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1. INTRODUCTION  

Organic semiconductors have drawn a great deal of attention because of their 
distinctive characteristics and potential uses. Some important areas where organic 
semiconductors are used are organic light-emitting diodes (OLEDs). One of the most 
popular uses for organic semiconductors is OLED technology1,2. They are used in 
displays and lighting panels in smartphones, TVs, wearable devices, and automotive 
displays3. High contrast, broad viewing angles, and low power consumption are just 
a few benefits that OLEDs can offer4,5. Organic semiconductors are used in organic 
solar cells as well. Flexible, lightweight, and cheap to produce organic and hybrid 
solar cells can convert sunlight into power6,7. Potential uses of these devices include 
portable electronics, as well as solar panels that are integrated into buildings, and other 
solar power systems8,9. One more potential application of organic semiconductors is 
organic field-effect transistors (OFETs)10,11. The advantages of these devices are the 
potential for large-area manufacture as well as low-cost fabrication and mechanical 
flexibility. OFETs can be used in radio frequency identification (RFID) tags, sensors, 
flexible displays, electrical circuits12. Organic thin-film transistors (OTFTs) are like 
OFETs; however, they use mostly thin films of organic semiconductors13. They have 
applications in active matrix displays, flexible electronics, and wearable devices14,15. 
OTFT technology enables the development of lightweight and bendable electronic 
products. Organic semiconductors are used in organic memory devices, such as 
organic random-access memory (ORAM) and organic flash memory (OFM) 
devices16,17. High-density data storage and low-cost manufacturing are two 
advantages of these memory devices18,19. Organic sensors represent the next field of 
application of organic semiconductors. The different sorts of sensors, including 
pressure sensors, biosensors, gas sensors, can be constructed using organic 
semiconductors20. These sensors can be used in a variety of products, including 
wearable technology21, medical applications22,23, environmental monitoring 
systems24,25, etc. Organic lasers or organic semiconductor lasers have been developed 
using organic semiconductors26. The benefits of organic-semiconductor lasers include 
tunability27, affordable production28, and compatibility with flexible substrates29. 
They can be used in spectroscopy30, biomedical imaging, and telecommunications31. 
With their ability to transform waste heat into power, organic semiconductors have 
demonstrated the potential use in thermoelectric applications32. Temperature sensors, 
wearable electronics33,34, and energy harvesting35 are potential uses for organic 
thermoelectric devices. 

Due to their potential use in optoelectronic devices, sensors, and other fields, 
thermally activated delayed fluorescence (TADF) and room temperature 
phosphorescence (RTP) have attracted a great deal of attention lately36,37. Significant 
interest and research efforts have been put into the discovery and development of 
room-temperature phosphorescent materials. This is because RTP materials have the 
potential to improve the efficiency and performance of OLEDs and sensors. RTP can 
allow to enhance device lifetime38,39, reduce power consumption, and enable different 
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applications in areas such as lighting40, displays41, and data communication42. The 
high efficiency of OLEDs is obtained by using phosphorescent materials43. However, 
rare and expensive metals such as platinum44 and iridium45 are used in phosphorescent 
OLED emitters46,47. TADF materials provide an alternative method by employing 
organic molecules that can achieve comparable effectiveness without the need of 
expensive metals48,49. TADF materials typically consist of two components, i.e., donor 
and acceptor moieties50,51. In the first-generation OLEDs, only singlet excitons 
(electron-hole pairs with parallel spins) can emit light efficiently, while triplet 
excitons (electron-hole pairs with antiparallel spins)52 are typically non-emissive. As 
a result, singlet excitons are the primary source of light emission, while a significant 
amount of energy from triplet excitons is wasted as heat. However, TADF allows for 
the efficient harvesting of both singlet and triplet excitons, thereby enhancing the 
overall emission efficiency of the devices. TADF compounds can convert non-
emissive triplet excitons into emissive singlet excitons, resulting in highly efficient 
fluorescence53,54. Organic compounds with a narrow energy gap between the lowest 
singlet and triplet excited states can accomplish this. This small energy gap allows for 
reverse intersystem crossing (RISC)55,56, which enables the conversion of the non-
emissive triplet excitons into emissive singlet excitons57. The TADF process involves 
three main steps: harvesting, up-conversion, and emission58,59. First, the TADF 
material harvests both singlet and triplet excitons generated by the electrical 
excitation. The harvested triplet excitons are then up-converted into singlet excitons 
through RISC57. This step involves efficient energy transfer and spin manipulation 
within the TADF molecule. Finally, the singlet excitons undergo radiative decay, 
resulting in the emission of light. 

TADF materials come in a variety of forms, each having unique chemical 
characteristics and chemical structures60,61. Some commonly used TADF materials 
include carbazole derivatives62,63. Due to their high fluorescence efficiency and 
suitable energy levels, these compounds are widely researched as TADF materials. 
With their high emission efficiency and excellent color purity, triazine-based64,65 
materials have demonstrated intriguing TADF features. Acridine-based66,67 TADF 
materials have been investigated for OLEDs due to their efficient blue and green 
emission. Spiroacridine68,69 compounds exhibit efficient TADF properties and have 
been utilized in blue-emitting OLEDs. 

TADF materials come in a variety of forms, each having unique chemical 
characteristics and chemical structures60,61. Carbazole derivatives represent 
commonly used TADF materials62,63. Due to their high fluorescence efficiency and 
suitable energy levels, these compounds are widely researched as TADF materials. 
With their high emission efficiency and excellent emission color purity, triazine-
based64,65 materials have demonstrated intriguing TADF features. Acridine-based66,67 
TADF materials have been investigated for OLEDs due to their efficient blue and 
green emission. Spiroacridine68,69 compounds as well exhibit efficient TADF. They 
have been utilized in blue-emitting OLEDs. 
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RTP compounds can emit light at room temperature through phosphorescence, 
which is a process typically associated with metal complexes. This is achieved with 
organic molecules that have heavy-atom elements, such as phosphorus or heavy 
halogens70, incorporated into their structure. These heavy atoms facilitate intersystem 
crossing (ISC) between singlet and triplet excited states, leading to phosphorescence. 
Normally, phosphorescence is related to materials that emit light even after an external 
energy source, such ultraviolet (UV) radiation, has been removed71,72. The emission 
occurs in the case of RTP without the requirement for cryogenic temperatures or other 
energy sources. In traditional organic materials, such as dyes and fluorescent 
compounds, the excited state energy is quickly lost by non-radiative processes, 
leading to prompt emission or fluorescence that lasts for just a very brief period (in 
the range of nanoseconds)73,74. However, phosphorescent materials exhibit a longer-
lived excited state due to the presence of a triplet state. The triplet state can undergo 
intersystem crossing, where the energy is effectively stored and emitted as light over 
a longer timescale. In order to achieve RTP in organic materials, the researchers have 
been experimenting with a variety of methods. These methods include using, 
constructing rigid molecular frameworks75,76, and including heavy elements in the 
molecular structure. In order to create effective RTP materials, the scientists have 
made great progress by carefully designing the molecular structure and optimizing 
their characteristics. 

Aromatic and heteroaromatic compounds, containing trifluoromethyl (CF3) 
group, have attracted significant attention in TADF and RTP research because of their 
special electronic and steric characteristics77,78. Due to the electron-withdrawing 
properties of the CF3 group, there is a lower energy difference between the singlet and 
triplet excited states, which results in a lower energy of the lowest unoccupied 
molecular orbital (LUMO)79,80. The CF3 group is relatively bulky. It may have an 
impact on the molecular packing and improve intersystem crossing and emission 
efficiency. The experimental studies have demonstrated that TADF compounds 
containing a trifluoromethyl group can exhibit high fluorescence quantum yields. 
OLEDs based on such compounds show low efficiency roll-off at high current 
densities81. Furthermore, the incorporation of a trifluoromethyl group has been shown 
to enhance the stability and durability of TADF materials, making them promising 
candidates for the use in the long-lasting lighting applications82,83. 

It has been shown that RTP compounds containing trifluoromethyl group can 
exhibit long-lived room temperature phosphorescence84,85. This makes them 
promising candidates for the use in a variety of applications, including imaging and 
sensing.  

Donor–acceptor–donor (D–A–D) and donor–acceptor (D–A) type organic 
compounds are commonly used in organic electronics, such as organic solar cells, 
organic field-effect transistors, OLEDs. These materials have a specific molecular 
structure where a central electron-accepting unit is flanked by two electron-donating 
units. The D–A–D and D–A design strategies help in achieving desirable electronic 
and optical properties of organic materials. The energy levels, charge transport 
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characteristics, and light absorption properties of these materials can all be precisely 
controlled by carefully choosing the donor and acceptor units and fine-tuning their 
molecular structure.  

Efficient TADF materials have several advantages in OLED technology. They 
enable the conversion of non-emissive triplet excitons into emissive singlet excitons, 
thereby enhancing the overall device efficiency. TADF OLEDs have shown great 
potential for achieving high external quantum efficiency (EQE) and low power 
consumption, making them desirable for various display and lighting applications. 

Overall, TADF and RTP compounds, including those containing 
trifluoromethyl groups, have shown great potential for their use in a variety of 
optoelectronic applications, including organic light-emitting diodes (OLEDs) and 
biological imaging. However, the possibilities for the combination of different donor 
and acceptor moieties in the design of new potentially efficient TADF and/or RTP 
emitters are not fully explored yet. For this reason, the design, synthesis, and 
investigation of the properties of new D–A–D or D–σ–A type TADF and/or RTP 
emitters is an urgent problem. 

The aim of the present work is the synthesis and investigation of the properties 
of new donor–acceptor–donor and donor–acceptor type derivatives containing 
trifluoromethyl benzene, difluorobenzene, pyridazine, sulfobenzimide as acceptor 
moieties and different donor units for the application in organic light emitting diodes 
and oxygen sensors. 

In order to achieve the aim of the work, the following objectives have been 
outlined: 

- Synthesis of new derivatives of trifluoromethyl benzene with the donor–
acceptor–donor structures; 

- Study of the thermal, photophysical, and photoelectrical properties of 
trifluoromethyl benzene-based materials; 

- Synthesis of new compounds with the symmetrical donor–acceptor–donor 
structure containing pyridazine group and differently substituted phenoxazine 
or 9,9-dimethyl-9-10-dihydroacridine moieties; 

- Investigation of the thermal, photophysical, photoelectrical, and 
electroluminescent properties of pyridazine derivatives; 

- Synthesis and investigation of carbazole and sulfobenzimide derivative; 
- Study of photophysical properties of the carbazole derivative, including 

absorption and emission spectra, fluorescence quantum yield, and fluorescence 
lifetime measurements. 

Novelty of the work 

- New donor–acceptor–donor type 2,5-bis(trifluomethyl)-1,4-phenylene 
derivatives were designed, synthesized, characterized, and applied in TADF 
OLEDs. 
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- New compounds with different donor moieties and 1,4-difluorobenzene unit as 
the acceptor were developed for the optical sensors of oxygen. It was 
established that phenothiazine containing derivative exhibits strong RTP. 

- Two new compounds based on pyridazine as the acceptor core and different 
donor moieties were designed, synthesized, and characterized.  

- New compound containing sulfobenzimide moiety as an acceptor unit was 
synthesized and characterized. The new type of D–σ–A emitter TADF was 
demonstrated. 

- Two compounds consisting of electron-accepting trifluoromethylphenyl moiety 
and different electron-donating groups were designed and synthesized. 10,10'-
(2-(Trifluoromethyl)-1,4-phenylene)bis(10H-phenothiazine) as efficient RTP 
emitter showed high oxygen sensitivity. 

Contribution of the author 
The author has designed, synthesized, and purified four series of the organic 

materials described in sub-chapters 2.1–2.4. The analysis of results were conducted 
by the author in collaboration with the colleagues/co-authors of the publications from 
Kaunas University of Technology, Vilnius University, University of Malaya, Silesian 
University of Technology, and Tbilisi State University. Charge mobility and 
ionization potential measurements were done in collaboration with Dr. Dmytro 
Volyniuk. Dr. Oleksandr Bezvikonnyi and Mr. Karolis Leitonas investigated the 
photophysical properties and studied the oxygen properties of the materials; Dr. Rasa 
Keruckienė has performed DFT calculations and analyzed the obtained data, 
performed cyclic voltammetry measurements; Dr. Audrius Bučinskas performed 
single crystal X-ray analysis. The measurements of the thermal properties by 
thermogravimetry (TG) and differential scanning calorimetry (DSC) were performed 
by Dr. Malek Mahmoudi. Mr. Lukas Dvylys assisted with the investigation and data 
curation. All of them are the representatives of the Department of Polymer Chemistry 
and Technology, KTU. Prof. Dr. Hab. Linas Labanauskas (Center for Physical 
Sciences & Technology, Department of Organic Chemistry, Vilnius, Lithuania) 
helped with the conceptualization and methodology. Prof. Dr. Mieczyslaw Lapkowski 
(Department of Physical Chemistry and Technology of Polymers, Silesian University 
of Technology) helped to analyze cyclic voltammetry data. Prof. Dr. Azhar Bin 
Ariffin (University of Malaya, Department of Chemistry) assisted with the synthesis 
and advised with the design of new materials. Assoc. Prof. Dr. Kai Lin Woon (Low 
Dimensional Materials, Department of Physics, University of Malaya) performed 
DFT calculation, analyzed and described the data. Dr. Omar Mukbaniani (Department 
of Chemistry, Faculty of Exact and Natural Sciences, Tbilisi State University, Tbilisi, 
Georgia) advised with the synthesis of new materials. Prof. Dr. Hab. Juozas Vidas 
Gražulevičius advised with the design of new light-emitting materials and the 
preparation of the manuscripts. 
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2. REVIEW OF PUBLISHED ARTICLES 

The chapter Review of Articles contains information from the articles of the 
author (see List of publications on the subject of the thesis). 

2.1. Efficient thermally activated delayed fluorescence and electroluminescence 
from 1,4-bis(trifluoromethyl)benzene-based emitters (Scientific publication No. 
1, Q1) 

This chapter is based on the paper published in Journal of Materials Chemistry 
C, 2022, 10, 4929–4940. New emitters with symmetrical donor–acceptor–donor 
structures were designed and synthesized using 1,4-Bis(trifluoromethyl)benzene as an 
acceptor in combination with phenoxazine, phenothiazine, or 9,9-dimethyl-9-10-
dihydroacridine as donor moieties. The method of synthesis of compounds 10,10'-
(2,5-bis(trifluoromethyl)-1,4-phenylene)bis(10H-phenoxazine) (1), 10,10'-(2,5-
bis(trifluoromethyl)-1,4-phenylene)bis(10H-phenothiazine) (2), and 10,10'-(2,5-bis 
(trifluoromethyl)-1,4-phenylene) bis(9,9-dimethyl-9,10 dihydroacridine) (3) is shown 
in Scheme 2.1. In order to obtain the target derivatives with the required donor–
acceptor–donor structure, two step reactions were carried out. The chemical structures 
of synthesized compounds 1 and 2 were confirmed by using 1H and 13C NMR 
spectroscopies, mass spectrometry, and X-ray crystallography. The structure of 
compound 3 could not be confirmed by 1H or 13C NMR due to the low solubility in 
all of the available deuterated solvents; however, single crystal X-ray crystallography 
provided definitive evidence of the structure. 

 
Scheme 2.1. Molecular structure and the synthetic route for compounds 1, 2, and 3 

The techniques of thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) were utilized in order to investigate the thermal stability of 
compounds 1–3 as well as their morphological characteristics. Table 2.1 provides a 
summary of temperatures of 5% weight loss (TID), the melting point (Tm), and the 
crystallization points (Tcr). 
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c)    d) 

Fig. 2.1. TGA (a) and DSC (b, c, d) thermograms of compounds 1, 2, and 3 

Table 2.1. Thermal characteristics of the compounds 
Compound TID, °C 1 Tcr, °C 2 Tm, °C 3 

1 290 303 385 

2 260 270 321 

3 267 296 311 
1 The temperature at which 5% of the mass of the sample was lost, as determined by the TGA, 
2 crystallization temperatures determined by DSC, 3 melting points determined by DSC. 

 
In addition, the structures of 1, 2, and 3 were confirmed and analyzed using 

single-crystal X-ray analysis. THF solution was used to grow single crystals of each 
of the compounds. The projections made using the Oak Ridge Thermal Ellipsoid Plot 
(ORTEP) show (Fig. 2.2 a–c) that all the target compounds are symmetrical. The X-
ray examination of the packing pattern of the crystals revealed that the molecules are 
held together by very weak intermolecular Van der Waals bonds between the CF3 
fluorine and the methyl hydrogen atoms or between the carbon and the hydrogen 
atoms of the phenyl ring. Concerning compound 3, the interactions C-H∙∙∙F and C-
H∙∙∙C were observed. The distances between the atoms range from 2.61 to 2.85 Å (Fig. 
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2.2 d). In addition, the following weak intramolecular bonds can be found: C-H∙∙∙F, 
C-F∙∙∙N, C-H∙∙∙H, and C-H∙∙∙C. These bonds have a distance of less than 2.71 Å. 

