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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 

β – field dependence parameter 

ΔEST – singlet-triplet energy gap 

ηout – outcoupling coefficient 

λ – wavelength 

μ0 – mobilities at absent electric field 

μe – electron mobility 

μh – hole mobility 

τ – time 

Φ – 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)1. 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 

structures2–5, more intricate emission mechanisms than simple fluorescence6–12, and 

even devices with simple structures that show excellent properties13–16. 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 USD17,18. The 

rising potential of organic semiconductors is due to their applicability in numerous 

fields, such as OLEDs, organic solar cells (OSCs)19, organic field-effect transistors 

(OFETs)20, and organic sensors (e.g., gas, UV, visible light, radiation)21–24. Another 

factor contributing to the growth of organic electronics is their suitability for flexible 

electronics (e.g., rollable screens, e-papers, smart sensors)25–28. Finally, organic 

semiconductors, compared to their inorganic counterparts, are more sustainable and 

eco-friendly due to their recyclability 29 and low production30,31 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 structures32, 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 derivatives33. 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 moment34 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. Ågren from KTH Royal Institute of Technology. The 

second series of acridone and quinacridone derivatives was synthesised by Dr. I. 

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, sp2, and sp3. For 

example, each carbon atom in the ethylene molecule has three sp2 hybrid orbitals for 

bonding with other atoms35. The 1s orbital of a hydrogen atom combines with one of 

the sp2 hybrid orbitals creating a molecular orbital (MO) known as an σ-orbital. 

Bonding is an important process in organic chemistry in which carbon atoms form 

bonds through sp2 hybrid orbitals, resulting in the formation of a double bond. The π-

electron cloud spreads across carbon atoms, creating a separate molecular π-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 π-

orbitals are represented as π- and π*-MOs, respectively36. The best example of this is 

benzene, which consists of six carbon atoms connected by hybrid sp2 orbitals, 

resulting in the formation of six π-bonding MOs37. The π-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 π-orbitals, whereas σ-electrons are less likely to be 

stimulated due to the greater energy required for electronic transitions between σ-

orbitals. The HOMO-LUMO energy gap diminishes as the π-conjugation system 

expands, resulting in enhanced π-electron delocalisation38. 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 π* state, resulting 

in the formation of a hole. An exciton refers to a Coulomb-bound hole-electron pair 

generated in an organic material39.  

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-Mott40, 

charge-transfer (CT)41, and Frenkel excitons42. 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 properties43. Additionally, excitons 

possess multiplicity, which refers to the overall spin of a two-particle system. 
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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 other44. 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 radius45.  

 

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 temperature46 or UV47.  

Similarly, the emissive properties of solid-state samples depend on their 

molecular conformations. Emissive qualities can be significantly influenced by 

molecular packing48, aggregate49 formation, morphology50, and whether the sample is 

crystalline51 or amorphous52. For some molecules, aggregation can reduce emission 

intensity, which is known as aggregation-caused quenching (ACQ)53. 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 π–π stacking interactions, causing the 

excited states to return to the ground state, which suppresses emission54. 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 dissipation53,55. However, in aggregated forms, these factors 

are avoided because of the restrictions of intramolecular rotation56,57, vibration58,59, 

and movement60,61. 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 devices62. 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 form63. 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 fields64. 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. 65 presented work showing how forming an ultra-stable glass 

emitting layer can significantly increase the efficiency and lifetime of OLEDs65. 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 π – π 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 Ages66 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 efficiency67 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 stability68. However, a disadvantage is 

the incorporation of rare earth metals, such as Ir, Eu, Tb, Gd, Pt, and others69, into the 

emitter structure. In 2012, Adachi et al.70 demonstrated a process that achieved 100% 

IQE while avoiding the use of rare earth metals70. 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 (S0) to the singlet state of the donor (S1). This leads 

to the formation of a lower energy charge transfer singlet state (1CT), where electrons 

are converted from the upper levels71. Typically, an intersystem crossing (ISC) 

mechanism occurs, enabling the movement of electrons from the 1CT state to the 

triplet charge transfer state (3CT). When the energy difference between 1CT 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 excitons72. Additionally, TADF emitters can be easier to design and synthesise 

than phosphorescence emitters73. 

 

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 

cases74,75. 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 

architecture76. More recently, Adachi et al. demonstrated a donor-only D-π-D type 

compound that showed TADF properties74. 

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 molecules77. 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 molecules78. 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 transition79. 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 exciplexes80. 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 1H and 13C 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. 

 

Fig. 4. Molecular structures of compounds 1 and 2 

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 π→π* 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)82,83. 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 slopes84,85. 

 

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=O or SO2 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)86,87. 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 UV88,89. 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 bonding90–92.   

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 1H 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 moiety93. 

 

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 S0–S1 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. 

 

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 S1 or T1 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 S1 and T1 excited states are connected through 

an intermediate triplet state (such as T2) 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 71,86. 

The increase in PL intensity of the toluene solution of compound 1 after UV 

treatment can be explained by a higher population of the T1 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 π–π interactions87. 
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Fig. 8. PL spectra (a, c, e), 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 irradiation94. 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 TEMPO95. 

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 μW/cm2. 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)96. For example, 

while analysing the THF Stern-Volmer plot across the range of UV irradiation energy 

from 150 to 250 µW/cm2, the THF solution showed a Stern-Volmer constant (KSV) 

value of 0.242 [µW/cm2]-1, which was significantly higher than the KSV value obtained 

from the toluene solution, which was 6.26⋅10-3 [µW/cm2]-1. The fit of the THF solution 

to the plot had an R2 value greater than 0.957. The DMF solution of compound 1 

exhibited the lowest KSV value of 4.2·10-3 [µW/cm2]-1 when the Stern-Volmer plot 

was analysed within the range of up to 150 µW/cm2 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. 12377–1239197. 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–π–A–π–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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Fig. 9. Molecular structure of compounds 3–8 

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 

available98. The CV of compound 3 reveals two oxidation processes of reversible and 

quasi-reversible nature, at E0
ox1 = 0.653 V and E0

ox2 = 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 E0
ox1 = 0.639 V and E0

ox2 = 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 difficult99. 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 E0ox1 = 0.600 V and E0ox2 = 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 step100. 

 

Fig. 10. Cyclic voltammograms recorded for samples 3, 4, 7, and 8 (a), with 0.1 M 

Bu4NBF4 in CH2Cl2 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 Eox1onset 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
(a), V -2.27 -2.22 -2.23 -2.16 -2.23 -1.77 

Eox onset
(a), V 0.651 0.637 0.317 0.332 0.294 0.6 

EACV
(b), eV 2.53 2.58 2.57 2.64 2.57 3.03 

IPCV
(c), eV 5.45 5.44 5.12 5.13 5.09 5.4 

IPPE
(d), 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 
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spectroscopy (IPPE). The photoelectron emission spectra for compounds 3–8 are 

shown in Fig. 10b, while IPPE 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 IPPE, the 

measurements are obtained from surface molecules of a thin solid film. Although IPPE 

values are higher than IPCV 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 

quinacridone (QAcr) and tCz for compound 8 (Fig. 11a, b). These bands are marked 

by thin vertical lines at 389 nm for Acr, 290 nm (π→π*) and 307–335 nm (n→π*) 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)101 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 

λMAX
tol(a)., nm Tol. 448, 469 

464, 

490* 
551 571 

429, 454, 

488* 
555, 600 

λMAX
solid(a), nm Neat film 490 506 565 581 558 625 

λMAX
solid(a), nm mCP 462 479 525 541 452, 525 594 

PLQY(b), % Tol./ mCP 69/66 61/68 1.5/35 2/31 8.6/15.4 92/35 

ES1
(c), eV 

Me-THF 

2.92 2.79 2.68 2.59 3.02 2.31 

ET1
(c), eV 2.58 2.46 2.59 2.53 2.64 – 

ΔEST
(d), eV 0.34 0.33 0.09 0.06 0.38 – 

(a) Wavelength at the peak of the emission spectrum 

(b) PLQYs 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 ES1 and ET1 

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 equation102, 

𝑘𝑅𝐼𝑆𝐶 = 𝐴𝑒
(

−𝐸𝑎
𝑘𝑏𝑇

)
; (1) 

where Ea is the activation energy, kB 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)103.  



36 

 

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)104. 

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. 

 

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 



37 

 

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 S0→S1 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 S0→S1 

transition limits fluorescence.  
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Fig. 13. PL spectra and decay curves of compound 5 (10 wt.% in mCP): PL spectra 

(a) and PL decay curves (b) at ambient temperature in vacuum and air; PL spectra 

(c) and PL decay curves (d) across temperatures in an inert environment; PL and 

phosphorescence spectra (e) at 77K; temperature-dependent (f) RISC rate for 

calculating TADF activation energy (EA) 

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. 

