline ones.**l It
seems, however, that the effect of the
electroluminophores crystallinity in OLEDs
has not yet been sufficiently explored. In
addition to superior charge-transporting
properties, crystalline molecular materi-
als may offer other advantages such as
improved emission color purity.l’$’ Some
more or less successful attempts of the
use of crystalline light emitting semicon-
ductors were reported in the past decade.
In 2018, D. Yan et all?’ described “crys-
talline” OLEDs that showed a maximum ex-
ternal quantum efficiency (EQE) of 1.44%
at the brightness of 5000 cd m™. In
these devices the emissive layer of para-
sexiphenyl (p-6P)/tris(8-hydroxyquinoline)
aluminium (Alq;) was fabricated by the
weak epitaxy growth method. A year later,
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the same authors fabricated “crystalline” Alg;-based OLEDs with
a maximum EQE value of 2.44%.'%l Organic semiconductors ex-
hibiting liquid crystallinity (LC) were also used in the fabrica-
tion of OLEDs. Photopolymerizable organic semiconductors ex-
hibiting LC were also used in the fabrication of OLEDs. !/ For
example, OLEDs in which LC perylene-3,4,9,10-tetracarboxylic
tetraethyl ester served as an emitter showed a maximum EQE of
0.8%. 1%l Tetraphenylethylene LC emitter, exhibiting aggregation-
induced emission enhancement (AIEE), was also used in OLEDs
yielding a maximum EQE value of 4.4%.!*] These rather low EQE
values reported for the above described OLEDs are related to the
origin of the emitters used. The emitters of this type are not able
to harvest triplet excitons under electrical excitation that limits
the theoretical EQE of the fluorescent OLEDs to 5% by the spin
statistics.!**! Significantly more efficient are fluorescent emitters
exhibiting the thermally activated delayed fluorescence (TADF)
effect. For OLEDs based on TADF emitters the theoretical EQE
limit of 25% is predicted.!”] To the best of our knowledge, the
first example of OLEDs with LC TADF emitters was only recently
reported by Y. Wang et al. ['°/ who improved the EQE of the de-
vices from 6.52% to 14.9% by inducing molecular ordering in the
emissive layer through the formation of a smectic phase.

On the other hand, glass-forming TADF emitters have been
widely used in multi-color OLEDs exhibiting EQE values ex-
ceeding 30%.!'"'*) The TADF effect originates from the relax-
ation of singlet charge transfer (‘CT) states present in donor—
acceptor (D-A) compounds characterized by a high value of the
dihedral angle between the donor and the acceptor segments of
the electroluminophore molecule. This type of geometry results
in a small value of the singlet-triplet splitting (AE¢7), favoring
the reverse intersystem crossing (RISC) of triplet excitons from
non-emissive *CT states to emissive 'CT states.’'’) Photolumi-
nescence (PL) and electroluminescent (EL) spectra of TADF com-
pounds are very sensitive to their conformation and static dielec-
tric disorders in the solid-state.**?!] This sensitivity of conven-
tional TADF emitters, involving the efficiency and emission color
purity changes, severely limits their application in displays.'?!

Several synthetic approaches were proposed to minimize the
solid-state solvation and conformation disorder. These include
the design of more sterically confined molecules, introduction
of bulky substituents or hydrogen bond-forming moieties as
well as attachment of specific anchoring groups to molecules
exhibiting the TADF effect.?*%! The synthesis of fused bo-
rane/amine type nanographenes such as 5,9-diphenyl-5,9-diaza-
13b-boranaphtho[3,2,1-delanthracene deserves a special interest
in this respect. This compound exhibits multiresonant thermally
activated delayed fluorescent (MR-TADF) resulting from the re-
laxation of local singlet exciton ('LE) states.”?°] However, com-
plicated synthesis of nanographene-type of compounds may limit
wide applications of these superior MR-TADF emitters. Opto-
electronic properties of TADF emitters can be further improved
by using hosts differing in their dielectric constants and rigidity
or by depositing TADF emitters from specially selected solvents
that assure a significant reduction of the conformational disorder
in the emitting layer.**! In the best case, when single crystalline
form is used, it is possible to generate TADF from one conformer
only of an emitter of polymorphic nature.”***' However, TADF
OLEDs with crystalline emitting layers are not yet known. These
instructive examples clearly demonstrate a crucial role of the con-
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former disorder restriction in the improvement of the electrolu-
minescent properties of TADF emitters.

Aiming at developing OLEDs with the crystalline emitting lay-
ers and improved properties, we have selected three recently syn-
thesized, relatively simple compounds, namely 2-phenoxazine-
N-hexylacridone (PHhA), 2,7-bis-(phenoxazine)- N-hexylacridone
(bPHhA), and 2,7-bis[3-(phenoxazine)phenyl]- N-hexylacridone
(PHPhhA) as TADF emitters (Figure 1a). These compounds com-
bine bipolar charge transport properties with AIEE resulting in
high photoluminescent quantum yields (PLQYs) in the solid-
state and good electroluminescence performances (yellow TADF
OLEDs fabricated using luminophore PHhA exhibit maximum
EQEs of 16.7%). %

In this article, we report on thermally controllable tuning of
emission properties of PHhA, bPHhA and PHPhhA as well as
on their mechanochromic luminescent properties. The emis-
sion spectrum of amorphous PHhA films (peaked at 557 nm)
is hypsochromically shifted by 92 nm (from yellowish orange
to blue) upon its crystallization. In contrast to many other
mechanochromic luminophores,”*> ¥ phenoxazine-substituted
acridones demonstrate thermally controllable self-assembly ef-
fects. Reversible switching of the emission color is observed
for PHhA without application of largely “uncontrollable” stim-
uli such as mechanical forces or solvent vapors. Amorphous
vacuum-deposited films of PHhA, bPHhA and PHPhhA exhibit
TADF properties that are lost upon crystallization. However, in
the presence of hosts turn on of TADF is observed. This TADF
effect results from equalization of the fixed LE state and CT state
moveable by the solid-state solvation effect.?’) Host-based films
are characterized by relatively inefficient TADF due to the “dark”
states of molecules exhibiting large dihedral angles between the
donor and the acceptor moieties approaching 90°. This structural
arrangement efficiently breaks the overlap of z orbitals. When
the dihedral angle is decreased due to annealing-induced confor-
mational equilibration, the TADF efficiency is significantly im-
proved. In particular, TADF with PLQY of 100% and reverse inter-
system crossing rates (kgsc) of 1.92x10° 57! are achieved in the
case of PHhA. A very similar behavior is observed for bPHhA.
However, equalization of LE and CT states is not observed for
the crystalline form of PHPhhA because of a rather wide energy
gap between these states. Notably, by exploiting the concept of
annealing-induced conformational equilibration we were able to
fabricate devices exhibiting a record value of EQE (up to 20.7%),
ever reported for OLEDs with the crystalline emitter.

2. Results and Discussion

2.1. Thermal Analysis

In view of the application of PHhA, bPHhA and PHPhhA as
thermally tuneable crystalline electroluminophores in OLEDs,
their thermal properties were investigated by thermogravimetry
(TG) and differential scanning calorimetry (DSC). The results
of these analyses allow us to precisely determine the optimal
annealing temperature of the deposited films. Representative
DSC and TG scans are presented in Figure 1b and Figure S1
(Supporting Information) whereas the complete set of the ob-
tained data can be found in Table 1. PHhA is thermally stable to
temperatures exceeding 300 °C. Its 5% mass loss temperature

© 2023 Wiley-VCH GmbH
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Figure 1. Molecular structures a) and TGA curves b) of PHhA, bPHhA and PHPhhA.

Table 1. Thermal characteristics of PHhA, bPHhA and PHPhhA.

red-shifted and characterized by the increased full width at half

Compound Tisd, € T..°C To % TinC
PHhA 343 57 122 204
bPHhA 408 17 210,258 255,262
PHPhhA 441 128 225,269 217, 266, 283
5% mass loss (Tusos):i gl i p (Tei

temperature (T,); melting temperature (T,).

(Tys%, °C) is of 343 °C (Figure S1, Supporting Information).
As prepared PHhA is crystalline. This is evidenced by a distinct
endothermic melting peak appearing at 204 °C in the first DSC
scan. Upon cooling, PHhA forms a molecular glass with no
crystallization peak detectable. Its glass-transition temperature
(T,) of 57 °C can be determined from the second heating scan.
In this scan the glass transition is followed by crystallization at
122 °C, manifested by the appearance of a clear exothermic peak
(Figure 1b). Thermal behaviours of bPHhA and PHPhhA are
similar, however their T,,, T, and T,, are, significantly higher
(Table 1).

2.2. Photophysical Properties of Solutions

To reveal possible solvatochromic properties of PHhA, bPHhA
and PHPhhA, two solvents differing in their dielectric con-
stants were selected, namely hexane (¢ = 1.88)) and tetrahydro-
furan (THF, ¢ = 7.58). Absorption spectra of the studied com-
pounds dissolved in hexane and THF were essentially identi-
cal (Figure 2a—), closely resembling those previously reported
for toluene solutions. **| In addition to the spectral features of
acridone and phenoxazine, a weak absorption band at the wave-
lengths exceeding 400 nm is observed, which should be at-
tributed to the CT electronic transition. Because of higher solvent
polarity, PL spectra of THF solutions of PHhA and bPHhA were

Adv. Optical Mater. 2023, 11,2301059

2301059 (3 of 11)

maxi (FWHM) as compared to the corresponding spectra
of the hexane solutions (Figure 2a—c). This observation together
with the presence of the CT absorption band confirms the CT
luminescence.'?’! In particular, the first singlet excited state ('CT)
of PHhA, determined from the onsets of the corresponding PL
spectra, was found solvent dependent, i.e., lower for the solution
in more polar THF (!CTyy; = 2.58 V) as compared to the solu-
tion in less polar hexane (CTj;., = 2.8 eV). The determined !CT
state of PHhA was energetically inferior to the 'LE states of phe-
noxazine (*LE, = 3.51 eV) and N-hexylacridone (‘LE, = 3.16¢eV),
i.e., molecules mimicking the electron donating and electron ac-
cepting parts of PHhA (Figure 2d,e). Very similar regularity was
observed in the case of bPHhA.

In contrast, PL spectrum of PHPhhA dissolved in THF re-
vealed the presence of two distinct bands, whereas the spectrum
of its solution in hexane nearly coincided with the correspond-
ing spectrum of N-hexylacridone. The observed two fluorescence
bands can be treated as a typical feature of twisted internal charge
transfer (TICT) states attributed to different molecular conforma-
tions with a barrier between them.l*®!