Electron-donating groups (phenoxazine, phenothiazine, and acridine) present in 
corresponding compounds (1, 2, and 3) are not flat: they have a twist of 15°, 30°, and 
31°, respectively. The significant factor for TADF emitters is a large torsional angle 
between the donor fragments and the acceptor units86. It was discovered that the 
torsional angles between acceptor unite -1,4-bis(trifluoromethyl)benzene and donor 
fragments phenoxazine, phenothiazine, and acridine moieties were of 81.2°, 80.0°, 
77.2° for compounds 1, 2, and 3, respectively. 

 
a)    b)    c) 

 
              d)   e) 

Fig. 2.2. X-ray structures of compounds 1 (a), 2 (b), and 3 (c); the torsion angles between the 
donor units and the acceptor units are shown in dashed purple lines; packing in the crystal 

structure of compound 3 viewed along the a-axis (d) and intramolecular bonding (e) 

DFT simulations were carried out for the purpose of investigating the molecular 
structures. Fig. 2.3 illustrates their optimized configurations. Large dihedral angles of 
81.3°, 84.8°, and 82.0° were displayed by the molecules between the donor and 
acceptor moieties for 1, 2, and 3, respectively. The values of the dihedral angles come 
close to matching the X-ray data that was obtained through the experimentation. Both 
9,9-dimethyl-9-10-dihydroacridine and phenothiazine exhibited a saddle structure 
with the carbon and sulfur bending away from the planar structure at angles of 29.5° 
and 30.3°, respectively, whereas phenoxazine is relatively flat in comparison. This is 
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supported by the X-ray data with the exception of phenoxazine, which has a slightly 
saddled structure (15°), as opposed to being flat. As it can be seen in Fig. 2.3, the 
HOMOs are distributed in an equal manner across the two units of donors, while the 
LUMO is primarily located on the acceptor (2CF3Ph). There is a slight overlap of 
electron clouds between the HOMOs and the LUMOs, which is essential for 
increasing the oscillatory strength of the emitters. The antinodes of the LUMO level 
are the nodes that are located at the acceptor on the HOMO level. The LUMO extends 
the electron clouds into the trifluoromethyl groups. A closer inspection reveals that 
the sigma-bond of C-F is hyperconjugated with the π bonds of the benzene rings. At 
the same time, the lone pairs of fluorine atoms interact with the hyperconjugated 
carbon, which results in resonance/electron delocalization that stretches from the 
benzene π-electrons to the fluorine lone pair of electrons87,88. 

 
Fig. 2.3. HOMO and LUMO along with their energy levels of 1 (a), 2 (b), 3 (c); there is no 

total separation of HOMO and LUMO electron clouds 

It has been discovered that the HOMO energies of 1, 2, and 3 were 5.84 eV, -
6.04 eV, and -6.06 eV, while the LUMO energies were -1.76 eV, -1.53 eV, and -1.53 
eV, respectively. Due to the fact that the oxygen atom in phenoxazine (PO) amplifies 
the pull-push electron effect of 1, the HOMO and LUMO levels of compound 1 are 
deeper than those of any of the other compounds that were investigated. Using the 
oxidation onset (Eonset) in cyclic voltammetry (CV) curves in relation to the Ag/Ag+ 
reference electrode, the ionization potentials (IP) were calculated and determined. The 
IP values for 1, 2, and 3 were determined to be 5.31 eV, -5.38 eV, and 5.36 eV, 
respectively. By using photoelectron spectroscopy, it was possible to determine that 
the IP values of the films 1, 2, and 3 were 6.01, 6.05, and 6.08 eV. Considering the 
charge transport in the solid state, the ionization potentials estimated by the 
photoelectron spectroscopy have to be used.  

As it can be seen in Fig. 2.4, the photophysical properties of the compounds 
were investigated by measuring the UV-vis absorption and photoluminescence (PL) 
spectra of their toluene solutions at room temperature. Absorption peaks with a high 
energy that are observed below 350 nm can be attributed to the n−π*/π−π* transitions 
that are coming from the donors. The absorption ranging from 350 nm to 500 nm, 
which can be referred to as CT absorption peaks, can occur between the donor units 
and the acceptor units. Natural transition orbital analysis based on time-dependent 
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density functional theory for 1CT and 3CT states reveals that the HOMO and LUMO 
transition strongly dominates the lowest transition with a contribution of more than 
0.98 for each of the three molecules. All of the transition energies, along with the 
respective oscillatory strengths that are calculated by TD-TDF, are shifted by 0.6 eV 
that they would align with the peak of absorption.  

The charge transfer transitions from HOMO to LUMO at 2.8 eV, from HOMO-
1 to LUMO at 3.0 eV, from HOMO to LUMO+1 at 3.5 eV, and from HOMO-1 to 
LUMO+1 at 3.6 eV dominate the absorption that occurs between 2.6 and 3.8 eV for 
compound 1, as shown in Fig. 2.4 b. When calculating the simulated absorption curve, 
each oscillatory transition is given a Gaussian line shape that has a standard deviation 
of 0.1 eV. As only the four transition states with the lowest energy are taken into 
account, the higher energy is significantly deviated. Quantum molecular dynamics 
simulations have shown that the reason why the CT absorption curve of 2 is different 
from those of 3 and 1 is because there is a larger energy separation among the 4 lowest 
CT transitions. 

 
Fig. 2.4. (a) UV−VIS absorption and photoluminescence spectra of solutions of the 

compounds in toluene and (b) the quantum molecular dynamics simulations of vertical 
excitation of the 4 lowest excited states for 1 along with their oscillatory strengths and 

simulated absorption curve by applying Gaussian broadening 

Fig. 2.5 displays the PL spectra of the molecular dispersions of the compounds 
in Zeonex (concentration of 1%) recorded at different temperatures. It was not 
possible to estimate the 3CT energy by using the optical spectroscopy measurements 
when the phosphorescence spectra were differentiated from the fluorescence spectra 
by applying a delay time of 1, 5, or 9 ms at 77 K. The onsets of the phosphorescence 
spectra that were recorded at 77 K and at the various gate delays of the molecular 
dispersions of 1, 2, and 3 in Zeonex and MeTHF are related to the triplet LE states 
that they have in nature. These triplet LE states can be attributed to the triplet LE states 
(3LED) of the corresponding donor moieties (10-phenyl-10H-phenoxazine (PO–Ph), 
10-phenyl-10H- phenothiazine (PS–Ph), or 9,9-dimethyl-10-pheny-9,10-
dihydroacridine (AC–Ph)) due to the similarities of the onsets of phosphorescence 
spectra of 1, 2, and 3 and PO–Ph, PS–Ph, and AC–Ph. The onset of phosphorescence 
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of the acceptor moiety is observed at a higher energy (3LEA = 3.65 eV) than that of 
the donor units PO–Ph, PS–Ph, and AC–Ph. As a result, the first singlet energy of 1, 
2, and 3 was only estimated based on the onset of the PL spectra that were recorded 
at 300 K. Most of the emission was fluorescence (Fig. 2.5). The PL spectrum that was 
recorded at room temperature expressed a redshift in comparison to the PL spectrum 
that was recorded at 77 K with increasing emission intensity at lower energy levels, 
except for 3. This observation can be explained by the decreased conformational 
heterogeneity that was found89,90. The 1CT energy was only taken as it is shown in 
Fig. 2.7. It was hypothesized that the energy gaps between the 3CT and the 1CT would 
be of 0.04 eV, 0.03 eV, and 0.04 eV in the case of 1, 2, and 3, respectively. The 
compounds showed the values of ΔEST that were relatively close to one another. Since 
TADF is a dynamical process, it is necessary to take into consideration both spin–
orbit couplings and vibronic couplings at the same time. Since the spin–orbit coupling 
matrix elements of all organic TADF molecules are incredibly small, the vibronic 
coupling that exists between the low-lying electronic states is extremely significant.  
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Fig. 2.5. The low-temperature and room-temperature PL spectra of the molecular dispersions 
of compounds 1 (a), 2 (b), and 3 (c) in Zeonex and the corresponding onsets of emission at 

300 K 
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doped 1 wt.% in Zeonex as a function of temperature as well as their kISC/kRISC (d) and 

PLQY (e) temperature dependences 

 
Fig. 2.7. Energy levels of compounds 1 (a), 2 (b), and 3 (c) 

The PL decay curves of the molecular dispersions of the compounds in Zeonex 
were recorded at a variety of temperatures (Fig. 2.6 a–c). The standard TADF decay 
curves were observed. They demonstrated prompt fluorescence decay (PF) 
component in the nanosecond range as well as delayed fluorescence (DF) component 
in the microsecond range. The fact that the DF was observed for all three compounds 
in response to a decrease in temperature is the evidence that the DF had been thermally 
activated (Fig. 2.7), PF and DF were found to have lifetimes of 21.5 ns and 18.2 ns, 
35.4 ns and 0.93 ms, and 1.41 ms and 2.56 ms for 1, 2, and 3 (Table 2.2).  
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It is possible to estimate that the rate constants of reverse intersystem crossing 
(kRISC) are of ca. 1.92 x 104 s-1, 2.46 x 104 s-1, and 5.45 x 105 s-1 for compounds 1, 2, 
and 3, respectively89. 

The smaller gap of E3CT–3LE of compound 3 appears to cause significantly higher 
kRISC values of 3 when compared to those of 1 and 2. In order to provide evidence in 
support of this hypothesis, the rates of intersystem crossing (kISC) and kRISC were 
calculated at a range of temperatures with the lifetimes of PF and DF derived from a 
single exponential fit to TADF decays. Fig. 2.6 d shows a plot that illustrates how the 
rate constants kISC and kRISC change as a function of temperature. The activation 
energies of ISC and RISC activation energies (  and ) were calculated by 
linearly fitting the plots, which led to the results given in Table 2.2. Arrhenius's 
dependence was taken into account when performing the fitting: 

   ;                                          (1)  

where Ea is the activation energy, kB is the Boltzmann constant, and A is the 
frequency factor that involves the spin–orbit coupling constant90. It has been found 
that 1, 2, and 3 each have their own unique activation energies for intersystem crossing 

 and reverse intersystem crossing . These activation energies were utilized 
in the construction of the energy diagram that is displayed in Fig. 2.7 in accordance 
with what was initially proposed (Table 2.2)91. Due to the fact that it had the lowest 
E3LE–3CT, 3 was able to produce the best mixing between 3LE and the excited state 
wave function of 3CT. This finding is in agreement with the highest kRISC value of 
5.45 x 105 s-1 and the kRISC/kISC ratio of 0.296, which indicates that the TADF of 3 is 
the most effective (Table 2.2). It was impossible to determine the 3CT energy state 
using optical spectroscopy (Fig. 2.5). Despite this, it is possible to calculate the 
energies of triplet CT states by using the activation energies for the RISC and ISC 
processes (Fig. 2.7). As a result, the 1CT–3CT energy gaps of 20 meV for 1, of 11 
meV for 2, and 21 meV for 3 were obtained (Fig. 2.7, Table 2.2). The trend of the 
ΔEST values of 1, 2, and 3 did not agree with the trend of their TADF efficiency. The 
trend of the TADF efficiency was the same as that of their E3LE–1CT values (Fig. 2.7). 
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Table 2.2. Photophysical parameters of 1wt.% molecular dispersions of compounds 
1, 2, and 3 in Zeonex 

Compound  1  2 3 

, nm 535 537 477 
PLQY, % 4.6 5.2 38.5 

, eV 0.19 0.02 0.02 
, ns 

(ratio, %) 21.5 (72.3%) 18.2 (28.2%) 35.4 (21.6%) 

, μs (%) 0.93 (27.7%) 1.41 (71.8%) 2.56 (78.4%) 
, s-1  4.33 × 105 6.91 × 105 1.84 × 106 
, s-1 1.92 × 104 2.46 × 104 5.45 × 105 

kRISC/kISC 0.044 0.036 0.296 
, meV 4.9 8.1 0.8 
, meV 24.5 19.3 21.8 

 4.78 × 104 3.53 × 104 9.25 × 104 
kRISC/  0.4 0.7 5.9 

 
The relatively high E3LE–3CT was apparently responsible for the fact that the 

PLQYs of 1 and 2 reached their maximums at around 200 K (Fig. 2.6 e). The PLQY 
values decrease as the temperature continues to rise, most likely as a result of an 
increase in the non-radiative rates of the triplet states (kT

nr). In contrast, the PLQYs of 
3 increased by up to 38.5% with the increase of temperature from 77 to 300 K because 
of the efficient TADF process. The ratio of kRISC/kT

nr for 3 was 5.9, which was the 
highest observed value. In order to have efficient TADF emitters, this kRISC/kT

nr ratio 
needs to be higher than unity (as in the case of 3)92,93.  

It is important to point out that the 3LE values of PO–Ph, PS–Ph, and AC–Ph 
were respectively measured to be 2.83 eV, 2.65 eV, and 3.22 eV through the 
experimental research. In the cases of 1 and 2, the triplet LE states of PO–Ph and PS–
Ph that were calculated using the activation energies for the ISC process that were in 
relatively good agreement with the experimental ones. An estimated value of 3.19 eV 
was found for the 3LED of the compound 3. It is a significantly greater than the one 
that was calculated (2.911 eV). It is possible that this is due to the fact that other 
donating fragments ought to be used for the experimental determination of 3LE values, 
as was discussed elsewhere94. However, following a more in-depth investigation into 
the phosphorescence spectra of both 3 and AC–Ph, the presence of two bands was 
established. According to the PL decay measurements, high (3.19 eV) and low (ca. 
2.92 eV) bands can be attributed to phosphorescence rather than delay fluorescence. 
The phosphorescence was recorded with a delay of 9 ms, while the delay fluorescence 
was recorded over a time range of up to ca. 0.5 ms. This observation demonstrates 
that the compound 3 is distinguished by two different 3LED states, which appear to 
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have the same ππ* and nπ* character that was reported for 10-phenyl-10H, 100H-
spiro[acridine9,90-anthracen]-100-one95,96. It was possible to obtain a ππ* 3LED value 
of approximately 3.19 eV and a nπ* 3LED value of approximately 2.92 eV for 3. The 
triplet LE value and the value of nπ* 3LED are in excellent accord (Fig. 2.7). The 
energy diagram shown in Fig. 2.7 can appropriately explain the most efficient TADF 
properties of compound 3. 

The PL spectra of the films with various concentrations of 3 were discovered to 
have similar shapes and wavelengths of maxima. The EL spectra of devices based on 
3 are in good agreement with this observation. The film made from the molecular 
mixture of 10 wt% emitter 3 and SimCP2 was chosen for the study of TADF 
characteristics. The molecular dispersion of 3 in SimCP2 had PL spectra and PL 
decays that were extremely similar to those of the molecular dispersion of 3 in Zeonex 
(Fig. 2.5, Fig. 2.6 c). The laser energy dependence of the delayed emission intensity 
was recorded for the emitting layer of the molecular dispersion of 3 (10 wt%) in 
SimCP2. Further evidence for the TADF origin of emission of 3 is provided by the 
slope of the plot of 0.9597.  

The combination of properties needed for the OLED applications was best 
demonstrated by the compound 3. It was chosen for the electroluminescence 
investigation as a TADF emitter. The structure of the device was ITO/MoO3[0.5 
nm]/NPB[40 nm]/TCTA[4 nm]/mCBP[4 nm]/light-emitting layer [24 nm]/ TSPO1[4 
nm]/TPBi[40 nm]/LiF[0.5 nm] : Al[88 nm], in which the layers of 3 [5 wt%] : 
SimCP2, 3 [10 wt%] : SimCP2 and 3 [15 wt%] : SimCP2 were utilized as the 
corresponding light-emitting layers for devices A, B, and C. The reference device D 
contained the TADF emitter PFBP-2a with a fluorine-containing acceptor. Light-
emitting layer of 20 wt% molecular dispersion of PFBP-2a in SimCP2 was prepared98. 
In order to achieve balanced hole-electron recombination and exciton formation 
within the light-emitting layers, the materials with typical roles, such as MoO3 as hole-
injecting, NPB and TCTA as hole-transporting, mCBP as electron/exciton-blocking, 
SimCP2 as the host, TSPO1 as hole/exciton-blocking, TPBi as electron-transporting, 
and LiF as electron-injecting material, were used (Fig. 2.8 a). When SimCP2 is doped 
with PFBP-2a or 3, the holes are transferred effortlessly while the emitters have no 
trouble capturing the electrons. The zone of recombination is located near the interface 
SMPCP2/TPSO1. The EL spectra (peaking at 485 nm and FWHM of 85 nm) of the 
devices A–C were very similar to the PL spectra of the corresponding light-emitting 
layers of 3 doped in SimCP2. They are peaking at 487 nm with a FWHM of 87 nm 
(Fig. 2.8 b). This discovery suggests that the emission of 3 caused the EL. Small 
differences between the PL and EL spectra are caused by the different optical and 
electrical excitation sources that were used. Due to the identical charge-injecting 
characteristics of 3 and PFBP-2a, turn-on voltages of approximately 4.4 V were 
obtained for devices A–D (Fig. 2.8 d). Higher operational current densities were 
reported for devices A–C than for device D at voltages greater than ca. 7V, 
presumably due to the superior charge-transporting characteristics of 3 in comparison 
to those of PFBP-2a. 
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Fig. 2.8. Equilibrium energy diagram (a), EL spectra recorded at different voltages (b, c), 
current density and brightness as the function of the applied voltages (d) and EQE versus 

current density plots (e) for the devices A–D; the inset displays a picture of devices A at 6 V 
along with their CIE1931 color coordinates 

At various voltages, the EL spectra of the devices A–C displayed nearly 
identical shapes and maxima wavelengths. Additionally, even though the emitter 3 
was utilized at slightly varying concentrations, the EL spectra for the various devices 
A–C were identical. As shown in Fig. 2.2 e, this observation can be attributed to the 
creation of non-covalent intramolecular bonds by 3 in solid state. In contrast, the 
reference D–A electronic system (9,9-dimethyl-9-10-dihydroacridine-
perfluorobiphenyl) demonstrated unstable EL spectra in device D at different external 
voltages (Fig. 2.8 c). This result effectively illustrates the benefits of the newly 
developed electron-accepting 1,4-bis(trifluoromethyl)benzene moiety. 