 

Fig. 14. PL spectra of compound 3 dipersed in THF-water mixtures with varying 

water persentages (a); integrated PL spectra areas plotted against water volume 

percentages in the THF-water dispersions of compounds 3–8 (b); images of 

compounds 3–8 dispersions under UV light exposure (c) 

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 

µh, cm2 V-1 s-1(a) 1.3 × 10-5 1.6 × 10-5 4.6 × 10-5 8.5 × 10-5 2.4 × 10-5 2.5 × 10-3 

µ0, cm2 V-1 s-1(b) 1.9 × 10-7 1.9 × 10-8 1.8 × 10-7 2.2 × 10-7 6.8 × 10-7 4.5 × 10-5 

β, (cm V-1)1/2(c) 7.8 × 10-3 1.1 × 10-2 5.5 × 10-3 1.0 × 10-1 6.1 × 10-3 6.8 × 10-3 

µe, cm2 V-1 s-1 – 1.8 × 10-5 1.3 × 10-5 – – – 

µ0, cm2 V-1 s-1  – 1.8 × 10-8 6.6 × 10-8 – – – 

β, (cm V-1)1/2  – 1.1 × 10-2 8.6 × 10-3 – – – 

(a) Hole (µh) and electron (µe) mobilities measured from time-of-flight (TOF) measurements 

at electric field (E) of 3.6 × 105 V/cm 

(b) Mobilities measured in the absence of an electric field (µ0) 

(c) Field dependence parameter (β) for Poole-Frenkel type mobility, expressed as μ = μ0  ∙

eβ 
E1

2  
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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 

OLEDs, 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 (τtr) 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 (µh = 2.5×10-3 cm2 V-1 s-1) at an electric field of 3.6×105 

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)105,106 or diode configurations107 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 twisted108,109. The results of fitting the Poole-Frenkel electric 

field dependences110 of the experimental charge carrier mobilities led to relatively 

high field dependence parameters. The β values varied within the range from 5.5×10-

3 (cm V-1)1/2 for compound 5 to 1.1×10-2 (cm V-1)1/2 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 1.8×10-5 and 1.3×10-5 cm2 V-1s-

1, respectively, at the same electric field. Moreover, the µe values of compounds 4 and 

5 were comparable to their µh 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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Fig. 15. Equilibrium energy diagram (a); EL spectra of non-doped (A1–A6) and 

doped (B1–B6) devices (b); EQE dependence on current density for devices B1–B6 

(c) 

The compounds 3–8 were utilised as emitters in OLEDs. The layers of the 

fabricated devices were as follows: molybdenum trioxide (MoO3) (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 A1 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 emitters111,112. 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 proposed113. 

Table 4. Output electroluminescent parameters of OLEDs with non-doped (A1–A6) 

and doped (B1–B6) EMLs 

Device 

name 
EML λEL

(a), nm 
VON

(b), 

V 

Lmax
(c), 

cd/m2 

CEmax
(d), 

cd/m2 

PEmax
(e), 

lm/W 

EQEmax
(f), 

%  

A1 3 464 5.7 7475 2.56 0.9 1.6 

A2 4 481 7.9 5135 1.53 0.4 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 

B1 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 23.5 20.5 7.2 

B5 7:mCP 426,455 5.4 1820 0.8 0.4 0.5 

B6 8:mCP 587 6 4010 1.4 0.5 0.6 

(a) EL maximum (λEL) 

(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)/ TSPO1(4nm)/ 

TPBi(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-π-A-π-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 (IPPE = 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 formula114: 

ηext = γ ∙ ΦPL ∙ χ ∙ ηout; (2) 

where γ is the charge balance factor, ΦPL is the PLQY value, χ is the exciton 

recombination efficiency, and ηout 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 γ, 0.25 for χ, and 0.3 for ηout. 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 2301059115. 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 ºC without significant changes. Additionally, it 

begins to show a 5% mass loss at 343 ºC. 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 Tcr (Table 5). 

 

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)116. 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 

band117. 

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

Characteristic  5 6 7 

Td-5%
(a), ºC 343 408 441 

Tg
(b), ºC 57 117 128 

Tcr
(c), ºC 122 210, 258 225, 269 

Tm
(d), ºC 204 255, 262 217, 266, 283 

(a) 5% mass loss temperature (Td-5%) 

(b) Glass-transition temperature (Tg) 

(c) Crystallisation temperature (Tcr) 

(d) Melting temperature (Tm) 

The solvent dependence of 1CT 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)118. 

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 (τ1) of 42.3 ns, is typical 

of PF. The second component, with a lifetime (τ2) 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, e). The observed hypsochromic shift in the 1CT 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 1CT emission, characterised by a short decay time (τ1) 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 1LE 

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 (Tcr), 

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. 

 

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 (τ1 = 42.3 ns). Conversely, annealed 

5 produces a blue emission with a distinct PL spectrum (FWHM 57 nm) and a much 

shorter lifetime (τ1 = 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. 

 

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 1CT 

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 1LE 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 1LE and 1CT 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 ºC 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 (ΔEST = 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)117. 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 (Rq) 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 Rq value of 

6.35 nm. Both the non-annealed and annealed films exhibit sufficiently low roughness 

values, which meet the acceptable OLED119 criteria. 

 
Fig. 19. PL spectra of film 5 before and after annealing (a); XRD-GI 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 

(1 wt %) 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 Tcr (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 TADF117. 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)70. Annealing significantly enhances the TADF 

efficacy. For non-annealed mixtures of compound 5, the emission intensities 

measured in a vacuum Ivac were 2.3 times greater than those measured in air Iair. For 

the annealed dispersions, the measured Ivac value was six times greater than the Iair 

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 × 106 s−1 for 5, 1.46 × 106 s−1 for 6, and 3.3 × 

105 s−1 for 7) are among the highest ever recorded values for TADF emitters120–123. 

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 𝜋-𝜋* CT124. This results in quicker RISC in compounds with TADF through 

the intermediate 3LE 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 1CT and triplet 3CT excited states125. The 

energies of the 1LE states of phenoxazine and N-hexylacridone in compounds 5, 6, 
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and 7 are greater than those of the corresponding 1CT 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 levels8. RISC 

processes are more efficient than ISC for the annealed dispersions of 5, 6, and 7 in 

ZEONEX. 

 

 

Fig. 20. Absorption and PL spectra of molecular dispersions of 5 (1 wt %) in 

ZEONEX (a); PL spectra in air and vacuum (b); time-resolved PL spectra of 

annealed films of molecular dispersion of 5 (1 wt %) (c, f); XRD-GI diffractograms 

of molecular dispersion of 5 (10 wt %) in ZEONEX before and after annealing (d); 

PL decay curves of molecular dispersions of 5 (1 wt %) in ZEONEX in air and 

vacuum (e) 
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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 compounds126–129.  

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 π 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(a), nm 73 87 156 

PLQY, % 100 100 36.5 

τPF
(b), ns 22.77 22.8 26.59 

τDF
(c), ns 50965 44157 44908 

PF(d), % 0.65 1.29 1.9 

DF(e), % 99.35 98.71 98.1 

ΦPF
(f), % 0.65 1.29 0.69 

ΦDF
(g), % 99.35 98.7 35.81 

kPF
(h), s⁻¹ 2.89 × 105 5.64 × 105 2.6 × 105 

kDF
(i)

, s⁻¹ 1.95 × 104 2.24 × 104 7.97 × 103 

kISC
(j), s⁻¹ 2.87 × 105 5.57 × 105 2.55 × 105 

kRISC
(k), s⁻¹ 2.97 × 106 1.74 × 106 4.2 × 105 

(a) Full width at half maximum (FWHM)  

(b) Prompt fluorescence lifetime (τPF)  

(c) Delayed fluorescence lifetime (τDF)  
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(d, e) Fractional intensities of prompt (A1) and delayed (A2) fluorescence, obtained through 

fitting of the PL decay curve using the formula I𝑃𝐿  =  A1e
(−

t

τ𝑃𝐹
)

+  A2e
(−

t

τ𝐷𝐹
)
 [45] 

(f, g) Quantum yields of prompt (ΦPF) and delayed fluorescence (ΦDF) 

(h) Prompt fluorescence rate constant (kPF) 

(i) Delayed fluorescence rate constant (kDF) 

(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: 

MoO3 (0.35 nm), NPB (44 nm), a light-emitting layer (24 nm), TSPO1 (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-yl)-1,1′-biphenyl (mCBP), 3,6-di-tert-butyl-9-(2-(1-

phenyl-1H-benzo[d]imidaz (SM-66)130, 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 

Device EML 
λEL, 

nm 
VON, V 

Lmax, 

cd/m2 

CEmax, 

cd/m2 

PEmax, 

lm/W 

EQEmax, 

%  

C1 NPB:5 523 5.9 5710 3.6 1.5 1.1 

C1A NPB:5 524 6.1 10210 3.4 1.3 1 

C2 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 TCTA:5 526 4.3 15990 30.1 17.5 8.6 

C4A TCTA:5 526 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: MoO3 (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 Tg of 151 °C131 compared to other 

hosts (95 °C of NPB132, 90 °C or mCBP133, and 100 °C of SM66130). 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. 14186–14195134. 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. 

Ionisation 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 TM, °C TCr, °C TD-5%, °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 

λAbs
(a), nm 

Toluene 

solution/thin 

film 

297, 346/ 298, 347 297, 346/ 230, 345 

λFL, nm 354, 370/ 355, 366, 460 352, 367/ 352, 374, 439 

Eg
opt(b), eV 3.49 3.41 

Stokes shift(c), cm-

1 
653/649 493/577 

PLQY, % 3.67/3.03 3.63/3.05 

S1/T1
(d), eV 

THF solution 
0.64 0.58 

∆EST
(e), eV 13/1 28/1 

IPPE, eV 
Thin film 

5.98 6.17 

EAPE, eV 2.49 2.76 

(a) λAbs represents the wavelengths of absorption maxima 

(b) Eg
opt is the optical gap, estimated as 1240/λAbs onset, where λAbs onset is the onset wavelength 

of absorption 

(c) Stokes shift is calculated as λFl–λAbs 

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

1240/λPH onset 

(e) ΔEST is calculated as T1–S1 

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 ∆EST 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)135. The PL spectra of compound 9 were sensitive to oxygen, with a ratio 

of PL intensities (Ivac/IAir) of 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 acceptors80,136. 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 characteristic of CT. 

 

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 IPD values 

of compounds 9 and 10 (Fig. 22,   
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Table 9), according to Eq. 3137: 

hvex
max ≃ IPD − EAA − EC; (3)  

where IPD 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 μs 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 1138. 

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/m2, as well as higher 

maximum current, power, and EQE of 24.8 cd/A, 12.2 lm/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/m2 to 1000 cd/m2, 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 PLQYs were used to generate OLEDs with 

high EQE139. Based on our current understanding, these are the most notable features 

achieved from exciplex systems incorporating a fluorinated donor140–142. 
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Fig. 23. Equilibrium energy diagram and OLED structures (a); PL spectra of 

non-annealed and annealed exciplex mixtures (b); EQEs, 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)80. 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 spacers138,143, such as mCP:PO-T2T144–146 (emitting at a wavelength 

of 472 nm), TAPC:PO-T2T147 (emitting at a wavelength of 550 nm), and 

TAPC:TPBi147 (emitting at a wavelength of 442 nm). The TAPC compound 

demonstrates excimer (450 nm) and electromer (580 nm) emissions148, 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 

Device 
λmax, 

nm 
Von, V 

Lmax, 

cd/m2 

CE / PE / EQE, 

cd/A / lm/W / %  
Max(a) 

 
@ 100 cd/m2(b) @ 1000 cd/m2(c) 

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/m2 and 1000 cd/m2 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.  
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4. CONCLUSIONS 

1. 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. 