2.3. Tuning of Emission Properties of Powders

As prepared crystalline powders of PHhA, bPHhA and PH-
PhhA emit blue, yellow and green light, respectively, yielding
PL spectra peaked at 486, 571, and 558 nm (Figure 3a). These
spectra are shifted with respect to the corresponding spectra of
their vacuum-deposited films that show maxima at 565, 581,
and 549 nm (Figure S2a—c, Supporting Information), indicating
mechanochromic-type (MC) luminescence of the studied deriva-
tives. Indeed, their emissions properties can be widely tuned by
different external stimuli such as grinding, fuming in solvent
vapours, heating up to the melting temperature, heating (thermal
annealing) up to their crystallization temperature (see Table 1).
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reversible switchable PL colours of PHhA observed in air (Video S1, Supporting Information).
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The PL spectrum of melted PHhA shows a clear maximum at
557 nm, i.e., in the yellow spectral range, thus it is bathochromi-
cally shifted with respect to that registered for the pristine crys-
talline sample. Its PL decay curve exhibits a short-lived compo-
nent with the lifetime (r,) of 42.3 ns typical of prompt fluores-
cence (PF) and a long-lived component with the lifetime (r,) of
3108 ns characteristic of delayed fluorescence (DF) (Figure 3b;
Figure $2d, Supporting Information).

The annealed sample of PHhA shows strikingly different lu-
minescent properties. Its emission spectrum peaked at 465 nm is
hypsochromically shifted with respect to that of the pristine sam-
ple. Moreover, it closely resembles the PL spectrum of PHhA dis-
solved in hexane. It is also bathochromically shifted with respect
to the LE emission bands of the solutions of N-hexylacridone and
phenoxazine (Figure 2d,e). The discussed hypsochromic shift of
the 'CT emission of annealed crystalline sample has its origin in
the conformation restrictions and solvation disorders character-
istic of the solid state. These phenomena will be discussed below.
The blue shifted 'CT emission of the annealed PHhA is charac-
terized by a short lifetime (r,) of 2.8 ns typical of prompt fluores-
cence. The long-lived fluorescence is not detectable. This lifetime
is slightly longer than those estimated for ' LE emissions of the
solutions of N-hexylacridone (1.14 ns) and phenoxazine (2.67 ns)
(Figure 2f). PL spectra and PL decay curves of the annealed PHhA
are practically insensitive to the presence of oxygen in contrast to
those recorded for melted PHhA (Figure S3a,b, Supporting Infor-
mation). It can therefore be concluded that the yellow emission
of melted PHhA is TADF in nature, whereas the blue emission
of annealed PHhA is not TADF. Similar observations were pre-
viously reported for different MC compounds that demonstrated
the turn-on/turn-off TADF properties under external stimuli.

Variation of emission colors of the studied compounds in their
powder form upon application of the external stimuli can be at-
tributed to their different crystallinity (Figure S4, Supporting In-
formation). This attribution is confirmed by X-ray diffractograms
for the pristine sample of PHhA and powders subjected to grind-
ing, then annealing, then melting, then annealing which show
the crystallinity indices of 46.3, 88.6, 86.2, 49.8, 61.1%, respec-
tively (see Supporting Information for the crystallinity estima-
tion). Combining the results of X-ray diffraction and photophysi-
cal studies, it can be concluded that the thermal annealing at T,
leads to an increase of the powders crystallinity which, in turn, re-
sults in hypsochromic shifts of their emission spectra. 1t should
be noted that such emission alterations are reversible. For exam-
ple, the yellow emission of melted PHhA can be tuned to blue by
heating and thus converting melted PHhA into more crystalline
annealed PHhA. Blue emission of the latter can be tuned back to
yellow by melting (Video S1, Supporting Information).

The molecular arrangement of PHhA in the solid state is
tuneable upon crystallization. As a result, PL spectra of differ-
ent shapes are observed for various forms of PHhA. The yellow
emission of melted PHhA is characterized by a structureless PF
spectrum with FWHM of 114 nm and a lifetime 7, of 42.3 ns.
Distinctly different spectral characteristics are observed for blue
emission of annealed PHhA. Its PF spectrum exhibits a resolved
vibronic structure with FWHM of 57 nm and a short lifetime of
2.8 ns (cf. Figure 3a,b). As already stated, the emission spectrum
of annealed PHhA is very similar to the PL spectrum of this com-
pound dissolved in hexane (Figure 2a). It can therefore be postu-
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lated that the crystallization makes the 'CT emission of annealed
PHhA insensitive to polarity of the environment.

The spectral features of bPHhA and PHPhhA can be also
interpreted as originating from 'CT emissions (Figure 3a). PL
spectra characterized by FWHM of ca. 103 nm are obtained for
the pristine powder of bPHhA and powders subject to external
stimuli (grinding, fuming, annealing or melting). MC proper-
ties of bPHhA and PHPhhA are most plausibly caused by dif-
ferent changes of dihedral angles between the phenoxazine and
acridone moieties. Apart from hexane solution (Figure 2¢), no
manifestation of 'LE emission is detected for other forms of PH-
PhhA (Figure 3a). PL spectra of the powders reveal the follow-
ing lowest FWHMs: 57 nm for PHhA, 103 nm for bPHhA and
73 nm for PHPhhA. Thus, PHhA is the most promising emitter
for OLED applications as far as the device color purity is consid-
ered. Similar FWHM values are found for PL spectra of PHhA
and bPHhA dispersed in ZEONEX matrices (73 nm and 87 nm,
respectively) (Table 2). PHPhhA dispersed in ZEONEX is charac-
terized by the widest PL spectrum with FWHM of 156 nm, due
to overlapping of 'LE and 'CT emissions. Such overlapping is
also observed for THF solutions of this compound (Figure 2a;
Figure S5, Supporting Information).

2.4. Tuning Emission Properties of Vacuum Deposited Films

Emission properties of vacuum-d 1 films of pt
substituted acridones PHhA, bPHhA and PHPhhA can also
be tuned by thermally controllable crystallization (Figure 4;
Figure S6, Supporting Information). Vacuum-deposited PHhA
films are fully amorphous as it is evidenced by their XRDGI
diffractograms (Figure 4c). Their PL spectra are very similar to
that registered for PHhA in its melted powder form (Figure S2,
Supporting Information). The thermal annealing of this amor-
phous film at T, of 122 °C results in a hypsochromic shift of its
spectrum from 565 to 467 nm (Figure 4a). Similarly, as in the
case of powders, this shift is induced by crystallization. The crys-
tallinity index determined from the diffractograms reaches 68%.
The turn-on/turn-off TADF properties for the amorphous and
crystalline films of PHhA are demonstrated by their distinctly dif-
ferent PL decay curves (Figure 4b). The crystalline films of PHhA
show no TADF due to large AEg; of 0.28 eV (Figure S3c¢, Support-
ing Information). It should be noted that by changing the degree
of crystallinity through the variation of the annealing time, it is
possible to tune the emission color of the vacuum deposited films
(Figure 4e). As in the case of powders (Video S1, Supporting In-
formation), these color changes are reversible. Thus, yellow emis-
sion of PHhA can be tuned to green or blue by thermal annealing
at T, and then returned back to yellow by heating up to T, fol-
lowed by cooling (Figure 4e).

It should be noted that TADF properties of as-prepared
films of PHhA are very similar to those of 9,9-dimethyl-9,10-
dihydroacridin4,6-triphenyl-1,3,5-triazine (DMAC-TRZ).!?’l The
steady-state and time-resolved PL spectra of the dispersions of
DMAC-TRZ in matrices of low and high polarity vary as a con-
sequence of different conformational and static dielectric dis-
orders. These data are in a very good agreement with the re-
sults of the theoretical calculations, which additionally predict a
blue-shifted spectrum at the relaxation time of zero that is not

© 2023 Wiley-VCH GmbH

1015612

2°620T

0 e ST 310 225 (F0Z-F/17] 0 ATRIGET 20000 S3(1AL “SHO[OUT23 JO KIS SEne q 65010202 WI0P Z001 0110 Tked K[ SR II0; sy 13 papeofisiod '

A7 20090 1t

Vo«

02




ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

Table 2. Photophysical parameters of the annealed films of the molecular dispersions of PHhA, bPHhA and PHPhhA in ZEONEX obtained under inert

atmosphere.
Sample FWHM, nm  PLQY. % Tpp, NS Tor  AL%  AL% By % Bpp % ke s kpeis™' kgcisT'  kgseos™
ns

PHhA 73 99.45 16.6 53776  0.96 99.04 0.95 9850 57x10°  1.83x10°  5.68x10°  1.92x10°
:ZZEONEX

bPHhA 87 99.82 228 44157 1.5 98.5 1.52 983 6.7x10° 6.58x10°  1.46x10°
:ZEONEX 2.234x10°

PHPhhA 156 36.5 266 44 908 24 97.60 0.38 35.63 33x10°  7.93x10°  3.2x10° 3.3x10°
:ZEONEX

FWHM, PLQY, prompt fluorescence lifetime (z;¢), delayed fluorescence lifetime (rp¢), fractional intensities of prompt (A1) and delayed (A2) fluorescence obtained through
fitting of photoluminescence decay curve using the formula Ip, = AT*exp(-t/tpe) + A2%exp(t/1pe) 4% quantum yields of prompt (@pr) and delayed fluorescence (®pe),
prompt (kpz) and delayed (kpf) fluorescence rate constant, intersystem crossing rate constant (kisc), reverse intersystem crossing rate constant (kgsc)-

experimentally reachable for DMAC-TRZ. In line with the the-
oretical predictions,?") the annealed films of PHhA show blue-
shifted emission spectra. The shift can apparently be attributed
to the crystallization-driven restrictions of conformational and
static dielectric disorders. The theoretical predictions suggest
for DMAC-TRZ different TADF efficiencies depending on the
dihedral angles between the donor and acceptor parts of the
molecule. X-ray analyses of of PHhA in its single crystal form
(Figure 4d), reveal the dihedral angle between the phenoxazine
and N-hexylacridone moieties of 81.83°. Tt seems that large ma-
jority of PHhA molecules in annealed films should also be char-
acterized by the same dihedral angle. This observation supports
the postulate of a drastic decrease of the conformational and static
dielectric disorders due to crystallization in the annealed films of
PHhA. The observed annealing induced blue-shift of the PL spec-

trum can be considered as a spectroscopic manifestation of these
phenomena. In contrast, considerable conformational and static
dielectric disorders can be predicted for pristine amorphous films
of PHhA. Such disorders lead to the bathochromically shifted PL
spectrum. It is expected that molecules in these films are more
twisted and the dihedral angle between their donor and acceptor
parts significantly exceeds 81.83° and approaches 90°. This, in
turn, leads to the redshifted emission. This expectation is clearly
confirmed by the results of theoretical investigations presented
in our previous study.** The bathochromic shift of the emission
observed for amorphous films of PHhA could be also caused by
molecular freedom (vibration) leading to conditions in which the
dihedral angles are not constant. Spectroscopic investigation of
vacuum-deposited films of bPHhA and PHPhhA yield very sim-
ilar results (Figure S5, Supporting Information).
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Figure 4. PL spectra a) and PL decay curves b) of vacuum deposited film of PHhA recorded before and after annealing. XRDGI diffractograms c) of
vacuum deposited film of PHhA recorded before and after thermal annealing. Molecular packing and the estimated dihedral angle of 81.83° between
phenoxazine and acridone moieties of PHhA d). The Figure was prepared using the data published in ref[33] Images e) of the vacuum deposited film
of PHhA after different annealing conditions (initial film (i) (before annealing), annealed films at ~T,, during ca. 5 (i), 10 (i), 15 (iv) min, and film
obtained after reaching T,, and rapidly cooled down (v) under UV excitation. AFM topographical images with normalized Z axis in nanometres of as
prepared f) and annealed g) vacuum deposited films of PHhA. The images were acquired in air using contact mode.
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Table 3. Electroluminescent parameters of devices based on non-annealed and annealed light-emitting layers containing PHhA as the emitter and one

of the following hosts: NPB, mCBP, SM-66, TCTA.