In terms of its EL spectra as well as device efficiency roll-offs, the advantages 
of the device based on the compound containing 1,4-bis(trifluoromethyl)phenyl were 
noted (Fig. 2.8 e). EQE values at the practical brightness of 1,000 cd m-2 were 
comparable to the maximum EQE values of the devices A–C (Table 2.3). The EQE 
roll-off of device D was dramatic, and its maximum brightness even did not reach 
1,000 cd m-2 (Fig. 2.8 d). Devices A–C showed the "stable" EQE at comparatively 
low operational current densities (lower than 40 mA cm-2). Then, EQEs dramatically 
decreased. With higher operational current densities (higher than 40 mA cm-2), the 
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bonds with the lowest cleavage energy may first be broken as a result of exciton-
polaron annihilation processes according to the previous discussions99,100. 

Table 2.3. Electroluminescence parameters of host-free (A1–A6) and host 
containing (B1–B6) OLEDs 

Device 
name EML λEL,  

nm 
VON, 

V 
LMAX, 
cd/m2 

CEMAX, 
cd/A 

PEMAX, 
lm/W 

EQEMAX 
/EQE1000, 

% 
Device Structure is ITO/MoO3/NPB/TCTA/mCBP/light-emitting layer 
(EML)/TSPO1/TPBi/LiF:Al 

A 3 
[5 wt%]:SimCP2 487 4.4 2,500 11.7 9.9 4.7/5.18 

B 3 
[10 wt%]:SimCP2 487 4.4 3,000 12.9 10.7 5.9/5.8 

C 3 
[15 wt%]:SimCP2 487 4.4 3,500 12.6 8.97 4.6/5.4 

D PFBP-2a 
[20 wt%]:SimCP2 478 4.4 800 6.2 5.6 4.4/- 

λEL is EL maximum, VON is the turn-on voltage, LMAX is the maximum brightness, CEMAX is 
the maximum current efficiency, and PEMAX is the maximum power efficiency. EQEMAX and 
EQE1000 are EQEs at 10 and 1,000 cd/m2, respectively.  
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2.2. Investigation of conformational disorder and rigid matrix effects: unveiling 
the mechanism behind the high oxygen sensitivity and room temperature 
phosphorescence (Scientific publication No. 2, Q1) 

This chapter is based on the paper published in Sensors and Actuators B: 
Chemical, 2023, 380, 133295. 

Three compounds were synthesized for optical oxygen sensors using 1,4-
difluorobenzene as the acceptor and three different donor moieties (phenothiazine, 
phenoxazine, and acridine). 10,10'-(2,5-Difluoro-1,4-phenylene)bis(10 H-
phenothiazine) (5) exhibits strong room-temperature phosphorescence when 
molecularly dispersed in rigid Zeonex matrix. Its oxygen detecting capacity is highly 
sensitive to low oxygen concentrations (<0.1%). Scheme 2.2 illustrates the synthesis 
of 2,5-disubstituted-1,4-phenylene derivatives. Buchwald–Hartwig coupling 
reactions of 1,4-dibromo-2,5-difluorobenzene (acceptor) with different donors were 
carried out for the synthesis of the target compounds in the presence of Pd2(dba)3 as 
the metal catalyst and X-Phos as the ligand. Compounds 4, 5, and 6 were obtained 
with the yields of 68%, 40%, and 27%, respectively. By using 1H, 13C, and 19F NMR 
spectroscopy and single crystal X-ray analysis, the structures of the produced 
compounds were determined. With a coupling constant of 7.96 Hz and integration 
values that corresponded to two protons, the 1H-NMR spectra of compounds 4, 5, and 
6 exhibit a triplet peak at 7.45 ppm, 7.53 ppm, and 7.48 ppm, respectively. The H of 
the benzene ring of the acceptor unit is represented by these peaks. Despite the fact 
that all three compounds should have thirty carbon atoms in the total, 13C-NMR 
spectra for all three compounds only reveal nine peaks at the aromatic regions. This 
demonstrates the symmetry of the molecule. Only one signal, at ca. -119 ppm, is 
visible in 19F-NMR spectra of all three compounds.   

 
Scheme 2.2. Molecular structure and synthesis of 2,5-disubstituted-1,4-phenylene 

derivatives 4, 5, and 6 

The compounds were examined using differential scanning calorimetry (DSC) 
and thermogravimetric analysis (TGA). The compounds displayed high temperatures 
of 5% weight loss. They were between 302 and 333 °C. According to the single-stage 
entire weight loss of the compound samples, as shown by their TG curves, the 
temperatures of 5% weight loss are consistent with the beginnings of sublimation but 
not the thermal degradation Fig. 2.9 a. The study of the DSC curves reveals that the 



32 
 
 

compounds have a high tendency to crystallize. Molecular glasses are not formed by 
them (Fig. 2.9 c, d, e). 
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c)                                                    d) 

Fig. 2.9. (a) TGA curves of compounds 4, 5, and 6 and DSC curves of 4 (b), 5 (c), and 6 (d) 

The electrochemical behavior of D–A–D derivatives of 2,5-didifluoro-1,4-
phenylene was investigated in the electrochemical window established for the setup 
of dichloromethane (DCM) and tetrabutylammonium hexafluorophosphate 
(TBAHFP). The oxidation onset potential follows the expected donor strength with 
the lowest observed for the phenoxazine-based compound 4. Furthermore, 4 and 5 
showed reversible oxidation, whereas the dimethylacridan substituted compound 6 
showed a potential for electropolymerization, as the intensity of voltammograms 
increased with each subsequent scan. The behavior of polymerized product on the 
working electrode was investigated by immersing the latter into the DCM electrolyte 
solution. The oxidation of polymer product was found to be reversible after multiple 
scans (Fig. 2.10 d) and with the onset potential value lower than that of the monomer 
indicating a formation of larger conjugated π-electron system.   
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Fig. 2.10. Cyclic voltammograms of 4 (a), 5 (b), 6 (c) and (d) polymerized product of 6 

Slow evaporation was used to grow crystals in solvent mixtures as single 
crystals for XRD examination. Fig. 2.11 displays the projections of 4, 5, and 6 from 
the Oak Ridge Thermal Ellipsoid Plot (ORTEP). The Van der Waals intermolecular 
interactions between the neighboring molecules were confirmed by the crystal 
structures. The small contact distances range from 2.54 to 3.40 Å. All molecules 
possess weak bonding between the electron-accepting fluorine atoms and hydrogen 
or carbon atoms shared by the electron-donating moiety: (4) F1∙∙∙H-C3, (5) F1∙∙∙H-
C8, (6) F1∙∙∙C5 (Fig. 2.11). The example of 5 as well revealed similar intermolecular 
interactions between the donor and acceptor moieties (S1∙∙∙H-C15). Every 
neighboring molecule in every crystal unit cell is linked by several brief interactions 
made between the hydrogen and carbon atoms from the acceptors: (4) C4∙∙∙H-C10, 
C3∙∙∙H-C10; (5) C7∙∙∙H-C3, C6∙∙∙C9; (6) C3-H∙∙∙H-C9. As previously reported, the 
phenothiazine and acridine moieties of 5 and 6 displayed a folded configuration with 
an angle of 25–28° to the central axis101. The phenoxazine moiety 4 was almost planar 
(~2°). The angles between the two intersecting planes drawn between the acceptor 
and the donors for 4, 5, and 6 were 68.76°, 83.36°, and 87.08°, respectively. The 
nitrogen lone-pair electrons of the donor moieties align favorably with the acceptor 
π-conjugation. 
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Fig. 2.11. ORTEP structures of 4 (a), 5 (b), and 6 (c); weak forces between the molecules are 

displayed in red 

Fig. 2.12 (a–c) shows the normalized absorption and emission spectra of the 
solutions of 4, 5, and 6 in three different solvents (toluene, tetrahydrofuran, and 
acetonitrile). Phenoxazine/phenothiazine and acridine moieties are responsible for the 
optical transitions at 310 nm and 280 nm, respectively. The onset red-shifted from 
3.15 eV to 3.05 eV was observed after the change of the solvent from toluene to 
acetonitrile in the absorption spectra of 4. Similar to this, the absorption spectra for 6 
showed a bathochromic shift for toluene and acetonitrile from 3.40 eV to 3.30 eV. 
However, in contrast to its PL, the solutions of 5 barely showed any bathochromic 
shift in absorption after the increase of polarity of the solvent. A distinct redshift with 
rising solvent polarity was visible in the PL spectra of the three compounds (Fig. 2.12 
a–d). The PL spectra revealed the CT characteristics. The energy of singlet charge-
transfer state (1CT) for compounds 4, 5, and 6 was found to be 3.05 eV, 3.00 eV, and 
3.37 eV, respectively. The solutions of 4 showed the largest shift in emission-onset 
energy after replacement of toluene with acentronitrile (0.28 eV), followed by the 
solutions of 5 (0.13 eV) and 6 (0.06 eV). The large red-shift of 4 suggests that its CT 
state is stabilized with the increase of polarity102. 
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Fig. 2.12. UV absorbance spectra of solutions of 4 (a), 5 (b), 6 (c) and photoluminescence 

spectra of 4 (d), 5 (e), 6 (f) in toluene, tetrahydrofuran, and acetonitrile 

 The rise in PL intensity of the solutions in argon-aerated solvents indicates that 
triplet harvesting was a contributing factor103. Deoxygenated and air-equilibrated 
toluene solutions of 4, 5, and 6 were found to have integrated emission intensity ratios 
of 1.80, 1.20, and 3.97, respectively. The 1% solid solutions of 4 (Fig. 2.13 a) in 
Zeonex showed increased PL intensity in vacuum while that of 5 exhibited dual 
emission (Fig. 2.13 b). After doping in Zeonex, the emission band of the sample of 6 
displayed a slight vibronic structure (Fig. 2.13 c), and its PL intensity increased when 
exposed to intense UV light during excitation. 

Time-resolved PL measurements at two distinct wavelengths (400 nm and 504 
nm) were carried out to investigate the causes of the dual emission. The PL spectra of 
5 molecularly distributed in Zeonex without and with a 9 ms gate delay are shown in 
Fig. 2.13 d. After applying the gate delay, the emission in the 400–450 nm range 
disappeared. When measured in air (2.40 ns) and vacuum (2.37 ns), the prompt 
fluorescence lifetimes were found to be close (Fig. 2.13 e). According to Fig. 2.13 f, 
the emission at 505 nm had longer radiative decay time of 19.3 ms. This finding 
supports the existence of phosphorescence at room temperature. The lowest triplet 
levels for 4, 5, and 6 were determined from the onsets of the corresponding 
phosphorescence spectra. They were found to be 2.9, 2.7, and 3.28 eV, respectively. 
The energies of the lowest singlet states of the solutions of 4, 5, and 6 solutions in 
THF were found to be 2.97, 2.87, and 3.29 eV, respectively (Fig. 2.12 d, e, f). The 
values of ΔEST for the solutions of 4, 5, and 6 in 2-methyltetrahydrofuran (me-THF) 
were found to be 0.07, 0.17, and 0.01 eV, respectively. The close orthogonality of the 
D and A units (the intersection angle is 83.36°) for 5 did not lead to the small ΔEST. 
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The increased PL intensity of the argon-purged solution of deep blue emitting 6 
revealed a very small ΔEST and high triplet harvesting efficiency. Due to the very high 
triplet energy of 6 (3.28 eV), the presence of 1CT suggests that the presence of a 
substantial reservoir of long-lived, highly energetic triplet excitons that interact with 
polarons may cause degradation104,105. 
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Fig. 2.13. PL spectra of argon-saturated toluene solutions and evacuated and air equilibrated 
solid solutions in Zeonex of 4 (a), 5 (b) and 6 (c), (d) PL spectra of compound 5 molecularly 

dispersed in Zeonex without and with gate delay, PL decay curves of 5 doped in Zeonex 
recorded at 400 nm in air (e) and vacuum (f) recorded at 505 nm 

The films of 5 and its solid solution in Zeonex were found to have the lowest 
photoluminescence quantum yields (PLQY) in the air (Table 2.4). The effective 
singlet-triplet intersystem crossing (ISC), required for efficient RTP106, can be 
partially responsible for the low PLQY values of 5. A relatively high PLQY of RTP 
was observed for the film of 5 doped in Zeonex (Table 2.4). After deoxygenation, the 
6 solution demonstrated 30% increase in the emission lifetime. This finding is 
compelling evidence of delayed fluorescence. The increase in emission lifetime upon 
deoxygenation was significantly less for the solution (15%) of 5. When oxygen was 
removed, the solution of 4 showed a 21% increase in the emission lifetime. The 
relationship between these values and the ΔEST values of the compounds is inverse. 
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Table 2.4. Phophysical parameters of the derivatives 
Compounds 4 5 6 

neat/guest-Zeonex films 
PLQYair, % 14/5 2/2 10/7 
PLQYvacuum, % -/9 -/12.8 -/27.8 
* PLQYRTP - -/10.8 - 
τfluorescence(air/argon), ns  4.70/5.71  3.33/3.83 5.44/7.05 
τRTP, ms _ -/19.3 _ 

* Calculated by PLQYRTP=PLQYvac-PLQYair, where PLQYvac=PLQYair×Areavac/Areaair as 
introduced elsewhere107. 

In order to explore the molecular structures, the density functional theory (DFT) 
computations were made. Fig. 2.14 displays their optimized structures. Large dihedral 
angles of 79.8°, 99.3°, and 92.6° between the donor and acceptor moieties were 
present in the molecules of 4, 5, and 6, respectively. They were approximately 10° 
larger than the results from the single-crystal X-ray measurement. The HOMO to 
LUMO transition, which had coefficients higher than 0.98, had a considerable 
dominance over the natural transition orbitals for S1. 

According to the theoretical calculations, the HOMO and LUMO energy levels 
of a single molecule are 5.97 eV, 6.15 eV, 6.07 eV, 0.65 eV, 0.66 eV, and 0.59 eV for 
4, 5, and 6, respectively. The ionization potentials determined from the CV study are 
5.50 eV, 5.80 eV, and 5.81 eV (Fig. 2.10). These findings suggest that phenoxazine 
has a stronger donating strength than phenothiazine and acridine. 

 
Fig. 2.14. The frontier orbitals of 4 (a), 5 (b), and 6 (c) 

The T1 frontier orbitals were investigated as well. Surprisingly, the natural 
transition orbitals for T1 consisted of superposition of multiple CTs and locally excited 
(LEs) holeparticle excitations, while having well-separated frontier orbitals with the 
S1 transition being dominated by the HOMO to LUMO transition (Fig. 2.14 a–c). By 
comparing the bathochromic shift of the lowest triplet state of 4 with the 3LE of 
phenoxazine, it was possible to validate the lowest triplet state of 4's hybrid nature. 
When the solvent's dielectric constant increased, the 1CT state of 4 displayed 
bathochromic shift, as is common for charge transfer molecules (Fig. 2.15 d). In a 
solvent with a low dielectric constant, the 3HLCT of 4 increased only slightly (see 
Fig. 2.15 d, f). By raising the spin-orbit coupling while keeping the EST low, 3HLCT 
can enhance reverse intersystem crossing (RISC)108. For 4, 5, and 6, ΔEST is 
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determined to be 0.09 eV, 0.17 eV, and 0.05 eV, respectively. There are about equal 
amounts of 3LE and 3CT in 4 (Fig. 2.15 a), and ΔEST is close to 0.1 eV. ΔEST widens 
when the 3HLCT becomes more local in excitation, as observed in the example of 5 
(Fig. 2.15 b). In Fig. 2.15 c, 6 has the highest triplet harvesting rate and higher 3CT 
energy for T1. Between deoxygenated and air-equilibrated solutions, there was a 3.97 
integrated emission intensity ratio. The reverse intersystem crossing would provide 
efficient triplet harvesting if 3HLCT included a well-balanced ratio of 3LE and 3CT 
characters. 

 

 
Fig. 2.15. The decomposition of the lowest triplet natural transition orbitals for 4 (a), 5 (b), 

and 6 (c); the number indicates the coefficient corresponding to the transition; (d) is the 
comparison of the onset of emission of 3HLCT of compound 5, 3LE of phenothiazine, and 

1CT of 5 of different dielectric constant; (e) Phosphorescence spectra (3LE) of phenothiazine 
in different solvents at 77 K and (f) Phosphorescence spectra of compound 5 in different 

solvents 

A molecular dynamics simulation was conducted for compound 5 doped in 
Zeonex, and the emitters extracted for time-dependent DFT/LC-PBEh/cc-pVDZ 
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calculations at optimal ɯ (Fig. 2.16 a) show the probability distribution of ΔEST with 
a mean of 0.31 eV, indicating that the conformational heterogeneity imposed by the 
rigid Zeonex can widen the mean ΔEST. The molecular structures of the molecules 
having the smallest and greatest ΔEST are presented in Fig. 2.16 b and c, respectively. 
ΔEST varies from the lowest value of 0.13 eV to the highest value of 0.59 eV. The 
dihedral angle between the donor and acceptor in Fig. 2.16 b deviated far from the 
orthogonality with a dihedral angle of 127°, resulting in a large ΔEST compared with 
the dihedral angle of 71° shown in Fig. 2.16 c. As it can be seen in Fig. 2.16 c, a 
constrained environment makes it difficult for the molecule to relax to its equilibrium 
position, making such a huge distortion possible. As a result, the local transition 
dominates T1 for the molecule in Fig. 2.16 b. In contrast to the experimental value of 
0.47 eV, the mean ΔEST in the simulation is 0.31 eV. The higher error is most likely 
the result of the simulation's usage of fewer Zeonex repeating units and a single ɯ 
value of 0.063 for the calculation of the excited states of various conformers. 

 It has been demonstrated that compound 5 doping of Zeonex increases the 
conformational heterogeneity. In the cases of 4 and 6, the same behavior should take 
place. It has been investigated how the dihedral angle between the donor and acceptor 
moieties relates to ΔEST. The major increase in ΔEST for 5 began at 70°, but the onsets 
for 4 and 6 were 40° and 50°, respectively. This difference indicates that these two 
molecules are less sensitive to the significant change in ΔEST imposed by the 
conformational disorder. 