2. 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. 

3. 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%.  

4. 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. 

5. 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 

quantum efficiency of 7.7% and colour tunability, highlighting their potential for 

the development of high-performance, versatile electroluminescent devices. 
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5. SANTRAUKA 

5.1. Įžanga 

Organiniai puslaidininkiai optoelektronikos srityje tapo perspektyvia 

alternatyva neorganiniams puslaidininkiams. Nuo 1987 m., kai buvo sukurtas 

pirmasis organinis šviesos diodas (OLED)1, ši sritis smarkiai išaugo.  Prognozuojama, 

kad iki 2030 m. rinka pasieks 566 mlrd USD17,18. Tokį susidomėjimo didėjimą galima 

paaiškinti keliais veiksniais, įskaitant organinių puslaidininkių universalumą, jų 

pritaikomumą įvairiuose srityse (OLED, organiniai saulės elementai19, tranzistoriai20, 

jutikliai21,22), jų potencialą lanksčiojoje elektronikoje ir jų tvarumą dėl perdirbamumo 

ir pigios gamybos25,29. 

Vis dėlto organiniai puslaidininkiai iš tiesų yra perspektyvūs dėl savo lanksčių 

ir jiems būdingų savybių. Įprastinių neorganinių puslaidininkių kristalinės struktūros 

yra nelanksčiomis32, o organinius puslaidininkius sudaro dinamiškos molekulės. Jų 

savybes lemianti molekulinė struktūra, sukimasis, vibracija ir judėjimas turi įtakos 

optiniam ir elektriniam medžiagos elgesiui. Dėl natūralaus lankstumo jų savybės gali 

būti keičiamos reaguojant į išorinius dirgiklius. Pavyzdžiui, Zhu ir kt. parodė, kad UV 

spindulių poveikis padidino perileno Schiffo bazės darinių fluorescenciją33. Tyrėjai 

teigė, kad šį įvykį lėmė UV spinduliuotės sukelta molekulių trans-cis izomerizacija, 

dėl kurios pakinta cheminė forma ir padidėja fluorescencijos intensyvumas. Dėl šio 

jautrumo elektromagnetinei spinduliuotei atsiranda galimybė sukurti labai jautrius ir 

selektyvius jutiklius, skirtus įvairioms reikmėms – nuo UV spinduliuotės aptikimo iki 

optinio ryšio bangų ilgio stebėjimo. Panašiai Wang ir kt. pagerino tirpalu apdorotų 

OLED veikimą, atlikdami atkaitinimo procedūras, kurios pakeitė emisijos sluoksnių 

molekulinio pereinamojo dipolinio momento kryptį34. Keisdami tik atkaitinimo 

temperatūrą, mokslininkai galėjo tiksliai sureguliuoti šių molekulių išsidėstymą, todėl 

pagerėjo nešiklių judrumas ir efektyviau skleidžiama šviesa. Tai parodo, kokią didelę 

įtaką organinių puslaidininkių elgsenai gali turėti išoriniai veiksniai, ir rodo, kad 

kruopščiai manipuliuojant šiomis molekulėmis galima sukurti pažangius 

optoelektroninius prietaisus. 

Šioje disertacijoje gilinamasi į sudėtingą organinių puslaidininkių pasaulį tiriant 

tris skirtingas junginių 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 fragmentų. Šios 

šeimos pasižymi neįprastais emisinių savybių pokyčiais reaguojant į išorinius 

dirgiklius, pavyzdžiui, UV šviesą ar temperatūrą. Šie pokyčiai susiję su molekulinės 

konformacijos ir morfologijos pokyčiais, todėl išryškėja galimybės kurti jutiklius ir 

OLED, kurie naudoja TADF reiškinį. 

Nagrinėjant pagrindinius organinių puslaidininkių elgsenos principus ir tiriant 

išorinių dirgiklių poveikį jų savybėms, šis tyrimas prisideda prie didėjančio šios srities 

žinių bagažo. Išvados atveria kelią kurti inovatyvius optoelektroninius prietaisus, 

pasižyminčius didesniu našumu, efektyvumu ir tvarumu. 

Šio tyrimo tikslas – ištirti, kaip organinių puslaidininkinių junginių 

molekulinės konformacijos, struktūros ir morfologija veikia jų fotofizikines, 
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elektrofizikines ir optoelektronines savybes veikiant skirtingiems išoriniams 

veiksniams. 

Šiam tikslui pasiekti buvo suformuluotos tokios užduotys: 

- atlikti pasirinktų junginių fotofizikinius tyrimus, nustatant jų emisijos 

mechanizmus; 

- ištirti benzofenono ir fenotiazin-5,5-dioksido junginio potencialą UV 

jutikliams, tiriant jų TADF intensyvumo priklausomybę nuo UV sužadinimo; 

- suprojektuoti, pagaminti ir charakterizuoti OLED, kurių sudėtyje yra 

akridono ir chinakridono junginių, elektroliuminescencines savybes; 

- ištirti akridono ir fenoksazino darinių struktūros savybių įtaką 

fotofizikinėms jų savybėms ir pritaikyti OLED gamyboje; 

- įvertinti naujų trifluorbifenilo ir karbazolo darinių pagrindu sudarytų 

eksipleksų emisijos mechanizmą ir jų pritaikomumą OLED. 

 

Darbo naujumas: 

- Tiriant benzofenono ir difenilsulfono dariniais su fentiazin-5,5-dioksido 

dalimis, pirmą kartą nustatytas organinių spinduolių fotostimuliuojamos 

fluorescencijos reiškinys, kai, veikiant UV spinduliams, kinta ir emisijos spalva, ir 

intensyvumas. Darbe atskleistas naujas fotostimuliuojamos fluorescencijos 

mechanizmas, kuris, veikiant UV spinduliams, apima konformacinę izomerizaciją 

tarp dviejų stabilių dažiklio molekulės konformerų. 

- Akridono ir chinakridono darinių su skirtingais donoriniais fragmentais, iš 

kurių gaunamos įvairių spalvų – nuo mėlynos iki oranžinės – elektroliuminescencinės 

medžiagos, apibūdinimas. Darbe parodyta dispergavimo ir molekulinės struktūros 

įtaka šių junginių emisijos charakteristikoms ir jų potencialus naudojimas aukšto 

efektyvumo TADF/AIEE OLED ir kituose optoelektroniniuose prietaisuose. 

- Termiškai kontroliuojama mechanochrominė liuminescencija, kai emisijos 

spalva gali būti grįžtamai keičiama išoriniais dirgikliais, tokiais kaip grūdimas, 

veikimas tirpiklio garais, išlydimas ar atkaitinimas, pirmą kartą pademonstruota 

naudojant akridonus su fenoksazino fragmentais. Darbe parodoma, kaip atkaitinimo 

sukelta kristalizacija daro įtaką šių junginių TADF charakteristikoms, o tai labai 

padidina išorinį OLED kvantinį efektyvumą. 

- Šiame darbe charakterizuojami nauji karbazolo pagrindo emiteriai, kurie taip 

pat rodo, kad juos galima naudoti aukšto efektyvumo OLED, kurių išorinis kvantinis 

efektyvumas siekia 7,8 %. Darbe, naudojant akceptorių su fluoro atomus, 

nagrinėjamas mėlynai ir žaliai spinduliuojančių eksipleksų susidarymas OLED 

įrenginiuose, pabrėžiant būtinybę suprasti eksipleksų susidarymą ant paviršiaus 

optimizuojant įrenginius. 

5.2. Rezultatų Aptarimas 

5.2.1.  Polimorfinių akceptorių pagrindu sukurtos tridalės medžiagos su 

fotoindukuotu TADF, skirtos UV spindulių jutimui 

Šis skyrius parengtas straipsnio, 2021 m. paskelbto mokslo žurnale „Chemical 

Engineering Journal“ (Volume 425, 13154974), pagrindu81. Šiame darbe naudojamas 
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TADF junginių donorų–akceptorių–donorų projektavimo metodas, įtraukiant 

fentiazin-5,5-dioksido, benzofenono ir difenilsulfono dalis, pasižyminčias 

skirtingomis elektronus priimančiomis savybėmis. Šių junginių cheminės struktūros 

pateikta 24a pav. 

 

 24 pav. 1 ir 2 junginio cheminė struktūra (a), 1 ir 2 junginių absorbcijos (b), 

fotoliuminescencijos (PL) spektrai (c). Lipperto–Matagos diagramos (d) 1 junginio 

tolueno tirpalo PL spektrai prieš, po deoksigenacijos ir apdorojimo UV spinduliais 
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(e), konformacinė izomerizacija tarp mėlynai emituojančio konformerio A ir žaliai 

emituojančio konformerio B (f) 

1 ir 2 junginių UV sugerties spektrai buvo panašūs, o maksimumai buvo ties 

300, 320 ir 328 nm, daugiausia dėl fentiazinų 5,5-dioksido dalies π→π* perėjimų 

(24b pav.). Šios mažos energijos absorbcijos juostos nebuvo jautrios skirtingam 

tirpalų poliškumui. Tačiau 1 junginys turėjo papildomą sugerties juostą 340–370 nm 

diapazone, kuri, tikėtina, atsirado dėl intramolekulinio krūvio pernašos (ICT) tarp 

fentiazin-5,5,5-dioksido ir benzofenono vienetų. Abiejų junginių emisijai būdingas 

ICT, kaip rodo jų PL spektrų batochrominiai poslinkiai labai poliškuose tirpikliuose 

(24c pav.). Didesnis 1 junginio Lipperto–Matagos grafiko nuolydis rodo, kad jo ICT 

pobūdis yra stipresnis nei 2 junginio, o 1 junginiui apskaičiuotas 19 859 cm–1 

nuolydžio parametro vertė yra viena didžiausių, palyginti su efektyviais donorinio-

akceptorinio tipo TADF emiteriais (24 f pav.). 