Device Light-emitting layer A O Vou Lygax. €dfm? Max. CE, cd/A Max. PE, Im/W Max. EQE, %
v

Mo0;(0.35 nm)/ NPB(44 nm)/ Light-emitting layer (24 nm)f TSPO1(4 nm)/ TPBi(40 nm) /LiF (0.35 nm)/Al

1 NPB:PHhA 523 59 5710 36 15 11

1A Annealed NPB:PHhA 524 6.1 10210 34 13 1.0

2 mMCBP:PHAA 527 47 21080 153 81 42

24 Annealed mCBP:PHhA 527 53 16910 219 95 59

3 SM-66:PHhA 500 57 4410 15.0 69 58

3A Annealed 495 52 3280 213 122 1011
SM-66:PHhA

4 TCTA:PHhA 526 43 15 990 301 17.5 86

4A Annealed TCTA:PHRA 526 38 14 800 62.4 49.1 20.7

5 PHhA 545 56 17250 62 24 1.9

5A Annealed PHhA 520 57 9700 35 16 1

EL maximum (4,,,,.); turn-on voltage (V,,,); maximum brightness (Lyyx); maximum current (CE); power (PE) and EQE efficiencies.

To check whether the surface morphology of thermally an-
nealed films is appropriate for the fabrication of “crystalline”
OLEDs, atomic force microscopy (AFM) measurements were per-
formed for as prepared and annealed films of PHhA vacuum-
deposited on a glass substrate (Figure 4f,g). The AFM image
of the nonannealed film shows relatively homogeneous sur-
face with some morphological features having a mean height of
4.44 nm and the root mean square roughness (Ry) of 2.50 nm.
The surface is dominated by peaks with skeweness (R, ) value of
4.26 and has a leptokurtoic distribution of the morphological fea-
tures with kurtosis (R, ) value of 27.3, indicating relatively many
high peaks and low valleys. In contrast, the annealed film sur-
face is slightly rougher with randomly oriented surface mounds
having a mean height of 18.83 nm and R, value of 6.35 nm. It
exhibits different symmetry and platykurtoic distribution of the
morphological features with Ry and Ry, values of 0.15 and 2.89,
respectively. Both non-annealed and annealed films exhibit rela-
tively low roughness values which are acceptable for OLEDs.

2.5. Tuning Emission Properties of the Films of Guest-Host
Molecular Mixtures

As it is stated above, vacuum-deposited annealed films of PHhA
showed no TADF effect. Thus, their use as emissive layers did not
yield OLEDs with high EQE (Table 3: Device 5 and Device 5A).
To achieve triplet harvesting, hosting effects were additionally in-
vestigated for PHhA. PL spectrum of a molecular dispersion of
PHhA (1 wt.%) in an inert polymer matrix (ZEONEX) is shown
in Figure 5a. Its emission band peaking at 513 nm hypsochromi-
cally shifts to 476 nm upon thermal annealing at T,.

The different shapes of the PL spectra of the non-annealed
and annealed samples suggest that annealing reduces the con-
formational and/or solvation disorder. Conformationally equili-
brated molecules exhibit better TADF properties.?’ It should be
noted that such differences of emission may also be caused by the
crystallization of PHhA in the annealed film. The crystallinity in-
dices, determined from the XRDGI diffractograms, are of 37.5%
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and 78.6% for the annealed samples of 10% and 20% molecu-
lar dispersions of PHhA in ZEONEX, respectively (Figure 5b;
Figure $6, Supporting Information). Thus, annealing-induced
crystallization plays a significant role in the improvement of lu-
minescent properties of the studied PHhA /ZEONEX films.
The PL decay curves of the non-annealed and annealed sam-
ples of PHhA dispersed in ZEONEX exhibit shapes characteris-
tic of TADF emitters (Figure 5d).I""! Annealing significantly in-
creases the TADF efficiency. In the case of pristine dispersions
of PHhA, emission intensities measured in vacuum (I,.) were
higher than those recorded in air (I ;) by a factor of 2.3 (Figure S8,
Supporting Information). In the case of annealed dispersions,
the recorded value of I, was 6 times higher than that of T ;
(Figure 5¢). This observation can be rationalized by the sensitivity
of triplet states to oxygen. In vacuum, i.e., in the absence of oxy-
gen, the non-emissive relaxation of triplet states essentially does
not exist. The triplet harvesting ability is improved via reverse in-
tersystem crossing. This improvement is manifested in the PL
decay curves as an enhancement of the component of the long-
lived emission (Figure 5d). The following PLQY values were mea-
sured in air with an integrated sphere for the molecular mixtures
of the studied compounds with ZEONEX: 14.6% PHhA 15.4%
for bPHhA and 6.7% for PHPhhA. The following ratios of the
emission intensities determined in vacuum and in air (I../ T,;))
were found: 6.8, 6.5, and 5.44, respectively for PHhA, bPHhA
and PHPhh molecular mixtures in ZEONEX. Thus, it can be con-
cluded that the annealed dispersions of compounds PHhA and
bPHhA in ZEONEX reach the total PLQY values close to 100%
(Table 2). These high PLQY values originate from the combina-
tion of ATEE and TADF. The lifetimes of prompt fluorescence
(PF) and delay fluorescence (DF), obtained from the biexponen-
tial fitting of the PL decay curves are collected in Table 2, Tables S1
and S2 (Supporting Information). By integrating the areas un-
der the PL decay curves recorded in vacuum for the dispersions
of PHhA and bPHhA in ZEONEX, percentages of PF and DF
contributions as well as the quantum yields of PF (®;) and DF
(®ypy;) were obtained. These data were used for the calculation
of the rate constants of decays of prompt fluorescence (kpr) and
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Figure 5. Absorption and PL spectra of molecular dispersions of PHhA (1 wt.%) in ZEONEX a), XRDGI diffractograms of molecular dispersion of PHhA
(10 wt.%) in ZEONEX before and after annealing b). PL spectra c), PL decay curves d) and time-resolved PL spectra e,f) of the annealed films of molecular

dispersion of PHhA (1 wt.%) in ZEONEX recorded in air and in vacuum.

delayed fluorescence (kp;) as well as rate constants of intersystem
crossing (kjsc) and reverse intersystem crossing (kp;sc). Details
of these calculations can be found in Supporting Information.
Those calculations were provided according to the previously re-
ported procedure.***°) Using that calculation procedure, the pro-
portion of delayed fluorescence of PHhA molecularly dispersed
in ZEONEX reached 99%. The authors of the referenced papers
13940] g]so observed much lower efficiency of prompt fluorescence
in comparison to the efficiency of delayed fluorescence of the
studied TADF emitters. Thus, our result is in good agreement
with the corresponding proportions of the previously studied
TADF emitters.| "/ The obtained kgyqc. values (1.92 x 10¢ s~ for
PHhA, 1.46 x 10° s~* for bPHhA and 3.3 x 10° s for PHPhhA)
are among the highest ever reported for TADF emitters.***?] In
addition, the ky;g. values are higher than the corresponding ki
values (5.68 X 10° s~! for PHhA, and 6.58 X 10° 5! for bPHhA
and 3.2 x 10° s~! for PHPhhA). The ratios ky;sc/kjsc exceeding
1 indicate faster RISC than 1SC which efficiently prevents from
the non-emissive energy losses via triplet states. In order to bet-
ter understand why the process of RISC with the energy barrier is
faster than the process of 1SC without the energy barrier, we con-
sider El Sayed’s rule which suggests that RISC between electronic
states of a similar nature such as z-r* CT states is forbidden.[*)]
Thus, RISC in TADF compounds occurs via the intermediate *LE
excited state but not via the direct interconversion between pure
triplet *CT and singlet ' CT excited states. Similarly, the efficient
1SC process in donor—acceptor compounds can be expected when
there is an intermediate 3LE excited state between singlet 'CT

Thus, both ISC and RISC processes might not be as efficient as
could be expected at the first glance. In that case, the other pa-
rameters, e.g., different relaxation rates of singlets and triplets
should be considered. In addition, the mixing of the energy lev-
els should be considered.|**! Since the emissive relaxation rates of
singlets are much higher than the non-emissive relaxation rates
of triplets, RISC processes can be more efficient than the ISC pro-
cesses for the annealed dispersions of PHhA, bPHhA and PH-
PhhA in ZEONEX according to the data collected in Table 2.

2.6. Ultrafast Time-Resolved Spectroscopy

Ultrafast ime-resolved photoluminescence and transient absorp-
tion (TA) studies were performed with the goal to elucidate the
mechanism of the strong TADF enhancement measured for an-
nealed samples of PHhA dispersed in ZEONEX. Pristine and an-
nealed samples of two different molecular dispersions of PHhA
in ZEONEX (1 wt.% and 10 wt.%) were investigated. Figure 6a,e
show time-resolved PL spectra for pristine and annealed sam-
ples recorded at the different delay time after excitation. PL spec-
tra of the pristine samples are broader. However, the PL spec-
tra of both pristine and annealed samples show no significant
changes in their shape with time. In the case of annealed sam-
ple of 1 wt.% dispersion of PHhA in ZEONEX continuous shift
of the PL spectrum in broader timescale (Figure Se,f). In gen-
eral, time-resolved shifts of the solid state PL spectra of com-
pounds exhibiting the TADF are attributed to the conformation

and triplet *CT excited states.*! In the case of ¢ ds PHhA,

disorder.|**"’| They are common for practically all conventional

bPHhA and PHPhhA, the energies of 'LE states of phenoxazine
('LEp = 3.51 eV) and N-hexylacridone ('LE, = 3.16 eV) are higher
than those of the corresponding 'CT and 3CT states (Figure 2).

Adv. Optical Mater. 2023, 11, 2301059
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TADF compounds since it is very difficult to elaborate the con-
formation disorder-free TADF systems.|”***| The important dif-
ference between pristine and annealed samples appears in their
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Figure 6. PL spectra a,e) and PLdynamics b,f), as well as TA spectra ¢,g) and dynamics d,h) of pristine (top plots) and annealed (bottom plots) films of

1% dispersion of PHhA in Zeonex.

PL decay dynamics (Figure 6b,f). The PL of the pristine sample
shows a ps decay component which is absent in the PL decay
curve of the annealed sample.