 
Fig. 2.16. The distribution of ΔEST of compound 5 in Zeonex (a), structure of 5 with ΔEST of 
0.59 eV (b) and structure of 5 with ΔEST 0.13 eV (c) and (d) is the molecule in the Zeonex 

that is embedded in (b) 

The time evolution of photoluminescent spectra was carried out as shown in Fig. 
2.17 to further support the idea that Zeonex imposed increased heterogeneity of 5. The 
photoluminescence intensity logarithmic contour map as a function of logarithmic 
time after excitation and wavelength is shown in Fig. 2.17 a. It has been determined 
that RTP is responsible for the low-intensity emission at timescales greater than 100 
ns. The selected spectra of the contour diagram are represented in Fig. 2.17 b. The 
1CT emission cannot be described as typical single Gaussian emission. Three peaks 
are seen at the wavelengths of 423 nm, 453 nm, and 513 nm. These peaks are 
apparently not the vibronic peaks from 1LE. Such behavior was seen through space 
donor–acceptor charge transfer dimers in the solution109.  

During the measurement, the emission peak at 500 nm was batochromically 
shifted to 550 nm (Fig. 2.17 b). As supported by the simulation spectral shift from 
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500 nm to 550 nm is the result of heterogeneity leading to large lifetime dispersion of 
the CT emission. The higher-energy CT states decayed faster than the lower-energy 
species due to their increased 1LE character, giving an apparent time-dependent 
spectral shift. Additionally supporting the existence of structural inhomogeneity in a 
disordered medium was the observation of 5 spectral shift over the time110. Since 
triplet emission is prohibited, the emission at 3.66 ns should correspond to the singlet 
states, including the emission at 500–550 nm. The emission spectrum at 892 ns looked 
as a representation of the probability distribution of triplet vertical excitation. As a 
result, the emission peak at about 525 nm in the steady state photoluminescence 
spectrum of 5 molecularly dispersed in Zeonex (Fig. 2.13 b) might be interpreted as a 
combination of fluorescence and phosphorescence spectra. Fig. 2.17 c shows the shift 
of the peak at around 525 nm. Before it reaches the energy level of equilibrium, the 
shift exponentially decays. The peak can be attributed to phosphorescence after 
around 100 ns. Not all TADF compounds containing phenothiazine displayed RTP101, 
despite the fact that phenothiazine moieties are known to be phosphorescent at room 
temperature111,112,113. 

 
Fig. 2.17. The photoluminescence lifetime evolution of the molecular dispersion of 

compound 5 in Zeonex (a) two-dimensional intensity map with inserted spectra at 3.66 ns 
(white) and at 892 ns (red) after excitation, (b) the change of the normalized spectra at the 
different times, (c) the spectral diffusion of the second dominant peak observed at 500 nm 

Phosphorescence quenching by oxygen has been studied since it is the primary 
emission at room temperature114. There was exposed a sample of the solid solution of 
5 in Zeonex with the concentration of 1% as in a chamber to various ratios of the 
concentrations of oxygen and nitrogen to evaluate this effect. Two exact gas 
flowmeters were used to regulate the ratio of pure oxygen as a quencher and pure 
nitrogen gas, which served as an inert medium for the gas mixture. RTP intensity 
changed after every adjustment of the quencher concentration (Fig. 2.18 a). After each 
change in gas ratio, the sample was left in it for 3 minutes to ensure high accuracy and 
prevent any spectrum fluctuation caused by the outside influences. The chosen 
concentration of quencher's final spectrum was then produced by averaging three 
consecutive spectra during the data analysis. 

 According to Fig. 2.18 a, it is clear that the intensity of RTP significantly 
decreases as quencher concentration increases. Under nitrogen and oxygen 
atmospheres, the considerable difference in emission intensity at 500 nm was noticed. 
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The intensity of emission at 500 nm was 7.5 times greater under the inert atmosphere 
than it was in the atmosphere of oxygen. 

PL spectra collected at various oxygen concentrations were integrated for the 
quantitative determination of the sensitivity of RTP of 5 to oxygen quenching. The 
resulting values of the area under the curves were used for the next analyses. There 
was applied a Stern–Volmer equation that is modified for these circumstances because 
the data that had been collected clearly showed a nonlinear relationship between the 
ratio of RTP intensity to the quencher concentration in ppm (Fig. 2.18 b). When the 
Stern–Volmer plot is downward curving, it is typically assumed that there are several 
chromophore species present with one species being available for the quencher and 
the others not. This combination is considered as multiple species with dynamic 
quenching113 . 

Equation (2) can be used to express the ratio between intensities observed in the 
presence and absence of a quencher. 

                                    (2) 

where  is the area under the curve measured in the absence of a quencher 
and ARTP is the area under a curve measured in the presence of a quencher, KSV(i) is 
the quencher rate coefficient and f(i) is the fractional contribution of the ith species of 
the fluorophore to the steady-state emission of the investigated compound. 

The two-component model described in equation (3) provided the best match 
for the sample of 1% solid solution of compound 5 in Zeonex. 

                                                   (3) 

Resulting fit values R2 of 0.998 demonstrate that the first and dominant 
fluorophore species contribute to 65.5% of the total photoluminescence while the 
second species has a fractional contribution f2 of 34.5%. The obtained values of KSV1 

of 2.48 × 10-3 ppm-1 and of KSV2 of 6.23 × 10-6 ppm-1 demonstrate significant 
differences in emission sensitivity of the oxygen. The values of the quenching rate 
constants are strongly correlated with the Stern–Volmer plot, up to the oxygen 
concentration of around 2,000 ppm. Overall, these results suggest that the sample of 
1% molecular dispersion of compound 5 in Zeonex shows high sensitivity to low 
concentrations of oxygen (up to 0.2%). At oxygen concentrations above 0.2%, the 
sensitivity began to decrease. The presence of two sensitivity regions can be attributed 
to the molecular heterogeneity giving rise to two dominant 3LE states and the 3CT 
states of 5. 



42 
 
 

400 450 500 550 600 650 700 750
0

50

100

150

200

250

300

100% O2

In
te

ns
ity

, a
.u

.

Wavelength, nm

 Under N2

 46
 114
 160
 228
 343
 457
 685
 913
 1141
 1520
 2280
 4548
 9055
 83726
 Under O2

Oxygen ppm:
0% O2

 
0 2000 4000 6000 8000 10000

1

2

3

 5 1wt. % in Zeonex
 Non-linear fit 

R
TP

/
R

TP

[O2], ppm

0.0 0.2 0.4 0.6 0.8

1

2

3

KSV2=6.23x10-6 ppm-1 
KSV1=2.48x10-3 ppm-1 
f2=0.347
f1=0.655

1+KSV21+KSV1

f2

R
TP

/
R

TP

Oxygen (%)

0
RTP

RTP

R2=0.998

=
1

f1
+

 
a)                                                             b) 

Fig. 2.18. (a) RTP spectra and (b) Stern–Volmer plots for 1% molecular dispersion of 5 in 
Zeonex recorded at different concentrations of oxygen 

2.3. Pyridazine as an acceptor core: synthesis, characterization, and 
photophysical analysis of compounds containing 9,9-dimethyl-9,10-
dihydroacridine and phenoxazine donor moieties (Scientific publication No. 3, 
Q1) 

This chapter is based on the paper published in Materials, 2023, 16, 1294. By 
using the Buchwald–Hartwig cross-coupling reaction, two compounds with 
pyridazine as the acceptor core and 9,9-dimethyl-9,10-dihydroacridine or 
phenoxazine as donor moieties were obtained. Scheme 2.3 shows the synthesis of the 
2,5-disubstituted-pyridazine derivatives. Compounds 7 and 8 were obtained with 
yields of 21.8% and 6.4%, respectively.  

 
Scheme 2.3. Synthesis of 2,5-disubstituted-pyridazine derivatives 

The morphological transitions and thermal stabilities of pyridazine-based 
compounds were investigated by using DSC and TGA. Table 2.5 summarizes their 
thermal characteristics. After synthesis and purification, the two target compounds 
were obtained as crystalline substances. The first heating scans of the DSC 
measurements showed endothermic melting signals (Fig. 2.19 a, b). The second 
heating scan of compound 7 revealed crystallization and subsequent melting signals. 
Glass transition was observed during the second heating scan of compound 8 
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suggesting that it might transform into the solid amorphous state (molecular glass). 
Complete weight loss of both compounds was observed during the TGA 
measurements, which indicates sublimation rather than thermal decomposition of the 
samples. 
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Fig. 2.19. DSC (a, b) and TGA (c) thermograms of compounds 7 and 8 

Table 2.5. Thermal characteristics of the compounds 
 
 

 
 

 
1Temperature of 5% loss of mass determined by TGA, 2crystallization temperatures 
determined by DSC, 3melting points determined by DSC. 

 
The target geometries and electronic structures of the molecules were 

investigated using DFT computations at the theoretical B3LYP/6-31++G level. In 
order to evaluate the electronic transitions, the geometries of the pyridazine 
derivatives 7 and 8 were studied (Fig. 2.20). The D and A fragments are practically 
perpendicularly oriented in the optimized ground state geometries because their 
dihedral angle values are close to 90°. Such large dihedral angle values are expected 
to lead to the minimal conjugation of the D–A fragments. Fig. 2.21 illustrates the 
calculated HOMOs and LUMOs. Both pyridazine-based compounds have similar 
electronic structures. According to the calculated HOMO levels, phenoxazine has a 
slightly better electron-donating ability than the 9,9-dimethyl-9,10-dihydroacridine 
moiety.  

 
 
 

Compound TID, °C 1 Tg, °C  Tcr, °C 2 Tm, °C 3 

7 314 - 188 248 

8 336 80 133 231 
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Fig. 2.20. Optimized ground state geometries in vacuum at the B3LYP/6-31++G level of 
theory of compounds 7 and 8 (gray color – carbon, blue – nitrogen, red – oxygen, white – 

hydrogen) 

 
Fig. 2.21. DFT calculated HOMO, LUMO energies as well as HOMO and LUMO 

topologies (isovalue of 0.02) of compounds 7 and 8 

The dihedral angles remain perpendicular in the optimized excited-state 
geometry. TD-DFT calculations predicted that the dominant S1 transition is CT in 
nature (H→L). The calculated ΔEST values are of ca. 0.3 eV (Fig. 2.21). These 
pyridazine derivatives are potential TADF emitters due to their small energy gaps. 

The electrochemical characteristics of the compounds 7 and 8 were investigated 
using cyclic voltammetry. The repeated scans of the compound 8 revealed reversible 
oxidation, whereas the scans of the compound 7 revealed quasi-reversible oxidation. 
Oxidation onset potentials against ferrocene (Eox onset vs. Fc) were used to determine 
the ionization potentials using cyclic voltammetry (IPCV). The voltammograms are 
shown in Fig. 2.22. The strength of the donor moiety was shown to have a small 
impact on the IPCV values. The phenoxazine containing compound (7) showed slightly 
higher IPCV than the derivative of 9,9-dimethyl-9,10-dihydroacridine (8).  
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Fig. 2.22. Cyclic voltammograms of compounds 7 and 8 

Table 2.6. Photophysical characteristics of 7 and 8 
Compound λa, nm1 λe, nm2 Φ3 ES1, eV4 ET1, 

eV4 
ΔEST4 

7 308/308 ca. 420, 618/398, 
639/565 

<0.01 2.68 2.59 0.09 

8 ca. 
280/290 

353, 535/346, 
561/517 

<0.01 2.64 2.29 0.35 

1Wavelengths of the bands of absorption spectra of the solutions of the compounds in 
toluene/THF, 2wavelengths of the bands of emission spectra of the toluene/THF solutions and 
films, 3PL quantum yield of deoxygenated toluene solutions, 4derived from spectral data of the 
films of compounds recorded at 77 K in the absence of oxygen. 

 
In Fig. 2.23 a, b, the absorption and emission spectra of the solutions 7 and 8 

are shown. The spectral characteristics are collected in Table 2.6. The absorption 
spectra for the solutions of 7 and 8 are characterized by a strong bands at 308 nm and 
288 nm, respectively. When the non-polar toluene solvent was replaced with the polar 
THF, the positions of the absorption peaks basically remained unchanged.  

In the UV and green spectral regions, two distinct emission bands were visible 
in the PL spectra of the solutions that were recorded at various excitation wavelengths. 
The spectral data shown in Table 2.6 give the possibility to follow how the polarity 
of the medium affects the photophysical properties of the compounds. The locally 
excited (LE) state emission of the donor is linked with the PL band in the UV region, 
which ranges from 400 to 450 nm. It is not characterized by the positive 
solvatochromism caused by the increase in polarity of the solvent. With increasing 
solvent polarity, the low-energy emission band at about 500–625 nm showed a 
spectral redshift that indicated intramolecular charge transfer (ICT) state. Different 
excitation wavelengths barely change the spectral distribution. This finding 
completely complies with Dr. Michael Kasha's criterion115 that forbids the possibility 
of certain optical centers being excited in a way that would impact the analysis of the 
experimental data. The wavelengths of the ICT peaks in the spectra of the neat films 
match the peak locations of the ICT band of the corresponding toluene solutions. This 
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observation shows that polarity, aggregation-related processes, and intermolecular 
interactions in the solid state have no impact on the ICT of the compounds. As 
expected, the emission of 9,9-dimethyl-9,10-dihydroacridin-based 8 is blue-shifted in 
comparison to that of 7 with a stronger donating unit of phenoxazine. The 
deoxygenated toluene solutions of 7 and 8 did not reach PL quantum yields Φ of 1%.  

At the corresponding PL peak wavelengths, the PL decay curves of the 
deoxygenated toluene solutions of 7 and 8 were recorded (Fig. 2.23 c). The main 
information regarding PL decays is gathered in Table 2.7. The multiexponential fitting 
demonstrated a perfect correlation between the lifetime of the LE of 7 and the lifetime 
of the prompt fluorescent component of the PL decay curve measured at 621 nm. In 
addition, the ICT bands of the solutions of 7 and 8 exhibited emission lifetimes of 93 
and 143 ns, respectively. Such lifetimes are related to what is known as the fast 
delayed emission or TADF89. 
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Fig. 2.23. UV and PL spectra of toluene, THF solutions and films of 7 (a) and 8 (b), PL 
decay curves of deoxygenated toluene solutions (c), PL and phosphorescence spectra of the 
film of 8 recorded at 77 K (d), PL spectra of the films of 7 (e) and 8 (f) recorded in an inert 

atmosphere at different temperatures 
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Table 2.7. Photophysical characteristics of the toluene solutions of 7 and 8 
Toluene 
solution1 

λ, nm2 Lifetime, ns3 kRISC, s-1 kISC, s-1 χ2 4 

7 394 2.85 - - 1.043 

7 609 2.49 (85.44%), 9.75 
(6.49%), 92.86 

(8.07%) 

9.5·105 2.2·108 1.166 

8 534 6 (95.52%), 142.96 
(4.48%) 

3.3·105 1.6·108 1.034 

1Deoxygenated, 2wavelength at which the measurement was performed, 3intensity amplitude 
in parentheses, 4weighted sum of fit points square deviations. 

 
In order to unequivocally establish the absence of RTP, PL spectra of the films 

of 7 and 8 were obtained at various temperatures. The energy levels of the first excited 
singlet and triplet states were determined from the onsets of the corresponding prompt 
fluorescent and phosphorescent bands (Fig. 2.23 d, e). During heating, the 
phosphorescence component disappeared, leaving only the ICT band (Fig. 2.23 e, f). 
Even if it is expected based on the findings of the theoretical analysis, the TADF 
phenomenon is not supported by the measured ΔEST of 0.35 eV (Fig. 2.23 e) of 7 (Fig. 
2.21). The RISC in this situation significantly depends on a spin-orbit coupling of 
energetically close 3CT and 3LE states. The possibility of spin being flipped in the 
organic material without insertion of heavy atoms into the structure is realized because 
kRISC is deeply dependent on the triplet excitonic Bohr radius, which enhances kRISC by 
several orders of magnitude more than the rate constant of ISC (kISC) (Table 2.7)116. 
Fig. 2.24 e shows that the energy level of 3LE is estimated to be of ca. 2.64 eV, which 
facilitates TADF. This energy level is near to that of the 1CT state89,117. The low PLQY 
makes it difficult to detect the 3LE experimentally. As expected for 8118, the first triplet 
excited state with the energy of 2.59 eV is close to that of 1CT of 2.68 eV, which is 
beneficial for TADF. The values of kRISC and kISC were evaluated from the fitting data 
of the PL decay curves using equations , 

, where ΦPF, ΦDF, and ΦRISC are the quantum yields of prompt, delayed 
fluorescence, and RISC, respectively119. Using the formula 

 and knowing that the yield of ISC ΦISC cannot exceed the electronic 
excitation energy not utilized in prompt fluorescence, kRISC can be estimated by the 
formula 120. The obtained data are collected in Table 2.7. The 
kRISC value for 7 reached almost 106 s−1, which is only slightly lower than the values 
of state-of-the-art TADF emitters119,120,121. 
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2.4 Flexible organic light-emitting diodes with non-doped TADF emitters 
utilizing sulfobenzimide moiety: emission colors and performance evaluation 
(Scientific publication No. 4, Q1) 

This chapter is based on the paper published in Dyes and Pigments, 2022, 208, 
110841. In the current paper, there was provided the synthetic procedure as well as 
the investigations of the structural and spectroscopic characterization for the novel 
mechanoluminescent (MCL) TADF D–A molecule, and 2-(3-(9H-carbazol-9-
yl)propyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (9) were described. 