1 ir 2 junginių cheminė struktūra yra jautri molekuliniam sukimuisi, dėl kurio 

sužadinimo metu gali susidaryti hibridizuotos vietinio krūvio pernašos (HLCT) 

būsenos. Tačiau šios emisijos 1 ir 2 negalima apibūdinti HLCT dėl to, kad Lipperto–

Matagos diagramos fiksuotos tik su vienu nuolydžiu (24 f pav.). THF tirpalo 1 greitąją 

ir uždelstąją fluorescenciją galima atpažinti atliekant nuo laiko priklausančius 

matavimus ore ir deoksigenuotuose ksileno ir acetonitrilo tirpaluose (24 d pav.). Labai 

poliškame acetonitrilo tirpiklyje ilgai trunkanti fluorescencijos gyvavimo 

komponentė greičiausiai yra susijusi su TADF. Tai pirmasis organinių dažiklių 

emisijos reiškinio, vadinamo fotostimuliuota fluorescencija, stebėjimas. 

Abiejų junginių fotoliuminescencijos (PL) charakteristikos, kai jie ištirpinti 

tirpale, labai skiriasi. 1 junginys, išsiskiriantis aiškiomis ICT savybėmis ir ištirpęs 

poliniuose tirpikliuose, pasižymi raudonu PL spektro poslinkiu. Šis poslinkis 

atsiranda dėl efektyvaus krūvininkų atskyrimo, kai medžiagą veikia šviesa, todėl 

keičiasi ir spinduliuojamos šviesos spalva, ir intensyvumas. Be to, 1 junginys 

pasižymi savitomis reakcijomis, kai yra veikiamas UV spinduliais, jo molekulinėje 

struktūroje įvyksta grįžtamieji pokyčiai, dėl kurių keičiasi spalva ir emisijos 

intensyvumas. Šis reiškinys vadinamas fotostimuliuota fluorescencija. 2 junginys 

identiškomis aplinkybėmis pasižymi ne tokiais reikšmingais PL charakteristikų 

pokyčiais, o tai rodo silpnesnes ICT savybes ir skirtingą elgesį esant sužadintos 

būsenos, palyginti su 1 junginiu. 

Tyrime nagrinėjami 1 junginio fotostimuliuojamos fluorescencijos reiškiniai 

naudojant UV spindulių sužadinimą. Veikiant UV spinduliuotei, 1 ir 2 plėvelės 

skleidė mėlyną šviesą (24 c pav.). Išspinduliuojamos šviesos PL spektrai buvo 

vientisi, o 1 ir 2 plėvelių maksimalus intensyvumas buvo ties 432 nm ir 400 nm 

atitinkamai.  

Fotostimuliuotos fluorescencijos reiškinys rodo du skirtingus emisijos 

reiškinius: 1) emisijos spektrų (spalvų) poslinkį iš ilgesnių į trumpesnius bangų ilgius, 

veikiant UV spinduliams (iš žalios į mėlyną); 2) mėlynos emisijos intensyvumo 

padidėjimą veikiant UV spinduliams. Norint išsamiai suprasti pagrindinius procesus 

įvairiose terpėse, būtina nuodugniai ištirti šių efektų kilmę. 
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Tyrimai rodo, kad 1 tirpalo spalvos ir fluorescencijos intensyvumo pokyčiai, 

veikiant UV spinduliais, nėra susiję su 1 tirpalo molekulinės struktūros cheminiais 

pokyčiais, pavyzdžiui, skilimu ar protonizacija. Skirtingi 1 junginio polimorfai 

pasižymėjo mėlyna ir žalia emisija, kuri skyrėsi priklausomai nuo dvisienių kampų 

tarp fentiazino 5,5-dioksido ir benzofenono vienetų ir tarp benzofenono molekulių 

fenilinių žiedų (24 f pav.)93. Pirmasis emisijos efektas, susijęs su emisijos spektro 

perėjimu iš mažos energijos juostos į didelės energijos juostą, yra susijęs su 1 

molekulių molekulinės konformacijos pokyčiais. 

 

25 pav. 1 DMF tirpalo PL spektrai po įvairios trukmės UV apdorojimo (a); 1 

tolueno tirpalo, apdoroto UV spinduliais ir užfiksuoto įvairiose temperatūrose, PL 

spektrai (c); pateikiami 1 junginio THF tirpalo fotoliuminescencijos spektrai (c); 

Sterno–Volmerio diagramos ir emisijos bangos ilgio priklausomybė nuo UV 

spinduliuotės intensyvumo (d). 

Buvo tiriama S1 energija įvairiose kristalinėse struktūrose. Prognozuota, kad A 

polimorfo monokristalo S1 būsenos energija yra 3,09 eV, o B polimorfo 

monokristalo – mažesnė (2,84 eV). Šį skirtumą lemia konformaciniai skirtumai ir 

efektyvi π-delokalizacija virš benzofenono grupės B polimorfo, todėl ryšio ilgio kaita 

yra mažesnė. Mažesnę LUMO orbitalės energiją lemia delokalizacija virš 

benzofenono fragmentų. Ryšio ilgio kaita yra ryškesnė fentiazino 5,5-dioksido 

molekulės 1 polimorfo B dalyje, o tai lemia HOMO orbitalės lokalizaciją. Galutinis 

skirtumas tarp HOMO-LUMO tarpų sutampa su energijos skirtumu tarp S1 būsenų 
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(0,25 eV), todėl išryškėja ribinių MO energijos vaidmuo nustatant S1 būsenų 

vertikaliąsias energijas. 

TADF reiškinys demonstruojamas parodant, kad energiškai atskirtos mišrios 

ICT+LE S1 ir T1 sužadintosios būsenos yra vibroniškai susietos per tarpinę LE 

pobūdžio T2 būseną. T1 eksitonų populiacijos padidėjimas ir vėlesnė RISC sukelta 

uždelstoji fluorescencija lemia stebimą 1 tolueno tirpalo emisijos intensyvumo 

padidėjimą po nuolatinio UV stimuliavimo (24 e pav.).  Fotostimuliuojamą 

intensyvumo padidėjimą skatina tripletinių eksitonų skaičiaus padidėjimas ir tolesnis 

jų perėjimas į singletus. Kaip fotostimuliuojamos fluorescencijos priežastis taip pat 

siūloma konformacinė izomerizacija tarp žalia ir mėlyna emisija pasižyminčių 

junginio 1 molekulių formų. DMF tirpalų, kuriuose yra TEMPO priedų, bet PL 

spektrai, veikiami UV spindulių, nepasikeitė, o tai rodo, kad fotostimuliuojamos 

fluorescencijos mechanizmas gali vykti per radikalų tarpinį produktą (25 b pav.)95. 

Siekiant įrodyti, kad 1 junginys gali būti panaudotas kaip UV spinduliams jautri 

medžiaga optiniams jutikliams, PL spektrai buvo užregistruoti esant skirtingiems UV 

apšvietos galingumams, švitinant 10 minučių (25 c pav.). 1 tolueno tirpalo PL 

intensyvumas palaipsniui didėjo didėjant UV spinduliuotės intensyvumui ir 

pasižymėjo maža jutimo riba, mažesne nei 10 μW/cm2. 1 tolueno tirpalo PL tiesiškai 

atitiko Sterno–Volmerio priklausomybę I0/I–1 = KSV[UV], esant skirtingam UV 

spinduliuotės intensyvumui. Buvo gauta 6,26·10–3 [μW/cm2]–1 KSV vertė 1 tirpalui 

toluene (25 f pav.). Skirtingas tiesines sritis galima nustatyti Sterno–Volmerio 

grafikuose, sudarytuose 1 THF ir DMF  tirpalams. Pavyzdžiui, 1 THF tirpalo KSV vertė 

buvo didžiausia (0,242 [µW/cm2]−1) 150–250 µW/cm2 UV spinduliuotės galingumo 

intervale.  

Mažiausia KSV buvo gauta 1 DMF tirpalui (4,2·10–3 [µW/cm2]–1), kai UV 

spinduliuotės energijos diapazonas buvo iki 150 µW/cm2. DMF tirpalas pasižymėjo 

žalios į mėlyną spalvą pereinančia kaita skirtingoms UV spinduliuotės dozėms. 

5.2.2. Akridono ir chinakridono dariniai su karbazolo arba fenoksazino 

pakaitais: elektrochemija, fotofizika ir taikymas kaip TADF 

elektroliuminoforai 

Šis skyrius parengtas straipsnio, 2022 m. paskelbto mokslo žurnale „Journal of 

Materials Chemistry C“ (Volume 10, 12377–1239190), pagrindu97. Šeši akridono ir 

chinakridono dariniai, kuriuose yra karbazolo arba fenoksazino pakaitų, buvo 

tikslingai sukurti ir susintetinti siekiant ištirti donorinio (D) ir akceptorinio (A) 

jungimo modelio (D-A, D-A-D arba D-π-A-π-D) įtaką jų fotofizikinėms savybėms ir 

taikymui OLED. 3–8 junginių cheminė struktūra pateikta 26 a pav. 

3–8 junginių absorbcijos spektrams būdingos D ir A fragmentų juostos, 

pavyzdžiui, 3 ir 4 junginių atveju – akridono (Acr) ir tert-butilkarbazolo (tCz), 5–7 

junginių atveju – akridono (Acr) ir fenoksazino (PhNZ), o 8 junginio atveju – 

chinakridono (QAcr) ir tCz (3 b, c pav). Juostos pažymėtos siauromis vertikaliomis 

linijomis: Acr – 389 nm, tCz – 290 nm (π→π*) ir 307–335 nm (n→π*), PhNZ – 

313 nm, QAcr – 290 nm ir 504 nm. Nedideli šių juostų poslinkiai ir išsiplėtimas 

matomi visų tirtų junginių (3–8) spektruose, ypač mažos energijos srityse. Šį reiškinį 
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galima paaiškinti ICT būsenų, atsirandančių dėl elektronus atiduodančių ir elektronus 

priimančių molekulių sąveikos, atsiradimu. 