Figure 6¢,g and Figure 6d,h show the TA spectra recorded at
different delay times after excitation and the TA decay dynamics
determined for the pristine and the annealed samples. The spec-
tra are dominated by two induced absorption bands. No negative
band due to the stimulated emission is observed in the fluores-
cence band region. This can be considered as an additional indi-
cation of the CT origin of the PL bands. CT transitions are char-
acterized by the low dipole moment, apparently much lower than
that typical of the transitions to higher excited states. Therefore,
the latter dominate in TA spectra.

In contrast to the PL decay, the TA dynamics show no signifi-
cant differences between the pristine and the annealed samples.
Different PL and TA behaviors indicate that the fast PL decay ob-
served for the pristine samples may hardly be caused by the relax-
ation of excited molecules to the ground state. Such decay would
also result in significant differences in the TA decays determined
for the pristine and the annealed samples, which is not observed.
More likely, a fraction of excited molecules in the pristine sam-
ple experience fast relaxation to a nonradiative excited state. Such
“dark” state can be formed if the N-hexylacridone and phenox-
azine moieties twist perfectly perpendicularly to each other, ef-
ficiently breaking the overlap of x orbitals. It can therefore be
postulated, that a fraction of conformationally disordered PHhA
molecules in ZEONEX have sufficient freedom to twist to the per-
pendicular conformation in the excited state, causing fast PL de-
cay.

Better time resolution of TA measurements reveals additional
processes which are not observed in the PL decay curves. The
long wavelength induced absorption band experiences ultrafast
partial decay during less than 1 ps. Although it is difficult to
unambiguously attribute these spectral dynamics to some elec-
tronic or conformational process, we tentatively attribute it to the
expected process of relaxation of the local excited state (initially
created by the 400 nm excitation light) to the CT state. It should

Adv. Optical Mater. 2023, 11,2301059
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also be noted that ultrafast PL and TA dynamics are quantitatively
very similar for the film containing 10 wt.% of PHhA in ZEONEX
(Figure S9, Supporting Information).

In contrast to the case of pristine samples, no PL and TA
spectral changes within the studied timescale are observed for
the annealed samples of 1 and 10 wt.% dispersion in ZEONEX
(Figure 6; Figure S9, Supporting Information). In addition, PL
decays of these samples are characterized by one component
in the picosecond range (Figure 6f; Figure S9f, Supporting
Information). Considering these spectral features, it can be
postulated that essentially all PHhA molecules in the film adopt
the most favorable conformations upon annealing. This has to
be at least partly caused by the annealing-induced crystallization.
This postulate is in a good agreement with the above-described
thermally controlled self-assembly/crystallization of neat PHhA
and PHhA dispersed in ZEONEX (see diffractograms in
Figures 4 and 5).

2.7. Electroluminescence

The effect of the annealing-induced alignment of singlet and
triplet excited states of PHhA is of crucial importance in
view of the application of this compound as a component
of OLEDs. For this reason, the detailed studies of its elec-
troluminescent properties were undertaken. OLEDs of the
following structure were fabricated and tested: MoO;(0.35 nm)/
NPB(44 nm)/ light-emitting layer (24 nm)/ TSPO1(4 nm)/
TPBi(40 nm)/LiF(0.35 nm)/Al. The emission layers consisted
of 10 wt.% dispersion of PHhA in different hosts, namely
N,N'-di(1-naphthyl)-N,N"-diphenyl-(1,1'-biphenyl)—4,4'-diamine
(NPB), 3,3"-di(9H-carbazol-9-yl)—1,1"-biphenyl (mCBP), 3,6-di-
tert-butyl-9-(2-(1-phenyl-1 H-benzo[d]imidazol-2-yl)phenyl) -9 H-
carbazole (SM-66), tris(4-carbazoyl-9-ylphenyljamine (TCTA).
Non-annealed and annealed light-emitting layers were investi-
gated in parallel. In the subsequent text the series 1-4 and 1A-4A
denote diodes with non-annealed or annealed emissive layers,
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respectively. In devices 5 and 5A, fabricated for comparative
reasons, the non-annealed and annealed emission layers of neat
PHhA, respectively were used. The main output parameters
of the fabricated devices are listed in Table 3 whereas their
photo- and electroluminescent characteristics are collected in
Figures $10-S19 (Supporting Information).

The maximum EQE of 1.9% determined for device 5 was
slightly lower than the maximum EQE of 2.3% previously re-
ported for the similar devices.I*! Thermal annealing of the emit-
ting layer of neat PHhA resulted in deterioration rather than im-
provement of the electroluminescent properties. The EQE values
estimated for OLED 5A only slightly exceeded 1% (Table 3). This
was not unexpected since the annealed layers of neat PHhA did
not show any TADF (Figure 3a,b). OLEDs based on non-annealed
layer of PHhA(10%) dispersed in mCP, reported in our previous
paper also showed higher EQE (13%) than devices (1-4) inves-
tigated in this research (Table 3).I*/ These differences could be
tentatively attributed either to the different hosting properties or
to the absence of the exciton blocking mCP layer, or to the unop-
timized concentration of the emitter. The non-annealed devices
1-4 demonstrated EQE up to 8.6% when TCTA was used as a
host (Table 3). However, a very strong improvement of the max-
imum EQE values, up to 20.7%, was reached for device 4A con-
taining the annealed emission layer of PHhA dispersed in TCTA.
This result is mainly related to the very strong improvement in
the TADF properties of the annealed layer of PHhA dispersed in
the matrix of an appropriately selected host. The improvement
should, at least partly, be attributed to the emitter crystallization.
This crystallization is clearly demonstrated by the presence of
crystalline phases in the diffractogram of the guest-host emis-
sive layer (see Figure 5b and Table 1). For the same reason, de-
vices 2A and 3A also showed an impressive improvement in their
maximum EQE upon annealing of the emissive layer. It should
be noted that the studied devices exhibit a large efficiency roll-
off. The emitter PHhA was characterized by the bipolar charge-
transporting properties, exhibiting higher hole mobility of 1.77 x
107 cm? V™! 57! than electron mobility of 6.6 x 107* ecm? V' 574
at the zero electric fields.**! Moreover, the host TCTA is character-
ized by hole-transporting properties with hole mobility of 1.77 x
107 at the zero electric fields.*”! Because of the hole-electron mo-
bility disbalance in the light-emitting layer, the devices demon-
strated large efficiency roll-offs. These explanations well correlate
with previously reported discussions on the effects of charge bal-
ance and trap state on their output parameters of TCTA-based
devices.l’"!

Nevertheless, these results unequivocally show that thermal
annealing of emissive layers of guest-host nature, containing
PHhA as a luminophore, is a key factor in the improvement of
the device performance. Most probably, the thermal treatment in-
duces conformational equilibration of singlet and triplet excited
states in PHhA favoring, in this manner the efficient TADF. The
highest EQE values of device 4A of 20.7% should be attributed
to the high rigidity of the of the host. TCTA possess the highest
T, of 151 °C 1511 a5 compared to T, of other hosts used (95 °C of
NPB,%21 90 °C or mCBP!** and 100 °C of SM66). It can therefore
be expected with high probability that the annealing-induced con-
formational equilibration, partly caused by crystallization, might
lead to large improvement of electroluminescent properties of
many organic luminophores, presently considered as inefficient.
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3. Conclusions

We have demonstrated that the efficiency and color purity of
thermally activated delayed fluorescence of donor-acceptor and
donor-acceptor-donor type organic dyes, namely phenoxazine-
substituted acridones, can be largely improved by strict control
of their conformation and static dielectric disorder in the con-
densed state. This effect can be relatively easily achieved through
appropriate thermal treatment of the emissive layer. Thermally-
induced conformational equilibration of the emitter within the
host matrix results in: i) strongly improved TADF, characterized
by PLQY approaching 100 %; ii) emission spectra with full width
at half maxima of 56 nm; iii) high reverse intersystem cross-
ing rate of 1.92 x 10° s7!, and iv) reversible hypsochromic and
bathochromic shifts of emission spectra within a broad spectral
range (up to 92 nm).

The most promising luminophore, namely 2-phenoxazine-N-
hexylacridone (PHhA), was used as an emitter in organic light-
emitting diodes in combination with various hosts. The device
maximum external quantum efficiency of 8.6% was obtained for
diodes with tris(4-carbazoyl-9-ylphenyl)Jamine host. This value
was almost three times improved to 20.7% by thermal anneal-
ing of the guest-host emissive layer at the temperature of crys-
tallization of the emitter. The increment of the efficiency of or-
ganic light-emitting diodes is attributed to the modification of
their light-emitting layers exhibiting thermally activated delayed
fluorescence by thermally-induced crystallisation in combina-
tion with hosting. Generalization of this approach may result in
the development of new efficient TADF luminophores, presently
considered inefficient.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This research was supported by the Research Council of Lithuania
(Project “ELOS” No S-MIP-21-7). L.K.B. and A.P. acknowledge financial
support from the National Science Centre, Poland (NCN, Grant No.
2022/45/B/ST5/02120).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Keywords
mechanochromic luminescence, organic light-emitting diodes, thermally

activated delayed fluorescence, transient absorption spectroscopy, ultra-
fast time-resolved spectroscopy

© 2023 Wiley-VCH GmbH

0+ 20T 10T561T

00101

0 PR ST 300 835 (P02 F)17) 0 ATerae T a0 S5(1Ay SHOROUTS JO KIS Senney 4 65010202 0P,

10351 30 Sa[N 0] ATRIYT SO S3[EAL

aaea

135



136

ADVANCED

SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Received: May 8, 2023
Revised: August 4, 2023
Published online: September 8, 2023

m
2

(19
m

N2
03]
4]
N3
el

17)

N8

09

[20]
121)

122)
23]

[24]

[25]

Adv. Optical Mater. 2023, 11,2301059

Y. Shirota, H. Kageyama, Chem. Rev. 2006, 107, 953.

Y. Ding, B. Ding, H. Kanda, O. . Usiobo, T. Gallet, Z. Yang, Y. Liu,
H. Huang, J. Sheng, C. Liu, Y. Yang, V. I. E. Queloz, X. Zhang, |. N.
Audinot, A. Redinger, W. Dang, E. Mosconic, W. Luo, F. De Angelis,
M. Wang, P. Dérflinger, M. Armer, V. Schmid, R. Wang, K. G. Brooks, J.
Wu, V. Dyakonov, G. Yang, S. Dai, P. |. Dyson, et al., Nat. Nanotechnol.
2022, 17, 598.

S.-). Wang, S. Meister, M. Sawatzki, H. Kleemann, K. Leo, 2020,
11473, 114730Q.

C. Wang, X. Zhang, H. Dong, X. Chen, W. Hu, Adv. Energy Mater. 2020,
10, 2000955.

C. Murawski, K. Leo, M. C. Gather, C. Murawski, K. Leo, M. C. Gather,
Adv. Mater. 2013, 25, 6801.

N. B. Kotadiya, P. W. M. Blom, G. ]. A. H. Wetzelaer, Nat. Photonics
2019, 13, 765.

H. Zhang, D. Q. Lin, W. Liu, Y. C. Wang, Z. X. Li, D. Jin, J. Wang, X.
W. Zhang, L. Huang, S. S. Wang, C. X. Xu, Y. H. Kan, L. H. Xie, Adv.
Mater. Interfaces 2022, 9, 2200194.