Two steps of the nucleophilic substitution were used to synthesize compound 9 
(Scheme 2.4). The first step involved deprotonating carbazole to create a nucleophile, 
then attacking one of the bromine atoms in 1,3-dibromopropane to obtain 9-(3-
bromopropyl)-9H-carbazole122. Sulfobenzimide anion replaced the second bromine 
atom in the alkyl chain to form compound 9 in the second step. The desired compound 
was purified and obtained as a crystalline substance. The molecular structure of 9 was 
confirmed by using 1H and 13C NMR, mass spectrometries, and single crystal X-ray 
investigation. 

 
Scheme 2.4. Synthetic route to 9 

The nature of the intermolecular interactions stabilizing the crystal structure of 
9 was investigated by using Hirshfeld surface analysis. Fig. 2.24 shows Hirshfeld 
surface of 9. It illustrates the interaction between the electron density of the chosen 
molecule and the electron density of the surrounding crystal medium. The distance 
(d) between the surface and the closest external atom, as projected in Fig. 2.24, is 
called the normalized contact distance (dnorm). Red areas indicate the interactions 
whose distances (d) are smaller than Van der Waals distances. White regions are in 
charge of contacts that are exactly equal to Van der Waals distances, whereas blue 
regions are in charge of interactions that are more than those distances. The long-
range, moderate-strength C-H O hydrogen bonds, which stabilize the crystal 
structure of 9, are represented by the bright red spots around the oxygen and hydrogen 
atoms in Fig. 2.25. It reveals the presence of O H/ H O interactions with a de + di 

distance of ca. 2.64 Å and 21.9% contribution to the total Hirshfeld surface. 
The 2D fingerprint plot shows that the main intermolecular interactions in 9 are 

H H, C H, O H, and C C. The decomposition of the fingerprint plot shows that 
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H H contacts occupy 40.5% of the total Hirshfeld surface area, C H contacts –
29.8%, O H contacts – 21.9%, and C C contacts contribute only 3.7% to the total 
Hirshfeld surface area. 

 
Fig. 2.24. Hirshfeld dnorm surface of the intermolecular interactions plotted in the unit-cell 

of compound 9; the C–H O close contacts are denoted as green dashed lines 

TGA and DSC were used to perform the thermal characterization of compound 
9. TGA showed relatively high 5% weight loss temperature of 314 °C (Fig. 2.25 a). 
The complete weight loss of the sample during the TGA experiment demonstrates 
sublimation but not thermal decomposition. Endothermic melting peaks at 175 °C 
during the first heating scan and 172 °C during the second heating scan were visible 
on the DSC thermograms of 9. The existence of two meta-stable crystalline forms 
may be the reason for this difference. Since no crystallization was seen during the 
cooling scan, the substance consolidated in the amorphous phase. The following 
heating scan showed glass-transition at 41 °C and exothermic peak signal of 
crystallization at 132 °C (Fig. 2.25 a). 
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Fig. 2.25. (a) DSC thermograms of compound 9, inset: TGA curve; (b) photoelectron 
emission spectrum of the solid film of 9, inset: cyclic voltammetry curve of the DMF 
solution of compound 9; TOF transients for holes (c) and electrons (d) recorded at the 

different applied voltages and the plots of charge-carrier drift mobilities versus electric field 
(e) for the layer of 9 

The ionization potential (IP) and electron affinity (EA) of 9 were determined by 
cyclic voltammetry of the solution in DMF (Fig. 2.25 b). The formulas IPCV = (Eox + 
4.8) and EACV = (Ered + 4.8) were used to determine the IPCV and EACV. Eox and Ered 
are the electrochemical oxidation and reduction onset potentials. Ferrocene redox 
potential was used as a standard. At 0.84 eV and -1.95 eV, compound 9 showed 
irreversible oxidation and reduction. The irreversibility of the oxidation process was 
most likely caused by unprotected C-3 and C-6 of carbazole moiety123. 
Electrochemical band gap  was found to be 2.79 eV, whereas IPCV and EACV 
values were determined to be 5.64 eV and 2.85 eV, respectively. 

The ionization potential was evaluated by using photoelectron emission 
spectrometry (Fig. 2.25 b). The IPPE value was found to be of 6.08 eV. In order to 
calculate electron affinity (EAPE) value, the following equation was used 

 . EAPE was estimated to be of 2.65 eV. The optical band gap  of 3.43 
eV, which was taken from the absorption spectrum of the solid film, was used to 
calculate EAPE value. Stronger intermolecular interactions in the solid state are 



52 
 
 

believed to be responsible for a relatively large difference between the IP and EA 
values that were obtained for the solution and solid thin film. 

Time-of-flight (ToF) technique was used to study the charge-transporting 
characteristics of a thin film of 9. The observed hole and electron current transients 
demonstrated that the charge transport was extremely dispersive (Fig. 2.25 c, d). 
Compared to the value recorded at low voltages, the lower transit time (ttr) value was 
obtained at high voltages (Fig. 2.25 c, d). At the electric field of 4.43 × 105 V/cm, the 
hole mobility value was found to be 3.2 × 10-6 cm2/V × s, while electron mobility was 
found to be just slightly higher, i.e., of 4.4 × 10-6 cm2/V × s (Fig. 2.25 e). Due to fitting 
the experimental electric field dependences of charge carrier drift mobilities according 
to the Poole–Frenkel prediction 124, very different values of zero-field 
mobilities (μ0) of 5.8 × 10-8 and 3.4 × 10-7 cm2/V × s were obtained for holes and 
electrons. 

The six different types of charge hopping pathways A–F were divided into the 
X-ray structure (Fig. 2.25) and analyzed using the incoherent hopping model125,126,127 
to understand the charge-transport characteristics of 9 better. This model is 
appropriate when the intermolecular transfer integrals are much smaller than the 
charge reorganization energy. The Marcus–Hush equation describes the rates of the 
charge transfer between nearby molecules (hopping rate W)128,129,130: 

;                                          (4)  

where λ is the reorganization energy for holes or electrons, V is the transfer 
integral, T is the temperature (298.15 K for the calculations), kb is the Boltzmann 
constant, ℏ is reduced Planck constant. The strength of the electronic interaction 
between the two neighboring molecules is described by the transfer integral V. It can 
be obtained by the so-called direct method in accordance with the following equation: 

;                      (5) 

where and  represent the HOMO or LUMO wave 
functions of the isolated molecules 1 and 2, respectively, F0 is the Fock operator for 
the dimer. The suffix zero in equation (5) indicates that the molecular orbitals that 
appear in the operator are not disturbed. Numerous publications for various molecular 
crystal types have shown the robustness of this direct method131,132,133. Based on the 
estimated hopping rates (W), the diffusion coefficient D can be expressed as: 

;                                                 (6) 

where n is the spatial dimensionality (n = 3 for the three-dimensional single 
crystal of compound 1), i denotes a particular hopping pathway with hopping distance 
ri, and Pi is the hopping probability, which is calculated as follows134: 
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 .                                                       (7) 

The drift mobility from charge hopping (μ) is then evaluated from the Einstein 
relation providing the bulk (isotropic) mobility of holes and electrons for the studied 
molecule 1 single crystal134: 

;                                                     (8) 

 where e is the electronic charge.         
The reorganization energy (λ) has both inner and external contributions. The 

measure of geometrical distortion of the ionic forms from the neutral molecule is 
represented by the inner reorganization energy135,136. Using the adiabatic potential 
energy surface method, only the inner reorganization energies for hole (λhole) and 
electron (λelectron) charge carriers were taken into account137: 

; (9) 

where Eneutral is the optimized ground state energy of the neutral molecule, 
Ecation/anion is the optimized structure energy of the cationic/anionic molecule, 

 is the energy of the neutral molecule at the cationic/anionic geometry, 
and  is the energy of the cationic/anionic molecule at the neutral-state 
geometry. Table 2.8 summarizes the calculated charge transfer characteristics. 

Table 2.8. Center-of-mass distances within dimers (r), reorganization energies (λ), 
transfer integrals (V), charge hopping rates (W), and charge carrier mobility (μ) of 9 
calculated at the B3LYP/DZP theory level 

Dimer r(Å) Reorganization 
energy 

(λ, meV) 

Transfer integral 
(V, meV) 

Rate of charge hopping 
(W, s-1) 

 

Hole Electron Hole Electron Hole Electron  
A 4.6 49 a 

(161)
b  

378 a 
(558)b 

-
31.63 

0.84 4.74 × 1013 4.82 × 108  

B 7.1  8.49 -0.77 3.42 × 1012 4.05 × 108  
C 9.5 5.24 -0.11 1.30 × 1012 8.27 × 106  
D 10.3 0.01 -20.33 4.74 × 106 2.82 × 1011  
E 11.4 -0.09 -99.73 3.84 × 108 6.80 × 1012  
F 12.6 -0.42 -0.03 6.36 × 109 6.15 × 105  

Drift mobility from charge hopping, (μ, cm2 V-1 s-1) – hole 0.589 a (0.108)b , electron 0.551 a 

(0.080)b. 
a – the value calculated by taking into account molecular packing. 
b – the value obtained without accounting molecular packing. 

In the case of hole transfer, the A–C packing modes with the closest 
intermolecular center-of-mass distances produce the largest transfer integrals (-31.63, 
8.49, and 5.24 meV, respectively). The dimers in pathways E and D with face-to-face 
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π-π stacking interactions are preferable for electron transfer with the corresponding 
integrals for electron transfer of – 99.73 and – 20.33 meV, respectively (Table 2.8). 
The dimer E has much larger electron transfer integral and represents the main 
pathway for electron transfer. This fact can be explained by the presence of strong π-
π overlap between the neighboring molecules. The dimers in the other pathways have 
little molecular orbital overlap for the side-to-face or side-to-side stacks (Fig. 2.26). 

As it can be seen from equation (4), the reorganization energy has a significant 
impact on the carrier hopping rate as well as the final hole/electron mobility. This 
means that if the molecular packing is included, the estimated charge mobilities may 
be higher. Molecular donor and acceptor fragments are constrained from rotating due 
to their molecular packing. However, a free molecule can experience substantial 
conformational changes that are similar to those possible in the crystal phase. 
Therefore, the intramolecular reorganization energies of 9 were calculated for both 
the scenario of an isolated molecule and the solid state. The hole/electron 
reorganization energies in the first scenario are substantially higher, around 161 and 
558 meV (Table 2.8). The conformation changes during the charge transfer process 
are reduced when the molecule packing is taken into consideration, and the energies 
for hole/electron reorganization are 49 and 378 eV, respectively (Table 2.8). The 
molecular packing should be taken into account when calculating the intramolecular 
reorganization energy to prevent significant discrepancies in mobility estimations. 

The hole and electron mobility values for 9, calculated taking into account the 
molecular packing, were found to be 0.589 and 0.551 cm2 V-1 s-1, respectively (Table 
2.8). Consequently, compound 9 can be assumed as a promising organic bipolar 
semiconductor. However, compared to the results of quantum-chemical calculations 
of the ideal single-crystal phase, the levels of hole and electron mobility that were 
measured experimentally are significantly smaller. High disorder of the vacuum-
deposited thin film of 9 may be the reason for this discrepancy.  

 
Fig. 2.26. The structure of the pertinent dimer configurations extracted from the single 

crystal X-ray data of 9; the center-of-mass intermolecular distances (r12) are shown by arrows 
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a)                                               b) 

 
c)                                               d) 

 
e)                                               f) 

Fig. 2.27. UV (a) and PL (b) spectra of 9, the PL spectrum (b) of PhCz was recorded for its 
THF solution, PL spectra (c) of toluene solutions of 9 of different concentrations (mol/L), PL 
spectra (d) and PL decay curves (e) of the molecular dispersion of compound 9 in Zeonex of 
the different concentrations, the inset shows  photo of the samples under UV excitation, PL 

spectra (f) of the dispersions of compound 9 in the mixtures of THF and water with the 
different concentrations 
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Fig. 2.27 a shows the absorption spectra of the solutions (1 x 10-5 mol/L) in five 
solvents with various polarity. Two low-energy absorption bands, which previously 
were designated as 1Lb←1A and 1La←1A138, are characterized by considerable 
vibrational structure (Fig. 2.28 a). As a result, in addition to the most intensive 0-0 
transitions at 285 and 335 nm, 0–1 or 0–2 transitions can be seen as well. There are 
donor and acceptor moieties in the molecular structure of compound 9, but the 
absorption spectra show no clear indications of the formation of charge-transfer (CT) 
states. However, quantum-chemical calculations show that the CT states for the 
various conformations of the molecule 9 are typically visible in the absorption 
spectrum between 300 and 315 nm.  

Carbazole-originated LE emission with the vibrational structure was identified 
for the solutions of 9 with 0–0 and 0–1 transitions appearing as the maxima at 349 
and 365 nm, respectively, and the 0–2 transition appearing as the shoulder (Fig. 2.27 
b). As additional proof that the band of the 9 that was described is accurately attributed 
to the emission of carbazole, the PL spectra of the THF solution of phenylcarbazole 
(PhCz) is presented in Fig. 2.27 b. The toluene and DCM solutions (1 x 10-5 mol/L) 
of 9 exhibit CT emissions peaking at 484 and 575 nm. Due to the comparatively 
limited solubility of 9 in the solvents, it is predictable that CT emission of 9 is induced 
by aggregation. The PL spectra of the toluene solutions with various concentrations 
of 9 were recorded to confirm this prediction (Fig. 2.28 c). Due to the aggregate 
formation and strong intermolecular interaction, highly concentrated toluene solution 
of 9 was distinguished by an intense CT band. As the concentration of toluene solution 
decreased, the intensity of the CT band decreased as well. The same behavior was 
observed for the DMC solutions of various concentrations. Due to the formation of 
various aggregates in various solvents, the position of the CT emission band of 9 was 
substantially media dependent. The position of dependence on the CT bands was 
apparently caused by the change in the position of carbazole moiety relative to 
sulfobenzimide unit. The CT formed between covalently bonded donor and acceptor 
units in 9 was not usual because of the bridge -(CH2)3- between the carbazole and 
sulfobenzimide moieties139. It was through-space charge transfer, thus an exciplex-
like one140. 

There were recorded PL spectra and PL decay curves of the solid solutions of 9 
in ZEONEX at various concentrations to examine the relationship between 
intramolecular and intermolecular CT states of 9 in the solid state (Fig. 2.27 d, e). 
When there is no intermolecular interaction at low concentrations (0.2 and 1%), the 
PL spectra of the solid solutions showed both high and low-energy bands. These PL 
spectra are remarkably similar to those seen in the spectra of toluene solution (Fig. 
2.27 b). When aggregates of compound 9 are formed at the concentrations of the 
molecular dispersions in ZEONEX higher than 5%, the PL spectra are primarily 
characterized by low-energy band at 482 nm, which is red-shifted in comparison to 
the intramolecular CT band of 9 that is observed at low concentrations (Fig. 2.27 d). 
It is evident that the lifetime of emissions of intramolecular and intermolecular CT 
states clearly differs (Fig. 2.27 e). Since the emission of 9 occurs from exciplexes, the 
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PL decay curves of the solid solutions of 9 in ZEONEX at various concentrations have 
similar shapes. The absorption spectra of 9 and the excitation spectra have a very 
similar shape (Fig. 2.27 a). When the concentration of 9 increased, bathochromic 
shifts in the excitation spectra of the films of solid solutions were observed. This 
finding is explained by the fact that D and A units have stronger CT interactions in 9 
aggregates than in individual molecules. 

In order to investigate solid-state emission of 9 in further detail, a series of 
dispersions of the compound in mixtures of THF and water with varying amounts of 
water but the same concentration of the compound were prepared, and their PL spectra 
were recorded (Fig. 2.27 f). In mixtures containing more than 70% water, the solid 
aggregates were formed. The dispersions in the solvent mixtures with THF 
concentrations of 30% or higher showed emission spectra resembling those of 
carbazole (Fig. 2.27 b). The higher emission intensity of the solid sample of 9 than 
that of the solution in the good solvent (THF) indicates aggregation-induced emission 
enhancement (AIEE). The presence of AIEE is supported by the PLQY values 
obtained for the dispersions of 9. The solid solution in ZEONEX had a PLQY value 
of 14.8%, while the dilute solution of 9 in toluene had a lower PLQY value of 1.46%. 
The wavelengths of maximum emission from the solid aggregates ranged from 471 to 
502 nm. This variation in the energy of emission maxima among the various 
aggregates of 9 is most likely caused by the different distances between the carbazole 
and sulfobenzimide moieties. Evidently, intermolecular CT states exhibit emission as 
well as intramolecular CT states. Because of this, the emission spectrum of aggregates 
is very broad. It extends into the NIR region and almost completely fills the visible 
spectrum from 400 to 700 nm (Fig. 2.27 f). 

 
 
 
 
 
 
 
 
 
 
 



58 
 
 

 
a)                                               b) 

 
c)                                  d)                                        e) 

Fig. 2.28. (a) PL spectra of compound 9 after the different external stimuli, (b) PL maxima 
shifts after four grinding/fuming cycles, (c) powder X-ray diffractograms and (d) 

photoluminescence decay curves of 9 after various external stimuli, (e) intensity of delayed 
fluorescence versus excitation power for the film of compound 9 

The mechanoluminescent features of 9 can be predicted based on the 
observation of various emission spectra for various aggregates of the molecule. 
Indeed, compound 9 demonstrated the capacity to change its photoluminescence 
wavelength in response to the external stimuli (Fig. 2.28 a). When UV light was used 
to excite the solid powder of compound 9, as it was obtained after purification, 462 
nm emission peaking was visible. Amorphous phase that was created by grinding 
mechanically, under the same excitation, displayed considerably red-shifted emission 
peaking at 482 nm. Following a 3-minute treatment with dichloromethane vapors on 
the amorphous sample, the peak emission intensity was recovered to 484 nm. With a 
peak at 488 nm, the bathochromic shift of photoluminescence was even stronger after 
melting the fumed sample (Fig. 2.28 a). By repeating the grinding and fuming 
procedures, the reversibility of mechanoresponsive emission was investigated. 
Compound 9 demonstrated reversible emission without degradation after four 
grinding-fuming cycles (Fig. 2.28 b). The conformational transitions brought on by 
the mechanical stimuli are one of the potential causes for the spectrum alterations. 
Quantum-chemical calculations show that conformation I, which predominates in the 
single-crystal phase, is not a global energy minimum in contrast to conformation III, 
which should primarily exist in a disordered medium as an amorphous solid or gas 
phase. Conformation I is stabilized by crystalline phase, while in the absence of 
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stabilizing effects, it transforms into conformation III sustaining π-tacking interaction 
between D and A planes. In fact, conformation I exhibits S1–S0 emission in the gas 
phase at 439 nm as a result of calculations, whereas conformation III exhibits red-
shifted emission in the gas phase at 454 nm. The S0–S1 vertical absorption and S1–S0 
vertical emission transitions for both conformations I and III in gas phase correspond 
to one-electron excitation of HOMO–LUMO type. HOMO is localized on carbazole 
(D) fragment, while LUMO is localized on sulfobenzimide (A) moiety; the S1 state is 
assigned to charge-transfer (CT) origin (Fig. 2.29). 