 

26 pav. 3–8 junginių molekulinė struktūra (a). Pateikiami tolueno tirpalų, turinčių 

3–8 junginių, sugerties spektrai (b, c) ir palyginimui tCz, QAcr, PhNZ ir Acr 

sugerties spektrai. Be to, pateikti toluene ištirpintų 3–8 junginių (d) ir jų vakuume 

nusodintų plėvelių (e) PL spektrai. Pateikiami 3–8 junginių, ištirpintų Me-THF, PL 

ir fosforescencijos spektrai (f), užregistruoti 77 K temperatūroje. Fosforescencijos 

spektrams fiksuoti po sužadinimo naudotas 1 milisekundės delsos laikas. Sužadinti 

naudotas 330 nm bangos ilgis. (e) intarpe pateiktos vakuume nusodintų plėvelių 

nuotraukos, kai jos buvo veikiamos UV spindulių 

Kietųjų sluoksnių 3–8 sugerties spektrai yra tokie patys kaip ir analogiškų 

tolueno tirpalų, tik jie yra daug platesni. Šį poveikį galima paaiškinti vienu iš dviejų 

veiksnių: agregacija arba didesniu ICT. Jis labiau tikėtinas, atsižvelgiant į visų tirtų 
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medžiagų atitinkamų PL spektrų formas, kurias sukelia ICT. Priešingai, tam tikri 

tolueno 3, 4 ir 7, 8 tirpalų PL spektrų aspektai atsiranda dėl LE būsenų 

rekombinacijos, kurią daugiausia sukuria elektronus priimančios molekulės. 5 ir 6 turi 

ICT formos PL spektrus tiek tolueno tirpaluose, tiek esant kietos būsenos, kurie 

susidaro dėl stiprių D-A sąveikų (26 d, e pav.). 

11 lentelė. 3–8 junginių fotofizikiniai parametrai, įskaitant singletų ir tripletų 

energijas 

Parametrai Terpė 3 4 5 6 7 8 

λMAX
tol(a), nm Tol. 448, 469 464, 490* 551 571 

429, 454, 

488 
555, 600 

λMAX
plėvelės(a), nm Sluoksnis 490 506 565 581 558 625 

λMAX
plėvelės(a), nm mCP 462 479 525 541 452, 525 594 

PLQY(b), % 
Tol./ 

mCP 
69/66 61/68 1,5/35 2/31 8,6/15,4 92/35 

ES1
(c), eV 

Me-THF 

2,92 2,79 2,68 2,59 3,02 2,31 

ET1
(c), eV 2,58 2,46 2,59 2,53 2,64 – 

ΔEST
(d), eV 0,34 0,33 0,09 0,06 0,38 – 

(a) bangos ilgis emisijos spektro smailėje; (b) PLQY, išmatuotos inertinėje aplinkoje; (c)  

singletinio (ES1) ir tripletinio (ET1) lygmens energijos paimtos iš atitinkamai PL 

(fluorescencijos) ir fosforescencijos spektrų, užregistruotų Me-THF tirpalų skysto azoto 

temperatūroje (77 K); (d) energijos skirtumas tarp ES1 ir ET1. 

 

Liuminescencijos ir laikinės spektroskopijos eksperimentai atskleidė ilgai 

trunkančią 5–7 junginių disperguotų mCP emisiją vakuumo sąlygomis (27 a, b pav.). 

PL spektrų forma prieš ir po vakuumavimo nepasikeitė. Tai patvirtina hipotezę, kad 

šią ilgai išliekančią emisiją sukėlė uždelstoji fluorescencija. Dėl deguonies pašalinimo 

padidėjęs tirpalų ir 5–7 junginių molekulinių dispersijų PL spektrų intensyvumas 

aiškiai rodo, kad uždelstą fluorescenciją sukelia tripletai (27c pav). 

PL ir PL gyvavimo trukmės buvo matuotos su 5 junginio plėvelėmis oro ir 

vakuumo aplinkoje įvairiose temperatūrose (27 d–g pav.). TADF junginių PL 

gyvavimo trukmės kreivė apibūdinta fluorescencijos komponente nanosekundžių ir 

uždelstosios fluorescencijos komponente mikrosekundžių intervale. Uždelstosios 

fluorescencijos intensyvumas didėjo kylant temperatūrai, o tai rodo, kad uždelstąją 

fluorescenciją sukėlė temperatūros sužadintas mechanizmas. 5–7 junginių PLQY 

reikšmės tirpaluose yra palyginti mažos, tačiau daug didesnės PLQY reikšmės kietoje 

mCP matricoje, skirtingai nei 3, 4 ir 8 junginio vertės šiose terpėse, o tai galima 

priskirti agregacijos sukeltam emisijos sustiprėjimui (AIEE) (11 lentelė)103. 

Taip pat pateikti 3–8 junginių dispersijų THF ir vandens mišiniuose PL 

matavimų rezultatai (27 h, i pav.). 3 junginio emisijos intensyvumas mažėjo didėjant 

vandens procentinei daliai tirpalo mišinyje, kaip būdinga junginiams, pasižymintiems 

ACQ104. ACQ taip pat nustatyta 4 ir 8 junginiuose. 5–7 junginiai buvo disperguoti 
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THF ir vandens mišiniuose, o emisijos intensyvumas nuolat didėjo didėjant vandens 

procentinei daliai, o tai rodo, kad 5–7 junginiai pasižymi AIEE. 

Elektros pernešimas OLED emisiniuose sluoksniuose yra labai svarbus prietaiso 

veikimui, ypač elektroliuminoforų, esančių vienkomponenčiuose sluoksniuose, arba 

OLED legiruotuosiuose sluoksniuose. Šiame darbe, taikant lėkio trukmės (TOF) 

metodą, buvo ištirtos 3–8 elektroliuminoforų, krūvio pernašos savybes. Nustatyta, kad 

3, 6–8 junginiai yra vienpoliai, kuriuose pastebimas tik skylių judrumas, tačiau 4 ir 5 

junginiai yra ambipoliniai, kuriuose vyksta ir p tipo (skylių), ir n tipo (elektronų) 

pernaša. Chinakridono darinys pasižymėjo didžiausia skylių judrumo verte. 

 

 

27 pav. 3–8 junginių molekulinių dispersijų (10 % masės mCP matricoje) PL 

spektrai (a). Šių dispersijų PL gesimo kreivės (b). 5 junginio tolueno tirpalų PL 

spektrai ore, po deoksigenavimo ir po pakartotinio oksigenavimo (c). 5(10 % 

masės): mCP PL spektrai (d) ir PL gyvavimo trukmių kreivės (e) kambario 

temperatūroje vakuume ir ore. PL spektrai (f) ir PL gyvavimo trukmių kreivės (g) 

išmatuotos esant įvairiai temperatūrai inertinėje aplinkoje. 3 junginio dispersijų THF 

ir vandens mišiniuose su skirtingomis procentinėmis vandens dalimis 

fotoliuminescencijos spektrai  (h). Integruoti fotoliuminescencijos spektrų plotai 
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buvo pavaizduoti priklausomai nuo vandens kiekio procentinės dalies junginių 

dispersijose THF ir vandens mišiniuose (j) 

12 lentelė. OLED su nelegiruotaisiais (A1-A6) ir legiruotaisiais (B1-B6) EML 

elektroliuminescenciniai parametrai 

Prietaisas EML 
λEL

(a), 

nm 

VON
(b), 

V 

Lmax
(c), 

cd/m2 

CEmax
(d), 

cd/m2 

PEmax
(e), 

lm/W 

EQEmax
(f), 

%  

A1 3 464 5,7 7475 2,56 0,9 1,6 

A2 4 481 7,9 5135 1,53 0,4 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 
484,5

85 
11,4 443 0,4 0,06 0,12 

B1 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 23,5 20,5 7,2 

B5 7:mCP 
426,4

55 
5,4 1820 0,8 0,4 0,5 

B6 8:mCP 587 6 4010 1,4 0,5 0,6 

(a) didžiausiasis EL (λEL); (b) įjungimo įtampa (VON); (c) didžiausiasis ryškumas (LMAX); 

(d) didžiausioji srovės (CEMAX); (e) galios (PEMAX) ir (f) išoriniai kvantiniai (EQEMAX) 

efektyvumai. Prietaiso struktūra: MoO3(0,35nm)/ NPB(44nm)/mCP (4 nm)/ EML (24nm)/ 

TSPO1(4nm)/ TPBi(40nm)/LiF(0,35nm)/Al 

 

Susintetinti akridono ir chinakridono dariniai turi potencialą būti pritaikyti 

įvairiose srityse, įskaitant elektrochromines medžiagas, aktyviais sluoksniais 

bipoliniuose arba p kanalo lauko efekto tranzistoriuose ir elektroliuminoforus šviesą 

skleidžiančiuose dioduose. Pastebėta elektroliuminescencija yra susijusi tik su EML 

emisija, o gautų EL spektrų padėtys ir formos tiksliai atitinka PL spektrus, gautus iš 

grynų (nelegiruotųjų) ir disperguotų mCP (legiruotųjų) 3–8 sluoksnių (28 b pav., 12 

lentelė). 
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28 pav. OLED struktūros energijos diagrama (a), pagamintų prietaisų A1-A6 

ir B1-B6 EL spektrai (b), prietaisų B1-B6 išorinio EQE priklausomybė nuo srovės 

tankio 

Akridoną arba chinakridoną funkcionalizavus tik dviem donorais – tCz ir 

PhNZ – gaunami įvairūs elektroliuminoforai, kurių emisijos spektrai svyruoja nuo 

mėlynos iki oranžinės spalvos. Akridono su tCz pakaitalu nelegiruoti emisiniu 

sluoksniu šviestukai pasižymi mėlynos spalvos elektroliuminescencija. 5 ir 6 

dispersijos mCP (prietaisai B3 ir B4) pasižymi EL spektrais, kurie, palyginti su A3 ir 

A4 prietaisų spektrais, yra hipsochromiškai pasislinkę, o jų spalvos koordinatės 

CIE1931 būdingos mėlynai sričiai. Įdomu tai, kad A5 ir B5 prietaisai parodė geltonos 

ir mėlynos spalvos elektroliuminescenciją, o tai rodo, kad sluoksniai pasižymi 

skirtingais elektroliuminescencijos procesais. Tirto vienintelio chinakridono darinio 

nelegiruotasis ir legiruotasis EML sukuria elektroliuminescenciją, artimą raudonai 

spalvai. Prietaiso A6 EL spektruose aptikta didelės energijos juosta, kurios viršūnė 

yra apie 490 nm, kurią galima panaudoti kuriant baltos spalvos OLED. Nelegiruotųjų 

EML, sudarytų iš 3–8 junginių (prietaisai A1-A6), CIEx vertės svyravo nuo 0,15 iki 

0,439. 