A. F. Paterson, R. Li, A. Markina, L. Tsetseris, S. Macphee, H. Faber,
A. H. Emwas, |. Panidi, H. Bristow, A. Wadsworth, D. Baran, D.
Andrienko, M. Heeney, I. McCulloch, T. D. Anthopoulos, J. Mater.
Chem. C 2021, 9, 4486.

X. Yang, X. Feng, ]. Xin, P. Zhang, H. Wang, D. Yan, J. Mater. Chem. C
2018, 6, 8879.

X. Yang, X. Feng, |. Xin, H. Wang, D. Yan, Org. Electron. 2019, 64, 236.
G. Hu, B. Zhang, S. M. Kelly, ). Cui, K. Zhang, W. Hu, D. Min, S. Ding,
W. Huang, Addit. Manuf. 2022, 55, 102861.

C. Keumn, D. Becker, E. Archer, H. Bock, H. Kitzerow, M. C. Gather,
C. Murawski, Adv. Opt. Mater. 2020, 8, 2000414,

). De, A. H. Abdul, R. A. K. Yadav, S. P. Gupta, |. Bala, P. Chawla, K. K.
Kesavan, J. H. Jou, S. K. Pal, Chem. Commun. 2020, 56, 14279.

Y. Tao, K. Yuan, T. Chen, P. Xu, H. Li, R. Chen, C. Zheng, L. Zhang, W.
Huang, Adv. Mater. 2014, 26, 7931.

H. Uoyama, K. Goushi, K. Shizu, H. Nomura, C. Adachi, Nature 2012,
492, 234.

Y. Zhu, S. Zeng, B. Li, A. J. McEllin, . Liao, Z. Fang, C. Xiao, D. W.
Bruce, W. Zhu, Y. Wang, ACS Appl. Mater. Interfaces 2022, 14, 15437.
F. Tenopala-Carmona, O. S. Lee, E. Crovini, A. M. Neferu, C.
Murawski, Y. Olivier, E. Zysman-Colman, M. C. Gather, Adv. Mater.
2021, 33,2100677.

F. Fang, L. Zhu, M. Li, Y. Song, M. Sun, D. Zhao, . Zhang, Adv. Sci.
2021, 8, 2102970.

S. Ullbrich, ). Benduhn, X. Jia, V. C. Nikolis, K. Tvingstedt, F.
Piersimoni, S. Roland, Y. Liu, J. Wu, A. Fischer, D. Neher, S. Reineke,
D. Spoltore, K. Vandewal, Nat. Mater. 2019, 18, 459.

D. K. A. Phan Huu, S. Saseendran, R. Dhali, L. G. Franca, K. Stavrou,
A. Monkman, A. Painelli, /. Am. Chem. Soc. 2022, 144,15211.

T. Serevicius, R. Skaisgiris, ). Dodonova, K. Kazlauskas, S. Jursenas,
S. Tumkevitius, Phys. Chem. Chem. Phys. 2019, 22, 265.

S. Reineke, Nat. Mater. 2015, 14, 459.

W. Yuan, H. Yang, C. Duan, X. Cao, ). Zhang, H. Xu, N. Sun, Y. Tao,
W. Huang, Chem 2020, 6, 1998.

T. Serevicius, R. Skaisgiris, I. Fiodorova, G. Kreiza, D. Banevicius, K.
Kazlauskas, S. Tumkeviius, S. Juriénas, J. Mater. Chem. C 2021, 9,
836.

R.S. Nobuyasu, ). S. Ward, ). Gibson, B. A. Laidlaw, Z. Ren, P. Data,
A. S. Batsanov, T. ). Penfold, M. R. Bryce, F. B. Dias, J. Mater. Chem.
€ 2019, 7,6672.

26]

[27]

(28]

[29]

[30]
1]
[32)

33

34

35
[36]
[37]
38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47)
48]
[49]

50

[51]

(52]
(53]

2301059 (11 0f 17)

www.advopticalmat.de

T. Hatakeyama, K. Shiren, K. Nakajima, S. Nomura, S. Nakatsuka, K.
Kinoshita, J. Ni, Y. Ono, T. Ikuta, Adv. Mater. 2016, 28, 2777.

X. Wu, J.-W. Huang, B-K. Su, S. Wang, L. Yuan, W.-Q. Zheng, H.
Zhang, Y.-X. Zheng, W. Zhu, P.-T. Chou, X. Wu, |.-W. Huang, S. Wang,
W.-Q. Zheng, H. Zhang, W. Zhu, B.K. Su, P-T. Chou, L. Yuan, Y.X.
Zheng, Adv. Mater. 2022, 34, 2105080.

D. Hall, K. Stavrou, E. Duda, A. Danos, S. Bagnich, S. Warriner, A. M.
Z. Slawin, D. Beljonne, A. Kshler, A. Monkman, Y. Olivier, E. Zysman-
Colman, Mater. Horiz. 2022, 9, 1068.

S. Oda, B. Kawakami, Y. Yamasaki, R. Matsumoto, M. Yoshioka, D.
Fukushima, S. Nakatsuka, T. Hatak ,J. Am. Chem. Soc. 2022,
144, 106.

P. Data, M. Okazaki, S. Minakata, Y. Takeda, J. Mater. Chem. C 2019,
7,6616.

M. Okazaki, Y. Takeda, P. Data, P. Pander, H. Higginbotham, A. P.
Monkman, S. Minakata, Chem. Sci. 2017, 8, 2677.

K. Zheng, F. Ni, Z. Chen, C. Zhong, C. Yang, K. Zheng, Z. Chen, C.
Zhong, C. Yang, F. Ni, Angew. Chem., Int. Ed. 2020, 59, 9972.

I. Kulszewicz-Bajer, M. Zagorska, M. Banasiewicz, P. A. Gurika, P.
Toman, B. Kozankiewicz, G. Wiosna-Salyga, A. Pron, Phys. Chem.
Chem. Phys. 2020, 22, 8522,

I. Kulszewicz-Bajer, M. Guzauskas, M. Makowska-Janusik, M.
Zagoérska, M. Mahmoudi, J. V. Grazulevicius, A. Pron, D. Volyniuk,
J. Mater. Chem. C 2022, 10, 12377.

S. Ito, J. Pk b Photobiol. C Pk ¥
100481,

Z. Chen, D. dian Deng, S. Pu, Tetrahedron Lett. 2022, 107,
154096.

Y. ). Yu, F. M. Liu, X. Y. Meng, L. Y. Ding, L. S. Liao, Z. Q. Jiang, Chem.
—A Eur. J. 2023, 29, €202202628.

S. Sasaki, G. P. C. Drummen, G. |. Konishi, J. Mater. Chem. C 2016, 4,
2731.

G. Kreiza, D. Banevicius, |. Jovaisaité, K. Maleckaité, D. Gudeika,
D. Volyniuk, J. V. Grazuleviius, S. Jursénas, K. Kazlauskas, J. Mater.
Chem. C2019, 7, 11522.

T. Serevié, R. Skaisgiris, G. Kreiza, J. Dodonova, K. Kazlauskas, E.
Orentas, S. Jurénas, E. Nas, J. Phys. Chem. A 2021, 125, 1637.

D. Zhang, X. Song, A. J. Gillett, B. H. Drummond, S. T. E. Jones, G.
Li, H. He, M. Cai, D. Credgington, L. Duan, D. D. Zhang, X. Z. Song,
G. M. Li, H. Q. He, M. H. Cai, L. Duan, A. J. Gillett, B. H. Drummond,
S.T. E. Jones, D. Credgington, Adv. Mater. 2020, 32, 1908355.

X. Zheng, R. Huang, C. Zhong, G. Xie, W. Ning, M. Huang, F. Ni, F.
B. Dias, C. Yang, X. Zheng, C. Zhong, G. Xie, W. Ning, M. Huang, C.
Yang, F. Ni, R. Huang, F. B. Dias, Adv. Sci. 2020, 7, 1902087.

X. K. Chen, S. F. Zhang, |. X. Fan, A. M. Ren, J. Phys. Chem. C 2015,
119, 9728.

S. Hirata, Adv. Opt. Mater. 2017, 5, 1700116.

V. Andruleviciene, K. Leitonas, D. Volyniuk, G. Sini, |. V. Grazulevicius,
V. Getautis, Chem. Eng. J. 2021, 417, 127902.

T. Serevicius, R. Skaisgiris, |. Dodonova, |. Fiodorova, K. Genevicius,
S. Tumkevitius, K. Kazlauskas, S. Jur3énas, J. Phys. Chem. Lett. 2022,
13,1839.

P. L. Santos, J. S. Ward, P. Data, A. S. Batsanov, M. R. Bryce, F. B. Dias,
A. P. Monkman, J. Mater. Chem. C 2016, 4, 3815.

T. Serevidius, R. Skaisgiris, D. Gudeika, K. Kazlauskas, S. Jur$énas,
Phys. Chem. Chem. Phys. 2021, 24, 313.

C.Y. H. Chan, K. K. Tsung, W. H. Choi, S. K. So, Org. Electron. 2013,
14,1351,

J. H. Lee, J. Lee, Y. H. Kim, C. Yun, B. Liissem, K. Leo, Org. Electron.
2014, 15, 16.

Y. Kuwabara, H. Ogawa, H. Inada, N. Noma, Y. Shirota, Adv. Mater.
1994, 6, 677.

Y. Tao, C. Yang, |. Qin, Chem. Soc. Rev. 2011, 40, 2943.

Y. Tsuchiya, N. Nakamura, S. Kakumachi, K. Kusuhara, C. Y. Chan, C.
Adachi, Chem. Commun. 2022, 58, 11292.

Rev. 2022, 51,

© 2023 Wiley-VCH GmbH

P20 1015612

"D e SIS 30 936 (PE0:+0/1) W0 ATerar T S0 21 "SHOIORa L FO KU1 Sennes 54 650T0£202 190 7001

V0 135030 2103 10y 41031 20 211

e




ROYAL SOCIETY

Journal of
- OF CHEMISTRY

Materials Chemistry C

View Article Online

View Joumal | View lssue

An experimental and theoretical study of
exciplex-forming compounds containing
trifluorobiphenyl and 3,6-di-tert-butylcarbazole
units and their performance in OLEDs¥

M) Check for updates ‘

Cite this: J. Mater. Chem. C, 2020,
8, 14186

R. Keruckiene, 92 M. Guzauskas,® L. Lapietgte,é J. Simokaitiene,* D. Volyniuk, 2°
J. Cameron, {9° P J. Skabara, 2+ G. Sini {2 ** and J. V. Grazulevicius & *