 
Fig. 2.29. The shape of the selected molecular orbitals of different conformations of 9 

Compound 9 conformers formation can be related to the changes of the structure 
of its powders under different external stimuli. The powder X-ray diffraction 
investigation clearly demonstrated the phase transitions that take place during the 
mechanical stimulation (grinding, fuming, and melting) (Fig. 2.28 c). Different 
diffraction patterns were visible in the crystalline powder that was used initially: the 
grinded amorphous phase, the fumed crystalline sample, and the melted sample. A 
complicated series of diffraction peaks were visible in the initial crystalline sample. 
After grinding, they vanished. In contrast, additional fuming of the amorphous 
material led to the restoration of a single peak with a 2θ value of 22.9°. The sample 
then melted, causing the development of the second single peak with a value of 2θ of 
30.1°. It appears that the sample's melting and cooling caused recrystallization, which 
produced second polymorphic form. The data from the DSC, which showed two 
melting peaks, and these observations are in agreement (Fig. 2.25 a). 

Time resolved luminescence spectrometry was used to explore the nature of the 
emission further. The PL decay curves are shown in Fig. 2.28 d. Similar PL decays 
could be seen in the samples that had been treated differently. While excited state 
lifetimes of long-lived components, which were responsible for delayed fluorescence, 
varied from 679 to 898 ns, short-lived components, which caused prompt 
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fluorescence, were found to have lifetimes in the range of 87–137 ns (Table 2.9). The 
slope value of 0.952 on the plot of delayed fluorescence intensity vs. excitation power 
(Fig. 2.28 e) leads to the conclusion that delayed fluorescence is TADF in nature but 
is not an emission from triplet-triplet annihilation141. The proximity between CT states 
for the conformations maintaining face-to-face orientation of the donor and acceptor 
moieties can be used to explain the origin of TADF. It is well known that single 
molecules and intermolecular molecules (such exciplexes) that have space-separated 
CT states usually display very small singlet-triplet splitting that causes TADF142,143. 
The singlet-triplet gap estimated for confirmation III in the gas phase approximation 
is only 0.093 eV, while the intensity of S1–S0 is considerable for CT states (f = 0.01, 
Table 2.9). The ability of 9 to demonstrate TADF is impacted by these two factors. 

Table 2.9. Photoluminescence decay characteristics of various forms of 9 
Sample τ1, ns τ2, ns χ2 τ1/ τ2, % 
Initial 88.86 868.67 1.105 84.05/15.95 
Ground 113.66 679.73 1.288 80.30/19.70 
Fumed 87.22 745.82 1.010 82.59/17.41 
Melted 138.24 898.64 1.277 76.38/23.62 

 
The lifetimes of short-lived and long-lived components differed noticeably in 

the photoluminescence decay parameters of the fumed and melted samples. This 
observation can be explained by the different conformational compositions of the 
samples. In order to provide more proof of capacity of compound 9 to harvest triplets 
via TADF, PL spectrum and PL decay curve of its toluene solution and PL decay 
curve of the film of its 95 wt% solid solution in ZEONEX were obtained (Fig. 2.30 
a–c). Additionally, the PL spectra and PL decay curves of the film of the solid solution 
in ZEONEX at various temperatures were obtained (Fig. 2.30 d, e). The 
deoxygenation of the samples increased the intensity of the low-energy band, 
confirming the role of the triplet states in emission. Due to the TADF effect, an 
increase in emission intensity of 9 was seen when the temperature rose from 77 to 120 
K. Such a result is well supported by the negligibly small ΔEST of compound 9 (Fig. 
2.30 f). Due to the non-emissive losses of the exciplex formed between the D and A 
units, the emission intensity of 9 continuously decreased at the temperatures higher 
than 120 K. 

The photoluminescence lifetimes of 9 were found to be quite short; however, 
they were rather long as for prompt fluorescence80,144.  
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a)                                                                   b) 

 
c)                                                                              d) 

 
e)                                                                            f) 

Fig. 2.30. PL spectra (a) and PL decay curves (b) of toluene solution of 9, PL spectra of the 
film of 95 wt% solid solution of 9 in ZEONEX recorded under air or vacuum (c) and at 

different temperatures (d) in inert atmosphere, PL decay curves (e) of the film of 95 wt% 
solid solution of 9 in ZEONEX recorded at different temperatures, PL and phosphorescence 
spectra (f) of 95 wt% solid solution of 9 in ZEONEX recorded at 77 K, the phosphorescence 

spectrum was recorded by using the delay of 1 ms after excitation 
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Using the thermal vacuum evaporation method, OLED with the following 
structure: CuI/TPD/CzPrSBI/TSPO1/TPBi/Ca/Al was produced in order to 
investigate the performance of 9 as the TADF emitter. As a hole-injection layer, the 
layer of CuI was used145, and as an electron-transporting layer, the layer of 2,2′,2"-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi)146 was deposited 
TPD147, and TSPO1148,149 were utilized as well for the deposition of exciton-blocking 
and hole transporting layers to maintain the balance of charge carriers in the emission 
layer. Compound 9 was used as the emitter. The cathode was a layer of calcium that 
was covered by a 200 nm film of aluminum. 

The devices displayed structureless EL spectra with intensity peaks in the 490–
504 nm region. They were similar to the PL spectra of the neat film of 9 shown in Fig. 
2.31 a, c. This finding proves that the source of the EL was the emitter itself. With the 
increase in the driving bend angle of a flexible OLED, the relative intensity of the 
shoulder peaking at 630 nm increased (Fig. 2.31 c). This observation is explained by 
the formation of intermolecular exciplex formation between the donor part of one 9 
molecule and acceptor part of another one. The intensity of the peak increased as the 
angle of the bend in the flexible samples changed. When the angle reached 50°, the 
intensity reverted to that of OLEDs with the glass substrates. The enforced proximity 
of the donor and acceptor fragments caused by mechanical impact (bending in 
examined instance) is responsible for the mechanochromic luminescence of emitter 9 
in flexible OLEDs, which enhances the formation of intermolecular exciplexes. 

 The device based on a glass substrate exhibited the best performance with 
maximum current efficiency, power efficiency, and external quantum efficiency 
(EQE) of 11.0 cd A-1, 3.0 lm W-1, and 4.3%, respectively (Table 2.10, Fig. 2.31). 
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a)                                                                  b) 

 
c)                                                                   d) 

Fig. 2.31. The spectra of electroluminescence of devices recorded at different voltages (a) 
and different bend angle (c); current density – voltage and luminance voltage, power 

efficiency – current density, current efficiency – current density and external quantum 
efficiency – current density plots for the devices (b-glass substrate, d-flexible substrate) 

Table 2.10. Characteristics of OLEDs fabricated on the glass and flexible substrates 
Device 
substrate 

Von, V Max. 
brightness, сd 
m-2 

Current 
efficiency, cd 
A-1 

Power 
efficiency, 
lm 
W-1 

EQE, 
% 

at 1,000/max. cd m-2 
Glass 6.4 16,000 11.0/9.0 3.0/1.8 4.3/3.5 
Flexible 7.4 9,000 2.6/2.5 0.6/0.4 0.8/0.9 
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3. CONCLUSIONS 

1. Using phenoxazine, phenothiazine or 9,9-dimethyl-9-10-dihydroacridine as 
donor moieties and 1,4-bis(trifluoromethyl)benzene as a new acceptor unit, 
three new compounds with symmetrical donor–acceptor–donor architectures 
were designed and synthesized as emitters exhibiting thermally activated 
delayed fluorescence. 
1.1. The derivative of 9,9-dimethyl-9-10-dihydroacridine and 1,4-
bis(trifluoromethyl)benzene is a promising blue thermally activated delayed 
fluorescence emitter with a high energy of singlet charge transfer onset of 2.91 
eV. 
1.2. Due to the intramolecular interactions, organic light-emitting diode 
based on the derivative of 9,9-dimethyl-9-10-dihydroacridine shows blue 
electroluminescence that is "insensitive" to the concentration of the emitter in 
the light-emitting layer. 
1.3. With practically no roll-off up to the brightness of 1,000 cd m-2, the 
device based on a derivative of 9,9-dimethyl-9-10-dihydroacridine as an emitter 
shows the external quantum efficiency of 5.9%. 
2. Three new compounds were synthesized for optical oxygen sensors, using 
1,4-difluorobenzene as the acceptor and three donor compounds: phenothiazine, 
phenoxazine, and acridine. 
2.1. The compounds show high temperatures of 5% weigh loss for 
compounds with phenothiazine and acridine moieties, i.e., 302 °C and 333 °C, 
respectively.  
2.2. The compounds showed blue and blueish-green emissions. The 
derivative of phenothiazine exhibits dual emissions in vacuum, one originating 
from the singlet charge transfer state and the other from the locally excited 
triplet state phosphorescence. 
2.3. Compound with phenothiazine moiety as donor and 1,4-
difluorobenzene as an acceptor unit showed high sensitivity at low 
concentrations <0.1% and low sensitivity at high concentrations of oxygen 
(>0.2%). 
2.4. Van der Waals intermolecular interactions between the nearby 
molecules were discovered by single-crystal X-ray analysis. 
3. Two compounds based on pyridazine as the acceptor and phenoxazine or 9,9-
dimethyl-9,10-dihydroacridine as donor moieties were designed and 
synthesized. 
3.1. The compounds exhibit emission from the intramolecular charge 
transfer state manifested by positive solvatochromism. The emission in the 
range of 534–609 nm of the toluene solutions of the compounds is thermally 
activated delayed fluorescence with the lifetimes of 93 and 143 ns for 
phenoxazine and acridine moieties. 
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3.2. The compounds are characterized by high thermal stabilities. Their 
5% weight loss temperatures are 314 and 336 °C.  
3.3. The reverse intersystem crossing rate constant of 9.5·105 s−1 
estimated for phenoxazine derivative is higher than that observed for the 
derivative of 9,9-dimethyl-9,10-dihydroacridine (3.3·105 s−1), primarily due to 
the fast thermally activated delayed fluorescence. 
4. Carbazole-sulfobenzimide derivative was synthesized and characterized. 
4.1. The carbazole-σ-sulfobenzimide derivative displays tunable 
emission in flexible electroluminescent heterostructures, mechanochromic 
thermally activated delayed fluorescence, and aggregation-induced emission 
enhancement. 
4.2. The donor and acceptor subparts of the carbazole-sulfobenzimide 
compound are separated by non-conjugated linkers, which give the system 
conformational flexibility and suppresses the common charge-transfer 
electronic transitions.  
4.3. Carbazole-sulfobenzimide derivative displays sensitivity of the 
emission to aggregation and mechanical stimuli.  
 
 
 
 
 
 
 

  



66 
 
 

4. SANTRAUKA 

Šio darbo tikslas – naujų donoras-akceptorius-donoras ir donoras-akceptorius tipo 
darinių, kurių akceptorinės dalys yra trifluormetilbenzeno, difluorbenzeno, piridazino 
ar sulfobenzimido fragmentai, turinčių skirtingus donorinius fragmentus, sintezė ir 
savybių tyrimas, siekiant juos panaudoti organiniuose šviesos dioduose ir deguonies 
jutikliuose. 
 
Siekiant darbo tikslo iškelti šie uždaviniai: 

- Naujų trifluormetilbenzeno darinių, turinčių donoras-akceptorius-donoras 
struktūras, sintezė. 

- Trifluormetilbenzeno darinių terminių, fotofizikinių ir fotoelektrinių savybių 
tyrimas. 

- Naujų simetriškos donoras-akceptorius-donoras struktūros junginių, turinčių 
piridazino fragmentą ir skirtingus fenoksazino arba 9,9-dimetil-9,10-
dihidroakridino donorinius fragmentus, sintezė. 

- Piridazino darinių terminių, fotofizikinių, fotoelektrinių ir 
elektroliuminescencinių savybių tyrimas. 

- Karbazolo ir sulfobenzimido darinių sintezė ir tyrimas. 
- Karbazolo darinių fotofizikinių savybių (absorbcijos ir emisijos spektrų 

fluorescencijos kvantinio našumo, fluorescencijos gyvavimo trukmės) 
tyrimai. 

 
Darbo naujumas: 

- Sukurti, susintetinti, charakterizuoti ir pritaikyti termiškai aktyvinama 
uždelstąja fluorescencija paremtuose (TADF) organiniuose šviesos dioduose 
(OLED) nauji donoras-akceptorius-donoras tipo 2,5-bis(trifluormetil)-1,4-
fenileno dariniai. 

- Optiniams deguonies jutikliams sukurti nauji junginiai su skirtingomis 
donorinėmis grupėmis ir akceptoriniu 1,4-difluorbenzeno fragmentu. 
Nustatyta, kad fentiazilgrupes turintis darinys pasižymi efektyvia kambario 
temperatūros fosforescencija (RTP). 

- Sukurti, susintetinti ir ištirti nauji junginiai, kurie turi piridazino fragmentą 
kaip akceptorinį centrą ir skirtingus donorinius fragmentus. 

- Susintetintas ir ištirtas naujas junginys, turintis akceptorinį sulfobenzimido 
fragmentą, kuriam būdinga naujo D-σ-A tipo TADF. 

- Sukurti ir susintetinti du nauji junginiai, sudaryti iš akceptorinio 
trifluormetilfenilo fragmento ir skirtingų donorinių fragmentų. Nustatyta, kad 
10,10‘-(2-(2-(trifluormetil)-1,4-fenilen)bis(10H-fenotiazinas), kaip 
efektyvus RTP spinduolis, pasižymi dideliu jautrumu deguoniui. 
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4.1. 1,4-Bis(trifluormetil)benzeno fragmentus turintys spinduoliai, pasižymintys 
efektyvia termiškai aktyvinama uždelstąja fluorescencija ir 
elektroliuminescencija  

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Journal of Materials 
Chemistry C, 2022, 10, 4929–4940. Sukurti ir susintetinti nauji simetriškos donoras-
akceptorius-donoras struktūros spinduoliai. Dviejų pakopų sintezės keliu gauti trys 
nauji junginiai – 1,4-bis(trifluormetil)benzeno dariniai su fenoksazino (1), fentiazino 
(2) ir akridano (3) pakaitais (4.1.1 schema). Susintetintų junginių 1 ir 2 cheminės 
struktūros patvirtintos naudojant 1H ir 13C BMR spektroskopiją, masių spektrometriją 
ir rentgeno spindulių kristalografiją. Dėl mažo tirpumo visuose prieinamuose 
deuterintuose tirpikliuose junginio 3 struktūros nepavyko patvirtinti 1H arba 13C BMR 
metodais, tačiau monokristalo rentgeno kristalografija leido patvirtinti jo struktūrą. 

 

 
4.1.1 schema. Junginių 1–3 molekulinė struktūra ir sintezės eiga 

 
Siekiant ištirti junginių 1–3 terminį stabilumą ir jų morfologines savybes, 

naudoti termogravimetrinės analizės (TGA) ir diferencinės skenuojamosios 
kalorimetrijos (DSC) metodai. 4.1.1 lentelėje pateikiama 5 % masės nuostolio (TID), 
lydymosi (Tm) ir kristalizacijos (Tcr) temperatūrų suvestinė. 

 
4.1.1 lentelė. Junginių 1–3 terminės charakteristikos 

Junginys TID, ̊C 1 Tcr, ̊C 2 Tm, ̊C 3 

1 290 303 385 

2 260 270 321 

3 267 296 311 
1 Temperatūra, kurioje buvo prarasta 5 % bandinio masės, nustatyta naudojant TGA; 2 DSC 
metodu nustatytos junginių kristalizacijos ir 3 lydymosi temperatūros. 