Pastebėtos išskirtinės 5 junginio TADF/AIEE emisijos ir bipolinio krūvininkų 

pernešimo galimybės, o A3 ir B3 pasižymėjo didžiausiomis EQE vertėmis – 

atitinkamai 2,3 % ir 13 %. Įdomu, kad 3 junginio, kurio prietaisai A1 ir B1 pasižymėjo 
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maksimaliu EQE – atitinkamai 1,6 ir 4 %, o tai gali būti laikoma labai perspektyviu 

pavyzdžiu gaminant fluorescencinius OLED. 

5.2.3. Termiškai kontroliuojamas akridonų su fenoksazino pakaitais emisijos 

savybių derinimas - vienas iš žingsnių į priekį kuriant efektyvius organinius 

šviesos diodus, pagrįstus kristaliniais emiteriais 

Šis skyrius parengtas straipsnio, 2023 m. paskelbto žurnale „Advanced Optical 

Materials“ (Volume 11, 2301059108), pagrindu115. Šis darbas yra ankstesnio skyriaus 

tęsinys, kuriame daugiausia dėmesio skiriama fenoksazinu pakeistiems 5, 6 ir 7 

akridonams. Šio tyrimo tikslas – ištirti šių medžiagų morfologinio perėjimo įtaką 

fotofizikinėms ir elektroliuminescencinėms savybėms. Tirtų molekulių 5, 6 ir 7 

cheminė struktūra pateikta 26 a pav. 

5, 6 ir 7, kaip kristalinių elektroliuminoforų OLED, šiliuminės savybės buvo 

tiriamos termogravimetrijos (TGA) ir diferencinės skenuojančiosios kalorimetrijos 

(DSC) metodais. Gauti rezultatai leido nustatyti vakuuminio garinimo metodu 

paruoštų plėvelių tinkamą atkaitinimo temperatūrą. 5 yra termiškai stabilus 

aukštesnėje nei 300 ºC temperatūroje, o endoterminė lydymosi smailė pastebėta 

204 ºC temperatūroje kaitinant pirmąkart. Atvėsus 5 susidaro molekulinis stiklas ir 

nėra pastebimos kristalizacijos smailės. Be to, 6 ir 7 šiliuminės savybės panašios, 

tačiau jų Tm, Tg ir Tcr yra daug aukštesnės (13 lentelė). 

13 lentelė. 5, 6 ir 7 medžiagos terminės charakteristikos 

Parametrai 5 6 7 

Td–5 %
(a), ºC 343 408 441 

Tg
(b), ºC 57 117 128 

Tcr
(c), ºC 122 210, 258 225, 269 

Tm
(d), ºC 204 255, 262 217, 266, 283 

(a) 5 % masės nuostolių temperatūra (Td–5 %), b) stiklėjimo temperatūra (Tg), c) kristalizacijos 

temperatūra (Tcr), d) lydymosi temperatūra (Tm). 

Siekiant ištirti galimas solvatochromines savybes, buvo pasirinkti du skirtingos 

dielektrinės konstantos tirpikliai: heksanas ir THF. Heksano ir THF tirpalų 

absorbcijos spektrai buvo beveik identiški anksčiau aprašytiems atitinkamų tolueno 

tirpalų absorbcijos spektrams116. 5 ir 6 THF tirpalų, palyginti su heksano tirpalais, PL 

spektrai buvo pasislinkę žemesnės energijos bangų regione ir pasižymėjo didesniu 

visu pločiu ties puse maksimumo (FWHM), o tai patvirtina CT liuminescenciją (29 

a–c pav.). 

Sintezės metu susiformavusių kristalinių 5, 6 ir 7 mėginių PL spektrų 

maksimumai buvo atitinkamai ties 486, 571 ir 558 nm. Šie spektrai aiškiai rodo, kad 

tirti dariniai pasižymi mechanochrominio tipo (MC) liuminescencija. Trynimas, 

veikiant tirpiklio garais, kaitinimas iki lydymosi temperatūros ir kaitinimas (terminis 

atkaitinimas) iki kristalizacijos temperatūros gali turėti didelę įtaką jų emisijos 

savybėms (29 d–f pav.). Išlydytas 5 pasižymi geltona emisija TADF savybėmis, 

tačiau atkaitintas 5 emituoja mėlynai ir nėra TADF (29 g pav.). 
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29 pav. Tirpalų, kuriuose yra 5 (a), 6 (b) ir 7 (c) junginių, absorbcijos ir PL 

spektrai. Ištirtos 5, 6 ir 7 mechanoliuminescencinės savybės. Buvo išmatuotos 

bandinių  veikiamų išoriniais dirgikliais (malimu, veikimu tirpiklio garais, 

atkaitinimu, lydymu), PL spektrai (g-j) ir PL gyvavimo trukmių kreivės (g-j) 

Šis darbas rodo, kad tokių junginių kaip 5 emisijos spalvos gali būti 

priklausomos nuo skirtingų kristališkumo laipsnio, kuris padidėja terminio 

atkaitinimo metu. Tai sukelia hipsochrominius jų emisijos spektrų pokyčius, kuriuos 

galima kontroliuoti kaitinant ir lydant (29 e pav.). 5 molekulinis išsidėstymas esant 

kietai būsenai gali būti sureguliuotas kristalizacijos metu, todėl susidaro įvairių formų 

PL spektrai. Išlydytas 5 skleidžia geltoną šviesą, kurios spektras neturi struktūros, 

FWHM yra 114 nm, o gyvavimo trukmė τ1 – 42,3 ns (29 g pav.). Atkaitintame 5 

emisijos spektre matoma ryški vibroninė struktūra, kurios FWHM yra 57 nm, o 

gyvavimo trukmė trumpa – 2,8 ns.  5 yra perspektyviausias emiteris taikyti OLED dėl 

prietaiso spalvos grynumo. ZEONEX matricose disperguotų 5 ir 6 PL spektrų FWHM 

vertės panašios (atitinkamai 73 ir 87 nm). ZEONEX matricoje disperguoto 7 PL 

spektras yra plačiausias, jo FWHM yra 156 nm dėl 1LE ir 1CT emisijų dalinio 

sutapimo (14 lentelė). 

Akridonų su fenoksazino pakaitais (5, 6 ir 7) vakuume nusodintų plėvelių 

emisijos charakteristikos gali būti reguliuojamos termiškai kontroliuojant 
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kristalizaciją. Vakuume nusodintos 5 plėvelės yra visiškai amorfinės, o jų PL spektrai 

yra tokie patys kaip išlydytų miltelių pavidalo 5. Dėl terminio atkaitinimo 122 ºC 

temperatūroje sukeliamos kristalizacijos vyksta hipsochrominis plėvelės spektro 

poslinkis nuo 565 nm iki 467 nm. XRDGI metodu gautas kristališkumo indeksas yra 

68 % (30 b pav.). 

Amorfinės ir kristalinės 5 plėvelės pasižymi labai skirtingomis PL gyvavimo 

trukmių kreivėmis, o tai rodo jų TADF savybių įjungimo ir išjungimo galimybes. 

Kristalinės 5 plėvelės nepasižymi TADF dėl aukšto tripleto-singleto energijos tarpo 

(ΔEST) – 0,28 eV. Vakuume nusodintų plėvelių spinduliuotės spalvą galima reguliuoti 

keičiant kristališkumo laipsnį, naudojant atkaitinimo laiką. Spalvos pokyčiai yra 

grįžtamieji. 

5 monokristalų rentgeno spindulių analizė parodė, kad fenoksazino ir akridono 

dalys sudaro 81,83° dvisienį kampą. Tai  patvirtina hipotezę, kad kristalizacija 

atkaitintose 5 plėvelėse sumažina konformacinius ir statinius dielektrinius 

netolygumus. Užfiksuotas atkaitinimo sukeltas PL spektro poslinkis link didesnės 

energijos bangų regiono gali būti interpretuojamas kaip šių įvykių spektroskopinė 

išraiška. Priešingai, švariose amorfinėse 5 plėvelėse galima tikėtis didelių 

konformacinių ir statinių dielektrinių pakitimų, dėl kurių PL spektras pasislenka link 

mažesnės energijos bangos ilgio regiono. 

Vakuuminiu būdu atkaitintoms 5 plėvelėms TADF efekto nebuvo, todėl jas 

naudojant kaip emisinius sluoksnius nebuvo galima sukurti OLED su dideliu išoriniu 

kvantiniu efektyvumu. 5 plėvelės  emisijos spektras, kurio maksimumas yra 513 nm, 

po terminio atkaitinimo Tcr temperatūroje hipsochrominiu principu pasislenka iki 

476 nm (30 a pav.).  