Derivatives of trifluorobiphenyl and 3,6-di-tert-butylcarbazole were synthesised as potential components
of emitting layers of OLEDs. Molecular design of the compounds was performed taking into
consideration the hydrogen bonding ability of the fluorine atom and electron-donating ability of the
carbazole moiety. Their toluene solutions exhibited very high triplet-energy values of 3.03 eV and
3.06 eV. lonisation energies of the compounds in the solid-state were found to be in the range from
5.98 to 6.17 eV. Density functional theory (DFT) calculations using the wB97XD functional, with the w
parameter tuned in the presence of the solvent, uncovered singlet-triplet energy splitting in good agreement
with the experimental results. The materials were tested in the emissive layers of OLEDs, showing the ability
to form exciplexes with complementary electron-accepting 2.4,6-tris(3-(diphenylphosphinyl)phenyll-1,3,5-
triazine. Using the synthesised compounds as exciplex-forming materials, highly efficient exciplex
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emission-based OLEDs were developed. In the best case, a high maximum current efficiency of 24.8 cd A%,

£ —; rsc.li/materials-c and power and external guantum efficiencies of 12.2 Im W and 7.8%, respectively, were achieved.
5
g Introduction emission. Nevertheless, as these systems possess a small AFEgy,
3 they have the potential to effectively convert triplet excited states
g Metal-free organic compounds are widely used in the active to singlets.”** Furthermore, the intermolecular interactions of
& layers of organic light emitting diodes (OLEDs)."™ Optimization  the exciplex, involving non-covalent interactions such as hydro-
of the properties of emitting layers in OLEDs remains a key gen bonding or van der Waals interactions, between n-conjugated
Ei research goal in this field. Recently, delayed emission has been molecular units impact the morphology of the active layers,

extensively adopted for efficient OLEDs, but not all challenges
have been solved yet.*” One of the promising ways to obtain
cost-effective OLEDs is to employ exciplex-forming systems.® An
exciplex is defined as an excited-state complex obtained under
photo- and electrical excitation between two molecules, one
being electron-donating and the other electron-accepting.’
Exciplex formation plays a role in the conversion from the
triplet excited state to the singlet state and hence provides a
strategy to improve the performance of OLEDs.'”"! Due to their
dominant CT character, exciplexes are not very effective in light

“ Department of Polymer Chemistry and Technology, Kaunas University of
Technology, K. Barsausko St. 59, Kaunas, LT-50254, Lithuania.
E-mail: juozas. grazulevicius@knw.lt

® WestCHEM, School of Chemistry, University of Glasgow, Joseph Black Building,

which also has a close link to the device performance.'***

Consequently, the potential to establish such intermolecular
interactions is an important criterion in the design of molecular
structures, which is manifested through the functionalisation of
organic molecules. In addition to making an impact on the
stability, oxidation potential, and electrical and optical properties
of materials,'® the number and position of substituents can
provide molecules with the potential to establish intermolecular
hydrogen and halogen bonds. Intermolecular hydrogen bonding
can drive the formation of molecular assemblies with charge-
transfer character and dipolar interactions.'®'” Halogen bonding
offers versatility in interaction directions and structurally tuned
packing fragments,'® which was proven to be useful in altering
molecular packing for efficient charge transport.' Fluorine can
be regarded as a useful component of organic electroactive

University Place, Glasgow, G12 8QQ, UK. E-mail: Peter. ac.uk
“Lab ire de l imie des Polyméres et des Interfaces, CY Paris Cergy
Université, EA 2528, 5 mail Gay-Lussac, Cergy-Pontoise Cedex 95031, France.
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# Electronic supplementary information (ESI) available. See DOL 10.1039/d0tc02777d
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comp ds. Recent studies have revealed that fluorine-induced
intramolecular interactions including S: - -F and H- - -F interactions
can promote backbone planarity,”’ enhance the frontier orbital

overlaps, tune the solubility, and change the packing motif
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of molecules.> > The extreme electronegativity of the fluorine
atom pulls electrons from the backbone to stabilise frontier
molecular orbitals, impacting electron transporting characteristics
and resulting in a change in intermolecular interactions.>® The
hydrophobic nature of fluorinated compounds can also induce air
stability of devices by providing resistance to oxygen or water.”’
The particular properties of fluorinated compounds, especially in
establishing relatively strong intermolecular interactions, make
them interesting candidates for use in exciplex-based OLED
devices. To the best of our knowledge, only one fluorinated
compound has been used in exciplex-forming systems so far.”®

In this work, two new compounds bearing trifluorophenyl
and carbazole fragments are introduced. Molecular design of
the compounds was performed taking into consideration the
hydrogen bonding abilities of the fluorine atom and efficient
electron-donating abilities of the carbazole moiety.”

The impact of the number of donor groups on the properties
of the materials is discussed on the bases of results obtained by
means of theoretical and experimental approaches. The compounds
were shown to be capable of forming exciplexes with appropriate
electron-accepting molecules. The exciplex forming molecular
mixtures were tested as the emissive materials in OLEDs.

Results and discussion
Synthesis and thermal properties

Compounds 1 and 2 were obtained by a three-step synthesis as
illustrated in Scheme 1. Pd-Catalysed Suzuki-Miyaura® cross-
coupling of 2,4,6-trifluorophenylboronic acid with electron-
donating 9-(3-bromophenyl)-3,6-di-tert-butylcarbazole or 9,9"-
(5-bromo-1,3-phenylenc)bis(3,6-di-tert-butylcarbazole) was utilised.
The yields of products 1 and 2 were 37% and 39%, respectively.
They were found to be soluble in common organic solvents.

- &

OO~ 5 00
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Table 1 Thermal characteristics of 1 and 2

Compound 1 2

Tin" °C 134 292
Ten! °C — 134
T’ °C. 277 369

? Melting point observed during the first heating scan of DSC measurement.
? Crystallisation temperature recorded during the cooling scan of DSC
measurement. ¢ Initial weight loss temperature obtained from TG curves.

Their structures were confirmed by "H NMR and ATR-IR spectro-
scopies and mass spectrometry. Descriptions of the synthesis and
characterization of the compounds are given in the ESL7

Morphological transitions and thermal stabilities of derivatives
1 and 2 were investigated by using DSC and TGA (Fig. S1, ESIf).
Their thermal characteristics are shown in Table 1.

As both compounds were isolated after the synthesis and
purification as crystalline materials, endothermic melting signals
were observed in the 1st heating scans of DSC measurements.
Crystallisation and subsequent melting signals were observed
during the cooling and 2nd heating scans for compound 2. The
higher melting and crystallisation temperatures of 2 could be
attributed to its more symmetrical crystalline structure and
overall higher molar mass. No further morphological transitions
of sample 1 were detected during cooling and heating scans of
DSC measurements, indicating its tendency to be transformed to
a solid amorphous state. TGA experiments revealed the complete
weight loss of compound 1, indicating its sublimation, and the
impossibility to determine the temperature of onset of thermal
degradation.

Geometry and frontier orbitals

The geometries of the target molecules were analysed using
DFT calculations at the ©B97XD/6-31++G(d,p) level of theory.

[ F
" )

_ o

iv
_—

BrPhmCz

2

BrPhdiCz

Scheme 1 Synthesis of 2- and 4-trifluoromethylphenyl-substituted di-tert-butylcarbazole derivatives: (i) tert-butylchloride, ZnCl,, nitromethane, RT,
and 24 h; (ii) 1-bromo-3-iodobenzene, Cu, 18-crown-6, KOH, o-dichlorobenzene, 180 “C, and 24 h; {iii) 1-bromo-3,5-difluorobenzene, Cs,COz, DMF,

60 °C, and 24 h; (iv) 2,4,6-trifluorophenylboronic acid, Cs,COs, Pd{PPhs),,
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DMF, reflux, and 24 h
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N i N6, N i
Fig.1 Structures of 1 {left) and 2 (right) with dihedral angles 1, 2 and 3
denoted in red, black and blue, respectively.

Table 2 Dihedral angles of compounds 1 and 2. The notation wm-default/
diethyl ether means that the CPCM method was used in conjunction with
the default value for the @ parameter; m-CPCM means that the impact of
diethyl ether has been included in the  value, but the corresponding
results in the table were obtained with gas phase calculations in conjunction
with the tuned @ value

Dihedral 1 () Dihedral 2 (*) Dihedral 3 ()

1 w-default/diethyl ether 55.7 53.9 —
@-CPCM 89. 81.5 o
2 -default/diethyl ether 59.5 53.9 52.8

w-CPCM 90.4 80.4 81.5

The dihedral angles are defined in Fig. 1 and summarised in
Table 2, whilst the optimised structure and the HOMO and
LUMO plots are presented in Fig. 2. The geometry of both
compounds was sensitive to the w-value. It is worth briefly noting

(a)

(b)

(©)

(d)

Optimized
geometry

HOMO Lumo

Fig. 2 Optimised geometries (left), the HOMO (centre} and the LUMO

(right) for (a) 1 optimised with the default e; (b) 1 optimised with w-CPCM;
(c) 2 optimised with the default « and (d) 2 optimised with «-CPCM.
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at this point that the role of the e-parameter is to split the space
of electron-electron interactions into long- and short ranges, the
short range being treated at the DFT level, as opposed to the
Hartree-Fock level for the long range interactions. By tuning
the value of w in the presence of a solvent, a good part of the
medium polarization effect can be included in the geometry and
electronic structure of the molecules, resulting in a better
description of molecular properties in the bulk. Indeed, the
optimisation of 1 carried out by using the default «-value
showed each of the dihedral angles to be in the range of 50-60°,
showing significant twisting whilst being far from orthogonal.
However, when this geometry was optimised using =-CPCM instead
of the default value, an increase in the dihedral angle was observed,
with the trifluorobenzene-phenyl twist essentially orthogonal and
the phenyl-carbazole dihedral angle ~80°. An increase in the
dihedral angle of ~20-30" when using a tuned @-value compared
to the default (0.2 Bohr ') is consistent with observations reported
< 30

by Sallenave and co-workers studying carbazole-based materials.

1 1 ical-and ph

rical properties
Cyclic voltammetry was applied to study the electrochemical
properties of derivatives 1 and 2 (Fig. S2, ESIF). Both compounds
showed reversible oxidation waves. lonisation energy (IEcv,
Table 3) values were estimated from the oxidation onset potentials
against ferrocene (£, onset vs. Fc). These values were found to
be comparable and correlate well with the energy gap values
estimated from the edges of the UV-Vis spectra, indicating
similar n-clectron conjugated systems in molecules 1 and 2.
Tonisation energy values (Table 3 and Fig. 3) of the solid
samples of compounds 1 and 2 were estimated by photoelectron
emission spectrometry. The values of ionisation energies were
found to be comparable for both the compounds and were a
little higher than those estimated by cyclic voltammetry. Small
differences in the values of ionisation energy obtained by
employing different methods can be explained by the different
environments in the solution and the solid-state.