 
4.1.1 pav. pavaizduoti junginių molekulinių dispersijų zeonekse (1 % 

koncentracijos) fotoliuminescencijos (PL) spektrai, užfiksuoti esant skirtingoms 
temperatūroms. Visų jų PL ir fosforescencijos spektrai beveik visiškai persidengia, 
kas yra būdinga TADF reiškiniui, jiems atskirti taikyta 1, 5 arba 9 ms uždelsa esant 
77 K. Molekulinių 1–3 dispersijų Zeonekse ir MeTHF fosforescencijos spektrų 
pradžios yra susijusios su tripletinėmis LE būsenomis. Šios tripletinės LE būsenos 
gali būti priskiriamos atitinkamų donorinių fragmentų (10-fenil-10H-fenoksazino 
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(PO-Ph), 10-fenil-10H-fenotiazino (PS-Ph) arba 9,9-dimetil-10-fen-9,10-
dihidroakridino (AC-Ph)) tripletinėms LE būsenoms (3LED). Akceptorinio fragmento 
fosforescencijos pradžia matoma esant didesnei energijai (3LEA = 3,65 eV) nei 
donorinių PO-Ph, PS-Ph ir AC-Ph fragmentų. Todėl 1, 2 ir 3 pirmoji singuletinė 
energija apskaičiuota tik pagal PL spektrų, užfiksuotų 300 K temperatūroje, pradžią. 
PL spektras, užfiksuotas kambario temperatūroje, palyginti su PL spektru, užfiksuotu 
77 K temperatūroje, yra pasislinkęs raudonos spalvos linkme, o emisijos 
intensyvumas žemesniuose energijos lygmenyse, išskyrus 3, didėja. Šį pastebėjimą 
galima paaiškinti nustatytu sumažėjusiu konformaciniu heterogeniškumu89,90. Iškelta 
hipotezė, kad 1, 2 ir 3 atveju energijos tarpai tarp 3CT ir 1CT atitinkamai yra 0,04 eV, 
0,03 eV ir 0,04 eV. Junginių ΔEST vertės artimos viena kitai. 
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                 a)                                   b)                                       c)  

4.1.1 pav. Junginių 1 (a), 2 (b) ir 3 (c) molekulinių dispersijų Zeonekse žemos ir 
kambario temperatūros PL spektrai ir atitinkamos emisijos pradžia 300 K temperatūroje 
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4.1.3 pav. Junginių 1 (a), 2 (b) ir 3 (c) energetiniai lygmenys 

 
Junginių molekulinių dispersijų zeonekse PL gesimo kreivės užregistruotos 

esant įvairioms temperatūroms (4.1.2 pav., a–c), pastebėtos standartinės TADF 
gesimo kreivės su greitosios fluorescencijos (PF) komponente nanosekundžių 
intervale ir uždelstosios fluorescencijos (DF) komponente mikrosekundžių intervale. 
Tai, kad visų trijų junginių DF pastebėti reaguojant į temperatūros sumažėjimą, įrodo, 
kad DF buvo termiškai aktyvuota (4.1.3 pav., 4.1.2 lentelė).  
 
4.1.2 lentelė. Junginių 1–3 molekulinių 1 % dispersijų Zeonekse fotofizikiniai 
parametrai 

Junginys 1 2 3 

, nm 535 537 477 
PLQY, % 4,6 5,2 38,5 

, eV 0,19 0,02 0,02 
, ns 

(santykis, %) 21,5 (72,3 %) 18,2 (28,2 %) 35,4 (21,6 %) 

, μs (%) 0,93 (27,7 %) 1,41 (71,8 %) 2,56 (78,4 %) 
kRISC/kISC 0,044 0,036 0,296 

, meV 4,9 8,1 0,8 
, meV 24,5 19,3 21,8 

 
Santykinai didelis E3LE-3CT, tikėtina, lėmė tai, kad 1 ir 2 PL kvantinis našumas 

(PLQY) pasiekė maksimumą maždaug 200 K temperatūroje (4.1.2 pav., e). Keliant 
temperatūrą PLQY vertės mažėja, greičiausiai dėl tripletinių būsenų nespindulinės 
dezaktyvacijos greičio konstantos (kT

nr) didėjimo. Tačiau dėl efektyvaus TADF 
proceso 3 PLQY padidėjo iki 38,5 %, didinant temperatūrą nuo 77 iki 300 K. Norint 
turėti veiksmingus TADF spinduolius, kRISC/kT

nr santykis turi būti didesnis už vienetą 
(kaip junginio 3 atveju)92,93.  

Nustatyta, kad sluoksnių su skirtingomis junginio 3 koncentracijomis PL 
spektrai yra panašūs. Prietaisų, pagamintų su junginiu 3, elektroliuminescencijos (EL) 
spektrai atitinka šį pastebėjimą. TADF charakteristikoms tirti pasirinktas sluoksnis, 
sudarytas iš 10 % emiterio 3 ir SimCP2 molekulinio mišinio. Junginio 3 molekulinės 
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dispersijos SimCP2 PL spektrai ir PL gesimas buvo labai panašūs į molekulinės 3 
dispersijos zeonekse (4.1.1 ir 4.1.4 pav., c).  

Geriausią OLED naudojimui reikalingų savybių derinį turėjo junginys 3 ir buvo 
pasirinktas elektroliuminescencijos tyrimui kaip TADF spinduolis. Prietaisų struktūra 
buvo tokia: ITO/MoO3[0,5 nm] / NPB[40 nm] / TCTA[4 nm] / mCBP[4 nm] / šviesą 
emituojantis sluoksnis [24 nm] / TSPO1[4 nm] / TPBi[40 nm] / LiF[0,5 nm]: Al[88 
nm], kurioje junginio 3 [5, 10 arba 15 %] legiruoto SimCP2 sluoksniai panaudoti kaip 
šviesą emituojantys sluoksniai prietaisuose A, B arba C. Etaloniniame prietaise D 
šviesą emituojantis sluoksnis buvo 20 % PFBP-2a, turinčio akceptorinį fragmentą su 
fluoru, molekulinė dispersija98. Siekiant užtikrinti subalansuotą skylių ir elektronų 
rekombinaciją ir eksitonų susidarymą šviesą emituojančiuose sluoksniuose, 
panaudotos medžiagos: MoO3 kaip skyles injekuojanti medžiaga, NPB ir TCTA kaip 
skyles pernešančios medžiagos, mCBP kaip elektronus ir eksitonus blokuojanti 
medžiaga, SimCP2 kaip matrica, TSPO1 kaip skyles ir eksitonus blokuojanti 
medžiaga, TPBi kaip elektronus pernešanti medžiaga ir LiF kaip elektronus 
injekuojanti medžiaga (4.1.4 pav., a). Rekombinacijos zona yra netoli 
SMPCP2/TPSO1 sąsajos. Prietaisų A–C EL spektrai (maksimumas – 485 nm) buvo 
labai panašūs į atitinkamų šviesą emituojančių sluoksnių, 3 legiruotų SimCP2, PL 
spektrus (4.1.4 pav., b). Nedidelius skirtumus tarp PL ir EL spektrų lemia naudoti 
skirtingi optinio ir elektrinio sužadinimo šaltiniai. Prietaisų A–D įjungimo įtampa 
buvo maždaug 4,4 V (4.1.4 pav., d) dėl vienodų 3 ir PFBP-2a krūvininkų injekcijos 
charakteristikų. Esant didesnei nei 7 V įtampai, prietaisuose A–C užfiksuotas didesnis 
darbinės srovės tankis nei prietaise D, tikriausiai dėl geresnių 3 krūvininkų pernašos 
charakteristikų, palyginti su PFBP-2a charakteristikomis. 
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                      c)                                    d)                                   e) 

4.1.4 pav. Prietaisų A–D energetinė diagrama (a); EL spektrai esant skirtingoms įtampoms 
(b, c); srovės tankio ir skaisčio priklausomybė nuo taikomų įtampų (d) ir EQE 

priklausomybės nuo srovės tankio grafikai (e). Intarpe pateikiama prietaiso A, esant 6 V 
įtampai, nuotrauka bei CIE1931 spalvų koordinatės 

 
Esant skirtingoms įtampoms ir nepaisant naudojamų skirtingų spinduolio 3 

koncentracijų, prietaisų A–C EL spektrai buvo beveik vienodi. Tai galima paaiškinti 
tuo, kad kietosios būsenos 3 sukuria nekovalentinius intramolekulinius ryšius. 
Priešingai, etaloninis prietaisas D parodė nestabilius EL spektrus esant skirtingoms 
išorinėms įtampoms (4.1.4 pav., c). Šis rezultatas iliustruoja naujai sukurto 
akceptorinio 1,4-bis(trifluormetil)benzeno fragmento privalumus. 

OLED su 1,4-bis(trifluormetil)fenilo turinčiu junginiu veikimo stabilumas 
būdingas ne tik jo EL spektrui, tačiau ir didžiausias išorinis kvantinis efektyvumas 
(EQE), kuris išlieka nepakitęs net ir esant 1000 cd/m2 srovės efektyvumui, kai 
įprastai, OLED pasiekus pakankamai didelę darbinę srovę, jų EQE gali sumažėti net 
ir kelis kartus (4.1.4 pav., e, 4.1.3 lentelė). Remiantis ankstesnėmis diskusijomis99,100, 
esant didesniam darbinės srovės tankiui (didesniam nei 40 mA cm-2), dėl eksitono-
poliarono anihiliacijos procesų pirmiausia gali nutrūkti mažiausią skilimo energiją 
turintys ryšiai. 
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4.1.3 lentelė. OLED charakteristikos  
Prietaisas EML λEL,  

nm 
VON, 

V 
LMAX, 
cd/m2 

CEMAX, 
cd/A 

PEMAX, 
lm/W 

EQEMAX/EQE1000, 
% 

Prietaiso struktūra: ITO/MoO3/NPB/TCTA/mCBP/šviesą emituojantis sluoksnis 
(EML)/TSPO1/TPBi/LiF:Al 

A 3 
[5 %]:SimCP2 487 4,4 2500 11,7 9,9 4,7/5,18 

B 3 
[10 %]:SimCP2 487 4,4 3000 12,9 10,7 5,9/5,8 

C 3 
[15 %]:SimCP2 487 4,4 3500 12,6 8,97 4,6/5,4 

D PFBP-2a 
[20 %]:SimCP2 478 4,4 800 6,2 5,6 4,4/- 

λEL – EL maksimumas; VON – įjungimo įtampa; LMAX – skaisčio maksimumas; CEMAX – 
didžiausias srovės efektyvumas ir PEMAX – didžiausias galios efektyvumas. EQEMAX ir 
EQE1000 – tai EQE, esant atitinkamai 10 ir 1000 cd/m2.  
 

Nustatyta, kad 9,9-dimetil-9-10-dihidroakridino ir 1,4-bis(trifluormetil)benzeno 
darinys (junginys 3) yra perspektyvus mėlynos spalvos TADF spinduolis, 
pasižymintis aukšta singuletinio krūvio pernašos pradžia – 2,91 eV. Šis junginys 
pasižymėjo žydra elektroliuminescencija, kuri dėl vidinių molekulinių sąveikų yra 
„nejautri“ spinduolio koncentracijai šviesą emituojančiame sluoksnyje. Didžiausias 
išorinis kvantinis efektyvumas – 5,9 %, su praktiškai nepasireiškiančiu efektyvumo 
mažėjimu iki 1000 cd m-2, gautas šio spinduolio turinčiame prietaise. Šie rezultatai 
leidžia daryti išvadą, kad, sumažinus TADF molekulių ΔE3LE–1CT, gali padidėti 
atvirkštinės interkombinacinės konversijos (RISC) greitis, taigi ir TADF 
efektyvumas. 
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4.2. Konformacinės netvarkos ir standžios matricos poveikio tyrimas bei didelio 
jautrumo deguoniui ir fosforescencijos kambario temperatūroje mechanizmo 
atskleidimas 

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Sensors and Actuators 
B: Chemical, 2023, 380, 133295. 

Susintetinti trys junginiai, skirti optiniams deguonies jutikliams, naudojant 
akceptorinį 1,4-difluorbenzeno fragmentą ir tris skirtingus donorinius fragmentus 
(fentiaziną, fenoksaziną ir akridiną). 2,5-Dipakeisto 1,4-fenileno darinių sintezė 
atlikta Buchvaldo ir Hartvigo kopuliavimo metu (4.2.1 schema). Gautų junginių 4, 5 
ir 6 išeiga atitinkamai 68 %, 40 % ir 27 %. Naudojant 1H, 13C ir 19F BMR 
spektroskopiją bei monokristalinę rentgeno analizę, nustatytos gautų junginių 
struktūros. Molekulių simetriškumą patvirtino visų trijų junginių 13C BMR spektruose 
pastebimi tik devyni pikai aromatinėse srityse, nors visuose trijuose junginiuose iš 
viso turėtų būti trisdešimt anglies atomų. Visų trijų junginių 19F BMR spektruose 
matomas tik vienas signalas, maždaug ties 119 m.d.  

 

 
4.2.1 schema. 2,5-Dipakeisto 1,4-fenileno darinių 4, 5 ir 6 molekulinė struktūra ir sintezė 

 
4.2.1 pav., a–c, pateikti junginių 4, 5 ir 6 tirpalų trijuose skirtinguose 

tirpikliuose (toluene, tetrahidrofurane ir acetonitrile) normalizuoti absorbcijos ir 
emisijos spektrai. Fenoksazino, fentiazino ir akridino fragmentai lemia absorbcijos 
juostas atitinkamai ties 310 nm ir 280 nm. Junginiui 4 pakeitus tirpiklį iš tolueno į 
acetonitrilą, absorbcijos kraštas pasislenka raudonos spalvos link nuo 3,15 eV iki 
3,05 eV. Panašus absorbcijos krašto batochrominis poslinkis nuo 3,40 eV iki 3,30 eV 
matomas junginiui 6 pakeitus tolueną acetonitrilu. Tačiau, junginio 5 tirpalų padidinus 
tirpiklio poliškumą, priešingai nei PL, absorbcija beveik nepakito. Visų trijų junginių 
PL spektruose (4.2.1 pav., a–d) matomas ryškus poslinkis raudonos spalvos link 
didėjant tirpiklio poliškumui. Junginių PL spektrai atskleidė CT pobūdį. Nustatyta, 
kad junginių 4, 5 ir 6 singuletinės krūvio perdavos būsenos (1CT) energija yra 
atitinkamai 3,05 eV, 3,00 eV ir 3,37 eV. Junginių tirpaluose pakeitus tolueną 
acentronitrilu, 4 tirpalų emisijos pradžios energija pasikeitė labiausiai (0,28 eV), po 
to sekė 5 (0,13 eV) ir 6 (0,06 eV) tirpalai. Didelis  batochrominis poslinkis junginio 4 
spektruose rodo, kad jo CT būsena stabilizuojasi didėjant poliškumui102. 
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4.2.1 pav. Junginių tirpalų toluene, tetrahidrofurane ir acetonitrile UV spektrai (4(a), 

5(b), 6(c)) ir fotoliuminescencijos spektrai (4(d), 5(e), 6(f)) 
 
Nustatyta, kad junginio 5 ir jo kietojo tirpalo zeonekse sluoksniai ore 

pasižymėjo mažiausiu PLQY (4.2.1 lentelė). Efektyvus singuletas-tripletas 
interkombinacinės konversijos (ISC) greitis, reikalingas efektyviam RTP106, gali būti 
iš dalies atsakingas už mažas junginio 5 PLQY vertes. Sluoksnyje, kuriame 5 
legiruotas zeoneksu, pastebėtas santykinai didelis RTP PLQY (4.2.1 lentelė). Po 
dedeguoninimo junginio 6 tirpalas turėjo 30 % ilgesnę emisijos gyvavimo trukmę, tai 
įrodo uždelstąją fluorescenciją. Emisijos gyvavimo trukmės pailgėjimas po 
dedeguoninimo buvo gerokai mažesnis 5 tirpale (15 %). Pašalinus deguonį iš junginio 
4, tirpalo emisijos gyvavimo trukmė pailgėjo 21 %. Ryšys tarp šių verčių ir junginio 
ΔEST verčių yra atvirkštinis. 

 
4.2.1 lentelė. Darinių 4–6 fotofizikiniai parametrai 

Junginys 4 5 6 
grynas/molekulinės dispersijos Zeonex‘e sluoksnis 

PLQYore, % 14/5 2/2 10/7 
PLQYvakuume, % -/9 -/12,8 -/27,8 

* PLQYRTP - -/10,8 - 
τPL(ore/argono atm.), ns 4,70/5,71 3,33/3,83 5,44/7,05 

τRTP, ms - -/19,3 - 
* apskaičiuojamas pagal PLQYRTP = PLQYvakuume-PLQYore, kur PLQYvakuume = 
PLQYore×plotasvakuume/plotasore kaip nustatyta literatūroje107. 
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Iširtas fosforescencijos gesinimas deguonimi, nes kambario temperatūroje tai 
yra pagrindinis emisijos gesiklis114. Šiam poveikiui įvertinti 1 % koncentracijos 5 
kietojo tirpalo zeonekse mėginys veiktas įvairiais deguonies ir azoto koncentracijų 
santykiais. RTP intensyvumas keitėsi po kiekvieno deguonies koncentracijos 
koregavimo (4.2.2 pav., a). 

4.2.2 pav., a, matyti, kad, didėjant deguonies koncentracijai, RTP intensyvumas 
smarkiai mažėja. Esant azoto ir deguonies atmosferoms, pastebėtas didelis emisijos 
intensyvumo skirtumas ties 500 nm, inertinėje atmosferoje emisijos intensyvumas 
buvo 7,5 karto didesnis nei deguonies atmosferoje. 

Junginio 5 PL spektrai, gauti esant skirtingoms deguonies koncentracijoms, 
buvo integruoti siekiant kiekybiškai nustatyti RTP jautrumą deguoniui. Gautos ploto 
po kreivėmis vertės buvo naudojamos tolesnėms analizėms. Taikėme šioms 
aplinkybėms modifikuotą Sterno ir Volmerio lygtį, nes surinkti duomenys aiškiai rodė 
netiesinę priklausomybę tarp RTP intensyvumo ir deguonies koncentracijos santykio 
(4.2.2 pav., b). Kai Sterno ir Volmerio taškai leidžiasi žemyn, paprastai daroma 
prielaida, kad yra kelios chromoforų rūšys, iš kurių viena yra jautri gesinimui, o kitos 
– ne. Šis derinys laikomas kelių rūšių su dinaminiu gesinimu113. 