Skirtinga nekaitintų ir atkaitintų bandinių PL spektrų morfologija rodo, kad 

atkaitinimas sumažina konformacinę netvarką. Konformaciniu požiūriu 

subalansuotos molekulės pasižymi geresnėmis TADF charakteristikomis. XRDGI 

difraktogramos rodo, kad atkaitintų mėginių, kuriuose yra atitinkamai 10 %  5 

molekulinių dispersijų ZEONEX, kristališkumo indeksai yra 37,5 % ir 78,6 % 

(30 e pav.). 
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30 pav. Vakuume nusodintos 5 plėvelės PL spektrai (a) buvo išmatuoti prieš 

atkaitinimą ir po jo. 5 junginio vakuume nusodintos plėvelės (b) ir molekulinės 

dispersijos (10 % masės) ZEONEX (e)  prieš terminį atkaitinimą ir po XRDGI 

difraktogramos. Molekulinės dispersijos 5 (1 masės %) ZEONEX (c) sugerties ir PL 

spektrai. Atkaitintos 5 (1 masės %) molekulinės dispersijos ZEONEX plėvelės PL 

spektrai (d), PL gyvavimo trukmių kreivės (f) ore ir vakuume 

ZEONEX legiruotojo nekaitinto ir atkaitinto 5 PL gesimo kreivės rodo TADF 

emiterio tipą. Atkaitinimas gerokai padidina TADF efektyvumą, nes neatkaitinto 

bandinio emisijos intensyvumas, išmatuotas vakuume (Ivac), yra 2,3 karto didesnis nei 
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užfiksuotas ore (Iair), kai atkaitintos dispersijos atveju užfiksuotas Ivac buvo šešis 

kartus didesnis už Iair  (30 d pav.). Šis pranašumas paaiškinamas didesniu tripletų 

būsenų jautrumu deguoniui, kuris padidina tripletų naudojimą atvirkštinės 

interkombinacinės konversijos metu. 

Atkaitintos 5 ir 6 junginių dispersijos ZEONEX  matricoje dėl AIEE ir TADF 

derinio,  PLQY vertės yra artimos 100 % (14 lentelė). Integruodami plotus po PL 

skilimo kreivėmis, užfiksuotomis vakuume 5 ir 6 kietoje ZEONEX terpėje, nustatytos 

PF ir DF indėlio procentines dalys, taip pat ΦPF ir ΦDF kvantines išeigos. Šie duomenys 

buvo panaudoti fluorescencijos (kPF) ir uždelstosios fluorescencijos (kDF) gesimo 

greičio konstantoms, taip pat interkombinacinės konversijos (kISC) ir atvirkštinės 

interkombinacinės konversijos greičio konstantoms apskaičiuoti. 

14 lentelė. Atkaitintų 5, 6 ir 7 jungimių dispersijų ZEONEX matricoje sluoksnių, 

gautų inertinėje aplinkoje, fotofizikiniai parametrai 

Parametrai 5:ZEONEX 6:ZEONEX 7:ZEONEX 

FWHM(a), nm 73 87 156 

PLQY, % 100 100 36,5 

τPF
(b), ns 22,77 22,8 26,59 

τDF
(c), ns 50965 44157 44908 

PF(d), % 0,65 1,29 1,9 

DF(e), % 99,35 98,71 98,1 

ΦPF
(f), % 0,65 1,29 0,69 

ΦDF
(g), % 99,35 98,7 35,81 

kPF
(h), s⁻¹ 2,89×105 5,64×105 2,6×105 

kDF
(i)

, s⁻¹ 1,95×104 2,24×104 7,97×103 

kISC
(j), s⁻¹ 2,87×105 5,57×105 2,55×105 

kRISC
(k), s⁻¹ 2,97×106 1,74×106 4,2×105 

(a) visas plotis ties puse maksimumo (FWHM); (b) greitosios fluorescencijos trukmė (τPF); 

(c) uždelstosios fluorescencijos trukmė (τDF); (d, e) greitosios (PF) ir uždelstosios (DF) 

fluorescencijos daliniai intensyvumai, apskaičiuoti taikant  formulę I𝑃𝐿  =  A1e
(−

t

τ𝑃𝐹
)

+

 A2e
(−

t

τ𝐷𝐹
)
. [; (f, g) greitosios (ΦPF) ir uždelstosios fluorescencijos (ΦDF) kvantinis našumas; 

(h) greitosios fluorescencijos greičio konstanta (kPF); (i) uždelstosios fluorescencijos greičio 

konstanta (kDF); (j) ISC greičio konstanta (kISC); (k) RISC greičio konstanta (kRISC). 

Tyrime nagrinėjama atkaitinimo sukelto 5, cheminės medžiagos, naudojamos 

organiniuose šviesos dioduose (OLED), singletinių ir tripletinių sužadintųjų būsenų 

suderinimo įtaka (15 lentelė). OLED buvo pagaminti ir išbandyti naudojant įvairias 

medžiagas, įskaitant MoO3 (0,35 nm), NPB (44 nm), šviesą spinduliuojantį sluoksnį 

(24 nm), TSPO1 (4 nm), TPBi (40 nm) ir LiF (0,35 nm)/Al. Spinduliuojančius 

sluoksnius sudarė 10 mas. % 5 dispersija įvairiose matricose, pavyzdžiui, 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). Didžiausias C5 įrenginio EQE buvo 

1,9 %, t. y. šiek tiek mažesnis nei ankstesnis didžiausias 2,3 %. Grynojo 5 emisinio 

sluoksnio terminis atkaitinimas ne pagerino, o pablogino jo elektroliuminescencines 
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savybes. Naudojant TCTA kaip pagrindinę matricą, neatkaitinto C4 prietaiso EQE 

siekė iki 8,6 %. Tačiau C4A prietaiso su atkaitintu 5 emisiniu sluoksniu, legiruotu 

TCTA, didžiausios EQE vertės gerokai padidėjo – iki 21,7 %. Šį pagerėjimą iš dalies 

lėmė kristalizacija, kaip rodo kristalinių fazių buvimas spinduolio-matricos emisijos 

sluoksnio difraktogramoje. Rezultatai rodo, kad terminis spinduolio-matricos 

emisinių sluoksnių, kuriuose yra 5 liuminoforo, atkaitinimas yra svarbus 

komponentas, gerinantis prietaiso veikimą. 

15 lentelė. OLED, termiškai atkaitintų (C1–C5), ir termiškai atkaitintų (C1A–C5A) 

EML elektroliuminescenciniai parametrai 

Prietaisas EML 
λEL, 

nm 
VON, V 

Lmax, 

cd/m2 

CEmax, 

cd/m2 

PEmax, 

lm/W 

EQEmax, 

%  

C1 NPB:5 523 5,9 5710 3,6 1,5 1,1 

C1A NPB:5 524 6,1 10210 3,4 1,3 1 

C2 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 TCTA:5 526 4,3 15990 30,1 17,5 8,6 

C4A TCTA:5 526 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 
Prietaiso struktūra: 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 sudarančių junginių, kuriuose yra 

trifluorbifenilo ir 3,6-di-tert-butilkarbazolo vienetų tyrimas ir jų veikimas 

OLED 

Šis skyrius parengtas straipsnio, 2020 m. paskelbto žurnale „Journal of 

Materials Chemistry C“ (Volume 8, 14186–14195125), pagrindu. Šiame tyrime 

nagrinėjami du junginiai, kuriuose yra trifluorfenilo ir karbazolo dalių. Donorinių 

grupių kiekio įtaka medžiagų savybėms nagrinėjama remiantis duomenimis, 

surinktais taikant eksperimentinius metodus. Nustatyta, kad šie junginiai gali sudaryti 

eksipleksus su tinkamomis elektronus priimančiomis molekulėmis. Ištirtų molekulių 

cheminė struktūra pateikta 31 a pav. 
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31 pav. 9 ir 10 junginio molekulinės struktūros (a). 9 ir 10 junginių  tolueno 

tirpalų ir kietų sluoksnių UV-Vis sugerties, PL emisijos spektrai kambario 

temperatūroje ir  THF tirpalų fotoliuminescencijos ir fosforescencijos spektrai 77 K 

temperatūroje (b). Kietųjų bandinių fotoelektronų emisijos spektrai, užregistruoti ore 

(c). Susiformavusių eksipleksų sistemų 9:PO-T2T ir 10:PO-T2T PL spektrai (d) ir 

PL gyvavimo trukmių kreivės (e) 

Buvo ištirtos 9 ir 10 junginių medžiagų savybės. DSC eksperimentai parodė, 

kad, kaitinant 9 junginį iki amorfinės būsenos, kristalizacijos ir lydymosi požymių 
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nenustatyta. Tačiau 10 junginys pasižymėjo kristalizacija (TCr = 134 °C). Atlikus 9 

junginio TGA tyrimą, nustatyta, kad visas junginys prarado masę, todėl nenustatyta 

terminio skilimo temperatūros. 

Ciklinė voltamperometrija ir fotoelektronų emisijos spektrometrija parodė 

abiejų junginių grįžtamąją oksidaciją su panašiomis jonizacijos energijos ir draustinės 

juostos vertėmis. Tai rodo, kad abiejuose junginiuose yra panašios π elektronų 

konjuguotos sistemos. Fotoelektronų emisijos spektrometrija parodė panašias abiejų 

medžiagų jonizacijos potencialo vertes (31 c pav., 16 lentelė). Abiejų junginių 

ultravioletinių spindulių spektruose tolueno tirpale draustinės juostos vertės buvo 

panašios dėl tos pačios elektronus atiduodančios dalies (31 b pav.). Jų spektrų 

panašumas į karbazolo toluene spektrus rodo, kad lokalios donorinės sužadintosios 

būsenos reguliuoja absorbcijos savybes tirpaluose ir kietosiose plėvelėse (31 b pav.).  