Optical absorption properties

UV-Vis absorption spectra of the solutions and films of compounds
1 and 2 are shown in Fig. 4. Photophysical characteristics of the
compounds are collected in Table 3. Energy gap values determined
from the edges of the UV spectra of solutions of derivatives 1 and 2
in toluene were found to be close due to the presence of the same
electron-donating moiety in both compounds. The spectra were
similar to the absorption spectrum of a toluene solution of carba-
zole (Fig. S3, ESIY). This observation shows that in solutions and
solid films of 1 and 2, mainly donor local excited states contribute to
the absorption properties. Indeed, the oscillator strength corres-
ponding to S;, which is a CT donor — acceptor transition, exhibits a
negligible value, in turn stemming from the nearly orthogonal
donor/acceptor dihedral angle. In this situation, the CT S, — 8;
transition becomes invisible or hidden by the more intense local-
carbazole low energy band corresponding to the transition S, — S,
(Table 3). This is consistent with observations from the theoretical
calculations. Similarly, structured vibronic absorption bands were
observed for the layers of 1 and 2.
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Table 3 Photophysical, electrochemical and photoelectrical characteristics of 1 and 2

Toluene solution/thin film

Compound  /ans (nm) 2. (nm) EgP (eV) Stokes shift (cem™) S1:T1(eV) Ay (eV) PLQY (%) IEcy (€V) IEp; (eV)
1 297, 346/298, 347 354, 370/355, 366, 460 3.49 653/619 3.67:3.03/— 0.64 13/1 5.15 5.98
2 297, 346/230, 345 352, 367/352, 374, 439 3.41 493/577 3.63:3.05/— 0.58 28/1 5.28 6.17
/.abs Are 1 hs of absorption /L are 1 hs of Stokes shift = /g — Zaps; S1 is the singlet energy estimated as

12402y ansei; Ty is the triplet energy estimated as 1240/ Zpyy onsei; AEsr =Ty — S E‘g"‘ is optical gap estimated as 1240/ 2aps anset Where Zans onser 1S
the wavelength of the onset of absorption; IEp;; is the ionisation potential estimated by photoelectron emission spectrometry in air; IEqy is the
132

ionisation potential estimated by CV as [Ecy = Eongel ox vs, #e + 5.1 ev.?

1.
m ]
1.0 * 2
~ 0.8
3
=
= 0.6
S
0.4+
(]
4 ¢
0.2 P e
Bla o *
0.1 T T T
5.8 6.0 6.2 6.4
Photon energy, eV

Fig. 3 Photoelectron emission spectra of solid samples of compounds 1
and 2 recorded in air.

1 (solution)
e 2 (sOlution)
1 (solid film)
2 (solid film)

Normalized absorbance

T T T T
250 300 350 400 450
‘Wavelength, nm

Fig. 4 UV spectra of dilute solutions and thin films of compounds 1 and 2.

In order to obtain insights into the optical properties of
compounds 1 and 2, TDDFT calculations were carried out on
each of the optimised structures using geometries obtained
with both default- and tuned w-values. The results of these
calculations are summarised in Table 4. When calculating S,
and T, transitions, it is important that the nature of the
excitation is described appropriately. In order to maximise
the reverse intersystem crossing, there should be a change in
the symmetry of the excited state, so typically in donor-acceptor

This journal is @ The Royal Society of Chemistry 2020

compounds, the T, excitation is a local excitation (LE) and S,
excitation is a charge transfer (CT) state.>* Natural transition
orbitals (NTOs)** for holes and electrons corresponding to the
S; and T, states of compounds 1 and 2 are shown in Fig. 5 and 6,
respectively, whilst the full list of TDDFT transitions for both
compounds is presented in Fig. S4-S11 (ESIf). In order to
further characterise these transitions, the spatial overlap (A4)
for all excitations has been reported.

The NTOs corresponding to the T, states of compounds 1
and 2 (Fig. 5 and 6) indicate that both holes and electrons are
globally localised on the electron-donating carbazole units,
irrespective of the geometry used, highlighting the *LE nature
of these transitions. The calculated T, energies using both
default @ and ©-CPCM methods show good agreement with
one another for both compounds and show generally similar
spatial overlap for the transitions.

However, the calculated S, energies are significantly different
when using the separate methods. Calculations with the default o
show an increased S, energy in both compounds, resulting in a
large calculated AEg;. The NTOs with the default @ have a
generally large spatial overlap with occupied and unoccupied
orbitals involved in the dominant transitions localised on the
carbazole units. Therefore, the S; state does not show the CT
character that would be expected for a donor-acceptor compound.

When the »-CPCM value is used for the TDDFT calculations,
the S, energy is significantly reduced and this can be explained
by the increased CT nature of the transitions. The spatial
overlap, 4, is significantly reduced with the electron-NTOs of
1 and 2 (Fig. 5 and 6) localised on the electron-deficient 1,3,5-
trifluorobenzene groups. The predicted AEg; energy is signifi-
cantly reduced and in good agreement with experimental values
(see optical emission properties section), although it is too high
for the material to be used alone as a thermally activated
delayed fluorescence (TADF) candidate. Furthermore, the indi-
vidual T, and S, energies show relatively good agreement
compared to experimentally determined values, which is useful
in the design of exciplex emissive layers.

The singlet excitations from the TDDFT calculations are listed
in Table $1 (ESIT). As previously mentioned, the S, transitions
show local excitations when default « is used but CT states are
observed in both compounds when o:-CPCM is used. The nature of
the excitation is important when comparing with the experimental
absorption spectrum. Compound 1 shows the ; excitation to have
a small oscillator strength (f = 0.01), whilst that of the first local
excitation, S;, is higher (f= 0.04). In compound 2, there is a similar

J Mater. Chemn. C, 2020, 8,14186-14195 | 14189
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Table 4 Summary of TDDFT calculations for 1 and 2 carried out using default « or ¢»-CPCM

Ty (eV) Ty (nm) ATy Sy (eV) Sy (nm) A8, AEsr

1 Default 3.21 (H-1 - L+1)° 385.7 0.68 421 (H - L+1)° 294.7 0.67 1.00
©-CPCM 3.7 (H-1 - 1+2)° 390.6 0.72 3.81(H - L)* 325.1 0.16 0.64

2 Default o 3.21 (H=2 — L+1)* 386.2 0.72 424 (H - L#1)° 292.6 0.67 1.03
«w-CPCM 3.17 (H-3 — L+3)" 390.8 0.61 3.66 (H - L)* 338.7 0.20 0.49

“ The most dominant individual transitions from TDDFT calculations are shown in parentheses. Full lists of these transitions, with molecular
orbital diagrams, are presented in Fig. $4-S11 (ESI).

5%, o, B w5
2% ,-‘-,. @
n 98, 0. 4. s
Py A, s A, o & A R
Hole-NTO Electron-NTO Hole-NTO Electron-NTO
s o'y 3 sy, 4
. L
s 8 2% 89
Som et Sl . 5 Wl
Hole-NTO Electron-NTO Hole-NTO Electron-NTO
1, default w 1, w-CPCM

Fig. 5 NTOs corresponding to S, and T; states for compound 1 obtained by means of the TDDFT method at the «B97XD/6- 31+ +G(d,p) level by using
default o (left) and @-CPCM (right). /. = NTO eigenvalue.

.
$
4

Cwe
<

e
)
24

Hole-NTOs

Hole-NTO Electron-NTO

Hole-NTOs Electron-NTOs

2, default w 2, w-CPCM

Fig. 6 NTOs corresponding to 51 and T1 states of 2 obtained by means of the TDDFT method at the »B97XD/6-31++G(d.p) level by using default e {left)
and w-CPCM (right). 2 = NTO eigenvalue.
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trend where the S, excitation (f= 0.02) also has a lower oscillator
strength than the lowest energy local excitation S; (f = 0.07). This
suggests that the UV/Vis absorption spectrum will be dominated
by the absorption of the carbazole unit. The lowest energy local
excitations for compounds 1 and 2 occur at 313 and 312 nm,
respectively, which is in good agreement with the experimental
peaks at 297 nm for both compounds (Table 3).

The sensitivity of the S, excitation to the environment in
TDDFT calculations has been shown and therefore it is important
that this is taken into consideration when estimating A Egy, using
the w-tuned functional as an effective means of improving the
accuracy of the estimation.

Optical emission properties

The photophysical properties of compounds 1 and 2 are
determined by their geometrical structures and the changes
after excitation. The vibronically structured emission bands of
the solutions of 1 and 2 in toluene at room temperature were
observed in the deep blue region (Fig. 7), with PLQY values of
13% and 28%. This is supplemented by small Stokes shift
values, which can be explained by minimal changes in geometry
and solvent reorganisation upon excitation in the dilute toluene
solutions of both the compounds. The triplet energy values
determined from the onsets of the phosphorescence (PH)
spectra of compounds 1 and 2 were found in the blue region.
The experimental AEgy values were found to be relatively high
(Table 3). This observation is in good agreement with the results
of theoretical calculations. Due to the potential application of 1
and 2 in the emissive layers of OLEDs, we further focused on the
investigation of the solid-state photophysical properties of the
compounds.

The PL spectra of thin films of compounds 1 and 2 were also
vibronically structured in the same range of ca. 350-400 nm as
those of their toluene solutions (Fig. 7). The PLQY values of the
solid samples were found to be low (~ 1%) due to aggregation-
induced quenching.”® The origin of the low-energy band was
studied more extensively. PL spectra of the non-evacuated and

e PL (solution) 1
e PL (s0lid film)
~PL77K
——PHTTK

z

z

3 r .

2

]

£

3

z

v T T
350 400 450 500 550 600

‘Wavelength, nm

Fig. 7 PL spectra of toluene solutions and of solid films of compounds 1
and 2 recorded at room temperature (/e = 330 nm) and PL and PH
spectra recorded at 77 K.
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evacuated neat thin films were recorded at room temperature
(Fig. S12a and ¢, ESIf). The PL spectrum of compound 1
was found to be sensitive to oxygen. The ratio of PL intensities
(TevaeIpre-cvac) Was 1.9. The PL intensity change in the low-energy
band of compound 1 confirms the impact of triplet states
possibly through reverse intersystem crossing (RISC). PL decay
curves of the solid sample of 1 were recorded (Fig. S12b, ESIY).
They contained two components, i.e. a short-lived component
in the ns range corresponding to a local excited ('LE) state at
higher energies and a CT component at lower energies.

The PL spectrum of the solid sample of compound 2 was not
significantly sensitive to oxygen. A slight increase of PL intensity
was observed after evacuation (Fig. $12c, ESIF). PL decay curves
of the solid sample of compound 2 (Fig. S12d, ESI{) contained
two short-lived components in the ns range corresponding to
'LE emission. Slight differences in emission spectra and their
sensitivity to oxygen in the solid samples of compounds 1 and 2,
and in sensitivity of the PL spectra to oxygen, arc apparently
related to the different substitution patterns of the trifluorobi-
phenyl moiety. Taking into account the aggregation-induced
quenching of emission of 1 and 2, it was decided to test the
photophysical properties of these compounds in doped systems.