Šie rezultatai rodo, kad 1 % junginio 5 molekulinės dispersijos zeonekse 
bandinys pasižymi dideliu jautrumu mažoms deguonies koncentracijoms (iki 0,2 %). 
Esant didesnei nei 0,2 % deguonies koncentracijai, jautrumas pradėjo mažėti. Dviejų 
jautrumo sričių buvimą galima paaiškinti molekuliniu heterogeniškumu, dėl kurio 
junginyje 5 susidaro dvi dominuojančios 3LE būsenos ir 3CT būsenos. 
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                            a)                                                                   b)  

4.2.2 pav. Junginio 5 1 % molekulinės dispersijos Zeonekse RTP spektrai (a) ir Sterno 
ir Volmerio grafikas(b) esant skirtingoms deguonies koncentracijoms 
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4.3 Junginių, turinčių akceptorinį piridazino fragmentą ir 9,9-dimetil-9,10-
dihidroakridino ir fenoksazino donorinius fragmentus, sintezė, 
charakterizavimas ir fotofizikinė analizė 

 
Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Materials, 2023, 16, 

1294. Taikant Buchvaldo ir Hartvigo kopuliavimo reakciją, susintetinti du junginiai, 
turintys akceptorinį piridazino fragmentą ir 9,9-dimetil-9,10-dihidroakridino arba 
fenoksazino donorinį fragmentą (4.3.1 schema). Gauti junginiai 7 ir 8, kurių išeiga 
atitinkamai 21,8 % ir 6,4 %.  

 

 
4.3.1 schema. 2,5-Dipakeisto piridazino darinių sintezė 

 
Piridazino darinių terminės savybės ištirtos DSK ir TGA metodais. Jų terminės 

charakteristikos apibendrintos 4.3.1 lentelėje. Du tiksliniai junginiai išskirti 
kristalinės medžiagos. Pirmojo DSK kaitinimo metu matomi endoterminiai lydymosi 
signalai. Antrojo kaitinimo metu junginio 7 kreivėje matomas kristalizacijos ir vėliau 
lydymosi signalai. Junginys 8 gali būti transformuotas į amorfinę būseną kaitinant 
atvėsintą lydalą, kaip vyksta antrojo DSK kaitinimo metu. TGA matavimų metu 
pastebėtas visiškas abiejų junginių masės sumažėjimas, t. y. mėginiai sublimavosi, o 
ne termiškai suiro. 
 
4.3.1 lentelė. Junginių 7 ir 8 terminės charakteristikos 

Junginys TID, ̊C 1 Tg, ̊C Tcr, ̊C 2 Tm, ̊C 3 
7 314 - 188 248 
8 336 80 133 231 

1 5 % masės nuostolių temperatūra, nustatyta TGA metodu; 2 DSC metodu nustatytos 
kristalizacijos temperatūros; 3 lydymosi temperatūros, nustatytos DSC metodu. 
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4.3.2 lentelė. Junginių 7 ir 8 fotofizikinės charakteristikos 
Junginys λa, nm1 λe, nm2 Φ3 ES1, eV4 ET1, 

eV4 ΔEST4 

7 308/308 ca. 420, 618/398, 
639/565 <0,01 2,68 2,59 0,09 

8 ca. 
280/290 

353, 535/346, 
561/517 <0,01 2,64 2,29 0,35 

1 Junginių tirpalų toluene/THF absorbcijos spektrų maksimumai; 2 junginių tirpalų 
toluene / THF ir sluoksnių emisijos spektrų maksimumai; 3 PLQY deguonies neturinčių 
tolueno tirpalų; 4 gauta iš junginių sluoksnių spektrinių duomenų, užfiksuotų 77 K 
temperatūroje, kai nėra deguonies. 

 
4.3.1 pav., a, b, pateikti atitinkamai 7 ir 8 tirpalų absorbcijos ir emisijos 

spektrai. Spektrinės charakteristikos pateiktos 4.3.2 lentelėje. Junginių 7 ir 8 
tirpaluose nepolinį tolueno tirpiklį pakeitus poliniu THF, absorbcijos smailių padėtys 
iš esmės nepakito.  

Junginių tirpalų PL spektruose, užfiksuotuose esant skirtingiems sužadinimo 
bangos ilgiams, matomos dvi skirtingos emisijos juostos UV ir žalioje spektro srityse. 
Terpės poliškumas daro įtaką junginių fotofizikinėms savybėms (žr. 4.3.2 lentelę). 
Donorinio fragmento lokaliai sužadintos (LE) būsenos emisija yra susijusi su PL 
juosta UV srityje, kuri išsidėsto nuo 400 iki 450 nm. Jai nebūdingas teigiamas 
solvatochromizmas, kurį sukelia tirpiklio poliškumo padidėjimas. Didėjant tirpiklio 
poliškumui, mažos energijos emisijos juosta, esanti maždaug ties 500–625 nm, 
pasislinko raudonos spalvos link, rodančiu intramolekulinio krūvio pernašos (ICT) 
būseną. Skirtingi sužadinimo bangos ilgiai beveik nekeičia spektrinio pasiskirstymo. 
Tai atitinka daktaro Michaelio Kashos kriterijų115, kuris draudžia tam tikrų optinių 
centrų sužadinimo galimybę, kuri turėtų įtakos eksperimentinių duomenų analizei. 
Grynų junginių sluoksnių spektruose ICT smailės maksimumai sutampa su atitinkamų 
tolueno tirpalų ICT juostos maksimumais. Tai rodo, kad poliškumas, procesai, susiję 
su agregacija, ir tarpmolekulinė sąveika esant kietai būsenai neturi įtakos junginių 
ICT. Akridinilpakeisto junginio 8 emisija pasislinkusi mėlynos spalvos link, palyginti 
su junginio 7, turinčio stipresnį donorinį fenoksazino fragmentą, emisija. Junginių 7 
ir 8 dedeguonintuose tolueno tirpaluose PLQY nesiekė 1 %.  

Atitinkamuose PL smailės bangos ilgiuose užregistruotos junginių 7 ir 8 
dedeguonintų tolueno tirpalų PL gesimo kreivės (4.3.2 pav., c). Pagrindinė 
informacija apie PL gesimus pateikta 4.3.3 lentelėje. Pademonstruotas puikus ryšys 
tarp 7 LE gyvavimo trukmės ir PL gesimo kreivės greitosios fluorescencijos 
komponento gyvavimo trukmės, išmatuotos esant 621 nm. Be to, 7 ir 8 tirpalų ICT 
juostos pasižymėjo atitinkamai 93 ir 143 ns emisijos gyvavimo trukme. Tokia 
gyvavimo trukmė susijusi su vadinamąja greita uždelstąja emisija, arba TADF 89. 
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                                         e)                                                                    f) 
4.3.2 pav. Junginių 7 (a) ir 8 (b) tirpalų toluene, THF ir sluoksnių UV ir PL spektrai; junginių 
deguonies neturinčių tolueno tirpalų PL gesimo kreivės (c); junginio 8 sluoksnio PL ir 
fosforescenciniai spektrai, užregistruoti esant 77 K (d); junginių 7 (e) ir 8 (f) sluoksnių PL 
spektrai, užfiksuoti skirtingose temperatūrose inertinėje aplinkoje 
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4.3.3 lentelė. Junginių 7 ir 8 tirpalų toluene fotofizikinės charakteristikos 
Junginys1 λ, 

nm2 
Gyvavimo 

trukmė, ns3 
kRISC, s-

1 kISC, s-1   χ2 4 

7 394 2,85 - -   1,043 

7 609 
2,49 (85,44 %), 
9,75 (6,49 %), 
92,86 (8,07 %) 

9,5·105 2,2·108 
  

1,166 

8 534 6 (95,52 %), 
142,96 (4,48 %) 3,3·105 1,6·108   1,034 

1 Deguonies neturinčių tolueno tirpalų; 2 bangos ilgis, kuriame atliktas matavimas; 3 
intensyvumo amplitudė skliausteliuose; 4 svertinė tinkamumo taškų kvadratinių nuokrypių 
suma. 

 
Norint vienareikšmiškai nustatyti, kad RTP nėra, gauti 7 ir 8 sluoksnių PL 

spektrai esant įvairioms temperatūroms. Pagal atitinkamų greitosios fluorescencijos ir 
fosforescencijos juostų pradžių bangų ilgius nustatyti pirmųjų sužadintų singuletinės 
ir triletinės būsenų energijos lygiai (4.3.2 pav., d, e). Kaitinant fosforescencijos 
komponentas išnyko, liko tik ICT juosta (4.3.2 pav., e, f). TADF reiškinio 
nepatvirtina junginio 7 išmatuotas 0,35 eV ΔEST (4.3.2 pav., e). Šioje situacijoje RISC 
labai priklauso nuo energiškai artimų 3CT ir 3LE būsenų sukinio-orbitinės sąsajos. Dėl 
mažo PLQY sunku eksperimentiškai aptikti 3LE. Kaip ir tikėtasi, junginio 8118 pirmoji 
tripletinė sužadintoji būsena, kurios energija 2,59 eV, yra artima 1CT energijai, kuri 
yra 2,68 eV, o tai yra naudinga TADF. kRISC ir kISC vertės vertintos pagal PL irimo 
kreivių atitikimo duomenis119. Gauti duomenys pateikti 4.3.3 lentelėje. Junginio 7 
kRISC vertė siekė beveik 106 s−1, kuri šiek tiek mažesnė už moderniausių TADF 
emiterių vertes119,120,121. 
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4.4 Lanksčių organinių šviesos diodų su nelegiruotais TADF spinduoliais, 
turinčiais sulfobenzimido fragmentus, emisijos spalvos ir efektyvumo 
įvertinimas 

 
Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Dyes and Pigments, 

2022, 208, 110841. Dvipakopės sintezės metu gautas junginys 9 (4.4.1 schema). 
Pirmosios pakopos metu gautas 9-(3-brompropil)-9H-karbazolas122. Artajame etape 
alkilgrandinėje esantis bromo atomas pakeistas sulfobenzimido anijonu susidarant 
junginiui 9. Išskirtos kristalinės medžiagos molekulinė struktūra patvirtinta 1H ir 
13C BMR, masių spektrometrija ir monokristalo rentgeno tyrimu.  

 

 
4.4.1 schema. Junginio 9 sintezės eiga 

 
Junginio 9 terminės savybės tirtos DSK ir TGA metodais. TGA parodė 

santykinai aukštą 5 % masės nuostolių temperatūrą – 314 °C (4.4.1 pav., a). Visiškas 
bandinio masės netekimas TGA eksperimento metu rodo sublimavimą, bet ne terminį 
skilimą. Junginio 9 DSK termogramose matomos endoterminė lydymosi smailė 
175 °C temperatūroje pirmojo kaitinimo metu, o antrojo kaitinimo metu ties 172 °C. 
Šį skirtumą gali lemti tai, kad egzistuoja dvi metastabilios kristalinės formos. Kadangi 
šaldymo metu kristalizacijos nepastebėta, medžiaga konsoliduota amorfinėje fazėje. 
Antrojo kaitinimo metu 41 °C temperatūroje matomas stiklėjimas, o 132 °C 
temperatūroje – egzoterminis kristalizacijos smailės signalas (4.4.1 pav., a). 
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4.4.1 pav. (a) Junginio 9 DSK termogramos. Intarpas: TGA kreivė. (b) Junginio 9 kietojo 
sluoksnio elektronų fotoemisijos spektras. Intarpas: junginio tirpalo DMF ciklinės 

voltamperometrijos kreivė. Junginio 9 sluoksnio TOF kreivės skylėms (c) ir elektronams (d), 
užregistruotos esant skirtingoms taikomoms įtampoms, ir krūvininkų dreifinio judrio 

priklausomybė nuo elektros lauko stiprio (e) 
 
Junginio 9 tirpalo DMF jonizacijos potencialas (IP) ir giminingumas elektronui 

(EA) nustatyti ciklinės voltampertometrijos metodu (4.4.1 pav., b). IPCV = (Eox + 4.8) 
ir EACV = (Ered + 4,8) formulės naudotos IPCV ir EACV apskaičiuoti. Eox ir Ered yra 
atitinkamai elektrocheminės oksidacijos ir redukcijos pradžios potencialai. Ferocenas 
redokso potencialas naudotas kaip standartas. Esant atitinkamai 0,84 eV ir –1,95 eV, 
junginys 9 pasižymėjo negrįžtama oksidacija ir redukcija. Oksidacijos proceso 
negrįžtamumą greičiausiai lėmė neapsaugotos C-3 ir C-6 padėtys karbazolo 
fragmente123. Nustatyta, kad elektrocheminis juostos tarpas  yra 2,79 eV, o IPCV 
ir EACV vertės yra atitinkamai 5,64 eV ir 2,85 eV. 

Naudojant elektronų fotoemisijos spektrometriją nustatytas junginio 9 sluoksnio 
jonizacijos potencialas (IPPE) – 6,08 eV (4.4.1 pav., b). Pasinaudojant lygtimi 

 apskaičiuotas junginio giminingumas elektronui (EAPE) yra 2,65 eV. 
Optinis juostos tarpas  (3,43 eV) nustatytas iš kietojo sluoksnio absorbcijos 
spektro krašto. Manoma, kad stipresnės tarpmolekulinės sąveikos esant kietai būsenai 
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lemia santykinai didelį skirtumą tarp IP ir EA verčių, gautų junginio tirpalo ir kieto 
plono sluoksnio atveju. 

Lėkio trukmės (ToF) metodu ištirtos junginio 9 plonų sluoksnių krūvininkų 
pernašos savybės. Stebėti skylių ir elektronų srovės tankio priklausomybės nuo 
trukmės parodė, kad krūvininkų pernaša buvo labai dispersinė (4.4.1 pav., c, d). 
Palyginti su verte, užfiksuota esant mažoms įtampoms, mažesnė lėkio trukmės (ttr) 
vertė gauta esant didelėms įtampoms (4.4.1 pav., c, d). Junginio sluoksnio skylių 
judris buvo 3,2 × 10-6 cm2/V × s, o elektronų judris šiek tiek didesnis – 4,4 × 10-6 
cm2/V × s, esant 4,43 × 105 V/cm stiprio elektros laukui (4.4.1 pav., e). Pritaikius 
eksperimentines krūvininkų dreifinio judrio priklausomybes nuo elektros lauko pagal 
Poole ir Frenkelio prognozę  124, gautos labai skirtingos skylių ir elektronų 
nulinio lauko judrio (μ0) vertės – 5,8 × 10-8 ir 3,4 × 10-7 cm2/V × s. 

Siekiant ištirti junginio 9 kaip TADF spinduolio veikimą, terminio vakuuminio 
nusodinimo metodu pagaminti OLED su tokia struktūra 
CuI/TPD/CzPrSBI/TSPO1/TPBi/Ca/Al. Kaip skylių injekcinis sluoksnis naudotas 
CuI sluoksnis145, o kaip elektronus pernešantis sluoksnis – 2,2′,2"-(1,3,5-benzinitril)-
tris(1-fenil-1H-benzimidazolas) (TPBi)146. TPD 147 ir TSPO1 148,149 naudoti 
atitinkamai eksitonus blokuojančiam ir skyles pernešančiam sluoksniams, siekiant 
išlaikyti krūvininkų nešėjų pusiausvyrą emisiniame sluoksnyje. Junginys 9 naudotas 
kaip spinduolis. Kaip katodas buvo kalcio sluoksnis, padengtas 200 nm aliuminio 
sluoksniu. 

Prietaisai pasižymėjo nestruktūriniais EL spektrais su maksimumais 490–
504 nm srityje ir buvo panašūs į gryno junginio 9 sluoksnio PL spektrus (4.4.2 pav., 
a,c). Didėjant lanksčiojo OLED lenkimo kampui, didėja santykinis peties, kurio 
maksimumas ties 630 nm, intensyvumas (4.4.2 pav., c). Tai paaiškinama 
tarpmolekulinio eksciplekso susidarymu tarp vienos junginio 9 molekulės donorinio 
fragmento ir kitos molekulės akceptorinio fragmento. Smailės intensyvumas didėjo 
keičiantis lenkimo kampui lanksčiuose bandiniuose. Kai lenkimo kampas pasiekė 50°, 
EL intensyvumas vėl tapo toks pat kaip OLED su stikliniu pagrindu. Mechaninio 
poveikio (mūsų atveju – lenkimo) sukeltas priverstinis donorinių ir akceptorinių 
fragmentų artumas lemia mechanochrominę spinduolio 9 liuminescenciją lanksčiuose 
OLED, kuri sustiprina tarpmolekulinių ekscipleksų susidarymą. 

Prietaisas, pagamintas ant stiklinio pagrindo, pasižymėjo geriausiomis 
eksploatacinėmis savybėmis: didžiausias srovės efektyvumas, galios efektyvumas ir 
išorinis kvantinis efektyvumas (EQE) atitinkamai 11,0 cd A-1, 3,0 lm W-1 ir 4,3%, 
(4.4.1 lentelė ir 4.4.2 pav.). 

 



83 
 

 

 
                               a)                                                                  b)                                         
 

 
                    c)                                                                   d)                                         

4.4.2 pav. OLED elektroliuminescencijos spektrai, užregistruoti esant skirtingoms 
įtampoms (a) ir skirtingam lenkimo kampui (c). Prietaisų (b – stiklo substratas, d – lankstus 

substratas) srovės tankis-įtampa ir skaistis-įtampa, galios efektyvumas – srovės tankis, srovės 
efektyvumas – srovės tankis ir išorinis kvantinis efektyvumas – prietaisų srovės tankio 

priklausomybių grafikai 
 

4.4.1 lentelė. OLED, suformuotų ant stiklo ir lanksčių substratų, charakteristikos 

Prietaiso 
substratas Von, V 

Maks. 
skaistis, сd m-

2 

Srovės 
efektyvumas, 
cd A-1 

Galios 
efektyvumas, 
lm W-1 

EQE, 
% 

esant 1000/maks. cd m-2 
Stiklas 6,4 16000 11,0/9,0 3,0/1,8 4,3/3,5 
Lankstus 7,4 9000 2,6/2,5 0,6/0,4 0,8/0,9 
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