Atlikus 9 ir 10 junginių PL tyrimus tolueno tirpale kambario temperatūroje, 

buvo nustatytos vibroninės struktūros emisijos juostos gilios mėlynos spalvos srityje, 

o PLQY vertė buvo 13 % ir 28 % (16 lentelė). Mažos Stokso poslinkio vertės 

praskiestuose tolueno tirpaluose rodo ribotą geometriją ir tirpiklio reorganizaciją po 

sužadinimo. Tiriant fosforescencijos spektrus nustatyta, kad abiejų medžiagų tripletų 

energijos vertės yra mėlynojoje srityje, o eksperimentinės ∆EST vertės atitinka 

teorinius skaičiavimus. Abiejų junginių kietosios būsenos plėvelės pasižymėjo 

panašiais vibroninės struktūros PL spektrais, tačiau dėl agregacijos sukelto gesinimo 

jų PLQY vertės buvo mažesnės (~1 %)135. 9 junginio PL spektras buvo jautrus 

deguoniui, o PL intensyvumo santykis (Ivac/Iair) buvo 1,9, o tai rodo tripletines būsenas 

galimai dėl RISC. 9 junginio kietojo bandinio PL gesimo kreivės parodė dvi 

komponentes: nanosekundžių trukmės komponentę, atsirandančią dėl LE būsenos, 

esant aukštesnėms energijoms, ir ilgiau trunkančią CT komponentę. 

16 lentelė. 9 ir 10 fotofizikinės, elektrocheminės ir fotoelektrinės savybės 

Parametras Terpė 9 10 

λAbs
(a), nm 

Tolueno 

tirpalas/plonas 

sluoksnis 

297, 346 / 298, 

347 

297, 346 / 230, 

345 

λFL
(b), nm 

354, 370 / 355, 

366, 460 

352, 367 / 352, 

374, 439 

Eg
opt(c), eV 3,49 3,41 

Stokso poslinkis(d), cm–1 653 / 649 493 / 577 

PLQY(g), % 13/1 28 / 1 

S1/T1
(e), eV 

THF tirpalas 
3,67 / 3,03 3,63 / 3,05 

∆EST
(f), eV 0,64 0,58 

IPPE
(i), eV 

Plonas sluoksnis 
5,98 6,17 

EAPE
(j), eV 2,49 2,76 

(a) λAbs – sugerties maksimumų bangos ilgiai; (b) Eg
opt – optinė draustinė juosta, (c) Stokso 

poslinkis = λFl–λAbs; (d) S1 – singleto energija, T1 – tripleto energija, (e) IPPE – jonizacijos 

potencialas, įvertintas fotoelektronų emisijos spektrometrijos metodu ore; (f) IPCV – 

jonizacijos potencialas, įvertintas CV metodu. 

Atsižvelgiant į agregacijos sukeltą gesinimą grynose plėvelėse, 9 ir 10 junginių 

fotofizikinės savybės buvo ištirtos legiruotosiose sistemose. Du junginiai su PO-
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T2T128, elektronus priimančiu junginiu, sukūrė žydros spalvos eksipleksus. Šių 

junginių kietosios plėvelės pasižymėjo į CT panašiais PL spektrais, palyginti su 

grynomis plėvelėmis (31 d pav.). Oro sąlygomis eksipleksus sudarančių mišinių 

9:PO-T2T ir 10:PO-T2T PLQY vertės buvo atitinkamai 4 % ir 2 %. Eksipleksus 

sudarančių mišinių 9 ir 10: PO-T2T PL gyvavimo trukmių charakteristikos skyrėsi 

nuo monomerų emisijos gyvavimo trukmių (31 e pav.). Šių mišinių PL gyvavimo 

trukmių kreivėse išsiskyrė nanosekundžių trukmės fluorescencijos  ir TADF 

komponentė. PL gyvavimo trukmių eksperimentai kambario temperatūroje  ir 77 K 

temperatūroje patvirtino eksipleksų emisijos TADF pobūdį, nes sustiprėjo 

uždelstosios fluorescencijos komponentės intensyvumas 295 K. Inertinėje 

atmosferoje padidėjo uždelstos emisijos komponento intensyvumas, palyginti su 

matavimu ore, o tai rodo tripletų indėlį į emisijos mechanizmą. TADF kilmė 

eksipleksus sudarančiose sistemose 9: PO-T2T ir 10: PO-T2T buvo patvirtinta 

matuojant PL intensyvumo priklausomybę nuo lazerio impulso stiprumo, kurio 

nuolydžio vertė yra apie 1138. 

 

32 pav. OLED energijos diagrama ir struktūra (a); srovės, galios ir išorinio 

kvantinio efektyvumo priklausomybės nuo ryškumo grafikai (b); EL spektrai, 

užfiksuoti esant skirtingoms įtampoms (c) 

OLED su akceptoriaus PO-T2T ir donorų 9 ir 10 mišiniai kaip EML buvo 

efektyvūs. OLED D2, veikiantis su 10:PO-T2T eksiplekso sistema, buvo pranašesnis 

už D1 – jo ryškumas siekė 4100 cd/m², palyginti su 1250 cd/m². D1 CE buvo 

19,7 cd/A, PE – 12,2 lm/W, o EQE – 6,5 %, o D2 CE – 24,8 cd/A, PE – 12,2 lm/W, 

o EQE – 7,8 % (32 c pav., 17 lentelė). Didesnis 10 junginio terminis stabilumas lėmė 
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mažesnį efektyvumo kritimą, kai ryškumas buvo padidintas nuo 100 iki 1000 cd/m². 

Tai lėmė geresnį srovės, galios ir išorinį kvantinį efektyvumą dėl geresnio krūvininkų 

balanso EML, esant aukštesnei įtampai.  

17 lentelė. 9 ir 10 junginių eksipleksų pagrindu pagamintų OLED EL 

charakteristikos 

Prietaisas 
λmax, 

nm 
Von, V 

Lmax, 

cd/m2 

CE / PE / EQE, 

cd/A / lm/W / %  
Max @ 100 cd/m2 @ 1000 cd/m2 

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 

Prietaiso struktūra: HAT-CN(10 nm) / TAPC(40 nm) / mCP(4 nm) / EML(24 nm) / TSPO1(4 nm) / 

TPBi(4 0nm)/ LiF(0,35 nm) / Al 

 

OLED prietaisų EL spektrai nesutapo su 9:PO-T2T ir 10:PO-T2T PL spektrais 

(32 c pav.). PL spektrai skleidė mėlyną, o EL spektrai – žalią šviesą, o tai rodo, kad 

įrenginyje yra mažesnės energijos eksipleksų. Prietaiso struktūroje esančių eksitonų 

sąveikų subtilumą patvirtino terminis PL plėvelių atkaitinimas, kurio metu 9:PO-T2T 

spektrai buvo pasislinkę link žemesnės energijos bangų regiono, tačiau 10:PO-T2T 

spektrai buvo panašūs. Žalia elektroliuminescencija, priešingai nei mėlyna PL, 

atsirado dėl iš dalies sutampančių emisijų iš įvairių eksipleksų darinių OLED 

struktūroje. 

5.3. Išvados 

1. Atlikus išsamų fotofizikinį tyrimą paaiškėjo skirtingi trijų junginių šeimų emisijos 

mechanizmai: benzofenono ir difenilsulfono dariniams buvo priskirta 

intramolekulinė krūvio pernaša, o benzofenono dariniai pasižymėjo termiškai 

aktyvuota uždelstąja fluorescencija. Akridono dariniai su fenoksazino dalimis taip 

pat pasižymėjo termiškai aktyvuota uždelstąja fluorescencija, o karbazolo turinčių 

akridonų ir chinakridonų – greita fluorescencija. Fluorescencijos emisijos 

mechanizmu pasižymėjo trečia junginių grupė, kurią sudaro trifluorbifenilo ir 

karbazolo dariniai. Šios įžvalgos sudaro pagrindą pritaikyti šiuos junginius 

konkrečioms optoelektroninėms reikmėms. 

2. Atlikus benzofenono darinių fotofizikinius tyrimus, paaiškėjo, kad UV 

spinduliuotė sukelia struktūrinius pokyčius, dėl kurių padidėja tiek termiškai 

aktyvuotos uždelstosios fluorescencijos intensyvumas, tiek emisijos spalvos 

pokyčiai. Ši dviguba reakcija kartu su dideliu jautrumu ir reguliuojamu aptikimo 

diapazonu, priklausomai nuo tirpiklio, leidžia benzofenono darinius laikyti 

perspektyviais efektyviais ir universaliais UV jutikliais. 

3. Akridono ir chinakridono darinių charakterizavimas parodė, kad, keičiant 

pakaitalus, galima reguliuoti emisijos spalvą regimajame spektre nuo mėlynos iki 

oranžinės, o fenoksazinu pakeisti akridonai pasižymi termiškai aktyvuota uždelsta 

fluorescencija / agregacijos sukelta sustiprinta emisija, todėl 

elektroliuminescencijos kvantinė išeiga pasiekia 13 %.  
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4. Tiriant akridono ir fenoksazino darinių struktūros ir savybių ryšius paaiškėjo, kad 

terminis atkaitinimas sukelia kristalizaciją, dėl kurios labai pagerėja termiškai 

aktyvuotos uždelstos fluorescencijos kinetika. Ši termiškai sukelta kristalizacija 

padėjo pasiekti didelį OLED su šiais junginiais išorinio kvantinio efektyvumo 

pagerėjimą, kuris po atkaitinimo padidėjo nuo 8,6 % iki 20,7 %. Tuo pabrėžiamas 

svarbus morfologijos kontrolės vaidmuo optimizuojant prietaiso veikimą. 

5. Tiriant trifluorbifenilo ir karbazolo darinius, paaiškėjo jų gebėjimas sudaryti 

ekscipleksus su elektronus priimančiomis medžiagomis, dėl kurių atsiranda 

dangaus mėlynumo spinduliuotė, pasižyminti termiškai aktyvuotos uždelstos 

fluorescencijos savybėmis. Šios ekscipleksų sistemos, panaudotos kaip OLED 

emisiniai sluoksniai, pasižymėjo dideliu išoriniu kvantiniu efektyvumu (7,7 %) ir 

spalvų derinimo galimybėmis, todėl išryškėjo jų potencialas kuriant didelio 

našumo ir universalius elektroliuminescencinius prietaisus. 
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