Compounds 1 and 2 formed sky-blue exciplexes with the
electron acceptor 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-
triazine (PO-T2T), which is one of the most widely studied
exciplex-forming acceptors (Fig. 8).°**” The spectra of solid films
of molecular mixtures of 1 and 2 with PO-T2T showed significant
red shifts in comparison to the PL spectra of non-doped films of
the compounds. PL spectra of both exciplex-forming systems
were found to be broad and typical of CT. The exciplex-forming
mixtures 1: PO-T2T and 2: PO-T2T exhibited rather low PLQY
values of 4% and 2% in air, respectively. The PL spectra of
exciplexes 1: PO-T2T and 2: PO-T2T peaked at the wavelengths
of 489 and 470 nm (2.48 and 2.67 eV), respectively (Fig. 8a). This
observation can be explained by the relatively high 77 values of
compounds 1 and 2 5.98 eV for compound 1 and 6.17 eV for
compound 2 (Fig. 3 and Table 3) taking into account the
equation®® /2™ ~ 1 — E} — E¢ (2.54 eV for 1: PO-T2T and
2.67 eV for 2: PO-T2T), where I} is the ionization potential of the
donor (compound 1 or 2), Ej is the electron affinity of the
acceptor (3.5 eV for PO-T2T), and E is the electron-hole Coulombic
attraction energy. It should be noted that the trifluorobiphenyl
moiety was mainly used to increase the jonization potential of
compounds 1 and 2, resulting in blue-shifted emission of exciplexes
formed between compound 1 (or 2) and PO-T2T.

The molecular mixtures 1: PO-T2T and 2: PO-T2T were char-
acterised by PL decays in the ps region with shapes attributed to
exciplex emission but not to monomer emission (Fig. 8b). The
nanosecond-lived components of the decay curves represent
prompt fluorescence, whilst the longer-lived components can
be attributed to thermally activated delayed fluorescence. This
assumption is in agreement with the PL decays of exciplexes 1:
PO-T2T and 2: PO-T2T recorded at room temperature (295 K)
and at the temperature of liquid nitrogen (77 K) (Fig. $13, ESIT).
The intensity of the long-lived component is higher at 295 K
than at 77 K, proving the TADF nature of the exciplex emissions.

J. Mater. Chem. C, 2020, 8, 14186-14195 | 14191
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e PO-T2T: compound 1
s PO-T2T: compound 2

Normalized intensity, a.u.

550 600 650 700

Wavelength, nm
a)

Fig. 8 Normalised PL spectra with photo of emissive layers inset (a) and
(Aexe = 330 nm).

500

PL decay curves for the films of the mixtures of 1 with PO-T2T
and of 2 with PO-T2T in air and under vacuum were recorded.
The increasing intensity (shown by the arrows) of the delayed
component of their emission under an inert atmosphere
indicates a triplet contribution to the whole emission intensity
(Fig. S14, ESIT). The TADF origin of the delayed fluorescence of
the exciplex-forming systems 1: PO-T2T and 2: PO-T2T was
additionally confirmed by recording the dependence of PL
intensity on laser pump pulse. The slope values of the straight
lines were found to be ca. 1 (Fig. $15, ESIT).*

Devices

Fig. 9 shows the simplified structure and the equilibrium
energy diagram of OLEDs with emitting layers (EMLs) of
exciplex-forming mixtures of acceptor PO-T2T and donors 1
and 2. Components of the EML were deposited in a molar ratio
of 1:1. For better device performance, additional layers were
used. A layer of 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile
(HAT-CN) was used as a hole injection layer (HIL), a layer of
4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC) was used as the hole transporting layer (HTL), a layer of

Energy, eV

<75

-7.5
Fig. 9 Equilibrium energy diagram and structures of OLEDs.
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PL decay curves (b) of solid molecular mixtures of 1 or 2 with PO-T2T

1,3-bis(N-carbazolyl)benzene (mCP) was used as the electron
blocking layer (EBL), a layer of diphenyl[4-(triphenylsilyl)phe-
nylJphosphine oxide (TSPO1) was used as a hole blocking layer
(HBL) and a layer of 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)-
benzene (TPBi) was employed as an electron transporting layer
(ETL). Thus, exploiting the device structure HAT-CN (10 nm)/
TAPC (40 nm)/mCP (4 nm)/compound 1 or 2: PO-T2T (1:1)
(24 nm)/PO-T2T (4 nm)/TPBi (36 nm)/LiF (0.5 nm)/Al, OLEDs D1
and D2 containing compounds 1 or 2, respectively, were fabricated.

Fig. 10 and Table 5 show the EL characteristics of the
exciplex-based OLEDs with derivatives 1 and 2. The overall
OLED characteristics were better with D2, which was based
on the emissive layer of the exciplex system 2: PO-T2T. OLED
D2 showed a higher brightness of 4100 ed m %, while that of D1
reached 1250 cd m . Also, D2 showed higher maximum
current (CE), power (PE) and external quantum (EQE) efficiencies
of 24.8 ed A%, 12.2 Im W * and 7.8%, respectively. The corres-
ponding characteristics of D1 were found to be 19.7 cd A%,
122 Im W ! and 6.5% (Table 5). The efficiency roll-off of D2
was better than that of D1 possibly because of the higher thermal
stability of compound 2 relative to that of compound 1 (Table 1).
When brightness was increased from 100 ecd m~* to 1000 cd m ™2,
the current, power and external quantum efficiencies also
increased apparently due to the better charge carrier balance
within the light-emitting layer at higher applied voltages. It should
be noted that EQE values of both devices did not correlate with the
PLQY values of solid films of 1 and 2. A similar observation was
reported by Monkman et al.,* who also used exciplex-forming
mixtures with low PLQYs of films to obtain OLEDs with a high
EQE. To the best of our knowledge, these are the best char-
acteristics so far obtained from exciplex systems containing a
fluorinated acceptor.”®

Fig. 10c shows the electroluminescence (EL) spectra of D1
and D2. The EL spectra of the devices did not correlate with the
PL spectra of 1: PO-T2T and 2: PO-T2T (Fig. 7). PL spectra were
observed in the blue region (Fig. 7), while the EL spectra were in
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Fig. 10 (a) Current density and brightness versus voltage plots, (b} EQEs, and current and power efficiencies versus brightness plots, and (c) EL spectra

recorded at different driving voltages of devices D1, D2 and (d) device R1.

Table 5 EL characteristics of exciplex-based OLEDs with compounds 1 and 2

CE/PE/EQE CE/PE/EQE CE/PE/EQE
Brightness,a. (ed A™YIm W™'/%) (cd A™'/Im W™'/%) (ed A™"/Im W/%)
Device Zmax (nm) Von (V) (cd m™) Max @100 cd m™ @1000 cd m™
D1 541 4.8 1250 19.7/8.4/6.5 9.9/5.5/3.3
D2 546 4.8 4100 24.8/12.2/7.8 13.2/7.8/4.2

the green region (Fig. 10c). This result is quite intriguing since
there is no such functional material in the device structure that
could be characterized by a similar green emission. This
observation may be explained by the formation of lower energy
exciplexes, which were detected for other exciplex-forming
mixtures such as mCP:PO-T2T.*” To prove this presumption,
PL spectra of the films of the mixtures 1: PO-T2T and 2: PO-T2T
were recorded before and after thermal annealing at ca. 120 °C
trying to separate the lower energy exciplexes (Fig. S16, ESI{).
Indeed, the annealed film of 1: PO-T2T showed a red-shifted PL
spectrum peaking at 505 nm in comparison to the PL spectrum
of the non-annealed film (489 nm). Meanwhile, the PL spectra
of the non-annealed and annealed films of 2: PO-T2T were
practically identical. This experimental result does not fully
explain the differences between the PL and EL spectra of 1:
PO-T2T and 2: PO-T2T (Fig. 8a, 10c and Table 3).

On the another hand, the EL spectra of devices D1 and D2
can be affected by exciplex emission of other exciplex-forming
systems, especially knowing that exciplexes can be formed at the
interfaces or even through spacers.**** In principle, at least several
exciplexforming systems, such as: mCP:PO-T2T (472 nm),"™*
TAPC:PO-T2T (550 nm),"" and TAPC:TPBi (442 nm),"" could be

This journal is @ The Royal Society of Chemistry 2020

formed in the devices. In addition, TAPC is characterized by
excimer (450 nm) and electromer (580 nm) emission,” although
none of these species emit in the green region. To determine the
origin of EL emission, the device structure was simplified to the
following one: ITO/HAT-CN (10 nm)/TCTA (40 nm)/compound 1
(4 nm)lcompound 1: PO-T2T (24 nm)/PO-T2T (40 nm)/LiF/Al
(device R1). This device R1 was used as the reference, and the
layers of TAPC, mCP and TPBi were replaced by those of tris(4-
carbazoyl-9-ylphenyl)Jamine (TCTA), compound 1, and PO-T2T,
respectively. As a result, the EL spectrum of device R1 peaking at
480 nm was very similar to the PL spectrum of 1: PO-T2T (Fig. 7
and 10d). The simplified device R1 showed a relatively high
turn-on voltage of 9.8 V and maximum EQE of 3.4% (Fig. S17,
ESIY). Having the EL spectra of the device R1, it can be
concluded that the EL spectra of devices D1 and D2 most
probably resulted from overlapping of emissions of exciplexes
of 1: PO-T2T (2: PO-T2T) and the TAPC-based exciplex TAPC:
PO-T2T (or electromer of TAPC). As a result of such overlapping,
green electroluminescence was obtained for devices D1 and D2.
Similar EL behaviour was previously discussed elsewhere.* Blue-
and red-shifted EL speetra were well reproduced for other config-
urations of TAPCfreec and TAPC-containing devices, respectively

J. Mater. Chem. C, 2020, 8, 14186-14195 | 14193
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(Fig. S18, ESIT). These observations prove the presumption of
overlapping of two or more EL species.

Conclusions

‘Two derivatives of trifluorobiphenyl and 3,6-di-tert-butylcarbazole
were synthesised as potential components for emitting layers in
OLEDs. Different experimental characterization methods and
different DFT methods using the default- and tuned « parameter
were used to explore the structural, redox, and optoelectronic
properties of the two compounds. The results indicate that the
additional carbazole on compound 2 adds an additional electron
rich unit for the formation of the donor-acceptor exciplex, but it
has a minimal effect on the energy levels of compound 2 relative to
compound 1. The synthesised compounds exhibited very high
triplet-energy values of 3.03 ¢V and 3.06 ¢V in solutions,
respectively. However, the singlet-triplet energy splitting, reaching
0.64 eV, was too high for the materials to be used alone as TADF
emitters, but the compounds showed good exciplex-forming
abilities in combination with the electron acceptor 2,4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine. Using the synthe-
sized compounds, highly efficient exciplex-based OLEDs were
developed. In the best case, high maximum current, power and
external quantum cfficiencies of 24.8 ed A™", 12.2 Im W' and
7.8%, respectively, were achieved for the devices based on
exciplex electroluminescence.
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